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Abstract  

The purpose of this work was to prepare, polylactic acid (PLA) based nanocomposites with 

cellulose nanocrystals (CNCs) as reinforcement and triethyl citrate (TEC) as an additive using 

compounding extrusion. The final nanocomposites thermal- and mechanical properties, as 

well as the crystallinity, the transparency and the morphology were characterized. Prior the 

extrusion process, CNC suspensions were prepared by dispersing the CNCs in TEC and 

water:ethanol or TEC:ethanol mixtures to facilitate their dispersion and distribution in the 

final composite. The prepared suspensions were then liquid fed into the extruder. After the 

compounding process, the obtained nanocomposites were compression molded to sheets, 

from which test samples were cut. The feeding of the liquid suspensions resulted in 

nanocomposites with CNCs content 1 and 5 wt% and the TEC content varied between 4 and 

17 wt%. The study showed that is possible to prepare nanocomposites using liquid feeding of 

CNCs, although it was found that the high liquid phase content in the suspensions together 

with a high feeding rate affected the final composition of the materials. It was also 

demonstrated that the presence of water in the feeding suspensions improves the CNCs 

dispersion in the nanocomposite matrix. OM and SEM microscopy showed the presence of 

CNCs agglomerations in the obtained nanocomposites although the materials produced with 

low content of CNCs resulted in better CNC dispersion and higher transparency. The 

nanocomposite containing 5 wt% CNCs and prepared by CNCs aqueous suspension presented 

increased tensile strength and E-modulus values respect to the reference material. The 

elongation was completely affected by the amount of plasticizer since values up to 295% for 

17 wt% TEC content were detected. Finally, X-ray diffraction study revealed low crystallinity in 

almost all the obtained nanocomposites; only one material exhibited a crystalline structure 

since, in this case, CNCs were expected to act as nucleating agents, facilitating the 

crystallization of the PLA matrix.  
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1. Introduction 

A polymer composite is a material composed of two or more constituents, which differs in 

shape and chemical composition. These components, called also phases, results in a material 

with enhanced characteristics in respect to the individual components. Polymer composites 

have found a broad use such as in sporting goods, aerospace, military and transport 

applications.(1,2) In the last few decades, polymer based nanocomposites have been 

developed. Nanocomposites are defined as multiphase materials where at least one 

dimension of the reinforcement phase is below 100 nm.(1) The nanosized materials can 

enhance the matrix polymer thermal, mechanical, electrical and optical properties when 

comparing to the conventional composite materials. (2) In recent years, since the demand for 

new environmentally friendly materials has grown in order to replace the synthetic and oil-

based materials, the research has been focused in sustainable, and biodegradable materials. 

Therefore the development of the “green” nanocomposites (both matrix and reinforcement 

derived from renewable sources) have been intensified (3) and the efforts on biopolymers, 

such as PLA or starch, and on renewable nanoreinforcements, such as cellulose or chitin, has 

been incremented. (4) PLA is one of the most developed polymers among the environmental 

friendly materials; however, since it is a brittle polymer with low impact resistance and low 

thermal stability, additives and nanoreinforcements have to be incorporated in order to 

enhance its properties. (5,6)  

Regarding the renewable nanoreinforcements, cellulose is one of the most utilized materials 

in processing “green” nanocomposites due to the facility to be found in nature and its unique 

properties (4). Typically, the nanoreinforcements that can be produced from cellulose are 

nanofibers and nanocrystals.  

Polymer nanocomposites can be processed in different ways, such as in-situ polymerization, 

solution casting or melt compounding, being the latter the most widely used technique in this 

field. The main advantages of melt compounding process, in particular with the extrusion 

technique, are its less time and costs consuming and its possibility to scaling-up. (2,7) 

Nevertheless, since it is complicated to reach well dispersed nanoreinforcements in the 

matrix, the main challenge performing this technique is to achieve a good dispersion of the 

second phase into the polymer avoiding, at the same time, the degradation of either the 

matrix or the reinforcements (2,7). Twin-screw extruders are the widely used devices in the 

compounding extrusion of nanocomposites since they showed improved performance 

compared to the single screw extruders. (2) These enhanced results are mainly due to the 

higher shear generated and to the longer residence time (time that the material stays into the 

extruder, that lead to a better distribution of the nanoreinforcements in the polymer matrix. 

(2)  
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1.1  Nanocomposites   

The nanometer-sized phase can results in enhanced properties of nanocomposite materials 

compared to conventional micro-composites, even with a relative small amount of 

reinforcement (5-10 wt%). Since nanoreinforcements have an high aspect ratio, when they are 

introduced in a polymer matrix, its interfacial area per unit volume increase, leading to a 

significant increment of the interaction sites, thus, enhancing the properties of the material. 

Furthermore, the small size of the reinforcing phase results in the decrease in likelihood of 

finding defects or creating large amounts of stress concentrations and thus, not compromising 

the matrix properties such as the ductility. Besides, it has been demonstrated that even 

though the interfacial region is only few nanometer in size, the matrix is completely 

influenced by the interface between the two phases resulting in a different behavior than the 

bulk. (1,2,8) Therefore, depending on the nanocomposite composition and on the second 

phase used, a large amount of properties can be significantly improve such as flame 

retardance, the abrasion and wear resistance as well as the mechanical, electrical, thermal 

and barrier properties. (1,2,3,8) 

1.1.1  Nano sized reinforcements  

There are several types of nanosized reinforcements and depending on their shape 

nanocomposites can be divided in three groups (1,9,10): 

Three-dimensional nanocomposites: these are materials reinforced with reinforcements that 

present all three dimensions in the nanometer range. Spherical silica particles and metal 

particles belong to this group.  

Two-dimensional nanocomposites these are materials reinforced with fibers, tubes or crystals 

that present two dimensions in the nanometer range, usually the diameter. Examples are 

carbon nanotubes, cellulose nanofibers and cellulose nanocrystals. 

One-dimensional nanocomposites: these are materials reinforced with sheet-like 

reinforcements that present only one dimension in the nanometer range, usually the 

thickness. Examples are organoclays or layered silicates. 

An important parameter that influences the nanocomposite properties is the higher surface 

area /volume ratio of the nanoreinforcements respect to traditional micro-sized phase. 

Indeed, as represented in Figure 1, moving  from micrometer to nanometer range, the change 

in particle or fiber diameter or layer thickness, modifies the ratio by three order of magnitude. 

In particular, in the case of particles and fibers, the surface area /volume ratio is inversely 

proportional to their diameter, thus, for smaller diameters, the surface area per volume 

increase. An high surface area /volume ratio results in the formation of more interaction sites 

in the interface between the matrix and the reinforcement, thus, improved mechanical and 

chemical properties. (1,9,10) 
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Figure 1. Common nanoreinforcements and their relative surface area/ volume ratio. (1) 

A large amount of reinforcements have been used in nanocomposites preparation such as 

natural and synthetic clays (layered silicates), nanostructured silicas, nanoceramics, and 

carbon-based nanotubes (2) but in this work the attention will be focus mainly on 

biodegradable and renewable second phases and, in particular, on cellulose 

nanoreinforcements. 

1.1.2  Layered silicates  

Layered silicates are one of the most common reinforcements used in nanocomposites 

preparation due to the facility to found clay in nature. Montmorillonite, saponite and 

hectorite are the layered silicates most frequently used for the nanocomposites preparation. 

(1,11) These reinforcements belong to the structural family known as the 2:1 phyllosilicates 

that are principally made up of two tetrahedral sheets connected with one central octahedral 

sheet layered (such as alumina or magnesia). Being the layer thickness around 1 nm and the 

lateral dimensions from 30 nm to several microns, their high aspect ratio, greater than 1000, 

makes layered silicates one of the most used reinforcements in polymer-based 

nanocomposites. (11) In general, layered silicates significantly enhance the mechanical 

properties of the polymer matrix such as tensile strength and Young’s modulus but also the 

fire retardance, thermal stability, and the barrier properties have been improved. (12) When 

layered clays are incorporated in the polymer matrix, three types of composites can be 

obtained according to the different nature of the layered silicate implemented and depending 

on the preparation method. See Figure 2. 
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Figure 2. Representation of different types of composites based on the interactions of the 

layered silicate with polymer matrices. (12) 

As it can be seen from Figure 2 above the layered silicates composites can be divided in: 

Traditional microcomposites are those where the silicate sheets are not intercalated in the 

polymer, obtaining a phase separated composite.  

