
ABSTRACT 

FARAHBAKHSH, NASIM. Cotton-based Cellulose Nanomaterials for Applications in 

Composites and Electronics. (Under the direction of Dr. Jesse S. Jur.) 

 

A modern society demands development of highly valued and sustainable products via 

innovative process technologies and utilizing bio-based alternatives for petroleum based 

materials. Systematic comparative study of nanocellulose particles as a biodegradable and 

renewable reinforcing agent can help to develop criteria for selecting an appropriate candidate 

to be incorporated in polymer nanocomposites. Of particular interest has been nanocellulosic 

materials including cellulose nanocrystal (CNC) and micro/nanofibrilated cellulose 

(MFC/NFC) which possess a hierarchical structure that permits an ordered structure with 

unique properties that has served as building blocks for the design of green and novel materials 

composites for applications in flexible electronics, medicine and composites. Key differences 

exist in nanocellulosic materials as a result the process by which the material is produced.   

This research demonstrates the applicability for the use of recycled cotton as promising 

sustainable material to be utilized as a substrate for electronic application and a reinforcing 

agent choice that can be produced without any intensive purification process and be applied to 

synthetic-based polymer nanocomposites in melt-processing. In all of our experiments low 

density polyethylene (LDPE) was used as the polymeric matrix and it was loaded with different 

cellulosic reinforcing agent types and content including micro/nanofibrilated cotton, cotton 

nanocrystals, bleached and unbleached softwood. The morphology, crystallinity, thermal 

stability and specific surface area of cellulose nanoparticles were the main parameters we 

evaluated to influence on the reinforcing capability of cellulosic materials in polymer 

nanocomposites. For all reinforcing agents, we investigated the morphology, transparency, 

thermal and mechanical properties of LDPE nanocomposite films. 



Our finding confirmed that microgrinding processing was an effective and facile method to 

obtain micro/nanofibrilated cotton from waste cotton T-shirts with the size of nanometer-scale 

diameters and micrometer-scale length. Nanofibrilated cotton showed highest degree of 

crystallinity and highest thermal stability compared to wood-based reinforcing agents. The 

performance of the resulting nanocomposites is examined with respect to the percentage 

crystallinitiy, aspect ratio, and distribution of the nano/microfibrillated cellulose.   

Reinforcing agent type and concentration also played an important role in improving the 

mechanical properties of LDPE nanocomposites reinforced with cellulose nanoparticles. Our 

results showed that naofibrillated cotton reinforcing agent in LDPE films results in the highest 

toughness as well as highest stiffness compared to cotton nanocrystals and wood originated 

nanofibrils. 

Moreover, cellulose extracted from pulverized cotton in nanocrystalline cellulose (CNC) and 

nanofibrillated cellulose (NFC) forms is investigated as a reinforcing agent in low density 

polyethylene nanocomposites. Melt compounding of CNC with LDPE resulted in polymer 

nanocomposites with no discoloration at 170°C. Significant differences observed in 

mechanical properties of low density polyethylene (LDPE) nanocomposite films according to 

the microstructure and the content of cellulose nanoparticles. Thermal analysis of low density 

polyethylene polymer nanocomposites using DSC, TGA showed higher thermal stability of 

the NFC loaded material as compared to same loading of CNC.      

For improving the compatibility of LDPE with nanofibrillated cotton, two methods of chemical 

modification of NFC-pCot and using poly (ethylene-graft-maleic anhydride) as a compatiblizer 

were accomplished. The effect of grafting on morphology and thermal stability of the treated 

samples were tested. Nanofibrillated cotton showed decreased decomposition temperature 



after surface modification. The SEM images of NFC showed grafted particles on the surface 

on nanofibrils.  

Lastly, our preliminary in mechanical analysis using Halpin-Kardos and Ouali models for 

cotton nanocrystals loaded LDPE nanocomposite films showed the potential of our developed 

cotton nanocrystals from waste cotton T-shirts to be used as a reinforcing agent in 

nanocomposite applications. 
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1. INTRODUCTION 

Composite materials include two main component of continuous phase (matrix and it is mostly 

polymer resin) and a discrete phase dispersed in the matrix. Incorporation of additives can 

modify the polymeric matrix properties or improve the processing condition and reduce the 

overall cost. Reinforcing of polymers can be achieved by using stiffer and stronger materials 

than the polymer such as fine particles with high surface area or fibers with high aspect ratio 

(length to diameter) and high modulus which causes improvement of polymer modulus and 

strength.  

Fabrication of bio-composites by Ford using soy-based plastics in their cars in 1942 was not a 

subject of attention at that time due to low cost and abundance of petroleum-based materials. 

Recently because of environmental awareness and high cost and limited sources of petroleum, 

utilizing natural fillers instead of common fillers like glass and carbon fibers in polymer 

composites is appealing. Over the last two decades, research has focused on reinforcing 

polymer composites using natural nano-sized fillers to improve thermomechanical properties 

of nanocomposites.  

Cellulosic fillers offer excellent properties such as biodegradability, low cost, low density, low 

filler loading requirement and non-abrasiveness to processing equipment comparing to 

engineering reinforcing fillers for fabrication of biopolymer composite with different 

processing method. High strength and flexibility of cellulose polymer result from hierarchical 

structure of this natural polymer. Comparing to macro and micro fillers, nanocellulose fillers 

such as microfibrillated cellulose improves mechanical properties of nanocomposite more 
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efficiently. They have been added to electro-spun polymers such as PLA and PEO to improve 

the fiber strength. Another application of cellulosic nanofiller  is to reinforce transparent 

polymers such as PMMA, PC and PVC used as optical materials.  They can also act as a 

reinforcing agent in thermoplastic polymers such as polyolefins. Application of biocomposites 

plastics and nonwovens includes automotive interior, biomedical, building and packaging. 

While there is no chemical interaction between the polymer and filler and only weak 

intermolecular forces bonds them together, fillers in the polymer molecular size scale 

(nanometer size) with chemical interface interaction can provide significant improvement in 

mechanical, thermal and rheological properties of polymers due to higher surface area and 

more interaction with polymer at the interface. There is a significant bonding to polymer 

matrix, due to high surface area to volume ratio of the nanofiller and similar size to the segment 

of the surround polymer chains in nanocomposite.  

Bio-nanoparticles obtained from various resources are primarily segmented in two major 

groups: nanocrystalline cellulose (NCC) and nano/microfibrillated cellulose (NFC/MFC). 

NFC was isolated in 1983 for the first time by Turbak et al. using a homogenizer and it consists 

of long and flexible agglomerates of cellulose nanofibrils of less than 100 nm diameter and 

lengths of several micrometer. Interest in bionanocomposites using nanofibrillated cellulose 

has increased due to its nano-scale dimensions, formation of strong nanoporous network and 

high mechanical reinforcement potential. MFC has attracted much attention due to large 

surface to volume ratio, low coefficient of thermal expansion (10-7 K-1), highly porous structure 

and can be applied in reinforcing the materials, filtration and scaffold tissue engineering.  
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Micofibrillar or crystalline cellulose can be provided using three basic separation methods: 

acid hydrolysis (typically using sulfuric acid, HCL or HBr), enzyme treatment and mechanical 

approach. Microfibrillated cellulose is obtained using mechanical treatment, involving several 

passes through the disintegration device. It is possible to reduce the high energy consumption 

of mechanical treatment by combining the pretreatment enzyme process which helps to 

disintegration of fibrils. Fabrication of biobased nanocomposite is considered as a new research 

area but due to prominent properites of cellulosic filler it is growing rapidly.  

Recently microcrystalline cellulose and nanocellulose have been utilized as filler in melt 

processing of thermoplastic polymers. Melt spinning of cellulose filler using various types of 

thermoplastic polymers have been a subject of many research, but incorporation of cellulose 

nanofibrils (or microfibrillated cellulose) into polymer matrix as a reinforcing agent through 

melt extrusion is fairly new. Fabrication of polymer composites through melt extrusion system 

is facile, flexible and offers low cost processing with high productivity. On the other hand, 

fabrication of cellulosic nanocomposite using melt compounding is challenging due to high 

possibility of aggregation and degradation of cellulose at processing temperature, and poor 

fiber-matrix adhesion in nonpolar polymer matrix such as polyolefines, incapability of 

extrusion in producing polymer composite with high filler loading and poor process-ability 

and porous polymer due to moisture content of the cellulosic fibers. Use of various processing 

aids/coupling agents, modification of filler or polymer can improve dispersion of filler. Adding 

filler to polymer matrix has a great impact on the melt rheology and melt elasticity of polymer 

that is incorporated to processability of polymer-filler composite and affects microstructure 
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formation during melt extrusion. Study of rheological behavior of particulate-filled polymers 

could help to provide the optimal processing conditions. 

Even addition of cellulosic filler into different types of polymers have been studied 

extensively, achievement of homogenous polymer composite with improved properties is still 

challenging. This is because of (1) susceptibility of cellulose to thermal degradation at high 

temperatures during melt spinning, (2) lack of commercial availability for crystalline cellulose, 

(3) dimensional instability of polymer composite due to sensitivity to water and moisture, (4) 

incompatibility of naturally hydrophilic cellulose with hydrophobic polymers (5) non-uniform 

dispersion of cellulosic filler within polymer matrix.  

The primary objective of this research is to the structure-property relationships in composites 

created by the addition of cotton-based cellulosic fillers to polyolefins through melt processing.  

The first section of this project presents possible methods to produce uniform microfibrillated 

cotton from waste cotton T-shirts through mechanical or treatments and evaluates morphology 

and physical properties of microfibrillated cotton and will address the elaboration of cotton 

filler incorporation into thermoplastic polymers films through melt extrusion system. In a 

second section, a comparative analysis of performance of nanofibrillated cotton from recycled 

waste cotton T-shirts as reinforcing agent in thermoplastic polymers constructs with wood-

originated materials (bleached and unbleached softwood) will be accomplished. Third section 

will analyze the influence of nanoparticle’s nature (morphology, crystallinity) in forms of 

cotton nanocrystals and cotton nanofibrils on mechanical and thermal properties of ensuing 

polymer nanocomposite. In the fourth section, feasibility of fabrication homogeneous polymer 

nanocomposite films and fibers using a coupling agent and chemical modification of 
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nanofibrillated cotton will be investigated and the structure-property relationship of 

nanofibrillated cotton biocomposite films through melt spinning system will be investigated. 

The last section will study the synthesis of cotton nanocrystal thin film substrates that can be 

from renewable materials and investigate the potential of cotton nanocrystal are particularly 

attractive for a sustainable electronic applications. 
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2. LITERATURE REVIEW 

2.1 POLYMER COMPOSITES  

Polymer composite simply defined as a multiphase system containing a mixture of polymer 

matrix and organic/inorganic additive (or filler) with different geometries (fibers, flakes, 

spheres and particles). Polymer composite properties are affected by: (1) inherent additive 

properties and its size and shape, (2) interfacial interaction at the interface, (3) 

polymer/additive composition and (4) the processing technique.(M. 2010)  

There are different types of polymer composites based on geometry of additive. 

Macrocomposites (high performance polymer composites) contain continuous fibers or 

ribbons extended throughout the polymer composite dimension. Microcomposites include 

short fibers (<3cm), flakes, spheres dispersed in the polymer matrix with low performance 

comparing to macrocomposites, but replacing part of polymer with inorganic additive and 

faster molding cycles due to increasing thermal conductivity reduce the overall cost. 

Nanocomposites contain additive in nanoscales dimensions and high surface area that reveals 

a large number of interfacial interactions between the intermixed interfaces.(M. 2010)   

2.2 REINFORCING FILLERS 

In general reinforcing fillers are materials stronger and stiffer than the polymer to improve the 

modulus and strength of polymer composite (and Table ).(Ku, Wang et al. 2011) Due to higher 

stiffness of additive, polymer strain reduces specially in the vicinity of filler/polymer matrix. 

Traditional reinforcing fillers include calcium carbonate, glass fiber, carbon fiber, aramid fiber 

for plastic industry.(Yung, Zhu et al. 2010) In the recent decades, experiments using cellulosic 
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fibers including flax, hemp, jute, cotton and many others in composite field have drawn many 

researchers to revisit this natural polymer.(Ku, Wang et al. 2011) There is a potential growth 

for cellulosic materials to reinforce synthetic polymers as a biodegradable and nontoxic filler 

replacing man-made glass and carbon fibers.(de Menezes, Siqueira et al. 2009) Cellulosic 

fillers offer low cost, low density, non-abrasive to equipment, comparable tensile properties, 

less health risk, recyclability and biodegradability comparing to other engineering fillers.(Ku, 

Wang et al. 2011)  

 

Table 1. Comparing properties of cellulosic fillers with engineering fillers(Ku, Wang et al. 2011) 

 

Fiber Density 

(g/cm3) 

Elongation 

(%) 

Tensile 

Strength(MPa) 

Elastic 

modulus 

(GPa) 

Cotton 1.5-1.6 7-8 400 5.5-12.6 

Jute 1.3 1.5-1.8 393-773 26.5 

Flax 1.5 2.7-3.2 500-1500 27.6 

Hemp 1.47 2-4 690 70 

Kenaf 1.45 1.6 930 53 

Ramie N/A 3.6-3.8 400-938 61.4-128 

Sisal 1.5 2-2.5 511-635 9.4-22 

Coir 1.2 30 593 4-6 

Softwood kraft pulp 1.5 4.4 1000 40 

E-glass 2.5 0.5 2000-3150 70 

S-glass 2.5 2.8 4570 86 

Aramid 1.4 3.3-3.7 3000-3150 63-67 

Carbon 1.4 1.4-1.8 4000 230-240 

Crystalline cellulose 1.5 - 7000 138 

 

 

Comparing to glass fibers, natural fibers provide better thermal and acoustic insulation 

properties.(Pothan. 2009) Studies on nano-sized cellulosic fibers (wood pulp, rami fibers) 

show that they also possess prominent reinforcing potential due to high modulus resulting from 
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high stiffness of the cellulose crystals and high surface area.(Eichhorn, Dufresne et al. 

2010)Reinforcing fillers possess high aspect ratio (α is the ratio of length over diameter for 

fibers and ratio of diameter over thickness for flakes). High aspect ratio of the additive provides 

critical length for stress transfer from polymer matrix to the reinforcing phase.(Eichhorn, 

Dufresne et al. 2010) Filler with efficient reinforcing property offer high ratio of surface area 

to its volume (A/V).  

 

Table 2. Properties of thermoplastic polymers(Ku, Wang et al. 2011) 

Property PP LDPE HDPE PS Nylon 6 Nylon 66 

Density(g/cm3) 0.89-0.92 0.91-0.925 0.94-0.96 1.04-1.06 1.12-1.14 1.13-1.15 

Tg (°C) -10 to -23 -125 -133 N/A 48 80 

Tm(°C) 160-176 105-116 120-140 110-135 215 250-269 

Tensile 

Strength(MPa) 

26-41.4 40-78 14.5-38 25-69 43-79 12.4-94 

Elastic modulus 

(GPa) 

0.95-1.77 0.055-0.38 0.4-1.5 4-5 2.9 2.5-3.9 

Elongation (%) 15-700 90-800 2-130 1-2.5 20-150 35-300 

                                 

 

Generally high performance short fiber reinforced composites demand high fiber content, 

while low filler level of nanofillers in polymer matrix can improved mechanical properties due 

to high surface area of nanofibers.(Ku, Wang et al. 2011) 

2.2.1 CELLULOSIC FILLERS  

Replacing petroleum-based materials and non-safe fillers with biodegradable materials which 

offer low environmental and safety risks is increasing in various fields of applications due to 

limited availability of petroleum and awareness of recent environmental policies.(Siro and 
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Plackett 2010) Cellulose is an abundant natural polymer in the world and has been utilized for 

thousands of years in different applications. In the past for applications like ropes, timber, sails, 

paper, textile and now a days high performance materials demanded a reformed shape of 

cellulosic materials in various fields such as hierarchical composites and for use in foams, 

DNA-hybrid materials, to reinforce adhesives, optically transparent paper for electronic 

displays and aerogels.(Eichhorn, Dufresne et al. 2010)  

Recent studies show successful utilization of bacterial cellulose membrane for fuel cell and 

medical applications.(Yoon, Jin et al. 2006) CNT-cellulose conducting films or Pt 

nanoparticle- cellulose membrane can be applied as flexible electronic devices and proton 

exchange membrane fuel cells.(Yang, Sun et al. 2009) Nano crystalline cellulose can also be 

utilized for biomedical applications such as antimicrobial wound dressing or antimicrobial 

membrane with silver nanoparticles  due to its high surface area and high aspect ratio.(Jung, 

Kim et al. 2009) 

Cellulose is a linear polymer composed of β-1,4 linked glucopyranose units. The polymer 

chains are associated by hydrogen bonds forming bundles of fibrils (microfibrils) and 

crystalline phases alternate with amorphous phases.(Tingaut, Zimmermann et al. 2012) 

Elasticity and stiffness of cellulosic filler originates from chain molecules in highly ordered 

region (crystalline phase) while flexibility and plasticity of cellulosic fillers is contributed to 

molecular chains in disordered regions (amorphous phase).(Dufresne 1962) Cellulose is 

originated from different sources including wood, plant (including cotton, sisal, flax, jute, 

ramie, wheat straw, potato tubers, sugar beet pulp, soybean stock, banana rachis), algae, 

bacterial cellulose produced by the gramnegative bacteria Acetobacter  xylinum (bacterial 
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cellulose nanofiber) and tunicate cellulose produced by sea creatures (natural 

nanowhiskers).(Mittal 2010) 

Cotton is considered as a main choice to produce nanocellulose due to high cellulose content 

of content which result in high yield without any intensive purification process.(Eichhorn, 

Dufresne et al. 2010) Cotton is the most commercially important seed fiber and for thousands 

of years cotton fibers have been used in textile industry as one of the main fibers in garments 

and furniture due to its excellent properties. But a modern society demand high performance 

materials with improved properties. Cotton is a convoluted fiber consists of about 95% 

cellulose and includes cuticle, primary wall, secondary wall and a central canal called lumen. 

