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ABSTRACT

The production of bio-based and biodegradable nanocomposites has gained attention during 
recent years for environmental reasons; however, the large-scale production of these 
nanocomposites still poses challenges. The objective of this work has been to prepare bio-
based and biodegradable nanocomposites via liquid-assisted extrusion and to gain a deeper 
understanding of the process and the relationship between the process, composition, structure 
and properties. Extrusion is a common industrial process and thus, the development of this 
technique for the preparation of bionanocomposites can promote the commercialization of 
these materials in future.  

In this work, nanocomposites based on polylactic acid (PLA), cellulose nanofibers (CNF), 
cellulose nanocrystals (CNC), and chitin nanocrystals (ChNC) with varying nanomaterial 
content were prepared via liquid-assisted extrusion using a plasticizer as a dispersing and 
processing aid. This process consists of dispersing the nanomaterial in a liquid composed of 
water, a plasticizer and/or a solvent, and then feeding this suspension directly into the 
extruder during the process. To be able to carry out this process successfully, parameters 
such as the amount of liquid, the liquid feeding rate or the water-to-solvent ratio, among 
others, should be taken in account. 

CNF and ChNC were produced from banana rachis waste and crustacean waste, respectively, 
whereas CNC were available as a commercial product. Glycerol triacetate (GTA) and 
triethyl citrate (TEC) were used as plasticizers, dispersing and processing aids. The effects of 
the liquids used during extrusion, the plasticizers and the nanomaterials in the PLA 
properties were studied. Furthermore, the effects of the cooling rate during the compression 
molding and the solid-state drawing on the properties of the PLA nanocomposites were 
investigated. Additionally, the effect of ChNC on the processing and properties of blown 
films was evaluated.  

The results presented in this work demonstrated that the use of water and a solvent during the 
liquid-assisted extrusion did not decrease the molecular weight of the PLA. It was also found 
that the feeding of nanomaterials in aqueous or aqueous/solvent suspension resulted in PLA 
micro-composite with lower mechanical properties than PLA. However, when a 
nanomaterial was fed together with a plasticizer, its dispersion and distribution into the PLA 
were progressively improved with increasing plasticizer content. The plasticized PLA 
nanocomposites showed improved properties compared to their respective counterpart 
without nanomaterials when the plasticizer content was 7.5 wt%. Furthermore, it was 
demonstrated that the properties of PLA can be tailored through the composition of the 
nanocomposite or during the processing. It was observed that the modification of PLA with 
only plasticizer in high amounts (20 wt%) resulted in enhanced elongation at break and 
toughness but it had negative effects on the thermal and mechanical properties; however, the 
incorporation of nanomaterials minimized these effects. The addition of a small amount of 
nanomaterial (1 wt%), either CNF, CNC or ChNC, to plasticized PLA resulted in enhanced 
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mechanical properties. It was also demonstrated that the cooling rate during compression 
molding and the solid-state drawing significantly affected the crystallinity of the PLA 
nanocomposites and, thus, their final properties. The fast cooling rate during compression 
molding resulted in more flexible and transparent materials than when a slow cooling rate 
was used, and as a result, PLA films with different mechanical properties were obtained. The 
drawing of the PLA/CNF nanocomposite at a drawing temperature slightly above the Tg, a
high draw speed and at the highest drawing ratio, resulted in the highest mechanical 
properties. It was also found that the increased toughness after adding CNF to the plasticized 
PLA or after drawing the PLA/CNF nanocomposite, was attributed to the occurrence of 
massive crazing effect as a result of the presence of CNF and its effect on the crystallinity 
and/or on the spherulite growth. Finally, 6 kg of plasticized PLA nanocomposite with 5 wt% 
of ChNC was prepared and used as a masterbatch to produce bio-nanocomposite blown films. 
The nanocomposite material showed easier processability during the film-blowing process 
when compared with the reference material without nanocrystals. In addition, the 
nanocomposite blown films exhibited higher tear and puncture strength, lower fungal activity 
and lower electrostatic attraction properties, which are favorable in packaging applications.

In conclusion, this thesis shows that the liquid-assisted extrusion process is an excellent 
approach for producing PLA nanocomposites using cellulose and chitin nanomaterials. The 
results indicated that the addition of these nanomaterials, together with a plasticizer and 
further processing, can result in PLA nanocomposites with varied properties that can be used 
for packing applications. It was also shown that the processing technique presented can be a 
step forward for the large-scale production of bionanocomposites. 
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Introduction

1.1. Background

Efforts to replace petroleum-based polymers used in the industry with biodegradable and/or 
bio-based polymers have intensified during recent years to reduce the impact on the 
environment. Polylactic acid (PLA) is one of the most promising biopolymers for 
applications in, for example, packaging, medicine and agriculture; however, PLA does not 
provide all the required properties for these applications. Therefore, the modification of PLA 
is necessary to make this a competitive material among the polymers used in the industry.1,2

In order to keep the green characteristics of PLA and its optical transparency, the use of 
biodegradable nanomaterials is required. Therefore, nanomaterials based on cellulose and 
chitin are attractive additives for tailoring the properties of PLA, particularly if fully bio-
based materials for films and packaging applications are the target. 

Melt compounding is one of the most interesting techniques for the preparation of polymer 
nanocomposites in industrial scale; however, there are some challenges to overcome when 
using cellulose and chitin nanomaterials in the extrusion process. One of the main challenges 
is the feeding of the dry nanomaterials into the extruder and the difficulty in handling them 
in the form of free-flying nanoparticles, which may also cause health problems. Moreover, 
the dry process is expensive and dried cellulose and chitin are difficult to disperse due to the 
formation of strong hydrogen bonds.3 Because of these reasons, the liquid-assisted extrusion 
process that entails the dispersion of the nanomaterials in a liquid and then fed into the 
extruder as a liquid,3,4 is attractive as a processing technique for the preparation of 
nanocomposites based on cellulose or chitin.  

1.2. Bionanocomposites

There is considerable interest in the development of polymer nanocomposites where nano-
sized additives between 1–100 nm are added to a polymer matrix to reinforce and provide 
novel characteristics. Nanocomposites show markedly improved material properties when 
compared with the pure polymer or conventional composites. They show superior thermal, 
mechanical and barrier properties at low reinforcement levels.5 Moreover, nano-sized 
additives have a lower impact on the optical properties of the matrix and this is because 
particles much smaller than the wavelength of light do not scatter light, thus preserving the 
optical clarity.3
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The nano-sized additives which are used in the nanocomposites field are classified by their 
geometrical shape as: layered materials (graphite, layered silicate and other layered 
minerals) with nanometer thickness; fibrous materials (nanofibers, nanotubes and 
nanocrystals) with nanometer diameter and spherical particles (silica, metals, and other 
organic and inorganic particles). The surface area/volume ratio of the reinforcement 
materials changes for each type of reinforcement and it is an important morphological 
characteristic that affects the structure–property relationship of nanocomposites.5

Different polymer matrices such as polypropylene, polyethylene, polyamides, polyurethanes, 
rubbers, etc. have been used to prepare polymers nanocomposites; however, the need to 
develop more environmentally friendly materials has attracted the attention of the industry 
and in research, stimulating the progress on nanocomposites based on biodegradable and/or 
bio-based polymer matrices.1

1.2.1. Biopolymers and polylactic acid

Biopolymers are the polymers produced by living organisms and bio-based polymers are 
those derived from renewable biological resources.6 Bio-based polymers are generally 
biodegradable but not necessarily. They are considered more environmentally friendly 
materials, since carbon dioxide is consumed during their production, resulting in potential 
carbon neutral materials.7 On the other hand, biodegradable polymers are defined as those 
polymers that undergo decomposition by microorganisms into biogases and biomass (mostly 
carbon dioxide and water) under specific conditions of humidity, temperature and 
oxygenation.1,7,8

Biodegradable polymers are obtained either from renewable resources or from petroleum 
sources and, in the former case, polymers are usually classified into three categories 
according to their source as 1) natural polymers, 2) synthetic polymers using a bio-based 
monomer and 3) polymers produced by micro-organism. Figure 1.1 shows some examples of 
fossil and bio-based polymers and their biodegradability as well as the three categories of the 
bio-based biodegradable polymers.  

Figure 1.1 Few examples of fossil and bio-based polymers and their biodegradability as well as the 
classification of the bio-based biodegradable polymers into three categories according to the source.  
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Biodegradable polymers from renewable resources have gained more attention from the 
industry for applications in areas such as packaging and agriculture, for composting bags and 
hygienic and biomedical applications, due to the sustainability and the more environmental 
friendly characteristics of these polymers.8–10

In general, biopolymers exhibit inferior properties compared to the non-biodegradable 
commodity polymers that are used commonly in industry. Table 1.1 shows the mechanical 
and thermal properties of some common non-biodegradable and biodegradable polymers. In 
order to provide the required properties and be competitive with the common polymers, 
biopolymers have to be modified through different approaches and, thus, produce materials 
with enhanced mechanical, barrier, thermal properties, etc.1 Some of the most common 
biopolymers are polylactic acid (PLA), starch, cellulose polyesters and polyhydroxybutyrate 
(PHB).9

Table 1.1 Mechanical and thermal properties of some examples of non-biodegradable and biodegradable 
polymers.

Material 
Tensile

modulus 
(GPa) 

Tensile
strength
(MPa) 

Elongation 
at break 

(%) 

Glass
transition 

temperature 
(°C) 

Melt 
temperature 

(°C) 

Polypropylene11 1.1-1.5 31-41 100-600 -18 175 

Polystyrene11 2.3-3.3 36-52 1.2-2.5 100 240 

Poly(ethylene terephthalate)11 2.8-4.1 48-72 30-300 69 265 

Polylactic acid12  0.3-3.5 21-60 6-11 45-60 150-162 

Polyhydroxybutyrate12 3.5-4.0 40 5-8 5-15 168-182 

Polycaprolactone12 0.2-0.4 21-42 300-1000 -60 to -65 58-65 

In this work, polylactic acid (PLA) was used as matrix for the preparation of 
bionanocomposites because it is bio-based and biodegradable and is one of the commercially 
available biopolymers. PLA has a modulus and tensile strength comparable to some 
petroleum-based polymers such as poly(ethylene terephthalate) (PET) or polystyrene (PS) 
and also has high optical transparency.1,2 Moreover, PLA is biocompatible and has 
antibacterial/antifungal properties which can be beneficial characteristics when food packing, 
agricultural, medical and textile applications are the target.13 PLA is also a promising 
polymer for the automotive, construction, electronics and sports industries, packaging being 
the largest end-use market.14

Polylactic acid is a biodegradable thermoplastic polyester produced from lactic acid, which 
usually comes from the fermentation of corn, sugarcane, sugar beet or other biomass, and 
corn is the most common source. A direct poly-condensation reaction or ring-opening 
polymerization of a lactide monomer are the two routes to synthesize PLA from lactic acid. 
The latter technique has the advantage of providing a product with a higher molecular 
weight.1,10 The molecular structure of PLA is shown in Figure 1.2.15
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Figure 1.2 The molecular structure of polylactic acid. 

Although PLA exhibits interesting properties, it also has some drawbacks. PLA is brittle, has 
poor thermal properties, low melt strength, moderate gas barrier properties and low 
crystallization rate, which limit its potential applications.1,2 Therefore, the modification of 
PLA becomes necessary to tailor its properties and widen its applications. The properties of 
PLA can be modified by varying its molecular weight, polymer structure, crystallinity, 
processing or by mixing it with a second phase.16 PLA has been mixed with plasticizers,17

polymers,18 layered silicates19 and other inorganic particles,20 carbonaceous nanomaterials,21

or a combination of these materials, resulting in hybrid composites.22 However, from the 
environmental point of view, it is more attractive to modify a biopolymer with bio-based and 
biodegradable additives such as cellulose23–27 and chitin.28–30 In addition, cellulose and chitin 
have good mechanical properties and can be isolated as nanofibers or nanocrystals.

1.2.2. Cellulose and chitin nanomaterials

Cellulose occurs in all plant-based materials as the principal structural component of the cell 
walls. The most common source of cellulose is wood; however, cotton, crop residues (wheat 
straw, flax, hemp, sisal), tunicates (animal cellulose), algae (valonia, oocystis apiculata) and 
even bacteria (gluconacetobacter xylinus) are also used as cellulose sources.31

On a chemical level, cellulose is composed of linear polymer chains of several hundreds to 
thousands of -(1 4)-D-glucose units while chitin is composed of -(1-4)-N-acetyl-D-
glucosamine units. The molecular structure of chitin is similar to that of cellulose, except that 
in chitin an acetamido group replaces one of the hydroxyl groups in each unit, as is shown 
Figure 1.3.32–34 

Figure 1.3 Chemical structural of cellulose and chitin. For cellulose, R is a hydroxyl group (-OH), while for 
chitin, R is an acetamido group (-NHCOCH3). 
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Cellulose possesses the ability to form strong hydrogen bonds due to the presence of 
hydroxyl groups on its surface and, in the case of chitin, also due to the presence of 
acetamido and carbonyl groups.34 In addition, the structures of cellulose and chitin allow 
reactions such as etherification, esterification, cross-linking, polymer grafting, oxidation, etc., 
which can be used to modify their surface characteristics and widen their applications.32 On 
the other hand, this ability to form strong hydrogen bonds is the cause of the irreversible 
agglomeration that both cellulose and chitin develop after drying. 

Wood cell walls consist of cellulose microfibrils (cellulose nanofibers) formed from long 
chains molecules of cellulose that are embedded in an amorphous matrix of hemicellulose, 
lignin and/or pectin. The hierarchical structure of wood is shown in Figure 1.4. The 
microfibrils typically have a diameter of about 10-30 nm and are composed of both random 
and highly arranged structures (amorphous and crystalline domains).35 The isolated 
crystalline regions of cellulose with a rod-like shape and nano-sized dimensions are known 
as cellulose nanocrystals and it has been reported that the theoretical value of their elastic 
modulus is 138 GPa, whereas the experimental measurements have given values in the range 
of 100-160 GPa.36

Figure 1.4 The hierarchical structure of wood: from macro- to nanoscale. 

Chitin is present as the structural component of the exoskeleton of arthropods or in the cell 
walls of fungi and yeast. The main commercial sources up to the present have been crab and 
shrimp shell waste, but chitin can be also obtained from lobsters, squid pens, krill, clams, 
oysters, tubeworms and fungi 37,38

Chitin molecules are arranged in the form of narrow and long crystalline units, which are 
covered by proteins, forming nanofibers of about 2-5 nm in diameter and about 300 nm in 
length. The hierarchical structure of the exoskeleton material of lobster is shown in        
Figure 1.5. A group of some of these nanofibers creates long chitin-protein fibers with 
diameters ranging from 50 to 300 nm.  These fibers in a branched structure make up chitin-
protein planar layers which contain minerals and proteins between the fibers. The 
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arrangement of these planar layers in a helicoidal stacking sequence at micrometer scale 
creates a twisted plywood or Bouligand structure.39 Chitin nanocrystals are obtained by 
isolating the crystalline part of the nanofibers and it has been reported in 2011 by Ogawa et 
al.40 that the longitudinal elastic modulus of this crystalline region is around 60 GPa, slightly 
higher value than  41 GPa that was reported previously by Nishino et al.41

Figure 1.5 Hierarchical structure of the exoskeleton material of lobster, showing the different structural levels 
from the chitin molecules to the cuticle of the lobster. (Drawing from reference39). 

The hierarchical and highly crystalline structure of the cellulose and chitin allows them to be 
turned into nano-sized particles with high stiffness, a desirable property for a reinforcement 
additive in the nanocomposite field. The dimensions of the cellulose and chitin 
nanomaterials can vary depending on the source and the isolation process. The general 
values are listed Table 1.2. Nanofibers possess higher aspect ratio than the nanocrystals and 
can form an entangled network structure.36,42 In addition, cellulose and chitin are materials 
with low density, resulting in materials with higher specific modulus (modulus/density).36

Table 1.2 General characteristics of cellulose and chitin nanomaterials.

Characteristic CNF43 CNC43 ChNF30 ChNC30

Diameter (nm) 10-40 2-20 3-50 6-60 

Length (nm) >1000 100-600* >1000 100-800 

Aspect ratio (L/D) - 10-100 - 10 - >55 

* Lengths of >1000nm have been reported for CNC from tunicate (sea animal) and from Valonia (sea plant)44

The abundance of cellulose and chitin and their positive characteristics such as 
biocompatibility, renewability and non-toxicity, combined with their low weight, large 
specific surface area and good mechanical properties make these materials interesting 
candidates as nano-sized additives for the preparation of bionanocomposites for biomedical, 
packaging and industrial applications.42,45 Moreover, chitin has antibacterial properties, 
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which can further widen its applications.32,37 Favier et al.46 reported for the first time the use 
of cellulose nanocrystals in composite materials in 1995 and six years later, Paillet and 
Dufrense47 described for the first time the incorporation of chitin nanocrystals as reinforcing 
additive in a thermoplastic matrix. Since then, research into the isolation, modification, 
applications and processing of cellulose and chitin has been advancing, although chitin has 
had limited attention in contrast to the comprehensive studies that have been made of 
cellulose. It is worth mentioning that chitin remains an almost unutilized biomass resource.38

Cellulose and chitin nanomaterials have been used as additives to enhance the properties of 
poly(caprolactone), chitosan,48 thermoplastic starch,49,50 and PLA.23–29 In the case of PLA, 
cellulose has been more extensively used than chitin, and a limited number of studies have 
been found in the literature concerning to PLA/chitin nanocomposites. 

1.3. Isolation of nanomaterials

Figure 1.6 shows the schematic representation of the isolation process for cellulose and 
chitin nanomaterials from their raw materials. Cellulose fibers are isolated from the raw 
material by chemical processes to remove the hemicellulose and lignin43 and chitin is 
extracted from the raw material by an acid treatment to dissolve minerals such as calcium 
carbonate (demineralization), followed by an alkaline treatment to solubilize proteins 
(deproteinization). To remove the leftover pigments and obtain a colorless product, chitin is 
often subjected to a decolorization step.37

Figure 1.6 Flow diagram of the isolation process of cellulose and chitin nanomaterials from the raw material. 

The purified materials are used to obtain cellulose and chitin nanofibers using mechanical 
processes such as high-pressure homogenization, ultrafine grinding and ultrasonication. 
Before the mechanical isolation of the nanofibers some chemical or mechanical pre-
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treatments can be performed in order to facilitate the mechanical isolation of the nanofibers 
and reduce the energy consumption.51

Cellulose and chitin nanocrystals are mainly produced by acid hydrolysis of the purified 
materials. In the case of cellulose nanocrystals, either sulfuric acid (H2SO4) or hydrochloric 
acid (HCl) are used,42 whereas chitin nanocrystals are commonly isolated with HCl.50

Neutralization and concentration, either by centrifugation and/or dialysis processes, are 
performed after the hydrolysis.42

1.4. Processing of bionanocomposites

The general aim in the polymer nanocomposite processing is to achieve materials with well- 
dispersed and distributed nanomaterials and thus, obtain nanocomposites with higher 
properties than the polymer matrix. In the case of bionanocomposites based on cellulose, 
solvent casting, melt compounding52 and also resin impregnation42 have been the most 
common techniques used, whereas bionanocomposites based on chitin have been prepared 
mostly by solvent casting and fewer studies are reported using melt compounding.  

Solvent casting is a suitable technique for the production of bionanocomposites with water-
soluble polymers as matrix. However, if a non-water-soluble polymer is used, solvents which 
are generally non-environmental friendly are required,42 which may be not appropriate for 
large-scale production. Furthermore, the solvent casting technique is limited for the 
production of films. Therefore, from the industrial point of view, the melt compounding 
technique is more promising for the production of nanocomposites, especially based on non-
water-soluble polymers and for other shapes besides films. 

1.4.1. Melt compounding

Compounding is a mixing process by which a formulation of a melt polymer and other 
ingredients (functional additives or reinforcements, fillers, colorants, etc.) is transformed into 
an integrated material with targeted properties.53 A common process for melt compounding is 
extrusion, where a solid polymer is melted and mixed with additives and the resultant 
material is pumped to a die with a desired shape, after which the molded polymer is cooled 
to get a solid product.52,53 Figure 1.7 shows a schematic representation of the process.

Figure 1.7 Scheme of the melt compounding process.

Melting 
&

Mixing 

Forming, 
cooling and 

cutting
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Extrusion is one of the most interesting techniques for nanocomposite processing in the 
polymer industry. This process allows the control of important parameters such as shear 
stress and residence time that influence the degree of dispersion of the reinforcement into the 
polymer matrix.52 In addition, extrusion is a traditional, cheap and fast industrial polymer 
processing technique and the final product can be easily shaped by further processing such as 
film blowing, compression molding, hot pressing, injection molding, etc.3

Compounding can be a batch-wise or continuous process.3 Twin-screw extruders are the 
mixing equipment commonly used for the continuous process and, depending on the 
direction of rotation of the screws, extruders are divided into two types, co-rotating and 
counter-rotating. In the co-rotating twin-screw extruder both screws rotate in the same 
direction, whereas in the counter-rotating the screws rotate in the opposite directions. The 
co-rotating twin-screw extruders present a more flexible screw design and different 
processing zones, resulting in a better mixing process. This type of extruders also have the 
best degassing functionality.3,54 

Screw elements play an important role in the nanomaterial dispersion and distribution3 and, 
according to the requirements, different screw configurations can be used in a twin-screw 
extruder in order to achieve the desired properties.52  Figure 1.8 shows the different screw 
elements used in a twin-screw extruder. Conveying elements have the function to transport 
material from the feed throat downstream and are used mainly in the feeding section, 
degassing section, conveying section and to build up the pressure at the end of the extruder. 
Kneading elements are principally used for the melting of polymers and for the mixing 
processes. Wide kneading elements have a higher dispersive effect, while narrow kneading 
elements have a more distributive effect.55

Figure 1.8 Photographs of different screw elements used in a twin-screw extruder. 

The melt compounding process should be accomplished by dispersive and distributive 
mixing to obtain a homogenous blend of the materials. Dispersive mixing breaks up 
agglomerated nanoparticles, whereas distributive mixing spreads the dispersed particles 
uniformly throughout the melt polymer.53 Figure 1.9 shows a schematic representation of 
good dispersive and distributive mixing. The most important goal in melt compounding is to 
achieve dispersion and distribution simultaneously without causing degradation of the 
polymer or the nanomaterials during the process.3,53

Conveying 
element

Kneading 
element

Distributing 
element

Kneading 
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Figure 1.9 Representation of good dispersive and distributive mixing and a combination of both. (Drawing 
from reference53).

1.4.1.1. Liquid assisted extrusion

Liquid-assisted extrusion is a technique that has been developed in recent years in order to 
overcome some disadvantages of common techniques such as solvent casting and the 
conventional melt compounding to produce polymer nanocomposites. The liquid-assisted 
extrusion can be carried out in different ways. One option is to feed the nanomaterial in dry 
form and inject water or a mixture of water and surfactants into the molten polymer in a 
high-pressure zone of the extruder. In this case, high-pressure pumps, special screw design 
and sealing rings are required.4 Another option is to disperse the nanomaterial in water 
and/or liquid aids, which work as temporary carrying materials, and pump this suspension 
into the polymer during the extrusion process. The carrier liquids can be water, solvents, 
surfactants or a suitable liquid in which the nanomaterial is easily dispersed. The liquids used 
during the liquid-assisted extrusion are partially or totally evaporated during the process 
depending on their role and also on the equipment. Unlike the batch-wise equipment, 
continuous equipment is better able to remove the vapors.3,4 When only water is injected or 
used as carrier liquid, the process is also known as water-assisted extrusion.

It has been stated that the liquid-assisted extrusion results in better dispersion of the 
nanomaterial in the matrix when compared with the dispersion obtained using the traditional 
melt compounding process.3,4 In addition, surface modifications of the nanomaterials are not 
necessary and, consequently, the probability that the nanomaterial is degraded during the 
extrusion is minimized.4 In the case of the liquid-assisted extrusion process where the 
nanomaterial  is fed in slurry form, the health risk due to flying nanoparticles in the work 
environment is reduced and the expensive dry process of the nanomaterials is avoided.3

The liquid-assisted extrusion processes have been widely used for the preparation of clay 
nanocomposites based on LDPE, PP, PS, PA, PET4,56 and PLA.19 However, the production 
of nanocomposites based on cellulose via this technique has been more limited and in the 
case of chitin, only one study was found up to now. Oksman and co-workers have been 
active in the production of cellulose nanocomposites using extrusion and liquid feeding and 
different works have been carried out during the last decade.23,57–59 In 2006 Oksman et al.23

attempted to feed cellulose nanocrystals dispersed in a liquid into PLA using N,N-
dimethylacetamide (DMAc) and lithium chloride (LiCl) as carrier liquids. However, the 

Good distribution
Poor dispersion

Good dispersion
Poor distribution

Good dispersion
Good distribution
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composite exhibited thermal degradation, showing that these carrier liquids were not suitable. 
In the next attempt, polyvinyl alcohol was used as carrier polymer of CNC resulting in 
nanocomposites with CNC primarily located in the polyvinyl alcohol phase; even so, the 
liquid feeding resulted in nanocomposites with better dispersion when compared with the dry 
feeding.58 In 2007 a similar approach was also used with cellulose acetate butyrate (CAB) as 
matrix, and a plasticizer and ethanol were used as carrier liquids of CNC, resulting in a 
nanocomposite with enhanced mechanical properties and well-dispersed nanocrystals.59 In 
the same year, Soulestin et al.60 used the water injection-assisted extrusion process also using 
high shear to generate nanofibers in-situ and produce LDPE/cellulose nanocomposites. It 
was concluded that the water injection during the extrusion was a more effective way to 
improve the dispersion of the cellulose fibers compared with the classical ways such as shear, 
resident time, etc. However, the process was not appropriate to obtain cellulose nanofibers 
and, thus, nanocomposites were not obtained. In 2015 Peng et al.61 prepared PA6/cellulose 
nanocomposite foams, pumping the CNC aqueous suspension in a high-pressure zone in the 
middle of the extruder. It was reported that with this technique, the agglomeration of CNC 
and hydrogen bonding caused by drying and, consequently, dispersion challenges, were 
diminished. It was also pointed out that, even though the PA molecular weight was reduced 
by hydrolysis, it was less than 5%, whereas the total reduction (combined with the melt 
extrusion and injection molding processes) was 18%, indicating that the effect of water is 
much lower than the effect of the processing.

With respect to the production of chitin nanocomposites via liquid-assisted extrusion, up to 
now and to the best of the author’s knowledge, only one study was found available in the 
literature and it was reported in 2011 by Rizvi et al.28 In that study, ChNC in a water 
suspension were fed into PLA in a micro-compounder. The stiffness of the composites was 
found to increase with increasing chitin content, while the strength was found to decrease. It 
was also suggested that the chitin nanocrystals suspension may cause hydrolysis of PLA, 
resulting in composites with reduced viscosity. It is worth noting that a micro-compounder is 
a batch device which does not have a suitable degassing system, and the resident time, in 
general, is longer than in an extruder, aspects that can favor the degradation of the polymer 
matrix. 

1.5. Molding processing

1.5.1. Compression molding

Compression molding involves the forming/shaping of a polymer or composite between two 
plates or male and female mold of a hydraulic press. Both mold pieces are heated, but only 
one is movable. The material is heated and pressed to make the material flows conform to 
the shape. In some cases, a preform of the materials is prepared and it is preheated before the 
process.11 Processing parameters during molding, such as temperature, pressure and time, 
influence the mechanical properties of the material. In addition, cooling system, preheating 
time and other parameters will also have an influence on the mechanical properties of the 
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polymer or composite.62 For example, controlling cooling during compression molding of 
PLA materials will strongly influence its crystalline or amorphous structure.63

Another way to affect the crystallinity, and thus increase strength and stiffness in polymer 
materials, is through the orientation of the polymer chains by solid-state drawing. Highly 
oriented polymer fibers, films and tapes can be obtained by drawing the polymer with a 
tensile force in the solid state at temperatures between the glass transition and the melting 
point. Parameters such as initial morphology, polymer molecular weight and the tensile 
drawing conditions such as draw ratio (ratio of drawn tape length to original tape length) and 
temperature will affect the degree of orientation.63,64 PLA mechanical properties such as 
modulus, strength, toughness and tear strength can be improved by increasing mechanical 
drawing, turning PLA into a versatile material for different applications.63 It is expected that 
a further improvement in these properties can be obtained by the orientation of PLA 
nanocomposites, due to a resulting synergic effect between the orientation of the polymer 
chains and the nanomaterial. 

1.5.2. Film blowing

In film blowing, an annular die is used to form a tube from the molten extruded polymer, as 
shown in Figure 1.10. The tube is inflated into a thin tubular bubble by blowing air through 
the die head, cooled, and then flattened in the nip rolls and taken up by the winder. The ratio 
of bubble diameter to the die diameter is called the blow-up-ratio (BUR). Films with 
different degrees of orientation and thicknesses can be achieved by varying the BUR, screw 
speed, air pressure and winder speed.2

Figure 1.10 Schematic representation of the film blowing extrusion process. 

PLA has lower melt strength than polyolefins; thus, the formation of a stable bubble during 
the film blowing is more difficult and therefore the use of additives which act as viscosity 
enhancers is therefore required to enhance its melt strength. In addition, as PLA is stiffer and 
has lower elongation at break than polyolefins, the collapsing of the bubble in the nips rolls 
tends to produce wrinkles which tend to permanently remain in the film due to the high dead-
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fold property of the PLA. The incorporation of additives has been used to overcome this 
problem and also to reduce the adhesion between the films.2

1.6. Research gap

Little work has been done pertaining to the preparation of nanocomposites based on 
polylactic acid, cellulose and chitin using the liquid-assisted extrusion technique, which 
makes this study important in order to assess the possibility of this technique for industrial 
implementation. There is also very limited work done on bio-based nanocomposites using 
chitin as reinforcement for the PLA which is a great opportunity for the production of 
environmentally friendly nanocomposites in essential applications such as packaging, thus 
making the study of such material also attractive.  

The present work is focused on the preparation of PLA nanocomposites based on cellulose 
and chitin with potential use in packaging applications via the liquid-assisted extrusion 
process using water, a plasticizer and a solvent as carrier liquids. In addition, in this work, 
the plasticizer was also used as a dispersing and processing aid. The processing of 
nanocomposites markedly affects the dispersion, distribution, alignment of the second phase 
and crystallinity and, thus, the resulting nanocomposite properties, making this topic of 
interest for further study.  
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Objectives and challenges

2.1. Objectives

The main objective of this work was to prepare bio-based nanocomposites using liquid-
assisted extrusion process and to gain a deeper understanding of the process and the 
relationship between the process, composition, structure and properties. 