Intercalated nanocomposites result in an ordered multilayer morphology with alternated 

inorganic and polymeric layers.  

Exfoliated nanocomposites are those where the silicate layers are uniformly dispersed in the 

polymer matrix. (12) 

1.1.3. Cellulose 

Cellulose is the most abundant organic polysaccharide on the Earth and it is considered an 

almost inexhaustible source due to the facility to be found in algaes, tunicates, bacteria and in 

all plants, whereas wood is principal source for industrial processes. (13)  

Cellulose is a biodegradable polymer that plays the fundamental load-bearing function on the 

primary cell wall of the plants. Cellulose is consisting of microfibrils that are arranged in highly 

crystalline structure with a repeat unit, called cellobiose. (14) Figure 3 shows, the cellobiose 

monomer is consisting of two glucose molecules connected by a β(1,4) bond and, in this form, 

cellulose is known as cellulose-I. (14) 

 

 

Figure 3. Cellobiose, the basic repeating unit of cellulose. (14) 
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A microfibril is formed by an aggregate of 30-40 cellulose molecules that are linked laterally by 

hydrogen bonds. Due to the strength of these bonds, the glucose molecules are stabilized, 

making cellulose a stable polymer, which is almost insoluble in water and in the most organic 

solvents. Moreover, these strong bonds form a network that gives the possibility to the 

cellulose to fulfill its reinforcing function in plants, increasing both rigidity and stiffness. (15) 

Indeed, it was calculate that, Young’s modulus can overcome 100 GPa. (16) Their highly 

crystalline structure and the strong bonds between cellulose chains, contribute to unique 

properties that make this material competitive, such as a low moisture adsorption and high 

barrier properties (13), low thermal expansion, high thermal stability and, as it was described 

before, an high optical transparency. (17) In addition to these properties, the high stiffness 

and strength (10) associated with the low weight, the biodegradability and the renewability 

(18) make this material a good candidate for many applications. However, cellulose is never 

entirely crystalline, a certain degree of amorphous state is always presents independently 

from which sources is obtained, making cellulose susceptible to chemical reagents. 

Although cellulose is mainly used for papermaking, paper based products (18), during the 

years, cellulose has been implemented as nano-size reinforcement in nanocomposites. 

Commonly, two types of nanoreinforcements can be isolated from cellulose: nanofibers (also 

called  microfibrils) and nanowhiskers (also called nanocrystals). (18) The hierarchical 

structure of plant is represented in Figure 4. 

 

Figure 4. Hierarchical structure of plants. (19) 
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Nanofibers and nanocrystals are separated from purified cellulose which is extracted by 

bleaching treatments of lignocellulosic fibers shown in the schematic Figure 5. After milling 

the raw fibers, an alkali and bleaching treatments are performed allowing the elimination of 

hemicelluloses and lignin. (20) 

 

Figure 5. The main steps for the preparation of nanoparticles.(20) 

Subsequently, the bleached fibers can be transformed in nanocrystals (by acid hydrolysis 

treatment) or in nanofibers (by mechanical disintegration). (7,20) 

Cellulose nanofibers 

Firstly, it has to be clear that the term cellulose nanofibers (CNF) is referred to cellulose fibers 

with a nanoscale diameter and a length of several micrometers. Different terms are used for 

this material such as nanofibrillated cellulose (NFC) (21) as well as microfibrillated cellulose 

(MFC) (22,23,24), the terms used can be confusing because the fiber diameters are usually 

below 100 nm. An attempt is in progress to standardize the terms for nanocellulose for future 

use. (21) In this thesis the term cellulose nanofiber (CNF) is used. 

Cellulose nanofibers are characterized by having both crystalline and amorphous regions. 

Their dimensions are influenced by the cellulose source and by the different manufacturing 

processes; in general, cellulose nanofibers have a width varying from 5 nm to 20 nm and a 

length of more than a few micrometers that determine an aspect ratio higher than 200. 

(7,18,23) Their abundance and biodegradability combined with their high strength and 

stiffness, made cellulose nanofibers of great interest to be used as reinforcements in bio-

derived nanocomposites preparation. (18, 19) Figure 6 shows an transmission electron 

micrograph of cellulose nanofibers  



 

 

18 

 

 

Figure 6. Transmission electron micrograph of cellulose nanofibers. Scale bar correspond to 

0.2μm.(18) 

In order to prepare cellulose nanofibers cellulose pulp suspension needs to be prepared. 

During the mechanical process wood is inserted between rotating stone disks and then, the 

cellulose fibers are extracted. In this method the energy consumed is very high, even if the 

whole woody material used in this process is utilized to produce fibers. In contrast, during the 

chemical process the energy consumed is lower but only the half of the wood employed is 

converted into pulp and the other half is dissolved. Considering all the production of cellulose 

pulp in the world, the majority is obtained using the chemical process, which, consists in the 

elimination of the lignin, degrading its molecules in a solution and removing them with a 

subsequent washing. (19,21). Until now it has been talk about processes to obtaining cellulose 

fiber pulp from wood but they can be performed, along several other methods, using other 

cellulose sources such as sugar beet pulp, soy hulls, palm trees, ramie or carrots. (21) The 

three most widely used methods to produce cellulose nanofibers from the pulp are the 

homogenization, the microfluidizing and the grinding. The first method requires that the wood 

pulp fibers in water suspension enters, with high-pressure and at low speed, in the 

homogenizer main chamber. The fibers velocity increases dramatically when cellulose slurry is 

pumped through a spring-loaded valve assembly, while the pressure drop. This descent of the 

pressure is due to the high shear forces to which the fibers are subjected since they pass 

through a thin slit. This combination of forces promotes high degree of fibrillation. (18,19,21) 

The microfluidizer equipment allows obtaining very thin cellulose nanofibers (with diameters 

between 20 and 100nm) and with more fiber size uniformity. In this process, the fiber 

suspension passes under high pressures through a thin z-shaped chambers and it achieves 

high velocities, increasing, thus, the degree of fibrillation. The major disadvantage of this 

method is the high energy consume that limits the large diffusion of this equipment. 

(18,19,21) The third most common method used to prepare cellulose nanofibers is called 

grinding. In the grinder equipment cellulose pulp passes between a static grinding stone and a 
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rotating one which is revolving at about 1500rpm. High shear forces are generated, thus, high 

fiber fibrillation is promoted. Even though the grinder requires less passes to obtain 

nanofibers, the length fibers may be shorter respect at the obtained fibers with the 

homogenizer, therefore, the physical properties are affected. (18,19,21) 

Cellulose nanocrystals 

Cellulose nanocrystals, also called nanowhiskers or simply whiskers, are cellulose elongated 

crystalline rod-like nanoparticles that can be obtained from diverse sources such as bacteria, 

tunicin and, of course, plants. (4) See Figure 7. 

 

Figure 7. Transmission electron micrographs from a dilute suspension of tunicine (a) and ramie 

(b) cellulose nanocrystals.(25) 

The nanocrystals are linked by amorphous regions, that are build up of cellulose microfibrils 

and that have lower density than the nanocrystalline regions. (20) Due to the acid 

susceptibility of the microfibrils, cellulose nanocrystals can be extracted, under controlled 

conditions, through an acid hydrolysis process (20), that is principally performed using 

hydrochloric acid (HCl) or sulphuric acid (H2SO4). Centrifugation, dialysis in deionized water 

and sonication in ice bath of the obtained suspensions have to be performed after hydrolysis 

process. (9) In Figure 8 the method the process above mentioned is schematized.  

 

Figure 8. Preparation for obtaining cellulose nanowhiskers. (7) 
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Depending on the different sources and on the different hydrolysis conditions, cellulose 

nanocrystals can assume diverse geometrical dimensions and different mechanical properties. 