A ribbon like cotton fiber is 65-85% crystalline with a length of 0.5 to 2 inches and diameter 

of 15 to 20 micron.  

 

 

Figure 1. Schematic representation of cotton morphology and cellulose structure (Zhou, Shao et al. 

2008). 
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Cuticle is a waxy film covers the primary wall. It is water repellent and serves as a protective 

covering against aqueous solutions. Primary layer is about 200 nm thick and contains cellulose 

fibrils in a spiraling arrangement along the fiber axis. The primary wall includes a meshlike 

structure of cellulose microfibrils and each fibril contains packs of cellulose chains (Figure 1). 

The major part of cotton fiber is the secondary wall consisting of several concentric layers of 

highly ordered fibers made of cellulose in fibrillar form towards the center.(Rebenfeld 1991) 

Secondary layers consists of several layers and each layer is about 20 nm thick including 

spiraling network of cellulose fibrils along the fiber axis.(Robert R. Mather 2011) 

In cotton cellulose polymer, each monomer unit consists of three hydroxyl groups. These OH 

groups are specific characteristic of cellulose polymer to form highly packed crystalline 

structure by intra and intermolecular hydrogen bonding.(Pothan. 2009) Each microfibril 

consist of cellulosic chains aligned parallel to the microfibril axis that are stabilized by 

hydrogen bonds between hydroxyl groups and oxygen of adjacent molecules. The highly 

crystalline structure of microfibrils governs its prominent physical properties. (Robert R. 

Mather 2011) 

2.3 NANOCELLULOSE PREPARATION METHODS 

 

The first challenge in utilizing cellulosic filler is the natural irregularity of this polymer due to 

variation in maturity, soil, the field location and the environmental condition. Moreover studies 

on application of large cellulose particle size (about 200 µm) as reinforcement of polymer 

composite show that large particle size cause formation of large voids throughout the polymer 

matrix and leads to drastic cracks and failure.(Saheb 1999) Despite good mechanical properties 
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of cellulosic fibers, they are not considered as highly reinforcing fillers due to deficiencies in 

stress transfer ability between the components of fibrous composites.(Nakagaito and Yano 

2004) 

Physical or chemical process for separation of almost defect free crystalline part of fiber largely 

reduces both the size of fibers into the nano-scale filler and the variation due to altering the 

structure and surface properties. Cellulose offers hierarchical structures that possess a very 

high degree of organization, containing a broad range of the molecular scale (1–100 Å) to the 

nano (10–100 nm) and finally the mesoscale (1–100 mm) range. Breaking down the 

hierarchical structure to smaller and mechanically stronger entities consisting of native highly 

crystalline nanofibers with lateral dimension of nanometer offering high aspect ratio and high 

stiffness provides a reinforcing capability for cellulosic materials as an alternative for organic 

fillers.(Eichhorn, Dufresne et al. 2010) This can be a great potential and major motivation to 

apply cellulose in diverse areas including medicine, biology, electronics and construction.  

 

Table 3. Nanocellulose dimensions(Siro and Plackett 2010). 

 
Cellulose structure Diameter (nm) Length (nm) Aspect ratio 

(L/d) 

Microfibril 2-10 >10,000 >1000 

Microfibrillated cellulose (MFC) 10-40 >1000 100-150 

cellulose whisker 2-20 100-600 10-100 

Microcrystalline cellulose (MCC) >1000 >1000 ~1 

  

http://en.wikipedia.org/wiki/%C3%85
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There are different chemical or physical techniques to obtain nano-sized cellulose particles 

from various resources. The most common method in literature is acid hydrolysis of cellulose 

using sulfuric acid resulting in cellulose nanowhiskers (CNW) of 10-50 nm diameters and 100-

300 nm length. Comparing to other reinforcing materials such as glass and carbon fibers, 

cellulose nanoparticles possess a reinforcing potential due to significant mechanical properties 

with the estimated stiffness of 130 GPa and strength up to 7 GPa. Nano-sized cellulosic fillers 

also have high aspect ratio and reactive –OH side groups for adding different functionalities to 

filler through surface modification. There are two types of cellulosic fillers based on the type 

of isolation process including cellulose nanowhisker (CNW) and microfibrillated cellulose 

(MFC) that are different in size, crystallinity and aspect ratio ( 

Table ). 

2.3.1 ACID HYDROLYSIS OF CELLULOSE  

 

Ranby and Noe produced cellulose crystals in solution in 1961 and in the following production 

of cellulose nanowhisker using acid hydrolysis treatment was reported. Favier et al. fabricated 

cellulose nanowhisker reinforced nanocomposite for first time in 1995.(Eichhorn, Dufresne et 

al. 2010) Nanocrystalline cellulose (NCC) is strong biofiller with rod-shape structure, 1-100 

nm in diameter and tens to hundreds nm in length and typical aspect ratio of 10 to 30.(Eichhorn, 

Dufresne et al. 2010) Cellulose nanocrytalls are obtained by acid hydrolysis of cellulosic raw 

materials (Figure 2). The most common treatment is use of concentrated sulfuric acid, but in 

some cases HBr or HCl has also been utilized. During controlled acid treatment, cellulose 

microfibrils undergo transverse cleavage and acid removes the amorphous and disordered parts 
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and leaves the crystalline phase intact. The sonication after acid treatment provides rod-shape 

nanocellulose with low aspect ratio. Cellulose nanowhiskers includes rod-like particles with a 

wide length distribution of 100-600 nm and a diameter of 2-20 nm (Figure 3).(Siro and Plackett 

2010)  

 

 

Figure 2. Schematic of acid treatment of microcrystalline cellulose for production of cellulose 

nanowhiskers(Oksman K 2007). 

 

There are two main drawbacks of using sulfuric acid. Acid treatment can drastically reduce 

degree of polymerization (DP) of cellulose causing low reinforcing performance of cellulosic 

filler in the polymer matrix. Comparing to tunicate cellulose nanowhisker, Raman 

spectroscopy results of acid treated CNW reveals lower modulus resulting in inferior stress-

transfer efficiency. Low value of modulus may be attributed to lower crystallinity and smaller 

aspect ratio of acid treated CNW.(Rusli and Eichhorn 2008) 
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Moreover it has an adverse effect on thermal stability of cellulosic filler which is vital for melt 

compounding process.(de Menezes, Siqueira et al. 2009) Thermogravimetric analysis of 

cellulose nanowhisker shows that the thermal stability of CNW is reduced after acid treatment 

that is the main drawback of this procedure due to formation of acidic sulfate groups on the 

nanocrystal surface.(Eichhorn, Dufresne et al. 2010) Studies shows enzyme treatment of 

cellulose is capable of improving thermal properties of cellulosic filler extensively and provide 

significant enhancement of mechanical properties of polymer nanocomposite.(George, 

Ramana et al. 2011) Comparing thermal degradation of nanocellulose achieved by sulfuric 

acid treatment and enzyme hydrolysis shows that thermal stability of nanocellulose using 

enzyme process is about two folds higher than sulfuric acid processed ones (Figure 4).(George, 

Ramana et al. 2011)  

This will provide a possibility of compounding cellulosic filler with thermoplastic biopolymers 

requiring high processing temperature such as polyhydroxybutyrate (PHB) and its copolymers 

which offer biodegradability with comparable strength and modulus to isotactic 

polypropylene.(Borysiak 2013) Moreover reactivity of chemical modification of acid treated 

nanocrytals is decreased with substitution of part of hydroxyl groups by acid groups.  Basically 

extraction of nanocrystals using acid treatment process is time consuming with very low yield 

(~ 30% of initial weight), not safe due to use of acids and oxides. 

However, biocompatible characteristic of nanocrystalline filler (CNW) is a great potential to 

apply them in biomedical, medicine and tissue engineering fields. It can be used as a 3D 

template for tissue engineering applications and artificial blood vessels.(Lam, Male et al. 2012) 
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It can also have applications in enzyme immobilization, antimicrobial and medical field, green 

catalysts, biosensor and drug delivery system. Ni, Pt and Pd nanoparticles.(Lam, Male et al. 

2012) Liu et al. prepared acid hydrolyzed cellulose nanowhisker (CNW) to fabricate a green 

CNW/TiO2 template via sol-gel process for photocatalytic activities.(Liu, Tao et al. 2012) 

Available hydroxyl groups on crystalline backbone structure of cellulose make it possible to 

perform various chemical modification such as sulfonation, oxidation or grafting based on final 

application. NCC can be used as a stabilizing matrix to fabricate nanostructure with Ag, Au, 

Lam et al. fabricated a novel catalyst using nanocrystalline cellulose (NCC) and gold 

nanoparticles and NCC act as a support for formation of hybrid materials. Cellulose 

nanocrystal with dimension of 130 nm in length and 6 nm in width obtained from hydrolysis 

of microcrystalline cellulose with ammonium persulfate (APS) that provides more 

homogeneous carboxylated NCC comparing to acid hydrolysis.(Lam, Hrapovic et al. 2012) 
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Figure 3. Transmission electron microscope images of acid hydrolyzed cellulose nanowhiskers of (a) 

microcrystalline cellulose (b) tunicate (c) cotton (d) ramie (e)sisal (f) straw (g) bacterial cellulose and 

(h) sugar beet.(Eichhorn, Dufresne et al. 2010). 
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Figure 4.TGA and DTG curves of (a) bacterial cellulose nanocrystal by acid hydrolysis (b) bacterial 

cellulose nanocrystal by enzyme hydrolysis(George, Ramana et al. 2011). 

 

 

 

2.3.2 MECHANICAL TECHNIQUES 

 

In general natural fibers possess good mechanical properties, but modification of fiber 

morphology through physical methods can evolve their true reinforcing potential due to 

fibrillation of cellulosic filler and providing bonding capability among fibrils which improves 

the stress transfer ability in composites. Extraction of nanofibers is possible through 

mechanical treatment or combination of both mechanical and chemical processes. In some 

cases, pretreatment of materials with enzyme before mechanical treatment help swelling and 

disintegration of cellulosic fibrils. So the number of passes in subsequent mechanical treatment 

can be reduced and decrease the high energy consumption.(Mittal 2010; Siro and Plackett 

2010) Comparing to acid treatment, extraction of cellulose nanofibers using merely mechanical 

treatment seems the best option to avoid environmental complications and time consuming 
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procedure of chemical treatment.(Pandey, Nakagaito et al. 2013) Mechanical treatment of 

softwood pulp and producing microfibrillated cellulose (MFC) was first introduced by Turbak 

et al. in 1983 using refining and high-pressure homogenization process. They obtained 

microfibrillated cellulose using large pressure drop of homogenizer by passing a dilute wood 

pulp water suspension.(Turbak, Snyder et al. 1983) There are various mechanical treatments 

for fibrillation of cellulosic materials including: high-pressure homogenizers, grinder, 

microfluidizer, cryocrushing and high intensity ultrasonic treatments. The use of homogenizer 

and microgrinder is more common in the recent research studies.  

Microfibrillated cellulose (MFC) or nanofibrillated cellulose (NFC) unlike cellulose 

nanowhiskers includes a network of  long, flexible and entangled nanofibers with diameters of 

10-100 nm and length in the micrometer scale that contain both amorphous and crystalline 

phases and offer a high aspect ratio from 50 to 100 obtained using intensive mechanical 

treatment.(Eichhorn, Dufresne et al. 2010; Mittal 2010) Fine nano-sized fibril includes 

crystalline units linked together by amorphous parts. Morphology, aspect ratio and cellulose 

degree of polymerization depends on the raw materials and mechanical technique.(Siro and 

Plackett 2010) The aqueous suspension of MFC is not uniform and contains a mixture of large 

fiber fragments, cellulose nanofibers and nanofiber bundles. 
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Figure 5. Transmission electron micrographs of MFC (a) sugar beet pulp, (b) potato pulp, (c) Opuntia 

ficus (d) bleached sulfite wood pulp, (e) cotton (f) tunicate, (g) bacterial cellulose, (h) bleached sulfite 

softwood pulp, and (i) prickly pear skin(Dufresne 1962). 

 

In general, microfibrillated cellulose obtained using different mechanical methods consist of 

aggregated nanofibers of wide width distribution due to strong interfibrillar hydrogen bonding. 

Entanglement of nanofibrils in MFC and providing a network makes it hard to distinguish both 

ends of individualized fibril and determine nanofibril length using microscopic technique.  

The transmission electron micrographs (TEM) of MFC obtained from various cellulose 

resources show a network of nanofirils with a diameter of 20-90 nm and length of several 

micrometer after simple mechanical treatment and aggregated cellulose fibrils  due to high 
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density of hydrogen groups (Figure 5).(Wang and Sain 2007) Atomic force microscopy (AFM) 

also reveals informative results about the microstructure of MFC, presence of large fibers, 

aggregation of fiber bundles and size distribution of nanofibers after mechanical 

treatment.(Siro and Plackett 2010) Beside microscopic technique to assess efficiency of 

fibrillation after mechanical treatment, degree of cellulose polymerization (DP) is indirectly 

related to fibril length and fibers with higher aspect ratio are associated with higher DP. 

Typically mechanical treatment reduces DP of MFC to some extent depending on source of 

cellulose and type of treatment. It is desirable to maintain the DP of MFC as high as possible 

since DP is directly correlated to MFC tensile strength and reinforcing efficiency of the filler.  

Development of bionanocomposite using reinforcing MFC filler is fairly new idea to fabricate 

highly value-added and super performing materials in various fields of application. MFC 

nanofibers have a potential to be utilized as a reinforcing agent in polymer composites due to 

high Young’s modulus of cellulose crystals (134 GPa) and high aspect ratio of 

nanofibers.(Henriksson, Henriksson et al. 2007) MFC with high aspect ratio provides a critical 

length required to bear stress transfer from matrix to the reinforcing filler.(Eichhorn, Dufresne 

et al. 2010) Mechanical properties of MFC films obtained through casting or vacuum filtration 

reveal a broad range of modulus from 2.5-17.5 GPa and strength of 70 to 240 MPa depending 

on source of cellulose and mechanical treatment method.(Siro and Plackett 2010)  

Turbak introduced MFC for some limited applications such as a rheology modifier in foods, 

paints, cosmetics and pharmaceutical products. Recent reports studied use of MFC in advanced 

electrical, optical, and medical field applications such as  security paper, transparent and 

foldable films for display applications, electrolytes, loudspeaker membrane,(Pandey, 
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Nakagaito et al. 2013) nanopaper, magnetic nanopaper, foams, aerogels, reinforcing agent in a 

range of polymer matrices, colored film, biomedical materials, biomimetic optical 

nanomaterials, bio-inspired mechanically adaptive, emulsion nano-stabilizer, decontamination 

of organic pollutants and packaging (food, medical, electronic parts).(Sehaqui, Mushi et al. 