The specific objectives can be summarized as follows: 

Valorization of natural wastes from the agricultural and shellfish markets, such as 
banana rachis waste and crustacean shell (yellow lobster) waste.  

Increase the knowledge concerning the liquid-assisted extrusion process and widen the 
use of this technique by using other additives besides cellulose nanocrystals, such as 
cellulose nanofibers and chitin. 

Prepare nanocomposites based on renewable and biodegradable materials, such as 
polylactic acid, cellulose and chitin. 

Characterization of the PLA nanocomposites to understand the effect of the liquid-
assisted extrusion process and the nanomaterials on the PLA properties. 

Tailor the properties of polylactic acid through the nanocomposites’ composition and 
their processing, according to the final application, especially targeted to packaging 
applications. 

Produce PLA nanocomposites in large scale as a step forward for their potential use in 
industry.

A schematic overview of the content of this thesis divided according the appended papers is 
shown in Figure 2.1. 
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2.2. Challenges 

The main challenges of the melt compounding of nanocomposites based on cellulose or 
chitin are the difficult feeding of the nanomaterial into the extruder and obtaining well-
dispersed and distributed nanomaterials in the melt polymer. The feeding of dried cellulose 
or chitin into the extruder is difficult, due to their low bulk density, and mixing light-weight 
powders with polymer pellets can result in a non-homogenous mixture and, in this way, a 
non-uniform feeding. On the other hand, it is well known that, in general, nanomaterials have 
a strong tendency to aggregate, due to their high surface area. Additionally, cellulose and 
chitin form hydrogen bonds during drying, due to the presence of hydroxyl groups, which 
also favors their agglomeration. Moreover, cellulose and chitin have a hydrophilic 
characteristic that results in weak interactions and in non-uniform dispersion when 
hydrophobic polymers such as polylactic acid are used. All these aspects make the 
production of bionanocomposites based on PLA, cellulose and chitin challenging.

Therefore, in this work, the liquid-assisted extrusion process was chosen to overcome some 
of the problems mentioned above. However, this process is also challenging. The main 
challenge is the production of nanocomposites with high nanomaterial content and the 
feeding of viscous suspensions. These factors are related to the amount of liquid to be 
pumped into the extruder. High amounts of liquids can result in boiling of the suspension 
and, consequently, fast evaporation of the water/solvents, creating agglomerations of the 
nanomaterials. On the other hand, low amounts of liquids result in high viscous suspensions 
which are not suitable for pumping. Hence, a balance of the parameters is required. 
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Experimental work

3.1. Materials

3.1.1. Polymer

Polylactic acid (PLA) in pellet form was supplied either by FUTERRO (Escanaffles, 
Belgium) or by NatureWorks LLC (USA). The PLA from Futerro had a Melt Flow Index 
(MFI) of 8 g/10 min while the Ingeo 4043D PLA from NatureWorks had a MFI of 3 g/10 
min. The MFI was measured at 190°C/2.16 kg. Neat PLA and plasticized PLA either with 
glycerol triacetate plasticizer (GTA) or triethyl citrate plasticizer (TEC) were used as matrix 
for the nanocomposites as well as control materials. 

3.1.2. Nanomaterials

Cellulose pulp was purified from banana rachis waste at the Pontifical Bolivarian 
University, Medellin, Colombia, following the process reported by Zuluaga et al.65 The 
purified cellulose pulp was used as starting material for the isolation of cellulose 
nanofibers (CNF). The CNF were used to reinforce the plasticized PLA. An overview of 
the steps for obtaining the cellulose pulp from the raw material and its appearance are 
shown in Figure 3.1.

Figure 3.1 Overview of the isolation process of the cellulose pulp from the banana rachis waste to the purified 
cellulose pulp and its appearance.

Cellulose nanocrystals (CNC) (2013-FPL-CNC-049) in water (gel) with 10.3 wt% of 
cellulose content were prepared by sulfuric acid hydrolysis and were used to reinforce the 
plasticized PLA, and their appearance is shown in Figure 3.2. CNC were kindly supplied 
by Forest Products Laboratory FPL, Madison, USA. 
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Figure 3.2 Appearance of commercial cellulose nanocrystals.

Chitin powder from crustacean waste (yellow lobster shell), purified at Pontifical Catholic 
University of Chile, Santiago de Chile, Chile, was used as starting material for the 
isolation of chitin nanocrystals (ChNC). Chitin nanocrystals in water were prepared by 
hydrochloric acid hydrolysis at the University of the Basque Country, Donostia-San 
Sebastian, Spain, following the process reported by Salaberria et al.50 The ChNC 
suspension was vacuum filtered using a polyamid filter with a 0.2 μm pore size (Sartolon) 
to increase the solid content above 10 wt%. ChNC were used to reinforce PLA and the 
plasticized PLA materials. An overview of the isolation process for obtaining ChNC from 
the crustacean waste and its appearance are illustrated in Figure 3.3.  

Figure 3.3 Overview of the isolation process of the chitin nanocrystals from the crushed crustacean shells 
waste to the concentrated chitin nanocrystals. 

3.1.3. Plasticizers and solvents

Liquid GTA ( 99%) and liquid TEC ( 99% Alfa Aesar) were used as plasticizers and 
processing aids to facilitate the dispersion of the nanomaterials and as carrier liquids 
together with a solvent to feed the nanomaterials into the extruder. The GTA was 
purchased from Sigma-Aldrich (Stockholm, Sweden) and the TEC was purchased from 
WVR (Stockholm, Sweden). 

Technical acetone was purchased from WVR (Stockholm, Sweden) and ethanol (99.5%) 
was purchased from Solveco (Stockholm, Sweden). Acetone and ethanol were used as 
solvents for the plasticizers, which are partially miscible in water, and also to control the 
viscosity of the suspensions for the liquid feeding.

Table 3.1 lists the PLA, nanomaterial, plasticizer and solvent used in each appended paper. 
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Table 3.1 Materials used in each appended paper. 

Involved 

paper 

PLA

supplier 
Nanomaterial Plasticizer Solvent 

I Futerro CNF GTA Acetone 

II Futerro CNF GTA Acetone 

III Futerro CNC/ChNC TEC Ethanol 

IV Futerro ChNC GTA Ethanol 

V NatureWorks ChNC TEC Ethanol 

3.2. Methods

3.2.1. Mechanical isolation of the cellulose nanofibers

CNF were isolated from the purified banana waste pulp using mechanical fibrillation. The 
purified cellulose pulp at 10 wt% in water was diluted in distilled water down to 2 wt% of 
cellulose content; then, it was dispersed using a Silverson L4RT high shear mixer 
(Buckinghamshire, England). The obtained fiber suspension was ground at 1000 rpm for 120 
min using a Masuko MKZA10–20J ultra-fine grinder (Kawaguchi, Japan). The suspension 
with 2 wt% CNF content was then concentrated to 9.5 wt% by centrifugation to reduce the 
amount of water to be fed into the extruder. A description of the mechanical fibrillation 
process for the CNF and the appearance of the CNF and the grinder are shown in Figure 3.4.

Figure 3.4 Fibrillation process and appearance of the CNF, and a photograph of the ultra-fine grinder 
equipment.  

3.2.2. Preparation of the nanocomposites andmolding processing

PLA, plasticized PLA materials and their nanocomposites with CNF, CNC and ChNC were 
prepared via liquid-assisted extrusion. Figure 3.5 shows a schematic representation of the 
liquid-assisted extrusion, which consists of the preparation of the solutions and suspensions 
to be fed into the extruder, followed by the extrusion process. The solutions were used to 
prepare the control materials, while the suspensions were used to prepare the 
nanocomposites.  
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Figure 3.5 Schematic representation of the liquid-assisted extrusion. The upper part of the figure shows the 
preparation steps of the suspension for the liquid feeding and the solutions. The lower part of the figure shows 
the extrusion process, where either the prepared solution or suspension is fed into the extruder in the same port 

as the PLA. 

In Papers I, II, III and V the extruded materials were compression molded to films using 
either a fast or a slow cooling and then characterized. Furthermore, in Paper II the 
compression molded PLA/CNF nanocomposite films were oriented by solid-state drawing 
using different parameters. In Paper V the extruded PLA/ChNC nanocomposite was used as 
a masterbatch to be diluted with PLA and polybutylene adipate-co-terephthalate (PBAT) to 
produce blown films to target packaging applications. A schematic flow diagram of the 
processing of the extruded materials is shown in Figure 3.6 and the appended paper in which 
each material is involved is indicated. 

Figure 3.6 Schematic flow diagram of the further processing of the extruded materials and the respective 
paper. 

3.2.2.1. Preparation of the solutions and suspensions for liquid feeding

The upper part of the Figure 3.5 shows the steps for preparing the suspensions containing the 
nanomaterials. The nanomaterial in water was first pre-dispersed in a solvent for 2 h using 
magnetic stirring and then mixed with a plasticizer for 2 h. The suspension was 
ultrasonicated using a Hielscher UP400S ultrasonicator (Teltow, Germany) in an ice bath for 
2 min and then, the suspension was kept under magnetic stirring until use. Solutions of water, 
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solvent and plasticizer, and solutions of only water and solvent were also prepared for the 
extrusion of the plasticized PLA materials and the PLA used as control. The suspensions 
were prepared based on concentration of the nanomaterials in water and the target 
composition of the nanocomposites. For the solutions, a similar ratio between the 
components than in the suspensions was kept. The flowability of the suspensions was varied 
with the water-to-solvent ratio. Detailed information of the composition of the suspensions 
and the concentration of the nanomaterials in water is given in section 4.3 in Table 4.2. 

3.2.2.2. Extrusion using liquid feeding

A Coperion W&P ZSK-18 MEGALab co-rotating twin-screw extruder, with L/D of 40 and 
screw diameter of 18 mm (Stuttgart, Germany) equipped with a K-tron gravimetric feeder 
(Niederlenz, Switzerland) was used. The extruder has two atmospheric vents at zone 4 and 6 
and a vacuum vent at the end of the extruder. A photograph of the extruder indicating some 
of its parts is shown in Figure 3.7a. 

Figure 3.7 Photographs of a) co-rotating twin-screw extruder b) flat profile die, c) strand profile die and d) 
screw configuration used showing the melt, dispersive and distributive mixing zones. 

The PLA pellets as well as the liquids were fed into the extruder at the main hopper with 
specific feeding rates according to the final composition of each material. The PLA was fed 
using the gravimetric feeder while the liquids were fed using a Heidolph PD 5001peristaltic 
pump (Schwabach, Germany) or a Teledyne Isco 500D high-pressure syringe pump (Lincoln, 
USA). The water and solvent vapors and the entrapped air were removed during the process 
through the vents. The screw configuration used is shown in Figure 3.7b and the main 
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parameters of the extrusion process and the range of values that were used are reported in 
Table 3.2.

Table 3.2 Range of values used for the extrusion parameters. 

Parameters Range 

Total throughput (kg/h) 2-3 

Feeding rate of PLA (kg/h) 1.5-2.4 

Feeding rate of the suspensions (kg/h) 0.6-3.2 

Temperature profile (°C) 170-200 

Screw speed (rpm) 300 

The extruded materials were collected using either a flat profile die (Figure 3.7c) or a strand 
profile die (Figure 3.7d). In the latter case, a water slide system was used for cooling the 
strands, which were then pelletized and dried at 55°C overnight. The summary of the 
prepared materials, their codes and compositions are listed in Table 3.3.  

Table 3.3 List of the extruded materials, their codes and their compositions.  

Involved 
paper Code of the materials 

 Composition of the materials (wt%) 

 PLA Nanomaterial Plasticizer 

I

PLA*

PLA-GTA* 

PLA-GTAw:a

PLA-GTA-CNF  

100 

80 

80 

79 

-

-

-

1

-

20 

20 

20 

II PLA/CNF nanocomposite  89 1 10 

III 

PLA-TEC 

PLA-TEC-CNC 

PLA-TEC-ChNC  

80 

79 

79 

-

1

1

20 

20 

20 

IV PLA nanocomposite masterbatch 75 5 20 

V

PLA*

PLA

PLA-ChNC 

PLA-TEC2.5 

PLA-TEC2.5-ChNC 

PLA-TEC5.0 

PLA-TEC5.0-ChNC 

PLA-TEC7.5 

PLA-TEC7.5-ChNC 

100 

100 

97 

97.5 

94.5 

95.0 

92.0 

92.5 

89.5 

-

-

3

-

3

-

3

-

3

-

-

-

2.5 

2.5 

5.0 

5.0 

7.5 

7.5 

Water and solvent, which were evaporated during the process, were used in the extrusion of all materials with 
the exception of the materials marked with *. 
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3.2.2.3. Compression molding

All the extruded materials with the exception of the PLA nanocomposite masterbatch were 
compression molded using a Fontijne Grotnes LPC-300 hot press (Vlaardingen, Netherlands) 
to prepare films of 100-300 μm in thickness. Pellets were placed inside metal plates covered 
with Mylar® (PET) films and pressed at 190°C for 120-210 seconds at contact pressure, and 
then the pressure was increased to 2-10 MPa and maintained for another 30 seconds. Two 
different cooling rates were used in order to obtain amorphous and crystalline materials. In 
the former case, the films were immediately removed from the metal plates and air-cooled to 
room temperature for 2 to 5 min whereas, for the crystalline materials, the films were cooled 
to room temperature inside the metal plates for approx. 25 min. 

3.2.2.4. Solid state drawing

In Paper II, uniaxial solid-state drawing of the compression molded PLA/CNF 
nanocomposite tapes was performed using a Shimadzu Autograph AG-X universal tensile 
testing machine (Kyoto, Japan) equipped with a temperature chamber and a load cell of 1 kN, 
as shown in Figure 3.8. The solid-state drawing was used to orient the nanocomposite tapes 
and thus, improve their properties, especially strength and toughness. Rectangular tapes with 
a length of 30 mm and a width of 20 mm were used for drawing. Parallel ink marks with a 
distance of 20 mm were printed on each specimen to calculate the draw ratio. After drawing, 
the tape was removed from the chamber and cooled to room temperature for approx. 60 
seconds.

Figure 3.8 Schematic representation of the solid-state drawing of PLA/CNF nanocomposites tapes, indicating 
the structural changes after the orientation induced by the drawing. 

Movable crosshead
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Upper jaw
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26

The drawing was carried out with two draw ratios (DR) 2.0 and 2.5, four draw temperatures 
(DT) 35, 40, 45 and 50°C and three different draw speeds (DS) 10, 50 and 100 mm/min. The 
draw ratio (DR) for the drawn tapes was calculated using equation (1):

                                                 (1) 

3.2.2.5. Dilution of PLA nanocomposite masterbacth and film blowing

The 6 kg of the extruded nanocomposite masterbatch with 75 wt% PLA, 5 wt% ChNC and 
20 wt% GTA was diluted with PLA and PBAT and mixed with talc to obtain 30 kg of a 
nanocomposite compound with 1 wt% ChNC for the film blowing process. A similar 
compound without chitin nanocrystals was prepared as a reference material. A Coperion 
W&P ZSK-25 co-rotating twin-screw extruder (Stuttgart, Germany) was used to prepare the 
compounds. The process was carried out with a throughput of 15 kg/h, a screw speed of 250 
rpm and a temperature profile between 170°C and 190°C. The moisture was removed with a 
vacuum vent. The compositions of the compounds are given in Table 3.4. 

Table 3.4 Composition (wt%) of the compounds prepared for the preparation of blown films. 

Compound PLA PBAT GTA Talc ChNC 

Reference 60 24 10 6 0 

Nanocomposite 59 25 9 6 1 

A LF-400 LabTech laboratory film blowing extruder (Samutprakan, Thailand) with a die 
diameter of 50 mm, a die gap of 1 mm, and a film diameter of 180 mm was used to produce 
films with 25 to 30 m thickness. The film blowing was operated with a temperature profile 
from 160°C to 180°C from feeding zone to die, respectively. Both processes, the dilution of 
the PLA nanocomposite masterbatch and the film blowing process were carried out at the 
Fraunhofer Institute for Environmental, Safety and Energy Technology, UMSICHT, 
Germany. 

3.3. Characterization techniques

In this section, the techniques that were used for the characterization of the nanomaterials, 
the suspensions for the liquid feeding and the PLA nanocomposites and their respective 
control materials are described.  

3.3.1. Melt flow index (MFI)

The melt flow index of the PLA, plasticized PLA materials and their nanocomposites were 
measured using a Göttfert MI-1 melt indexer (Buchen, Germany) to understand the effect of 
the nanomaterials and plasticizer in the rheological properties of the PLA. The measurements 
on the pelletized materials were performed at least three times at 190°C with a 2.16 kg load 
and the average value in grams per 10 min was reported.  
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3.3.2. Fourier transform infrared spectroscopy (FTIR)

FTIR was performed in order to determine the interaction between PLA matrix and chitin 
nanocrystals and the effect of the further addition of plasticizer. The samples were ground 
and mixed with KBr to prepare pellets. The spectrums were collected in a Bruker VERTEX 
80v FTIR spectrometer (Germany) with a resolution of 4 cm-1 with 128 scans in a range 
between 400 - 4000 cm-1.

3.3.3. Optical microscopy (OM) and polarized optical microscopy (POM)

A Leitz Dialux 20 optical microscope (Wetzlar, Germany), a Nikon ECLIPSE MA200 
optical microscope (Tokyo, Japan) and a Nikon Eclipse LV100NPOL polarizing optical 
microscope (Shanghai, China) were used to obtain a general overview of the nanomaterial 
dispersion on the PLA nanocomposite films. In addition, the dispersion of the nanomaterials 
in water and in the prepared suspensions with plasticizer and solvent was also analyzed. In 
this case, a drop of the suspensions was placed between two glass slides and observed before 
drying.

3.3.4. Atomic force microscopy (AFM)

The morphology and dimensions of the nanomaterials were analyzed using a Veeco 
Multimode Nanoscope V atomic force microscope (Santa Barbara, USA). A drop of diluted 
aqueous nanomaterial suspension was dried on a cleaved mica plate prior to the analysis. The 
images were taken in tapping mode in air at a resonance frequency of 70 kHz. The diameter 
and length of nanomaterials were measured from the height images using the Nanoscope V 
and/or the FiberApp software. AFM was also used to analyze the surface of the PLA/CNF 
nanocomposite tapes after etching the amorphous phase in a water, ethanol and sodium 
hydroxide mixture. 

3.3.5. Scanning electron microscopy (SEM)

A JEOL JSM-6460LV scanning electron microscope (Tokyo, Japan), a FEI Magellan 400 
XHR-SEM (Hillsboro, USA) microscope and a Carl Zeiss Merlin FE-SEM (Oberkochen, 
Germany) microscope were used to analyze the fractured surface of the materials after the 
tensile tests as well as the cryo-fractured surfaces. The fracture mechanisms of the materials 
and the dispersion on the nanomaterials into the PLA matrix were evaluated. A thin layer of 
tungsten or gold was sputtered on all the samples to prevent electron charging.  

3.3.6. Thermogravimetric analysis (TGA)

A TA Instruments TGA-Q500 thermogravimetric analysis (New Castle, USA) was used to 
evaluate the thermal stability of the nanocrystals as well as of the blown films with and 
without nanocrystals. The experiments were performed in ramp mode from room 
temperature to 550-700°C at 5°C/min either in air or nitrogen atmosphere. 



28

3.3.7. UV/Vis spectroscopy

The light transmittance of the PLA nanocomposites and of their respective control samples 
was measured using a Perkin Elmer Lambda 2S UV/Vis spectrometer (Überlingen, 
Germany). The scan was carried out from 200 to 800 nm with a scan speed of 240 nm/min. 

3.3.8. Differential scanning calorimetry (DSC)

The glass transition temperature (Tg), cold crystallization temperature (Tcc) and melting 
temperature (Tm) as well as the degree of crystallinity of the prepared materials were 
measured using a Mettler Toledo DSC822e differential scanning calorimeter 
(Schwerzenbach, Switzerland). DSC scans were run from either -20°C, -10°C or from room 
temperature to 200°C at a heating rate of 10°C/min in air or under an N2 atmosphere. The 
degree of crystallinity (Xc) was calculated using the equation (2):66

                      (2) 

where Hm is the enthalpy of melting (pre-melt crystallization was subtracted from the 
melting enthalpy),  Hcc  is the enthalpy of cold crystallization and H°m is the enthalpy of 
melting for a 100% crystalline PLA sample, which is assumed to be 93 J/g66, and w is the 
weight fraction of PLA in the sample.  

3.3.9. X ray diffraction (XRD)

A PANalytical Empyrean diffractometer (Almelo, The Netherlands) with a Cu-K radiation
source was used to evaluate the crystallinity of the undrawn and drawn PLA/CNF tapes and 
also to study the crystallinity of the nanocrystals and the plasticized PLA nanocomposite 
films. The range of 2  scan angles was from 5 to 40° and the equipment was operated at     
40 kV and 45 mA. The crystallinity index (CI) of the nanocrystals was estimated using 
equation (3) and according to the peak high method (Segal et al. 1959) for cellulose67 and its 
adaptation for chitosan (Struszczyk, 1987).68

                     (3) 

Where Imaximum is the height of the 200 peak intensity at 2  22.4° for cellulose and the 
height of the 110 peak intensity at 2  19.5° for chitin. Iam is the height of the amorphous 
diffraction peak in both cases, which is estimated as the minimum intensity between the 200 
and 110 peaks (2  18°) for cellulose and the minimum intensity for chitin at 2  16°.67,68

3.3.10. Dynamic mechanical thermal analysis (DMTA)

The thermomechanical properties of the undrawn and drawn PLA/CNF nanocomposite tapes 
and the plasticized PLA materials and their nanocomposites were determined using a TA 
Instruments Q800 analyzer (New Jersey, USA) on specimens of 5 × 30 mm. The 
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experiments were performed in tensile mode from room temperature to 90-100°C in air with 
a heating rate either of 1°C/min or 3°C/min and a constant frequency of 1 Hz or 3 Hz.

3.3.11. Mechanical testing

The mechanical properties of the PLA nanocomposite films and their respective control 
samples were measured using a Shimadzu AG-X universal tensile testing machine (Kyoto, 
Japan). The tensile strength and the elongation at break were obtained directly from the 
results, while the tensile modulus and the work of fracture were calculated from the stress-
strain curves. The effects of the water and solvent, the addition of plasticizer and the further 
addition of nanomaterials on the mechanical properties of PLA were analyzed. Moreover, the 
effects of the cooling rate and solid-state drawing which directly affect the crystallinity of the 
PLA nanocomposites, and, thus, the mechanical properties were also evaluated. One-way 
analysis of variance (ANOVA) followed by the Tukey-HSD multiple comparison tests with a 
5% significance level were used to analyze the results. 
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Results and discussion

In this study, PLA, plasticized PLA materials and their nanocomposites with cellulose and 
chitin nanomaterials were prepared via liquid-assisted extrusion. The effects of the liquids 
used during the extrusion process, the plasticizers and the nanomaterials in the PLA 
properties were studied. Furthermore, the effect of the cooling rate during the compression 
molding process was also evaluated. In addition to this, the effect of the solid-state drawing 
on the extruded and compression molded PLA/CNF nanocomposite films was investigated. 
Finally, the effect of ChNC on the processing and properties of blown films was 
characterized.

In this section, a summary of the main results obtained in this work are presented and more 
detailed information of the results can be found in the appended papers.

4.1. Morphology and dimensions of the nanomaterials

The morphology and sizes of the cellulose and chitin nanomaterials used in this work were 
characterized using AFM. Figure 4.1 shows the height images of the CNF, the CNC and 
ChNC. The measured diameters and lengths from these images as well as the calculated 
aspect ratio are given in Table 4.1. The image for the CNF used in Paper I (Figure 4.1a) 
shows nanofibers but also some bundles of fibers that can be an indication of an incomplete 
fibrillation process and/or agglomeration during the sample preparation. In the cases of the 
nanocrystals (Figures 4.1b, c and d), the images show well-isolated nanocrystals with their 
typical rod-like shape.

Figure 4.1 AFM height images showing the morphology of a) CNF from banana rachis waste, b) commercial 
CNC from Forest Products Laboratory, c) ChNC used in Paper III and d) ChNC used in Paper V. Both ChNC 

from lobster shell waste. 
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Table 4.1.  Dimensions of cellulose and chitin nanomaterials.

Involved paper Nanomaterials Diameters (nm) Lengths (nm) Aspect ratio (l/d) 

Paper I CNF 10-60 - - 

Paper III 
CNC 8 ± 3 330 ± 80 41 

ChNC 14 ± 7 810 ± 340 56 

Paper V ChNC 11 ± 5 300 ± 150 27 

4.2. Dispersion of the nanomaterials in the suspensions

In order to analyze the effect of the solvents and the plasticizers, the dispersion of the 
nanomaterials in the prepared suspensions was studied and compared to the dispersion of the 
nanomaterials in water. Figure 4.2 shows the appearance and the OM images of the 
nanomaterials dispersed in water (images on the top row) and the prepared suspensions with 
water, solvent and plasticizer (images on the bottom row). It is clear from the OM images of 
the nanomaterials dispersed in water, that the CNC used in Paper III (Figure 4.2b) showed 
the best isolation and dispersion, whereas the ChNC used in the same paper (Figure 4.2c) 
contained some micro-sized particles from the raw material due to an incomplete isolation 
process. When comparing the OM images of each nanomaterial dispersed in water with its 
counterpart dispersed in plasticizer and solvent, it was observed that the nanomaterial 
dispersion was slightly affected, especially for the CNF and CNC, which exhibited more 
even behavior in water. Nevertheless, all the suspensions showed good stability prior to the 
extrusion and it was possible to pump them using either a peristaltic pump or a high-pressure 
syringe pump. The OM images also highlighted that the nanomaterials were homogenously 
distributed in the mix and that the plasticizers were dissolved in the water and solvent 
mixture without phase separation, since the plasticizers used are only partially miscible in 
water.

Figure 4.2 Appearance and OM images of the dispersed nanomaterials. The images on the top row show the 
nanomaterials dispersed in water. The images on the bottom show the nanomaterials in water mixed with the 

solvent and plasticizer. a) and a’) CNF; b) and b’) CNC; and c), c’), d) and d’) ChNC.  
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4.3. Liquid assisted extrusion

PLA, plasticized PLA materials and their nanocomposites were successfully prepared in a 
co-rotating twin-screw extruder using liquid feeding of the nanomaterials together with a 
plasticizer. To evaluate the effect of the plasticizer on the nanomaterial dispersion, one 
material was prepared without the addition of plasticizer (Paper V). In Paper IV, 6 kg of 
PLA nanocomposite with 5 wt% ChNC was prepared as a masterbatch to be diluted and 
produce blown films. Additionally, the PLA nanocomposite with 1 wt% CNF used in Paper 
II was also prepared at large volume and 8 kg of nanocomposite was prepared. In all of the 
experiments, the vapors generated during the process (water and solvent) were evacuated 
through the atmospheric vents and the vacuum vent.  

The initial solid content of the nanomaterials in water and the composition of the prepared 
suspensions as well as the amount of nanomaterial in the PLA nanocomposites are given in 
Table 4.2. It can be observed from the reported values that the water-to-solvent ratio used 
was 1:1 only when nanocomposites with 1 wt% of nanocrystals were the target, as in the 
case of Paper III. This ratio was increased to 1:5 when nanofibers (Papers I and II) or 
higher nanocrystals content (Papers IV and V) were used. The reason for this was to control 
the viscosity of the suspensions and, therefore, their flowability. Nanofibers have a tendency 
to form more viscous suspensions than nanocrystals. On the other hand, an increase in the 
content of nanocrystals also increases the viscosity of the suspension. The control of the 
suspension viscosity is important, as high viscous suspensions tend to stick to the screws, 
thus preventing the onward movement of the suspension and resulting in non-homogenous 
feeding, early evaporation of the liquids and, consequently, nanomaterial agglomerates. 

Table 4.2 Initial solid content of the nanomaterials in water, the composition of the prepared suspensions for 
the liquid feeding used in each paper and the wt% of nanomaterials in the PLA nanocomposite. 

Involved 
paper 

Initial solid 
content of the 
nanomaterials 

in water 
(wt%) 

Water
to solvent 

ratio 

Composition of the suspensions 
(wt%) Nanomaterial 

content in the 
PLA

nanocomposites Nanomaterial Plasticizer 
Water

and
solventa

I 9.5 1:5  1.3 25.1 73.6  1 wt% CNF 

II 8.8 1:5  1.3 13.7 85.0  1 wt% CNF 

III 10.3 1:1  2.6 52.0 45.4  1wt% 
CNC/ChNC 

IV 22.3 1:5  3.9 15.4 80.7  5 wt% ChNC 

V 19.3 1:5  

3.8 

3.7 

3.6 

3.5 

-

3.2 

6.0 

8.8 

96.2 

93.1 

90.4 

87.7 

3 wt% ChNC 

a Liquids evaporated during the extrusion process. 
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It can be noticed that in Papers IV and V the nanomaterial content in the suspensions was   
3.5 wt%, higher value than in the other papers. Therefore, in order to carry out the process 

successfully, the total throughput was decreased from 3 kg/h to 2 kg/h, decreasing also the 
feeding rate of the suspension and thus, the probability of boiling at the main port.  

Moreover, a high amount of water and solvent in the suspension ( 80 wt%) made the process 
more challenging (Papers II, IV and V) than when the amount of these liquids was lower, 
as in the case of Paper III. Finally, it is important to mention that the higher the solid 
content in the starting nanomaterial in water, the higher the amount of nanomaterial which 
can be incorporated into the PLA by liquid feeding, as in Papers IV and V.

It is determined that, in the liquid-assisted extrusion, parameters such as initial solid content 
of the nanomaterial in water, the water-to-solvent ratio, the feeding rate of the suspensions, 
the total throughput and the composition of the nanocomposite are important and should be 
taken into consideration during processing. However, the extrusion process also has other 
important parameters that can affect the process and, therefore, the result i.e., the screw 
configuration, screw speed and feeding location.

4.4. Effect of the water and solvent on the PLA

The influence of water and ethanol on the molecular weight of PLA was studied using GPC 
in Paper V, since it is well known that PLA is susceptible to hydrolytic degradation. 
Moreover, the mechanical properties of the compression molded films from the extruded 
PLA without and with water and solvent were also measured to determine the effect of these 
liquids on the PLA. The results are reported in Table 4.3.