Their cross section is in the range of 3- 20 nm, while their length can measure from 100 nm to 

several μm (9) resulting in a large specific surface area. Moreover, due to the small number of 

defects, the elastic modulus of the nanocrystals can achieve significant values, from 130 GPa 

to 250 GPa (20), while the strength was calculated to be around 10 GPa. (20) Thus, due to 

these astonishing properties together with its biodegradability, cellulose nanocrystals were 

implemented as reinforcements in nanocomposites preparation. In particular, if CNCs are 

incorporated in a biopolymer matrix, such as cellulose acetate, starch or PLA, biodegradable 

and environmentally friendly nanocomposites can be obtained. However, the major challenge 

in using CNCs as second phase is their feeding during the extrusion process since the crystals 

tend to aggregate due to their large specific area. (20,26) 

1.1.2  Matrix polymers  

Although metals and ceramics can be all utilized as matrix, polymers are the most widely used 

in both composites and nanocomposites. The polymers used are thermoplastics, thermosets, 

elastomers and biopolymers (2, 11, 27). 

In recent years, interest in developing products for industrial applications based on natural 

resources has grown, since environmental consciousness has increased. Biopolymers, 

originating from renewable resources, could be processed in order to obtain environmentally 

friends products and to replace petroleum-derived plastics, but their limited performances 

reduce the competitiveness to traditional polymers. However, biopolymers are less cost 

consuming and can also reduce the waste problem, because the most of them are 

biodegradable. (2,3) 

In general, biopolymers can be classified according to their source: (2,28) 

 

 Polymers that are directly derived from bioresources, such as starch or cellulose. 

 Polymers produced with a chemical synthesis using renewable sources, such as 

polycaprolactone (PCL) or polylactic acid (PLA). 

 Polymers synthetized by bacteria, such as polyhydroxybutyrate (PHB) and 

polyhydroxyvalerate (PHV).   

 

In order to enhance their mechanical properties, low heat distortion, brittleness, low tensile 

strength, and high gas permeability, nanoscale reinforcements have been used. (2,3,28) 

 

Starch is an abundant product in nature since it is a natural biodegradable polysaccharide 

obtained from plants, such as corn, rice, potatoes and maize. Thermoplastic starch (TPS) can 

be processed as a traditional polymer and it can be used as matrix in nanocomposite since it 

presents a very low permeability for oxygen. However the mayor drawbacks of this material 
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are the poor mechanical properties and its high sensitivity to humidity that make TPS 

unsuitable for a huge number of applications. (2,28) Clay and cellulose nanocrystals or 

nanofibers  are the most utilized reinforcements in starch-based nanocomposites; Tang et al. 

(29) demonstrated that the addition of clay in starch, enhanced its mechanical strength and 

water barrier properties. As mentioned before, cellulose is the most abundant renewable 

biodegradable material and due to its unique properties it is principally used as reinforcement 

in nanocomposites. However, cellulose can be also used as matrix and, in this case, it is 

subjected to an esterification reaction that produces cellulose esters, such as cellulose acetate 

(CA), cellulose acetate propionate (CAP) and cellulose acetate butyrate (CAB). Subsequently, 

cellulose esters are extruded in addition with plasticizers to produce the commercial cellulose 

plastics. CAB is the most used cellulose ester as nanocomposites matrix since it provides 

enhanced flexibility if compared with other esters and allows the uses of less plasticizer. 

(9,15,30) PCL is an oil-derived biodegradable polymer obtained by polymerization of ε-

caprolactone. Due to its non-toxicity and high flexibility, PCL can be an excellent substitute 

material for non degradable polymers in medical and packaging applications; with this 

purpose Muñoz-Bonilla et al. (31), in 2013, prepared PCL-based nanocomposites incorporated 

TiO2 (inert and cheap material) nanoparticles. The main drawback of this polymer is its low 

tensile strength and low melting point (65°C) that can be overcome by blending it with other 

polymers such as PLA. In recent years, Salehyan et al. (32) used PCL/PLA blend as matrix and 

showed that an addition of 2phr (parts per hundred) montmorillonite increased the 

mechanical and thermal properties of the polymer blend significantly. PLA is a linear 

biodegradable thermoplastic polyester produced from renewable resources such as corn, 

sugar beets, rice or other biomass, being corn the source from which the highest purity PLA 

can be produced. PLA has a melting point around 180°C and a glass transition temperature of 

approx. 60°C. (33) The two main methods for producing high molecular weight PLA from the 

lactic acid monomer are: by poly-condensation reaction or by ring-opening polymerization of 

the lactide monomer. (28,34) The repetitive unit of PLA is represented in Figure 9. 

 

 

Figure 9. Repetitive unit of PLA. (6) 

Although its properties depend from the proportion of its enantiomers (D- or L-), PLA has 

attracted the attention of researches in last years due to its generally good mechanical 

properties, thermal plasticity and biocompatibility that make this polymer a promising 

material for many applications such as packaging, medical and automotive applications. (6) In 

addition with its film transparency, no toxicity, availability and biodegradability, PLA is a good 
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substitute of petroleum-based polymers due to its high modulus and high tensile strength 

comparable with many synthetic polymers. (34) However, the major drawbacks of PLA are its 

inherent brittleness (thus low impact resistance), low thermal stability and low gas barrier 

properties, while its degradation can be overcome not exposing the polymer to high 

temperatures and moisture. (6,33) In order to enhance the mechanical, thermal and barrier 

properties of this polymer and to overcome its weaknesses, different plasticizers and 

compatibilizers as well as TiO2 (35), hydroxyapatite (36), carbon nanotubes (37), layered 

silicates (38,39) and graphene platelets (40) have been used. Moreover, in order to produce 

environmentally friendly nanocomposites, renewable reinforcements can be incorporated in 

PLA, such as cellulose nanofibers (41) or cellulose nanocrystals (26). 

1.3  Processing of polymer nanocomposites  

Even though many techniques to prepare nanocomposites, have been tested but solution 

casting, in-situ polymerization and melt compounding have been mainly used. This is because 

these methods are reproducible in industrial scale.(2) Others techniques for obtaining 

nanocomposites have been developed, such as in situ template synthesis or phase separation, 

but more efforts must be done to improve these techniques in order to approach the 

possibility to scale-up. The nanocomposite processing has mainly three fundamental roles: 

mix the materials properly, ensure the appropriated amounts of matrix and reinforcement in 

the final material and avoid the degradation of either the matrix or either the second phase. 

(42, 43) 

1.3.1  Solvent casting  

Solvent casting is an easy method for producing nanocomposites. This technique involves the 

dispersion of the reinforcements in a solvent in which the polymer is soluble. The 

reinforcements are first dissolved in the solvent and then the polymer is added. Once the 

polymer and the reinforcements are mixed, the solvent must be removed by vaporization or 

precipitation. This technique is one of the most suitable methods for the preparation of 

nanocomposites since no specific equipment is needed and no heat treatments are required 

(thus, avoiding the thermal degradation). Nonetheless, the high amount of expensive and 

environmentally unfriendly organic solvents is the major drawback of this technique making 

more difficult its approach in industry. (42, 44)  

1.3.2  In-situ polymerization  

In-situ polymerization is a technique that involves the dispersion of the reinforcement into a 

monomer solution and subsequent polymerization under suitable conditions. The 

polymerization reactions can be initiated either by the diffusion of a suitable initiator or a 

catalyst, either by heat or radiation, (2) and a good dispersion of the reinforcements into the 

monomer solution must be carried out in order to avoid agglomerations in the matrix. In-situ 
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polymerization, is a successful technique mainly in processing thermosetting polymers, even 

though it was performed for the first time in order to prepare nylon 6/silica nanocomposites. 