2012; Pandey, Nakagaito et al. 2013) MFC possess great potential to be utilized in medical 

field and fabricate medical devices such as biocompatible drug delivery systems, blood bags, 

cardiac devices, and valves as reinforcing biomaterials.(Wang and Sain 2007) Studies show 

that a dense network structure of MFC film has the potential to act as oxygen barrier due to 

high crystallinity and a strong interfibrillar bonds holding the network of nanofiber held 

together. Oxygen permeability of PLA film decreased 700 times with adding a layer of MFC 

to PLA film. MFC can also be utilized as high-strength components in the aerospace and 

automotive sector due to their low weight, high surface area and high strength.(Siro and 

Plackett 2010) Studies show that MFC composites comparing to traditional pulp fiber 

composites offer superior toughness and strength due to its unique morphology containing 

rigid network of interconnected nanofibrils.(Nakagaito and Yano 2008) Nakagaito et al. 

investigate the effect of morphological changes using different passes of mechanical treatment 

on morphology and its subsequent effect on mechanical properties of phenolic resin composite 

and resulted significant improvement after 16 passes of pulp fibers through the refiner 

combined with homogenizer.(Nakagaito and Yano 2008) Mechanical treatment creates 

irreversible changes in morphology of cellulosic fibers and increasing their bonding 

potential.(Nakagaito and Yano 2004) One of the main important factors in production of MFC 

especially in commercial scale and from sustainable point of view is energy consumption of 
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energy during mechanical treatment. Spence et al. investigated energy consumption and 

physical properties of MFC obtained from grinding, homogenizer and microfluidizer. The data 

analysis shows that grinding and microfluidizer methods require less energy and provide MFC 

films with higher toughness than the homogenized ones.(Spence, Venditti et al. 2011) 

Mechanical treatments affect crystallinity of cellulosic fibers which is an important factor in 

reinforcing potential of cellulosic filler.(Cheng, Wang et al. 2007) While some reports resulted 

in enhancement of crystallinity due to removal of amorphous parts others reported reduction 

of degree of crystallinity after fibrillation process.(Cheng, Wang et al. 2010) Common 

mechanical treatment processes are explained in the following.  

 

 

Figure 6. Grinder system developed by Masuko ®(Karim Missoum 2013). 

 

Grinder  

Microgrinders consists of two nonporous ceramic designed disks and microfibrillated cellulose 

is achieved by sequential passing of cellulose slurry through a  narrow gap between a static 
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grind stone and a rotating grind stone revolving at high speed of 1500 rpm (Figure 6). Applying 

cyclic high shear forces, massive compression and friction forces via passing the fibers against 

grooves and bars on surfaces of stones break down the hydrogen bonds and individualize the 

nanofibrils.(Dufresne 1962) Griding stones apply high shear forces to fibers and partially 

degrade the natural fibers. 

Through several passes of suspension shear forces exerted to longitudinal fiber axis of the 

fibrous materials.  Fibrillation of cellulosic fibers using grinding method usually does not 

require pretreatment and swelling of cellulosic fibers that is the main advantage of this process 

to reduce the energy consumption.(Spence, Venditti et al. 2011) Cellulose nanofiber with 50 -

100 nm width obtained after 10 passes of grinding. Takashi et al. obtained microfibrillated 

cellulose in a range of 20-90 nm from natural resources such as wood pulp, chitosan, silk fibres 

and collagen using grinder.(Taniguchi, Okamura et al. 1997) Multilayer structure of natural 

fibers and interfibrillar hydrogen bonding result in aggregated nanofibers with wide 

distribution of width.(Abe, Iwamoto et al. 2007) The size distribution of MFC depends on the 

source of cellulose and manufacturing process. One-time grinding of wood powder, rice straw 

and potato tuber resulted in microfibrillated cellulose of 12-20 nm, 12-35 nm, and 12-55 nm 

respectively. Mechanical treatment of these fibers improved their crystallinity from 71% to 

78%, 68% to 76% and 66% to 80% for wood, rice straw and potato tuber respectively due to 

removal of amorphous parts after one grinding pass.(Abe and Yano 2009)  
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Figure 7. SEM images of the fibrillated pulp fibers through the grinder (a) 5, (b) 9, (c) 15, and (d) 30 

passes(Iwamoto, Nakagaito et al. 2007). 

 

Iwamoto et al. showed that fibrillation of pulp fiber after 30 times of homogenizer is not 

sufficient to provide highly fibrillated cellulose. They treated 14 times homogenized pulp 

slurry with a broad width distribution of some micron with a grinder and obtained a uniform 

width distribution of 50-100 nm.(Iwamoto, Nakagaito et al. 2005) In another work they 

investigated morphology of pulp fibers treated with grinder at different passes and resulted that 

it is possible to obtain microfibrillated fibers with only 5 passes of grinder and observed no 

more changes in morphology of MFC after 5 passes (Figure 7). They showed that after one 

pass of grinding many micro-sized fibers are still remained, however three passes of grinding 
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creates submicron and nano-sized fibers five passes, and most of the fibers are turned into 

nanofibers after five times grinding.(Iwamoto, Nakagaito et al. 2007) They also investigated 

the effect of number of passes from 1 to 30 cycles in grinding process on mechanical properties 

of MFC films and acrylic composites and observed a reduction of physical properties with 

increasing the number of passes.  

 

 

Figure 8. Effect of number of passes through the grinder on (a) degree of crystallinity and (b) DP of 

the fibrillated pulp fibers(Iwamoto, Nakagaito et al. 2007). 

 

Mechanical properties of composite reduces due to simultaneous degradation of fibrillated pulp 

fibers during grinding treatment despite increasing the number of hydrogen bonds between 

fibrillated fibers after each pass.  The reduction of strain at break is also attributed to shortening 

of fibers through several passes which creates lower aspect ratio fibers. In general low aspect 

ratio fibers are rigid and easy to pull out and provide brittle polymer compoistes.  They 

analyzed crystallinity and degree of polymerization of pulp fibers after each cycle of grinding 
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and attributed the reduction of degree of polymerization and crystallinity after grinding  pulp 

fibers to  degradation of pulp fibers (Figure 8).(Iwamoto, Nakagaito et al. 2007)  

High pressure Homogenizer 

Homogenization is a common method to obtain MFC after several passes through homogenizer 

with diameters of 20-100 nm and length of several ten of micrometers. In this process diluted 

slurries of cellulose fibers (1-2 wt %) are pumped at high pressure and fed through a spring 

loaded valve.(Dufresne 1962) Large shear forced applied to materials through passing a thin 

slit. Suspension subjected to repeated high pressure drop typically around 55 MPa with 

shearing and impact forces via succession opening and closing the valve rapidly (Figure 9). 

Aqueous slurry of fibers is converted to viscous and creamy suspension after several passes 

and defibrillated fibers find a high volume spongy structure with expanded in surface area. 

Homogenization is an energy intensive process and only works with short fibers due to 

clogging the system with long fibers. The main advantage of homogenizer is capability of 

continuous operation in an industrial scale.(Spence, Venditti et al. 2011) Any polar fluid can 

be used as liquid medium to prepare the suspension and water is the cheapest and most 

convenient one. Other liquid medium such as glycerin, propylene glycol, DMSO, DMF and 

their mixture with water also result in an acceptable MFC suspension. It should be noted that 

isolation efficiency depends on polarity and swelling properties of liquid medium.(Dufresne 

1962) 
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Figure 9. Description of homogenizer systems(Karim Missoum 2013) 

 

Nakagaito et al. investigated the effect of number of refining and homogenization on 

morphology and mechanical properties of phenolic composite with fibrillated kraft pulp. 

Refining process gradually peels off the external cell wall layers and loosens the internal fibrils 

in order to be individualized easier in homogenization process. They observed an abrupt 

improvement of mechanical properties after 16 passes of fibrillation and concluded that surface 

fibrillation of fibers is insufficient and causes lower strength due to brittle failure behavior 

while complete disintegration of the bulk of fibers provides higher strength due to higher 

elongation before fracture. Below 16 passes of mechanical treatment due to incomplete 

defibrillation, remained fiber defects act as crack initiators and propagate the crack throughout 

the composite. Complete fibrillation of cellulosic fibers after 16 passes removes fiber defects 

and enhances interfibrillar bonding which restrict crack propagation.(Nakagaito and Yano 

2004)  

 



29 

 

 

 

 

 

Figure 10. microfluidizer from Microfludics ®(Karim Missoum 2013). 

 

Microfluidizer 

 

The pressure of cellulosic fibers is enhanced to 40000 psi by passing through an intensifier 

pump followed by an interaction chamber. High shear forces applied to suspension through 

subsequent passing a z-shaped interaction chamber consist of microchannels accelerating 

velocity of slurry stream (Figure 10).(Dufresne 1962) Microfluidizer has no limitation in size 

of feeding cellulosic fibers comparing to homogenizer. Comparing to homogenizer, 

microfluidizer works at constant shear rate and materials with different sizes may be prepared 

with changing the geometries of interaction chamber. 

Cryocrushing 

This mechanical process has been done in liquid nitrogen and the containing water in the 

cellulose fibers forms ice crystals within the cells. With crushing the frozen fibers with high 

impact, ice crystals apply pressure on cell walls and assist rupture of cell walls and isolation 

of microfibrils and creating microfibrils at the surface of fiber bundles. Extracted MFC form 

wheat straw in this process combined with chemical treatment had a diameter of 30-40 nm and 
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length of several thousand nanometers. Cryocrushing is often combined with other mechanical 

or chemical treatment to isolate nanofibers, due to large diameter of cryocrushed microfibrils 

(ranges between 0.1 to 1 μm).(Dufresne 1962) 

High intensity ultrasonication 

Applying ultrasound to cellulose fibers in the range of 20-59 KH is a laboratory scale method 

for preparation of MFC. High frequency oscillation of metal probe provides localized high 

pressure region in the container causing cavitation, impaction and breaking down the cells. It 

is necessary to dissipate generated heat during the process. Nanofibers in the diameter range 

of 25-120 nm produced using this method from various cellulose sources.(Dufresne 1962) 

Cheng et al. treated lyocell fibers using high intensity ultrasonication for 30 min and resulted 

in enhancing of the crystallinity from 61% to 72.4% due to degradation and removal of some 

amorphous parts of cellulose fibers.(Cheng, Wang et al. 2007) 

2.3.3 CHEMICAL PRETREATMENTS 

 

Chemical pretreatments assist defibrillation of cellulosic fibers during mechanical treatment 

and reduce the energy consumption by decreasing the required number of passes to obtain fine 

microfibrillated cellulose.(Spence, Venditti et al. 2011) 

Tempo Oxidation Process 

 

Chemical pretreatment of cellulosic material before mechanical extraction loosens the 

hydrogen bonds amongst nanofibrils and assist fibrillation of MFC during mechanical 

treatment which results in lowering down the energy consumption by reducing the number of 

passes.(Brodin, Lund et al. 2012) Tempo oxidation pretreatment is a common way to modify 
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the MFC surface under mild condition. Studies show that Tempo oxidation treatment can also 

be combined with low energy and simpler mechanical methods like a mixer to obtain MFC. 

Cellulose fibers are oxidized with addition of NaClO, TEMPO catalyst and NaBr to aqueous 

cellulose suspension at pH 10-11 and room temperature.(Karim Missoum 2013) 

 

 

Figure 11. Schematic representation of cellulose oxidation using (TEMPO) process(Karim Missoum 

2013) 

 

Isogai et al. oxidized pulp fibers using 2,2,6,6 tetramethyl-1-piperidinyloxy (TEMPO) as a 

catalyst and modified the accessible primary hydroxyls on the surface of the microfibrils with 

anionic carboxylate groups (Figure 10). The repulsive forces of ionized carboxylate groups 

assist to isolate nanofibrils easily. Subsequent mechanical agitation in blender and repulsive 
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forces of ionized carboxylate groups break down the hydrogen bonds between nanofibers and 

provide nanofibers of 3-5 nm diameters. TEM images of ultrasonicated TEMPO oxidized pulp 

reveals increasing sonication time from 20 minutes to 4 h changes the thickness of nanofibers 

from 3-5 nm to 0.74 nm with aspect ratio of 500.(Eichhorn, Dufresne et al. 2010) 

Enzymatic Pretreatment 

Enzymatic pretreatment is promising method to restrict strong interactions between 

nanofibrils.(Karim Missoum 2013) A mild hydrolysis of pulverized cotton can be obtained 

using cellulase enzyme. Cellulase is a multicomponent enzyme and is able to break down the 

cotton polymer chains to cellobiose and glucose and reduces the molecular weight depending 

on hydrolysis treatment parameters.(George, Ramana et al. 2011) Cellulase enzymes are 

derieved form different sources like Trichoderma reesei.(STEWART 2005) Cellulase can be 

classified in to cellobiohydrolases and endoglucanases. The former can attack crystalline 

cellulose and reduce degree of polymerization, but the latter can modify the structure by 

removing mostly the disordered structures and amorphous parts and assist disintegration of 

cellulose fibers. Studies show successful disintegration of cellulose pretreated fiber with very 

low endoglucanase enzyme concentration (0.02%) without degrading cellulose structure and 

fiber length and molecular weight remained constant. The parameters of hydrolysis treatment 

such as pH, temperature, time and enzyme concentration depends on substrate and type of 

enzyme. Enzyme chemical composition is susceptible to pH and temperature. The enzyme 

treatment can be accomplished using Ahiba Nuance equipment which provides a constant pH 

and temperature window suitable for enzyme and mechanical agitation to help the treatment 

more effectively.(STEWART 2005) Studies show that crystalline regions are less sensitive to 
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enzyme treatment and amorphous parts can be hydrolyzed under controlled pH, time and 

temperature to remain cellulosic nanocrystals.(George, Ramana et al. 2011) 

2.3.4 DRYING OF FILLER SUSPENSION 

Before compounding MFC filler with polymer matrix via melt extrusion, it is necessary to dry 

MFC suspension. One of the challenges during drying of MFC suspension is irreversible 

agglomeration called hornification due to formation of additional hydrogen bonding between 

amorphous phases of cellulose fibrils.(Spence, Venditti et al. 2010) Following different 

method to obtain dried MFC and solutions to prevent formation of increased hydrogen bonds 

during drying is explained. 

Freeze drying is one of the various methods of dehydration and it has been used in sample 

preparation for preservation of biological, development of pharmaceutical and storage of 

materials in the food processing. It is a simple and environmentally friendly method and 

specifically an important process for heat sensitive substances.(H. Sehaqui 2009) In this 

process, there is no intermediate formation of liquid water and containing water (solid phase) 

in the sample is removed by sublimation of ice from frozen material and converted directly 

into vapor (gas phase) by reducing the surrounding pressure. Freeze drying process is a balance 

between heat absorption of the sample to vaporize the ice and heat removal form collector to 

condense the water vapor. A frozen sample absorbs heat to vaporize the ice and the water vapor 

on the surface of the sample is been removed using vacuum pump and transferred to the 

collector due to lower vapor pressure of the collector. The water vapor is condensed using the 

collected heat by collector. Efficiency of the process is relevant to the sample surface area and 
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thickness. The rate of freeze drying increases with the high surface area and low thickness and 

vice versa. Basically the absorbed heat of sublimation by on one side of the surface must travel 

to the other sample surface to vaporize the water and the vaporized water travels through the 

whole thickness of dried sample to be removed. Increasing the sample thickness reduce the 

rate of freeze drying by increasing the chance of dried layer to be collapsed. In general the 

sample volume is half or one third of the flask volume.  

Freeze drying could be utilized to dry the MFC before compounding the filler with polymer 

matrix for melt extrusion technique or drying the mixture of polymer solution and 

MFC.(Brodin, Lund et al. 2012) The MFC suspension was frozen first by immersing the glass 

bottle in liquid nitrogen and then subjected to freeze drying.(Yoshioka, Sakaguchi et al. 2009) 

 

 
Figure 12. SEM photograph of MFC suspension and (a) regular freeze drying and (b) rapid freezing 

(Yoshioka, Sakaguchi et al. 2009) 

 

 

Drying of MFC suspension after mechanical treatment, using freeze dryer causes formation of 

additional -OH bonds between amorphous parts of cellulosic fibrils resulting irreversible 

aggregation of fibril bundles together known as hornification of MFC. Chemical modification 

(b) (a) 
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of hydroxyl groups on the surface of cellulosic filler before compounding can improve 

dispersion and prevents the hornification during drying of nanofibers.(Mittal 2010)  

+ 

 
Figure 13. SEM photograph of solvent exchanged MFC and (a) regular freeze drying and (b) rapid 

freezing(Yoshioka, Sakaguchi et al. 2009) 

  

Yoshioka et al. investigated different methods of drying MFC suspension with freeze dryer 

and concluded that slow freezing produce sub-aggregated structure of MFC due to formation 

of ice crystals and squeezing out the microfibrillated cellulose (Figure 12a). Rapid cooling 

process prevents formation of ice crystals and provides laminate layer of thin leaves without 

sub-aggregate structure (Figure 12b). They also showed that solvent exchange process before 

freeze drying of MFC suspension preserve the cellulose fibrillar morphology (Figure 13a) and 

rapid cooling separates thin leaves of cellulose fibrillar lamellae (Figure 13b).  

In solvent exchange process, water is exchanged with methanol and then to t-butyl alcohol 

with several changes of each solvent. Solvent exchange process also results in highly porous 

MFC with larger surface area comparing to aqueous MFC suspension.(Jin, Nishiyama et al. 

2004) In order to overcome hornification during MFC drying, Oksman et al. added carboxylic 

(b) (a) 
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groups onto the surface of bleached pulp fibers via carboxymethylation treatment.The SEM 

analysis of their samples showed chemical reacted fibers following mechanical treatment 

causes a coherent network of individualized cellulose nanofibrils with diameter below 100 nm, 

but reversing the sequence of chemical and mechanical treatment causes some aggregation and 

provides a network of cellulose fibrils with overall diameters below 1 micron (Figure 14a,b). 

