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Abstract

In this work, nanostructured biocomposite fibers and films with cellulose nanofibers 
(CNF), cellulose nanocrystals (CNC) and chitin nanocrystals (ChNC) were prepared 
using solution mixing followed by electrospinning and melt compounding.  The main 
processing challenges for these materials were to find parameters for: 1) fiber 
alignment in electrospinning, 2) feeding the nanomaterials into the extruder and 3) 
dispersion and distribution of the nanomaterials in the polymeric matrix. This thesis 
consists of three publications, which are summarized below. 
 
The first study was about random and aligned cellulose fibers prepared by 
electrospinning. Cellulose acetate (CA) was used as a matrix and a mixture of acetic 
acid and acetone (1:1) was used as a solvent. CNC with different concentrations (0–5 
wt%) were used as reinforcement. Microscopy studies showed fibers with smooth 
surfaces, different morphologies and diameters ranging between 200 and 3300 nm. It 
was found that the fiber diameters decreased with increased CNC contents. The 
microscopy studies also indicated well-aligned fibers. Results from dynamic 
mechanical thermal analysis indicated improved mechanical properties with the 
addition of CNC. The storage modulus of electrospun CA fibers increased from 81 to 
825 MPa for fibers with 1 wt% CNC at room temperature. X-ray analysis showed that 
the electrospun CA fibers had a crystalline nature and that there was no significant 
change in crystallinity with the addition of CNC. 
 
In the second study, polylactic acid (PLA) and its nanocomposite based on 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 feeding. The optical, thermal and mechanical properties were 
characterized and the toughening mechanism was studied. The addition of GTA (20 
wt%) and CNF (1 wt%) resulted in increased degree of crystallinity and thus 
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. A combination of nanofiber-matrix interfacial slippage and a 
massive crazing effect is suggested for PLA toughening. CNF were expected to 
restrict the spherulite growth and therefore enhance the craze nucleation.  
 
In the third study, triacetate citrate plasticized polylactic acid and its nanocomposites 
based on cellulose nanocrystals (CNC) and chitin nanocrystals (ChNC) were prepared 
using a co-rotating 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 
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materials, increased transparency and elongation to break, (approx. 300%) when 
compared with slow cooling. Chitin nanocomposites were more transparent than 
cellulose nanocomposites; however, microscopy studies 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 suitable for use in film blowing and thus packaging applications.  
 
Summing up, this thesis shows that solution mixing followed by electrospinning can 
be used to produce reinforced green nanocomposite fibers with random or aligned 
orientation with, probably, potential to be used in membranes, filters or even in 
medical applications. It also shows that PLA-CNF nanocomposites can be prepared 
using extrusion and liquid feeding and that a small amount of CNF changed the 
fracture mechanism, resulting in increased toughness. In addition, the cooling rate of 
the plasticized PLA and its nanocomposite films is found to significantly impact the 
film properties. 
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1. Introduction

During the last 15 years, nanostructured biocomposites have attracted the attention of 
researchers and, more recently, of industry.1 This is due to the fact that they are 
environmentally friendly and due to the larger effect that the reinforcements in nano-
size have on the mechanical, thermal and other properties of the matrix at low 
contents in comparison with their micro-sized counterparts.2,3 Therefore, many 
properties of the biopolymers can be improved with the addition of additives in nano-
size in order to widen their application fields.4,5  

 
Cellulose and chitin have been used as nanoreinforcements in the green 
nanocomposites field because they have good mechanical properties, are abundant in 
nature, biodegradable, renewable and can also be obtained from waste. In addition, 
chitin has antibacterial properties, which can further broaden its applications. 
Commonly, two types of reinforcements can be produced from cellulose and chitin: 
nanofibers and nanocrystals (also called whiskers).6,7 
 
Polymer nanocomposites have often been prepared by solution casting, in-situ 
polymerization, melt compounding2 and impregnation.6 However, during recent years, 
techniques such as electrospinning, phase separation and self-assembly have been 
used as complementary techniques to prepare nanocomposites.8 The main challenge 
of preparing nanostructured biocomposites is to get the nanomaterial well dispersed 
and distributed in the polymeric matrix.9   
 
This work focuses on the preparation of bio-based nanocomposites with well-
dispersed nanomaterials and improved mechanical properties. The work has been 
divided in two parts: 1) solvent mixture followed by electrospinning of reinforced 
cellulose fibers and 2) melt-extrusion of polylactic acid nanocomposites based on 
polysaccharide nanomaterials and plasticizers. 

1.1. Nanostructured biocomposites 

An extensive interest has arisen in the development of nanostructured biocomposites, 
where nano-sized additives, between 1–100 nm, are added to a biopolymer to 
reinforce and provide novel characteristics. These materials are of even greater 
interest when both the reinforcement and the matrix are bio-based. 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. Moreover, properties such as flame retardancy, 
heat distortion and optical properties could also be improved.2,3,10,11 
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1.1.1. Biopolymers as matrix 

During recent years there has been a growing interest in the development of 
environmentally friendly materials and in the use of biopolymers. Polymers from 
renewable resources can be classified into three groups5:  
 

Natural polymers such as starch, protein, chitin and cellulose. 
 

Synthetic polymers from bio-derived monomers such as polylactic acid.  
 

Polymers from microbial fermentation such as polyhydroxybutyrate and 
polyhydroxyvalerate. 

 
Polymers such as starch, cellulose or polylactic acid; in addition to being renewable, 
are also biodegradable materials, since they are subject to microbiological 
degradation,4 a characteristic that makes this type of polymers even more interesting. 
However, some of these biopolymers have some drawbacks, such as brittleness, low 
heat resistance, low tensile strength, high gas permeability and moisture sensitivity. 
Therefore, the use of blends or additives in micro- and nano-sizes becomes necessary 
in order to improve some of these properties and thus, to extend their application 
areas.2,4,5 
 
In this work, two biopolymers were used as matrices for the preparation of 
bionanocomposites: 
 

Cellulose acetate (CA) is produced through esterification of cellulose. Cellulose 
esters are extruded in the presence of different plasticizers and additives to 
produce various grades of commercial cellulose plastics in pelletized form.12 
Cellulose acetate has poor heat, electrical and chemical resistance. CA has 
excellent optical clarity and has been widely used in diverse applications such as 
clothing, adhesives, filters, packaging, optical applications, membranes and 
coatings.13 

 
Polylactic acid (PLA) is one of the commercial biodegradable polymers that has a 
modulus and tensile strength comparable to some petroleum-based polymers and 
can be derived from biomass. However, PLA is also brittle, has poor thermal 
properties, low melt strength, moderate gas barrier properties and low 
crystallization rate in comparison with other plastics used in the packaging 
industry.14,15 

1.1.2. Cellulose and chitin nanomaterials as reinforcement  

Cellulose and chitin are the most abundant polysaccharides on Earth. Both present a 
hierarchical structure and have a semicrystalline nature. Cellulose is present in all 
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plants as the principal structural component of cell walls and chitin exists as a 
structural component in the exoskeleton of arthropods or in the cell walls of fungi and 
yeast. On a chemical level, cellulose is composed of linear polymer chains of several 
hundreds to thousands -(1 4)-D-glucose units, while chitin is composed of  -(1-
4)-N-acetyl-D-glucosamine) units. Therefore, the molecular structure of chitin is 
similar to that of cellulose, except that an acetamido group replaces a hydroxyl group 

(see Figure 1).16,17 
 

 
Figure 1. Structural formula of cellulose or chitin. For cellulose, R is hydroxyl group (-OH), 
while for chitin, R is an acetamido group (-NHCOCH3) (Reproduced from Ref. 17) 

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.18 In the case of chitin, the main commercial sources up to the present have 
been crab and shrimp shells.19  

 
The hierarchical structure of wood is shown in Figure 2. The walls of the wood cells 
consist of cellulose microfibrils, which are embedded in an amorphous matrix of 
hemicellulose, lignin and/or pectin. Microfibrils have a diameter of about 10-30 nm 
and they are composed of both amorphous and crystalline domains.20 The isolated 
crystalline regions of these cellulose nanofibers with a rod-like shape are known as 
nanocrystals or whiskers and they have a theoretical modulus of around 138 GPa.6 
Their diameter varies between 3-20 nm and their length ranges from some 
nanometers up to several μm depending in the source.21  
 

 
Figure 2. Hierarchical structure of wood: from macro- to nanoscale (Reproduced from Ref. 
21). 

The hierarchical structure of the exoskeleton material is shown in Figure 3. The 
exoskeleton material is formed by a network of chitin and protein layers, which 
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consists of long fibers of chitin and protein with diameters ranging from 50 to 300 nm. 
The fibers of chitin and protein are composed of clusters of nanofibers of about 2–5 
nm in diameter and about 300 nm in length. Nanofibers are formed by crystalline 
units surrounded by proteins, being the crystalline units arrangements of chitin 
molecules.22 Chitin nanocrystals or whiskers are obtained by isolating the crystalline 
part of the nanofibers.  
 

 
Figure 3. Hierarchy of the main structural levels and microstructure elements of the 
exoskeleton material. (Reproduced from Ref. 22). 

The abundance of these polysaccharides, the fact that they are renewable and 
biodegradable and their good mechanical properties make them suitable for use as 
reinforcing phase, either as nanofibers or nanocrystals, in the processing of bio-based 
nanocomposites.3,6,7,18 However, there are some limitations when using these 
materials as reinforcing phase. Cellulose and chitin have a hydrophilic characteristic 
that results in weak interactions and in non-uniform dispersion when hydrophobic 
matrices are used.3 Moreover, the presence of hydroxyl groups at the surface of these 
materials favors their agglomeration when dry, making their dispersion into the 
polymeric matrix difficult.9  

1.2. Processing

1.2.1. Isolation of polysaccharide nanomaterials 

Cellulose fibers are isolated from the raw material by mechanical or chemical 
processes11 whereas chitin is extracted from the raw material by acid treatment 
followed by alkaline extraction to solubilize proteins.19 If required, the obtained 
purified material can be bleached to obtain a whiter product with fewer 
impurities.11,19 
 
The purified materials are used to obtain cellulose and chitin nanofibers using 
commonly mechanical processes such as high-pressure homogenization or ultrafine 
grinding. In the former process, the purified material in aqueous suspension is passed 
through a valve at high pressure and exposed to a pressure drop when leaving the 
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valve, resulting in high shear force. In the grinding process the structure of the 
purified fibers is broken down due to the shearing forces generated between a static 
and a rotating grind stone separated by an adjustable gap.6,23 
 
Cellulose and chitin nanocrystals are mainly produced by acid hydrolysis. In the case 
of CNC, either sulfuric acid (H2SO4) or hydrochloric acid (HCl) are used6, whereas 
ChNC are commonly isolated with HCl.24 Neutralization and concentration, either by 
centrifugation and/or dialysis processes, are performed after the hydrolysis.6 

1.2.2. Processing of nanocomposites and other techniques 

Commonly, polymer nanocomposites can be prepared using techniques such as 
solution casting, in-situ polymerization, melt compounding2 or resin impregnation.6 
One of the main challenges of nanocomposite processing is to obtain materials with 
well-dispersed and distributed nanomaterials inside the matrix. 
 