(45) However, the long time that the polymerization reaction could take (more than 24h) is 

the major drawback. (42) 

1.3.3  Melt compounding  

Melt compounding is the most promising processing method for nanocomposite preparation 

in industrial scale. Indeed, this technique permits to overcome the major drawbacks of in-situ 

polymerization and solvent casting methods such as the long processing time, the limited 

amount of material produced and the uncertainty to find always a suitable monomer or a 

compatible matrix-reinforcement solvent system. (42) Melt compounding involves the 

blending of the polymer with the reinforcement under shear at a temperature above the 

polymer softening point. Melt compounding is performed using twin-screw extruders and the 

process can be either discontinuous (batch-wise) or continuous (with a rotating piece in the 

machine that transports a steady flow of material).  (2,42,46) 

Extrusion of thermoplastic polymers is a continuous process in which the material (in form of 

powder or pellets) is melted by external and frictional heat and conveyed forward to the die, 

which gives the desired shape to the product. (47) An extruder machine is composed of three 

main zones, as represented in Figure 10: the conveying zone, the transition zone (also called 

melting zone) and the metering zone (also called pumping zone). (47) 

 

Figure 10. Components and zones of a common extruder. (47) 

The conveying zone:  

The primary task of this zone is to convey the material from the feed hopper to the screw 

channel. The solid polymer is fed by gravity from the hopper into the gap between the screw 

and the barrel wall inside the extruder. Subsequently, due to the movement of the screw 

mechanism the polymer is compacted and transported down to the channel. In order to 

transport and compact the material, an high friction coefficient must be always ensured, thus, 
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grooving the barrel surface in the axial direction or cooling the feed section of the barrel are 

the most used mechanisms to maintain an high difference in frictional forces. (47) 

 

The transition zone:  

In this section of the extruder the polymer is melted. Due to the heated barrels and the 

mechanical work generated by the transportation, the polymer melts, forming a thin film that 

becomes thickest as the material is moved along the barrel. In order to melt all the polymer 

inside the extruder, heat convection movements are generated and a gradually decreasing of 

the screw depth compared to the conveying zone. (47, 49)  

In addition to the melting function, this section of the extruder is responsible to ensure a 

perfect mixing and homogenizing of the material. For this reason, various types of mixing 

devices, that improve the melt quality and increase the dispersion and the distribution of 

additives, have been developed. An optimal dispersive and distributive mixing is fundamental 

if an homogeneous mixture must be reached. Dispersive mixing is the process throughout, 

applying high stress, the solid particles are broken in smallest size. On the contrary, in the 

distribution mixing, large strains are required to ensure an optimal distribution of the particles 

throughout the mixture.(47,48,49,50) A graphic example on the difference between dispersive 

and distributive mixing is represented below:  

 

Figure 11. Distributive and dispersive mixing differences. (9) 

The metering zone:  

This section is the final part of an extruder. The metering zone is the most important part of 

an extrusion machine since it generate suitable pressures to pump the material through the 

die. In this section the screw depth returns constant but much less than the feeding zone, 

generating a constant transport rate and removing the “tuning memory” from the melt. (47, 

50)  
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Some extruders are also equipped with a vacuum venting system and a degassing zone in 

order to remove moisture and other gases that are formed during the process. Finally the 

material is cooled, usually in a water bath, to reach the solid state. (2, 47, 49) 

Extruder classification 
Continuous extrusion machines are usually classified according to the number of screws of 

which they are equipped; thus, extruders can be divided in: single screw extruders and twin 

screw extruders (2). Twin-screw extruders are those machines equipped with two screws of 

the same diameter, which turn with the same speed. This type of configuration is the 

primarily employed as mixing and compounding devices since, due to the higher shear stress 

generated, they give better mixing and homogenization at lower temperatures comparing to 

the single screw extruders. Moreover, according to the different types of twin-screw 

extruders, a large range of possibilities in terms of mixing efficiency, output rates and heat 

generation can be achieved. (49, 50) This configuration permits an high operation flexibility 

since the screws can assume different designs, as it is illustrated in Figure 12. 

 

 

Figure 12. Configuration of different twin-screw extruders. (51) 

Twin screw extruders can be classify according to:  

- Direction of rotation: Co‐rotating: when the screws rotate in the same direction; this 

configuration permits relatively uniform shear rate distribution and possibility of high screw 

speeds with correspondent high throughput rates and high pumping efficiency due to the 

double transport of the screws. Furthermore, owing to the possibility of arranging different 

screw designs, this configuration permits a better dispersion and distribution of the 

nanoreinforcements in the matrix.(46) In the current study this type of twin screw extruder 

has been used. Counter‐rotating: when the screws rotate in opposite directions; this 

configuration has more positive conveying  characteristics and  generate high stresses that 

make this configuration suitable for dispersing lubricants and pigments. (50) 
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- Degree of intermeshing: intermeshing (most common due to their design that confers a self-

cleaning effect) or non‐intermeshing. (50) A schematic comparison of single screw, co-rotating 

and counter-rotating twin screw extruders is illustrated in Figure 13. 

 

Figure 13. Comparison of the different types of extruders. (50) 

As mentioned before, the type of extruder, the screw design and the extrusion parameters 

must be selected in order to reach the optimal configuration for each process. The processing 

technique must be flexible to combine the perfect residence time with the optimal dispersion 

and distribution of the nanoreinforcements.  

Melt compounding has further advantages, such as it is a low cost and environmentally 

friendly technique (since no organic solvents are required) with the possibility to be scale up. 

(2,8,42) Furthermore, extrusion compounding permits to produce nanocomposites directly 

and to mould the shape of the final product by compression or injection molding. 

Nonetheless, melt compounding also presents some challenges, such as, the dispersion of the 

second phase in the matrix and the feeding of the dried nanoreinforcements. (46) 

Dispersion of the nanoreinforcements in the polymer is difficult to achieve, that due to their 

strong tendency to aggregate. Surface treatments of the nanomaterials, appropriate 

dispersants or compatibilizers can be added to improve the dispersion of the 

nanoreinforcements and to achieve better interaction with the matrix. (8, 43, 44)  

Focusing on processing environmentally friendly nanocomposites, some researches about 

extrusion compounding with twin screw extrusion using biopolymers and renewable 

nanoreinforcements are presented following, with particular focus on the use of the liquid 

feeding. Liquid feeding is a method that helps to solve the problem of the feeding of the 

nanoreinforcements into the extruder. In particular, using nanocelluloses as reinforcements, 

their feeding is the major challenge during compounding extrusion due to their very light 

weight (since the low bulk density makes difficult the feeding) and to their high surface area 

(that leads in high tendency to form aggregates when dried). In order to solve these problems, 

nanocelluloses are dispersed prior the extrusion in a liquid medium and, afterwards, the 
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obtained suspension is directly pumped into the molten polymer during the process. 

However, since the dispersing medium must be evaporated during extrusion, the lowest 

quantity of liquid must be used and suitable extruder configurations are needed in order to 

remove the generated vapour. Moreover, suitable liquid mediums are also required in order 

to be compatible with the nanoreinforcements and to not degradate the polymer matrix at 

high temperature. Several studies implementing nanocelluloses as reinforcements  have been 

carried out using extrusion compounding and some examples are presented following, 

focusing on the researches where biopolymers, such as PLA or CAB, have been implemented 

as matrix. (48,54) 

Oksman et al. (26) studied PLA-based nanocomposites with CNCs as reinforcement and the 

composites were prepared using compounding extrusion. They used for the first time liquid 

feeding and prepared a suspension of CNCs with N,N-Dimethyl acetamide (DMAc) and lithium 

chloride (LiCl) (used as swelling agents) and pumped the suspension direct in the PLA melt 

during the extrusion process. Polythylene glycol (PEG) was used as plasticizer and maleic 

anhydride (MA) was implemented to modify the polymer. With this method the dispersion of 

the nanocrystals was improved and the results demonstrated that, even though the negative 

action of the additives, it is possible incorporate the nanoreinforcements using liquid feeding 

enhancing as well the mechanical properties. 

CNFs were implemented as nanoreinforcements in the PLA matrix in order to produce 

environmentally friendly nanocomposites by Herrera-Vargas et al.(52) Glycerol triacetate 

(GTA) was also added as plasticizer for facilitating the dispersion and the distribution of the 

nanocrystals. Liquid feeding was used to incorporate the second phase, together with GTA 

into the extruder. This research demonstrated that is possible to produce PLA-CNF 

nanocomposites, by twin screw extrusion using liquid feeding, reaching a good dispersion of 

CNF and enhancing the mechanical properties of the final materials if compared with the neat 

PLA. Indeed, with a 1 wt% CNF and 20 wt% GTA, the strain to failure and the work of fracture 

increased 14 and 9 times respectively. 