However thermal analysis and XRD data of carboxymethylated MFC shows loss of 

crystallinity and reducing the onset temperature of cellulose degradation from 300°C to 200°C 

which are undesirable for melt compounding of MFC with thermoplastics polymers.(Eyholzer, 

Bordeanu et al. 2010) 

 

 
Figure 14. SEM photograph of freeze dried (a) chemical treated MFC after mechanical processing 

and (b) mechanical processed modified MFC(Eyholzer, Bordeanu et al. 2010). 

 

 

Besides freeze drying method, MFC suspension can also be dried using spray drying and air 

drying.(Peng, Wang et al. 2011) Drying process significantly influence the nanostructure of 

nanofibrillated cellulose.(Ramanen, Penttila et al. 2012) While the freeze dried samples appear 

fluffy, air dried method causes brittle and more compacted films. Studies show that drying 

(a) (b) 
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process has no effect on crystal structure and crystallinity of MFC. Among different drying 

methods, spray drying equipped with a rotary wheel atomizer seems the best choice due to 

production of powdery MFC with small nanoparticle size.(Vartiainen, Pohler et al. 2011) 

 

 

 
 

Figure 15. XRD diffractogram of untreated bleached pulp (RBP), mechanically treated MFC(RBP-

m), Chemically mechanical treated MFC(RBP-cm) and Chemically treated MFC(RBP-m)(Eyholzer, 

Bordeanu et al. 2010) 

 

2.4 COMPOSITE PROCESSING METHODS 

Nonocomposite polymer contains a nanofiller embedded in polymer matrix and a nanofiller 

has at least one dimension in nanometer range (1-100 nm).(Siro and Plackett 2010) 

Incorporation of low filler loading percentage into the polymer matrix causes superior 

mechanical, thermal and barrier properties. Fabrication of fully biodegradable polymer 

composite improves brittleness, poor barrier properties and low thermal stability of 

biocomposites. The significant parameters determining processability of polymer composite 
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include inherent properties of additive, physical/chemical interactions between additive and 

polymer matrix and additive concentration.(Yung, Zhu et al. 2010)  

Nanocomposite properties, uniform dispersion of filler and possible formation of continuous 

nanofiber network are affected by processing method.(Dufresne 1962) Homogeneous 

dispersion of cellulose nanofiber within the matrix is necessary to fabricate an effective 

nanocomposite. Immersing of nanofiber film obtained via filtration of nanofiber suspension 

into a polymeric solution is introduced in some works as an efficient method to make a 

nanocomposite. It is also possible to convert a nanofiber aqueous suspension into a gel through 

solvent exchange technique and obtain a gel with three dimension template scaffold of well-

individualized nanofibers. A gel is then immersed in polymer solution and nanocomposite is 

fabricated through subsequent drying and shaping.(Capadona, Van Den Berg et al. 2007)  

Following is different techniques to obtain nanocomsite and the solutions to provide uniform 

filler distribution throughout the polymer matrix.(Eichhorn, Dufresne et al. 2010) 

 

 

Figure 16. Nanocomposite preparation by a template approach(Capadona, Van Den Berg et al. 2007) 

 

2.4.1 SOLUTION CASTING  

Studies show most of the nanofiber reinforced polymer composites fabricated through polymer 

solution or polymer dispersion (latex) due to preserving filler dispersion in liquid 
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medium.(Dufresne 1962) Solvent casting can be considered as an efficient method for 

fabrication of nanocomposites in laboratory scale. This process provides more uniform and 

stable dispersion of filler in polymer matrix comparing to melt extrusion technique, but it is an 

expensive method and consists of more complicated process and use of undesirable chemicals 

and toxic solvents. Due to hydrophilic nature of MFC and high stability of aqueous suspension 

of nanocellulose, hydrosoluble polymers (such as latex) are the best choice to be used as a 

polymer matrix to fabricate reinforced cellulose nanocomposite.(Eichhorn, Dufresne et al. 

2010) Polymer and filler are mixed in an aqueous solution and nanocomposite obtained by 

water evaporation and particle coalescence.(Eichhorn, Dufresne et al. 2010) Nanofibers can be 

also well dispersed in organic medium like dimethylformamide (DMF), dimethylsulfoxide 

(DMSO) or N-methyl pyrrolidine, and N-methyl pyrrolidine depending on polymer matrix.  

Compounding cellulosic filler to water soluble polymers such as starch, polyvinyl alcohol and 

natural rubber or dispersion of filler in polar solvents like dimethylsulfoxide (DMSO) or N,N-

Dimethylformamide (DMF) and preparation of solvent-based nanocomposite improves 

tremendously the mechanical properties of polymer composite due to uniform dispersion and 

compatibility between filler/ polymer matrix.(Pandey, Nakagaito et al. 2013) Comparing to 

other processing methods, nanocomposite possess the highest mechanical performance. 

Solvent casting provides strong interactions between nanoparticles during evaporation of 

solvent and improves formation of strong percolation threshold which is the basis of their 

reinforcing effect. Slow evaporation of water or organic solvent remains the viscosity of 

polymer solution low enough to let the nanofibers to be rearranged due to Brownian motion in 

solution and form the percolating network.(Dufresne 1962) 
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Many studies have been done on solution casting of polyvinyl alcohol (PVA) with cellulosic 

nanofillers in water and mechanical properties of nanocomposite film has been drastically 

increased.(Wang and Sain 2007) Zimmerman et al. investigated fabrication of MFC 

composites using two water soluble polymers and analyzed morphology and mechanical 

properties of solvent casing polyvinyl alcohol (PVA) and hydroxypropyl cellulose (HPC) with 

1 to 20 wt% of filler. Comparing to neat polymers, MFC reinforced PVA and HPC composite 

demonstrate 3 times higher elastic modulus and 5 times higher tensile strength.(Zimmermann, 

Poehler et al. 2005) Wang et. Al showed that mechanical properties of nanofiber-reinforced 

PVA film increase 4- to 5-fold in tensile strength comparing to the neat PVA film.(Wang and 

Sain 2007) Intema group fabricated reinforced cellulose nanofibers polyurethane film using 

solution casting of polymer and filler in DMF. Improved rigidity of reinforced polymer did not 

have a significant effect on extensibility and recovery of PU polymer and preserved its shape 

memory functionality.(Auad, Contos et al. 2008) 

2.4.2 MELT EXTRUSION       

Melt extrusion process is a convenient, environmentally benign due to the absence of chemical 

reactions and organic solvents for fabrication of polymer nanocomposites and economic 

technique with high productivity. Incorporation of natural filler into thermoplastic polymers is 

obtained via thermomechanical mixing during melt extrusion. Processing conditions affect 

homogeneous filler distribution and possible formation of rigid percolation network of 

nanocellulose filler within the matrix.  In polymer melt processing technique applied shear 

forces assist in homogenization of the filler distribution in polymer matrix. Due to polymer 
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melt viscosity, rearrangement of nanofiller and forming the strong percolation threshold is 

limited and requires higher nanofiller content to possibly provides interconnected hydrogen 

bondings between nanofibers.(Dufresne 1962) Incorporating cellulose nanofiber into 

thermoplastic polymer using melt extrusion is challenging due to inherent incompatibility of 

cellulose and hydrophobic polymers and thermal stability issues.(Dufresne 1962) During the 

compounding process, careful control is needed to minimize degradation of cellulosic filler 

due to high temperature and applied shear stress. There are few studies reported on melt 

extrusion of nanofiber with thermoplastic polymers. 

2.5 COMPOSITE PROPERTIES 

Properties of reinforced nanocomposite is influencing by filler size and shape, nanofiber aspect 

ratio, volume fraction of filler, interfacial interactions of polymer matrix/filler and stress 

transfer efficiency at the interface.(Siro and Plackett 2010)  

2.5.1 COMPOSITE MORPHOLOGY 

Polymer composite structure is highly dependent on the preparation process and conditions, 

polymer–filler interaction, and the presence of other chemicals such as compatibilizers. 

Addition of nanofiller alters the microstructure of the composite and morphology of 

nanocomposite is affected by both polymer matrix type and the chemical nature of filler and 

their interactions. Compounding of cellulosic filler into hydrophilic polymers like poly(vinyl 

alcohol) improves mechanical properties of nanofiber-reinforced PVA 4 to 5-fold comparing 

to neat polymer film, while poor dispersion of the filler in hydrophobic polymers adversely 

affect the mechanical properties of natural filler/polymer composite.(Mittal 2010) 
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One of the major issues in compounding hydrophilic microfibrillated cellulose with 

hydrophobic polymer is great tendency of microfibrillated cellulose (MFC) aggregation in the 

polymer matrix. Aggregation is formed due to high density of OH groups on cellulosic fiber 

surface that provides strong hydrogen bonding between adjacent molecules and reduce 

interaction of filler molecules with surrounding matrix.  

In general polar filler has a great tendency to aggregate within a nonpolar polymer matrix 

during melt extrusion or solution casting process. Addition of suitable dispersing agent or 

coating of filler can improve filler dispersion. Uniform dispersion of cellulosic filler into 

hydrophobic matrix can also be obtained with surface modification of filler. Reactive hydroxyl 

groups on the filler surface can be grafted with polymeric chains using grafting onto or grafting 

from methods.(Eichhorn, Dufresne et al. 2010) Due to increasing the risk of degradability of 

cellulose after surface modification, use of surfactant is more acceptable. Studies show that 

use of external processing aids/coupling agents such as emulsifiers, maleated ethylene, mineral 

oil and stearic acid can provide more uniform dispersion of MFC filler throughout the molten 

polymer without deteriorating of their reinforcing capability.  

2.5.2 COMPOSITE FINE STRUCTURE 

Thermoplastic polymers are semicrystalline in nature and addition of cellulosic filler alters the 

crystallization behavior of polymer that directly affects on mechanical performance of polymer 

composites. Extraction process of cellulose nanocrystals from cellulose fibers through acid or 

mechanical treatments changes the crystalline structure of cellulose. Characterizing the 

structure of nanocomposite and cellulosic nanofiller before and after isolation process using 
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X-ray diffraction method reveals the changes of crystalline structure of filler and polymer 

nanocomposite. Molecular orientation of cellulosic fibril along the cell wall axis results in high 

modulus and high tensile strength of cellulosic filler. In X-ray patterns the sharp pattern 

indicates of high crystallinity. Chemomechanical treated soybean nanofibers reveal very low 

crystallinity and relative crytallinity of 48.4%. Since amorphous region of cellulosic filler is 

more susceptible to shear and impact during mechanical treatment and to water and chemical 

penetration during acid treatment, disintegration of fibers and cellulose chain breakage mostly 

occurs in an amorphous region and results in increasing of crytallinity of nanofibers.(Wang 

and Sain 2007)  

Analysis of X-ray diffraction data of cellulose nanowhisker (CNW) before and after 

modification shows that grafting had no effect on crystallinity of cellulosic filler and initial 

crystallinity retained. Moreover incorporation of CNW to LDPE results in same XRD patterns 

indicating that addition of filler did not alter crytallinity of polymer. Diffrential scanning 

calorimetry of nanocomposite shows a constant melting point for a neat polymer and PE 

nanocomposites indicating that the size of crystallites did not change after filler addition. But 

degree of crystallinity increases with filler content regardless of filler modification. This 

behavior may be related to nucleating effect of cellulosic filler for polymer matrix. 

2.5.3 MECHANICAL PROPERTIES 

In general mechanical properties of polymer composite depend on these main factors: (1) filler 

strength and modulus,(Han 1981) (2) volume fraction of each phase, (3) strength and chemical 

stability of the polymer matrix (4) morphology (spatial arrangement of the phase) (5) 
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interfacial bond between polymer matrix and the filler and (6) processing method.(Dufresne 

1962) Nanocellulose provides outstanding mechanical properties due to high stiffness of 

crystalline cellulose, high aspect ratio and nano-sized dimension. Mechanical properties of 

nanocomposite with stiff network of nanocellulose and uniform filler dispersion within the 

polymer matrix are not dependent to polymer mechanical properties. The percolation threshold 

of nanofiller depends on aspect ratio and filler-filler interactions. In the absence of percolating 

nanocallulose network, filler/matrix interactions play an important role on the mechanical 

stiffness of nanocomposite.(Dufresne 1962) The theoretical model of Halpin-Kardos has been 

extensively used to predict mechanical behavior of nanocomposites.(J. C. HALPIN 1976) The 

differences between predicted values and experimental data of cellulosic reinforced 

nanocomposite are attributed to the changes in aspect ratio of nanofiller during compounding 

process. Morphological observations reveal rigid network of nanocrystals due to strong 

hydrogen bonding that may be broken during fabrication of nanocomposites. The value of 

percolation threshold depends on filler aspect ratio, filler-filler interactions and their 

orientation within the polymer matrix. Percolation threshold (V) of cellulose nanocrystals is 

determined using following equation.(Dufresne 1962)  

𝑉 =
0.7

𝐿/𝐷
 

Mechanical percolation is not similar to geometrical percolation and providing desired rigidity 

also depends on bonds linking the filler particles. Stiffness of percolating network varies with 

the source of cellulosic filler and strength of interfibrillar interactions. Studies show that filler 
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with higher aspect ratio provides stiffer percolating network with lower filler volume fraction. 

Effect of Filler 

Studies on application of large cellulose particle size (about 200 micron) as reinforcing agent 

of polymer composites show that large particle size causes formation of large voids throughout 

the polymer matrix and leads to drastic cracks and failure.(Dominkovics, Danyadi et al. 2007) 

However Cellulosic nanofiller with impressive mechanical properties (tensile strength of 7 

GPa and elastic modulus of 130 GPa), nanoscale dimension, and high aspect ratio can highly 

improve mechanical properties of composites.(Dufresne 1962) 

  
 

Figure 17. Halpine-Tsai model for unidirectional composite (no fiber-fiber interactions) as a function 

of different fiber aspect ratios and Young’s moduli in PP marrix with 50% cellulose fibers 

 

The Halpine-Tsai model for short fiber and semicrystalline polymer composites is a simple 

micromechanical prediction of elastic constants of composite as a function of filler aspect 

ratio.(J. C. HALPIN 1976) The model assumes no fiber-fiber interactions and perfect interface 

between polymer and filler. In this model, the size, shape, volume fraction of the filler and 
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mechanical properties of both polymer and filler is affecting the predicted composite 

properties. Young’s modulus of cellulosic fibers increases with reducing the fiber size to 

nanoscale and it is more than 3-fold comparing to conventional micron-sized cellulose fiber. 

Studies show that Young’s modulus of traditional cellulosic fiber is between 5-60 GPa and 

100-140 GPa for nanocellulose. It is to be noted that only nano-sized filler with aspect ratio 

between 50 and 100 are potentially acting as reinforcing fillers and Young’s modulus reaches 

a plateau for aspect ratios larger than 100.(Eichhorn, Dufresne et al. 2010) Recent studies show 

that composite including MFC filler reveal higher stiffness comparing to nanocrystal 

composites. This mechanical behavior is attributed to higher aspect ratio of MFC and 

possibility of nanofibril entanglements which inhibit the matrix deformation and result in lower 

elongation at break.(Dufresne 1962) 

Interface 

The interphase between two materials is considered as a separate phase and controls the 

adhesion between two components. The interactions at interphase boundaries have a great 

impact on composite properties from rheological, mechanical, diffusion and adsorption point 

of view.(M. 2010) There are various parameters affecting adhesion of polymer-filler interface. 