The measured molecular weight (Mw) of the as received PLA, extruded PLA without and 
with water and ethanol was 199 kg/mol, 186 kg/mol and 199 kg/mol, respectively. When 
comparing these values, it was observed that the Mw of PLA was decreased by the extrusion 
process when water and ethanol were not used. However, when PLA was extruded in the 
presence of water and ethanol, the Mw of PLA was similar to that of the as received PLA. 
This can be attributed to a decrease in the local shear due to the plasticizing effect of water.19

The effect of the ChNC on the Mw of PLA was also investigated. As mentioned, the extruded 
PLA with water and ethanol had a Mw of 199 kg/mol and this value was decreased to 181 
kg/mol when ChNC -in water and ethanol- were incorporated to the PLA (PLA-ChNC 
composite). On the other hand, when ChNC were added in a suspension containing water, 
ethanol and TEC plasticizer, the Mw of the plasticized nanocomposite was 193 kg/mol. These 
results suggest that the addition of ChNC in only water and ethanol decreased the Mw of PLA 
approx. 9% (from 199 kg/mol to 181 kg/mol) while the addition of CNC together with 
plasticizer reduced the Mw of PLA by only approx. 3% (from 199 kg/mol to 193 kg/mol). 
Therefore, the results obtained using GPC demonstrated that the liquid-assisted extrusion 
process did not degrade the PLA while the extrusion process without the use of these liquids 
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had a negative effect, and, furthermore, that the use of plasticizer hindered the degradation of 
the PLA when nanomaterials are incorporated.  

The results from the tensile tests showed that the use of water and ethanol during the 
extrusion process did not significantly affect the mechanical properties of PLA, 
corroborating the GPC results.

Table 4.3 Mechanical properties of PLA extruded without and with water and solvent. 

Involved 
paper Materials 

Young´s 
modulus 

(GPa) 

Tensile
strength
(MPa)   

Ultimate 
strength
(MPa)   

Elongation 
at break  

(%) 

Work of 
fracture 
(MJ/m3)

V
PLA* 1.9 ± 0.1 61 ± 1 52 ± 5 8 ± 0 3.5 ± 0.3 

PLA 1.9 ± 0.1 59 ± 2 55 ± 3 6 ± 0 2.3 ± 0.2 

*Extruded without water and solvent.  

4.5. Effect of nanomaterials and plasticizer on PLA

The effect of the addition of ChNC in a water and ethanol suspension into PLA was also 
investigated in Paper V and the results of the mechanical properties of the PLA-ChNC 
composite (unplasticized PLA composite) are reported in Table 4.4.

Table 4.4 Mechanical properties of PLA and its composite with ChNC. 

Involved 
paper Materials 

Young´s 
modulus 

(GPa) 

Tensile
strength
(MPa)   

Ultimate 
strength
(MPa)   

Elongation 
at break  

(%) 

Work of 
fracture 
(MJ/m3)

V
PLA 1.9 ± 0.1 59 ± 2 55 ± 3 6 ± 0 2.3 ± 0.2 

PLA-ChNC 1.9 ± 0.1 53 ± 1 50 ± 2 5 ± 0 1.6 ± 0.2 

The addition of ChCN into PLA decreased the PLA tensile strength from 59 MPa to 53 MPa. 
This is attributed to the lower molecular weight of the PLA-ChNC composite, as discussed 
in section 4.4, where the composite exhibited lower molecular weight than the PLA. The 
reduction in the tensile strength is also due to the presence of micro-agglomerates with a 
poor interface between the matrix and the nanocrystals, as Figure 4.3 shows.

Figure 4.3 PLA-ChNC composite a) film showing the ChNC agglomerates and b) SEM micrograph showing 
the micro-sized agglomerates and their poor interfacial bonding. 
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These results were similar to the results reported by other authors, where the incorporation of 
chitin into PLA also resulted in reduced strength28, even when functionalized (acylation) 
chitin nanocrystals were used.30 It should be mentioned that similar agglomerates, visible to 
the naked eye, were observed when the cellulose nanofibers or nanocrystals were fed in a 
water or water/solvent suspension into the PLA. 

It was also found in Paper V that the poor dispersion and distribution of the ChNC and their 
weak interaction with the PLA matrix was improved with the addition of TEC plasticizer, 
and it was progressive improved with an increase in the plasticizer content, as is shown in 
the SEM micrographs in Figure 4.4. The positive effect of the addition of plasticizer in the 
dispersion and distribution of ChNC into PLA as well as in their interaction resulted in 
plasticized PLA nanocomposites with higher mechanical properties than the counterpart 
plasticized PLA (this is discussed in Section 4.6.1). 

Figure 4.4 SEM micrographs showing improved dispersion and distribution of ChNC with increasing TEC 
content after a cryogenic fracture of: a) PLA-ChNC, b) PLA-TEC2.5-ChNC, c) PLA-TEC5.0-ChNC, d) PLA-

TEC7.5-ChNC. 

The improved interaction between PLA and ChNC in the presence of TEC was attributed to 
hydrogen bonding, which was corroborated by the FTIR study in Paper V. A peak at 
approximately 3510 cm-1 which is related to the O-H bond stretching deformation was 
observed in the PLA spectra. This peak did not change with the addition of TEC. However, 
this peak was broader and slightly shifted to a lower wavenumber (3506 cm-1) when ChNC 
were added to PLA, and it further broadened and shifted to 3494 cm-1 when ChNC were 
added together with TEC, as seen in Figure 4.5. The FTIR results indicate H-bonding 
interaction between PLA and ChCN which was enhanced with the addition of TEC 
plasticizer. It is then expected that, in the other studies, the plasticizers also favored the 
interaction between the nanomaterials and the PLA in a similar manner, since the mechanical 
properties of the plasticized PLA materials in Papers I and III were also enhanced with the 
addition of nanomaterials (this is discussed in Section 4.6.1) and no agglomerations were 
visible to the naked eye for any of those materials (see Figure 4.10). 
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Figure 4.5 FTIR spectra of (a) PLA, (b) PLA-TEC7.5, (c) PLA-ChNC and (d) PLA-TEC7.5-ChNC showing the 
shift and broadening of the O-H peak to a lower wavenumber when ChNC or ChNC/TEC were added to PLA. 

4.6. Effect of nanomaterials in the plasticized PLAmaterials

4.6.1. Mechanical properties

The mechanical properties of PLA films and plasticized PLA with GTA and TEC are 
reported in Table 4.5.

Table 4.5 Mechanical properties of the used PLAs with and without plasticizers. 

Involved 
paper Materials 

Young´s 
modulus 

(GPa) 

Tensile
strength
(MPa)   

Yield
strength
(MPa) 

Ultimate 
strength
(MPa)   

Elongation 
at break  

(%) 

Work of 
fracture 
(MJ/m3)

I

PLA1, * 3.8 ± 0.1 63 ± 4 - - 2 ± 0 0.9 ± 0.1 

PLA-GTA* 1.2 ± 0.1 28 ± 1 - - 18 ± 2 4.4 ± 0.7 

PLA-GTAw:a 0.8 ± 0.1 26 ± 1 - - 25 ± 11 5.1 ± 1.8 

III 
PLA-TECslow-cooled 0.6 ± 0.1 - 20 ± 1 16 ± 1 91 ± 38 16 ± 6 

PLA-TECfast-cooled 0.3 ± 0.2 - 3.7 ± 1 22 ± 4 305 ± 53 32 ± 13 

V

PLA2 1.9 ± 0.1 59 ± 2 55 ± 3 6 ± 0 2.3 ± 0.2 

PLA-TEC2.5 2.0 ± 0.1 55 ± 4 - 52 ± 4 6 ± 1 2.2 ± 0.3 

PLA-TEC5.0 1.8 ± 0.0 49 ± 3 - 45 ± 2 7 ± 1 2.4 ± 0.3 

PLA-TEC7.5 1.8 ± 0.0 44 ± 1 - 40 ± 4 6 ± 1 1.8 ± 0.4 
1PLA from Futerro and 2PLA from NatureWorks. 
*Extruded without water and solvent. 
w:a water and acetone. 
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It is important to highlight that the PLA used in Papers I and III was from Futerro and the 
PLA used in Paper V was from NatureWorks. The mechanical properties between both PLA 
were not compared, since the cooling rate used during the compression molding to prepare 
the films was different. In Paper I the materials were slow-cooled (SC), in Paper V the 
materials were fast-cooled (FC) and in Paper III the materials were fast- and slow-cooled to 
evaluate the effect of the cooling rate.

The mechanical properties showed that plasticized PLA films with 20 wt% of plasticizer, 
either GTA (Paper I) or TEC (Paper III), exhibited decreased mechanical properties but 
increased elongation at break and work of fracture when compared with those of the PLA. 
However, when the added plasticizer content was 7.5 wt%, as it was in Paper V, the 
elongation at break and work of fracture were not increased with respect to the PLA used in 
the same paper, and only the tensile strength was decreased. This indicates that, in general, 
the tensile strength is affected by any amount of plasticizer, while the elongation at break 
requires higher plasticizer content than 7.5 wt% to be enhanced. 

The mechanical properties of the plasticized PLA nanocomposites prepared in Paper I with 
20 wt% of GTA and 1 wt% of CNF are given in Table 4.6, as are the properties of its 
reference materials. The representative stress-strain curves are shown in Figure 4.6.

Table 4.6 Mechanical properties of PLA, GTA plasticized PLA and its CNF nanocomposite films. 

Materials 
Young´s 
modulus 
 (GPa) 

Tensile
strength
(MPa)   

Elongation 
at break  

(%) 

Work of 
fracture 
(MJ/m3)

PLA* 3.8a ± 0.1 63a ± 4 2 ± 0 0.9 ± 0.1 

PLA-GTA 1.2b ± 0.1 28b,c ± 1 18 ± 2 4.4 ± 0.7 

PLA-GTAw:a 0.8c ± 0.1 26b ± 1 25 ± 11 5.1 ± 1.8 

PLA-GTAw:a-CNF 0.8c ± 0.0 29c ± 0 31 ± 8 8.0 ± 2.4 

*Extruded without water and solvent.  
Same superscript letters within each column are not significantly different at 5% significance level based on 
ANOVA and the Tukey-HSD multiple comparison test. 

The tensile test results showed that the addition of 1 wt% of CNF to the plasticized PLA, 
further increased the elongation at break and work of fracture from 25% to 31% and from 5.1 
MJ/m3 to 8.0 MJ/m3, respectively. Photographs of the tensile fractured samples and their 
SEM micrographs are shown in Figure 4.6. The SEM micrographs highlighted the presence 
of different fracture surfaces between the different materials. PLA showed a brittle fracture, 
whereas the plasticized PLA exhibited a more ductile fracture and the nanocomposite 
showed a fibrous morphology. This fibrous morphology indicates that a massive crazing 
phenomenon took place, resulting in enhanced elongation and toughness.  The prominent 
stress whitening appearing in the tensile test samples of the nanocomposites was also an 
indication of the formation of a massive crazing effect. It is believed that the massive crazing 
phenomenon was a result of the presence of CNF. The increase in the elongation at break 



39

and toughness in the nanocomposite is also a clear indication of well-dispersed CNF into the 
PLA matrix; otherwise, a decrease in these properties would be expected.  

Figure 4.6 Representative stress-strain curves, SEM micrographs of the tensile fractured test samples and their 
SEM images of PLA, GTA plasticized PLA and its nanocomposite with CNF.

The mechanical properties of the plasticized PLA nanocomposites prepared in Paper III
with 20 wt% of TEC and 1 wt% of CNC or ChNC are shown in Table 4.7, as are the 
properties of the plasticized PLA materials. The representative stress-strain curves are shown 
in Figure 4.7. All the materials were fast-cooled (FC) and slow-cooled (SC) to evaluate the 
effect of the cooling rate on the properties of the nanocomposites, which is further discussed 
in Section 4.7. 

Table 4.7 Mechanical properties of the compression molded films with different cooling rates of the TEC 
plasticized PLA and its CNC and ChNC nanocomposites. 

Cooling Materials 
Young´s 
modulus 

(GPa) 

Yield
strength
(MPa) 

Ultimate 
strength
(MPa)   

Elongation 
at break  

(%) 

Work of 
fracture 
(MJ/m3)

Fast

cooled 

PLA-TEC 0.3a ± 0.2 3.7a ± 1 22 a ± 4 305a ± 53 32a ± 13 

PLA-TEC-CNC 1.1b ± 0.4 15b± 2 24b ± 1 309a ± 34 46a ± 8 

PLA-TEC-ChNC 1.2b ± 0.4 21c ± 4 21b ± 2 262a ± 24 37a ± 4 

Slow
cooled 

PLA-TEC 0.6  ± 0.1 20  ± 1 16  ± 1 91 ± 38 16  ± 6 

PLA-TEC-CNC 0.9 ± 0.1 21  ± 0 20 ± 0 30 ± 9 6  ± 2 

PLA-TEC-ChNC 1.0 ± 0.3 21  ± 1 20 ± 1 16 ± 4 3  ± 1 

Same superscript letters within each column are not significantly different at 5% significance level based on 
ANOVA and the Tukey-HSD multiple comparison test. 
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The results showed that the yield strength and the modulus were significantly increased for 
the fast-cooled PLA-TEC material with the addition of 1 wt% nanocrystals, while the 
ultimate strength did not exhibit any improvement. The yield strength was enhanced by 316% 
and by 478% with the addition of CNC and ChNC, respectively, whereas the Young’s 
modulus was increased by 267% and 300% in the same order. In the case of the slow-cooled 
PLA-TEC material, the ultimate strength was increased by 26% with the addition of CNC 
and by 28% with the addition of ChNC. In this case, the Young’s modulus was increased by 
50% and by 67% with the addition of CNC and ChNC, respectively. Finally, the tensile test 
showed that in both FC and SC materials, the toughness and elongation at break of the 
nanocomposites were lower in comparison with those of the PLA-TEC, especially for the 
chitin nanocomposite.  

Figure 4.7 Representative stress-strain curves of the compression molded films with different cooling rates of 
the TEC plasticized PLA and its CNC and ChNC nanocomposites. 

The dispersion of the nanocrystals in the matrix was analyzed on the cryo-fractured surfaces 
of the nanocomposites using SEM and the micrographs are shown in Figure 4.8. The 
presence of some nanocrystal agglomerates can be observed in the SEM micrographs  for 
both nanocomposites (see Figure 4.8a´and b´), which may be the reason for the decrease in 
the elongation at break. In the case of the chitin nanocomposite, the reduction was more 
pronounced due to the presence of remaining micro particles with a flake shape (see Figure 
4.8b) from the raw material, as was discussed in Section 4.2. Moreover, the crystallinity 
from the DSC measurements of the slow-cooled cellulose and chitin nanocomposites - 56% 
and 53% respectively - was slightly higher than that of the plasticized PLA - 51% - and this 
may have also decreased the elongation.  

No significant difference between the effect of the CNC and the ChNC on the mechanical 
properties of the PLA-TEC materials was found, despite the fact that the CNC suspension 
showed much better isolation and distribution, as was discussed in Section 4.2. This may be 
explained by the fact that ChNC exhibited higher aspect ratio, higher crystallinity and 
uncharged surface in comparison with the CNC. Narges et al.48 also described that chitin 
nanocrystals exhibited higher crystallinity than cellulose nanocrystals. In addition, it was 
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reported that ChNC showed better dispersion within a chitosan/polyethylene oxide matrix 
than CNC. That result was attributed to the difference between the uncharged surfaces of the 
HCl hydrolyzed ChNC with the negatively charged surfaces of the H2SO4 hydrolyzed CNC. 

Figure 4.8 SEM micrographs of the cryo-fractured surfaces of a) and a’) PLA-TEC-CNC and b) and b’) PLA-
TEC-ChNC compression molded nanocomposite films at different cooling rates. The micrograph of the fast-

cooled PLA-TEC-ChCN shows the presence of ChNC particles from the raw material and the micrographs of 
the slow cooled materials highlighting the presence of nanocrystals agglomerates in both nanocomposites. 

The mechanical properties of the plasticized PLA nanocomposites prepared in Paper V with 
3 wt% of ChNC and varied contents of TEC (2.5, 5.0 and 7.5 wt%) are given in Table 4.8, as 
are the properties of their counterpart materials without nanocrystals. The representative 
stress-strain curves are illustrated in Figure 4.9. 

Table 4.8 Mechanical properties of plasticized PLA with varied contents of TEC and their ChCN 
nanocomposites. 

Materials 
Young´s 
modulus 

(GPa) 

Tensile
strength
(MPa) 

Ultimate 
strength
(MPa)   

Elongation 
at break  

(%) 

Work of 
fracture 
(MJ/m3)

PLA-TEC2.5 2.0a ± 0.1 55a ± 4 52a ± 4 6a ± 1 2.2a ± 0.3 

PLA-TEC2.5-ChNC 1.9a ± 0.0 57a ± 1 55a ± 1 4b ± 0 1.4b ± 0.2 

PLA-TEC5.0 1.8a ± 0.0 49a ± 3 48a ± 2 7a ± 1 2.4a ± 0.3 

PLA-TEC5.0-ChNC 1.9b ± 0.0 54b ± 2 52b ± 2 5b ± 0 1.6b ± 0.1 

PLA-TEC7.5 1.8a ± 0.0 44a ± 1 40a ± 4 6a ± 1 1.8a ± 0.4 

PLA-TEC7.5-ChNC 1.9b ± 0.0 48b ± 0 46b ± 0 5a ± 1 1.9a ± 0.3 

Same superscript letters within each column and material are not significantly different at 5% significance 
level based on ANOVA and the Tukey-HSD multiple comparison test. 
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Figure 4.9 Representative stress-strain curves of the plasticized PLA with varied contents of TEC and their 
ChCN nanocomposites. 

It can be observed that the strength and the modulus of the plasticized PLA with 5.0 and    
7.5 wt% of TEC were significantly improved (based on the ANOVA test) with the addition 
of ChNC. It was shown in Section 4.5, that the dispersion and distribution of the ChNC was 
gradually improved with the increased content of plasticizer and this explains the 
improvement in the mechanical properties of the materials with higher amount of plasticizer.  
This conclusion was corroborated by the DSC and the DMTA results which indicated that 
the nanocomposite with 7.5 wt% of TEC was the only material that showed increased Tg, a 
slight shift in the tan delta temperature and higher storage modulus (E´) compared with its 
counterpart without nanocrystals as is reported in Table 4.9. 

Table 4.9 Storage modulus, tan delta and glass transition temperature of the PLA-TEC7.5-ChNC 
nanocomposite and its counterpart without nanocrystals.  

Materials 
Storage modulus (E´) 

(MPa) Tan delta 
°C

Tg
°C

At 30°C At 70°C 

PLA-TEC7.5 2563 0.8 53  47 

PLA-TEC7.5-ChNC 2699 4.0  54  49 

4.6.2. Optical properties and crystallinity

The effects of the addition of plasticizer and the further addition of nanomaterials on the 
optical properties and on the degree of crystallinity of the PLA were also measured. Figure 
4.10 shows the appearance of the PLA, plasticized PLA materials and PLA nanocomposite 
films as well as their measured light transmittance percentage (%T) and degree of 
crystallinity (Xc).

In Paper I the incorporation of CNF to PLA-GTAw:a decreased its transparency from 33% 
to 20%, while the addition of GTAw:a to neat PLA decreased the light transmittance of the 
PLA from 84% to 33%, the nanofibers having lower effect than the plasticizer. This fact, 
together with the increased elongation of the PLA-GTAw:a-CNF nanocomposite were an 
indication that the CNF were well-dispersed. The well-dispersed CNF may hinder the 
crystallization of matrix and, as a result, the nanocomposite exhibited a slightly lower degree 
of crystallinity. 
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Figure 4.10 Photographs of the produced films and the respective cooling rate in each appended paper. The 
values of the light transmittance (%T) and the degree of crystallinity (Xc) of each film are given. 

In Paper III, in general, the chitin nanocomposites exhibited higher transparency than the 
cellulose nanocomposites, which may be explained either by the slightly higher crystallinity 
of the cellulose nanocomposites or by the presence of more nanocrystal agglomerates. It was 
also noticed that the addition of CNC seems to affect the crystallinity of the slow-cooled 
PLA-TEC material more than the ChNC. The addition of CNC to the PLA-TEC increased its 
crystallinity from 51% to 56%, while the increase with the addition of ChNC was from 51% 
to 53%. This can be explained by the higher surface area of the CNC.  

In Paper V the light transmittance of PLA was 90% at 550 nm of visible and this value was 
decreased to 52% for the nanocomposites with the highest TEC content (7.5 wt%), which 
exhibited the best transparency of the nanocomposites due to the best ChNC dispersion. The 
PLA (NatureWorks) that was used in this paper exhibited a crystallinity around 1%, which 
was not considerably affected either by the addition of plasticizer or by the addition of 
nanomaterials.

4.7. Effect of the cooling rate on the nanocomposites

In Paper III the effect of the cooling rate on the crystallization and, thus, on the properties 
of the PLA-TEC and its nanocomposites with CNC and ChNC, was evaluated. It can be seen 
from the stress-strain curves in Figure 4.7 that the different cooling rates resulted in a 
completely different behavior between the different materials. The FC materials reached the 
yield point, and this was followed by strain softening and strain hardening, which is related 
to the necking phenomenon, whereas the SC resulted in a more fragile fracture. When 
comparing the mechanical properties of the fast with the slow-cooled materials (Table 4.7), 
the PLA crystallization resulted in materials with lower elongation at break as expected, but 
no significant change in the modulus was observed. An improvement in the yield and 
ultimate strength was observed for the plasticized PLA and the cellulose nanocomposites but 
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not for the chitin nanocomposite. Similar results were reported by Li and Huneaut,69 where 
the modulus and the strength of crystalline PLA was lower in comparison to the amorphous 
PLA at a specific plasticizer concentration. This behavior was attributed to an internal 
migration of the plasticizer from the crystalline to the amorphous regions, resulting in a local 
concentration of plasticizer in the amorphous phase.69,70 In this study, this effect was more 
evident in the chitin nanocomposites, since they showed a tendency to be more amorphous 
materials.   

From the appearance of the films and the values of the light transmittance and degree of 
crystallinity in Figure 4.10 (Paper III), it is clear that the crystallization of the PLA due to a 
slow cooling rate resulted in materials with almost double the degree of crystallinity and with 
half of the light transmittance than that of the more transparent fast cooled films. 

4.8. Effect of solid state drawing on the nanocomposites

In Paper II, PLA nanocomposite with 1 wt% CNF and 10 wt% GTA plasticizer was 
prepared, and then orientated using uniaxial solid-state drawing. The effect of drawing on the 
thermal and mechanical properties of the PLA/CNF nanocomposite tapes as well as the 
effect of drawing conditions such as draw temperature (DT), draw speed (DS) and draw ratio 
(DR) on the tapes were evaluated. The code used for undrawn samples is US and for all the 
drawn samples the code starts with D followed by the DR in subscript, the DT and the DS.

The DSC analysis showed that the undrawn tape exhibited glass transition temperature (Tg), 
cold crystallization temperature (Tcc) and melt temperature (Tm) around 37°C, 82°C and 
169°C, respectively, and a degree of crystallinity (Xc) around 17%. It was also found that the 
Tg of the drawn tapes appeared between 46 - 49°C, a higher temperature compared to the 
undrawn material, while the Tcc shifted to lower temperature between 57 - 79°C. These shifts 
are attributed to the presence of CNF, molecular ordering in the drawn tapes and an increase 
in crystallinity. Furthermore, the DSC results demonstrated that the solid-state drawing 
conditions such as DT, DR and draw speed DS, all affected the thermal properties of the 
nanocomposite, as shown in Figure 4.11. 

Figure 4.11 Effect of a) draw temperature and draw ratio and b) draw speed on the thermal properties and the 
degree of crystallinity of the PLA/CNF nanocomposites tapes. 
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It was observed that the Tcc increased with increasing draw temperature, whereas it 
decreased with increasing draw ratio and speed. On the other hand, the Xc follows an 
opposite tendency, this increased with increasing DR and DS and decreased with increasing 
DT. In contrast to this, the Tg was not influenced by the draw conditions. Based on these 
results, it was concluded that the optimal drawing condition for the crystallization of the 
nanocomposite was a DT of 40°C, a DS of 50 mm/min and a DR of 2.5, which resulted in a 
PLA nanocomposite tape (sample D2.5/40/50) with enhanced crystallinity from 17% to 50%. 

Figure 4.12 shows the microscopy analysis (using POM and SEM) of the undrawn tape and 
drawn tape which was oriented following the optimal conditions mentioned above.  

Figure 4.12 POM and SEM micrographs after etching the amorphous phase in a water, ethanol and sodium 
hydroxide mixture of the a) and b) undrawn tape and d) and e) oriented D2.5/40/50 tape. SEM micrographs of 

the fractured surfaces of the c) undrawn tape and d) oriented D2.5/40/50 tape. 

The micrographs show the different structure of the materials, clearly showing the alignment 
in the drawn nanocomposite tape. The SEM micrograph of the drawn tape - Figure 4.12e – 
shows that the orientation of the macromolecular chains was perpendicular to the draw 
direction, which is known as the ‘shish-kebab’ structure. The SEM micrographs of the 
tensile test fractured surface of the undrawn tape and the oriented D2.5/40/50 tape are shown 
in Figures 4.12c and d. The undrawn tape presented a brittle fracture, while the drawn tape 
exhibited a ductile fracture with fibrous morphology which, as mentioned before, is an 
indication that the drawn nanocomposite tape underwent crazing. 

The effect of drawing and the draw conditions on the mechanical properties of the undrawn 
PLA/CNF nanocomposite tape were investigated and the results are shown in Table 4.10. It 
can be seen from the values in the table that modulus, strength, elongation at break and work 
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of fracture of the undrawn tape were enhanced after drawing. This is because of the 
orientation of the PLA chains and CNF, improved Xc of the tapes, and the crazing effect.

Table 4.10 Mechanical properties of undrawn and drawn PLA/CNF nanocomposite tapes. 

Sample 
codes

Young’s 
modulus 

(GPa) 

Ultimate 
strength
(MPa) 

Elongation 
at break 

(%) 

Work of 
fracture 
(MJ/m3)

Undrawn US 1.4a,  ± 0.0 51a,  (± 3) 6 ± 0 1.5a,  ± 0.1 

Different  

speeds

D2.5/40/10 1.9b ± 0.0 87b ± 5 95 ± 10 66b ± 8 

D2.5/40/50 2.0b, c ± 0.0 94b, c ± 6 92 ± 12 70b ± 11 

D2.5/40/100 2.1c ± 0.0 102c ± 9 85 ± 11 70b ± 9 

Different 
temperatures

D2.0/35/50 1.8  ± 0.1 70 ± 6  108 ± 20 65  ±12 

D2.0/40/50 1.9  ± 0.1 76  ± 5 134 ± 6 84 , ± 6 

D2.0/45/50 1.8  ± 0.0 71  ± 2 139 ± 19 86  ± 13 

D2.0/50/50 1.7  ± 0.0 71  ± 4 158 ± 18 90  ±13 

Values with the same superscript letter in the same column are not significantly different at 5% significance 
level based on ANOVA and Tukey-HSD comparison test.  

The maximum modulus and ultimate strength were showed for the D2.5/40/50 and 
D2.5/40/100 tapes, which are more than 43% and 84% higher than those of the US tape, 
respectively. These results showed that the drawing of the tapes using a higher draw ratio, a 
high draw speed and a temperature slight above the Tg, resulted in the highest mechanical 
properties. This is attributed to the more oriented macromolecules in the nanocomposite 
tapes and increased degree of crystallinity. These results were in agreement with the DMTA 
results, which indicated that the storage modulus of the tapes increased with increasing draw 
ratio and draw speed. This was exemplified by the D2.5/40/100 material, which displayed the 
highest storage modulus. The drawing of the PLA/CNF nanocomposite tape improved its 
elongation at break and the toughness significantly, resulting in tapes with an elongation at 
break of more than 85% and a toughness of more than 65 MJ/m3, which were at least 15 and 
40 times higher compared to those of the undrawn tape.  

In general, these improvements in the mechanical, thermal and thermo-mechanical properties 
and toughness of the PLA/CNF nanocomposite tapes after drawing were due to the 
synergistic effect of CNF in the nanocomposite and the orientation induced by the solid-state 
drawing process.

4.9. Effect of nanocrystals on the processing and properties of blown films

Bionanocomposite blown films were prepared and evaluated for packaging applications. The 
MFI of the reference compound was decreased from 19 to 14 g/10 min with the addition of  
1 wt% ChNC, indicating that the ChNC acted as viscosity enhancers and, thus, improved the 
melt strength of the reference compound. This result is likely due to well-dispersed 
nanocrystals and good interaction between them and the matrix. As a result, the 
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nanocomposite material exhibited a more stable bubble during the process and it was 
reflected in the morphology of the surface of the blown films. Figure 4.13 shows 
photographs of the film blowing process of the reference and nanocomposite films as well as 
SEM micrographs of the surface of the films. From the SEM micrographs, it is clear that the 
reference film exhibited a rougher surface than the nanocomposite film due to the less stable 
bubble during the process.

Figure 4.13 Photographs of the film blowing process and SEM micrographs of the film surfaces of a) and a’) 
reference and b) and b’) nanocomposite. 

The mechanical properties of the blown films are shown in Figure 4.14. In both, the 
reference and nanocomposite compounds, the mechanical properties were higher in the 
machine direction (MD) than in the transversal direction (TD). The higher orientation of the 
polymer chains in the MD resulted in higher properties. The tensile test results also showed 
that both compounds exhibited similar properties in the MD while in the TD, the 
nanocomposite exhibited higher properties. The presence of ChNC restricted the movement 
of the polymer chains during the process and, therefore, the nanocomposite film resulted in a 
more isotropic material. As a result, the difference between the properties in both directions 
for the nanocomposite film was less than for the reference film.   

The tear and puncture strength of the reference and nanocomposite films were also measured, 
since these are important properties in packaging applications. The addition of 1 wt% ChNC 
to the reference compound enhanced its tear and puncture strength. The tear strength was 
increased from 24 N/mm to 66 N/mm (175%) in the MD and from 15 N/mm to 27 N/mm 
(80%) in the TD. For the propagation of cracks in the nanocomposite film, when a crack  
finds a nanocrystals,71,72 the crack needs to deflect its path from its straight direction or 
initiate a new tear path, consuming more energy than for the propagation of the crack in the 
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reference film. The puncture strength determines the resistance of the film to impact-
puncture penetration.73 In this study, the puncture strength of the reference compound was 
increased from 77 N/mm to 305 N/mm with the addition of ChNC.