Bondeson et al. (53)obtained CAB-based nanocomposites with CNC as nanoreinforcements 

and TEC as plasticizer using liquid feeding. CNCs were solved in a water:ethanol suspension in 

addition with TEC, that helps to achieve a well dispersion of the second phase into the 

polymer matrix. The obtained suspension was pumped into the extruder during the process. 

Although the elongation at break of the obtained nanocomposites was decreased comparing 

to the neat CAB, the strength and tensile modulus were enhanced of 100% and 300% 

respectively. Moreover, even though the relative high amount of CNC (5 wt%) in the 

nanocomposite, the final material was transparent that make it suitable for many application 

such as packaging products. 

Nanocomposites with PLA as matrix and CNC as nanoreinforcements were prepared using 

polyvinyl alcohol (PVOH) as dispersing agent. PVOH and CNC were fed with two different 
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methods, dry feeding (mixing CNC and PVOH with PLA prior the extrusion) and liquid feeding 

(pumping the materials as a suspension directly into the extruder). Phase separation occurred 

caused by the immiscibility of the two polymers and relative low improvements in mechanical 

properties resulted indicating that CNCs reinforced mainly the PVOH instead of the PLA. 

Moreover the nanoreinforcements were better dispersed using liquid feeding comparing to 

the dry method. (9) 
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2. Objectives 

The objectives of this study were: 

Produce bionanocomposites with PLA as matrix and CNCs as reinforcement, by compounding 

extrusion using liquid feeding. TEC, a biodegradable plasticizer, was used to act as feeding 

liquid and to facilitate the dispersion of the nanocrystals.  

Study how the addition of two different types of nanocrystals, freeze dried CNC and wet CNC 

affected to process and the final nanocomposites structure and properties. 

Study how the feeding, using different processing parameters, affected the final 

nanocomposites properties. 

Study how different nanocellulose content affected the nanocomposites structure and 

properties. 
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3. Experimental  

3.1 Materials 

Matrix: High molecular weight polylactic acid (PLA) supplied by FUTERRO, Belgium, was used 

as polymer matrix.  

Reinforcements: Cellulose nanocrystals (CNCs): An aqueous suspension of CNCs (10,3 wt%) 

(CNCWET) and freeze dried CNCs were used, both provided by USDA Forest Service, FPL, 

Madison, USA. See Figure 14 

             

Figure 14. Aqueous suspension of CNCs (on the left) and freeze dried CNCs (on the right). 

Additives and processing aids: Triethyl citrate (TEC): 99%, Alfa Aesar, Germany, was used as 

plasticizer. Ethanol: 99.5%, Solveco, Sweden, was used as solvent for TEC in the suspensions 

preparation. Both additives were utilized to incorporate the nanoreinforcements by liquid 

feeding in the extrusion process and to facilitate the dispersion and the distribution of the 

crystals in the matrix. 

3.2 Nanocomposites processing 

3.2.1  Preparation of suspensions prior the extrusion 

According to the different form of CNCs (aqueous suspension and freeze dried CNCs), two 

different types of CNCs suspension were prepared for the liquid feeding prior the extrusion 

process. TEC and ethanol were also added in both types of suspensions. Furthermore, for each 

type of suspensions, two different compositions were prepared in order to obtain a different 

amount of CNCs in the final nanocomposites (1 and 5 wt% CNCs). In the Table 1, the 

compositions of different feeding suspensions are reported. As seen, the suspensions labeled 

as WET (blue color) were prepared with the aqueous suspension of CNCs while the 

suspensions labeled as DRY (grey) were prepared using freeze dried CNCs. Further, the 

suspensions labeled as TEC-CNCWET-1%  and TEC-CNCDRY-1% were prepared in order to obtain 1 

wt% CNCs in the final nanocomposite, and similar the suspensions labeled as TEC-CNCWET-5% 

and TEC-CNCDRY-5% were prepared in order to obtain 5 wt% CNCs.  
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The final targeted nanocomposites compositions in this study were: 

 79 wt% PLA, 20 wt% TEC and 1 wt% CNC. 

 75 wt% PLA, 20 wt% TEC and 5 wt% CNC.  

Table 1. Composition of the suspensions used for the liquid feeding. 

 
CNC aqueous suspension  Freeze dried CNC 

+ TEC + ethanol + TEC + ethanol 

Liquid feeding 
suspensions 

TEC-CNCWET- 1%    TEC-CNCWET- 5%    TEC-CNCDRY- 1%    TEC-CNCDRY- 5%    

CNC (g/min) 0.5 2.6  0.5  2.5  

TEC (g/min) 9.8  10.0  10.0  10.2  

Ethanol (g/min) 4.4 22.2 3.5 4.3 

Water (g/min) 4.4 22.2 0 0 

Liquid phase (g/min) 8.8 44.5  3.5  4.3  

 

Finally, the prepared suspensions were magnetic stirred overnight and ultrasonicated for 90 s 

prior the extrusion. Examples of feeding suspension are represented in Figure 15. The liquid 

phase is calculated considering only the amounts of ethanol and water since they are the only 

components of the suspensions that are removed, by evaporation, during the process. 

 

 

Figure 15. Examples of liquid suspensions fed into the extruder a) TEC-CNCWET-5%, b) TEC-CNCDRY-5%. 
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Characterization of the feeding suspensions 

The feeding suspensions were studied prior the extrusion using optical microscopy (OM) in 

order to analyze the dispersion of nanocrystals. Following OM images of the feeding 

suspensions containing 5 wt% CNCs are shown in Figure 16. 

 

Figure 16. OM images of the suspensions with 5 wt% of CNC. a)TEC-CNCWET-5% and b)TEC-

CNCDRY-5%. 

As seen in Figure 16, the TEC-CNCWET-5% presented more uniformly dispersed nanocrystals 

than the TEC-CNCDRY-5% suspension. It is possible that the higher amount of liquid phase used 

to achieve this suspension is the reason for the better dispersion of the nanocrystals. 

Furthermore, a rapid and easy method to examine the dispersion of CNCs in a suspension is 

the flow birefringence. Applying a polarized light over the suspensions, during flow, the 

formation of aligned macroscopic domains of CNCs are produced, if isolated crystals are 

presented. This effect is generated from the alignment of the CNCs with the long axis in the 

flow direction. The suspensions are placed between two polarized filters rotated 90° to each 

other. (9) The flow birefringence was studied using a set of two cross-polarized filters and a 
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lamp. In Figure 17, the flow birefringence of TEC-CNCWET-1% and TEC-CNCWET-5% is represented. 

These two feeding materials were both prepared with the CNCs aqueous suspensions but 

different amount of CNCs. 

 

Figure 17.  Flow birefringence of TEC-CNCWET-1% and TEC-CNCWET-5% confirming well dispersed 

nanocrystals in the liquid. 

As it can be seen in Figure 17, both suspensions presented individualized crystals, being TEC-

CNCWET-1% the suspension that exhibits higher flow birefrigence. This was due to the viscosity 

of the suspensions, since it is difficult to create flow in the more viscous suspension (TEC-

CNCWET-5%) and then show a clear flow birefrigence. However, from these results, it can be 

confirmed that both feeding materials presented dispersed CNCs.  

3.2.1  Extrusion process 

A co-rotating twin-screw extruder (ZSK-18 MEGALab Coperion W&P, Germany) was used to 

prepare the PLA-based nanocomposites. In order to obtain the final nanocomposites, pure 

PLA and the liquid materials were both fed at the main port of the extruder using a 

gravimetric feeding and a peristaltic pump (Drive PD 5006), that were both calibrated prior 

the extrusion process to control the desired amount of components in the final 

nanocomposites. Three small ports were located on the extruder in order to remove the 

generated vapor during the process. The total process throughput was 3.0 kg/h while the 

feeding rates were different for each suspension in order to reach the targeted compositions. 

The feeding rates of the different suspensions are illustrated in Table 2.  The screw speed was 

300 rpm and the extrusion zone temperature varied from 170°C to 200°C. 
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Table 2. Feeding rates of the feeding suspensions. 