Polymer mobility and conformation at interface and the type of interfacial forces are affecting 

polymer adsorption. Surface and interfacial tension, contact angle, substrate critical surface 

tension, polarity, surface contamination, irregularities and flaws on the surface, molecular 

arrangement of resin and filler at phase boundaries are important factors in wettability and 

dispersion of filler by polymer matrix.(M. 2010) Based on following equation (5), filler 

particles can be wetted by any polymer melt (liquid) having lower surface tension than the 
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filler surface tension. The contact angle (θ) is a measure of degree of wetting and ideal wetting 

has been achieved in zero contact angles. Filler surface irregularities or presence of water layer 

or any other impurity with low surface tension at the interface may reduce filler surface tension 

and causes void formation at the interface.(M. 2010) 

                               ϒ𝑠𝑣 = ϒ𝑠𝑙 + ϒ𝑙𝑣 𝑐𝑜𝑠𝜃                                                     (5) 

Increasing work of adhesion reduces contact angle base on Young- Dupre equation (6): 

𝑊𝑎 = ϒ𝑠𝑣 + ϒ𝑙𝑣 − ϒ𝑠𝑙 =  ϒ𝑙𝑣 (1 + 𝑐𝑜𝑠𝜃)                  (6) 

𝑊𝑎 = 2 𝜙(ϒ𝑠𝑣ϒ𝑙𝑣)0.5                                                (7) 

Chemical structure of matrix also influences the filler/matrix interactions.(Dufresne 1962)  

Equal polarity of filler and polymer matrix (𝜙 is maximum) minimizes solid/liquid interfacial 

tension. Polar disparity ((𝜙 is zero) of hydrophilic filler with hydrophobic polymer such as 

polyolefin causes finite interfacial tension and minimum work of adhesion. Surface 

modification of filler or polymer can greatly improve adhesion by reducing polarity 

differences, raising critical surface tension of filler, and minimizing surface tension between 

filler/polymer. It provides appropriate adhesion between two phases and high performance 

composite since the load can be transferred from polymer to filler and filler is acting as 

reinforcing agent by sharing the stress.(M. 2010) In case of cellulosic filler, polar matrices 

strongly interact with cellulosic filler and improve stress transfer at the interface while apolar 

matrices provide weak interactions.(Dufresne 1962)  

Surface irregularities such as undulations, flaw and microcracks limit the contact between a 

filler and polymer. Very high viscosity of polymer prevents effective penetration of liquid melt 

into microcracks and presence of air makes it much harder. Presence of impurities in the filler 
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or matrix not only increase the surface tension and reduces wettability, but also causes 

formation of air pockets that act as stress concentration points. Trapped air pockets can be also 

produced during cooling, due to different expansion coefficient of two components.  In this 

situation, polymer molecules are not able to adjust themselves with filler contraction and 

provide stress concentration effects. Increasing the temperature or roughening the filler surface 

can help to increase polymer melt penetration by reduction of melt viscosity and improving 

the interface adhesion.  High temperature can also help to remove volatile impurities.(Sheldon 

1982; Gupta 2010) Very strong interface adhesion provides a composite with rigid interface 

which is not favorable for some applications. Flexible interface can be achieved by introducing 

a small proportion of another component. Studies show that strong interaction between PEO 

polymer and nanocellulose filler (resulting  from hydrogen bonding) leads to efficient stress 

transfer from PEO to CNCs and tensile strength is 2.8-fold more than pure PEO for 20 wt% of 

CNC loading.(Zhou, Chu et al. 2011) Incorporation of soybean nanofibers into PVA also result 

in a 4 to 5 fold increase in tensile and modulus (from 2.3 GPa to 6.2 GPa) of nanocomposite 

film comparing to neat polymer due to improving the load bear capacity of polymer/ nanofiller 

composite.(Wang and Sain 2007) 

2.5.4 THERMAL STABILITY 

One of the main drawbacks that hinder the use of cellulosic fillers in melt extrusion of 

thermoplastic polymers is their thermal instability at high processing temperatures of 

extrusion. Pyrolytic degradation of cellulose filler during melt process causes brownish 

discoloration and an unpleasant odor.(Saheb 1999) Thermal susceptibility of cotton filler and 
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degradation of filler at high temperatures limits the temperature processing window. Studies 

show that addition of plasticizer during melt extrusion of filled polymer assists the flow and 

reduces the viscosity. Plasticizers can also prevent discoloration of cellulosic fiber during 

compounding process by decreasing the processing temperature and frictional degradation. 

Plasticizers such as glycerin or polyethylene glycol (PEG) are low molecular weight materials 

that can change polymer performance in long term use due to volatilization or exudation. They 

are also considered to deteriorate mechanical properties and adhesion of fiber-polymer 

matrix.(Soulestin, Quievy et al. 2007) In contrast, addition of PEG to LDPE/ kenaf fiber has 

improved the dispersion, thermal and mechanical properties of biocomposite.(Tajeddin B. 

2009) Injecting water under high pressure is considered as an alternative option instead of 

using plasticizer. High pressure water injection may act as a plasticizer to reduce filler 

agglomeration and help the discoloration of cellulose by lowering down the process 

temperature. Water is acting as a lubricant and a layer of water molecules on the surface of 

cellulose fibers breaks down the hydrogen bonds between the fibers.(Soulestin, Quievy et al. 

2007) The studies also show that addition of only 1% of CaCo3 nanoparticles (250-300 nm) 

can reduce polymer composite viscosity substantially due to enhancing the polymer chain 

dynamics during melt extrusion. CaCo3 filler causes no significant changes in polymer 

structure due to lack of interaction with polymer.(Gupta 2010)  Thermal analysis of acid 

hydrolyzed cellulose nanowhisker (CNW) before and after chemical modification of filler 

through grafting of organic acid chloride with different aliphatic chains shows weight loss of 

unmodified CNW from room temperature to 130°C due to presence of water. Reduction of 

weight loss in grafted CNW is attributed to restricted accessibility of OH groups on the filler 
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surface. Grafted filler with organic acid chlorides reveal lower degradation temperature and 

higher weight loss in the range of 250-350°C comparing to ungrafted CNW filler.(de Menezes, 

Siqueira et al. 2009) Thermal gravimetric analysis (TGA) results of polymer composites show 

a lower onset temperature due to water content of cellulose. In some cases, grafting or coating 

the cellulosic fiber can improve thermal degradation to some extent, for example grafting of 

acrylonitrile on jute improved thermal degradation from 170 to 280°C. Esterification of 

cellulose fibers leads to cellulose acetate and cellulose propionate that are thermoplastic 

polymers with a narrow processing temperature window between melt flow temperature and 

decomposition temperature and requires a large amount of plasticizers in their melt processing 

to avoid their thermal degradation.(Yan, Zhang et al. 2009)  

2.5.5 RHEOLOGICAL PROPERTIES 

Despite a huge research in fabrication of nanocomposite films through solution casting or melt 

extrusion system, few studies are concentrated on fabrication of nanocellulose fibers due to 

difficulties in fabrication of fibers such as polymer chain response to tension, temperatue and 

shear deformation in spin line. Study of rheological behavior of particulate-filled polymers 

could help to provide the optimal processing conditions.(Han 1981) Thermoplastic polymers 

reveal non-Newtonian, viscoelastic behavior over the range of applied shear rate. Adding filler 

to polymer matrix has a great impact on the melt rheology and melt elasticity of polymer that 

is incorporated to processability of polymer-filler composite and affects microstructure 

formation during melt extrusion. Melt rheology and melt elasticity are affected by filler 

characteristic, polymer-filler interaction, and processing conditions such as shear rate, applied 
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pressure and processing temperature. Rheological behavior of polymer composite has been 

extensively studied and the results indicate that increasing the filler concentration enhances 

both shear and elongational viscosities.(Han 1981),(G. 2009) Low molecular weight fluids show 

Newtonian behavior according to Einstein’s equation:(G. 2009),(Sheldon 1982) 

𝜂 = 𝜂0(1 + 2.5 𝜙)                                                                 (1) 

𝜙  is defined as the volume fraction of particles. This equation is only valid for very low weight 

percentages of filler in polymer matrix, but with increasing molecular weight and chain length, 

non-Newtonian behavior emerges that belongs to polymers and increases the elastic behavior 

of fluids. Presence of filler forms network structure due to interactions between particles and 

the structure break-down of filler known as thixotropy is a time dependent process.  Filler 

properties affecting the melt rheology and elasticity include a size, shape, aspect ratio, 

concentration, tendency to agglomeration and any surface modification on filler surface.(M. 

2010)  Polymer characteristics such as molecular weight and its distribution, branching and 

chemical nature are greatly affecting the flow behavior too. The higher the polarity of polymer 

structure, the higher viscosity will be. It should be noted that highly viscous polymers exhibit 

die swelling that can be reduced by increasing processing temperature, lowering down the 

strain rate and decreasing polymer molecular weight.(Sheldon 1982) At higher filler loading, 

Mooney equation is valid to define the relation of polymer composite rheology and filler 

content. Mooney equation explains the effect of different parameters on polymer composite 

viscosity.(Han 1981; G. 2009)  

ln(𝜂𝑐/𝜂𝑚) = 𝐾𝑒𝑉𝑓/(1 −
𝑉𝑓

𝑄𝑚𝑎𝑥
)                                          (2) 
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𝜂𝑐 and 𝜂𝑚 are composite viscosity and pure polymer viscosity respectively. Qmax is the 

maximum packing factor (true filler volume to apparent occupied volume) and Ke is Einstein 

coefficient (or geometric parameter that depends on filler aspect ratio and agglomeration). 

Effect of filler concentration 

Studies show that enhancement of complex viscosity of filled polymers with different filler 

types is not proportional to the filler loading percentage.(G. 2009) Shear viscosity of polymer 

composite exhibit a non-Newtonian shear thinning behavior and its increments at low shear 

rates are more pronounced due to formation of the filler structure network.(M. 2010) Formation 

of filler network structure depends on filler nature and the interfacial interactions of filler and 

polymer.(Han 1981) Increasing the shear rate gradually breaks down the filler network 

structure that can improve the filler distribution throughout the polymer matrix, reduces the 

filler size and aligns the fillers in the flow direction. Filler orientation and alignment at high 

shear rates depends on the filler size, concentration, rigidity and polymer/filler interactions.(M. 

2010) At high shear rates, shear viscosity is affected more by polymer rheological 

characteristics and this range of shear rate is suitable for melt processing where viscosities of 

pure and filled polymer are almost the same.(M. 2010),(G. 2009) Studies show that at high shear 

rates, polymer/filler melt follows power law behavior and at low shear rates follows Herschel-

Buckley model.(Han 1981) Normal stress differences of polymer melt decreases with 

increasing filler concentration due to enhancing polymer rigidity by filler addition. Decreasing 

the extrudate swell ratio (extrudate-to-capillary diameter ratio) with increasing filler content 

confirms the changes in normal stress difference.(Han 1981)  
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Effect of filler size and shape 

Filler size and shape have a profound impact on rheological properties of polymer melts 

subjected to steady shear flow. The studies on the effect of particle size on dynamic viscosity 

of molten polymer versus frequency shows an abrupt enhancement of dynamic viscosity 

beyond a critical value of finer filler concentration that has not been observed with larger 

particle size.(Han 1981; G. 2009) Due to dominance of polymer rheological behavior on shear 

viscosity at high shear rates, the effect of filler size on the rheological behavior polymer 

composite may be negligible, but at low shear rates smaller particles (higher surface area) 

enhances the shear viscosity more than the larger particles. (M. 2010) Filler geometry (size 

and shape) influences melt porcessabiloity of polymer composite. Melt spinning of PLA and 

cellulose nanowhiskers (CNWs) with the size of 3–10 nm in diameter and 100–300 nm in 

length has been done recently and the effect of CNW on mechanical and thermal properties 

has been investigated. While the micro-sized fillers reduce the spinnability of fibers, the nano-

sized filler can reinforce fiber properites without spin-line failure.(John, Anandjiwala et al. 

2013) The shape of filler is also affecting the melt viscosity of polymer matrix. The fillers with 

similar density and particle size distribution result in different melt viscosity due to shape 

differences. Fillers with irregular shape comparing to spherical fillers result in higher melt 

viscosity since spherical particles have weaker interactions due to minimized surface contacts 

between particles. (Han 1981) The effect of various shapes of nanfillers on complex viscosity 

has been investigated and rod-shaped particles reveal larger shear thinning behavior due to 

ease of filler alignment in the flow direction under shear stress forces and highest complex 

viscosity. Comparing to other filler shapes that polymer chains are adsorbed to the filler 
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surface, polymer chains are embedded within the rod-shape fillers resulting the best 

reinforcement and highest viscosity.(Gupta 2010)  

 Effect of interfacial interactions 

 Another important factor affecting the melt rheology behavior of polymer composite is the 

interfacial interactions between the polymer and filler that depends on the aspect ratio and 

surface area of the filler. Normally the particles with high surface area and flakes or fibers with 

large aspect ratio increase the shear viscosity due to higher tendency of having interactions 

with polymer matrix.(M. 2010) Filler agglomeration and surface modification of filler are also 

affecting the melt behavior of polymer composite. Surface modification of filler or use of the 

coupling agent can reduce the interparticle forces and aggregation of filler in polymer matrix. 

Wetting the filler surface reduces the friction between polymer and filler molecules and 

polymer molecules may slip between modified filler and reduce the shear viscosity during melt 

process. It should be noted that excessive adhesion of filler to polymer matrix can provide 

strong interaction between the filler and polymer enhance the melt viscosity.(M. 2010) 

Modification of polymer-filler interface using coupling agent reduces melt viscosity and 

enhances normal stress differences.(Han 1981)  

2.5.6 DYNAMIC MECHANICAL PROPERTIES 

For load bearing applications where the stress is applied for longer period of time, it is 

necessary to study  visco-elastic properties of polymer nanocomposites. Dynamic mechanical 

analysis (DMA) is response of the material to a cyclic deformation as a function of the 

temperature and helps to better understanding of interactions between the polymer matrix and 
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the filler. DMA analysis result is three main parameters:(1) the storage modulus (E’) - 

represents the elastic response to deformation, (2) the loss modulus (E”) – represents the plastic 

response to deformation and (3) tan δ = E'/E''. Dynamic mechanical analysis helps to 

understand the polymer-filler interactions and limited mobility of polymer molecules during 

flow. Filled polymers reveal complex rheological properties and in some cases they deviate 

from viscoelastic characteristics of neat polymer which is caused by particle percolated 

structure. This deviation is referred to as “pseudo-solid-like” behavior and depends on the filler 

type, size and interaction with polymer. Smaller particles offer higher surface area available to 

interact with polymer and restrict the molecular mobility extensively. Research studies shows 

that surface treatment of filler improves surface adhesion and increases storage modulus and 

obviously reduces the loss modulus (and tanδ).(G. 2009) In general, adding filler concentration 

reduces melt elasticity that reveals its effect on die swell reduction and normal stress 

differences.(M. 2010) Melt elasticity behavior of polymer composite affects on polymer 

extrusion, injection molding and melting fracture.(Wang and Sain 2007; Yung, Zhu et al. 2010) 

Dynamic evaluation technique measures complex viscosity, elastic modulus and loss modulus. 

Studies show that non-interacting filler with high aspect ratio increases the rheological 

viscosity of polymer composite. Another study reveals the effect of crystallization temperature 

on elastic modulus that increasing the crystallization temperature enhances G’ probably due to 

better dispersion and detachment of nanoparticles at higher temperature since the viscosity at 

high temperature is low and particles are free to move. (Gupta 2010) The interaction between 

polymer and filler plays an important role in improvement of melt and mechanical properties 

and lack of improvement relies on absence of permanent interactions. One way to measure the 
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extensional rheology is continuous drawing of molten filament after extrusion resembling fiber 

spinning system. Extension rate, die temperature and dimensions, draw height, and take- up 

speed of the rollers are the main factors need to be evaluated. The influence of applied stress 

on morphology and crystallinity of polymer can be investigated.(Gupta 2010) 

Study of PVA/soybean nanofibers dynamic behavior shows improvement in storage modulus 

of nanocomposite representing good adhesion between polymer molecule chains and 

nanofibers. The softening temperature increased from 42°C for neat PVA polymer to 49°C for 

nanocomposite indicating restriction of polymer molecules movements in the presence of 

nanofibers and the prominent reinforcing effect of nanofibers. Enhancing thermal properties 

of nanocomposite increases the temperature window of the use of PVA.(Wang and Sain 2007) 

2.6 SURFACE MODIFICATION 

Uniform dispersion of filler through the matrix is crucial to achieve consistency in the product. 

Cellulosic fibers show a great tendency to aggregate due to strong fiber-fiber interaction 

resulting from hydrogen bonding. Agglomeration of fibers increases with high fiber content 

and leads to low composite performance with low mechanical properties. In fact, aggregation 

of filler in a polymer composite provides zones with accentuated fragility and the material will 

be completely brittle.(Ljungberg, Cavaille et al. 2006) Poor adhesion between nonpolar 

polymer and cellulosic filler is a major problem in addition of MFC to melt extrusion system 

of nonpolar polymers and has an adverse effect on rheological and physical properties of 

polymer composite. Fiber-matrix interfacial adhesion also plays an important role on final 

properties of polymer composite. Cellulosic filler is considered as reinforcing agent when there 
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is a transmission of stress from matrix to the fiber. Adhesion and stress transfer from polymer 

to the reinforcing filler is influenced by the type and extent of interactions at the phase 

boundaries.(M. 2010) Various surface modifications have been done to minimize the 

interfacial energy between the hydrophilic filler and non-polar polymer and generate optimum 

adhesion. Chemical surface modification reduces the number of hydroxyl interactions and 

assist dispersion of filler through polymer matrix too.(Karim Missoum 2013) In order to 

preserve the reinforcing performance of cellulosic filler, modification is limited to the filler 

surface.  

Studies show that addition of ternary filler like mica or glass fiber improves the mechanical 

properties of polymer composite significantly if it can increase the interaction between 

polymer and cellulosic fiber. Studies show that the elongation at break of polymer composite 

may be drastically reduced in presence of nanofiller because of restriction of chain mobility. 