Figure 4.14 Mechanical properties of the reference and nanocomposite blown films in the MD and in the TD. 
There is not a specific direction for the puncture strength. 

The effect of the ChNC on the thermal properties and in the crystallinity of the reference 
compound was also studied. The addition of 1 wt% ChNC increased the Tg of the reference 
compound from 29°C to 33°C and the Xc was slightly enhanced from 52% to 56%. 
Moreover, the nanocomposite film showed lower fungal activity and lower electrostatic 
attraction between the film surfaces which means that plastic bags can be opened more 
easily. The barrier and optical properties, as well as the thermal degradation of the reference 
film, were not influenced by the addition of ChNC. 
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Conclusions and future work

5.1. Conclusions

As a general conclusion, PLA nanocomposites with nanomaterial contents up to 5 wt% can 
be successfully prepared with a co-rotating twin-screw extruder when liquid feeding of 
cellulose nanofibers, cellulose nanocrystals or chitin nanocrystals together with a plasticizer 
is used. It was demonstrated that the properties of PLA can be tailored by the addition of 
additives or by processing in order to make it more suitable for packaging and other 
applications. During the development of this work, the following specific conclusions were 
reached.

Nanomaterials isolated from residues such as banana rachis or crustacean wastes are 
potential sources for the isolation of bio-based and biodegradable additives for 
biopolymers. 

The incorporation of a small amount of nanomaterial (1 wt%) into plasticized PLA 
results in nanocomposites with enhanced mechanical properties and, if well-dispersed, 
with improved toughness. Moreover, the nanomaterials act as viscosity enhancers and, 
in the specific case of chitin, as anti-adhesive and antifungal additives.

The addition of nanomaterials and/or the increase of crystallinity and/or the 
spherulite size affect the fracture mechanism of the nanocomposite, promoting a 
massive crazing phenomenon and thus, resulting in materials with higher toughness.    

The plasticizer plays an important role as a dispersive aid in the processing of PLA 
nanocomposites via liquid-assisted extrusion; however, to obtain a synergistic effect 
of the plasticizer as a dispersing and toughening aid, its content should be higher than 
7.5 wt% but less than 20 wt% to minimize the impact on the mechanical and thermal 
properties of the PLA. 

The understanding of the modification of the PLA nanocomposite properties by the 
cooling rate during the processing or by solid-state drawing is of significant 
importance to further control the processing of the materials according the target 
application.

The liquid-assisted extrusion process is a suitable approach to produce 
nanocomposites in large volume and nanocomposites based on PLA without further 
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degradation of the polymer, which can be a step forward for the future 
commercialization of bio-based and biodegradable materials. 

5.2. Future work

Melt compounding is an interesting process for producing bionanocomposites in large scale 
and the results of this work showed that the liquid-assisted extrusion can be a suitable 
approach to produce nanocomposites based on polylactic acid, cellulose and chitin with a 
range of properties including properties similar to those of commodities polymers such as PE. 
Therefore, the continuous development of this process is of interest. The further progress and 
adaptation of the liquid-assisted extrusion to a high-pressure process can result in better 
dispersion and distribution of the nanomaterial, since a delay in the evaporation of the water 
is expected. In addition, a systematic evaluation of the parameters which affect the process, 
such as screw speed, feeding location, screw configuration and others, is interesting for the 
optimization of the process, as are further efforts to enable use of water-soluble plasticizers. 
Finally, the author believes that each step and effort that promotes the industrial-scale 
production of biodegradable and bio-based materials, for commercial applications, will 
benefit our environment. 
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a b s t r a c t

Plasticized polylactic acid (PLA) and its nanocomposite based on cellulose nanofibers (CNF) and glycerol
triacetate (GTA) were prepared using a co-rotating twin-screw extruder. GTA was used as a plasticizer, a
processing aid to facilitate nanofiber dispersion and as a liquid medium for their feeding. The optical,
thermal and mechanical properties were characterized and the toughening mechanism was studied.
The addition of GTA (20%) and CNF (1%) resulted in increased degree of crystallinity and decreased optical
transparency. Furthermore, these additives showed a positive effect on the elongation at break and
toughness, which increased from 2% to 31% and from 1 to 8 MJ/m3, respectively. The combination of slip-
page of the nanofiber–matrix interface and a massive crazing effect as a result of the presence of CNF is
suggested for PLA toughening. CNF were expected to restrict the spherulite growth and therefore enhance
the craze nucleation.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

During recent years there has been growing interest in the
development of environmentally friendly materials, as well as a
need to replace many synthetic polymers with biodegradable
materials such as polylactic acid (PLA), especially in packaging.
Many reviews have been published on the topic where both indus-
trial and research aspects have been discussed [1–6]. Generally,
PLA has high strength, high modulus and high optical transpar-
ency, comparable with polystyrene. However, PLA is brittle and
presents low thermal stability and moderate gas barrier properties,
which are all important properties for packaging applications [6].
Additionally, PLA is well known to have low melt strength, which
is a drawback, especially if blow molding or film extrusion are to
be used as processing methods [1]. In order to overcome these
problems a number of studies have been carried out where plasti-
cizers, polymers, layered silicates and other inorganic particles
have been used [7–10]. But to keep PLA composite as green as pos-
sible, the additives should also be bio-based and biodegradable.

Cellulose-based fibers are interesting bio-based and biodegrad-
able additives and have shown to be able to improve the properties
of PLA by affecting the crystallinity, mechanical properties and

thermal properties [11,12]. However, when film and packaging
applications are of interest, nanosized cellulose becomes a better
option to improve the PLA because improved mechanical proper-
ties can be reached at low reinforcement level [13,14]. Further-
more, nanosized reinforcements generally have lower impact on
the optical properties of the matrix polymer.

Regarding the processing of nanocomposite, most studies have
been done using solvent casting; however, if industrial manufac-
turing of PLA films is the final target, the melt-compounding pro-
cess becomes the most interesting technique, since the final
product can be easily shaped by blow molding or compression
molding [13]. However, there are some challenges to overcome
when using nanosized cellulose in extrusion processes. The most
important of these challenges are the difficult feeding of the
material into the extruder and the tendency of nanosized cellulose
to agglomerate when dried. These agglomerates cannot be
re-dispersed during the extrusion process.

One possibility for overcoming these problems is to use liquid
feeding during compounding. Liquid feeding involves dispersing
the nanoparticles in a liquid medium, such as water, plasticizer
and/or solvents, and then pumping the prepared suspension into
the extruder during compounding. Water and solvents should be
removed during the process [13]. It was reported for the first
time, in 2006, that extrusion using liquid feeding of cellulose
nanocrystals (CNC) is a suitable process to prepare PLA–CNC

http://dx.doi.org/10.1016/j.compscitech.2014.11.012
0266-3538/� 2014 Elsevier Ltd. All rights reserved.
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nanocomposites. This initial study showed that the selection of the
liquid medium is important, since the medium must not degrade
PLA during the processing [14]. A similar approach was used with
cellulose acetate butyrate (CAB) as matrix, where a mix of plasti-
cizer and ethanol was used as liquid medium. The obtained nano-
composite exhibited very good mechanical properties and well
dispersed nanocrystals, demonstrating that the process was suc-
cessful [15].

So far, no publications about the preparation of nanocomposites
based on cellulose nanofibers using extrusion and liquid feeding
have been found. It is noteworthy that the CNF have a tendency
to form more viscous suspensions than the cellulose nanocrystals,
making the preparation of cellulose nanocomposites using extru-
sion and liquid feeding of CNF more challenging.

Our aim in this study was to use a strategy similar to that used
for processing CAB–CNC nanocomposites [15] to prepare PLA–CNF
nanocomposites with improved toughness. It was of interest to see
if liquid feeding works as well with cellulose nanofiber suspen-
sions as previously shown with nanocrystals [14,15]. The optical,
thermal and mechanical properties of neat PLA, plasticized PLAs
and plasticized PLA–CNF nanocomposite were evaluated. More-
over, studies about the interaction between CNF and GTA plasti-
cizer and about the fractured surfaces morphology were
performed to understand the toughening mechanisms.

2. Experimental

2.1. Materials

High molecular weight grade PLA in pellet form supplied by
FUTERRO (Escanaffles, Belgium) was used as matrix. Bleached
banana waste pulp, prepared at Pontifical Bolivarian University,

Medellin, Colombia, was used as starting material for the isolation
of CNF. These nanofibers were used as reinforcement for PLA. Glyc-
erol triacetate in liquid form (GTA) (P99%, Mw: 218 g/mol) was
used as plasticizer and was purchased from Sigma–Aldrich (Stock-
holm, Sweden), and technical acetone from WVR (Stockholm, Swe-
den) was used as solvent.

2.2. Processing of cellulose nanocomposites

2.2.1. Preparation of cellulose nanofibers and suspension for liquid
feeding

Cellulose nanofibers were isolated from banana waste pulp
using mechanical fibrillation. As an initial step, the bleached pulp
(2 wt%) was dispersed in distilled water using a high shear mixer
(L4RT, Silverson, England). The fiber suspension was ground at
1000 rpm for 120 min using a super mass colloider, Masuko
MKZA10–20J, Japan. A drop of diluted suspension was placed on
a freshly cleaved mica plate and dried prior to AFM study. The
nanofiber diameters were measured from AFM height images
using the Nanoscope V software and Fig. 1(b) shows diameters
varying between 10 and 60 nm. The suspension preparation for
liquid feeding is illustrated in Fig. 1(a). The prepared aqueous
CNF suspension of 2 wt% was concentrated to maximum cellulose
content of 9.5 wt% by centrifugation. These concentrated CNF were
then diluted with acetone with the ratio 1:5 water to acetone
(w:a), since the used plasticizer is not totally soluble in water. After
that, a specific amount of GTA plasticizer was added according to
the target composition of the final materials and mixed with mag-
netic stirring and finally ultrasonicated. The final composition of
the feeding suspension was 1.3 wt% CNF, 25.1 wt% GTA, 12.3 wt%
H2O and 61.3 wt% acetone. The visual appearance and an optical
microscopy image (Leizt Dialux 20; Wetzlar, Germany) of this

Fig. 1. (a) Schematic representation of the suspension preparation for liquid feeding, (b) height AFM image and fiber diameter measurements from this image and amplitude
AFM image of the isolated CNF and (c) visual appearance and an optical microscopy image of the suspension for liquid feeding.
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suspension can be seen in Fig. 1(c). The optical image shows that
the nanofibers were homogenously distributed in the liquid and
GTA plasticizer was dissolved in the w:a mixture without phase
separation. The viscosity of the suspension was measured to
14.6 mPa s, which is 15 times higher than the viscosity of water;
however, this viscous liquid was pumpable with a peristaltic
pump. This suspension was fed into the extruder to prepare the
PLA nanocomposite, and pure GTA and GTA dissolved in the same
w:a mixture were fed to prepare the control samples.

2.2.2. Extrusion using liquid feeding
Plasticized PLA–CNF nanocomposite was prepared by com-

pounding extrusion followed by compression molding according
to a slightly modified procedure reported earlier by Oksman and
co-workers [14]. A co-rotating twin-screw extruder (ZSK-18
MEGALab, Coperion W&P, Stuttgart, Germany) with a gravimetric
feeder (K-tron, Niederlenz, Switzerland) for the neat PLA and a
peristaltic pump (PD 5001 Heidolph, Schwabach, Germany) for
the liquid feeding of CNF and plasticizer were used. The total mate-
rial throughput was 3 kg/h, the feeding rate of the PLA was 2.3–
2.4 kg/h and the pumping rates of GTA, GTAw:a and GTAw:a/CNF
were 0.6, 2.3 and 2.4 kg/h, respectively. Neat PLA and two plasti-
cized PLA materials were also prepared as control samples to study
the effect of the plasticizer and the solvents. Both the PLA and the
corresponding liquid for each material were fed at the main port of
the extruder. The extrusion was carried out with a screw speed of
300 rpm and temperature profile ranged from 170 �C to 200 �C
from the feeding zone to the flat profile die. Atmospheric venting
at zone 2 and 4 was used to remove the water and acetone vapor
and vacuum venting at the end of the extruder was used to evacu-
ate the entrapped air and solvent.

For characterization of the material properties, films of com-
pounded materials were prepared by compression molding using
an LPC-300 Fontijne Grotnes press (Vlaardingen, Netherlands).
About 5–6 g of the material was placed between metal plates
and then in the hot press at 190 �C for 3.5 min without pressure,
and then for 30 s under a pressure of 2.5 MPa. The plates were

removed from the mold and cooled until they reached room tem-
perature (�20 min), and then the film was removed. The thickness
of the films was �0.15 mm and they were kept under ambient con-
ditions for 1 day before testing. Fig. 2 illustrates the extrusion pro-
cess with liquid feeding and Table 1 shows the composition of the
prepared materials.

3. Characterization

3.1. Differential scanning calorimetry

The thermal properties of the prepared films were investigated
using a Mettler Toledo DSC822e (Schwerzenbach, Switzerland) dif-
ferential scanning calorimeter. All DSC scans were performed on
�5 mg of material placed in a hermetic aluminum pan and were
run under N2 atmosphere from 30 �C to 200 �C at a heating rate
of 10 �C/min. The glass transition temperature (Tg), cold crystalliza-
tion temperature (Tcc), cold crystallization enthalpy (DHcc), melting
temperature (Tm) and the melting enthalpy (DHm) of the materials
were determined from the thermograms. The degree of crystallin-
ity (Xc) of the materials was estimated using the following equation

Xc ¼ DHm � DHcc

DH�m
� 100

w
ð1Þ

where DHm and DHcc are the enthalpies of melting and cold crystal-
lization, respectively; DHm is the enthalpy of melting for 100% crys-
talline PLA material (93 J/g) [7,11] and w is the weight fraction of
PLA in the sample. The pre-melt crystallization was subtracted from
the melting enthalpy where necessary.

3.2. Optical properties

Light transmittance of the materials was measured using a Per-
kin Elmer UV/Vis Spectrometer Lambda 2S (Überlingen, Germany).
The scan was carried out from 200 nm to 800 nm with a scan speed
of 240 nm/min.

3.3. Tensile testing

The mechanical properties of the prepared materials were mea-
sured using a conventional Shimadzu AG-X universal testing
machine with a load cell of 1 kN, a gauge length of 20 mm and a
crosshead speed of 2 mm/min. Strips of 5 mm � 50 mm were pre-
pared from the films. Seven samples of each material were tested
and the average of the values was reported. The tensile strength
and the elongation at break were obtained directly from testing
results, while the tensile modulus and the work of fracture were
calculated from the stress–strain curves.

Fig. 2. Schematic image of extrusion process with liquid feeding.

Table 1
Compositions of the prepared materials (wt%).

Materials PLA CNF GTA

PLA 100 – –
PLA–GTA 80 – 20a

PLA–GTAw:a 80 – 20a,b

PLA–GTAw:a-CNF 79 1a,c 20a,c

a Fed as liquid.
b 1.7 kg/h w:a removed as vapor during extrusion.
c GTA and CNF content in the suspension were 25.1 wt% and 1.3 wt% respectively,

and 1.8 kg/h w:a removed as vapor during extrusion.
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3.4. Microscopy

The morphology of the fractured surfaces of tensile tested films
was studied using a JEOL JSM-6460LV scanning electron micro-
scope (SEM) (Tokyo, Japan). Samples were sputter coated with a
thin layer of gold to avoid charging.

4. Results and discussion

4.1. Extrusion of nanocomposites using liquid feeding

We have demonstrated that PLA–CNF nanocomposites can be
prepared by extrusion using liquid feeding of CNF. The vapor gen-
erated due to the evaporation of 73.6 wt% of liquid phase (w:a) was
evacuated during the process through the atmospheric venting
ports and vacuum venting at the end. Parameters such as percent-
age of liquid phase, liquid feeding rate, ratio w:a were controlled to
be able to carried out the process. The main challenges in liquid
feeding of CNF is the high viscosity of cellulose nanofibers even
in very low concentrations, also a specific extruder is needed. A
co-rotating twin screw extruder is the best choice of equipment
because its excellent degassing properties. We have also seen that
the solvent content need to be kept as low as possible and boiling
of liquid phase in the feeding port need to be avoided.

4.2. Thermal properties

DSC was used to study the crystallization behavior of the semi-
crystalline PLA and how the plasticizer used and nanofibers affect
it. Fig. 3 shows the DSC thermograms for neat PLA, plasticized PLAs
and the PLA–CNF nanocomposite in temperature range of 30–
200 �C. Thermal properties as well as the degree of crystallinity
(Xc) of the materials are seen in Table 2. Neat PLA shows glass tran-
sition peak, cold crystallization peak and melting peak in the heat-
ing scan in Fig. 3(a) with respective values of Tg = 62.8 �C,
Tcc = 99.0 �C and Tm = 174.5 �C, while the plasticized PLAs and PLA
nanocomposite only show the Tm peak. Addition of 20 wt% of
GTA to neat PLA resulted in a slight decrease in the Tm, from
174.5 �C to 169.1 �C; which is expected to be due to the increased
molecular chain mobility. For the same reason, a clear increase in
the crystallinity of the neat PLA is seen, from 23% to 60%. This
increased crystallinity might explain why the glass transition peak
was not detectable on the DSC thermograms for the plasticized
PLAs or for the PLA nanocomposite. When the degree of crystallin-
ity is increased in a polymer, the intensity of the glass transition is
decreased together with a broader transition temperature range,

resulting in a minor transition which becomes difficult to detect
using DSC [16].

It is known that molecular chain mobility is increased in the
presence of plasticizer, and that can also enhance the crystalliza-
tion process [7]. Further, Mathew and Oksman [11] and Suryaneg-
ara et al. [17] reported that reinforcements such as
microcrystalline cellulose, cellulose fibers, wood flour and micro-
fibrillated cellulose can act as nucleating agents for crystallization
of PLA. In this study, the used CNF were also seen to act as nucle-
ation agent, as is seen in the DSC cooling scans at 20 �C/min in
Fig. 3(b). PLA–CNF nanocomposite exhibits a clear melt crystalliza-
tion peak, indicating that the crystallization is at 89.5 �C due to the
presence of CNF, while plasticized PLAs did not show a melt crys-
tallization peak. In contrast to that, the further addition of 1 wt% of
CNF to the plasticized PLA generated a slight drop in the crystallin-
ity from approx. 60% to 55%. Halász and Csóka [18] reported similar
results for plasticized PLA with 10 wt% of poly(ethylene glycol) and
its cellulose composites. In this current work, the decrease in the
degree of crystallinity in the PLA nanocomposite is likely to be
due to a restriction phenomenon in the bulk crystallization process
caused by the presence of CNF and this phenomenon seems to be
more predominant than the nucleating effect of those CNF [11].

4.3. Optical transparency and visual appearance

If the size of individual nanoparticles is smaller than the wave-
length of visible light, transparency can be used as an indicator of
the dispersion of the nanoparticles in a matrix [13]. The UV-spec-
troscopy in Fig. 4 shows that the light transmittance of the neat
PLA, plasticized PLAs and PLA–CNF nanocomposite in the center
of the visible light spectrum (550 nm) is 84%, 33% and 20%, respec-
tively, demonstrating that the GTA plasticizer decreases the light
transmittance of neat PLA approx. 50%. This is expected, because
the plasticized PLA is more crystalline than the neat PLA, as previ-
ously shown with DSC. However, further addition of CNF decreased
the light transmittance by only 13% (from 33% to 20%), indicating
good dispersion of the CNF. It can also be seen that the transmit-
tance of the PLA nanocomposite in the UV region (below 400 nm)

Fig. 3. DSC curves for the prepared materials (a) heating at 10 �C/min and (b) cooling at 20 �C/min.

Table 2
DSC data and degree of crystallinity of the prepared materials.

Materials Tg (�C) Tcc (�C) DHcc

(J/g)
Tm (�C) DHm

(J/g)
Xc (%)

PLA 62.8 99.0 23.6 174.5 45.5 23.6
PLA–GTA – – – 169.1 44.5 59.8
PLA–GTAw:a – – – 167.8 44.2 59.5
PLA–GTAw:a-CNF – – – 168.1 40.1 54.5
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reached values below 10%, indicating that this nanocomposite
material could be used in applications such as food packaging
and agricultural bags, where UV protection is needed. Fig. 4 also
shows that the neat PLA film is very transparent, while plasticized
PLAs and PLA nanocomposite films look translucent. The PLA nano-
composite film kept a transparency close to that of the plasticized
PLA, as seen in the UV-spectroscopy results. No visible agglomera-
tions were observed in the PLA nanocomposite.

4.4. Mechanical properties

The mechanical properties of the prepared materials are
reported in Table 3 and the representative stress–strain curves
for the samples are shown in Fig. 5. The results show that the addi-
tion of 20 wt% of GTA had a large effect on the mechanical proper-
ties of the neat PLA. The elongation at break as well as the work of
fracture increased, while the tensile modulus and the tensile
strength decreased (see Table 3). The addition of 20 wt% pure
GTA to neat PLA raised the elongation at break by 678% and the
work of fracture by 389%. However, the elongation at break and
the toughness of the neat PLA were more affected when w:a mix-
ture was used in feeding of GTA, resulting in increases by 965% and
467%, respectively. These results suggest that the solvent might
facilitate the mixing of the plasticizer and likely play a role in plas-
ticizing the neat PLA. Furthermore, the addition of only 1 wt% of
CNF increased the elongation at break and the work of fracture
by 27% and 57%, respectively, compared to PLA–GTAw:a. Other
studies have also shown an increase in the elongation at break with
the addition of nanoparticles; for example, Jiang et al. [9] reported
that the elongation at break of PLA increased by 33% with the addi-
tion of 5 wt% and 7.5 wt% of CaCO3 nanoparticles and also
increased by 433% with the addition of 2.5 wt% of montmorillonite
nanoparticles. Li et al. [10] also reported an increase in the elonga-
tion of the PLA from 7.9% to 209.7% with the addition of 1 wt% of
organically modified rectorite.

Usually, the addition of reinforcements in polymers decreases
the elongation at break and the work of fracture [17,19]. In this
study the addition of CNF increased both elongation at break as
well as work of fracture. This may be due to the plasticization of
the nanofibers, as reported in other studies [20], together with
the slippery effect of the nanofibers in the PLA matrix if the plasti-
cizer is located on the fiber surface, as reported in previous studies
[14], and/or a massive crazing effect, which could be induced by
the presence of celluloses nanofibers. The latter hypothesis arose
from the analysis of the visual appearance of the tensile tested
samples shown in Fig. 5. Here, it is evident that the plasticized PLAs
and the PLA–CNF nanocomposite show stress whitening without
necking after the test, the whitening being stronger in the PLA–
GTAw:a-CNF sample. It is known that stress whitening of polymers
is attributed to formation of voids and/or intrinsic crazing [21] and
that massive crazing is a toughening mechanism of polymers [9].

For better understanding of the first hypothesis, a study about
the interaction between the plasticizer and the cellulose nanofibers
was performed. Plasticized CNF networks (also called cellulose
nanopapers) with different amounts of GTA were prepared and
the mechanical properties were studied. The tensile tests showed
that the addition of plasticizer up to 20 wt% decreased the tensile
strength of the cellulose nanopaper without increasing the elonga-
tion at break. This denotes that the plasticizer was present among
the fibers of the nanopaper, but neither made the cellulose nanof-
ibers more extensible nor created a slippery effect. However,
increasing the added plasticizer to 57 wt% tripled the elongation
at break of the cellulose nanopaper and strongly decreased the ten-
sile strength, indicating that the slipping effect between the cellu-
lose nanofibers occurred only in presence of high amounts of
plasticizer (probably over 50 wt%). From this study about the inter-
action between CNF and GTA, it was concluded that the presence of
a high amount of plasticizer coating the nanofibers created a slip-
page between them, with no plasticizing effect on the own cellu-
lose nanofibers. It was assumed that the cellulose nanofibers
adopt a similar behavior inside the nanocomposite, where a high
amount of plasticizer was coating the fibers and thus creating a
slippage at the nanofiber/matrix interface. The high amount of
plasticizer surrounding the cellulose nanofibers in the PLA nano-
composite could be explained by a possible migration of GTA from
the crystalline regions to the amorphous regions, since plasticizers
are more miscible with amorphous phases [7,22].

4.5. Microstructure of fracture surfaces

Fig. 6 shows SEM images of the fractured surfaces from tensile
test of the neat PLA, plasticized PLAs and PLA nanocomposite.
The fractured surfaces of the samples were analyzed in order to

Fig. 4. Transmittance spectra and visual appearance of the prepared films.

Table 3
Mechanical properties of the prepared materials.

Materials Tensile
strength
(MPa)

Tensile
modulus
(GPa)

Elongation
at break
(%)

Work of
fracture
(MJ/m3)

PLA 62.8 ± 3.7a 3.8 ± 0.1a 2.3 ± 0.3a 0.9 ± 0.1a

PLA–GTA 27.8 ± 0.8b,c 1.2 ± 0.1b 17.9 ± 2.3b 4.4 ± 0.7b

PLA–GTAw:a 26.2 ± 1.0b 0.8 ± 0.1c 24.5 ± 10.9b,c 5.1 ± 1.8b

PLA–GTAw:a-CNF 28.8 ± 0.4c 0.8 ± 0.0c 31.1 ± 8.3c 8.0 ± 2.4c

Same superscript letters within the same column are not significantly different at
5% significance level based on the ANOVA and Tukey-HSD multiple comparison test.

Fig. 5. Stress–strain curves of the prepared materials and the photographic images
of the respective pre-tested and post-tested samples.
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visualize the effect of the plasticizer and the nanofibers on the frac-
ture behavior as well as the effect of the plasticizer on the distribu-
tion and the dispersion of the CNF in the matrix. From the images,
it is seen that the fracture of the neat PLA (Fig. 6(a)) is brittle as
expected and in agreement with the tensile test results, where neat
PLA exhibited an elongation at break of only 2.3%. When compar-
ing the fracture of the neat PLA film (Fig. 6(a)) to the plasticized
PLAs, both with and without w:a (Fig. 6(b)) and (c)), it is possible
to see in both cases a combination of flat areas and areas with lar-
ger plastic deformation. This type of fracture appears when some
crazes have been formed in the material and then break down
along the interface between the crazed and uncrazed material
[21]. This indicated that the density of crazes was higher in the
plasticized PLAs than in neat PLA; therefore, the fracture was less
brittle. This is supported by evidence of stress whitening of the
plasticized PLAs, as shown in Fig. 5, and is in agreement with the
tensile test results, where plasticized PLAs showed higher elonga-
tion at break than neat PLA. On the other hand, any difference on
the fracture surfaces between both plasticized PLAs, with and
without w:a; was observed (Fig. 6(b) and (c)), indicating that the
solvents did not have a notable effect on the fracture surface mor-
phology. Finally, the comparison of the PLA–CNF nanocomposite

fracture surface with the plasticized PLAs clearly shows that the
fracture surface of the nanocomposite is formed for numerous
fibrils, caused by larger amount of crazes, indicating a massive
crazing effect which resulted in a ductile fracture. This is in accor-
dance with the strongest whitening effect that was noticed on the
tensile test sample of the PLA–CNF nanocomposite (Fig. 5) together
with the highest elongation at break (31.1%) of the same material.
Craze formation is affected by the degree of crystallinity; when it
decreases, the amount of amorphous areas where craze nucleation
can take place first is increased. Moreover, it is also affected by the
spherulite size; a fine spherulite structure favors the craze nucle-
ation, while a coarse spherulite structure prevents the formation
of crazes [21]. In this study, DSC results showed that plasticized
PLA–CNF nanocomposite has slight lower crystallinity than plasti-
cized PLAs. In addition, it was expected that this material has smal-
ler spherulite size than the plasticized PLAs, since the presence of
CNF may reduce the space for spherulite growth [11].

5. Conclusions

We have shown that PLA–CNF nanocomposites can be success-
fully prepared with a co-rotating twin-screw extruder when liquid
feeding of cellulose nanofibers together with a plasticizer is used.
To be able to carry out the extrusion process, parameters such as
amount of liquid phase and liquid feed rate should be controlled
and effective venting and vacuum ports are needed. Results
showed that liquid feeding of 20 wt% GTA to neat PLA resulted in
plasticized PLA with increased degree of crystallinity, decreased
optical transparency, improved elongation at break from 2.3% to
25% and improved work of fracture from 0.9 to 5.1 MJ/m3. Further
addition of a small amount (1 wt%) of CNF resulted in a plasticized
PLA–CNF nanocomposite with lower degree of crystallinity in com-
parison with the plasticized PLA and slightly lower optical trans-
parency, indicating that the CNF were well dispersed. The
presence of CNF showed a positive effect on the elongation at
break, as well as on the work of fracture of the plasticized PLA, with
a further increase of these values from 25% to 31% and from 5.1 to
8.0 MJ/m3, respectively. Hence, the effect of CNF almost doubles
the effect of the plasticizer alone. It is believed that the higher
elongation at break and the higher work of fracture of the plasti-
cized PLA–CNF nanocomposite in comparison with neat PLA as
well as with the plasticized PLAs is due to the combination of the
slippage of the nanofiber–matrix interface and the massive crazing
phenomenon as a result of the presence of CNF. It was expected
that CNF restrict the spherulite growth and therefore enhance
the nucleation of crazes, resulting in a massive crazing. Further
study about the crystallization process, spherulite size and spher-
ulite growth rates could be carried out for better understanding.
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Abstract

Aligned nanocomposite tapes based on plasticized polylactic acid (PLA) and 1 wt.% cellulose
nanofibers (CNF) were prepared using uniaxial solid state drawing, and the effects of drawing
conditions including temperature, speed and draw ratio on the material were studied. Microscopy
studies confirmed alignment and the formation of ‘shish kebab’ morphology in the drawn tape.
Mechanical properties demonstrate that the solid state drawing is a very effective way to produce
stronger and tougher PLA nanocomposites, and the toughness can be improved 60 times compared
to the undrawn tape. Additionally, the thermal properties, i.e. storage modulus, glass transition
temperature and degree of crystallinity were improved. These improvements are expected due to
the synergistic effect of CNF in the nanocomposite and orientations induced by the solid state
drawing.

Keywords: A. Nanocomposites; B. Mechanical properties; B. Thermal properties; D. Microstructural
analysis.