Feeding 
suspensions  

Feeding rates 
(kg/h) 

TEC-CNCWET- 1%   1.14 

TEC-CNCDRY- 1%   0.84 

TEC-CNCWET- 5%  3.42 

TEC-CNCDRY- 5%  1.02 

 

After the extrusion process, the materials were compression molded, at a temperature 

of 190°C for 4 min under a pressure of 3 MPa using Frontijne Grotnes LPC press (The 

Netherlands), obtaining sheets with an average thickness of 0.15 mm. Finally, bone-

shaped samples for mechanical testing were cut from these sheets. The schematic of 

the process is shown in Figure 18. 

 

Figure 18.  Extrusion process implemented in this work. 

 

3.3  Characterization techniques 

3.3.1 Optical microscopy (OM)  

Optical microscopy was used to analyze the nanocomposite sheets in order to study the 

dispersion of the nanoreinforcements. This microscopy study was made using Leitz 

Dialux 20 (Germany).  

3.3.2 Thermogravimetric analysis (TGA)  

The thermal analysis of the PLA nanocomposites was carried out using Q550, TA 

Instruments (USA)  thermogravimetric analyzer. The samples where heated from 25 to 
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510°C at an heating rate of 5°C/min. With this technique the nanocomposite thermal 

stability can be analyzed and this can also give an indication of the CNC content. TGA is a 

simple technique, consisting a continuous weighing of a sample (5-10 mg) at different 

temperatures. The mass loss of the sample is calculated while the temperature is 

increasing with a fixed heating rate. The weight loss is due to different factors, such as 

polymer’s degradation or desorption of gases.(2)  

3.3.3 Melt flow index (MFI)  

The melt flow index (MFI) of the prepared nanocomposites was measured using Göttfert 

MI-1 (Germany) at 190°C with 2.16 kg/10 min. The melt flow index is defined as a 

measure of the materials flowability and it is expressed in g/10 min. A powder material 

is heated and melted inside the equipment and, subsequently, the molten polymer is 

pressed through a die. (54)  

3.3.4 Tensile testing  

Tensile testing is used to characterize polymer nanocomposites mechanical properties. 

In this work a Shimadzu AGX (Japan) conventional tensile tester equipped with a 1 kN 

load cell was used. Tests were performed at 3 mm/min with a room humidity of 17% at 

20°C. A standard sample geometry type IV was used with a gauge length of 30 mm 

according to the ASTM D-638 standard. Five samples for each material were tested and 

the average of each property was reported. The maximum strength and the maximum 

elongation to break were got from the tensile test results while the Young’s modulus 

was calculated from the test data.  

3.3.5 X-Ray diffraction  

The prepared nanocomposites crystallinity were characterized using a WAXD 

PANalytical Empyrean (The Netherlands) diffractometer equipped with a PIXcel3D 

detector. The samples were scanned in the range of 2θ= 5-45° with a spot size 0,02° for 

crystallinity comparisons.  This technique is useful to study the morphology of the 

nanocomposites and in particular their crystallinity. According to the deviation angle of 

the direct beam, XRD can be classified in small-angle (SAXD) and wide-angle (WAXD), 

which have angle larger than 2°-3°.(2) The fundament of this technique is based on the 

phenomenon known as X-ray diffraction, that is schematized in Figure 19.  
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Figure 19.  Basic principle of XRD techniques. 

Diffraction results in peaks of intensity when Bragg’s law (nλ=2dsinθ) is satisfied for 

constructive interference at different angles. Subsequently, by plotting all the data, a 

characteristic pattern can be obtained.(2)  

3.3.6 UV/Vis spectroscopy  

The optical transparency of neat PLA and PLA nanocomposites were measured  using a 

Perkin-Elmer UV/Vis Lambda 2S (Germany) in the range wavelength of 300-800 nm. 

With UV/Vis spectroscopy an absorption spectra in the ultraviolet-visible region of a 

nanocomposite is obtained. UV/Vis spectroscopy is used to measure the transparency of 

a polymer nanocomposites detecting, for instance, the presence of possible aggregates. 

The equipment measures the intensity of the light before (I) and after (I0) passing 

through the sample. The measurements are performed at different light wavelengths. 

Once the test is completed, the transmittance, defined by the ratio I/I0, is plotted with 

the correspondent wavelength. (2) 

3.3.7 Scanning electron microscopy (SEM)  

Scanning electron microscopy was used to analyze the morphology of the fractured 

surface of the samples after tensile test. A JSM-6460LV with a low vacuum (1-270 Pa) at 

7 kV was used. Samples were coated with a layer of gold before the examination to 

avoid charging. 
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4. Results and discussion 

4.1  Nanocomposites 

PLA-based nanocomposites with two different types of CNCs as reinforcements, namely 

CNC-wet and CNC-dry with two different concentrations, 1 and 5 wt% were prepared by 

extrusion compounding. The obtained results are shown below. Optical microscopy 

images of the compression moulded films is shown below, these images are showing an 

overview of the nanocomposites films with different compositions. See Figure 20. 

                                           

 

 

Figure 20.  Optical microscopy images of the nanocomposites sheets prepared by 

compression molding. The nanocomposite with wet CNC and low content (1wt%) shows 

best dispersion. 
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As it can be seen from Figure 20, agglomerations of cellulose nanocrystals are presented 

in the PLA in all nanocomposites films. Moreover, it is noticed that the presence of 

water in the feeding suspensions resulted in improved dispersion of the nanocrystals, 

since the materials prepared with CNCs aqueous suspension (on the left side), present a 

slight better dispersion of the nanoreinforcements respect to the materials prepared 

with freeze dried CNCs and especially the nanocomposite with only 1 wt% CNC.  

Figure 21, shows the TGA results, different degradation temperatures can be seen and 

approximative nanocomposites compositions can be determined from this data. Table 3 

shows the compositions of the prepared materials. 

 

Figure 21.  TGA analysis of the obtained materials. 

Table 3. Composition of the obtained nanocomposites. 

Nanocomposites  CNC (wt%)   TEC (wt%)  

PLA-TEC-CNCWET- 1%   1 16 

PLA-TEC-CNCDRY- 1%   1 16 

PLA-TEC-CNCWET- 5%  5 8 

PLA-TEC-CNCDRY- 5%  5 17 

 

The TGA analysis revealed that the final nanocomposites have similar compositions, 

where the plasticizer content was between 16-17 wt% except the PLA-TEC-CNCWET-5%  

which has lower amount of TEC (8 wt%). The reason of this lower amount can be 

attributed to the feeding rate and liquid phase content of the feeding suspensions. As 

seen in Table 4, PLA-TEC-CNCWET-5% is the nanocomposite with highest feeding rate and 

also highest liquid phase content.  
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Table 4. Composition of the obtained nanocomposites as well as feeding rates and the 

amount of liquid phase of the relative feeding suspensions. 

Nanocomposites  
CNC 

(wt%)  
 TEC 

(wt%)  
Feeding rates 

(g/min)  
Liquid phase 

(g/min)  

PLA-TEC-CNCWET- 1%   1 16 17 7.7  

PLA-TEC-CNCDRY- 1%   1 16 14 3.5  

PLA-TEC-CNCWET- 5%  5 8 57 44.5  

PLA-TEC-CNCDRY- 5%  5 17 17 4.3  

 

Thus, it can be deduced that the nanocomposites compositions are dependent on the 

feeding rate and on the amount of the liquid phase in their relative suspensions. In 

particular, high values of feeding rate and high amount of liquid phase affected the final 

composition reducing the content of plasticizer in the nanocomposites. The reason for 

that is the high evaporation of the water during the extrusion process and that causes 

the escape of the plasticizer since it has low molecular weight.  

Another technique that is useful in order to have an indication about the dispersion of 

the second phase in the matrix is the melt flow. Indeed, a good dispersion of CNCs 

increase the viscosity of the nanocomposite and results in decreased melt flow values. 

In Table 5 the MFI of the materials is summarized.  

 

Table 5. Compositions and MFI of the obtained nanocomposites. 

Nanocomposites  
CNC 

(wt%)  
 TEC 

(wt%)  
MFI 

(gr/10min) 

PLA-TEC  0 16 28 

PLA-TEC-CNCWET- 1%   1 16 32 

PLA-TEC-CNCDRY- 1%   1 16 28 

PLA-TEC-CNCWET- 5%  5 8 18 

PLA-TEC-CNCDRY- 5%  5 17 30 
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As expected, MFI increased with increasing the TEC content in the nanocomposites since 

it increases the PLA chains mobility and leads to a lower viscosity of the materials. 