If addition of filler can reduce stress concentration points, tenacity of polymer nanocomposite 

would be increased. Surface treatment of filler can improve the interaction between polymer 

chains and the treated filler causing significant improvement in mechanical properties.(Gupta 

2010) 

MFC aqueous suspension forms a gel-like structure after mechanical treatment and a tendency 

for self-association causes aggregation and formation of film after drying due to strongly 

interacting hydroxyl groups.(Eichhorn, Dufresne et al. 2010) Formation of rigid interconnected 

network of nanofibrillated cellulose is a desirable feature for improved mechanical properties 

of nanocomposite due to formation of load bearing percolating structure in polymer matrix and 

transferring the stress by hydrogen bonding among nanofibrils.(Eichhorn, Dufresne et al. 2010) 
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However, simultaneous MFC aggregation during nanocomposite fabrication has an adverse 

effect on mechanical properties.(Schroers, Kokil et al. 2004)  Surface modification of MFC 

not only improves filler dispersion, but it can also add new functionality to MFC filler. 

Modification of filler can be obtained using different physical methods like laser, plasma 

(adsorption of molecules onto the filler surface) or chemical grafting. Generating a covalent 

bonds between polymer matrix and cellulosic chains provide the highest mechanical 

properties.(Zafeiropoulos 2011) 

2.6.1 PHYSICAL MODIFICATION 

Interfacial interactions between filler and polymer matrix play a significant role in 

processability and filler polymer properties.(M. 2010) The adhesion of filler to polymer matrix 

affects on transferring stress across the interface. Atomic arrangement and chemical nature of 

filler and molecular conformation and chemical constitution of the polymer matrix are greatly 

influencing the bonding between polymer and filler.(Zafeiropoulos 2011) Improving 

mechanical properties of polymer composite is dependent to both polymer and filler. Uniform 

dispersion of filler through polymer matrix and fiber- matrix interfacial adhesion is crucial in 

providing homogeneous compound and appropriate mechanical properties. The lack of 

interfacial interaction between unmodified filler with polymer can be improved using coupling 

agent to provide bond between polymer and filler.(Han 1981) Polymer structure, filler surface 

characteristic and coupling agent chemistry are affecting the effectiveness of coupling 

agent.(Han 1981) Modification of filler surface, using compatiblizer agent or modification of 

the polymer matrix can improve the adhesion. Coupling agent or compatiblizer interact with 
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both filler and polymer and promotes a stronger bond at the interface.(Zafeiropoulos 2011) 

Modification of cellulosic filler may improve filler dispersion, control rheological properties 

and reduce melt viscosity, improve wet-out between filler and matrix at the interface, modify 

filler surface characteristic and improve mechanical properties.(M. 2010)  

Surface adsorption of surfactants or polyelectrolytes onto the MFC surface can improve filler 

dispersion by increasing hydrophobicity of the filler. Surfactants are amphiphilic organic 

materials with hydrophilic head and hydrophobic tail. Adding cationic surfactant to aqueous 

suspension of TEMPO oxidized MFC increased hydrophobicity of the film without affecting 

on the mechanical properties.(Xhanari, Syverud et al. 2011) Contact angle measurement of 

MFC treated with absorbed layer of cationic surfactant like cetyltrimethylammonium bromide 

(CTAB) and neat TEMPO oxidized MFC results in 60° and 42° respectively confirming that 

it is not fully hydrophobic but its hydrophobicity is more than untreated MFC.(Syverud, 

Xhanari et al. 2011; Xhanari, Syverud et al. 2011)  Coating filler surface with a surfactant or 

chemical modification can improve dispersion of filler in polymer matrix. Homogeneous 

dispersion of coated soybean nanofibers with ethylene-acrylic oligomer emulsion as dispersant 

in melt blended PE composite improved modulus and strength of polymer nanocomposite. The 

ethylene-acrylic emulsifier is an aqueous emulsion and miscible with fiber water suspension. 

Presence of enough surfactant can block hydroxyl groups on the surface and provides 

disentangled and well individualized fibrils. Figure 18 shows well separated and loose network 

structure after coating of nanofibers due to reduction of entanglements.(Wang and Sain 2007) 

Although the main objective of surface modification of cellulosic filler is to reduce aggregation 

and improve compatibility with apolar polymers, modification can also impart high value 
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added functionalities into nanofibrillated cellulose.(Siro and Plackett 2010) Martin et al. 

successfully produced electrostatic assembly of MFC/Ag using polyelectrolytes and silver 

nanoparticles. Nanofibrillated cellulose obtained from enzyme pretreated and homogenized 

softwood pulp. They added layer-by-layer cationic and anionic polyelectrolytes as 

macromolecular linkers into MFC surface and then compounded it with Ag colloidal 

suspension. The MFC/Ag assembly revealed good antimicrobial properties towards S. aureus 

and K. pneumonia microorganisms comparing to neat MFC.(Martins, Freire et al. 2012)  

 

 
Figure 18. Scanning electron micrographs of freeze-dried soybean nanofibers: (a) uncoated and (b) 

ethylene–acrylic oligomer coated.(Wang and Sain 2007) 

 

Another way to reduce aggregation of cellulosic filler in polymer matrix is utilizing 

compatiblizers. Compatibilizer is a grafted polymer with functional groups which improves 

the interaction between polymer /filler and provides effective stress transfer across the 

interface.(Wang and Sain 2007) Microfibrillated cellulose (MFC) possessing a ‘web-like’ 

morphology was successfully modified with three different coupling agents: 3-

aminopropyltriethoxysilane, 3-glycidoxypropyltrimethoxysilane, and a titanate coupling agent 

(Lica 38) that changed the surface character of MFC from hydrophilic to hydrophobic. The 

(a) (b) 
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surface modification was confirmed using infrared spectroscopy (FTIR), X-ray photoelectron 

spectroscopy (XPS), environmental scanning electron microscopy (ESEM), and contact angle 

measurements. The untreated and treated MFC were successfully incorporated into an epoxy 

resin system using acetone as the solvent. Better and stronger adhesion between the 

microfibrilsand the epoxy polymer matrix was observed for the treated fibers, which resulted 

in better mechanical properties of the composite materials.(Lu, Askeland et al. 2008) 

2.6.2 CHEMICAL MODIFICATION 

It is expected that grafting treatment provides better dispersion of filler within the matrix and 

improves mechanical properties.(Dufresne 1962) However grafting of cellulosic filler restricts 

possible interfibrillar interactions and omits the outstanding reinforcing effect of formation of 

percolating network. In some cases studies shows that mechanical properties of nanocomposite 

with unmodified nanofibers are higher than the modified filler. This behavior is attributed to 

loss of filler-filler interactions after grafting of filler surface.(Dufresne 1962) Esterification of 

cellulosic filler using carboxylic acid, acid anhydrydes or acyl chlorides introduces esteric 

functional groups (O-C=O) onto the cellulose surface and makes it partially hydrophob.(Karim 

Missoum 2013) Gousse´ et al. modified the surface of MFC using silylation treatment using 

isopropyl dimethylchlorosilane and showed that mild silylation treatment of MFC is not 

altering microfibrils morphology, but causes uniform dispersion in organic solvents (Figure 

19).(Gousse, Chanzy et al. 2004) Surface modification of MFC requires precise control of 

treatment condition, since harsh condition may cause loss of nanostructure and partial 

solublization of MFC during silylation treatment. Contact angle measurement of treated MFC 
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films confirms modification of hydrophobized MFC with high water contact angle (117-

146°).(Andresen, Johansson et al. 2006)  

 

 

Figure 19. Silylation treatment of MFC using isopropyl dimethylchlorosilane 

 

Acetylation modification of cellulosic filler introduces acetyl groups CH3-C (=O)- onto the 

filler surface (Figure 20). Kim et al. modified the surface of bacterial cellulose using anhydrous 

acetic acid and toluene solvent and reported that physical properties of acetylated bacterial 

cellulose (BC) depends on degree of substitution (DP) of acetyl groups.(Kim, Nishiyama et al. 

2002) Following studies showed that transparency and thermal degradation resistance 

properties of chemical modified BC fibers using acetylation treatment improved comparing to 

unmodified BC films. Degradation of partially modified BC nanofibers significantly reduced 

at elevated temperature of 200°C and transparency of films retained after 3 h at 200°C while 

untreated BC films lost its transparency after an hour at the same temperature.(Nogi, Abe et 

al. 2006) 
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Figure 20. Acetylation of MFC using acetic anhydride(Kim, Nishiyama et al. 2002) 

 

Compounding acetylated MFC with PLA improves dispersion of filler and mechanical 

proeperties of polymer nanocompposite due to improved filler/polymer interface (Figure 21). 

In extrusion of PLA with cellulosic filler, polyvinylalcohol has been used as a compatiblizer 

to improve filler dispersion. 

 

 
 

Figure 21. Elastic modulus of acetylated MFC/PLA composite as a function of degree of substitution 

(DS) (Mittal 2010) 
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Figure 22. Optical micrographs of neat PLA, untreated MFC and Acetylated MFC/PLA film 

respectively(Mittal 2010) 

 

 

Comparing to neat PLA film, aggregation of unmodified MFC as white dots is clear all over 

the composite PLA film in off-white color, while modified MFC led to translucent PLA 

composite film without any aggregation (Figure 22).(Mittal 2010)  

Chemical treatment of hydroxyl groups of MFC surface using carboxymethylation prevents 

hornification during drying (Figure 23). The effect of surface modification on morphology and 

crytallinization behavior of MFC was evaluated and modified MFC reveals a uniform 

dispersion in water and a lower crystalline percentage comparing to unmodified MFC (Figure 

24). (Mittal 2010)  

 

 

Figure 23. Carboxymethylation of MFC(Mittal 2010) 
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Wang et al. fabricated PLA and PHB nanocomposites using hemp nanofibers (HNF) through 

melt extrusion and hot press. HNF obtained using chemomechanical treatment and then treated 

with five different chemical modifiers: ethylene acrylic acid, styrene maleic anhydride (SMA), 

guanidine hydrochloride, and Kelcoloids HVF and LVF stabilizers (propylene glycol alginate). 

Physical analysis of nanocomposites reveals slightly improved mechanical properties using 

5% HNF coated with styrene maleic anhydride (SMA). TEM images of SMA-HNF/PLA 

reveals some aggregation of HNF filler in polymer matrix. Optimizing the compounding 

condition and surface modification may improve filler dispersion. SMA-HNF/PLA 

nanocomposite comparing to uncoated HNF showed 7% increasing in modulus and 3% 

increasing in tensile strength. Experimental mechanical properties of both nanocomposites 

comparing to theoretical calculation of mechanical properties using Halpin-Tsai model are 

lower due to nonuniform dispersion of HNF in matrix.(Wang and Sain 2007) 
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Figure 24. Crystallinity (Χc), redispersion tests in water (0.2% w/w, 1h) and SEM images of (a) 

unmodified and (b) carboxymethylated MFC(Mittal 2010) 

 

Recently grafting of different anhydride molecules onto the surface of MFC has been 

accomplished using solvent exchange method in ionic liquids as a green solvent instead of 

toxic and hazardous solvents. MFC obtained from enzyme pretreatment of bleached pulp at 

50°C for 2 h with endo-glucanase (cellulase) enzyme, and followed by mechanical treatment 

using microfluidizer. TOF-SIMS and FTIR analysis confirms chemical surface modification 

of MFC.(Missoum, Belgacem et al. 2012) Menezes et al. grafted rami cellulose nanowhiskers 

(acid hydrolyzed) with organic acid chloride aliphatic chains to provide nonpolar groups on 

cellulose chain (esterification reaction) and improved dispersion and compatibility of 

nanofiller in hydrophobic LDPE polymer matrix during melt extrusion at 160°C, 60 rpm and 

10 min (Figure 25). Analysis of data results in no mechanical improvement of LDPE with 0-

15% cellulose grafted filler after surface modification due to limitation of inter-particle 

(a) 

(b) 
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interactions. Esterification of cellulose filler with organic acid chloride aliphatic chains only 

improved elongation at break of modified composite with increasing the length of grafted chain 

on the filler surface due to highest dispersion level.(de Menezes, Siqueira et al. 2009)  

 

 
Figure 25. Photographs of the neat film and ramie cellulose whiskers nanocomposite films reinforced 

with 10 wt% of nanofiller before and after modification(de Menezes, Siqueira et al. 2009) 

 

Surface treatment of filler with coupling agents can improve the interfacial adhesion by 

formation of bridge of chemical bonds between fiber and polymer matrix. Maleic anhydride is 

the most commonly used coupling agent in literature reports and improves tensile strength and 

elongation at break of natural fiber composites.(Ku, Wang et al. 2011) Oksman et al. 

investigated the effect of addition of maleic anhydride grafted coupling agent (MAPP) on 

mechanical properties of melt extruded  60 % cellulose pulp /PP composite and observed 

significant improvement in stiffness and strength of composite. Presence of MAPP improved 

the interfacial adhesion between hydrophilic filler with average length of 1 mm and nonpolar 

polymer (Figure 26).(Bengtsson, Le Baillif et al. 2007)  
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Figure 26. Scanning electron microscopy micrographs of the fracture surface of 50 % cellulose pulp 

/PP composite (a) without and (b) with MAPP coupling agent 

 

In another work, incorporation of wood flour into PP improved modulus of composite from 

1.1 GPa to 2.6 GPa with 40 wt% of filler. Addition of MAPP as coupling agent had no change 

on modulus but improved strength of composite ca. 20%.(Boldizar, Klason et al. 1987) 

Analysis shows coating nanofiber surface using surfactant can improve tensile and modulus of 

nanocomposite. Mechanical properties of PP/ 5wt% coated soybean nanofibers composite with 

ethylene-acrylic oligomers composite obtained through melt extrusion reveals slightly 

improvement in stiffness and strength and reduction of elongation at break.(Wang and Sain 

2007) Grafted polypropylene with maleic anhidryde (Ma-PP) can improve adhesion of 

cellulosic filler and polymer matrix. (Dominkovics, Danyadi et al. 2007) Nanocomposite films 

made of Ma-PP and 20 wt% of microcrystalline cellulose (MCC) revealed more uniform 

dispersion of filler comparing to PP/MCC due to increased chemical interactions between Ma-

PP and MCC filler. Presence of maleic anhidryde improved modulus of nanocomposite, while 

the strength and elongation at break almost remained the same. Grafting of cellulosic filler 

with maleic anhydride (MAH) is one of the most successful methods to improve adhesion 

between nonpolar polymers and polar filler.(Zafeiropoulos 2011) Studies show benzylation of 

(a) (b) 
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cellulose large particles improves dimensional stability of composite but mechanical properties 

of composite slightly decrease with increasing the modification.(Dominkovics, Danyadi et al. 

2007)  

Innovative chemical modification techniques of MFC also add extra functionality to 

nanocellulose fillers. Thomas et al. prepared antimicrobial nanofibers from inorganic polymers 

and positively charged amine-functionalized MFC via electrospinning for biomedical 

applications. In similar work, chemically grafted MFC films with octadecyldimethyl(3-

trimethoxysilylpropyl) ammonium chloride (ODDMAC) showed antimicrobial properties  

against both Gram-positive and Gram-negative bacteria.(Andresen, Stenstad et al. 2007) 

 

 
Figure 27. Schematic of interaction between cellulose and MAPP(Dominkovics, Danyadi et al. 2007) 

 

2.7 PROCESSING CONDITIONS 

The processing technique and parameters significantly influence composite properties and 

interfacial characteristics. Extrusion- injection moulding and compression moulding are 
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common methods for manufacturing of natural fiber composites. The method of filler 

incorporation into the polymer melt, achieving uniform distribution of filler and suitable filler 

particles wet-out are greatly influencing the properties of polymer composite.(M. 2010) 

Compounding of thermoplastic polymers with fillers using twin screw extruder is desirable for 

most applications. During melt extrusion solid polymer is melted and shear forces breakup 

agglomerations and providing uniform filler distribution throughout the matrix.(M. 2010) 

Process parameters such as shear rate, residence time, processing temperature and material 

throughput can change the dispersion of filler during extrusion. High shear forces and 

increasing residence time improves filler dispersion. High shear rate in melting process can 

also reduce the fiber length and enhances alignment of filler into the flow direction.(Sheldon 

1982) Moreover increasing the processing temperature and compounding time is effective in 

breaking down the filler aggregation. Processing temperature and pressure are both affecting 

the flow behavior and enhancement of temperature increases the deformation rate.  
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Figure 28. Variation of tensile strength and modulus with mixing time of 30% sisal fibers(fiber 

length 10 mm) / PP melt-mixed composites(Joseph, Joseph et al. 1999) 

 

It should be noted that all of processing parameters need to be optimized in order to obtain 

highly performance composite. Several studies worked on the effect of processing parameters 

on mechanical properties of natural fiber composites. Data analysis of processing temperature 

defines a temperature window for melt extrusion and compounding of each polymer with 

natural fillers. Low processing temperature caused inconsistent polymer melting and high melt 

viscosity that increases shear stress and provides non-uniform filler dispersion, and fiber 

breakage causing low tensile strength of the composite. On the other hand processing 

temperature higher than 200°C caused thermal degradation of natural fibers and reduced 

composite performance.(Ku, Wang et al. 2011)   
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Compounding time is another important factor to control polymer composite properties. 