1. Introduction

Research on the use of polylactic acid (PLA) has attracted great attention among scientists in the last
decade. PLA is produced from the renewable resources, for example corn and sugar beet, and
possesses the required mechanical properties for several applications to compete with the
conventional petroleum based polymers [1, 2]. PLA can be processed using conventional plastic
processing techniques such as injection molding and thermoforming but blow molding and film
extrusion are generally difficult because of its low melt strength, low elongation and high dead fold
property [1, 3]. Further, the inherent brittle behaviour, poor thermal resistance and low
crystallization rate, limits its use in many applications and several efforts have been adopted to
overcome these drawbacks [1, 2].

The addition of reinforcements, coupling agents, plasticizers etc., have been used to improve the
properties of this biopolymer [1 5]. But, in order to keep the PLA based products as green as
possible it is important to use additives which are also natural and bio based. Natual fibers and
more recently nanocellulose (NC) has received significant interest among the researchers as a way
to improve the mechanical and thermal properties of PLA [6 11]. Jonoobi et al. [8] reported that the
tensile modulus, tensile strength and storage modulus of the nanocomposites increased with
increasing cellulose nanofiber (CNF) content. Pei et al. [9] reported that the use of unmodified
cellulose nanocrystal (CNC) and silylate modified cellulose nanocrystals (SCNC) has significant
effects on the morphology, mechanical and crystallization behaviour of the nanocomposites.
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Microfibrillated cellulose (MFC) was also shown to improve the properties but did not improve the
flexibility and toughness [10, 11].

Plasticizers can be used to enhance the flexibility, toughness and degree of crystallinity but these
also decreases the glass transition temperature of the polymers. However, these properties can be
controlled by varying the amount of plasticizer and their molecular weight [4, 5]. Labrecque et al.
studied the effect of different citrate esters on thermal and mechanical properties of the PLA and
found that all the citrate esters are effective in improving the elongation at break at higher
concentration but does not show any significant change at lower concentration [12]. Ljungberg et al.
[13] and Maiza et al. [14] reported the use of different types of plasticizers for PLA to improve its
ductility. However, the major drawback of this additive is the considerable decrease in the tensile
strength and tensile modulus.

Melt and solid state drawing is an interesting and promising approach for improving the strength
as well as toughness of the polymer and polymer composites and it is used to create highly oriented
fibers, films and tapes [15, 16]. Orientation resulting from drawing of PLA under appropriate
conditions may have a profound effect on various properties. For example Mai et al. reported that
the mechanical properties of the drawn PLA tapes are strongly dependent on the draw ratio and
draw temperature [16]. The improved modulus, strength and toughness of the drawn tapes are due
to the strain induced crystallization as well as the orientation obtained after drawing. Grijpma et al.
reported that the tensile modulus, tensile strength, elongation at break and impact strength of
injection molded PLA drawn at low temperature were improved compared with the undrawn PLA
and this is due to the orientation [17]. Delpouve et al. reported that the macromolecular chain
orientation is the main reason for the improvement of water barrier property in drawn PLA and not
the degree of crystallinity [18]. Several studies have been reported on the orientation of PLA by
drawing [15 19] while very limited number of studies has reported on the orientation of PLA based
composites. For example, Mujica Garcia et al. [15] showed that melt drawing of PLA
nanocomposite with cellulose nanocrystals resulted in improved mechanical properties including
modulus, strength and elongation at break. Mai et al. reported significant changes in the
morphology, mechanical and electrical properties of nanocomposite based on polylactic acid and
carbon nanotubes after the drawing [20]. To the best of our knowledge no work has been reported
till today on the solid state drawing for orientation of polylactic acid/cellulose nanocomposites.

In this study, PLA/CNF nanocomposite with 10 wt.% GTA was used for solid state drawing. The
effect of the drawing conditions; draw speed, draw temperature and draw ratio on the
nanocomposites microstructure, mechanical and thermal properties were investigated.

2. Experimental

2.1 Materials

The used PLA polymer was kindly delivered by FUTERRO (Escanaffles, Belgium), with a MFI of 8
g/10 min (measured at 190 °C/2.16 kg). Cellulose nanofibers (CNF) were mechanically isolated
using Masuko ultrafine grinding process from bleached banana rachis pulp, the process is
described in an earlier publication [21]. The plasticizer glycerol triacetate (GTA) 99 % and Mw 218
g/mol was purchased from Sigma Aldrich (Stockholm, Sweden) and the acetone used in the feeding
suspension was purchased from VWR (Stockholm, Sweden).

The PLA/CNF nanocomposite was prepared by liquid assisted extrusion using similar strategy as
described in our previous study with slight modification [21, 22]. Briefly, the nanocomposite was
prepared using a co rotating twin screw extruder (ZSK 18 MEGALab, Coperion W&P, Stuttgart,
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Germany), a peristaltic pump (PD 5001 Heidolph, Schwabach, Germany) was used to feed the CNF
suspension including 14.2 wt.% water, 70.8 wt.% acetone, 13.7 wt.% GTA and 1.3 wt.% CNF into the
extruder. The solvents, water and acetone, were removed during the extrusion by atmospheric and
vacuum ventings. The obtained nanocomposite composition was 89 wt.% PLA, 10 wt.% GTA and 1
wt.% CNF. The cellulose nanofiber content was limited by the composition and viscosity of the
feeding suspension. The nanocomposite pellets were compression molded to films using an LPC
300 Fontijne Grotnes press (Vlaardingen, Netherlands). Approximately 6 g of the pellets were
placed between steel plates covered with Mylar sheet (PET) and compression molded at 190 °C
initially for 120 seconds using a contact pressure and then with 10 MPa for another 60 seconds. The
nanocomposite films of approximately 0.3 mm in thickness were obtained after compression
molding. The films were then cooled immediately to room temperature from 190 °C in the air
(in approximately 2 3 min).

2.2 Solid state drawing of PLA/CNF nanocomposite

The uniaxial solid state drawing of the compression molded nanocomposite tapes was performed
using a Shimadzu Autograph AG X (Kyoto, Japan) universal tensile testing machine equipped with
a temperature chamber and a load cell of 1 kN. For drawing, rectangular tapes with a gauge length
of 30 mm and a width of 20 mm were used. Parallel ink marks with a distance of 20 mm were
printed on each specimen to calculate the draw ratio. The drawing was carried out with two draw
ratios (DR) 2.0 and 2.5, four draw temperatures (DT) 35, 40, 45 and 50 °C and three different draw
speeds (DS) 10, 50 and 100 mm/min. The sample coding is shown in Table 1, the code used for
undrawn samples is US and for all the drawn samples the code starts with D followed by the DR in
subscript, the DT and the DS. After drawing, the tape was removed from the chamber and cooled to
room temperature (for approximately 60 seconds). The maximum DR was measured to 2.5 and is
limited by the size of temperature chamber. The draw ratio (DR) for the drawn tapes was calculated
using equation (1) [20]:

Linear draw ratio (DR) = Final length of the ink mark (l)/Original length of the ink mark (lo) (1)

Table 1 Material coding for the plasticized PLA/CNF nanocomposite. US was used as code for
sample before drawing and the code starts with D followed by a draw ratio in subscript and then
the draw temperature and draw speed for drawn samples.

Sample
coding

Draw
ratio

Draw
temperature

(°C)

Draw
speed

(mm/min)
US Undrawn
D2.0/35/50 2.0 35 50
D2.5/35/50 2.5 35 50
D2.0/40/10 2.0 40 10
D2.5/40/10 2.5 40 10
D2.0/40/50 2.0 40 50
D2.5/40/50 2.5 40 50
D2.0/40/100 2.0 40 100
D2.5/40/100 2.5 40 100
D2.0/45/50 2.0 45 50
D2.5/45/50 2.5 45 50
D2.0/50/50 2.0 50 50
D2.5/50/50 2.5 50 50
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2.2.1 Deformation behavior of nanocomposite tapes during drawing

Four different draw temperatures were chosen based on the glass transition temperature (Tg) of the
nanocomposite, which was 37 °C measured using DSC. The drawing was performed slightly below
the Tg at 35 °C, and three other temperatures above the Tg at 40, 45 and 50 °C. The stress strain
behavior of the tapes drawn slightly below the Tg showed typical deformation behavior with an
elastic region, followed by the yield and subsequent drop of the strength with strain softening (Fig.
S1 in supplementary information). The tapes drawn slightly above the Tg (40 °C) showed decreased
strength and a weaker strain softening and the tapes drawn at higher temperature (45 and 50 °C)
showed rubber like behavior with much lower strength, less prominent yield, and strain softening.
Similar behavior have been reported for PLA drawn below the glass transition temperature and the
difference in the strain softening during drawing was explained with formation and growth of
cavities at different draw temperatures [23]. Fig. S2 in the supplementary information shows the
stress strain behavior obtained during the uniaxial drawing of the tapes at 40 °C with di erent
draw speeds (10, 50, and 100 mm/min). It is seen that the highest DS (100 mm/min) led to
significantly increased yield stress with pronounced strain softening and uniform drawing, whereas
the lowest draw speed (10 mm/min) resulted in rubber like behavior and non uniform tape, and
the yield and strain softening region were less prominent. Chen et al. [24] and Takahashi et al. [25]
also reported that the drawing performed with lower draw speed produced non uniform drawn
products compared to those drawn at higher draw speed. The deformation curve obtained during
the drawing shows that the behavior of the nanocomposite tapes was strongly influenced by the DT
and DS. Irrespective of the draw temperature or speed, the thickness of the nanocomposite tapes
decreases after drawing. The change in the thickness of the sample before and after drawing is
shown in the Fig. S3 in supplementary information and the values are reported in Table S1.

3. Characterization

3.1 Differential scanning calorimetry

The thermal characterization of the nanocomposite tapes was performed using Mettler Toledo
DSC821e (Schwerzenbach, Switzerland) differential scanning calorimeter (DSC). Approximately 5
mg of the nanocomposite materials was placed in a hermetic Al pan, and the test was performed
under N2 atmosphere from 0 to 200 °C at a heating rate of 10 °C/min. The degree of crystallinity (Xc)
of the samples was calculated using the equation (2):

Xc = ( Hm Hcc)/ H°m x (100/w) (2)

where, Hm is the melting enthalpy, Hcc is the cold crystallization enthalpy, H°m is the enthalpy
of melting for 100% crystalline PLA (93 J/g) [21], and w is the weight fraction of PLA in the sample.
The glass transition temperature (Tg) was determined by the onset of the thermograms, and Tcc,
Hcc and Hm were also obtained from the thermograms.

3.2 X ray diffraction analysis

The X ray diffraction analysis of undrawn and drawn tapes was performed using a PANalytical
Empyrean diffractometer (Almelo, The Netherlands) with CuK radiation (wavelength of 1.5405
Å), generated at an acceleration voltage of 45 kV and a current of 40 mA. The range for 2 scan
angles was from 5 to 40 .

3.3 Microscopy

Polarized optical microscopy (POM), scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were used to investigate the effects of drawing on the microstructure of the
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nanocomposite tape. To observe the differences in the surface topography of undrawn and drawn
tapes, etching was performed using sodium hydroxide (NaOH) solution, as the NaOH solution
have been reported to etch the amorphous part of PLA resulting from the hydrolysis of ester
linkage [26, 27]. For etching, tapes were immersed in a solution of 70:30 water methanol with 0.04
M NaOH for 6 hours followed by washing with distilled water and then kept at 35 °C for at least 12
hours prior to the microscopic observations. The unetched and etched tape surfaces were examined
using Nikon Eclipse LV100NPOL polarizing optical microscope (Kanagawa, Japan). The unetched
and etched sample surface, cryo fractured longitudinal surface and tensile fractured surfaces were
also examined using a FEI Magellan 400 XHR-SEM (Hillsboro, USA). The surfaces were sputter
coated with a thin layer of gold to avoid charging. Atomic force microscopy with a multi mode
scanning probe (Veeco, Santa Barbara, USA) and with TESPA tips (Bruker, Camarillo, USA) was
used for the tapes after the etching. Prior to the observation, the samples were adhered to an AFM
sample holder and kept at room temperature overnight. Tapping mode in air was used for analysis,
which generated 3 D AFM images. The images were collected at a fixed scan rate of 1 Hz and the
sampling rate was 1024 samples/line.

3.4 Mechanical testing

The tensile properties of the nanocomposite tapes were characterized at room temperature (21 °C
and 24 % RH), using a Shimadzu Autograph AG X universal tensile testing machine (Kyoto, Japan)
with 1 kN load cell. Five rectangular specimens (5 mm × 80 mm) of undrawn and drawn tapes were
cut using a rectangular press mold and conditioned for at least 40 hours at 20 ± 2 °C and 50 ± 2 % of
relative humidity prior to testing. The tests were performed with a gauge length of 20 mm and
crosshead speed of 5 mm/min; the thickness of the undrawn and drawn tapes is shown in the Table
S1. The E modulus was calculated according to the slope of the initially linear part of the
stress strain curve and the work of fracture was determined from the area of the stress strain
curve. The tensile strength and the elongation at break were obtained directly from the testing.
Moreover, statistical analysis at 5 % significance level based on the ANNOVA and Tukey HSD
multiple comparison tests was used to analyze the results from tensile testing.

3.5 Dynamic mechanical analysis

The thermo mechanical properties of the tapes were determined using a TA Instruments Q800
analyzer (New Jersey, USA) under tensile mode. Three rectangular specimens (5 mm × 30 mm) of
the tapes were cut using a rectangular press mold. The thickness of the undrawn and drawn tapes
was recorded in the Table S1. The test was performed from room temperature to 90 °C with a
heating rate of 3 °C/min at a constant frequency of 3 Hz.

4. Results and discussions

4.1 Effect of drawing on thermal properties

Fig. 1 shows the DSC thermograms of the undrawn and drawn nanocomposite tapes, confirming in
each case the presence of a glass transition (Tg) endotherm, followed by a cold crystallization (Tcc)
exotherm and a melting (Tm) endotherm. The undrawn tape exhibits Tg, Tcc and Tm around 37 °C,
82 °C and 169 °C respectively, and the degree of crystallinity (Xc) around 17 %. Compared to the
undrawn material, the Tg endotherm of the drawn tapes appears at higher temperature while the Tcc

shifts to lower temperature (Fig. 1a), that is attributed to the presence of CNF, molecular ordering in
the drawn tapes and increase of crystallinity (Xc). The effects of draw temperature are shown in
Fig. 1a, increasing the DT, the Tg of the material with DR 2.0 keeps constant around 46 °C, the Tcc is
increased from 64 °C to 83 °C, and the Xc is decreased. The Fig. 1b exhibits similar tendency for the
samples with DR 2.5. The effect of DR can be seen in Fig. 1a and b, the Tcc of the material is
decreased while the Xc is increased with increasing DR from 2.0 to 2.5, attributed to the more
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aligned nanocomposite structure. Figure 1c shows the effects of DS on the thermal properties of the
drawn nanocomposite tape. The Tcc is decreased whereas the Xc is increased with increasing DS
while the Tg is not influenced.

Fig. 1 DSC thermograms of (a) undrawn nanocomposite tape and tapes of DR 2.0 drawn at different
temperatures with constant DS of 50 mm/min, (b) tapes of DR 2.5, drawn at different temperatures
with constant DS of 50 mm/min and (c) tapes drawn at 40 °C with different DS. Dash lines indicate
the Tg of (a) undrawn sample, (b) D2.5/35/50 and (c) D2.0/40/10.

Overall, the solid state drawing conditions including DT, DR and DS affect the thermal properties
of the PLA/CNF nanocomposite. The Tcc tend to increase with increasing draw temperature while
decreased with increasing draw ratio and speed. The degree of crystallinity (Xc) follows an opposite
tendency and the Tg is not influenced by different draw conditions. The results indicate that the
optimal drawing condition for the crystallization of the nanocomposite in this study is drawn at
40 °C using a DS of 50 mm/min and DR 2.5 (D2.5/40/50).

Further, the X ray diffraction of undrawn and drawn D2.5/40/50 tapes was performed to investigate
the relationship between the crystal forms and solid state drawing. The curves obtained are shown
in the Fig. S4 in the supplementary information. It can be seen from the Fig. S4 that only the
reflection from the (110/200) plane characteristics of the phase, corresponding to 2 angles of 16.4o
was observed clearly in the tape D2.5/40/50. For the drawn tape D2.5/40/50, the diffraction of (200/110)
becomes sharper and more intense than the undrawn tape indicating that the crystallinity of the
drawn material D2.5/40/50 was higher than the undrawn tape. Wang et al. [28] and Chen et al. [29]
also reported the similar finding for X ray diffraction of PLA after drawing. Shen et al. [30] reported
that the significant enhanced in the growth of 200/110 planes in the form of PLA crystals, is due
to the combination of uniaxial solid state drawing and the presence of nucleating agent in the PLA
composite.

4.2 Effect of drawing on microstructure

Fig. 2 represents the cross polarized optical microscopy (POM) images of undrawn and drawn
tapes, respectively, before and after etching. As seen in Fig. 2b and d the POM images of tapes show
a rough and uneven surface with more pits than unetched tapes (Fig. 2a and c) after etching. It was
reported that the presence of pits in the etched samples is due to the removal of the amorphous part
after etching, which is considered to result from hydrolysis of ester linkage due to NaOH solution
along the PLA chains [26, 27]. This removal was random and in an irregular manner for undrawn
tape (Fig. 2b), whereas for drawn tape, it was unidirectional and in the preferred orientation
(Fig. 2d). This is attributed to the aligning of macromolecular chains in the amorphous part together
with the CNF along the drawing direction.

(a) (b) (c) 
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Fig. 2 POM images of the undrawn tape (a) before etching, (b) after etching and D2.5/40/50
nanocomposite tape (c) before etching and (d) after etching showing more aligned microstructure.

The microstructure after etching was further investigated at higher resolution using SEM and AFM.
Fig. 3 represents the scanning electron microscopy (SEM) and atomic force microscopy (AFM)
images of the undrawn and drawn D2.5/40/50 nanocomposite tapes after the etching. Similar with
the POM result (Fig. 2), the microstructure of the drawn tape as shown in the Fig. 3e shows the
aligned PLA macromolecular chains while this kind of alignment was not visible in undrawn
nanocomposite (Fig. 3b). However, in the inset of Fig. 3e, the annular features are aligned
perpendicular to the draw direction. AFM topographical image in Fig. 3f indicates this structure
more clearly. This shows the formation of a ‘shish kebab’ type of morphology in the tape after
drawing. It was reported that this is due to the crystallization induced after orientation or
deformation [31 33]. Fig. 3g shows the Penning’s model representing the ‘shish kebab’ type of
morphology in polymer, where an extended chain crystal is called “shish” and folded chain crystal
is called “kebabs” [31 34]. In this type of morphology, the ‘shish’ forms first during a crystallization
process under stress in extended stretched molecular chains, and then the folded ‘kebabs’ overgrow
this ‘shish’ structure epitaxial and they are produced by deformation or orientation after
crystallization of polymer. It was also reported that the shear stress played an important role to
form shish kebab structures [31, 32].

Fig. 3 (a) Schematic representation of undrawn tape and (b, c) SEM and AFM images of undrawn
tape respectively after etching; and (d) schematic representation of tape indicating drawing
direction and (e, f) SEM and AFM images of oriented D2.5/40/50 tape respectively after etching; and
(g) Penning’s model representing ‘shish kebab’ structure.
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4.3 Effect of drawing on mechanical properties

The effects of drawing and the draw conditions on the mechancial properties were investigated,
and the results are shown in the Fig. 4 and Table 2. It can be seen from the Fig. 4a that the undrawn
tape was brittle with the elongation at break around 6% and it showed a distinct yield point. After
drawing, all the tapes showed strain softening and strain hardening followed with yielding,
resulting in much higher tensile modulus, strength and work of fracture. This is because of the
orientation of the PLA chains and CNF, improved Xc of the tapes, and the crazing effect that
involves the plastic deformation.

Fig. 4 Typical stress strain curves of the nanocomposite tapes (a) different DR drawn at 40 °C with
DS of 50 mm/min; (b) DR 2.0 drawn at different temperature with DS of 50 mm/min and (c) DR 2.5
drawn at 40 °C with different speed.

The crazing effect of the drawn tape was confirmed by the stress whitening phenomenon as shown
in Fig. 5 b and c, while it is not present in the US sample (Fig. 5a). SEM images of the sample
fracture surface in the Fig. 5d and e also indicate that the crazing only appears in the drawn tape.

Fig. 5 Tensile fractured specimens of (a) undrawn nanocomposite tape (transparent); (b) D2.0/40/50
and (c) D2.5/40/50 nanocomposite tapes (showing stress whitening) and SEM images of tensile
fractured surface of (d) undrawn and (e) drawn D2.5/40/50 nanocomposite tape.

As seen in Table 2, D2.5/40/100 nanocomposite tape showed the maximal Young’s modulus of 2.1
GPa and ultimate strength of 102 MPa, which are 50 % and 100 % higher than those of the US tape
respectively. The sample D2.0/50/50 showed the highest elongation at break and work of fracture,
which are 26 and 60 times higher compared to those of the US tape.

(a) (b) (c) 
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Table 2 Tensile properties of US and drawn tapes.

Sample
*Tensile modulus

(GPa)

*Ultimate
strength
(MPa)

Elongation
at break
(%)

*Work of
Fracture
(MJ/m3)

US 1.40a, ±0.04 51a, ± 3 6 ± 0 1.5a, ± 0.1
Drawn nanocomposite tapes at different speeds
D2.5/40/10 1.90b ± 0.03 87b ± 5 95 ±10 66b ± 8
D2.5/40/50 2.00b, c ± 0.04 94b, c ± 6 92 ±12 70b ±11
D2.5/40/100 2.10c ± 0.03 102c ± 9 85 ± 11 70b ± 9
Drawn nanocomposite tapes at different temperatures
D2.0/35/50 1.80 ± 0.08 70 ± 6 108 ± 20 65 ± 12
D2.0/40/50 1.90 ± 0.07 76 ± 5 134 ± 6 84 , ± 6
D2.0/45/50 1.80 ± 0.03 71 ± 2 139 ± 19 86 ± 13
D2.0/50/50 1.70 ± 0.02 71 ± 4 158 ± 18 90 ± 13

*Average values with same superscript letter in the same column are not significantly different at 5%
significance level based on ANOVA and Tukey HSD comparison test. (a, : undrawn tape; b, c: tapes drawn at
different speeds; , , : tapes drawn at different temperatures).

Furthermore, the drawing conditions significantly influence the mechanical properties of the
nanocomposite tapes. It can be seen from the Fig. 4a and Table 2 that the tensile modulus and
ultimate strength increases, whereas the elongation at break and work of fracture decreases with
increasing DR. In addition, higher DR resulted in the higher strain hardening. These are attributed
to the more oriented macromolecules in the nanocomposite tapes and increased degree of
crystallinity, and the schematic structure changes in the tapes with different DR are demonstrated
in Fig. 6. The stress strain properties of the nanocomposite tapes drawn at different DT are shown
in Fig 4b and it can be noticed that as the DT increases from 40 °C to 50 °C, the tensile modulus is
decreased whereas the elongation at break and work of fracture increased. Further, the results in
Fig. 4c indicate that the modulus and strength of the nanocomposite tapes increases with increasing
DS.

Fig. 6 Schematic representation of undrawn nanocomposite tape and the drawn D2.0/40/50 and
D2.5/40/50 tapes, indicating the structural changes after the orientation induced by solid state
drawing.
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Overall, the mechanical properties of the oriented plasticized polylactic acid/cellulose
nanocomposite tapes showed improved stiffness, strength, elongation at break and work of fracture
compared with the undrawn tape. This improvement is due to the synergistic effect of CNF in the
PLA nanocomposites and the solid state drawing, which consequently affects the crystallinity of
PLA in the drawn sample and probably the orientation of the CNF along with the polymer chains,
depending on the draw ratio, draw temperature and draw speed.

4.4 Effect of drawing on dynamic mechanical properties

The storage modulus and tan delta ( ) as a function of temperature for undrawn and drawn tapes
are shown in Fig. 7. It is seen that the storage modulus is higher for the drawn nanocomposite tapes
compared with the undrawn tape and that it increases with increasing DR and DS in both glassy
and rubbery states (see Fig. S5 in the supplementary information). Moreover, it can be seen that
around 70–80 °C, the moduli of the US sample and D2.0/40/50 increases again and this could be
attributed to the typical effect of cold crystallization. However, this behavior is not present in
D2.5/40/50 due to the high degree of crystallinity (50 %, see Fig. 1b). Further, Fig. 7 shows that the tan
peak of the drawn tapes were slightly shifted to the higher temperature compared with undrawn

tape, and became broader with a less intensity. It is known that a positive shift in tan delta usually
indicates restricted molecule movement and also attributed to the strain induced crystallization [16,
35]. Decreased intensity of tan indicates that fewer polymer chains are participating in the
transition and can also due to the crystal formation. It can also be seen that the intensity of tan
decreases with increasing DR, which is caused by the formation of more crystals at a higher draw
ratio.

Fig. 7 Storage modulus and tan delta as a function of temperature for undrawn nanocomposite tape
and tapes with different DR drawn at 40 °C with DS of 50 mm/min.

In addition, the intensity of tan for the tape drawn at different speed (as shown in Fig. S5 in the
supplementary information) can also be correlated with the degree of crystallinity reported for the
same sample in Table S2. Notably, all the drawn tapes showed shoulder in the tan curve (as
shown in the Fig. 6 and S5) rather than a prominent peak as in the case of undrawn tape. This might
be due to the formation of two phase system in the tape after drawing, which could be attributed to
the orientation of polymer chains. Miranda et al. [36] reported that the formation of a shoulder in
tan curve after stretching might be due to the oriented phase of the polymer, which has been
established to restrict segmental motion. The orientation and partial ordering of the polymer after
stretching restricts motion, so the oriented amorphous segments require greater thermal energy to
achieve segmental relaxation compared with undrawn polymer. It was also reported that the
presence of a shoulder in the tan curve of the drawn tape (Fig. 7) is associated with the rigid
amorphous segments formed due to increased crystallinity of the samples.
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5. Conclusions

Solid state drawing is a very effective way to create alignment and consequently improve the
mechanical and thermal properties of the nanocomposites. In this study the solid state drawing
process was used to uniaxially align the cellulose nanocomposite tapes based on plasticized
polylactic acid (PLA) and 1wt.% cellulose nanofibers (CNF). The influence of drawing conditions,
i.e., draw ratio, draw temperature and draw speed, were in focus to investigate the mechanical and
thermal properties as well as the internal structure and orientation of the nanocomposites.

In general, the mechanical properties increased and the toughness can be improved up to 60 times
compared to the undrawn tape. This improvement of the mechanical properties is due to
synergistic effect of CNF in the nanocomposite and the orientation induced by the solid state
drawing process. The drawing also resulted in improved thermo mechanical properties, the storage
modulus increased, and the tan delta peak shifted towards higher temperature, broadened and
decreased in height with increasing DR and DS. Similarly, the crystallinity of nanocomposites
increased with increasing DR and DS and decreased with increasing DT. Microstructure of the
drawn nanocomposite confirmed alignment. Both SEM and AFM studies showed that the
orientation of the macromolecular chains was perpendicular to the draw direction indicating the
formation of ‘shish kebab’ morphology induced after orientation and deformation.

This study showed that the solid state drawing is a promising approach to improve the properties
of the plasticized PLA/CNF nanocomposites. Next step will be to study different nanomaterial
contents and higher draw ratios.
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Supplementary information

Fig. S1 Deformation behavior of the tapes during drawing at different Td (35, 40, 45 and 50 °C) with
constant DS of 50 mm/min.

Fig. S2 Deformation behavior of the tapes during drawing at different DS (10, 50 and 100 mm/min),
drawn at 40 °C.
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Fig. S3 Thickness of cryo fractured longitudinal surface of (a) undrawn tape, (b) tape with DR = 2.0
and (c) tape with DR = 2.5 drawn at 40 °C with DS = 50 mm/minute.

Table. S1 Thickness change of the samples before and after drawing at different Td and constant DS
of 50 mm/min.

Draw
temperature

(°C)

Thickness before
drawing (mm)

Thickness after
drawing
(mm)

DR = 2.0 DR = 2.5
35 0.285 (± 0.008) 0.215 (± 0.019) 0.183 (± 0.014)
40 0.286 (± 0.013) 0.209 (± 0.006) 0.206 (± 0.006)
45 0.276 (± 0.004) 0.199 (± 0.004) 0.197 (± 0.007)
50 0.284 (± 0.009) 0.211 (± 0.005) 0.198 (± 0.011)

*The values in parentheses are standard deviations of the sample.

Table. S2 Thermal properties of undrawn and drawn PLA/cellulose nanocomposite.

Sample Tg (°C) Tcc (°C)

US 37 82
D2.0/35/50 46 64
D2.5/35/50 46 57
D2.0/40/10 48 79
D2.5/40/10 47 64
D2.0/40/50 47 76
D2.5/40/50 49 61
D2.0/40/100 48 61
D2.5/40/100 52 62
D2.0/45/50 48 78
D2.5/45/50 46 66
D2.0/50/50 47 83
D2.5/50/50 48 79
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Fig. S4 X ray diffraction patterns measured for undrawn and drawn D2.5/40/50 tapes.

Fig. S5 Storage modulus and tan delta as a function of temperature for US tape and tape with
different DS drawn at 40°C with DR of 2.5.
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a b s t r a c t

Triacetate citrate plasticized poly lactic acid and its nanocomposites based on cellulose nanocrystals
(CNC) and chitin nanocrystals (ChNC) were prepared using a twin-screw extruder. The materials were
compression molded to films using two different cooling rates. The cooling rates and the addition of
nanocrystals (1 wt%) had an impact on the crystallinity as well as the optical, thermal and mechanical
properties of the films. The fast cooling resulted in more amorphous materials, increased transparency
and elongation to break, (approx. 300%) when compared with slow cooling. Chitin nanocomposites were
more transparent than cellulose nanocomposites; however, microscopy study showed presence of
agglomerations in both materials. The mechanical properties of the plasticized PLA were improved with
the addition of a small amount of nanocrystals resulting in PLA nanocomposites, which will be further
evaluated for film blowing and thus packaging applications.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Polylactic acid (PLA) is one of the commercially available
biodegradable polymers that has modulus and tensile strength
comparable to petroleum-based polymers and can be produced
from renewable sources. For this reason, PLA is a good alternative
as a replacement for the conventional synthetic polymers in differ-
ent applications, especially in packaging, where its high trans-
parency is also an advantage. Nevertheless, PLA also has some
drawbacks, such as its inherent brittleness, low thermal stability,
low impact resistance and moderate gas barrier properties. PLA
also presents a relatively low crystallization rate and is prone to
aging at room temperature, aspects which are important from an
industrial point of view [1,2]. Therefore, different efforts and
approaches have been carried out in order to overcome the men-
tioned drawbacks and broaden its application areas.