However, in order to analyze the dispersion of the CNCs in the matrix and to compare in 

a better way the values, a control sample was considered. The control sample is 

composed of PLA and TEC and it was obtained with the same preparation method of the 

nanocomposites. As seen in Table 5, since there is no changes in flow properties 

between the nanocomposites and the control sample although the same amount of 

plasticizer, it can be deduced that the addition of CNCs does not affect the melt flow 

index of the final materials.  

Tensile testing at room condition was carried out in order to evaluate the mechanical 

properties of the compression molded films. The average values and standard 

deviations of tensile strength, E-modulus and elongation to break of the materials are 

summarized in Table 6 and following shown in Figure 22. 

Table 6. Mechanical properties of the control sample and of the obtained materials. 

Nanocomposites  
TEC 

(wt%) 
E-modulus 

(GPa)   
Tensile strength  

(GPa)  
Elongation  

to break (%)  

PLA-TEC  16 1.6 ± 0.2 28 ± 4 260  ± 38 

PLA-TEC-CNCWET- 1%   16 0.9 ± 0.2 24 ± 1 295 ± 14 

PLA-TEC-CNCDRY- 1%   16 0.6 ± 0.1 18 ± 3 247 ± 39 

PLA-TEC-CNCWET- 5%  8 2.7 ± 0.4 38 ±  1 5  ± 2 

PLA-TEC-CNCDRY- 5%  17 0.5 ± 0.1 16 ± 2 193  ± 16 

 

Analyzing the tensile strength and E-modulus, it is seen that only one nanocomposite (PLA-

TEC-CNCWET-5%) presented enhanced values compared to the control sample. PLA-TEC-

CNCWET-5% containing 5 wt% CNCs, 8 wt% TEC and it was prepared using the aqueous 

suspension, suggested that the presence of water in the feeding suspension affected the 

dispersion of CNC in a positive way. Moreover, in both graphs, the lowest values were 

encountered in PLA-TEC-CNCDRY-1% and PLA-TEC-CNCDRY-5%, confirming that was more difficult 

obtain a good dispersion of crystals without using water as dispersion aid in the feeding 

suspensions. The enhanced tensile strength and E-modulus values of PLA-TEC-CNCWET-5% may 

be due to the combination of low amount of TEC with the effect of the CNCs. Besides, the 

low content of plasticizer presented in PLA-TEC-CNCWET-5% resulted in a brittle fracture 

behavior of the sample after tensile tested. On the contrary, the high content of plasticizer in 
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PLA-TEC, PLA-TEC-CNCWET-1%, PLA-TEC-CNCDRY-1% and PLA-TEC-CNCDRY-5% resulted in higher 

elongation to break since TEC promotes the polymer chains mobility and it may act as a 

lubricant for PLA, penetrating in the matrix and promoting a slippery effect of the polymer 

chains. The high amount of TEC resulted in a ductile behavior of the samples after tensile 

tested. However, there were not clear nanocomposites improvements in elongation respect 

to the control sample value and the variations between these materials, although the same 

amount of plasticizer, were maybe due to the CNCs agglomerations presented in the matrix. 
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Figure 22.  Mechanical properties of the prepared materials. 

 
The X-ray diffractograms are shown in Figure 23 and they indicated low crystallinity of 

the materials, possibly due to the low level of PLA matrix crystallinity combined with the 

fast cooling rates during the compression molding of the sheets. Indeed, the reference 

material and almost all the obtained nanocomposites showed an amorphous nature and 

it can be considered as a semi-crystalline material. The PLA-TEC-CNCDRY-5% was the 

only material that exhibited sharp peaks at 2θ= 16.4° and 18.8° and less prominent 

peaks at 2θ=14.5° and 22.2° denoting that, in this case, CNCs facilitates the 

crystallization of PLA, since they may act as nucleating agents, and results in an higher 

crystalline structure of the nanocomposite. (55) 

 

Figure 23.  XRD patterns of the neat PLA, the reference materials and the obtained 

nanocomposites. 
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Transparency studies using UV/Vis spectroscopy can be used to get information about 

the CNC dispersion and the size of the reinforcing phase in the polymer matrix. Indeed, 

highly dispersed and individualized nanocrystals may result in transparent polymer 

nanocomposite in visible light, since their sizes are smaller than the wavelength. In 

Figure 24 UV/Vis spectroscopy results are shown In both graphs, the PLA-TEC is the 

reference material and it can be considered to have high optically transparency in the 

visible wavelength (approx.. 90%). Comparing the nanocomposites with lower amount 

of CNCs, it can be observed that no significant differences were reported. On the 

contrary, the nanocomposites containing 5 wt% CNCs presented a clear difference, 

being PLA-TEC-CNCWET-5% the most transparent material and confirming that the 

presence of water in the feeding suspension plays a fundamental role on the dispersion 

of the CNCs in the matrix.  
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Figure 24.  UV/Vis Spectroscopy of the PLA-TEC control sample compared with the 

nanocomposites according to the different amount of CNCs. 

The fractured surfaces of all samples were studied using scanning electron microscopy 

(SEM) and in Figure 25 the micrographs are presented. As expected from the mechanical 

properties, the reference material showed  ductile behavior revealing shear yielding and 

plastic deformation as well as the nanocomposites containing an high amount of TEC. 

On the contrary, the fracture surface of the material with low amount of plasticizer 

(PLA-TEC-CNCWET-5%) showed a clear brittle behavior without any plastic region. 

Furthermore, CNCs aggregates can be clearly seen in all the nanocomposites containing 

5 wt% of CNCs, confirming the difficulty in reaching a good dispersion with an high 

amount of CNC.  



 

 

45 

 

 

  

 

Figure 25.  Fractured surfaces of a)PLA-TEC, c) PLA-TEC-CNCWET-1%, d) PLA-TEC-CNCD-1%, 

PLA-TEC-CNCWET-5%, e) PLA-TEC-CNCDRY-5%. 

4.2  Further investigation 

Since it has been demonstrated that the content of water in the feeding suspensions 
improves the dispersion of nanocrystals in the PLA matrix and resulted in better 
nanocomposite properties, one more material was prepared using liquid feeding of a 
suspension composed of freeze dried CNCs, water, ethanol and TEC.  
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In order to prepare the suspension, CNCs were first mixed with water using magnetic 
stirring and then, once the crystals were dispersed, TEC and ethanol were added. The 
nanocomposite was labeled PLA-TEC-CNCD/W-5% and its targeted composition was 5 wt% 
CNC, 20 wt% TEC and 75wt% PLA. The nanocomposite was prepared in the similar 
extrusion process as described for the previous materials. Following, the results of the 
different characterization techniques are shown and compared with the previous 
materials.   
The nanocomposite film was studied by optical microscopy in order to analyze the 

dispersion of the second phase in the matrix. See Figure 26. 

 

Figure 26.  OM images of PLA-TEC-CNCD/W-5% compared with the previous PLA-TEC-

CNCDRY-5%. 

In Figure 26, the new nanocomposite, PLA-TEC-CNCD/W-5% is compared with the previous 

nanocomposite PLA-TEC-CNCDRY-5% since the only difference between them is the 

addition of water in their relative feeding suspensions. As seen the addition of water 

resulted in a better dispersion of the CNC in the PLA matrix respect to PLA-TEC-CNCDRY-

5%, confirming that the presence of water in the feeding suspension will improve the 

final dispersion of the CNCs in the nanocomposite.  

The composition of PLA-TEC-CNCD/W-5% as well as the feeding rate and the amount of 

liquid phase are shown In Table 7. In the table are also reported the data of PLA-TEC-

CNCDRY-5% in order to compare the data of the two nanocomposites.  
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Table 7. Composition of PLA-TEC-CNCD/W-5% as well as feeding rate and amount of liquid 

phase of its feeding suspension. Comparison with PLA-TEC-CNCDRY-5%. 