Several studies investigated the effect of processing time and reported 10 min as an optimized 

time to compound polymer matrix with natural cellulosic fillers.(Joseph, Joseph et al. 1999) 

Mechanical properties of polymer composite reached to optimum value with increasing 

compounding time and started to decrease after an optimum value. Below an optimum value, 

poor filler dispersion and ineffective mixing caused low mechanical properties while 

increasing timing may causes natural fiber degradation and fiber breakage.   

Studies showed that increasing shear forces with water injection and increasing residence time 

improved dispersion of cellulosic filler in an apolar polymer matrix. The effect of increasing 

shear rate from 100 to 1200 rpm at 150 °C and water injection investigated on LDPE with filler 

content of 5 to 30 wt%. Water injected directly to the LDPE polymer melt to assist dispersion 

of microcrystalline cellulose of 200 μm length and reduce discoloration (yellowing) due to 

cellulose degradation at high shear rates and evaporated before the die by reducing the 

pressure. The SEM images showed that water injection is more efficient than shear forces to 

disintegrate aggregated filler. Mechanical result of PE composite decreased slightly in 

presence of water due to probably adsorption of water molecules on filler surface that prevents 

hydrogen bonding between cellulose fibers. Reduction of elongation at break attributed to poor 

interface between polymer and hydrophilic filler and large polarity difference.(Soulestin, 

Quievy et al. 2007) Alloin et al. investigated the effect of extrusion on degradation and fiber 

size reduction of cellulosic filler with aspect ratio of 24 in cellulose nanowhiskers (CNW)/ 

poly (oxyethylene) nanocomposites (Figure 29). Extrusion process largely reduced the length 

of CNW from 200 to 122 nm and CNW presented a monodisperse length distribution after 
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melt extrusion. Decreasing both the length and cross section of CNW after extrusion from 7 

nm to 5 nm, did not significantly change the surface area and was found to be 24 due to 

simultaneous effect of extrusion process on both length and cross section of cellulose 

nanowhiskers.(Alloin, D'Aprea et al. 2011)   

 

 

 
Figure 29. Transmission electron micrographs (TEM) of  (a) ramie whiskers suspension; (b) extruded 

and re-dispersed PEO nanocomposite films reinforced with 6 wt% of ramie whiskers; (c) the length 

distributions of CNW before after melt extrusion 
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3.1 ABSTRACT 

The thermal and mechanical performance of composites with nano-sized cotton fillers 

embedded in low-density polyethylene (LDPE) is investigated. Microfibrillated cotton was 

prepared by microgrinding mechanical treatment of pulverized cotton derived from waste T-

shirts, resulting in nano-sized fibrils of the cellulose that retain high crystallinity.  Film 

composites of LDPE with pulverized cotton before and after microgrinding were fabricated 

through melt extrusion and the effect of filler size on mechanical, thermal and morphological 

properties of the composite was investigated. Compounding microfibrillated cotton with LDPE 

resulted in well-dispersed nanocomposites with no discoloration after 10 min of melt extrusion 

at 170 °C.  At concentrations up to 10 % by weight, the composites showed increased modulus, 

increased tensile strength and a slight decrease in elongation to break.  Further improvement 

in the dispersion and mechanical properties of the cotton-based fillers was realized by the use 

of LDPE powder instead of polymer pellets fed to the extruder. This research demonstrates the 

mailto:jsjur@ncsu.edu
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processing and applicability of the use of recycled cotton-based nano-sized fillers in melt-

processing.  

Keywords: Microfibrillated Cellulose (MFC). Nanocomposite. Cotton. Cellulose. Sustainable. 

Synthetic polymer   

3.2 INTRODUCTION 

Replacing petroleum-based materials and non-safe fillers with bio-based materials which offer 

low environmental and safety risks is increasing in various fields of applications due to limited 

availability of petroleum and increased awareness in sustainable processing and materials 

(Tingaut, Zimmermann et al. 2012). In the recent decades, experiments using cellulosic fibers 

from sources such as flax, hemp, jute and many others as a reinforcing filler in the composites 

field have drawn many researchers to revisit this natural polymer in biocomposites (Moon, 

Martini et al. 2011). Cellulose originates from various sources including wood, plant (including 

cotton, sisal, flax, jute, ramie, wheat straw, potato tubers, sugar beet pulp, soybean stock, 

banana rachis), algae, bacterial cellulose produced by the gram-negative bacteria Acetobacter 

xylinum (bacterial cellulose nanofiber) and tunicate cellulose are produced by sea creatures 

(natural nanowhiskers) (Pandey, Ahn et al. 2010). The purpose of this research is to examine 

methods to produce uniform microfibrillated cotton from waste cotton T-shirts, thus producing 

a useful material from a potentially discarded waste stream. The microfibrillated cotton will 

be evaluated as filler in thermoplastic polymers films through melt extrusion and the structure-

property relationship of cotton reinforced biocomposite films will be related to the amount of 

cotton reinforcement and the fabrication methodology.   
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Melt extrusion of various types of thermoplastic polymers filled with cellulose filler has been 

the subject of many studies, but the incorporation of cellulose nanofibrils (or microfibrillated 

cellulose) into a polymer matrix as a reinforcing agent through melt extrusion still faces many 

challenges, including understanding process-property relationships in the final composite 

material (Lu, Askeland et al. 2008). Fabrication of cellulosic nanocomposite using melt 

compounding often results in aggregation at low and high concentrations, degradation of 

cellulose at high processing temperature, and poor fiber-matrix adhesion in nonpolar polymer 

matrices. Investigation of these process-property relationships will allow for biocomposites 

plastics and nonwovens applications in automotive interior, textile, biomedical, building and 

packaging.  

Cellulosic fillers offer the additional benefit of low cost, low density, and are non-abrasive to 

processing equipment. In addition, cellulosic-based composites have less health risk, 

recyclability and biodegradability compared to other engineering fillers (Siro and Plackett 

2010). Compared to glass fibers, natural fibers have also shown improved better thermal and 

acoustic insulation properties (Laly A. Pothan 2009). In general, the cellulose obtained from 

natural fiber resources are primarily segmented in two major groups: nanocrystalline cellulose 

(NCC) and nano/microfibrillated cellulose (NFC/MFC) that differ in size, crystallinity and 

aspect ratio (Panaitescu, Notingber et al. 2007).  These materials are characterized as having a 

high aspect ratio, flexibility, and tangling capability, which all play an important role in the 

mechanical behavior of nanocomposite (Zimmermann, Pohler et al. 2004).  For example, the 

geometrical aspect ratio of nanoparticles determines the percolation value (i.e. the 

concentration of the fibrous matrix in which a continuous second phase in a composite is 
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created) and a higher aspect ratio of the nanofibrillated cellulose results in an increased 

stiffness of percolating network (Bras, Viet et al. 2011).  High strength and flexibility of 

cellulose structures result from the hierarchical fibrous structure of the cellulose, forming a 

strong nanoporous network (Dufresne 2012; Missoum, Belgacem et al. 2013). At the same 

time, the mechanical properties of the nanocomposite can be influenced by the crystallinity of 

the cellulose, which is dictated by the processing conditions to achieve the high aspect ratio 

(Samir, Alloin et al. 2004; Eichhorn, Dufresne et al. 2010).   To achieve a composite with high 

performance, a balance must be met between processing relative to achieve a certain aspect 

ratio and the potential for the processing to alter the crystallinity (Samir, Alloin et al. 2004).  

Finally, the distribution and eventual composite properties of these nano-sized cellulose fillers 

in a polymer matrix is dependent on the interfacial interactions between the two materials.  

Without any modifications, the polymer and the cellulose bonding is based on weak 

intermolecular forces.  A modified chemical interface can provide significant improvement in 

mechanical, thermal and rheological properties of composite.  

The level of interaction between polymer matrix and filler depends on filler size, shape and 

concentration. In nanocomposites architectures significant bonding between the filler and the 

polymer matrix may exist due to the high surface area to volume ratio of the nanofiller and 

similar nanodimension of the filler to the molecular scale of the surround polymer chains. 

Herein, nano-sized cellulose derived from cotton will be investigated for its use as filler in a 

LDPE. The processing of the cotton, derived from waste t-shirts, will first be examined in an 

effort to achieve a wide distribution of the aspect ratio and a unique hierarchical structure that 

makes this material well suited for use as a mechanical reinforcement.  Mechanical processing 
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effects to produce micro/nanofibrillated structures are examined. The performance of the 

resulting composites is examined with respect to the percentage crystallinitiy, aspect ratio, and 

distribution of the nano/microfibrillated cellulose.   

3.3 EXPERIMENTAL 

Pulverized cotton (pCot) derived from recovered waste t-shirt material with an average fiber 

length of 350µm was acquired from International Fiber Corporation.  To reduce the size of the 

pCot, microfibrillated cotton was prepared from the pulverized cotton (MFC-pCot) by creating 

an aqueous suspension of 3 wt% consistency and sequentially passing the suspension through 

Masuko Grinder for a total of nine passes. The grinder consisted of two nonporous disks that 

applied repeated cyclic high shear forces, massive compression forces and friction orces via 

the grooves and bars on the surfaces of each disk.  As the cellulose suspension passes through 

a narrow gap between the static stone and the rotating stone revolving at 1500 rpm defibrillated 

MFC material is produced.  After the microfibrillation the suspension is frozen by rapid cooling 

using liquid nitrogen to hinder ice crystal formation. Formation of ice crystals during relatively 

slow freezing processes squeezes out cellulose microfibrils to form a subaggregated structure 

(Yoshioka, Sakaguchi et al. 2009). A slurry of MFC in a stainless steel container was put into 

liquid nitrogen and then subjected to regular freeze drying using a Labconco freeze dryer at -

50ºC.  

Morphology of pCot and MFC-pCot after microgrinding was investigated using a Phenom, G2 

Pro scanning electron microscope (SEM). Transmission electron microscopy (TEM) was used 

to acquire images of MFC-pCot using JEM-2000FX.  TEM samples were prepared using a 
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single droplet of diluted MFC-pCot suspension dropped onto a copper grid covered with a 

carbon film and dried. Specific surface area (𝐴𝑠𝑝) of cotton samples was measured by gas 

adsorption using BET (Brunauer-Emmett-Teller) isotherm, following 

Asp =  
Vm.NA.σ

VM
   (1) 

where Vm is the monolayered absorbed gas volume, VMthe molar gas volume (22.414 L.mol -1 

for nitrogen), σ is the known surface area which one gas molecule covers on the absorbent 

surface, and  NA is Avagadro’s constant.  

Crystallinity of pCot and MFC-pCot was determined using an Omni Instrumental X-ray 

diffractometer. The diffractometer is equipped with Be-filtered Cu-

generated at 35 kV and 25 mA. The samples were scanned from 2θ range from 5 to 45° at 

increments of 0.05°. Relative crystallinity was calculated using the Segal method, following 

XC= ( 
I002−IAM

I002
 ) x 100%  (2) 

where I002 represents the maximum intensity of (002) lattice diffraction peak at the 2θ 

diffraction angle of 22.5° and IAM  is the intensity scattered by amorphous part of the sample 

at the 2θ diffraction angle of ~18°.  

Nanocomposite materials were prepared by melt extrusion using a twin screw extruder (DSM, 

Xplore, Micro 15cc Twin Screw Compounder) with constant recirculation at 170°C, 10 min 

and 50 rpm.  Samples were fabricated by mixing low density polyethylene (LDPE) in both 

pellet and powder form and with pCot and MFC-pCot ranging from 2.5 to 10 wt%.  No other 

compatiblizer or additive was used. The LDPE was acquired from Dow Chemical Company 

(PN: ASPUN™ 6850A) with density of 0.955 g/cm3 and MFI of 30 g/10 min. For preparing 
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the polymer powder, LDPE pellets were ground using SPEX® CertiPrep Freezer Mill. The 

pellets were precooled for 5 min by immersing the grinding vial in a chamber containing liquid 

nitrogen and pulverized sequentially at frequency of 10 Hz for 2 min.   This cycle was repeated 

up to seven times, with a one minute cooling period between cycles, to achieve a powder size 

of 300 𝜇m.  A minimal decrease was observed in the LDPE powder after seven cycles. 

Transparency evaluation of composite films compared to neat polymer film was carried out on 

a Varian Cary 300 UV-Visible spectrophotometer. For mechanical tensile testing, composite 

films were fabricated from the extruded material in a dog bone shape using a hot press at 170°C 

under a force of 3500 psi. Tensile tests were performed using Q-test tensile tester at 250 lb 

load cell following ASTM D 882. Experiments were performed at room temperature on dog 

bone shape samples with dimension of 60×6×0.24 mm3, a 60 mm gage length and crosshead 

speed of 10 mm/min. The reported values for each sample were obtained from the average of 

at least five measurements.  Dynamic mechanical analysis (DMA) of the composite films was 

tested using Q800 equipment (TA instrument, USA) working in tensile mode at frequency of 

1Hz, temperature range of 25-120°C and heating rate of 3°C.min-1. Three samples with 

dimension of 0.25×6.5×14 mm3 were used to characterize each composite film. The 

microstructure of the LDPE with and without the pCot and MFC-pCot was examined at the 

fracture point of tensile dog-bone samples using SEM. Finally, thermal degradation of the 

composite samples were carried out using a Perkin-Elmer differential thermo gravimetric 

analyzer (d-TGA) at a heating rate of 10 °C/min from 25 to 600 °C in a nitrogen controlled 

atmosphere.  
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3.4 RESULTS AND DISCUSSION 

Characterization of MFC-pCot.  SEM imaging of pCot before and after microfibrillation and 

subsequent freeze drying is provided in Figure 30. To detail the effect of mechanical 

processing, Figure 30 (b)-(d) provided images after 2, 4, and 9 microgrinding passes.  After 

two passes, some cotton fibers appear destructured as observed by the entangled fibrillated 

cotton fiber.  After four passes, more fibers are defibrillated and form a leafy structure of 

compacted and interconnected nanofibrils. Finally, nine passes of microgrinding provides a 

network of aggregated fibers, which form cotton nanofibril bundles.  

TEM imaging, provided in Figure 31, of a dilute suspension of MFC-pCot after 9 

microgrinding passes reveals additional detail with regard to the individualization of 

nanofibrils after mechanical treatment. An interconnected network of aggregated microfibrils 

is observed due to strong hydrogen bonding of adjacent molecules and defibrillated structure 

of MFC-pCot into nano-sized fibrils.  

Specific surface area measurement using the BET method before and after mechanical 

treatment (9 passes) shows an ~10x increase from 1.49 to 26.9 m2 g-1. Similar results achieved 

by Lu et al. for microfibrillated cellulose (from kraft pulp obtained by a homogenizing process)  

with a diameter of 10-100 nm and specific surface area show a surface area of ~7.5 m2 g-1 using 

BET measurement, but from geometrical consideration the actual surface area is expected to 

be higher and this method is not adaptable for freeze dried MFC due to aggregation of fibrils 

during freeze drying (Lu, Askeland et al. 2008). 
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Figure 30. SEM images of (a) pCot (as received) and MFC-pCot after (b) 2, (c) 4, and (d) 9 

microgrinding passes. 

 

 

The research by Sehaqui et al confirms the effect of drying process on BET measurement and 

they reported specific surface area of 442 m2 g-1 for supercritical CO2 dried NFC obtained from 

softwood sulfite pulp fibers (Kaushik, Singh et al. 2010). They also tested the effect of solvent 
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exchange method before freeze drying of native wood cellulose NFC and obtained specific 

surface area ranging from 153 to 284 m2 g-1 depending on the numbers of solvent exchange 

process (Suryanegara, Nakagaito et al. 2009). In another method by Spence, specific surface 

area is obtained using congo red adsorption method and a value of around 70 m2 g-1 agreed 

with microscopic observations (Spence, Venditti et al. 2010).   

 

 

 

Figure 31. TEM images of MFC-pCot after 9 passes of the microgrinding process. 

 

Due to the high mechanical force applied by the microgrinding process the crystallinity of the 

cellulose is expected to be altered.  To investigate this change, XRD analysis of pCot and MFC-

pCot with an increasing number of microgrinding passes was performed and is provided in 

Figure 32. All XRD patterns are representative of cellulose type I, with the main diffraction 

peaks at 2θ values of 15, 16, 22.5 and 34° attributed to the crystal planes of 101, 101, 002 and 

040, respectively. The relative crystallinity of the samples, calculated using Segal method, is 
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also provided in Figure 32 and is of a typical value  reported data for bleached cotton fiber (L. 