The present work has focused on the preparation of nanostructured biocomposite-
based fibers and films using different approaches. The first one was to prepare a 
polymer solution containing the reinforcement (applying the solvent casting approach) 
and then to use it to prepare fibers by electrospinning. The second approach was to 
use a melt compounding technique using liquid feeding of the nanoreinforcement.  
 
Solvent casting and melt compounding as techniques to prepare nanocomposites and 
electrospinning as a technique to prepare fibers are briefly described below.  
  

Solvent casting  

This technique involves the dispersion of the reinforcement in a solvent in which the 
polymer matrix has to be dissolved. After the dispersion of the nanoreinforcement, 
the polymer is added, and then the solvent is removed by vaporization or by 
precipitation. The major advantage of this method is that nanocomposites based on 
polymers that are not water soluble can be also produced. However, in that case, if 
polysaccharides are used as nanoreinforcement, the water of the nanomaterial 
suspension needs to be removed without drying or agglomerating the nanomaterials. 
Solvent casting is also an easy technique to produce test samples because no specific 
equipment is needed.6 However, applying the solvent approach in industry is difficult 
due to the abundant use of organic solvents that are environmentally unfriendly. 

Melt compounding 

Compounding is a mixing process by which a formulation of polymers and other 
ingredients (functional additives or reinforcements, fillers, colorants, etc.) are 
transformed into an integrated material with targeted properties.25 A common process 
for melt compounding is extrusion where a solid polymer is melted and mixed with 
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the second phase and the resultant material is pumped to a die with a desired shape. 
Finally, the molded polymer is cooled to get a solid product.26 
 
Twin-screw extruders are the continuous mixing devices commonly used for melt 
extrusion and depending on the direction of rotation of the screws are divided in 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 opposite directions.27 The latter type of extruders present a more flexible screw 
design and different processing zones, resulting in a better mixing process.9  

 
The melt compounding process should be accomplished by dispersive and 
distributive mixing to obtain a homogenous mixture. Dispersive mixing breaks up 
agglomerated particles, whereas distributive mixing spreads the dispersed particles 
uniformly throughout the mixture.25,26 The most important goal during melt 
compounding is to achieve both mechanisms simultaneously without causing 
degradation of the polymer or the nanomaterials during the process.8,9 
 
Melt extrusion is one of the most interesting techniques for the preparation of 
nanocomposites in industrial scale since it is easy to scale up and the final product 
can be easily shaped by injection or compression molding.9 However, there are some 
challenges to overcome when using nano-sized polysaccharides in extrusion the 
process. The main challenges are the difficult feeding of the material into the extruder 
and the tendency of nanomaterials to agglomerate when dry, due to the formation of 
hydrogen bonds.7,9,18 One possibility for overcoming these problems is to use liquid 
feeding during compounding. Liquid feeding involves dispersing the nanomaterials 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 processing.9 

Electrospinning  

Electrospinning is a process based on the action of electrostatic forces over a polymer 
solution jet, generating its deformation to submicron-scale diameters and on the final 
solidification of the jet over a grounded collector.28-31 
  
The electrospinning process has three basic components: a high-voltage power supply, 
a spinneret or capillary tube and a metal collector. Depending on the desired fiber 
pattern, the collector can be a metallic screen, a disk with mechanical rotation, a thin 
wheel with a sharp edge, a frame, or parallel collectors with a gap.28-31 
 
The polymer solution is loaded into the syringe (one electrode) and then pumped out. 
A drop of solution is formed at the end of the spinneret and when the intensity of the 
electric field is increased, the drop is distorted to a conical form, known as the Taylor 
cone. A jet liquid is ejected from the Taylor cone when the electrostatic forces 
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overcome the surface tension of the solution at specific voltage value. The electrified 
jet undergoes a continued elongation process, leading to the formation of a very long 
and thin jet that travels towards the collector (second electrode). The solvent 
evaporates during the trajectory before reaching the collector and the jet finally 
solidifies, forming fibers.28-31 
 
The characteristics of the electrospun nanofibers depend on the collector geometry 
and other parameters such as the properties of the electrospinning solution (polymer 
molecular weight, viscosity, conductivity, surface tension, dielectric effect of solvent, 
polymer concentration), processing conditions (voltage, solution feed rate, collection 
time, nozzle orifice diameter, the distance from nozzle to collector) and ambient 
conditions (temperature, relative humidity, type of atmosphere, pressure).28-31 
 
Electrospun nanofibers have attracted the attention of the scientific community due to 
interesting characteristics such as small diameters and a high surface area per unit 
volume. Moreover, the diversity of materials suitable to be transformed by 
electrospinning make electrospun nanofibers attractive for a number of applications 
such as filtration, tissue scaffolds, wound dressing, drug delivery, protective clothing 
and sensores.28-31 

2. Objective

The objective of this work was to prepare nanostructured biocomposites based on 
polysaccharide nanomaterials using two different approaches. Therefore, this work is 
divided in two parts: 
 
1) Preparation of reinforced cellulose fibers using solution mixing followed by 

electrospinning: The parameters to prepare random and aligned reinforced 
cellulose fibers by electrospinning have been established and the effect of the 
cellulose nanocrystals on the mechanical properties has been studied.  
 

2) Preparation of polylactic acid nanocomposites based on polysaccharide 
nanomaterials and plasticizers using melt-extrusion and liquid feeding of the 
nanomaterials: It was of interest to see if liquid feeding works as well with 
cellulose nanofibers and chitin nanocrystals as with cellulose nanocrystals. The 
effect of the addition of polysaccharide nanomaterials together with plasticizer 
on the optical, thermal, mechanical properties (including toughness), and on the 
fractured surfaces of the polylactic acid matrix was also studied.  
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3. Experimental work 

3.1. Materials 

Matrix polymers 

Cellulose acetate (CA, acetyl content of 39.7 wt%, Mw= 50,000) was used as 
matrix for the electrospinning of cellulose fibers and was purchased from Sigma-
Aldrich Chemistry, USA.  
 
High molecular weight polylactic acid (PLA) in pellet form supplied by 
FUTERRO (Escanaffles, Belgium) was used as matrix for the extruded 
nanocomposites. 

 
Reinforcements 

Cellulose nanocrystals were obtained from microcrystalline cellulose (MCC) by 
sulfuric acid hydrolysis following the procedure reported by Bondeson et al.21 

These nanocrystals were used as reinforcing additive for the CA.  
 

Bleached banana waste pulp, prepared at Pontifical Bolivarian University, 
Medellin, Colombia, was used as starting material for the isolation of cellulose 
nanofibers. CNF were used as reinforcement for glycerol triacetate plasticized 
PLA. 

 
Cellulose nanocrystals (2013-FPL-CNC-049) in aqueous suspension (gel) with 
10.3 wt% of cellulose content were prepared by sulfuric acid hydrolysis and kindly 
supplied by Forest Products Laboratory FPL, Madison, USA. 
Purified chitin powder from crustacean waste, prepared at the Pontifical Catholic 
University of Chile (PUC), was used as starting material for the chitin 
nanocrystals. ChNC in aqueous suspension with 10.3 wt% of chitin content were 
prepared by hydrochloric acid following the process reported by Salaberria et al.23 
CNC and ChNC were used as reinforcements for triethyl citrate plasticized PLA. 

 
Chemicals and solvents 

Glycerol triacetate (GTA, 99%, Mw: 218 g/mol) and triethyl citrate (TEC, 99%, 
Mw: 276.3 g/mol) in liquid form were used as plasticizer, processing agent and as 
a medium to feed the nanomaterials into the extruder. GTA was purchased from 
Sigma-Aldrich (Stockholm, Sweden) and TEC was purchased from WVR 
(Stockholm, Sweden). 
 
Acetic acid and acetone with a reagent grade were obtained from Merk KGaA 
(Germany) and employed as solvents for the CA. Technical acetone was used as a 
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solvent for the GTA and was purchased from WVR (Stockholm, Sweden), while 
ethanol (99.5%) was used as a solvent for the TEC and was purchased from 
Solveco (Stockholm, Sweden).  

3.2. Methods 

3.2.1. Mechanical isolation of cellulose nanofibers  

Cellulose nanofibers were isolated from banana waste pulp using mechanical 
fibrillation. The bleached pulp was dispersed in distilled water using a high shear 
mixer (L4RT, Silverson, England). The obtained fiber suspension with 2 wt% of 
cellulose content was ground at 1000 rpm using a super mass colloider, Masuko 
MKZA10–20J, Japan.  

3.2.2. Solution mixing followed by electrospinning

The solvent mixing approach followed by electrospinning was used in this work to 
prepare reinforced cellulose fibers. Polymer solutions containing cellulose 
nanocrystals were prepared to be electrospun and the evaporation of the solvent was 
carried out during the electrospinning process. 

Preparation of electrospinning solutions 

The aqueous suspension of nanocrystals was freeze-dried to remove the water. 
Solutions of CA/CNC with different nanocrystal contents (0-5 wt%) were prepared 
using an acetic acid:acetone mixture as solvent. An appropriate amount of CNC for 
each composition was dispersed in the solvent by sonication (UP200S Hielscher, 
Germany) for 2 min in an ice bath. CA was then dissolved in the CNC solution by 
magnetic stirring overnight at room temperature. This procedure is illustrated in 
Figure 4.  

Electrospinning  

The prepared CA/CNC solutions were loaded in a syringe and placed in a pump to be 
electrospun horizontally on the collectors at room conditions. The flow rate and the 
distance between the nozzle tip and the collector were kept constant for all the 
experiments, while the voltage varied for each collector. The electrospinning setup 
can be seen in Figure 4.  
 
The electrospinning setup consisted of: a high-voltage supply (Electrospinz-ES1a), a 
plastic nozzle, a syringe pump (Alladin-1000) and two collectors. The plastic nozzle 
was connected to the positive electrode, while the collector was connected to the 
negative electrode of the power supply. A metal plate and two metal sheets separated 
by an insulating gap were used as collectors to obtain random and aligned fibers, 
respectively. 
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Figure 4: Schematic representation of the CA/CNC solution preparation (top) and 
photograph of the electrospinning setup (bottom). 

3.2.3. Melt compounding 

PLA nanocomposites based on glycerol triacetate and triethyl citrate and cellulose 
nanofibers, cellulose nanocrystals and chitin nanocrystals were prepared using 
extrusion with liquid feeding. 

Preparation of pumping suspensions 

The amount of liquid phase in the pumping suspensions is a critical parameter for the 
extrusion process with liquid feeding. Therefore, the aqueous CNF suspension of 2 wt% 
was concentrated to maximum cellulose content of 9.5 wt% by centrifugation. In the 
cases of the cellulose and chitin nanocrystals, the aqueous nanocrystal suspensions 
were used at a concentration of 10.3 wt%, as supplied.   
 
The polysaccharide nanomaterials in aqueous suspensions were first dispersed in a 
specific amount of solvent in order to dissolve the plasticizer and to make the 
suspension suitable for pumping. It is noteworthy that the ratio water:solvent  used  
for the pumping suspension of the cellulose nanofibers  was 1:5,  whereas for the 
nanocrystal suspensions it was 1:1. This important difference is due to the tendency 
of the nanofibers to form more viscous suspensions than the nanocrystals.  
 