Cellulose and chitin nanomaterials have attracted the attention
of researches as additives in the green nanocomposites field

because they are biodegradable, renewable and biocompatible
polymers with good mechanical properties. Moreover, chitin has
antibacterial properties, which can widen its use to the food pack-
aging field. Cellulose nanomaterials have been extensively used as
an additive to improve the thermal, mechanical and barrier prop-
erties of the PLA as well as to affect its crystallinity [3–7].
However, chitin in nanosize has been more often used in other
polymeric matrix such as poly(caprolactone) [8,9], chitosan
[10,11], natural rubber [12] and starch [13].

In the most of the studies, solvent casting is the most frequently
used technique to prepare cellulose- and chitin-based nanocom-
posites and, in the case of chitin nanocomposites, freeze-drying
and electrospinning have been also tested. However, the
melt-compounding technique is less common, especially in the
case of chitin where only few studies have been found [9,13,14].
Extrusion is a conventional polymer-processing technique; there-
fore, there is growing interest in this technique for nanocomposite
processing in industrial applications. The main challenges of this
technique are the feeding of the nanomaterials into the extruder
and obtaining well-dispersed and distributed nanocrystals in the
polymer matrix. It is well known that materials in nanosize have
a strong tendency to aggregate; in addition, cellulose and chitin
form strong hydrogen bonds when dried and are also very difficult
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to redisperse. Therefore, drying prior the extrusion is not suitable,
if the nanocrystals are not coated or chemically modified. We have
shown in our previous studies [7,15,16] that liquid feeding of cel-
lulose nanomaterials together with a suitable processing aid; such
as plasticizer or water; is one way to avoid the drying process and
to improve the dispersion of the nanomaterials in the matrix.
However, when water or other solvents are used it is important
to use a processing facility where the steam can be effectively
removed during the processing, and this can be done using a
co-rotating twin-screw extruder. When closed batch-wise process-
ing is used the materials need to be dried since the moisture can-
not be removed during the processing, also counter rotating
twin-screw extruders are not suitable when liquids are used.

In the current study, plasticized PLA nanocomposites based on
cellulose and chitin nanocrystals were prepared using liquid feed-
ing of the nanomaterials together with a plasticizer into the extru-
sion process. The goal was to prepare PLA nanocomposites, which
will be further evaluated for film blowing and packaging applica-
tions; therefore materials with high elongation to break and
mechanical properties similar to those of PE was targeted. The
effect of two different nanocrystals and cooling rates of the films
on the mechanical, thermal and optical properties of plasticized
PLA were studied. In addition, it is believed that the addition of
nanocrystals will improve the melt strength of the plasticized
PLA, thus, enhance its processability during the film blowing.

2. Experimental

2.1. Materials

PLA in pellet form was used as matrix and supplied by FUTERRO
(Escanaffles, Belgium). The used PLA had MFI 8 g/10 min (mea-
sured 190 �C/2.16 kg), tensile strength approx. 63 MPa, tensile
modulus 3.8 GPa and elongation to break 2.3%. The PLA was plasti-
cized using triethyl citrate (TEC) in liquid form (P99% Alfa Aesar,
Mw: 276.3 g/mol) purchased from WVR (Sweden). TEC is also used
as a processing aid to facilitate dispersion of the nanocrystals and
as liquid medium for their feeding. Ethanol (99.5%) was used as a
solvent and was purchased from Solveco (Stockholm, Sweden).

Cellulose nanocrystals (CNC 2013-FPL-CNC-049) 10.3 wt% in
aqueous suspension and chitin nanocrystals (ChNC) 10.3 wt% con-
centration were used to reinforce the PLA–TEC polymer. The CNC,
prepared by sulfuric acid hydrolysis, were kindly supplied by
Forest Products Laboratory FPL, Madison, USA. Chitin powder from
crustacean waste, was purified at Pontifical Catholic University of
Chile and the ChNC were prepared using hydrochloric acid hydrol-
ysis following the process reported elsewhere by Salaberria et al.
[13].

2.2. Processing of nanocomposites

2.2.1. Preparation of suspensions for liquid feeding
The pumping suspensions of the CNC and ChNC (10.3 wt%) were

first dispersed in ethanol with the ratio 1:1 water to ethanol (w:e)
and then mixed with TEC. The suspensions were magnetic stirred
overnight and sonicated for 2 min in an ice bath prior the extrusion
to enhance the dispersion. The final composition of the suspen-
sions was 2.6 wt% nanocrystals, 52 wt% TEC, 22.7 wt% H2O and
22.7 wt% ethanol. These mixtures were prepared according to a
target composition for the final nanocomposites of 79 wt% PLA,
20 wt% TEC and 1 wt% nanocrystals. The chosen plasticizer content
was based on our experience from the previous study [16] to have
a pumpable suspension, cover the nanocrystals surfaces and taking
into account that part of the plasticizer will evaporate during the
processing. The suspensions were fed into the extruder at a specific

pumping rate to reach the target composition of the nanocompos-
ites. The plasticized PLA (PLA–TEC) was prepared in a similar way;
the TEC was dissolved in the w:e mixture and then fed into the
extruder. Parameters as composition and feeding rate of the sus-
pension as well as the water and ethanol ratio need to be con-
trolled. It is also very important that the water and ethanol
content is kept as low as possible and retain the pumpability of
the liquid. The pumping rate is also a crucial processing parameter;
too high pumping rate will result in boiling and too fast evapora-
tion of the liquid thus resulting in agglomerated nanocrystals.

2.2.2. Extrusion using liquid feeding
A co-rotating twin-screw extruder (ZSK-18 MEGALab, Coperion

W&P, Stuttgart, Germany) with K-Tron gravimetric feeder
(Niederlenz, Switzerland) for the neat PLA and a peristaltic pump
(PD 5001 Heidolph, Schwabach, Germany) for the liquid feeding
of nanocrystals and plasticizer were used. The extrusion was car-
ried out at a screw speed of 300 rpm and with a temperature pro-
file ranging from 170 �C at the feeding zone to 200 �C at the die.
The standard screw configuration for the compounding of biocom-
posites was used, including melting, mixing and dispersing pro-
cessing sections. A schematic of similar screw is shown in our
earlier publications with an extra mixing zone located in the mid-
dle [17]. The PLA as well as the prepared suspensions were fed in
the main port of the extruder. The total material throughput was
3 kg/h, the feeding rate for the PLA was 2.3–2.4 kg/h and the pump-
ing rate for the TEC solution, TEC/CNC and TEC/ChNC suspensions
was 1.1 kg/h. Atmospheric venting at zone 2 and 4 and vacuum
venting at the end of the extruder were used to evacuate the vapor
generated during the process due to the evaporation of 22.7 wt% of
ethanol and 22.7 wt% of water. The extruded strands were cooled
in water bath, pelletized and dried at 55 �C overnight. The compo-
sitions of the prepared materials are shown in Table 1.

Films from of the compounded pellets (3.5 g) were compression
molded using a LPC-300 Fontijne Grotnes press (Vlaardingen,
Netherlands). Pellets were placed between metal plates with
Mylar films and compression molded at 190 �C, first, using a con-
tact pressure for 3.5 min, and then 4 MPa for 30 s. After the com-
pression molding, the formed films were cooled either in air
(from 190 �C to RT in 5 min) to avoid crystallization or inside the
metal plates (from 190 �C to RT in 20 min) to allow crystallization.
The films were denominated as ‘‘fast cooled (FC)’’ and ‘‘slow cooled
(SC)’’; these terms are used throughout this manuscript to identify
the different materials. The thickness of the prepared films was
�100 lm and they were kept at room conditions for at least
1 day before testing.

3. Characterization

3.1. Microscopy

The starting aqueous suspension of nanocrystals and the pre-
pared pumping suspensions were analyzed using an optical

Table 1
Compositions of the compounded materials.

Materials PLA (wt%) Nano crystals (wt%) TEC (wt%)

PLA–TEC 80 – 20a

PLA–TEC–CNC 79 1b 20b

PLA–TEC–ChNC 79 1b 20b

a Fed as liquid 0.6 kg solvent (water and ethanol) removed as vapor during the
extrusion.

b Fed as liquid, TEC and nanocrystal content in the suspensions were 52 wt% and
2.6 wt% respectively, and 0.5 kg/h solvent (water and ethanol) removed during the
extrusion.
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microscope, Eclipse MA200 Nikon (Tokyo, Japan). The dissolution
of TEC into the water:ethanol mixture (1:1) and the dispersion of
the nanocrystals in the mixtures were analyzed. The prepared films
were examined using polarizing optical microscope Eclipse
LV100N POL Nikon (Shanghai, China) under polarized light.

The morphology of the used nanocrystals was studied using a
Veeco Multimode Nanoscope V Atomic Force Microscope (AFM)
(Santa Barbara, USA). A drop of highly diluted nanocrystal suspen-
sion was placed on a fresh mica plate and dried for the AFM study.
All scans were performed in air and in tapping mode. The
Nanoscope V software was used to measure the nanocrystal diam-
eters from the height images.

The dispersion of the nanocrystals in the PLA matrix was eval-
uated on the cryogenic fracture surfaces of the prepared materials
using a high-resolution Merlin SEM (Zeiss, Germany). A thin layer
of gold was sputtered on the surfaces to avoid charging.

3.2. Thermogravimetric analysis

The thermal stability of both cellulose and chitin nanocrystals
was studied using a TA instrument TGA-Q500 (NewCastle, USA)
in air atmosphere. Nanocrystal films from the 10.3 wt% aqueous
nanocrystal suspensions were prepared by casting and the tests
were performed in ramp mode from 25 to 600 �C at 5 �C/min.

3.3. X-Ray diffraction

The crystallinity of the nanocrystal powders, as well as the crys-
tallinity of both fast and slow cooled PLA–TEC and its nanocompos-
ites films, were studied using a PANalytical Empyrean
diffractometer (Almelo, The Netherlands) with Cu Ka radiation
(wave length of 1.5405 Å). The range for 2h scan angles was from
5� to 40�, using steps of 0.03�. The measurements were conducted
at an acceleration voltage of 45 kV and a current of 40 mA. The
crystallinity index (CI) of the nanocrystals was estimated using
Eq. (1) and according to the peak high method for cellulose [18]
and its adaptation for chitosan [19].

CI ¼ Imaximum � Iam

Imaximum
� 100 ð1Þ

where Imaximum is the height of the 200 peak intensity at 2b � 22.4�
for cellulose and the height of the 110 peak intensity at 2b � 19.5�
for chitin. Iam is the height of the amorphous diffraction peak in
both cases, which is estimated as the minimum intensity between
the 200 and 110 peaks (2b � 18�) for cellulose and the minimum
intensity for chitin at 2b � 16� [18,19].

3.4. Differential scanning calorimetry

The thermal properties of the prepared materials were mea-
sured using a Mettler Toledo DSC822e differential scanning
calorimeter (Schwerzenbach, Switzerland). Approximately 5 mg
of each sample was placed in a hermetic aluminum pan and tested
under N2 atmosphere from 30 to 200 �C. The test was performed by
a heating scan at 10 �C/min for both fast and slow cooled samples,
followed by a cooling scan at 20 �C/min only for the fast cooled
samples. Melting temperatures (Tm) as well as cold crystallization
and melting enthalpies (DHcc and DHm) of the prepared materials
were determined from the heating scans. The melt crystallization
temperature and the melt crystallization enthalpy (Tmc and
DHmc) of the materials were determined from the cooling scan at
20 �C/min. The degree of crystallinity (Xc) of the prepared materials
was calculated as [20]:

Xc ¼ DHm � DHcc

DHo
m

� 100
w

ð2Þ

DHm is the enthalpy for melting (pre-melt crystallization was sub-
tracted from the melting enthalpy), DHcc is the enthalpy for cold
crystallization and DHo

m is the enthalpy of melting for 100% crys-
talline PLA sample, which is assumed to be 93 J/g [20], and w is
the weight fraction of PLA in the sample.

3.5. Optical properties

A Perkin Elmer UV/Vis Spectrometer Lambda 2S (Überlingen,
Germany) was used to measure the light transmittance of fast
and slow cooled PLA–TEC and its nanocomposites. The scans were
carried out from 200 to 800 nm with a scan speed of 240 nm/min.

3.6. Tensile testing

The mechanical properties of both fast and slow cooled plasti-
cized PLA and its nanocomposite films were measured using a con-
ventional Shimadzu AG-X universal testing machine (Kyoto,
Japan). A load cell of 1 kN, a gauge length of 30 mm and a cross-
head speed of 3 mm/min were used. Samples were cut from the
prepared films using a bone shape press mold following the
ASTM D-638 standard. The tensile strength and the elongation to
break were obtained directly from testing results, while the tensile
modulus and toughness were calculated from the stress-strain
curves. At least five test samples were measured and the values
reported are an average of these tests.

3.7. Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey-HSD
multiple comparison tests with a 0.05 significance level was used
to analyze the results from mechanical testing.

4. Results and discussion

4.1. Preparation of suspensions for liquid feeding

Both cellulose and chitin nanocrystals were analyzed prior their
preparation for the mixtures for liquid feeding. Fig. 1(a and c)
shows the appearance and optical microscopy images of the initial
aqueous nanocrystal suspensions. It is clear than the CNC suspen-
sion shows better isolation and dispersion than the chitin
nanocrystals, which still contains some micro-sized particles from
the raw material.

Fig. 1(b and d) shows the visual appearance of the pumping sus-
pensions and their microstructures. It is seen that the addition of
the ethanol and TEC is changing the consistency, especially of the
CNC suspension, which is smooth in water suspension but show
a different behavior with presence of TEC and ethanol. It is also vis-
ible that the chitin is less isolated than the cellulose nanocrystals in
the final suspension (Fig. 1d).

4.2. Crystalline, morphological and thermal characteristics of the
nanocrystals

Raw material morphology and sizes were studied with AFM.
Fig. 2 shows height images of cellulose and chitin nanocrystals
and Table 2 shows the measured diameter, length and aspect ratio.
The measurements show that the maximum diameter and the
maximum length of the ChNC were almost double that of the
CNC. Also the aspect ratio of the ChNC is higher than that of the
CNC. The reported values of nanocrystals length are for comparison
purposes only.

Results from XRD study are shown in Fig. 2b. Cellulose
nanocrystals present the typical peaks of cellulose I at 2b values
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of 15�, 16� and 22.5� [21], and chitin nanocrystals show the typical
a-chitin structure with two strong peaks at 2b values of 9.2� and
19.2� and three weak peaks at 20.7�, 23.2� and 26.2� [13]. The mea-
sured crystalline index reported in Table 2 shows that the ChNC
had higher crystallinity than the CNC.

The thermal properties in Fig. 2c show that the chitin crystals
have higher thermal stability than the cellulose crystals, which
show a typical two-step degradation of sulfuric acid hydrolyzed
nanocrystals, and this lower thermal stability is due to the intro-
duced sulfate groups on the CNC surface during the hydrolysis

Fig. 1. Visual appearance and optical microscopy images of (a) aqueous CNC suspensions at 10.3 wt%, (b) CNC pumping suspension, (c) aqueous ChNC suspensions at
10.3 wt% and (d) ChNC pumping suspension. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. (a) AFM height images: CNC (left), size measurements (center) and ChNC (right) (b) crystallinity of the nanocrystals and (c) thermal stability of the nanocrystals. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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[22]. However, both nanocrystals are thermal stable at the process-
ing temperature range, which was below 200 �C.

4.3. X-Ray diffraction

Fig. 3 shows the diffraction patterns of fast and slow cooled
PLA–TEC and its nanocomposites. Generally, the XRD of the plasti-
cized PLA and the nanocomposites was very similar for both fast
and slow cooling. It can be clearly seen that all samples that were
fast cooled present an amorphous nature, since defined peaks were
not seen, whereas all the samples that were slow cooled clearly
show a significant peak. The slow cooled samples show typical
peaks of PLA, being the most highly defined at 2b = 16.6� and
19.1� indicating crystalline PLA.

4.4. Thermal properties

DSC graphs for the fast and slow cooled plasticized PLA and
their respective nanocomposites are shown in Fig. 4. It can be seen
that FC samples (see Fig. 4a) show a melt peak and cold crystalliza-
tion, whereas the SC samples (see Fig. 4b) only show the melt peak
and higher crystalline materials. The Tg values were not detected in
the DSC during the first heating scans, probably because this tech-
nique is not sensitive enough to detect the Tg transition [23]. The
crystallinity of the slow cooled materials is for the cellulose
nanocomposites (56%) compared to the plasticized PLA (51%)
showing that the addition of CNC had a slightly increased the
nucleation of spherulites. Although the chitin nanocomposite
showed slightly higher melt crystallization temperature (Fig. 4c)
its degree of crystallinity was slightly lower compared to that of
the cellulose nanocomposite This can be because the cellulose
nanocomposite have a somewhat higher melt crystallization
enthalpy (15 J/g), which indicates higher nucleation of the spheru-
lites due to its higher surface area od CNC.

4.5. Optical transparency and visual appearance

UV/Vis spectroscopy was used to measure the light transmit-
tance of the plasticized PLA films and their nanocomposites after
fast and slow cooling. If the reinforcements are not on nanosize
or if agglomeration occurs, the light scattering increases and the
percentage of light transmittance decreases [24]. Therefore, the

transparency of the nanocomposites can give an indication about
the dispersion of the nanocrystals in the PLA matrix.

The UV/Vis spectroscopy results are shown in Fig. 5. It can be
seen that fast cooling resulted in more transparent films compared
to slow cooling, which resulted in haze films. Also the light trans-
mittance of the fast cooled plasticized PLA at 550 nm (middle of
the visible spectra) decreased by 12% with the addition of 1 wt%
of ChNC and by 20% with the addition of 1 wt% CNC. The crystal-
lization of PLA during the slow cooling process further increased
these values by almost double.

Fig. 6 shows the visual appearance and the polarized optical
microscopy images of the prepared films. The images of the slow
cooled films (Fig. 6d–f) show the presence of spherulites, which
are associated to the crystallization of the PLA. It can be seen that
the spherulite size somewhat larger in slow cooled chitin
nanocomposite film (Fig. 6f) if compared with the cellulose
nanocomposite film (Fig. 6e). The slow cooled plasticized PLA
(Fig. 6d) shows also some large spherulites, similar to those of
the ChNC nanocomposite, but in lower amount.

4.6. Microstructures of fracture surfaces

Fig. 7 shows the cryogenic fractured surfaces of PLA–TEC and its
slow cooled nanocomposites. It can be seen that the plasticized PLA
surface looks smoother than the surface of the nanocomposites.
The surfaces of both cellulose and chitin nanocomposites show
some nanocrystals agglomerations (circles) and also either the
presence of some voids or evidence of crystals pull-out (arrows).
Fast cooled materials were also studied in SEM but no big differ-
ence between the cryogenic fracture surfaces of the plasticized
PLA and the cellulose nanocomposite was seen. In the case of the
chitin nanocomposites, several micro-sized particles with a flake
shape were seen, as expected. These results are in agreement with
the result from the optical microscopy images of the prepared
films, where nanocrystal agglomerations were seen in both
materials.

4.7. Mechanical properties

Tensile properties of the fast and slow cooled PLA–TEC and their
nanocomposites are shown in Table 3 and Fig. 8. It can be seen
from the stress–strain curves that the fast and slow cooling

Table 2
Cellulose and chitin nanocrystal characteristics.

Nanocrystal type Diameter (nm) Length (nm) Aspect ratio (l/d) Onset temperature (�C) Crystallinity (%)

CNC 5–13 185–568 35–45 219 80
ChNC 7–25 314–1571 47–63 280 91

Fig. 3. Crystallinity of FC and SC plasticized PLA and the nanocomposites (a) PLA–TEC, (b) PLA–TEC–CNC and (c) PLA–TEC–ChNC. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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resulted in completely different behavior. The FC materials showed
yielding point, followed by strain softening and strain hardening,
which is related to the necking phenomenon [25] and was clearly
observed in the tensile tested samples (see Fig. 8b), indicating a
ductile fracture [26]. Unlike the fast cooled materials, the slow
cooled materials did not show necking but they showed stress
whitening, which indicates crazing. From Fig. 8b it is possible to
see that the whitening is stronger for the plasticized PLA and for
cellulose nanocomposite than for the chitin nanocomposite. It
seems that in these samples, some crazing was formed, resulting
in a more brittle fracture in comparison with the fast cooled sam-
ples. Crazes involve local plastic deformation that results in a brit-
tle fracture; however, massive crazing phenomena result in a
ductile fracture [26], as observed in our previous study with plas-
ticized PLA nanocomposite with cellulose nanofibers [16]. The
yield strength and the Younǵs modulus of the fast cooled plasti-
cized PLA were significantly increased with the addition of 1 wt%
nanocrystals. These properties were improved by 316% (from 3.7
to 15.4 MPa) and by 267% (from 0.3 to 1.1 GPa), respectively, with
the addition of CNC and by 478% (from 3.7 to 21.4 MPa) and by
300% (from 0.3 to 1.2 GPa), respectively, with the addition of
ChNC. In addition, a trend to improve the work of fracture (tough-
ness) is evident; however, the large standard deviation for the plas-
ticized PLA affects the significant improvement. These materials
showed an elongation to break of �300% as a result of the ductile

fracture. The addition of nanocrystals did not significantly affect
the ultimate strength and the elongation to break of the fast cooled
plasticized PLA.

In the case of the slow cooled plasticized PLA, the ultimate
strength increased significantly based in the ANOVA test by 26%
(from 15.8 to 19.9 MPa) with the addition of CNC and by 28% (from
15.8 to 20.3 MPa) with the addition of ChNC. The yield strength
was increased by 9% (from 19.6 to 21.4 MPa) with the addition of
CNC and it was not significant increased with the addition of the
ChNC. However, the Younǵs modulus increased significantly by
67% (from 0.6 to 1.0 GPa) with the addition of ChNC while with
the addition of CNC it was increased by 50% (from 0.6 to
0.9 GPa). The toughness and the elongation to break of the
nanocomposites decreased in comparison with that of the plasti-
cized PLA, probably due to their higher degree of the crystallinity,
as shown in the DSC results.

Regarding the PLA crystallization, it is known that as a general
tendency, the crystallization of semi-crystalline polymers results
in an increase in the mechanical properties and in a drop on the
elongation to break [4,27,28]. In this study, when comparing the
fast cooled materials with the slow cooled materials, the PLA crys-
tallization resulted in materials with lower elongation to break as
expected, but no significant change of the modulus. An improve-
ment of the yield and ultimate strength was seen only in the
PLA–TEC and PLA–TEC–CNC samples. The PLA crystallization did

Fig. 4. Thermal properties of plasticized PLA and its nanocomposites materials heating scans of (a) FC materials, (b) SC materials including the degree of crystallinity (Xc) and
(c) cooling scans of FC films including melt crystallization enthalpy values (DHmc). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. UV/Vis transparency and the visual appearance of the prepared films (a) fast cooling and (b) slow cooling. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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not show any effect on the mechanical properties of the ChNC
nanocomposites. Similar results were reported by Li and
Huneault [27], where the modulus and the tensile strength of crys-
talline PLA decreased in comparison with amorphous PLA at a
specific plasticizer concentration. This behavior is likely due to

the internal migration of the plasticizer from the crystalline to
the amorphous regions, resulting in a local concentration of plasti-
cizer in the amorphous phase [27,29]. In this study, this effect was
more evident in the chitin nanocomposites, since they showed a
tendency to be more amorphous materials.

Fig. 6. Visual appearance and polarized optical microscopy images of: fast cooled (a) plasticized PLA, (b) cellulose nanocomposite and (c) chitin nanocomposite. Slow cooled
(d) plasticized PLA, (e) cellulose nanocomposite and (f) chitin nanocomposite. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 7. HR-SEM micrographs of cryogenic fracture surfaces of slow cooled samples of (a) PLA–TEC, (b) PLA–TEC–CNC and (c) PLA–TEC–ChNC, showing some agglomerations
(circles). Micrographs at higher magnification of figure (b and c) are shown to the right, showing some voids (arrows).
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5. Conclusions

We have demonstrated that compounding of PLA nanocompos-
ite can be done using liquid feeding of aqueous suspension cellu-
lose and chitin nanocrystals together with triethyl citrate as
plasticizer and ethanol as solvent.

Results showed that the cooling rates significantly affected the
crystallinity of the materials and, consequently, the transparency
of the films and the elongation to break.

– Fast cooled films showed to be the most transparent materials
and the highest elongation to break with values around 300%.

– The addition of 1 wt% of nanocrystals enhanced the mechanical
properties of the plasticized PLA in both, fast and slow cooling,
being more evident in the fast cooled materials.

– ChNC showed higher aspect ratio, higher crystallinity and pre-
sented an uncharged surface in comparison with the CNC,
resulting in chitin nanocomposites with slightly higher
mechanical properties and higher transparency.

We can conclude that fast cooling and the addition of a small
amount of nanocrystals (1 wt%) resulted in nanocomposites with
high elongation to break, and other mechanical properties similar
to PE, which is very important for film blowing and potential use
of the material in packaging applications.
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Bionanocomposite films preparedwithmelt compounding and filmblowingwere evaluated for packaging appli-
cations. The nanocomposite masterbatch with 75 wt.% polylactic acid (PLA), 5 wt.% chitin nanocrystals (ChNCs)
and 20 wt.% glycerol triacetate plasticizer (GTA) was melt compounded and then diluted to 1 wt.% ChNCs with
PLA and polybutylene adipate-co-terephthalate (PBAT) prior to film blowing. The morphological, mechanical,
optical, thermal and barrier properties of the blown nanocomposite films were studied and compared with the
reference material without ChNCs. The addition of 1 wt.% ChNCs increased the tear strength by 175% and the
puncture strength by 300%. Additionally, the small amount of chitin nanocrystals affected the glass transition
temperature (Tg), which increased 4 °C compared with the reference material and slightly enhanced the films
degree of crystallinity. The chitin nanocomposite also had lower fungal activity and lower electrostatic attraction
between thefilm surfaces; leading to easy opening of the plastic bags. The barrier and optical properties aswell as
the thermal degradation of the films were not significantly influenced by the addition of chitin nanocrystals.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Polylactic acid (PLA), a commercially available biopolymer, has good
mechanical and thermal properties, similar to those of polystyrene (PS)
and polyethylene terephthalate (PET), polymers that are commonly
used in the packaging industry. PLA also has high optical transparency,
similar to PS, but lower barrier properties and thermal stability com-
pared with those of PS. In addition, it is brittle, has low melt strength
and relatively low crystallization rate, limiting its industrial uses and ap-
plications [1,2]. To overcome these drawbacks and to compete techni-
cally and economically with the common non-biodegradable polymers
used in the packaging industry, PLA has beenmodified by adding plasti-
cizers, coupling agents, antistatic agents and secondary phases in the
micro- and nanosize regimes [1–3].

Film blowing is one of the most common methods to produce films
for the packaging industry; however, film blowing is challenging with
PLA. Formations of an unstable bubble resulting inwrinkles and collapse,
as well as the adhesion between films due to electrostatic attraction are

some of the problems that can arise during this process. These problems
are due to the weak melt strength, low elongation and high dead-fold
property of PLA [2].

Some studies have demonstrated that modified PLA can be success-
fully processed by film blowing. Blown films of blended PLA have been
produced by Mallet et al. 2013 [4] and blown films of PLA/clay nano-
composites have also been successfully produced, resulting in films
with improved mechanical and barrier properties compared with neat
or blended PLA [5,6]. However, none of these studies have used a bio-
based and biodegradable additive to keep as much as possible the
“green” feature of PLA.

Chitin, as cellulose, is a biodegradable abundant renewable material.
Chitin is found in the exoskeleton of arthropods or in the cell walls of
fungi and yeast. α-chitin; the most abundant crystalline form of chitin
[7], can be obtained from industrial seafood waste (the shells of crabs,
shrimps, prawns, and lobsters) and is available in large quantities in
some countries [8,9]. The chitin microfibrils contain amorphous and
crystalline regions, and the isolated crystalline regions are known as
chitin nanocrystals. It has been reported that α-chitin has an elastic
modulus of 41 GPa [10] and is thermal stable up to 280–350 °C [11,12]
depending on the source. Chitin nanofibers and nanocrystals have
been used as additives for polymers and have been shown to have the
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enhanced thermal and mechanical properties of thermoplastic starch
[13], chitosan [14], poly(caprolactone) [15] and polymethyl methacry-
late [16]. In the case of PLA, only a few studies are available, and it has
been demonstrated that chitin nanocrystals can increase the stiffness
of neat PLA [17] and improve the mechanical properties of plasticized
PLA [11]. Thus far, no publications about the film blowing production
of PLA/chitin nanocrystals nanocomposite have been found.

In our previous study, a chitin nanocomposite with 1 wt.% was
successfully prepared by liquid assisted melt compounding on the
laboratory scale [11]. In this work, blown PLA nanocomposite films
with potential use in packaging applications were produced on a
large scale for the first time. It was of interest to determine if the liq-
uid assisted melt compounding also works to prepare nanocompos-
ites with a higher content of chitin nanocrystals and in a large-scale
production.

The nanocomposite masterbatch with 75 wt.% polylactic acid (PLA),
5 wt.% chitin nanocrystals (ChNCs) and 20 wt.% glycerol triacetate plas-
ticizer (GTA) was prepared by liquid assisted melt compounding. Then,
the masterbatch was diluted five times with PLA and polybutylene
adipate-co-terephthalate (PBAT) to obtain a sufficient amount of nano-
composite compound for thefilm blowing process on a large scale. PBAT
and glycerol triacetate (GTA) were used to reduce the PLA brittleness
[18,19] andGTA also acted as a processing agent during themasterbatch
preparation to facilitate the nanocrystal dispersion in thematrix [11,18].
ChNCs were used to enhance the general performance of the plasticized
PLA, for example, itsmelt strength, crystallization, thermal andmechan-
ical properties. Talcwasused as anextra nucleating agent [20]. Themor-
phological, mechanical, barrier, optical and thermal properties of the
films with and without nanocrystals were studied as well as their anti-
fungal activity against Aspergillus niger fungus.