Nanocomposites  
CNC 

(wt%)  
 TEC 

(wt%)  
Feeding rates 

(g/min)  
Liquid phase 

(g/min)  

PLA-TEC-CNCD/W- 5%  5 4 41 28.7  

PLA-TEC-CNCDRY- 5%  5 17 17 4.3 

 

The data summarized in Table 7, confirmed that the compositions of the 

nanocomposites are dependent on the feeding rates and on the amount of liquid phase 

of their relative suspensions. Indeed, for high feeding rate and high amount of liquid 

phase, resulted in reduction of the plasticizer content in the final composition of the 

nanocomposite. Regarding the flow properties, the MFI value of PLA-TEC-CNCD/W-5%  is 

reported in Table 8 as well as the values of PLA-TEC-CNCWET-5% and PLA-TEC-CNCDRY-5%.  

Table 8. Compositions and MFI of PLA-TEC-CNCD/W-5%, PLA-TEC-CNCWET-5%, PLA-TEC-

CNCDRY-5%. 

Nanocomposites  
CNC 

(wt%)  
 TEC 

(wt%)  
MFI 

(gr/10min) 

PLA-TEC-CNCD/W- 5%  5 4 19  

PLA-TEC-CNCWET- 5%  5 8 18 

PLA-TEC-CNCDRY- 5%  5 17 30 

 

Due to the lower amount of TEC, PLA-TEC-CNCD/W-5% can not be compared with PLA-TEC-

CNCDRY-5%. This was the reason for which it was compared with PLA-TEC-CNCWET-5%  that 

presented a similar plasticizer content. As seen in Table 8, the low MFI value of PLA-TEC-

CNCD/W-5% is attributed to the low content of TEC presented in the nanocomposite. Thus, 

there are no differences between the data with the same amount of TEC, it can be 

deduced that the different composition of the feeding suspension does not affect the 

flow properties of the final materials.  

Tensile testing was carried out in order to evaluate the mechanical properties of the 

compression molded films. In Table 9 the average values and standard deviations of E-

modulus, tensile strength and elongation to break of PLA-TEC-CNCD/W-5% are reported. 

The values of the control sample (PLA-TEC), PLA-TEC-CNCWET-5% and PLA-TEC-CNCDRY-5% 
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are also reported in order to compare the mechanical properties. In Figure 27 all the 

values are shown as bar charts.  

Table 9. Mechanical properties of the control sample and of the obtained materials. 

Nanocomposites  
TEC 

(wt%) 
E-modulus 

(GPa)   
Tensile strength  

(GPa)  
Elongation 

(%)  

PLA-TEC  16 1.6 ± 0.2 28 ± 4 260  ± 38 

PLA-TEC-CNCD/W- 5%   4 2.8 ± 0.2 37 ±  2 6  ± 3 

PLA-TEC-CNCWET- 5%  8 2.7 ± 0.4 38 ±  1 5  ± 2 

PLA-TEC-CNCDRY- 5%  17 0.5 ± 0.1 16 ± 2 193  ± 16 
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Figure 27.  Mechanical properties of the prepared materials. 

As seen in Figure 27, PLA-TEC-CNCD/W-5% shows similar mechanical properties as earlier 

presented PLA-TEC-CNCWET-5%. This is expected to be because of their similar 

compositions and the presence of water in the feeding suspensions. Compared to the 

control sample the PLA-TEC-CNCD/W-5%, showed increased tensile strength and E-

modulus while its elongation to break was decreased.  

The XRD results, in Figure 28, indicate that PLA-TEC-CNCD/W-5% present a similar 

crystallinity as the nanocomposites. This low crystallinity is due to the low crystallinity of 

the plasticized PLA and the fast cooling after compression molding is freezing its 

amorphous structure with no time for crystal growth. As previously seen, the only 

nanocomposite that exhibits a semi-crystalline phase is PLA-TEC-CNCDRY-5%.  
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Figure 28.  XRD of the PLA-TEC as control material compared with the nanocomposites 

PLA-TEC-CNCDRY-5%, PLA-TEC-CNCDRY-5% and PLA-TEC-CNCDRY-5%. 

PLA-TEC-CNCDRY-5% was also characterized by UV/Vis spectroscopy in order to get an 

indication of  the dispersion of the CNCs in the PLA matrix. See Figure 29.  

 

Figure 29.  UV/Vis curves of the control sample, PLA-TEC-CNCD/W-5%, PLA-TEC-CNCWET-5% 

and PLA-TEC-CNCDRY-5%. 

PLA-TEC-CNCD/W-5%  shows higher transmittance than PLA-TEC-CNCDRY-5% confirming that 

the presence of water in the feeding suspensions improved the CNCs dispersion in the 

nanocomposite matrix. PLA-TEC-CNCD/W-5% is even more optically transparent than PLA-

TEC-CNCWET-5% suggesting that the former contains less CNCs agglomerations respect to 

the material obtained with CNCs aqueous suspension. 
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Finally, the fracture surface of PLA-TEC-CNCD/W-5% is shown in Figure 30 and it is 

compared with the samples of PLA-TEC-CNCWET-5%and PLA-TEC-CNCDRY-5%. As expected by 

the results of the previous characterization techniques, PLA-TEC-CNCD/W-5% shows a 

brittle behavior, principally due to the low content of TEC, as well as PLA-TEC-CNCWET-5%. 

In addition, from these SEM micrographs, it can be noticed that PLA-TEC-CNCD/W-5% 

presents higher dispersion of the second phase in the matrix with less amount of CNCs 

agglomerations respect to the other materials.  

 

 

Figure 30.  Fracture surfaces of a) PLA-TEC-CNCD/W-5%, b)PLA-TEC-CNCWET-5% and c) PLA-

TEC-CNCD-5%. 
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5. Conclusions  

The aim of this work was to produce PLA-based nanocomposites, reinforced with 

cellulose nanocrystals and TEC as plasticizer by extrusion compounding using liquid 

feeding. Nanocomposites with two different types of CNCs and two different 

concentrations (1 and 5 wt %) were prepared and different techniques were used in 

order to characterize the nanocomposites mechanical and thermal properties as well as 

their crystallinity, transparency and morphology.  

The conclusions are listed as following:  

 PLA-based nanocomposites containing 1 and 5 wt% of CNCs and up to 17 wt% of 

TEC were successfully prepared by extrusion compounding using liquid feeding. 

 TGA analysis revealed that the feeding rate combined with the amount of the 

liquid phase in the feeding suspensions influenced the nanocomposites final 

composition. 

 Improvements in tensile strength and elastic modulus were detected in the 

nanocomposite containing 5 wt% CNCs and prepared with an aqueous 

suspension of CNCs. Besides, the high amount of plasticizer enhance the 

elongation values up to 295% and results in a ductile behavior of the samples 

while tensile tested.  

 OM and SEM microscopy, UV/Vis spectroscopy studies indicated CNC- 

agglomerations in the nanocomposites and especially in presence of higher CNC 

content. It is also seen that CNC-wet with low content showed better dispersion. 

 The plasticizer content is influencing the MFI values of the nanocomposites, 

since no significant changes in flow properties attributed to the addition of 

nanocrystals were seen.  

 The fast cooling rates and the low level of PLA matrix crystallinity lead to a low 

crystallinity of the prepared nanocomposites. PLA-TEC-CNCD-5% was the only 

material that exhibited a crystalline structure. It is expected that CNCs can act as 

nucleating agent facilitating the crystallization of the matrix. 

 Finally, the study showed that high amount of water in the feeding suspensions 

makes the extrusion process more difficult and influencing the composition of 

the obtained nanocomposites thus the high evaporation rate, but, the high 

water content was also seen to facilitate the dispersion of the CNCs in the PLA 

matrix.  



 

 

53 

 

6. Future work  

For the next step and to improve the results of this work, compromise the amount of 

the liquid phase in the feeding suspensions is needed to achieve a good dispersion of 

CNCs in the matrix without influencing the final composition of the material.  

Since it was demonstrated that an high content of CNCs promotes the agglomerations, it 

is suggested to incorporate a low CNCs content in the nanocomposites as well as to use 

low feeding rates during liquid feeding in order to improve the dispersion of the second 

phase in the PLA matrix. The same amount of liquid phase of the different feeding 

suspensions is also recommended in to compare in a better way the results. Also the use 

of dry CNCs is promising but more work is needed in order to better separate the 

nanocrystals in the plasticizer prior the extrusion process. 
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