When the nanomaterials were dispersed in the solvent, a specific amount of 
plasticizer was added according to a target composition for the final nanocomposites 
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of 79 wt% PLA, 20 wt% plasticizer and 1 wt% nanoreinforcement. The suspensions 
were magnetically stirred and sonicated prior to extrusion. Figure 5 shows a 
schematic representation of the steps for the preparation of the pumping suspensions.  

Extrusion 

The prepared pumping suspensions were fed to the extruder during the process to 
prepare the plasticized PLA nanocomposites. Pure plasticizer and plasticizer 
dissolved in the water:solvent mixture were used to prepare the control samples; 
glycerol triacetate plasticized PLAs and triethyl citrate plasticized PLA. 
 
A co-rotating twin-screw extruder (ZSK-18 MEGALab, Coperion W&P, Stuttgart, 
Germany) with a gravimetric feeder (K-tron, Niederlenz, Switzerland) for the 
polymer and a peristaltic pump (PD 5001 Heidolph, Schwabach, Germany) for the 
liquid feeding of nanomaterials and plasticizers were used. The extrusion was carried 
out with a screw speed of 300 rpm and temperature profile ranging from 170 to 
200 °C. Two atmospheric vents and one vacuum vent at the end of the extruder were 
used to remove the water, solvent vapors and evacuate the entrapped air. Figure 5 
illustrates the extrusion process with liquid feeding.  
 

 
Figure 5: Schematic representation of the pumping suspension preparation (top) and the 
extrusion process with liquid feeding (bottom). 

The extrudate materials were compression molded to films at 190 °C using a pressure 
of 2.5-4 MP for 4 min. An LPC-300 Fontijne Grotnes press (Vlaardingen, 
Netherlands) was used.  
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3.3. Properties and characterization methods

3.3.1. Flow birefringence 

To corroborate the dispersion of the nanocrystals in the different cellulose acetate 
solutions, flow birefringence was used. The formation of birefringent domains in the 
dispersion is an indication that the nanocrystals are well dispersed. A setup 
containing a lamp and two cross-polarized filters was used. The solution, with 
constant stirring, was placed between the filters and flow birefringence was observed 
when the CNC were aligned in the direction of the flow.  

3.3.2. Viscosity

Viscosity is a key parameter that affects the electrospinning process and thus the 
resultant fiber morphology; therefore, the viscosity of the CA solutions was 
determined. The viscosity of 1 wt% CA solutions was measured with a glass capillary 
viscometer (Ostwald viscometer Type No.509 03). The time taken for the solutions 
and for water to flow between two marks in the viscometer was measured at room 
conditions. Equation 1 was used to calculate the solution dynamic viscosity ( s). 
 
   s = w ((ts s)/(tw w))                   (1)                                                                           
 

Where w is the dynamic viscosity (Pa s) of the water, s and w are the densities of 
the polymer solution and water, respectively, and ts and tw is the flow time in seconds 
of the polymer solution and water, respectively.  

3.3.3. Microscopy  

Different microscopic techniques were used for the study of: 1) nanomaterials 
dispersion in the suspensions, b) dimensions and morphology of the raw materials, c) 
orientation, morphology and size of the electrospun fibers, d) nanomaterials 
dispersion into the prepared films and e) fractured surfaces of the prepared films.  
 
The nanomaterial dispersion in the initial aqueous suspensions as well as in the 
prepared pumping suspensions was analyzed under an optical microscope. A drop of 
the suspension was placed between two glass slides and was analyzed using either an 
optical microscope Leizt Dialux 20 (Wetzlar, Germany) or an optical microscope 
ECLIPSE MA200 Nikon (Tokyo, Japan). An optical microscope was also used to 
study the alignment of the electrospun cellulose fibers as well as the dispersion of the 
nanocrystals in the prepared PLA films.  
 
The morphology of the raw materials and of the electrospun fibers as well as their 
dimensions were analyzed using scanning atomic force microscopy (AFM) and scan 
electron microscopy (SEM). A drop of the aqueous suspension was dried on a glass 
slide prior to the AFM study and the tests were performed in air using the tapping 
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mode. The diameters of the cellulose nanofibers, cellulose nanocrystals, chitin 
nanocrystals and electrospun fibers were measured from the AFM height images 
using the Nanoscope V software. In the case of SEM, all the samples were coated 
with gold to avoid charging prior to observation. SEM was also used to analyze the 
fracture surfaces of the glycerol triacetate plasticized PLA and its nanocomposites. 
Finally, the dispersion of the nanocrystals into the matrix in the triethyl citrate 
plasticized PLA was analyzed using a high-resolution scanning electron microscope 
Merlin (Zeiss, Germany). For this study, cryogenic fractured surfaces were prepared.   

3.3.4. Thermal and crystalline properties  

The crystallinity of the nanocrystals and of the prepared materials was evaluated by 
X-ray diffraction using a PANalytical Empyrean diffractometer (Almelo, The 
Netherlands) and a Philips diffractometer (Almelo, The Netherlands) with a Cu-K  

radiation source. The tests were performed from 5 to 40° and the equipment was 
operated at 40 kV and 45 mA.  
 
The thermal stability of the cellulose and chitin nanocrystals was analyzed using a 
thermogravimetric analysis TGA-Q500, TA Instruments (New Castle, USA) prior 
extrusion. Films from the aqueous nanocrystals suspensions at 10.3 wt% were 
prepare for the tests. The experiments were performed in ramp mode from 30 to 550 
°C at 5 °C/min in air atmosphere. 
 
The thermal properties and the degree of crystallinity of the plasticized PLAs and 
their nanocomposites were studied using a differential scanning calorimeter Mettler 
Toledo DSC822e (Schwerzenbach, Switzerland). The cold crystallization and melting 
temperatures as well as their respective enthalpies were determined from the heat 
scans. The melt crystallization temperatures and the enthalpies were defined from the 
cooling scan. All DSC scans were performed on 5 mg of material placed in a 
hermetic aluminium pan and were run under N2 atmosphere from 30 to 200 °C at a 
heating rate of 10 °C/min. Cooling scans were performed at rates of 2 and 20 °C/min. 

3.3.5. Optical properties 

UV/Vis spectroscopy was used to measure the light transmittance of the plasticized 
PLAs and their nanocomposites. If the reinforcement is not in nano-scale size or 
agglomerations are present, the light scattering increases and the percentage of light 
transmittance decreases.9 Therefore, the transparency of the nanocomposites can give 
an indication about the dispersion of the nanocrystals in the matrix. The light 
transmittance of the plasticized PLA films and their nanocomposites was measured 
using a UV/Vis Spectrometer Perkin Elmer Lambda 2S (Überlingen, Germany). The 
scan was carried out from 200 to 800 nm with a scan speed of 240 nm/min. 
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3.3.6. Mechanical properties

The dynamic mechanical properties of the random fibers were determined using a 
dynamic mechanical thermal analyzer (DMTA QA 800) from TA Instruments (New 
Castle, USA). The experiments were conducted in tensile mode with a heating rate of 
3 ºC/min using a frequency of 1 Hz and a temperature range between 30-200 ºC in 
air.  
 
The mechanical properties of the plasticized PLA films and their nanocomposites 
were measured using a universal tensile testing machine Shimadzu AG-X (Kyoto, 
Japan). 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. 

4. Summary of appended papers 

Paper I: Randomly oriented and aligned cellulose fibres reinforced with 
cellulose nanowhiskers and prepared by electrospinning. 

The aim in this first study was to prepare random and aligned electrospun fibers using 
CA as matrix and CNC at different concentrations (0–5 wt%) as reinforcing phase. A 
mixture of acetic acid and acetone in a ratio 1:1 was used as solvent. Results from 
microscopy studies showed that fibers with smooth surfaces, diameters ranging from 
200 to 3300 nm and different morphologies were obtained. It was also evident that 
the fibers were well aligned. It was also found that the increase in CNC contents 
resulted in fibers with smaller diameters. Dynamic mechanical thermal analysis 
showed that cellulose nanocrystals improved the mechanical properties of the 
cellulose acetate. The storage modulus of electrospun CA fibers increased from 81 to 
825 MPa for fibers with 1 wt% CNW at room temperature. X-ray analysis showed 
that the electrospun CA fibers had a crystalline nature and that there was no 
significant change in crystallinity with the addition of cellulose nanocrystals. 
 
Paper II: Plasticized polylactic acid/cellulose nanocomposites prepared using 
melt-extrusion and liquid feeding: Mechanical, thermal and optical properties.  
 
The aim in the second study was to prepare PLA nanocomposites based on cellulose 
nanofibers and plasticizer, with improved toughness from pure PLA, using liquid 
feeding of nanofibers and plasticizer during the extrusion process.  It was of interest 
to see if liquid feeding works as well with cellulose nanofiber suspensions as with 
cellulose nanocrystals. Glycerol triacetate plasticized polylactic acid and its 
nanocomposite based on cellulose nanofibers were prepared using a co-rotating twin-
screw extruder. Use of glycerol triacetate was threefold: as a plasticizer, a processing 
aid to facilitate nanofiber dispersion and as a liquid medium of the fibers. The 
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addition of plasticizer resulted in increased degree of crystallinity and thus decreased 
optical transparency. Furthermore, the addition of cellulose nanofibers and plasticizer 
showed a positive effect on the elongation to break and toughness, which increased 
from 2 for pure PLA to 31% for the plasticized PLA nanocomposite and from 1 to 8 
MJ/m3, respectively. A combination of nanofiber-matrix interfacial slippage and a 
massive crazing effect is suggested for PLA toughening. CNF were expected to 
restrict the spherulite growth and therefore enhance the craze nucleation.  

Paper III: Plasticized polylactic acid nanocomposite films with cellulose and 
chitin nanocrystals prepared using extrusion and compression molding with two 
cooling rates: effects on mechanical, thermal and optical properties. 
 

The aim in third study was to prepare triethyl citrate plasticized polylactic acid and its 
nanocomposites based on cellulose and chitin nanocrystals using extrusion with 
liquid feeding. In addition, it was of interest to study the effect on the properties of 
the materials when they were compression molded at two different cooling rates. The 
cooling rates and the addition of nanocrystals modified the crystallinity as well as the 
optical, thermal and mechanical properties of the films. Faster cooling resulted in 
more amorphous and more transparent materials compared with slower cooling and 
also resulted in PLA nanocomposites with elongation at break with values around 
300%. Chitin materials were more transparent than cellulose materials; however, 
agglomerations of nanocrystals were seen in both materials with the optical 
microscopy and SEM studies. The yield strength and the Young´s modulus of the fast 
cooled plasticized 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. These increases in mechanical properties with a small amount of 
nanocrystals results in PLA composites suitable for use in film blowing and thus 
packaging applications.  

5. Conclusions

This work has been carried out using two different approaches to prepare 
nanocomposites: 1) solution mixing followed by electrospinning (Paper I) and 2) 
melt-extrusion (Papers II and III).  
 