2. Experimental

2.1. Materials

PLA in pellet formwas used as the matrix and supplied by FUTERRO
(Escanaffles, Belgium). The PLAhad aMFI of 8 g/10min (measured at 190
°C/2.16 kg). Yellow squat lobster (Cervimunida johni)waste in the formof
powder was kindly supplied by Antartic Seafood S.A. (Coquimbo, Chile).
Hydrochloric acid (HCl), sodium hydroxide (NaOH) and sodium hypo-
chlorite (NaClO) for chitin extraction were obtained from Merck Chile
SA. HCl (ACS reagent, 37%), for acid hydrolysis was purchased from
Sigma–Aldrich and was used as received without further purification.
PBAT (Ecoflex C1200), a common additive for PLA, was purchased
from BASF (Ludwigshafen, Germany) and talc (hydrous magnesium
silicate, powder with particle size b50 μm) was purchased from
Sigma-Aldrich (Munich, Germany). Glycerol triacetate (GTA) in
liquid form (≥99% Mw: 218 g/mol) was purchased from Sigma-
Aldrich (Stockholm, Sweden). A natural based glycerol ester delivered
by Emery Oleochemicals (Cincinnati, Ohio, USA)was used as a lubricant
during the film blowing process. Ethanol (99.5%) purchased from
Solveco (Stockholm, Sweden) was used as a solvent for the GTA.

2.2. Materials processing

2.2.1. Extraction and isolation of chitin nanocrystals
The yellow lobster shell waste was initially crushed and sieved. The

portion of size N300 μmwas selected, and then the productwas subject-
ed alternately to two steps of demineralization with HCl 1.0 M at room
temperature for 30min and deproteinization with 1.0 M NaOH at 90 °C
for 3 h. Then, the product was subjected to a bleaching process with so-
dium hypochlorite 1.0% m/V. Finally, the product was washed with
milliQ water and dried at 60 °C to a constant mass. The obtained
bleached chitin powder was used for the isolation of ChNCs. The isola-
tion was done using acid hydrolysis and is described elsewhere by
Salaberria et al. [13]. The degree of N-acetylation (DA) of the chitin

nanocrystals was found to be 96% by 13C NMR data analyzed by the
Kasaai method [21].

2.2.2. Masterbatch preparation and film blowing
The nanocomposite masterbatch with 75 wt.% polylactic acid (PLA),

5 wt.% chitin nanocrystals (ChNCs) and 20 wt.% glycerol triacetate plas-
ticizer (GTA) was prepared by liquid assisted melt compounding fol-
lowing the procedure described elsewhere by Herrera and co-workers
[11,18]. The masterbatch was diluted with PLA and PBAT and mixed
with talc to obtain 30 kg of the nanocomposite compound with 1 wt.%
ChNCs for the film blowing process. A similar compound without chitin
nanocrystals was prepared as a reference material. Both compounds
were prepared by melt compounding using a co-rotating twin-screw
extruder (ZSK-25 Coperion W&P, Stuttgart, Germany) with a through-
put of 15 kg/h. The process was carried out with a screw speed of
250 rpm, temperature profile between 170 °C and 190 °C and with
vacuum venting to remove moisture. The final compositions of the pre-
pared materials are given in Table 1.

Film blowing was performed using the laboratory film blowing ex-
truder (LF-400 LabTech, Samutprakan, Thailand) with a die diameter
of 50 mm, a die gap of 1 mm, and a film diameter of 180 mm. The film
blowing was operated with a temperature profile from 160 °C to 180
°C from feeding zone to die, respectively. Films with 25 to 30 μm thick
were produced; however, the process of film blowing could create
films down to 15 μm thick.

2.3. Characterization

2.3.1. Melt flow index (MFI)
A modular melt flow measuring device (Instron Ceast Model MF30,

Pianezza, Italy) was used to measure the MFI in grams per 10 min. The
measurements of the compounds in pellet form were performed at
190 °C with a 2.16 kg load, in accordance with the ASTM D1238 stan-
dard and EN ISO 1133, method A.

2.3.2. Morphological properties
Field emission scanning electron microscopy (FE-SEM, Zeiss Merlin,

Germany) was used to analyze the surface of the blown films. A thin
layer (~10 nm) of tungsten was sputter coated on the surfaces to
avoid charging.

2.3.3. Thermal properties
A differential scanning calorimeter (DSC822e, Mettler Toledo,

Greifensee, Switzerland) was used to determine the thermal properties
of the blown films. Approximately 12 to 13mgof thematerialwas heat-
ed in a semi hermetic pan from room temperature to 210 °C with a
heating rate of 10 °C/min under a nitrogen atmosphere. After 5 min of
holding time for the elimination of the thermal history, the samples
were cooled to −30 °C, held for 5 min, and heated to 230 °C with a
heating rate of 10 °C/min. The test method is based on the ASTM
D3418 standard. The secondheating scanwas used tomeasure the ther-
mal properties. The degree of crystallinity (Xc) of thefilmswas calculat-
ed following the equation [22]:

Xc ¼ ΔHm−ΔHccð Þ=ΔH�m � 100=wð Þ ð1Þ

where ΔHm is the enthalpy of melting (pre-melt crystallization was
subtracted from the melting enthalpy), ΔHcc is the enthalpy for cold
crystallization andΔH°m is the enthalpy ofmelting for a 100% crystalline

Table 1
Formulation of prepared compounds (wt.%).

Materials PLA PBAT GTA Talc ChNCs

Reference compound 60 24 10 6 0
Nanocomposite compound 59 25 9 6 1
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PLA sample, which is assumed to be 93 J/g [23], andw is theweight frac-
tion of PLA in the sample.

Thermogravimetric analysis (TGA-Q500 TA Instrument, New Castle,
DE, USA) was used to analyze the thermal degradation behavior of the
films with and without nanocrystals. The tests were conducted in
ramp mode from 25 °C to 700 °C with a heating rate of 5 °C/min
under a nitrogen atmosphere.

2.3.4. Optical properties
The transparency of the nanocomposite and reference films was de-

termined using a Perkin Elmer UV/Vis Spectrometer Lambda 2S
(Überlingen, Germany). The tests were performed using a wavelength
(λ) between 200 to 800 nm with a scan rate of 240 nm/min.

2.3.5. Barrier properties
Water vapor permeation (WVP) tests of the blown films were per-

formed at 23.0 ± 0.2 °C on a gravimetric cell in which a small amount
of liquid water (2 ml) was sealed by a membrane. The cell was put on
an analytical balance (±10−5 g), and the weight loss of the cell, only
due to the permeation of the water vapor through the membrane, was
monitored by a computer connected to the balance. Water activity in-
side the cell was 1, whereas the downstream average humidity was
33 ± 2%, as recorded with a thermohygrometer. Changes in the weight
of the cell were recorded as a function of time. The water vapor trans-
mission rate (WVTR) was determined from the following equation:

WVTR g mm=m2 day
� � ¼ m l=A 1−að Þ ð2Þ

whereWVTR is the water vapor flow passing through the films per unit
time;m is the slope of theweight change against time; l is the thickness
of the films; A is the area of the films (2.54 cm2) exposed to the water
vaporflow; and a is the relative humidity in the systemof constant tem-
perature. For each film, WVP measurements were performed at least
three times.

The oxygen permeability (OP)was assessed using an Ox-Tranmodel
2/21 system from Mocon Instruments (Minneapolis, USA). The mea-
surements were taken at 23 ± 2 °C, 75% RH and 760 mmHg, following
the standard method ASTM D-3985 and using 6 × 6 cm film samples.
OP was calculated by dividing the oxygen transmission rate (OTR) by
the difference in oxygen partial pressure between the two sides of the
film and multiplying by the average film thickness. The results are the
average over at least three replicate measurements.

2.3.6. Antifungal activity
The antifungal activity of the blown films with and without chitin

nanocrystals was studied using A. niger fungus (A. Niger). This fungus
is a common species of the genus Aspergillus which is recognized as
themost common contributing agent in food contamination, thus caus-
ing black mold on fruits [24,25]. Before contact with the samples, the

A. Niger TieghMB284309 (Utrecht, Holland)was cultured in a solid sub-
strate of potato dextrose broth (PDB) to grow aerobically at 25 ± 0.5 °C
for 48 h in sealed Petri dishes. Afterwards, an aliquot (100 mL) of this
culture was diluted 100-fold in Ringer solution (Sigma-Aldrich, Missou-
ri, USA). 100 mL of the diluted suspension were aseptically inoculated
on the surface of PDA (potato dextrose agar, Merk) plates containing
one film (square samples of 1 × 1 cm2). This methodology was per-
formed according to the norm ISO 7954. The number of colonies was
counted after seven days of incubation at 25 ± 0.5 °C, and the number
of colony forming units per milliliter (CFU/mL) was determined. The
fungal growth inhibition (FGI) was calculated from the following equa-
tion:

FGI %ð Þ ¼ Cg–Tg=Cgð Þx100 ð3Þ

where Cg is the average concentration in the control sample (reference)
and Tg is the average concentration in the treated sample (nanocompos-
ite), both expressed in CFU/mL [26]. The values obtained for the concen-
tration of each sample correspond to the average of three independent
experiments.

2.3.7. Sealing strength
The sealing strength of two overlapping films was measured with a

Kopp-Labormaster 3000 with an integrated Laboratory-Sealer SGPE
3000 (Reichenbach/Fils, Germany). Heated metallic wires were used
to perform the tests. The reported sealing strength is an average of
five samples. The unit operates in accordance with DIN 55529 and
ASTM F88-05.

2.3.8. Mechanical properties
The universal mechanical testing machine Zwicki Z1.0 TH Zwick/

Roell (Ulm, Germany) was used for the tensile test. The measurements
were performed in accordancewithDIN EN ISO527with standard spec-
imens Type 2 (stripes of 10mmwide and total length N 150mm, 50mm
gauge length). The sampleswere conditioned at the standard laboratory
atmosphere of 23 ± 2 °C and 50% RH for at least 24 h prior the testing.
The tests were performed with a pre-load force of 1 N and crosshead
speeds of 1 mm/min for measuring the tensile modulus and 200 mm/
min for measuring the tensile stress. Five specimens of each film were
tested and the average of the values was reported.

The tear and puncture strength of the blown films were measured
using a Thwing-Albert ProTear Electronic Elmendorf Tear Tester (West
Berlin, NJ, USA). The tear test measures the force required to propagate
an existing slit a fixed distance of 43 mm to the edge of the sample. The
test was performed in the machine and transverse directions by the
Elmendorf method in accordance to the ASTM D1922 standard. The av-
erage of tenmeasurementswas reported. The puncture testwas used to
determine the dynamic tensile behavior of thefilms. Thefilm specimens
were fixedwith anO-ring clampwith an inside diameter of 89mm. The

Fig. 1. Film blowing process of (a) the reference compound, (b and c) the nanocomposite compound and (d) the final nanocomposite bags.
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pendulum swings the impact head through the clamped specimenwith
sufficient force to puncture the sample, and the energy used is recorded.
The testwas performed according toASTMD3420 “Spencer impact” test
and an average value of ten samples was reported.

3. Results and discussion

3.1. Masterbatch preparation

For first time, 6 kg of the nanocomposite masterbatch with 5 wt.%
chitin nanocrystals was successfully prepared by liquid assisted melt
compounding. In our earlier studies, we have reported that liquid feed-
ing is a suitable approach to prepare nanocomposites without drying
the cellulose or chitin nanomaterials [11,18]. However, in this study,
there were some technical challenges that needed to be overcome due
to the attempted higher amount of nanocrystals to be fed. Two of the
most important challengeswere feeding the viscous liquid continuously
into the extruder and determining the amount of liquid that needed to
be evaporated.

Atmospheric venting and vacuum venting at the end of the ex-
truder were used to evaporate the water and ethanol (81 wt.%).
The prepared nanocomposite was then diluted to 1 wt.% ChNCs in
the second compounding step to produce a compound for the film
blowing process.

3.2. Film blowing

The film blowing of the compound with and without chitin
nanocrystals was performed under stable processing conditions with-
out any melt fracture, fluttering or bubble breathing of the blown film.
Both compounds showed good film blowing properties. The stretching
of the films was very successful, resulting in the nearly transparent
films shown in Fig. 1. It is noteworthy that the produced films were a
bit stiffer than conventional PE films due to the high PLA content.

3.3. Melt flow index of the compounds

The stability of the bubble depends on processing parameters aswell
as the polymers properties, such as themelt strength. Themelt strength
indicates how well a melt can support its own weight or the resistance
of it to draw down. Melt strength is proportional to viscosity but is in-
versely proportional to the melt flow index; the lower the melt flow
index, the higher the melt strength [27,28]. In this study, the MFI of
the reference material decreased with the addition of 1 wt.% ChNCs
from19 to 14 g/10min. This indicates that the nanocrystals acted as vis-
cosity enhancers and thus increased the melt strength of the reference
material. This increase of the viscosity is expected to be due to well-
dispersed nanocrystals and good interactions between them and the
matrix.

3.4. Morphological properties

The surface morphology of the films is shown in Fig. 2. It can be ob-
served that the reference films had a rougher surface than the nano-
composite films, which showed a more homogeneous and smoother
surface. This difference can be attributed to the better stability of the
bubble during the process due to the higher melt strength. The instabil-
ity of the bubble and its collapse in the nips rolls generally results in the
formation of wrinkles [2]. In addition, it is also possible that the interac-
tion between the components of the compound was favorable in
presence of the chitin nanocrystals, resulting in a more homogenous
mixture and thus a more stable process.

3.5. Thermal properties

The second heating DSC-scans of the materials are shown in Fig. 3a.
It is observed that the glass transition temperature (Tg) and themelting
temperature (Tm) of the nanocomposite was slightly higher (33 °C and
172 °C) comparedwith the values of the reference films, whichwere 29

Fig. 3. Thermal analysis results of the reference and nanocomposite films: a) DSC heating scans at 10 °C/min and b) TGA and DTG thermograms at a heating rate of 5 °C/min. (Tm: melt
temperature; ΔHm: enthalpy for melting; Xc: degree of crystallinity).

Fig. 2. SEM surface images: a) reference and b) nanocomposite blown films. Images at higher magnification are shown in the upper corner of each image.
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°C and 171 °C, respectively. The results indicate that the addition of
1 wt.% ChNCs slightly improved the thermal stability and interaction
between the components in the nanocomposite, hindering polymer
chain mobility. The degree of crystallinity (Xc) of the nanocomposite
films was slightly higher (56%) compared with the reference (52%),
indicating increased nucleation because of the chitin nanocrystals,
which is in agreement with our previous results [11]. The higher
crystallinity results in the somewhat higher melt enthalpy (ΔHm)
of the nanocomposite.

TGA thermograms and derivative thermograms (DTG) of the
films are shown in Fig. 3b. Thermal degradation of both films
showed similar behaviors, and it is clear that the decomposition
process took place in a stepwise manner. The first decomposition
step belongs to the GTA plasticizer, the second decomposition step
corresponds to the PLA and the last decomposition step is for the
PBAT. It is evident that the difference in the started decomposition
temperatures and the maximum decomposition peaks between
both materials were not significant, indicating that the addition of
ChNCs into the reference compound did not affect its thermal degra-
dation behavior.

3.6. UV/vis spectroscopy

Transparency is an important parameter for packaging and appli-
cations; therefore, the light transmittance of the films wasmeasured.
The presence of micro particles or agglomerations in a composite can
scatter or diffuse light, resulting in lower light transmittance. Thus, it
is expected that well-dispersed nanocrystals will not reduce the
transparency of the matrix. The light transmittance of the reference
and nanocomposite films at different wavelengths is shown in Fig. 4.
In the visible part of the spectrum (400–800 nm), both materials
showed similar percentages of light transmitted. This result indicates
that the ChNCs were well dispersed in the matrix and did not decrease
the transparency of the reference films. In addition, both reference and
nanocomposite films showed similar behaviors, with decreased their
light transmittance from 33% at 800 nm to less than 18% in the region
below 400 nm. This region corresponds to radiation that can be danger-
ous for humans and plants or detrimental for some photosensitive
nutrients present in foods.

3.7. Barrier properties

The barrier properties, namely water vapor transmission rate
(WVTR) and oxygen permeability (OP), were evaluated because they
are considered important parameters in the food packaging industry
due to the role of water/oxygen in deteriorative reactions andmicrobial
growth [29]. The WVTR and OP values for the reference and nanocom-
posite films are shown in Table 2. These results demonstrate that the
addition of ChNCs did not significantly affect the barrier properties of
the reference films.

3.8. Antifungal activity against A. Niger

The main purpose of the antifungal tests towards A. Niger was to
assess the potential use of the nanocomposite films as fungal inhibi-
tors for packaging applications. A. Niger was selected because it is
well known as a widespread contaminant of fruits, vegetables, and
food. Fig. 5 displays the CFU counts of the reference and the nano-
composite films, the fungal growth inhibition (FGI, %) for the anti-
fungal activity of the films and the photographs of both materials
after seven days of A. Niger incubation at 25 °C. The results showed
that the incorporation of ChNCs, even in an amount as small as 1 wt.%,
considerably decreased the antifungal activity of the film, presenting a
fungal growth inhibition of approximately 70% with respect to the ref-
erence film. As seen in Fig. 5, the ChNC-nanocomposite film hosts no
growth, whereas the sample without ChNCs is completely covered by
the A. Niger. These results are in agreement with the results of chitin
nanofibers reported earlier by Salaberria et al. in 2015 [30].

3.9. Seal strength

Further investigations on the material properties and industrial us-
ability of the produced films were performed by seal strength tests.
Heat sealing is important to obtaining a reliable performance for pack-
aging applications. To study the performance of the films, sealing exper-
iments were performed in a wide range of temperature and pressures.

Table 3
Properties of sealed films.

Materials Tensile force of
unsealed films (N)

Tensile force of
sealed films (N)

Sealing
factor (%)

Reference film 43 (7) 14 (2) 34
Nanocomposite film 44 (4) 6 (1) 13

Values in brackets correspond to the standard deviation.

Fig. 5. The number of colony forming units per milliliter (CFU) of the reference and the
nanocomposite films, the fungal growth inhibition (FGI, %) for the antifungal activity of
the films and the photographs of both materials after 7 days of A. Niger incubation.

Table 2
Barrier properties of blown films.

Samples WVTR
[g mm/m2 day]
at 23 °C and 33% RH

OP
[cm3 mm/m2 day atm]
at 23 °C and 75% RH

Reference film 5.0 (0.5) 19 (3)
Nanocomposite film 5.9 (0.7) 21 (1)

Values in brackets correspond to the standard deviation.

Fig. 4. UV/Vis spectras of the blown films, reference film compared with nanocomposite
film.
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The most promising results for the prepared films were obtained at a
sealing temperature of 100 °C, with compression force set to 500 N
and a dwell time of 0.2 s. The measured results are shown in Table 3.

Sealing strength depends on the initiation temperature, the texture
of the films and the material properties, e.g., surface tension, polarity,
chainmobility, and amorphous phase content. The addition of the chitin
nanocrystals resulted in a smoother surface; hence, the sealing area be-
tween the films increases and the energy input to achieve a high bond-
ing should be increased, as with a higher dwell time or higher sealing
temperature. Caused by this physical effect and due to the use of con-
stant sealing conditionswhichwere optimized for the reference compo-
sition, bonding energy decreases by the addition of ChNCs, resulting in
an almost three times higher tensile force of the reference films. The
lower bonding of the nanocomposite can partly be overcome by using
a higher sealing temperature or dwelling time.

3.10. Mechanical properties

The results from the tensile test as well as those for the tear and
puncture tests are shown in Table 4. It is observed that the mechanical
properties of nanocomposite and reference films are higher in the ma-
chine direction (MD) compared with the transversal direction (TD), as
expected. This is due to the orientation of the polymer chains in the pro-
cess. The results also showed that the mechanical properties of the
nanocomposite films are higher in the transversal direction; tensile
modulus and strength are increased from 0.4 to 0.7 GPa (74%) and
from 17 to 28 MPa (64%), respectively, with the addition of 1 wt.%
ChNCs. Moreover, the elongation at the break increased from 174 to
220%. It seems that the presence of ChNCs restricts the movement of
the polymer chains during the film blowing process, resulting in more
isotropic nanocomposite films. In contrast, the reference films showed
a higher difference; therefore, when comparing the transverse proper-
ties of the nanocomposite with the reference films, the improvement
is significant. These results also indicate that the nanocomposite is a
more homogeneous material, which is also seen in microscopy and
thermal analysis.

Other important properties for plastic packaging application are tear
and puncture strength. These properties were also enhanced by the ad-
dition of ChNCs (1wt.%). The value of tear resistancewas increased from
24 to 66 N/mm (175%) in the MD and from 15 to 27 N/mm (80%) in TD
compared with the reference. As the tear strength refers to the energy

required to propagate a crack up to a tear [31], this improvement
could be explained due to the deviation of the tear path from its straight
direction when it encounters a nanocrystal or due to the initiation of a
new tear path [32]. The puncture strength of the reference films;
which determines the resistance of the films to impact-puncture pene-
tration [33], was increased from 77 to 305N/mm(approximately 300%)
with the addition of chitin nanocrystals.

3.11. Antistatic behavior

PLA has an inherent sticky feature due to its high density of polar
ester linkages, which can result in the interaction of electrostatic forces
[34]. In this study, it was found that the bags made of the reference ma-
terial were very difficult to open compared with the nanocomposite
bags, as shown in Fig. 6. This demonstrates that the ChNCs are acting
as an antistatic agent, facilitating the opening of the plastic bags. In the
industry, antistatic or slipping agents, such as substances containing
amines and amides [34] as well as fillers such as calcium carbonate,
are commonly used to reduce the electrostatic attraction between the
film surfaces [2]. The amine groups can interact with moisture and
bind water molecules, decreasing the electrostatic interactions. The
presence of amine groups (NH2) at the surface of the chitin crystals
might be the reason that the nanocomposite films are easily opened.

4. Conclusions

The scaling-up process of the PLA nanocomposite masterbatch
followed by film blowing to produce PLA nanocomposite bags was suc-
cessful. The nanocomposite masterbatch with high ChNC content was
prepared using twin screw-extrusion followed by compounding of the
final compound and film blowing of the bags.

We demonstrated that a suspension with viscosity of 73 mPas
consisting of water, ethanol, plasticizer, and chitin nanocrystals fed
into the extruder continuously resulted in a nanocomposite with
5 wt.% ChNC.

It was found that ChNCs act as a multifunctional additive. The addi-
tion of ChNCs to the compound increased its viscosity, modified the
melt strength as well as enhanced the thermal stability and the crystal-
linity of the composite. The tear and puncture strength of the reference
films were increased by the addition of the nanocrystals, and thus rein-
forcing the polymer. Moreover, the chitin nanocrystals were found to

Fig. 6. Photographs of the reference and nanocomposite bags showing the antistatic effect of the ChNCs.

Table 4
Mechanical properties of the reference and nanocomposite films in the machine direction (MD) and transversal direction (TD).

Materials Tensile modulus (GPa) Tensile strength
(MPa)

Elongation at break (%) Tear strength
(N/mm)

Puncture strength
(N/mm)

MD TD MD TD MD TD MD TD

Reference 0.8 (0.2) 0.4 (0.1) 33 (2) 17 (2) 282 (15) 174 (22) 24 (5) 15 (2) 77 (23)
Nanocomposite 0.7 (0.1) 0.7 (0.1) 35 (3) 28 (3) 281 (12) 220 (19) 66 (17) 27 (5) 305 (33)

Values in brackets correspond to the derivation standard. The puncture strength does not have a specific direction.
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act as an antistatic additive, facilitating the opening of the films, and an
antifungal agent, decreasing the fungal activity against A. Niger.

The prepared blown films of the PLAnanocomposite have the poten-
tial to be use in conventional packaging applications as well as in appli-
cations where the puncture and tear strength are important properties,
for example shopping bags, waste bags, and some agricultural films.
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Abstract: The production of fully bio based and biodegradable nanocomposites has gained
attention during the last years due to environmental reasons; however, the production of these
nanocomposites on large scale is challenging. Polylactic acid/chitin nanocrystal (PLA/ChNC)
nanocomposites with triethyl citrate (TEC) at varied concentrations (2.5, 5.0 and 7.5 wt%) were
prepared using liquid assisted extrusion. The goal was to find the minimum amount of the TEC
plasticizer needed to enhance the ChNC dispersion. The microscopy study showed that the
dispersion and distribution of the ChNC into PLA improved with the increasing TEC content.
Hence, the nanocomposite with the highest plasticizer content (7.5 wt%) showed the highest
optical transparency and improved thermal and mechanical properties compared with its
counterpart without the ChNC. Gel permeation chromatography confirmed that the water and
ethanol used during the extrusion did not degrade PLA. Further, Fourier transform infrared
spectroscopy showed improved interaction between PLA and ChNC through hydrogen bonding
when TEC was added. All results confirmed that the plasticizer plays an important role as a
dispersing aid in the processing of PLA/ChNC nanocomposites.

Keywords: Chitin nanocrystals; Biopolymer, Nanocomposite, Extrusion, Dispersion

1. Introduction

PLA is an attractive biopolymer for packaging and biomedical applications because of its
biodegradability, non toxicity, good mechanical properties, high optical transparency and its
commercial availability. However, PLA is brittle, and it exhibits low thermal stability, low melt
strength, moderate barrier properties and a slow crystallization rate. It is therefore necessary to
modify the PLA to improve these properties to make PLA competitive among the common
polymers used in industry [1–3]. PLA has been mixed with plasticizers [4], polymers [5] layered
silicates [6], carbonaceous nanomaterials [7], cellulose [8], chitin [9] or a combination of these
materials resulting in hybrid composites [10].

The development of nanocomposites based on PLA and chitin can be a good approach to
improve the properties of PLA and to produce fully bio based and biodegradable materials. Chitin
nanofibers and nanocrystals have been recently used as additives to enhance thermal and
mechanical properties of polymers such as chitosan [11], natural rubber [12], poly(ethylene oxide)
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[13], thermoplastic starch [14], polypropylene [15], poly(caprolactone) [16] and polylactic acid
(PLA) [17,18]. However, some problems and challenges still remain for the development of these
materials into a large scale process and thus for commercial use.

Generally, the most common method to prepare chitin nanocomposites has been solvent
casting [11–13], but melt compounding is also used [9,16 18]. Melt compounding is an interesting
processing technique if industrial applications are targeted because it can be scaled up. However,
the extrusion of nanocomposites is challenging because of the tedious feeding of dried nano sized
materials into the extruder and their high tendency to aggregate when dried because of their high
surface area, and in the case of chitin, also due to the formation of hydrogen bonds. In addition,
poor compatibility between the hydrophobic matrices, such as PLA, and the hydrophilic additives,
such as chitin, is challenging. All of these aspects hinder the dispersion and distribution of
nanomaterials into the matrix, affecting the final properties of nanocomposites.

Surface modifications of chitin by coupling agents [19], acylation [20], oxidation [21] and
polymer grafting [22] are some of the approaches that are used to improve the interfacial adhesion
between chitin and polymers. However, surface modifications are expensive and time consuming
and do not solve all the above mentioned problems.

We are proposing a simpler approach to solve the problems with processing, handling of dried
nanomaterials as well as poor compatibility between different phases. This approach entails feeding
the nanomaterial as a liquid together with a plasticizer and solvents into the extruder. It is expected
that the plasticizer covers the nanomaterial and, thus, prevents its aggregation during the process
when the solvents evaporate. We have demonstrated in our previous studies that chitin
nanomaterials prepared via the liquid assisted extrusion resulted in well dispersed and distributed
nanomaterials in the PLA matrix [9,17].

The use of plasticizers in PLA nanocomposites has been studied by several researchers
[8,18,23–27]. For example, Oksman et al. [23] reported that the dispersion of cellulose nanocrystals
was enhanced when poly(ethylene glycol) (PEG) was used as a processing aid. Qu et al. [25]
reported that cellulose nanofibers where more evenly dispersed in the PLA when PEG was used.
Similarly, Herrera et al. [8] showed that the addition of cellulose nanofibers together with a glycerol
triacetate plasticizer resulted in PLA with improved toughness due to well dispersed nanofibers.
Wang et al. [24] showed that the size of carbon black agglomerations in the polylactic acid matrix
was decreased when acetyl tributyl citrate (ATBC) was added. Chieng et al. [27] reported enhanced
toughness for the PLA when graphene nanoplatelets were incorporated with PEG. Recently, Li et
al. [18] described that PEG as well as polyethylene oxide (PEO) were used as pretreatment for chitin
nanofibers and indicated that both additives improved the interfacial adhesion between the
nanofibers and PLA. Erpek and Yilmazer [26] used PEG as a compatibilizer for halloysite nanotubes
(HNT) in PLA. However, unlike the other studies, in this case, PEG did not contribute to the
dispersion of HNT. These above mentioned studies showed that the use of plasticizer enhances
dispersion and distribution of nanomaterials, such as cellulose, chitin and carbon black, into PLA.
However, it is well known that plasticizers reduce the thermal and mechanical properties of PLA,
especially if the content is high [4]. Therefore, the aim of this study was to find a plasticizer content
that can minimize the negative effect on the mechanical properties but still enhances the dispersion
and distribution of ChNC, and consequently obtain PLA/ChNC nanocomposites with improved
properties. For this purpose, PLA nanocomposites with 3 wt% ChNC and varied triethyl citrate
(TEC) content (2.5, 5.0 and 7.5 wt%) were prepared using liquid assisted extrusion. The control
samples of PLA with similar TEC contents were prepared for the comparison. The effect of the TEC
content on the ChNC dispersion and, thus, on the nanocomposite structure and properties were
studied. Furthermore, the effect on the PLA molecular weight of water, solvent and used for the
ChNC feeding was also analyzed. This study shows that plasticizer plays an important role as a
dispersive aid in the processing of PLA nanocomposites via liquid assisted extrusion and that the
plasticizer content should be at least 7.5 wt% to achieve well dispersed and distributed
nanocrystals.
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2. Experimental Section

2.1. Materials

Polylactic acid (PLA) (Ingeo 4043D grade) from NatureWorks LLC (USA) in pellet form was
used as the matrix. Chitin powder from yellow lobster shell waste, purified at Pontifical Catholic
University of Chile following the process reported in our earlier study [14], was used as the starting
material for isolation of chitin nanocrystals (ChNC). These nanocrystals were used as a
reinforcement for PLA with and without plasticizer. Liquid triethyl citrate (TEC) with a Mw of
276.3 g/mol ( 99% Alfa Aesar GmbH & Co KG, Karlsruhe, Germany) was purchased from WVR
(Stockholm, Sweden), and ethanol (99.5%) was purchased from Solveco (Stockholm, Sweden). TEC
was used to enhance the ChNC dispersion in the PLA matrix, and ethanol was used as a solvent for
TEC, since it is partially soluble in water and to control the flowability of the suspensions for the
liquid feeding. In addition, plasticizer and ethanol were the liquid media for feeding ChNC into the
extruder.