The first study has shown the potential of electrospinning to develop reinforced 
“green” fibers which can have many interesting uses; e.g., in membranes, filters, 
sensors and medical applications.  It was also determined that nanocomposite fibers 
can be prepared with random or aligned orientation.  
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The second and the third studies have shown that plasticized PLA nanocomposites 
with higher toughness than pure PLA can be produced using extrusion with liquid 
feeding of nanomaterials and plasticizer. It was also noted that small amounts of CNF 
changed the fracture mechanism of the plasticized PLA, resulting in increased 
toughness. In addition, it was concluded that both fast cooling and the addition of 
small amounts of nanocrystals resulted in PLA nanocomposites with high elongation 
at break, which is very important for film blowing and it could make this a potential 
material to be used in packaging applications.  

6. Future work  

It was found in the last two studies that the extrusion process when liquid feeding is 
used becomes very sensitive to parameters such as water:solvent ratio, pumping rate, 
type of solvent, percentage of liquid phase. Future studies will focus on further 
optimizing of the parameters that affect the process, as well as the dispersion of the 
nanomaterials in the matrix. It is also proposed that liquid feeding of modified 
nanocrystals be performed and that the effect on the dispersion into the matrix be 
studied.  
It will be also of interest to study the crystallization behavior of plasticized polylactic 
acid nanocomposites. Finally, some further research to explore the use of PLA 
nanocomposites in film blowing processing will be carried out as well as to study the 
potential use in real-life packaging applications.   
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Randomly oriented and aligned cellulose
fibres reinforced with cellulose nanowhiskers,
prepared by electrospinning

N. V. Herrera, A. P. Mathew, L. Y. Wang and K. Oksman*

The goal of this work was to prepare random and aligned cellulose fibres by electrospinning.

Cellulose acetate (CA) was used as a matrix and a mixture of acetic acid and acetone (1 : 1) was

used as an solvent. Cellulose nanowhiskers (CNWs) with different concentrations (0–5 wt-%) were

used as reinforcement. Microscopy studies showed fibres with smooth surfaces, different

morphologies and diameters ranging between 200 and 3300 nm. It was found that the fibre

diameters decreased with increased CNW contents. The microscopy studies also indicated well

aligned fibres. Results from dynamic mechanical thermal analysis indicated improved mechanical

properties with the addition of CNWs. The storage modulus of electrospun CA fibres increased

from 81 to 825 MPa for fibres with 1 wt-% CNW at room temperature. X-ray analysis showed that

the electrospun CA fibres had a crystalline nature and that there was no significant change in

crystallinity with the addition of CNWs.

Keywords: Electrospinning, Cellulose nanowhiskers, Cellulose acetate, Alignment, Microscopy, Mechanical properties

This paper is part of a special issue on manufacturing and design of composites

Introduction
Electrospinning is a process which has been recognised
as one of the most efficient techniques for the produc-
tion of long and continuous polymer nanofibres. This
process was patented by Formhals in 1934.1 In addition,
electrospinning seems to be the only process with
potential for industrial scale production of nanofibres
from a variety of polymers.2

Electrospinning is a process by which a high voltage is
used to create an electrically charged jet of polymer
solution or melt, which dries or solidifies to leave a
submicron diameter polymer fibre, over a grounded
collector which generates an electrical field.3,4 The
geometry of the collector significantly influences the
morphological and the physical characteristics of the
spun fibres. Usually, the collector is a metallic screen
where non-woven mats are obtained; however, different
types of collectors such as a disc with mechanical
rotation, a thin wheel with sharp edge, a frame collector
or two parallel sheets with a gap can be used to obtain
fibres with a particular arrangement, such as aligned
fibres.2 Moreover, the properties of the electrospinning
solution (polymer molecular weight, viscosity, conduc-
tivity, surface tension, dielectric effect of solvent and
polymer concentration), processing conditions (voltage,
solution feedrate, collection time, nozzle orifice diameter

and the distance from the nozzle to the collector) and
ambient conditions (temperature, relative humidity, type
of atmosphere and pressure) also affect the features of
the electrospun nanofibres.2,5

It is known that new properties can be achieved when
the diameter of polymer fibre is reduced from micro-
metre to nanometre range.2 Polymer nanofibres have
excellent features such as very high surface area to
volume ratio, flexibility in terms of surface functional-
ities, good mechanical performance and a wide variety
of potential applications such as filtration, medical
prostheses, cosmetics, protective clothing, and electrical
and optical applications as well as reinforcement in
polymer composites.3,6

The first polymer successfully electrospun was cellu-
lose acetate1 that is produced through esterification of
cellulose,7 which is the most abundant polymer on earth
and can be found in various living organisms and plants
such as grass, wood, cotton, cereal straw, seed and
fruits.8

Cellulose nanofibres are widely used due to their
attractive features, which include biodegradability, chemi-
cal resistance and good thermal stability.9 Ma et al.10

fabricated non-woven cellulose fibre mesh, to be used as
filtration membrane, with fibre diameters in the range 200–
1000 nm by electrospinning. The tensile stress of cellulose
acetate (CA) nanofibre mesh was measured to 1?5 MPa
and was improved to 5 MPa by using heat treatment.

Currently, nanosized reinforcements are being widely
used to fabricate composites due to the positive impact
that they have on the mechanical properties of the
matrix such as stiffness, strength, toughness and thermal
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stability.11,12 Wibowo et al.13 fabricated a nanocompo-
site from CA with 5 wt-% clay using extrusion. They
reported an improvement in tensile strength and tensile
modulus by approximately 38 and 33% respectively for
the CA nanocomposite.

However, the use of nanoreinforcements from renew-
able sources such as cellulose nanowhiskers (CNWs) has
gained importance during the last decade due to
the interest in developing environmentally friendly
nanocomposites.14

Cellulose nanowhiskers are the crystalline regions of
the microfibrils that compose the natural cellulose
fibres.11 Cellulose nanowhiskers are obtained when the
amorphous regions of the microfibrils, previously isolated
from cellulose fibres, are removed by acid hydrolysis.14

Cellulose nanowhiskers have remarkable features such as
a large specific surface area and good mechanical
properties. Their elastic modulus and their strength are
around 138 GPa,14 and 10 GPa,11 respectively. The first
studies using cellulose whiskers as a reinforcing phase in a
polymeric matrix to obtain a new nanocomposite
material were conducted by Favier and co-workers in
1995.15,16 Dufresne and co-workers have subsequently
prepared nanocomposites by solvent casting and extru-
sion from polymers such as poly(oxyethylene), polyethy-
lene, polyvinyl alcohol, and polyvinyl acetate reinforced
with cellulose nanowhiskers.17–19

Studies performed by our group (K. Oksman and co-
workers) have shown that nanocomposites with
improved mechanical properties can be prepared by
solution casting or extrusion using cellulose acetate
butyrate, polylactic acid, polyvinyl alcohol as a matrix
and CNWs as a reinforcing phase.14,20,21 In the previous
studies, nanocomposites of cellulose acetate butyrate
and 5 wt-% CNWs were prepared by solution casting.
The storage modulus of the cellulose acetate butyrate
matrix was increased by 76% (504 MPa) and 68%
(364 MPa) at 30 and 80uC respectively.21 In addition,
a similar nanocomposite was produced by melt extru-
sion and an improvement in the storage modulus of
380 MPa at 80uC was obtained.20

In the current study, the aim has been to develop
random and aligned electrospun fibres using CA as the
matrix phase and CNWs as the reinforcing phase. A few
research reports on electrospun fibres reinforced with
renewable nanomaterials have been found.3,22,23 Park
et al.3 reported a successful electrospinning of poly
(ethylene oxide) fibres reinforced with CNWs with
diameters less than 1 mm and with improved mechanical
properties. Lu and Hsieh22 produced fibrous nanocom-
posite membranes by electrospinning using poly(acrylic
acid) with cellulose nanowhiskers. The addition of
CNWs increased the Young’s modulus and strength of
the poly (acrylic acid) and also resulted in reduced fibre
diameters. Peresin et al.23 achieved electrospun fibres of
polyvinyl alchohol reinforced with CNWs with an elastic
modulus higher than this in the pure matrix and with a
maximum fibre diameter of ,290 nm. So far, no studies
on electrospun CA nanofibres reinforced with CNWs
have been reported.

In this study, random and aligned electrospun fibres
of CA and CNWs as reinforcing additive have been
prepared. The fibres’ morphology, mechanical proper-
ties, crystallinity and structure were characterised using
scanning electron microscopy (SEM), atomic force

microscopy (AFM), dynamic mechanical thermal ana-
lysis (DMTA) and X-ray diffraction.

Experimental

Materials and methods
Cellulose acetate (acetyl content of 39?7 wt-%,
Mw550 000) was used as a matrix for the electrospin-
ning and was purchased from Sigma-Aldrich Chemistry,
USA. It was found that the glass transition temperature
of CA was 80?6uC from differential scanning calorimetry
measurement (see Fig. 1).
Cellulose nanowhiskers isolated from microcrystalline

cellulose (MCC) using sulphuric acid hydrolysis were
used as a reinforcing additive. The procedure for
isolating CNWs is reported in detail by Bondeson et al.24

Acetic acid and acetone, obtained from Merk KGaA,
Darmstadt, Germany, were used as solvents and were of
reagent grade.
Cellulose acetate with a 10 wt-% solution with

different concentrations of CNW (0–5 wt-%) was pre-
pared for the electrospinning process. A mixture of
acetone and acetic acid in the ratio 1 : 1 was used as the
solvent medium. An appropriate amount of CNWs for
each composition was dispersed in the solvent by
sonication (UP200S Hielscher, Teltow, Germany) for
2 min in an ice bath. Cellulose acetate was then
dissolved in the CNW suspensions by magnetic stirring
overnight under ambient conditions. The formulations
of the various solutions used for electrospinning are
shown in Table 1.
Random and aligned fibres were electrospun using the

prepared solutions. The electrospinning equipment
consisted of a high voltage supply (Electrospinz-ES1a),
a plastic nozzle that was connected to the positive
electrode, a syringe pump (Alladin-1000) and two
different collector systems, which were connected to
the negative electrode of the power supply. Collector
number 1 was used to obtain random fibres and it was a
metal plate. Collector number 2 consisted of two pieces
of metal sheet separated by an insulating gap to acquire
aligned fibres. The random fibres were electrospun using
a voltage of 15 kV, while 11 kV and a gap distance of
3 cm were used to align the fibres. In all cases, the
electrospinning was carried out horizontally under
ambient conditions with a distance between the nozzle
tip and the collector of 20 cm and a flowrate of
10 mL h.

1 Differential scanning calorimetry of pure CA in powder

Herrera et al. Randomly oriented and aligned cellulose fibres
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Material characterisation
Flow birefringence

Flow birefringence was used to confirm the presence of
well dispersed nanowhiskers in the CA solution.21 A set-
up containing a lamp and two cross-polarised filters was
used to investigate flow birefringence of the solutions.

Viscosity

Solutions (1 wt-%) were prepared for CA and all the
studied nanocomposite formulations to carry out the
viscosity test. Viscosity was measured using a glass
capillary viscometer (Ostwald viscometer type no. 509
03) and the time taken for the solution to flow between
two marks in the viscometer was measured under
ambient conditions. Measurements for each polymer
solution and also for water were performed to determine
the solution dynamic viscosity gs using equation (1).
Each procedure was performed in triplicate and an
average viscosity was reported

gs~gw½(twrw)=(tsrw)� (1)

where gw is the dynamic viscosity (Pa s) of the water, rs
and rw are the densities of the polymer solution and
water respectively, and ts and tw are the flow time in
seconds of the polymer solution and water respectively.

Optical microscopy

An optical microscope Leizt Dialux 20 (Wetzlar,
Germany) was used to get an overview of the
morphology and alignment of prepared fibres in order
to determine the optimum process parameters. Samples
for optical microscopy studies were collected over a glass
holder for y1 min during the electrospinning. The glass
holder was placed between the two metal sheets of the
collector and did not affect the fibre alignment.

Scanning electron microscopy

The study of the morphology and alignment was performed
using SEM JEOL JSM-6460LV (Tokyo, Japan) at an
acceleration voltage of 15 kV for surface scans and at 5 kV
in the case of the cross-sectional scans. In the case of
random fibres, thin sheets were collected after 10 min
electrospinning and the network and surface characteristics
were studied. In the case of aligned fibres, fibre bundles in
parallel and transverse directions were studied. In all cases,
the samples were sputter coated with gold for 50 s at
50 mA.

Atomic force microscopy

The morphology of the CA fibres and the nanocompo-
sites was studied using a Veeco multimode AFM (Santa

Barbara, CA, USA) with a Nanoscope V controller with
an etched silicon tip. The nominal spring constant was
5 N m21 and the frequency was 70 kHz. The fibres were
collected on freshly cleaved mica sheets for y1 min
during the electrospinning process. All scans were
performed in air and height, amplitude and phase
images were collected in tapping mode. The diameter
measurements of the fibres were determined from the
height of the fibres using the Nanoscope V software.

X-ray diffraction

X-ray diffraction was performed on random fibres using
a Philips MRD diffractometer (Almelo, Netherlands)
with Cu Ka radiation. The measurements were con-
ducted at an acceleration voltage of 40 kV and a current
of 45 mA. The range for 2h scan angles was from 5 to
40u, using steps of 0?05u.

Dynamic mechanical thermal analysis

The dynamic mechanical properties of the random fibres
were determined using DMTA (DMA QA 800) from TA
Instruments (New Castle, DE, USA). The experiments
were conducted in tensile mode with a heating rate of
3uC min21 using a frequency of 1 Hz and a temperature
range of 30–200uC in air. Rectangular samples were cut
with a razor blade, and samples were 5?3 mm in width
and 40 mm in length. The reported results are an
average, based on three measurements.

Results and discussion

Solution properties
Flow birefringence tests were performed to ensure that
CNWs were dispersed in the CA solution. Figure 2
shows the typical flow birefringence behaviour of some
solutions, indicating that CNWs were dispersed. The
birefringence was stronger in the solutions with lower
CNW concentrations.
The viscosity of the solution is an important

parameter in the electrospinning process because it can
affect the fibre morphology. Smooth fibres are obtained
when the solution has a sufficient viscosity to form a
continuous jet and to avoid splitting. When the viscosity
is too low, beads on the fibres can appear. On the other
hand, excessively high viscosity can generate broader
fibres, since it is more difficult for the jet to stretch.25

The average values from the results of the viscosity
measurements in this study are shown in Table 1. The
pure CA solution is viscous and the pure CNW
suspension in the same medium has low viscosity;
therefore, it is expected that the addition of CNW

Table 1 Material formulations of solutions used for electrospinning and viscosity measurements

Material CNW content/wt-%

g

Viscosity/61024 Pa sCA CNW Solvent system

Pure CA 0 5.000 0.000 45 26.30¡0.14
CA–CNW0?2 0.2 4.990 0.010 45 25.98¡0.20
CA–CNW0?6 0.6 4.970 0.030 45 28.28¡0.24
CA–CNW0?9 0.9 4.955 0.045 45 26.43¡0.19
CA–CNW1?0 1.0 4.950 0.050 45 26.80¡0.05
CA–CNW1?2 1.2 4.940 0.060 45 27.83¡0.21
CA–CNW1?8 1.8 4.910 0.090 45 26.61¡0.10
CA–CNW3?0 3.0 4.850 0.150 45 26.58¡0.26
CA–CNW5?0 5.0 4.750 0.250 45 25.49¡0.13
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suspension in CA suspension will progressively reduce
the total viscosity. The results in this study showed that
the viscosity was generally increased with increased
CNW content, except for the 5 wt-% solution. The
increased viscosity might suggest that there is interaction
between the CA and CNWs. It is possible that the
solution with a high CNW (5 wt-%) content was not as
well dispersed in CA and therefore the viscosity was
reduced for that sample. Flow behaviour of CNW and
poly(acrylic acid) has also been reported by Lu and
Hsieh.22 They also correlated the increase in viscosity to
intermolecular interaction between the CNW and
polyacrylic acid matrix.

Randomly oriented fibres
Random fibres were obtained from solutions of CA and
CA with 1, 3 and 5 wt-% CNWs. Pure CA and CA
reinforced with CNWs were successfully prepared with-
out any beads by the electrospinning process. Scanning
electron microscopy images from pure CA and CA–
CNW5?0 fibres are shown in Fig. 3. Scanning electron
microscopy images show a random networking of the
electrospun fibres. In both cases, the fibres had smooth
surfaces, indicating that the addition of nanowhiskers
did not affect the fibre surface significantly.
Nanocomposite fibres with 1 and 3% CNWs also

showed similar structure. It was also possible to see
that the individual fibres had different sizes and shapes,
which were single fibres, doublets, branched or flat
ribbon-like fibres. In addition, in the SEM image from
CA–CNW5?0, fibres with smaller sizes than those in the
image of CA can be observed, indicating that the
addition of CNW reduced the fibre diameters.

The detailed structures and sizes of the fibres were
studied using AFM. Images of CA fibres and CA fibres
with 5 wt-% CNWs are shown as representative images
in Fig. 4. Relatively smooth fibre surfaces can be seen,
which agrees with the SEM study. The fibre diameters,
which were measured from the height images, were in
the range of 530–1990 nm for CA, whereas the
diameters decreased to 200–1048 nm in the case of
CA–CNW5?0.

In Table 2, the average diameters of the different
fibres from the AFM analysis are summarised and were
found to vary between 200 and 2000 nm. The AFM data
showed that there was a tendency towards reduced
diameter when the CNW content was increased. This
phenomenon was also observed by other researchers
during electrospinning of fibres reinforced with cellulose
nanowhiksers.22,23 This behaviour could be explained by
the fact that CNWs seem to increase the solution
conductivity23 and thereby the stretching, resulting in
fibres with smaller diameters.5

Mechanical properties

The DMTA data for randomly oriented CA fibres as
well as the nanocomposite fibres are shown in Fig. 5.
For all the studied materials the storage modulus was
increased with the addition of CNWs, especially for the
composite with 1 wt-%, shown in Table 3. A tenfold
increase in the modulus from 81 to 825 MPa was
observed at room temperature. The lower values for
composite fibres with higher CNW contents might be
explained by nanowhisker aggregation in CA. Also, it is
possible to see that the storage modulus remained
almost constant in the whole temperature range of 30–
180uC. The transition corresponding to the relaxation of
the amorphous regions of CA is not observed. This

3 Randomly oriented fibres of CA and CA–CNW5?0 pre-

pared by electrospinning

Table 2 Measurement of random and aligned fibre
diameters: data are based on height measure-
ments from AFM images

Material

Diameter range/nm

Random fibres Aligned fibres

Pure CA 500–2000 530–3300
CA–CNW0?2 … 650–2850
CA–CNW0?6 … 700–2600
CA–CNW0?9 … 500–2300
CA–CNW1?0 420–1761 …
CA–CNW1?2 … 300–2100
CA–CNW1?8 … 450–2700
CA–CNW3?0 370–1250 …
CA–CNW5?0 200–1050 …

2 Flow birefringence of CNWs in dissolved CA

Table 3 Storage modulus of random fibres at 30 and
150uC

Material

Storage modulus E9/MPa

At 30uC At 150uC

Pure CA 81.1¡19.3 109.9¡2.6
CA–CNW1?0 825.2¡183.1 671.6¡34.4
CA–CNW3?0 411.7¡47.0 287.6¡94.4
CA–CNW5?0 109.6¡33.2 132.7¡39.1
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indicates that the materials are essentially crystalline in
nature. The tan d curve shown in Fig. 5 confirms the
absence of the relaxable amorphous regions in the
studied materials. The transition observed above 180uC
corresponds to the degradation temperature of cellulose.

X-ray diffraction

The crystallinity data obtained from CA fibres and
nanocomposite fibres are given in Fig. 6. Pure CA fibres
show a crystalline behaviour, with peaks at 2h516?3 and
22?6u, which are the characteristic peaks of CA,
according to the literature.26 Cellulose nanowhiskers
have cellulose I structure and show crystallinity peaks

at 2h515?5, 16?4 and 22?6u.24 The results show that the
addition of nanowhiskers has not changed the peak
positions, but the peak intensity at 22?6u is slight-
ly reduced with increased CNW concentrations. In

4 Randomly oriented CA and CA–CNW0?9 fibres, showing smaller fibre diameters for nanocomposite than for pure CA

5 Storage modulus and tan d curves of randomly

oriented pure CA fibres and CA fibres reinforced with

CNWs with different concentrations

6 X-ray diffractrograms of electrospun random CA fibres

and CA nanocomposite fibres
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addition, the peak positions for the CA and CNWs are
in the same region, resulting in an overlap of peaks and
difficulty in resolving the peaks corresponding to the
matrix and the reinforcement. Generally, it may be
concluded that the electrospun fibres from CA as well as
the nanocomposites are crystalline in nature. This is in
agreement with the DMTA result above, which shows
the absence of amorphous regions in the electrospun
fibres of CA and its nanocomposites.

Aligned fibres
Aligned fibres were prepared from solutions of CA and
CA with different CNW concentrations (0?2, 0?6, 0?9,
1?2 and 1?8 wt-%), as presented in Table 1. The
compositions were prepared based on the results
obtained for the randomly oriented fibres, where the
greatest improvement in the mechanical properties was
obtained for fibres with 1 wt-% CNWs.

Effect of processing parameters

Experiments to determine the optimum process parameters
that provide the best fibre alignment were carried out. The
results showed that the alignment was affected by the gap
distance (between the two metal sheets in the collector), the
voltage and also the collection time (see Fig. 7). Pure CA
polymer solution was used to optimise the gap distance.

Trials with different distances (1, 2, 3 and 4 cm) were
performed during 120 s. The microscopy images show that
the best alignment was achieved with a gap distance of 3 cm
(seeFig. 7). The suitable voltage was chosen between 11 and
15 kV using a CA–CNW0?6 solution and the gap distance
was kept constant at 3 cm. Figure 7 shows that the
alignment was slightly better at 11 kV; therefore, this lower
voltage was chosen for the experiment.