2.2. Preparation of Chitin Nanocrystals and Suspensions for Liquid Feeding

Chitin nanocrystals (ChNC) were isolated via the acid hydrolysis treatment according to the
procedure reported earlier by Salaberria et al. Briefly, the chitin flakes were hydrolyzed with 3 M
HCl at 100 ± 5 °C under stirring for 90 min. After hydrolysis, the suspension was diluted with
distilled water, washed via centrifugation and transferred to dialysis membranes for 3 days. Finally,
the suspension was subjected to ultrasonic treatment for 10 min to disintegrate the remaining larger
particles and then vacuum filtered using a polyamide filter (Sartolon) with a 0.2 m pore size to
obtain a ChNC gel with a solid content of 19.5 wt%. Figure 1a shows an optical microscopy image
of a well dispersed ChNC in water and a photograph of chitin nanocrystals displaying flow
birefringence due to good dispersion. The AFM image in Figure 1b displays the typical rod shaped
ChNC with diameters in the range of 2 24 nm, which are shown as height distribution in Figure 1c,
and with lengths in the range of 114 831 nm, which are shown as length distribution in Figure 1d.
The width and length were measured using the Nanoscope V software and the “FibreApp”
respectively.

Figure 1. ChNC characteristics: a) an optical microscopy image and a photograph displaying flow
birefringence of the aqueous ChNC suspension, b) a height AFM image showing the shape of
ChNC, c) and d) diameter (height) and length distributions indicating the average width (h) and
average length (l).

To feed the nanocrystals in liquid form, suspensions containing ChNC in water, TEC
plasticizer and ethanol were prepared as following: ChNC gel in water (19.5 wt%) was pre
dispersed in ethanol at a ratio of 1:5 water to ethanol for 2 h using magnetic stirring, and then
mixed with TEC for 2 h. The same amount of the ChCN gel was added to all suspensions to prepare
nanocomposites with a 3 wt% of ChNC, and the TEC content was varied in each suspension to
target nanocomposites with a final amount of plasticizer of 2.5, 5.0 and 7.5 wt%. A suspension
without a plasticizer was prepared for the extrusion of the unplasticized nanocomposite. Each
suspension was ultrasonicated (UP400S, Hielscher, Germany) for 2 min in an ice bath prior to the
extrusion and then pumped into the extruder. The mixtures of water, ethanol and TEC with the



Polymers 2017, 9, x FOR PEER REVIEW 4 of 16

same proportions were prepared for the extrusion of plasticized PLA materials (control samples) as
well as a mixture of only water and ethanol for the extrusion of PLA (control sample for the
unplasticized composite).

The prepared nanocomposites are coded as PLA TEC(the number indicates the amount of
plasticizer) ChNC, the unplasticized composite is named as PLA ChNC, and PLA always makes
reference to extruded PLA under presence of water and ethanol, and it will be indicated otherwise.

2.3. Extrusion of Nanocomposites

PLA, plasticized PLA materials (PLA TEC), unplasticized nanocomposite (PLA ChNC) and
plasticized nanocomposites (PLA TEC ChNC) were prepared using a co rotating twin screw
extruder (ZSK 18 MEGALab, Coperion W&P, Stuttgart, Germany) with a liquid assisted feeding of
suspensions with a slight modification of the process described by Herrera and co workers [9]. A
gravimetric feeder (K tron, Niederlenz, Switzerland) was used to feed PLA, and a high pressure
syringe pump (500D, Teledyne Isco, Lincoln, USA) was used for the liquid feeding of suspensions
with ChNC and solutions without ChNC. A schematic representation of the process with the
parameters and the screw configuration used are shown in Figure 2. The total throughput of the
process was 2 kg/h, the screw speed was set to 300 rpm, and the temperature profile was ranging
from 185 °C to 200 °C. The PLA pellets and suspensions were fed at the main feeding zone with a
specific feeding rate for each particular material according to the final composition, as shown in
Table 1.

Figure 2. Schematic representation of the liquid assisted extrusion process where a high pressure
syringe pump was used to feed the chitin nanocrystals suspensions into the main feeding section
and the photographs of the screw design showing the melt, dispersive and distribute mixing zones.

Two atmospheric venting and vacuum venting along the extruder were used to remove water
and ethanol as well as the trapped air. The extruded materials were cooled down in a water bath
and then pelletized and dried at 55 °C overnight. The pelletized materials were compression
molded using a hot press (LPC 300 Fontijne Grotnes, Vlaardingen, Netherlands) to prepare films of
approximately 200 m thickness for further characterization. The pellets were placed inside metal
plates covered with Mylar® films and compression molded at 190 °C for 210 seconds at contact
pressure and then for 30 seconds at 4 MPa. The films were immediately removed from the metal
plates and air cooled to room temperature ( 2 5 min) to avoid crystallization.
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Table 1. Processing conditions for the liquid assisted extrusion process showing the final material
compositions.

Materials
Feeding rate (kg/h) Composition of

materials (wt%)
PLA Suspension PLA TEC ChNC

PLA 2.00 1.56 1 100
PLA ChNC 1.94 1.56 2 97.0 3
PLA TEC2.5 1.95 1.55 3 97.5 2.5
PLA TEC2.5 ChNC 1.89 1.61 4 94.5 2.5 3
PLA TEC5.0 1.90 1.60 3 95.0 5.0
PLA TEC5.0 ChNC 1.84 1.66 4 92.0 5.0 3
PLA TEC7.5 1.85 1.65 3 92.5 7.5
PLA TEC7.5 ChNC 1.79 1.71 4 89.5 7.5 3

1,2,3,4 Fed into extruder, and 1.50 kg/h of water and ethanol were removed as vapor during extrusion

1 Water and ethanol, 2 Water, ethanol and ChNC, 3 Water, ethanol and TEC and 4 Water, ethanol, TEC and
ChNC.

2.4. Characterization

2.4.1. Molecular Weight

The effect of water, ethanol, TEC plasticizer and ChNC on the molecular weight of PLA was
evaluated via gel permeation chromatography (GPC) using an Ultimate 3000 HPLC system
(Thermo Scientific, Germering, Germany). The columns use are as follows: four
Phenogel GPC columns, from Phenomenex, with a 5 m particle size and 1E5, 1E3, 100 and 50 Å
porosities, respectively. Tetrahydrofuran at a flow rate of 1 mL/min was chosen as the mobile
phase, and mono disperse polystyrene standards were used for the universal calibration.

2.4.2. Melt Flow

The melt flow index of the prepared materials was measured using a melt indexer MI 1Göttfert
(Buchen, Germany). The measurements of the compounds in a pellet form were performed at least
three times at 190 °C with a 2.16 kg load, and the average value in grams per 10 min is reported.

2.4.3. Transparency

Light transmittance of the materials was measured using a Perkin Elmer UV/Vis Spectrometer
Lambda 2S (Überlingen, Germany). The scan was carried out in duplicated from 200 nm to 800 nm
with a scan speed of 240 nm/min.

2.4.4. Dispersion and Morphology

The overview of the dispersion and distribution of ChNC in liquid feeding suspensions as well
as nanocomposites films were studied using a Nikon Eclipse LV100NPOL polarizing optical
microscope (Shanghai, China). In the case of the nanocomposite films, cryogenic fracture surfaces
were also analyzed using a FEI Magellan 400 XHR SEM (Hillsboro, USA). A thin layer ( 10 nm) of
tungsten was sputter coated on the surfaces to avoid charging.

2.4.5. Chemical Characterization

Fourier transform infrared spectroscopy (FTIR) studies were performed to determine the
interaction between the PLA matrix and chitin nanocrystals and the effect of further addition of
TEC. The samples were ground and mixed with KBr to prepare pellets. The spectra were collected
using a Bruker VERTEX 80 with a resolution of 4 cm 1 with 128 scans in the range of 400 4000 cm 1.
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2.4.6. Thermal Properties and Crystallinity

The thermal properties of materials were measured using a differential scanning calorimeter
DSC 821e, Mettler Toledo (Schwerzenbach, Switzerland). Approximately 3 mg of the material was
heated in a semi hermetic pan from 20 °C to 200 °C. The tests were performed with a heating rate
of 10 °C/min under nitrogen atmosphere. The degree of crystallinity (Xc) of the films was calculated
following the equation [28]:

Xc = ( Hm Hcc)/ H°m x (100/w) (1)

where Hm is the enthalpy of melting (pre melt crystallization was subtracted from the
melting enthalpy), Hcc is the enthalpy of cold crystallization, and H°m is the enthalpy of melting
for a 100% crystalline PLA sample, which is assumed to be 93 J/g [29], and w is the weight fraction
of PLA in the sample.

2.4.7. Thermo mechanical Properties

The thermo mechanical properties of prepared materials were determined using a TA
Instruments Q800 DMA (New Jersey, USA) on the 5 × 30 mm specimens. The experiments were
performed in tensile mode from 25 °C to 100 °C with a heating rate of 1 °C/min and a constant
frequency of 1 Hz. The testing was performed in duplicates.

2.4.8. Mechanical Testing

The tensile properties of prepared materials were measured using a Shimadzu AG X universal
tensile testing machine (Kyoto, Japan) with a 1 kN load cell. The 5 × 80 mm specimens were cut
using a rectangular press mold and then conditioned for 24 h at room conditions (25 ± 2 °C and 25 ±
2% of relative humidity). The gauge length was 20 mm, and the crosshead speed was 2 mm/min.
The values for stress and elongation at break were directly obtained from the testing results, and
modulus of each sample and the work of fracture were calculated from the stress strain curves.
Moreover, the properties of extruded PLA without water and ethanol were also measured and
reported to analyze the effect of water and ethanol on the mechanical properties of neat PLA. The
average value of five tests was reported. One way analysis of variance (ANOVA) followed by the
Tukey HSD multiple comparison tests with a 5% significance level was used to analyze the results.

3. Results and Discussion

3.1. Suspensions for Liquid Feeding

Prior to the extrusion, the dispersion of the ChNC in the prepared suspensions was studied
using an optical microscope and compared to the aqueous ChNC suspension (Figure 1a) to see the
effect of ethanol and TEC. Figure 3 shows that ChNC dispersions in water, ethanol and TEC at
different concentrations are similar compared with the aqueous ChNC dispersion shown in Figure
1a.

Figure 3. Optical images of suspensions for liquid feeding showing the dispersion of ChNC in a)
water and ethanol (w:e) and in b), c) and d) water, ethanol and TEC plasticizer at varied
concentrations.
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This confirms that the addition of ethanol and TEC did not significantly affect the dispersion of
ChNC in the suspensions. All ChNC suspensions showed good stability before the extrusion.
However, it is worth noting that the viscosity of suspensions was affected by the addition of
plasticizer. Suspension with the highest TEC content (7.5 wt%) resulted in the highest viscosity. The
possible reason can be the better dispersion of ChNC, which was not evident at the optical
microscope scale, or more interactions between TEC and ChNC.

3.2. Molecular Weight

The influence of water, ethanol, TEC and ChNC as well as of all of them together on the
molecular weight of PLA was studied using GPC, and the average molecular weights (Mw) are
shown in Table 2. When comparingMw of unprocessed PLA (as received) withMw of extruded PLA
with and without water and ethanol, it is observed that the extrusion process affects the molecular
weight of PLA more than the feeding of water and ethanol. This can be attributed to a decrease in
local shear due to the plasticizer effect of water [6].Mw of the extruded PLA with water and ethanol
was similar to that of the unprocessed PLA pellets (Mw 199 kg/mol), showing that water and
ethanol did not degrade PLA even if it is known that PLA is susceptible to hydrolytic degradation.
When PLA was extruded with water, ethanol and TEC, the presence of TEC increased the
molecular mobility of PLA, which may increase the water diffusion rate into the PLA molecules and
thus, enhances the hydrolytic degradation [30], which results in a PLA TEC5.0 material with a
somewhat lower molecular weight (Mw 196 kg/mol) but still less degraded that the extruded PLA.

Table 2.Molecular weight (Mw) and melt flow index.

Materials
Molecular
weight
(kg/mol)

Melt flow
index

(g/10 min)
PLA1 199
PLA2 186
PLA3 199 3.1
PLA ChNC 181 3.5
PLA TEC2.5 3.2
PLA TEC2.5 ChNC 2.7
PLA TEC5.0 196 4.3
PLA TEC5.0 ChNC 193 3.8
PLA TEC7.5 4.9
PLA TEC7.5 ChNC 3.7

1 Unprocessed PLA, as received in pellets, 2 Extruded PLA and 3 Extruded PLA in the presence of water and
ethanol

When comparing the molecular weight in Table 2 of unplasticized composite (PLA ChNC) and
plasticized nanocomposite (PLA TEC5.0 ChNC), the values show that the reduction in molecular
weight of PLA due to the addition of ChNC in a water ethanol suspension (from 199 to 181 kg/mol)
was more than that due to the addition of ChNC in water, ethanol and TEC suspension (from 199 to
193 kg/mol). It is possible that, in general, the presence of additives, such as ChNC, may increase
the thermo mechanical degradation of PLA due to higher shear forces, as has been reported by
others [6,31]. This effect may be smaller in a presence of a plasticizer. It is concluded that in this
study, the polymer degradation due to chitin was hindered by the use of plasticizer and that the
addition of chitin promoted the polymer degradation more than the addition of water and ethanol.
Similarly, Stoclet et al. [6] reported that the processing of PLA/halloysite nanocomposites via
conventional extrusion (dry method) resulted in higher degradation of PLA than the water assisted
extrusion process, where the injection of water decreased the effect of the halloysite on the PLA
molecular weight. In contrast, Rizvi et al. [32] reported hydrolytic degradation of PLA when it was
processed with chitin in water suspension in a micro compounder. However, the difference
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between that study compared with the present one is the long processing time, and the micro
compounder does not effectively remove the water and/or solvents, and the authors did not use a
plasticizer. The processing time in Rizvi´s study was 6 min, while the resident time in this study is
less than 1 min, which may be not enough time to promote the hydrolysis of PLA. It should also be
noted that the extrusion process involving liquids works better as a continuous process than as a
batch process and with extruders with an appropriate degassing system.

3.3. Melt Flow

The measurement of the melt flow index (MFI) of the prepared materials gives indirect
information about the dispersion and interaction between the polymer and nanocrystals since the
flow behavior of polymer nanocomposites is influenced by the interfacial characteristics and the
nanoscale structure [33]. The effect of the addition of varied amounts of TEC on the flow properties
of PLA and PLA ChNC was evaluated and the MFI values are listed in Table 2. The results show
that the plasticized PLA exhibited higher MFI than PLA, as expected. The MFI of PLA was 3.1 g/10
min, and PLA TEC7.5 showed the highest value of 4.9 g/10 min due to the highest amount of the
plasticizer. The addition of TEC increases the polymer free volume and the polymer chains’
mobility and thus, decreases the viscosity and increases the MFI which is a typical effect of the
plasticizer [34].

Opposite to the effect of the plasticizer, the addition of nanocrystals restricts the polymer
chains’ mobility and thus, the MFI of the matrix decreases. It is seen from Table 2 that all
nanocomposites, except for the PLA ChNC, exhibited lower MFI than their respective materials
without ChNC. The addition of ChNC to the PLA TEC7.5 material decreased its MFI from 4.9 to 3.7
g/10 min, showing the largest effect. This result is an indication that the dispersion and interaction
of the nanocrystals in the PLA TEC7.5 ChNC nanocomposite were better than the nanocomposites
with lower TEC contents. On the other hand, the PLA ChNC composite showed a higher MFI than
PLA, which indicates that the interaction of nanocrystals with the matrix was poor. In this case, the
higher MFI can also be due to the lower molecular weight of the PLA ChNC composite.

3.4. Transparency and Visual Appearance

The visual appearance of the extruded PLA with water and ethanol and its nanocomposite
films as well as the optical microscopy images of the film surfaces are shown in Figure 4 (to the
left). It is clear that the unplasticized composite shows visible agglomeration, which is not observed
in plasticized nanocomposites. However, the optical microscopy images also show micro sized
agglomerations for the PLA TEC2.5 ChNC nanocomposites but not for the nanocomposites with 5.0
wt% and 7.5 wt% TEC. The optical transparency of materials was measured because it can give an
indication of the dispersion and distribution of ChNC in PLA. It is known that if the size of particles
is smaller than the wavelength of visible light, the transparency of the matrix is affected less [35]. It
was noticed during the test that the addition of TEC did not affect the PLA transparency, and the
light transmittance spectra were overlapping with that of PLA. Therefore, those UV/Vis spectra are
not displayed in Figure 4 (to the right), but the spectra of the extruded PLA with water and ethanol
and its nanocomposites are shown. It is observed that the light transmittance of PLA decreased
with the addition of chitin nanocrystals. At 550 nm of visible light, the light transmittance of PLA
was 90%, whereas it was only 52%, 44%, 24% and 30% for the PLA TEC7.5 ChNC, PLA TEC5.0
ChNC, PLA TEC2.5 ChNC and PLA ChNC materials, respectively. These results show that the
nanocomposites with the highest TEC content (7.5 wt%) had the best transparency of the
nanocomposites and, thus, expected to have the best dispersion of ChNC which is in accordance
with the MFI results.
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Figure 4. To the left, the photographs of nanocomposite films with their optical microscopy images
(scale bar 100 m), and to the right, UV/Vis spectra of: a) extruded PLA with water and ethanol, b)
PLA ChNC, c) PLA TEC2.5 ChNC, d) PLA TEC5.0 ChNC and e) PLA TEC7.5 ChNC.

3.5. Morphology of Nanocomposites and ChNC Dispersion

Figure 5 displays the cryogenic fracture surface of the unplasticized PLA ChNC composite and
the nanocomposites with a different TEC content. These micrographs clearly show that the
dispersion and distribution of ChNC gradually improved with the plasticizer content as was also
seen in the transparency and MFI studies.

Figure 5. HR SEM images of the cryogenic fracture of: a) PLA ChNC, b) PLA TEC2.5 ChNC, c)
PLA TEC5.0 ChNC, d) PLA TEC7.5 ChNC showing improved dispersion and distribution of ChNC
with an increased TEC content.
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The micrograph at higher magnification for the PLA ChNC composite (Figure 6a) shows poor
dispersion and distribution and large agglomeration ( 10 m) of ChNC, whereas the PLA TEC7.5
ChNC nanocomposite, with the highest TEC content (Figure 6b), exhibits more even, well
dispersed and distributed chitin nanocrystals with few agglomerations which are much smaller
than those in Figure 6a. These results are in agreement with our previous studies, where the
addition of poly(ethylene glycol) (PEG) enhanced the dispersion of cellulose nanocrystals [23] and
with the results reported by Wang et al. [24] and Qu et al. [25] who have reported that acetyl
tributyl citrate (ATBC) and PEG enhanced the dispersion of carbon black and cellulose nanofibers
in PLA, respectively.

Figure 6. HR SEM images at higher magnification of a) PLA ChNC showing poor dispersion and
distribution of ChNC and b) PLA TEC7.5 ChNC showing better dispersed and distributed ChNC as
white dots.

3.6. Chemical Charaterization

The effect of addition of TEC in the interaction between PLA and ChNC was analyzed using
FTIR. Figure 7A shows infrared spectra of extruded PLA with water and ethanol, PLA TEC7.5,
PLA ChNC and PLA TEC7.5 ChNC.

Figure 7. A) FTIR spectra of: (a) extruded PLA with water and ethanol, (b) PLA TEC7.5, (c) PLA
ChNC and (d) PLA TEC7.5 ChNC showing the PLA and chitin characteristic peaks and B) zoomed
view of the FTIR peak of O H stretching showing the shift of the O H peak to a lower wavenumber
when ChNC or ChNC together with TEC were added to PLA.

The characteristic peaks of PLA were observed in all analyzed materials. The peak at 1760 is
attributed to the carbonyl ( C=O) stretching of PLA. The peaks between 2850 3000 cm 1 belong to
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the C H asymmetric and symmetric stretching vibration [36]. The peak of the C O bond stretching
in CH O and in O C=O of PLA appear at 1182 cm 1 and 1081 cm 1, respectively [24]. The peaks at
1621 and 1656 cm 1 and at 1556 cm 1 correspond to the amide I and amide II [37], respectively. The
peaks at 3110 and 3271 cm 1 are ascribed to the N H stretching [38]. The above mentioned data
confirmed the presence of chitin in the composites. From the PLA spectra, a peak at approximately
3510 cm 1 can be seen, which is related to the O H bond stretching deformation. This indicates the
presence of hydroxyl groups in pure PLA [39]. This peak did not change with the addition of TEC.
However, this peak was broader and slightly shifted to a lower wavenumber (3506 cm 1) when
ChNC were added to PLA, and it further broadened and shifted to 3494 cm 1 when ChNC was
added together with TEC, as can be seen in Figure 7B. These results indicate the H bonding
interactions between PLA and ChN. Rosdi and Zakaria [40] also found that the peak at 3505 cm 1

was shifted to a lower wavenumber when chitin was added to the PLA matrix, possibly due to
some interaction between the hydroxyl groups of PLA and the hydroxyl groups of chitin. The
results also indicate that the H bonding interactions between PLA and ChNC were enhanced in the
presence of TEC. It is believed that TEC may help the intermolecular interaction between PLA and
chitin and enhances their interfacial interaction, which is in agreement with the SEM images.
Similar results have been reported by Qu et al. [25], who showed that PEG improved the
intermolecular interaction between PLA, PEG, and cellulose. No new peaks were detected when
TEC or ChNC were added to PLA or when TEC was added to the PLA ChNC nanocomposite.

3.7. Thermal Properties and Crystallinity

DSC thermograms and glass transition (Tg), cold crystallization (Tcc) and melt (Tm)
temperatures of extruded PLA with water and ethanol, plasticized PLA materials and
nanocomposites are shown in Figure 8. All presented Tg, Tcc and Tm for the materials indicate their
semi crystalline nature. The Tg, Tcc and Tm of PLA are 60, 121 and 147 °C, respectively, and these
values decrease subsequently with the 7.5 wt% of TEC content to 47, 113 and 142 °C. These
decreases are expected because of the plasticizing effect [41]. Tg, Tcc and Tm of the plasticized PLA
materials remained almost the same with the addition of ChNC, and only a slight increase of Tg

from 47 to 49 °C was observed for the material with a 7.5 wt% of TEC. This slight improvement of
the glass transition temperature may be due to a better interaction between PLA, TEC and ChNC in
this nanocomposite, which hinders the polymer molecular mobility. Figure 8 shows the degree of
crystallinity (Xc) where the addition of TEC and ChNC did not show any significant effect.

Figure 8. DSC scans of: a) extruded PLA with water and ethanol, b) PLA ChNC, c) PLA TEC2.5, d)
PLA TEC2.5 ChNC, e) PLA TEC5.0, f) PLA TEC5.0 ChNC, g) PLA TEC7.5 and h) PLA TEC7.5
ChNC.
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3.8. Thermal mechanical Properties

Figure 9 shows storage modulus and tan delta ( ) as a function of temperature for PLA
nanocomposites and their counter parts without nanocrystals with different TEC contents as well as
those for the unplasticized materials. In Figure 9a, PLA and PLA ChNC are compared. It is
observed that the addition of ChNC did not affect the storage modulus or tan delta peak position.
Respectively, in Figure 9b, c and d, the plasticized nanocomposites with 2.5, 5.0 and 7.5 wt% TEC
content are compared with their respective counter part without ChNC. Similar to the DSC results,
only the PLA TEC7.5 ChNC nanocomposite showed a slight increase in the tan position. In
addition, a decrease in the intensity of the peak was also observed. A positive shift in tan
commonly indicates restricted molecule movement, and a decreased intensity of tan shows that
lower number of polymer chains participates in the transition, which is expected because of the
well dispersed and distributed nanocrystals in the PLA TEC7.5 ChNC nanocomposite. This better
ChNC dispersion is also reflected in an improved storage modulus. These results indicate that the
nanocomposites with the highest TEC content (7.5 wt%) shows better dispersed and distributed
nanocrystals and, thus, slightly enhanced thermo mechanical properties.

When comparing PLA with the plasticized PLA materials, it is observed that the increased TEC
content in PLA decreases the tan delta peak position towards lower temperature from 62 °C to 53
°C with the addition of 7.5 wt% TEC, which confirms the plasticizer effect of TEC. Moreover, it is
seen that the increased TEC content together with ChNC enhances cold crystallization, and higher
TEC content is more effective that the lower TEC content.

Figure 9. Storage modulus (left Y axis) and tan delta peaks (right Y axis) as a function of
temperature of PLA nanocomposites (dashed lines) and their respective counter part materials
without nanocrystals (continuous lines). a) unplasticized materials, b) plasticized materials with 2.5
wt% TEC, c) plasticized materials with 5.0 wt% TEC and d) plasticized materials with 7.5 wt% TEC.

3.9. Mechanical Properties

The mechanical properties of PLA nanocomposites and their counter part materials without
nanocrystals are reported in Table 3. In addition, the mechanical properties of the extruded PLA
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without water and ethanol are reported, and if comparing these properties with those from the
extruded PLA in the presence of water and ethanol, no significant effect on the mechanical
properties of PLA was noticed.

It is possible to see in Table 3 that the addition of TEC decreased the tensile strength of PLA
and did not increase the elongation at break or work of fracture, as expected. These results indicate
that a higher amount of plasticizer is required to obtain a noticeable effect on the toughness.
Labrecque et al. [4] reported that all citrate esters are effective in improving the elongation at break
at higher concentrations ( 20%) but do not show any significant increase at lower concentration.
However, both DSC and DMA results showed that the plasticizer contents used in this study were
enough to plasticize PLA.

Table 3. Mechanical properties of PLA nanocomposites and their counter part materials without
nanocrystals.

Materials
Young´s
modulus
(GPa)

Tensile
strength
(MPa)

Ultimate
strength
(MPa)

Elongation
at break
(%)

Work of
fracture
(MJ/m3)

PLA1 1.86 ± 0.10 60.6 ± 0.6 52.0 ± 4.8 7.9 ± 0.4 3.5 ± 0.3
PLA2 1.87a ± 0.05 59.2a ± 2.1 55.2a ± 3.3 5.8a ± 0.4 2.3a ± 0.2

PLA ChNC 1.91a ± 0.08 52.7b ± 0.7 50.2a ± 1.7 4.5b ± 0.3 1.6b ± 0.2

PLA TEC2.5 2.04a ± 0.13 54.7a ± 3.9 51.6a ± 3.9 5.6a ± 0.6 2.2a ± 0.3

PLA TEC2.5 ChNC 1.90a ± 0.03 56.6a ± 0.9 55.3a ± 1.3 4.2b ± 0.3 1.4b ± 0.2

PLA TEC5.0 1.80a ± 0.04 49.4a ± 2.5 44.7a ± 2.0 6.5a ± 0.8 2.4a ± 0.3

PLA TEC5.0 ChNC 1.94b ± 0.02 54.4b ± 1.7 52.3b ± 1.8 4.6b ± 0.1 1.6b ± 0.1

PLA TEC7.5 1.83a ± 0.00 43.7a ± 0.6 39.8a ± 3.5 5.6a ± 0.9 1.8a ± 0.4

PLA TEC7.5 ChNC 1.92b ± 0.02 47.5b ± 0.2 45.8b ± 0.1 5.3a ± 0.5 1.9a ± 0.3
1 Extruded PLA, 2 Extruded PLA with water and ethanol

Same superscript letters within the same column and material are not significantly different at 5% significance
level based on ANOVA and the Tukey HSD multiple comparison test.

The nanocomposites with TEC 5 wt% showed higher tensile strength and ultimate strength
than the respective plasticized PLA without ChNC. Moreover, these materials showed slightly
improved Young´s modulus based on the ANOVA test. The elongation at break and work of
fracture were decreased in all cases except for the nanocomposite with 7.5 wt% of TEC. This is due
to less agglomeration and better dispersion of ChNC in the PLA TEC7.5 ChNC nanocomposite.

The decrease observed in the tensile strength of PLA ChNC can be attributed to the hydrolysis
of PLA during the processing [32], which was observed in the GPC results, and because of the
presence of micro agglomerations with poor interface, as observed in the SEM studies. These results
are similar to the results reported by Hishammuddin and Zakaria [36] where the incorporation by
mixing and then casting of commercial chitin into PLA resulted in reduced tensile strength and
elongation. Salaberria et al. [20] also reported a slight decrease of mechanical properties of PLA
when functionalized (acylation) chitin nanocrystals were introduced into PLA via
extrusion/compression. Rizvi et al. [32] found that the stiffness of PLA increased with increasing
chitin content while the strength was found to decrease. However, in this study, it was found that
the addition of ChNC into PLA together with TEC showed enhanced mechanical properties when
5.0 wt% of plasticizer was used. This is explained because the dispersion and distribution of ChNC
and their interaction with the PLA matrix was improved with increasing plasticizer content as it has
been shown in the previous sections of this paper. Similarly, Li et al. [18] reported that PEG worked
as a compatibilizer for chitin nanofibers and PLA when it was used as pretreatment for the
nanofibers before the compounding process.
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4. Conclusions

This study was carried out to determine a plasticizer content that has the minimum plasticizer
effect on PLA but still enhances the dispersion and distribution of ChNC in the PLA matrix and,
thus, obtain a nanocomposite with improved properties. Therefore, PLA composites with 3 wt% of
chitin nanocrystals (ChNC) and triethyl citrate (TEC) with varied contents of 2.5, 5.0 and 7.5 wt%
were produced via liquid assisted extrusion.

The gel permeation chromatography confirmed that the addition of water and ethanol during
the extrusion process did not significantly affect the molecular weight of PLA.

The liquid feeding of ChNC together with TEC plasticizer resulted in PLA TEC ChNC
nanocomposites with improved dispersion and distribution of ChNC. The nanocomposite with the
highest plasticizer content (PLA TEC7.5 ChNC) showed enhanced mechanical, thermal, and
thermo mechanical properties, compared with its counter part without ChNC (PLA TEC7.5). The
improved interaction between PLA and ChNC in the presence of TEC is attributed to hydrogen
bonding, which was supported by the FTIR study.

It will be interesting to study the effect of a higher plasticizer content to determine the synergic
effect of the plasticizer as a dispersing and toughening aid with a minimum impact on the
properties of PLA. The presented facile process of nanocomposites using liquid assisted extrusion
with a plasticizer, which facilities nanomaterial dispersion, can be a step forward for a large scale
production of bionanocomposites.
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