It was found that the collection time affected the
alignment of the fibres. It was possible to see that the
degree of the parallelism of the aligned fibres was almost
perfect after 2 min compared to 30 min, where the
aligned fibres started to change the alignment direction.
Figure 8 shows the fibre alignment versus collection
time. This behaviour might be explained by the increase
in the electrostatic repulsion force between the deposited
fibres on the collector, which generates changes in the
spatial orientation.27,28

Morphology

Continuous aligned CA fibres with additions of CNWs
were successfully electrospun for the compositions using
the above described parameters. Scanning electron
microscopy images from aligned CA and CA–CNW0?9

fibres are shown in Fig. 9. All the nanocomposites
showed similar alignment; however, pure CA fibres
appeared to have the best alignment.

Generally, it was observed that the electrospun fibres
had smooth surfaces. The pure CA fibres did not show
any beads; however, very few beads were seen on the CA
nanocomposite fibres, especially when the CNW content
was higher (see Fig. 9).

Figure 10 shows the cross-sectional areas of pure CA
fibres and nanocomposite fibres with 0?9 wt-% CNW
with different shapes and sizes. There was a broad size
distribution for both pure CA fibres and nanocompo-
site fibres and the formation of bundles and flattened or
ribbon-like fibres could be observed. These morpholo-
gies have also been reported by other authors.29 The
formation of these types of shapes can be explained by
solvent evaporation. The flattened fibres are formed
when they arrive on the collector and are still wet,
which results in a deformation due to impact. For
ribbon-like fibres, the solvent is evaporated only at the
fibre surface, resulting in a thin solid skin and liquid
inside the fibre. Subsequently, the remaining liquid is

7 Optical micrographs of aligned pure CA fibres and CA–

CNW0?6 fibres, showing alignment with different para-

meters: best alignment obtained was with gap distance

of 3 cm and voltage of 11 kV

8 Collection time versus alignment

9 Images (SEM) of aligned electrospun CA and CA–

CNW0?9 fibres

10 Cross-sectional SEM images of electrospun aligned

CA and CA–CNW0?9 fibres
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evaporated and the tube will collapse, forming in a
ribbon-like shape.5

The diameters and structure of the aligned fibres are
shown in Fig. 11. The measurements from the height
images from CA fibres and the nanocomposite fibres are
also reported in Table 2. The fibre diameters were found
to be between 300 and 3300 nm. The smallest diameter
(300 nm) was measured for the nanocomposite with
1?2 wt-% CNWs and the largest diameter (3300 nm) was
measured for pure CA fibres. In this case, as in the
randomly oriented fibres, the results showed a tendency
for the fibre diameter to decrease with increased CNW
concentrations.
Furthermore, the randomly oriented pure CA fibres

had lower diameters compared to the aligned CA fibres
and this was also observed for the CA nanocomposite
fibres with CNW content around 1 wt-%. The reason
might be the difference in the collector geometry and/or
the used voltages. In the cases of random fibres, the
higher voltage (15 kV) might have resulted in the
stretching of the fibres due to the stronger electrostatic
field.

Conclusions
The goal of this work was to prepare random and
aligned cellulose fibres by electrospinning. Cellulose
acetate was used as matrix and a mixture of acetic acid
and acetone (1 : 1) was used as a solvent. Cellulose
nanowhiskers with different concentrations (0–5
wt-%) were used as reinforcement. Both randomly
oriented fibres and aligned fibres were successfully

prepared by electrospinning with different CNWs
concentrations.

The results showed that electrospun fibres of pure CA
and CA with 1, 3 and 5 wt-% CNW had a highly
crystalline structure. The addition of the CNWs had a
positive impact on the fibre stiffness reduced the fibre
diameter. The dynamic mechanical analysis showed a
tenfold increase in storage modulus with only a 1 wt-%
addition of CNWs. In addition to single fibres, the
microscopy study of random fibres showed fibres that
were doublets, ribbon shaped and branched.

In the case of aligned fibres, the alignment was found to
be affected by the gap distance, the voltage and the
collection time. In general, the microscopy studies showed
well aligned CA fibres and CA nanocomposite fibres with
smooth surfaces and different shapes. The diameters varied
in the range of 300–3300 nm, being the lowest for the
nanocomposites with 1?2 wt-% CNW. In addition, a clear
tendency towards reduced fibre diameters by the incorpora-
tion of CNWs into CA was also observed in aligned fibres.

This study shows the potential of electrospinning to
produce reinforced green nanocomposite fibres with
many interesting uses: in membranes, filters or even in
medical applications.
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11 Aligned electrospun CA fibres and CA–CNW0?9 fibres viewed by atomic force showing diameter measurement from
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Abstract 

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%) re-
sulted in increased degree of crystallinity and decreased optical transparency. Furthermore, 
these additives showed a positive effect on the elongation at break and toughness, which in-
creased from 2 to 31% and from 1 to 8 MJ/m3, respectively. The combination of slippage 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.  
 
Keywords: A. Nanocomposites, B. Mechanical properties, B. Thermal properties, D. Scan-
ning electron microscopy (SEM), D. Extrusion. 

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 industrial and research aspects have been discussed [1-6]. 

Generally, PLA has high strength, high modulus and high optical transparency, 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]. Addition-
ally, 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 plasticizers, polymers, lay-
ered silicates and other inorganic particles have been used [7-10]. But to keep PLA composite 
as green as possible, the additives should also be bio-based and biodegradable. 
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Cellulose-based fibers are interesting bio-based and biodegradable 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 im-
proved mechanical properties can be reached at low reinforcement level [13,14]. Furthermore, 
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 manufacturing of PLA films is the final target, the melt-
compounding process becomes the most interesting technique, since the final product can be 
easily shaped by blow molding or compression molding [13]. However, there are some chal-
lenges to overcome when using nanosized cellulose in extrusion processes. The most im-
portant 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 compound-
ing. 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 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 plasticizer and ethanol was used as liquid medium. The obtained 
nanocomposite exhibited very good mechanical properties and well dispersed nanocrystals, 
demonstrating that the process was successful [15]. 

So far, no publications about the preparation of nanocomposites based on cellulose nano-
fibers 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 extrusion 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 suspensions as pre-
viously 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 plasticizer and about the fractured 
surfaces morphology were performed to understand the toughening mechanisms. 

 
 
 



 
 

3 
 

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. Glycerol triacetate in liquid form (GTA) 
( 99%, Mw: 218 g/mol) was used as plasticizer and was purchased from Sigma-Aldrich 
(Stockholm, Sweden), and technical acetone from WVR (Stockholm, Sweden) 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 sus-
pension was placed on a freshly cleaved mica plate and dried prior to AFM study. The nano-
fiber diameters were measured from AFM height images using the Nanoscope V software and 
Fig. 1(b) shows diameters varying between 10-60 nm.  

 

 
Figure 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.  

The suspension preparation for liquid feeding is illustrated in Fig. 1(a). The prepared aque-
ous CNF suspension of 2 wt% was concentrated to maximum cellulose content of 9.5 wt% by 
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centrifugation. These concentrated CNF were then diluted with acetone with the ratio 1:5 wa-
ter to acetone (w:a), since the used plasticizer is not totally soluble in water. After that, a spe-
cific amount of GTA plasticizer was added according to the target composition of the final 
materials and mixed with magnetic 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 suspension can be seen in Fig. 1(c). The optical image shows that the nano-
fibers 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 mPas, 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 compounding extrusion followed 
by compression molding according to a slightly modified procedure reported earlier by Oks-
man 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 material throughput was 3 kg/h, the feed-
ing 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 plasticized 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 tem-
perature 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 evacuate the entrapped air and solvent.  

 

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

For characterization of the material properties, films of compounded materials were pre-
pared by compression molding using an LPC-300 Fontijne Grotnes press (Vlaardingen, Neth-
erlands). About 5-6 g of the material was placed between metal plates and then in the hot 
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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 temperature (  
20 min), and then the film was removed. The thickness of the films was  0.15 mm and they 
were kept under ambient conditions for 1 day before testing. Fig. 2 illustrates the extrusion 
process with liquid feeding and Table 1 shows the composition of the prepared materials. 

Table 1. Compositions of the prepared materials (wt%).
Materials PLA CNF GTA 
PLA 100 - - 
PLA-GTA 80 - 20a 
PLA-GTAw:a 80 - 20b 
PLA-GTAw:a-CNF 79 1c 20c 
a,b,c 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 extru-
sion. 

3. Characterization 

3.1. Differential scanning calorimetry 

The thermal properties of the prepared films were investigated using a Mettler Toledo 
DSC822e (Schwerzenbach, Switzerland) differential scanning calorimeter. All DSC scans 
were performed on 5 mg of material placed in a hermetic aluminium pan and were run under 
N2 atmosphere from 30 °C to 200 °C at a heating rate of 10 °C/min. The glass transition tem-
perature (Tg), cold crystallization temperature (Tcc), cold crystallization enthalpy ( Hcc), 
melting temperature (Tm) and the melting enthalpy ( Hm) of the materials were determined 
from the thermograms. The degree of crystallinity (Xc) of the materials was estimated using 
the following equation: 

 
               (1) 

 
Where Hm and Hcc are the enthalpies of melting and cold crystallization, respectively; 

H°m is the enthalpy of melting for 100% crystalline 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 Perkin Elmer UV/Vis Spec-
trometer Lambda 2S (Überlingen, Germany). The scan was carried out from 200 nm to 800 
nm with a scan speed of 240 nm/min. 
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3.3. Tensile testing

The mechanical properties of the prepared materials were measured 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 x 50 mm were prepared 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.  

3.4. Microscopy 

The morphology of the fractured surfaces of tensile tested films was studied using a JEOL 
JSM-6460LV scanning electron microscope (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 

It have been demonstrated that PLA-CNF nanocomposites Plasticized PLA and PLA-CNF 
nanocomposite were successfully prepared by extrusion using liquid feeding of CNF. The 
vapor generated due to the evaporation of 73.6 wt% of liquid phase (w:a) was evacuated dur-
ing the process through the atmospheric venting ports and vacuum venting at the end. Parame-
ters such as percentage 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 vis-
cosity 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 excel-
lent 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 to 200 °C.  

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

Materials 
Tg 

(°C) 
Tcc 
(°C) 

Hcc 
(J/g) 

Tm 
(°C) 

Hm 
(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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Thermal properties as well as the degree of crystallinity (Xc) of the materials are seen in 
Table 2. Neat PLA shows glass transition peak, cold crystallization peak and melting peak in 
the heating 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. Addi-
tion 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 crystallinity is increased in a polymer, the intensity of the glass transition is decreased to-
gether with a broader transition temperature range, resulting in a minor transition which be-
comes difficult to detect using DSC [16].  
 

 
Figure 3. DSC curves for the prepared materials a) heating at 10°C/min b) cooling at 20°C/min. 

It is known that molecular chain mobility is increased in the presence of plasticizer, and that 
can also enhance the crystallization process [7]. Further, Mathew and Oksman [11] and 
Suryanegara et al. [17] reported that reinforcements such as microcrystalline cellulose, cellu-
lose fibers, wood flour and microfibrillated cellulose can act as nucleating agents for crystalli-
zation of PLA. In this study, the used CNF were also seen to act as nucleation agent, as is seen 
in the DSC cooling scans at 20 °C/min in Fig. 3(b). PLA-CNF nanocomposite exhibits a clear 
melt crystallization peak, indicating that the crystallization is at 89.5 °C due to the presence of 
CNF, while plasticized PLAs did not show a melt crystallization peak. In contrast to that, the 
further addition of 1 wt% of CNF to the plasticized PLA generated a slight drop in the crystal-
linity from approx. 60 to 55%. Halász, K. and Csóka, L. [18] reported similar results for plas-
ticized 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]. 
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4.3. Optical transparency and visual appearance 

If the size of individual nanoparticles is smaller than the wavelength of visible light, trans-
parency can be used as an indicator of the dispersion of the nanoparticles in a matrix [13]. The 
UV-spectroscopy 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%, respectively, 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 previously 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 transmittance of the PLA nanocomposite in 
the UV region (below 400 nm) 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 nanocomposite 
film kept a transparency close to that of the plasticized PLA, as seen in the UV-spectroscopy 
results. No visible agglomerations were observed in the PLA nanocomposite. 

 

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

4.4. Mechanical properties 

 The mechanical properties of the prepared materials are reported in Table 3 and the repre-
sentative stress-strain curves for the samples are shown in Fig. 5.  

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. 
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 The results show that the addition of 20 wt% of GTA had a large effect on the mechanical 
properties 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 mixture 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 plasticizing 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 L. et al. [9] re-
ported that the elongation at break of PLA increased by 33% with the addition 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. Bo. et al. [10] also reported an increase in the elongation 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 plasticizer is located on the fiber surface, as reported in our previous studies [14], 
and/or a massive crazing effect, which could be induced by the presence of celluloses nano-
fibers. 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]. 

 

 

Figure 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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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 elongation at 
break. This denotes that the plasticizer was present among the fibers of the nanopaper, but 
neither made the cellulose nanofibers more extensible nor created a slippery effect. However, 
increasing the added plasticizer to 57 wt% tripled the elongation at break of the cellulose na-
nopaper and strongly decreased the tensile strength, indicating that the slipping effect between 
the cellulose nanofibers occurred only in presence of high amounts of plasticizer (probably 
over 50 wt%). From this study about the interaction between CNF and GTA, it was concluded 
that the presence of a high amount of plasticizer coating the nanofibers created a slippage be-
tween them, with no plasticizing effect on the own cellulose 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 nano-
fiber/matrix interface. The high amount of plasticizer surrounding the cellulose nanofibers in 
the PLA nanocomposite could be explained by a possible migration of GTA from the crystal-
line 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, plas-
ticized PLAs and PLA nanocomposite. The fractured surfaces of the samples were analyzed 
in order to visualize the effect of the plasticizer and the nanofibers on the fracture behavior as 
well as the effect of the plasticizer on the distribution 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 elonga-
tion at break of only 2.3%.  When comparing the fracture of the neat PLA film (Fig. 6(a)) to 
the plasticized PLAs, both with and without w:a (Fig. 6(b)) and 6(c)), it is possible to see in 
both cases a combination of flat areas and areas with larger 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 elongation 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 6(c)), indicating that the solvents did not have  a notable effect on the fracture sur-
face morphology. 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 accordance with the strongest whitening 
effect that was noticed on the tensile test sample of the PLA-CNF nanocomposite (Fig. 5) 
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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 nucleation, while a coarse spheru-
lite structure prevents the formation of crazes [21]. In this study, DSC results showed that 
plasticized PLA-CNF nanocomposite has slight lower crystallinity than plasticized PLAs. In 
addition, it was expected that this material presents smaller spherulite size than the plasticized 
PLAs, since the presence of CNF may reduce the space for spherulite growth [11]. 

 

 
Figures 6. Fractured surfaces morphology of the tensile tested films.  

5. Conclusions

 We have shown that PLA-CNF nanocomposites can be successfully prepared with a co-
rotating twin-screw extruder when liquid feeding of cellulose nanofibers together with a plas-
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ticizer 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 plasti-
cized 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 nano-
composite with lower degree of crystallinity in comparison with the plasticized PLA and 
slightly lower optical transparency, 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 
plasticized PLA-CNF nanocomposite in comparison with neat PLA as well as with the plasti-
cized 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 spherulite 
growth rates could be carried out for better understanding.   
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Abstract

Triacetate citrate plasticized poly lactic acid and its nanocomposites based on cellulose nano-
crystals (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 cool-
ing 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 ma-
terials. The mechanical properties of the plasticized PLA were improved with the addition of 
a small amount of nanocrystals resulting in PLA nanocomposites suitable for use in film 
blowing and thus packaging applications.  

Keywords: A. Nano-structures, B. Mechanical properties, B. Optical properties, E. Extrusion. 

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 pro-
duced from renewable sources. For this reason, PLA is a good alternative as a replacement for 
the conventional synthetic polymers in different applications, especially in packaging, where 
its high transparency is also an advantage. Nevertheless, PLA also has some drawbacks, such 
as its inherent brittleness, low thermal stability, low impact resistance and moderate gas barri-
er properties. PLA also presents a relatively low crystallization rate and is prone to aging at 
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room temperature, aspects which are important from an industrial point of view [1,2]. There-
fore, different efforts and approaches have been carried out in order to overcome the men-
tioned drawbacks and broaden its application areas.  

Cellulose and chitin 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 packaging field. Cellulose nanomaterials have been extensively used 
as an additive to improve the thermal, mechanical and barrier properties 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 nanocomposites 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 few studies have been found [9,13,14]. 
Extrusion is a conventional polymer-processing technique; therefore, 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 to redisperse. Therefore, drying prior 
the extrusion is not suitable.  

In the current study, plasticized PLA nanocomposites based on cellulose and chitin nano-
crystals were prepared using liquid feeding of the nanomaterials together with a plasticizer 
into the extrusion process. The goal was to prepare PLA nanocomposites, which are suitable 
for packaging applications and, for example, for film blowing; therefore, materials with high 
elongation to break and mechanical properties similar to those of PE were targeted. The ef-
fects of two different nanocrystals and the cooling rates of the films on the mechanical, ther-
mal and optical properties were studied. 

2. Experimental

2.1. Materials 

High molecular weight grade PLA in pellet form was used as matrix and supplied by 
FUTERRO (Escanaffles, Belgium).  

Cellulose nanocrystals (CNC 2013-FPL-CNC-049) in aqueous suspension (gel) with 10.3 
wt% cellulose content and chitin nanocrystals (ChNC) with 10.3 wt% chitin content were 
used as reinforcements for plasticized PLA. CNC were prepared by sulfuric acid hydrolysis 
and kindly supplied by Forest Products Laboratory FPL, Madison, USA. Purified chitin pow-
der from crustacean waste, prepared at the Pontifical Catholic University of Chile (PUC), was 
used as starting material for the ChNC. Hydrochloric acid hydrolysis was carried out to isolate 
the chitin nanocrystals as reported by Salaberria et al. [13]. 
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Triethyl citrate in liquid form (TEC) ( 99% Alfa Aesar, Mw: 276.3 g/mol) was used as 
plasticizer and processing aid and purchased from WVR (Stockholm, Sweden).  
Ethanol (99.5%) was used as a solvent and was purchased from Solveco (Stockholm, Swe-
den).  

2.2. Processing of nanocomposites 

2.2.1.Preparation of suspensions for liquid feeding 

Both nanocrystals (CNC and ChNC) in aqueous suspensions (10.3 wt%) were first dis-
persed in ethanol with the ratio 1:1 water to ethanol (w:e) and then mixed with TEC to pre-
pare the pumping suspensions. The suspensions were magnetically stirred overnight and soni-
cated for 2 min in an ice bath prior the extrusion. The final composition of the suspensions 
was 2.6 wt% nanocrystals, 52 wt% TEC, 22.7 wt% H2O and 22.7 wt% ethanol. These mix-
tures were prepared according to a target composition for the final nanocomposites of 79 wt% 
PLA, 20 wt% TEC and 1 wt% nanocrystals. The suspensions were fed into the extruder at a 
specific pumping rate to reach the target composition of the nanocomposites. 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. 

2.2.2.Extrusion using liquid feeding

A co-rotating twin-screw extruder (ZSK-18 MEGALab, Coperion W&P, Stuttgart, Germa-
ny) with a gravimetric feeder (K-tron, Niederlenz, Switzerland) for the neat PLA and a peri-
staltic pump (PD 5001 Heidolph, Schwabach, Germany) for the liquid feeding of nanocrystals 
and plasticizer were used. The extrusion was carried out at a screw speed of 300 rpm and with 
a temperature profile ranging from 170 °C at the feeding zone to 200 °C at the die. The PLA 
as well as the prepared suspensions were fed in the main port of the extruder.  The total mate-
rial throughput was 3 kg/h, the feeding rate for the PLA was 2.3-2.4 kg/h and the pumping 
rate for the TEC solution, TEC/CNC and TEC/ChNC suspensions was 1.1 kg/h. The water 
and ethanol vapor was removed during the process through atmospheric venting at zone 2 and 
4 and the entrapped air and final solvent were removed with a vacuum venting at the end of 
the extruder. The extruded strands were cooled in a water slide system, pelletized and dried at 
55 °C overnight. The compositions of the prepared materials are described in Table 1.  

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 1c 20c 
a,b and c Fed as liquid. a 0.6 kg solvent (water and ethanol) removed as vapor during the extrusion. b 
and c TEC and nanocrystals content in the suspensions were 52 wt% and 2.6 wt% respectively, and 
0.5 kg/h solvents removed. 
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Films from 3.5 g of pellets of the compounded materials were prepared by compression 
molding 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 contact pressure for 3.5 min, and then 4 MPa for 30 s. After the compression molding, the 
formed films were cooled either in air (30 °C/min) to avoid crystallization or inside the metal 
plates (10 °C/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 dif-
ferent materials.  The thickness of the prepared films was 100 μm and they were kept at 
room conditions for at least 1 day before testing. 

3. Characterization

3.1. Microscopies

The starting aqueous suspension of nanocrystals and the prepared pumping suspensions 
were analyzed using an optical 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 with an optical microscope 
Leica DM 2500P (Germany) under polarized light to see the presence of spherulites.  

The morphology of the used nanocrystals was studied using a Veeco Multimode Nano-
scope V Atomic Force Microscope (AFM) (Santa Barbara, USA). A drop of highly diluted 
nanocrystal suspension 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 diameters from the height images.  

The dispersion of the nanocrystals in the PLA matrix was evaluated on the cryogenic frac-
ture 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 in-
strument 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 crystallinity of both fast and 
slow cooled PLA-TEC and its nanocomposites films, were studied using a PANalytical Em-
pyrean diffractometer (Almelo, The Netherlands) with CuK  radiation (wave length of 
1.5405 Å). The range for 2  scan angles was from 5 to 40°, using steps of 0.03°. The meas-
urements 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 equation 1 and according to 
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the peak high method (Segal et al., 1959) for cellulose [15] and its adaptation for chitosan 
(Struszczyk, 1987) [16]. 

 
              (1) 

 
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° 
[15,16].  

3.4. Differential scanning calorimetry 

The thermal properties of the prepared materials were measured 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 sam-
ples. Cold crystallization and melting temperatures (Tcc and Tm) as well as cold crystalliza-
tion and melting enthalpies ( Hcc and Hm) of the prepared materials were determined from 
the heating scans. The melt crystallization temperature and the melt crystallization enthalpy 
(Tmc and Hmc) of the materials were determined from the cooling scan at 2 °C/min. The 
degree of crystallinity (Xc) of the prepared materials was calculated as [17]: 

 
               (2) 

 
Hm is the enthalpy for melting (pre-melt crystallization was subtracted from the melting 

enthalpy),  Hcc  is the enthalpy for cold crystallization and H°m is the enthalpy of melting 
for 100% crystalline PLA sample, which is assumed to be 93 J/g [17], 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 plasticized PLA and its nanocom-
posite films were measured using a conventional Shimadzu AG-X universal testing machine 
(Kyoto, Japan). A load cell of 1 kN, a gauge length of 30 mm and a crosshead speed of 3 
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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 calculat-
ed from the stress-strain curves. At least five test samples were measured and the values re-
ported are an average of these tests. 

3.7. Statistical analysis 

One-way analysis of variance (ANOVA) followed by Tukey-Kramer 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 mix-
tures for liquid feeding. Fig. 1(a and c) show the appearance and optical microscopy images 
of the initial aqueous nanocrystal suspensions. It is clear than the CNC suspension shows bet-
ter isolated and dispersed crystals than the chitin suspension, which still contains micro-sized 
particles from the raw material. 
 

 
Figure 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.  

Fig. 1(b and d) show the visual appearance of the pumping suspensions and their optical 
microscopy images. It seems that the addition of the ethanol and TEC has an effect on the 
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suspensions. It is possible that the TEC and the water:ethanol mixture is phase separating. It is 
noteworthy that the chitin particles in suspension were still less well isolated than in the CNC 
suspension.  

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 showed that the maximum diameter and the maximum length 
of the ChNC were almost double that of the CNC. It can also be seen that the aspect ratio of 
the ChNC was higher than that of the CNC. The reported values of the lengths of the nano-
crystals are for comparison purposes only.  

 
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 

 
Results from XRD study are shown in Fig. 2b. Cellulose nanocrystals present the typical 

peaks of cellulose I at 2  values of 15°, 16° and 22.5° [18], and chitin nanocrystals show the 
typical -chitin structure with two strong peaks at 2  values of 9.2° and 19.2° and three weak 
peaks at 20.7°, 23.2° and 26.2° [13]. The measured crystalline index is reported in Table 2 
and it shows that the ChNC had higher crystallinity than the CNC.  

 

 
Figure 2. a) AFM height images: CNC (left), size measurements (center) and ChNC (right) b) crystal-
linity of the nanocrystals and c) thermal stability of the nanocrystals. 
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Fig. 2c shows the thermal properties of both cellulose and chitin nanocrystals, and it can be seen that 
ChNC has higher thermal stability than CNC. The latter nanocrystals showed the typical two-step deg-
radation of sulfuric acid hydrolyzed nanocrystals, and their lower thermal stability is due to the intro-
duced sulfate groups on the CNC surface during the hydrolysis [19]. However, both nanocrystals are 
thermal stable at the processing temperature range, which was below 200 °C. 

4.3. Extrusion of nanocomposites using liquid feeding 

PLA-TEC and its nanocomposites based on cellulose and chitin nanocrystals were pre-
pared by melt-extrusion using liquid feeding of the nanocrystals with TEC as a plasticizer and 
processing aid and ethanol as solvent. Atmospheric venting and vacuum venting at the end of 
the extruder were used to evacuate the vapor generated during the process due to the evapora-
tion of 22.7 wt% of ethanol and 22.7 wt% of water.  

Parameters such as percentage of liquid phase, liquid feeding rate, ratio w:e were con-
trolled to be able to carry out the process. It is very important that the water and ethanol con-
tent is kept as low as possible while still retaining the pumpability of the liquid.  The pumping 
rate is also a crucial processing parameter; too high a pumping rate will result in the boiling 
and agglomeration of the nanomaterials. 

4.4. X-Ray diffraction

Fig. 3 shows the diffraction patterns of fast and slow cooled PLA-TEC and its nanocompo-
sites.  Generally, the XRD of the plasticized 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 2  = 16.6° and 19.1° indicating crystalline 
PLA.  

 

 
Figure 3. Crystallinity for the fast and slow cooled films of a) PLA-TEC, b) PLA-TEC-CNC and c) 
PLA-TEC-ChNC. 
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4.5. Thermal properties

DSC scans upon heating for the fast and slow cooled plasticized PLA and their respective 
nanocomposite films are shown in Fig. 4(a and b). Fig. 4c shows the DSC scan for the fast 
cooled materials upon cooling. It can be seen that FC samples show a melt peak and cold 
crystallization, whereas the SC samples only show the melt peak, indicating more crystalline 
materials. The Tg values were not detected in the DSC during the first heating, probably be-
cause this technique is not sensitive enough to detect the Tg transition in those samples [20]. It 
can see from Fig. 4, in both fast and slow cooled materials, that there is a slight tendency for 
the ChNC to shift the Tm of the plasticized PLA, varying from 166 °C for the PLA-TEC sam-
ple to 168 °C for the PLA-TEC-ChNC. It has been previously reported by Mathew et al. [17] 
that the spherulite size in PLA is increased when the crystallization process starts at higher 
temperatures. Therefore, this tendency of the chitin nanocomposites to show higher Tm could 
be explained due to the presence of larger spherulite size, since its melt temperature peak up-
on cooling at 2 °C/min was at 118 °C, while for the cellulose nanocomposite it was at 112 °C, 
giving more time for the spherules to grow. Even though the PLA-TEC-ChNC sample started 
to crystallize slightly earlier during the slow cooling, the melt crystallization enthalpy for the 
PLA-TEC-CNC sample was slightly higher (see values in Fig. 4), indicating that the CNC 
could have higher nucleation density of spherulite, due to their higher surface area, resulting 
in slightly higher degree of crystallinity after the slow cooling (see values in Fig. 4).  

 

 
Figure 4. DSC scans including the degree of crystallinity (Xc) and melting crystallization enthalpy 
values ( Hmc) of a) FC films upon heating, b) SC films upon heating and c) FC films upon cooling.  

4.6. Optical transparency and visual appearance 

UV/Vis spectroscopy was used to measure the light transmittance 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 [21]. 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 re-
sulted in more transparent films compared to slow cooling, which resulted in haze films. Also 
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the light transmittance 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 crystallization of PLA during the slow cooling process further increased 
these values by almost double. 

 
Figure 5. UV/Vis spectroscopy spectrums and visual appearance of the prepared films a) fast cooling 
and b) slow cooling. 

 
Figure 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.  

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, 6e and 6f) 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 (6f) if compared 
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with the cellulose nanocomposite film (6e). The slow cooled plasticized PLA (6d) shows also 
some large spherulites, similar to those of the ChNC nanocomposite, but in lower amount.  

4.7. Microstructures of fracture surfaces  

Fig. 7 shows the cryogenic fractured surfaces of PLA-TEC and its slow cooled nanocom-
posites. 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 nano-
crystals 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 difference between the cryogen-
ic 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 imag-
es of the prepared films, where nanocrystal agglomerations were seen in both materials.   

 

 
Figure 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). Micro-
graphs at higher magnification of Fig. (b and c) are shown to the right, showing some voids (arrows). 

4.8.  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 resulted in completely different behavior. The FC materials showed yielding point, 
followed by strain softening and strain hardening, which is related to the necking phenome-
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non [22] and was clearly observed in the tensile tested samples (see Fig. 8b), indicating a duc-
tile fracture [23]. 

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 samples. Crazes involve local plastic 
deformation that results in a brittle fracture; however, massive crazing phenomena result in a 
ductile fracture [23], as observed in our previous study with plasticized PLA nanocomposite 
with cellulose nanofibers [24]. 

 

 
Figure 8. a) Typical stress-strain curves for FC and SC PLA-TEC and their nanocomposites and b) the 
specimens after the testing. 

The yield strength and the Young´s modulus of the fast cooled plasticized PLA were sig-
nificantly 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 
(toughness) is evident; however, the large standard deviation for the plasticized 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 ulti-
mate 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 Young´s 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 
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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 plasticized PLA, probably due to 
their higher degree of the crystallinity, as shown in the DSC results.  

Table 3. Mechanical properties of plasticized PLA and its nanocomposites 

 
Cooling and material 
 

Yield 
strength  
(MPa) 

Ultimate 
strength 

(MPa) 

Young´s 
modulus 

(GPa) 

Elongation  
to break 

(%) 

Work of  
fracture  
(MJ/m3) 

 PLA-TEC 3.7a ± 1.2 22.4a ± 4.1 0.3a ± 0.2 305a ± 53 32.2a ± 12.8 
FC PLA-TEC-CNC 15.4b ± 1.7 24.2a ± 0.9 1.1b ± 0.4 309a ± 34 45.5a ± 7.8 
 PLA-TEC-ChNC 21.4c ± 3.9 21.0a ± 2.0 1.2b ± 0.4 262a ± 24 36.9a ± 4.4 
 PLA-TEC 19.6A ± 1.2 15.8A ± 1.1 0.6A ± 0.1 91A ± 38 16.1A ± 6.4 
SC PLA-TEC-CNC 21.4B ± 0.2 19.9B ± 0.4 0.9A,B± 0.1 30B ± 9 5.6B ± 1.8 
 PLA-TEC-ChNC 20.9A,B± 0.5 20.3B ± 0.5 1.0B ± 0.3 16B ± 4 2.9C ± 0.8 
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. 

Regarding the PLA crystallization, it is known that as a general tendency, the crystalliza-
tion of semi-crystalline polymers results in an increase in the mechanical properties and in a 
drop on the elongation to break [4,25,26]. In this study, when comparing the fast cooled mate-
rials with the slow cooled materials, the PLA crystallization resulted in materials with lower 
elongation to break as expected, but with an unaffected Young´s modulus (no significant 
changes based on ANOVA test). An improvement on the yield and ultimate strength was seen 
only in the PLA-TEC and PLA-TEC-CNC samples. The PLA crystallization did not show any 
effect on the mechanical properties of the ChNC nanocomposites. Similar results were report-
ed by Li et al. [25], where the modulus and the tensile strength of crystallized plasticized PLA 
dropped in comparison with those of the amorphous PLA at a specific plasticizer concentra-
tion. 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 plasticizer in the amorphous 
phase [25,27]. In this study, this effect was more evident in the chitin nanocomposites, since 
they showed a tendency to be more amorphous materials. 

5. Conclusions

We have demonstrated that compounding of PLA nanocomposite can be done using liquid 
feeding of aqueous suspension cellulose 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 elonga-
tion to break with values around 300%.  
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The addition of 1 wt% of nanocrystals enhanced the mechanical properties of the plasti-
cized PLA in both, fast and slow cooling, being more evident in the fast cooled materi-
als.  
ChNC showed higher aspect ratio, higher crystallinity and presented an uncharged sur-
face in comparison with the CNC, resulting in chitin nanocomposites with slightly high-
er 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 proper-
ties similar to PE, which is very important for film blowing and potential use of the material 
in packaging applications.  
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