Segal 1959).   

 

 

 

Figure 32. X-ray diffraction patterns of pCot (as received) and MFC-pCot after 2, 4 and 9 

microgrinding passes. 

 

It is important to note that while there are different methods to calculate crystallinity, the Segal 

method can result in higher calculated crystallinity values as compared to other methods 

(Agarwal U.P. 2010).  The diffraction patterns of mechanically treated samples after 2, 4 and 

9 passes reveals that the native crystalline structure of cotton is preserved, but the peak 

intensities of samples confirmed the crystallinity of MFC-pCot decreased as the number of 

passes through microgrinder  increased. Similar observations have been made by Spence et al. 

in the case of MFC extracted from softwood and hard wood using a homogenizer and the 
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crystallinity indexes were in the range of 53-59% and 46-65% for softwood and hardwood 

respectively (Spence, Venditti et al. 2010). The reduction of crystalline structure is attributed 

to the fiber structure degradation during mechanical treatment which disrupts the lateral 

cohesion and periodic lateral hydrogen bonding of the near surface cellulose crystals (Spence, 

Venditti et al. 2010). While a decrease in crystallinity of the cotton-derived cellulose is 

observed with increasing mechanical treatment, the necessity to achieve a more uniform size 

distribution requires the additional mechanical processing. Herein, composite formation was 

conducted using MFC-pCot after 9 microgrinding passes.   

 

 

   

 

 

 

 

 

 

 

 
Figure 33. Transparency analysis of composite films (on left side of each image) fabricated with (a) 

LDPE pellets with 10 wt% MFC-pCot and (b) LDPE powder with 10 wt% MFC-pCot (aggregated 

filler as white dots). 

 

Nanocomposite Characterization.  Previous reports in the literature on melt extrusion of acid-

treated cellulose nanowhiskers with LDPE have shown thermal degradation of cellulose 

nanocrystals resulting in dark composite films (Ben Azouz, Ramires et al. 2012). In addition, 

poor dispersion of the filler will result in an opaque material (Ben Azouz, Ramires et al. 2012). 

(b) 

Aggregates as white dots 

(a) 
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Transparency of the nano-size cotton cellulose filler (9 passes, MFC-pCot) in the LDPE matrix 

is visually evaluated in Figure 33 to compare film derived from LDPE pellets to that of powder 

produced by freeze milling of the pellets. 

 

Table 4. Transparency analysis of composite films using UV-Vis instrument displays.  Increasing 

both pCot and MFC-pCot fillers up to 10 wt% displayed similar behavior and reduced composite film 

transparency. 

Filler 

content 

(wt%) 

Waveleng

th (nm) 

Transparency (%) 

MFC-pCot pCot 

LDPE 

powder 
LDPE pellets 

LDPE 

powder 

LDPE 

pellets 

2.50% 

400 
57.1 ± 0.3 

(-10.0%) 
50.9 ± 1.7 (-27.7%) 

50.1 ± 0.5 

(-21.8%) 

48.7 ± 0.2 

(-30.1%) 

600 
74.4 ± 1.5 

(-1.7%) 
69.9 ± 2.4 (-13.4%) 

66.9 ± 2.1 

(-11.9%) 

69.7 ± 0.1 

(-13.6%) 

5% 

400 

54.5 ± 

0.2(-

14.1%) 

46.5 ± 0.4 (-34.0%) 
41.9 ± 5.7 

(-33.9%) 

46.7 ± 0.7 

(-33.8%) 

600 
72.2 ± 2.9 

(-4.9%) 
68.1 ± 1.1 (-15.6%) 

64.1 ± 1.9 

(-15.6%) 

64.8 ± 0.3 

(-19.6%) 

10% 

400 
68.7 ± 0.7 

(-9.6%) 
43.4 ± 1.9 (-38.4%) 

37.6 ± 

2.2(-

40.7%) 

40.1 ± 5.1 

(-43.1%) 

600 
52.8 ± 2.5 

(-16.6%) 
65.0 ± 3.4 (-19.4%) 

56.1 ± 

3.1(-

26.1%) 

58.4 ± 3.2 

(-27.5%) 

 

 

As compared to the LDPE film with no filler, the addition of MFC-pCot filler to LDPE pellets 

(Figure 33 (a)) resulted in decrease in transparency and the formation of aggregates of MFC-

pCot (shown as white dots in the film). Films processed by mixing MFC-pCot with LDPE 

polymer powder (Figure 33 (b)) are shown to retain transparency and show a reduction in the 

aggregate formation, evidence of increased levels of dispersion of the MFC-pCot in the powder 
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derived films. Research by Soulestin et al. has also shown polymer powder to be more effective 

for homogeneous filler distribution as compared to other methods (Soulestin, Quievy et al. 

2007).  

 

 
 
Figure 34. (left) TGA curves and (right) corresponding dTGA of MFC-pCot (a), pCot (b), neat LDPE 

(c) and LDPE composites with MFC-pCot at filler contents of 2.5% (d), 5% (e) , and 10 wt% (f). 

 

A Transparency measurement of the composite film at 400 and 600 nm is presented in Table . 

In this examination, both the effect of the filler (MFC-pCot vs. pCot) and the LDPE 

morphology (powder vs. pellet) used in extrusion are presented. The use of LDPE in powder 

form during the formation of the LDPE/MFC-pCot nanocomposites clearly increases the 

transparency of the films but had no significant effect on LDPE/pCot composites. In addition, 

the use of the nano-sized cotton (MFC-pCot) shows a marked increase in the transparency, 

particularly at lower wavelengths with high filler amounts.  
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To investigate the effect that the reinforcing filler has on the thermal performance of the 

composite, TGA was performed on composite samples with different amounts of pCot and 

MFC-pCot as well as for the component materials and the data is summarized in Figure 34 and 

Table 5.    

 

 
Table 5.  Summary of d-TGA analysis of pCot, MFC-pCot and LDPE pellets with increasing filler 

content of pCot and MFC-pCot. 

Sample 

100 ºC 280-380 ºC 400-600 ºC 

Weight 

loss 

(%)  

Tonset (°C) 

Td max. 

by dTGA 

(°C) 

 

Weight 

loss 

(%) 

Tonset (°C) 

Td max. 

by dTGA 

(°C) 

 Weight 

loss 

(%)  

pCot 1.5 280 ± 0.5 383 ± 0.7 2.5 - 46 NA NA 71 - 91 

MFC-pCot 2.9 230 ± 2.3 374 ± 2.6 3 - 59 NA NA 86 - 92 

LDPE pellets 0 NA NA NA 461.3 ± 1.8 475 ± 2.4 39- 68 

LDPE 2.5% 

MFC-pCot 
0.10 340 ± 1.6 370 ± 1.9 1- 2 476.7 ± 3.8 495 ± 3.5 12- 63 

LDPE 5%  

MFC-pCot 
0.12 340 ± 2.9 370 ± 3.4 1.5 - 3 478.3 ± 0.7 500 ± 1.4 18 - 69 

LDPE 10%  

MFC-pCot 
0.30 340 ± 2.5 370 ± 2.8 3 - 7 482.4 ± 1.6 502 ± 1.7 22-74 

LDPE 2.5% pCot 0.02 356 ± 0.1 380 ± 0.3 
0.5 - 

1.5 
480.7 ± 1.0 500 ± 1.6 18 - 63 

LDPE 5% pCot 0.04 353 ± 4.7 380 ± 4.1 1 - 3 477.7 ± 1.7 495 ± 1.2 21 - 55 

LDPE 10% pCot 0.10 357 ± 1.4 380 ± 1.7 2 - 6 476.9 ± 0.7 490 ± 2.9 23 - 47 

 

A small weight loss (less than <0.5%) around 100°C for cellulose containing samples is 

ascribed to water moisture content. A weight loss in the LDPE composite materials is observed 

in the range of 280-380°C and corresponds to the decomposition of the cellulose.  Table 5 
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shows the onset temperature of weight loss Tonset and the degradation temperature (Td) as 

defined as the maximum of the dTGA data. Indeed this weight loss is more significant with 

increased cellulose content in the composite samples. Further Td in this temperature range for 

the LDPE composites is similar to that for the pCot and MFC-pCot materials.  It is of interest 

to note that the MFC-pCot degrades at a lower temperature than the pCot.  The thermal 

degradation around 400 to 600°C occurs in the LDPE composites reflecting the decomposition 

of the LDPE, (Figure 34 and Table 5).   The Td is higher for the LDPE composites with pCot 

or MFC-pCot relative to the neat LDPE.  It is important to summarize that compounding the 

mechanically treated MFC-pCot with LDPE at 170 °C after 10 min caused no thermal 

degradation or discoloration of the filler or composite. This is in agreement with the TGA 

results in Figure 34. 

Thermal analysis of composites with ramie cellulose nanowhisker in LDPE also have shown 

similar results (de Menezes, Siqueira et al. 2009). Prior work  by Ma et al. attribute a reduction 

in thermal stability of a regenerated cellulose composite with increasing cellulose nanowhisker 

content due to filler aggregation (Ma, Zhou et al. 2011). However, good filler dispersion, 

attributed to favorable Van der Waals and hydrogen bonding interactions as well as 

compatibility between the host polymer and cellulosic nanofiller can enhance the thermal 

stability of nanocomposite (Lu, Wang et al. 2008; Trovatti, Oliveira et al. 2010). 

The results of tensile tests performed to evaluate modulus, tensile strength and elongation at 

break for neat LPDE polymer and LDPE composites reinforced with pCot and MFC-pCot at 

2.5, 5, and 10 wt% are presented in Figure 35.  LDPE is a semi-crystalline polymer and shows 

nonlinear elastic behavior with extensive deformation after yielding. In contrast, polymer 
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composite films displayed a different fracture mechanism from that of neat polymer and the 

stress-strain curves of the composite materials resulted in no stress yielding and reveal the 

mechanical behavior between those of the reinforcement and the polymer matrix (Miao and 

Hamad 2013). Therefore, the values of stress and elongation at break of polymer composites 

are subsequently compared to stress and strain at yield for unfilled LDPE matrix (Ljungberg, 

Cavaille et al. 2006). 

In general, comparing the resulting data of cellulose fillers in LDPE pellets and powders 

revealed that the quality of MFC-pCot dispersion, as previously discussed plays a major role 

on mechanical properties of nanocomposites and increase the composite elastic modulus with 

filler content up to 10 wt% (Figure 35 (a)). The use of polymer powder during the extrusion 

improved filler distribution while mixing the MFC-pCot with polymer pellets formed 

aggregated filler. The formation of aggregates are anticipated to act as stress concentrated 

zones causing located regions of a weak composite, whereas a well dispersed filler will have 

increased interactions with the polymer.  As a result, the tensile strength of LDPE powder 

nanocomposites reinforced MFC-pCot (Figure 35 (b)) improved with increased filler content 

due to enhanced stress transfer properties between filler and LDPE polymer. A crack-stopping 

capability of MFC and improvement of strength in amylopectin films was also  observed with 

increasing MFC content by Plackett et al (Plackett, Anturi et al. 2010).   
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Figure 35. (a) Elastic modulus, (b) tensile strength, and (c) elongation at break of composited 

fabricated from LDPE pellets and powder with pCot and MFC-pCot at filler contents of 2.5%, 5%, 

and 10 wt%. 

 

The elongation at break decreases upon filler addition for all samples as expected but improves 

for composites with LDPE powder relative to pellets due to a more uniform filler distribution 
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(Figure 35 (c)).  In addition to this, it was observed that the LDPE powder had superior 

properties than the pellets, the reason why is not known. This could possibly be due to 

differences in thermal transfer properties of the material in the extruder or perhaps by some 

change in the polyethylene such as crystallinity or molecular weight.  This may also have 

contributed to the composites with LDPE powder being superior to those with LDPE pellets. 

Dynamic mechanical analysis (DMA) was used to investigate if filler addition would improve 

the thermal properties of the composite film and if there are beneficial interactions between 

the polymer matrix and the filler. For the range of 25-120°C both the pCot and the MFC-pCot 

had higher storage than the neat LDPE. The storage moduli of MFC-pCot and pCot composites 

are 47% and 34% higher at 25°C relative to LDPE, respectively. Compared to the neat LDPE, 

the tan delta is lower for MFC-pCot composite and shifted positively; relative to the neat LDPE 

no significant difference is observed for pCot (data not shown). Similar results observed by 

Wang et al. with PLA and soybean nanofibers showed an increased modulus and a shift of tan 

delta to higher temperatures attributed to increasing the thermal stability of the polymer 

composite and a restriction of polymer chain movement due to interactions between polymer 

and fiber  (Wang and Sain 2007). Jonoobi et al. also attributed an improved storage modulus 

and a positive shift in tan delta to physical interactions between the PLA matrix and kenaf 

cellulose nanofibers (Jonoobi, Harun et al. 2010). The higher storage modulus and positive 

shift of tan delta indicates the reinforcing capability of MFC-pCot that is consistent with tensile 

testing results. This could be due to physical interactions between MFC-pCot and LDPE or 

due to a tangling effect of MFC-pCot with a continuous network of fiber elements bonded 

together via hydrogen bonds within the matrix (Samir, Alloin et al. 2004).  The DMA results 
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herein as well as the literature results suggest more interaction of the MFC pCot with LDPE 

than pCot with LDPE. 

The morphology and the size of reinforcing filler affect the mechanical properties and 

morphology of the nanocomposite. MFC-pCot offers a nanoscale dimension with higher aspect 

ratio and possibility of entanglements due to long entangled filament network not present with 

the pCot.  Higher surface area and a large number of hydroxyl groups on the MFC-pCot surface 

promotes the inter-particle interactions and possibility of formation of a percolating network 

within the polymer matrix (Siqueira, Bras et al. 2009). Research in the literature show that a 

homogeneity of nanocellulose biocomposites with improved filler/matrix interactions and the 

avoidance of agglomeration using surfactants or grafting modification prevents  favorable 

filler/filler interaction and the formation of percolating network and causes no improvement in 

mechanical properties of nanocomposites (Panaitescu, Donescu et al. 2007) (de Menezes, 

Siqueira et al. 2009).  

SEM imaging at the fracture point of LDPE with different loading amounts of pCot and MFC-

pCot are shown in Figure 36. Compounding of pCot in LDPE formed vacant holes in the 

polymer matrix that increased with increased filler content. Uncoated fiber ends are also 

observed to have pulled away from the polymer matrix upon fracturing.  In contrast, LDPE 

films reinforced with MFC-pCot reflects more interaction of the nano-sized filler within the 

polymer (less void and clean fiber pull-out).  
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Figure 36. SEM images of the fracture point of composite films of pellet LDPE with a pCot filler 

content of (a) 2.5%  (b) 5% (c) 10% and of films fabricated with powder LDPE with a MFC-pCot 

filler content of (d) 2.5%  (e) 5% (f) 10%. 

 

Table  summarizes the mechanical properties of nanocomposites reinforced with cellulose 

nanocrystals from the literature and determined in this study. It is important to note that similar 

or higher levels of the tensile strength and elastic modulus have only been observed previously 

for the use of filler materials which utilize a dispersant and/or a grafted surface to provide a 

compatible surface between the filler and the polymer matrix.  For example, Wang et al. 

exhibited the use of  MFC from soybean to improve the mechanical characteristics to similar 

levels in the current work of the  of LDPE polymer composite  in the presence of  ethylene-

acrylic emulsion as a dispersant (Wang and Sain 2007). 
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Table 6. A literature summary of cellulose-based composites and their comparison to the mechanical 

results from the present work (Data presented with a % change with respect to values of neat 

polymer. 

Polymer 

matrix 

Nanopart

icle 

Source 

of 

Cellulos

e 

Filler 

Conten

t 

(wt%) 

Elastic 

Modulus  

(MPa) 

Tensile 

strength  

(MPa) 

Strain at  

yield  

(%) 

Referenc

e 

LDPE 

powder 

MFC Cotton 

2.5 2099 (+64.4%) 26.5(+22.1%) 5.9(-17%) 

current 

paper 

5 2103 (+65%) 26.9(+24%) 
5.7(-

19.5%) 

10 2291(+79.5%) 26.2(+21%) 4.6(-35%) 

LDPE 

pellets 

2.5 1444(+31%) 20.6 (+7.3%) 5.8(-31%) 

5 1505(+37%) 21.6(+12.4%) 
5.4(-

35.7%) 

10 1519(+38%) 21.9(+14.5%) 
4.3(-

48.8%) 

LDPE 

CNW 

(l: 134 

nm, d: 

10.8 nm) 

Ramie 

2.5 84(-1.1%) 7.2(-14.7%) 70(-68%) 
de 

Menezes

,  et al. 

(2009) 

5 93 (+9.4%) 7.5(-11.7%) 30(-86%) 

10 100 (+15%) 6.5(-38%) 25 (-94%) 

LDPE/A

crylic 

(50/50) 
Coated 

MFC                                      

(l:µm, d: 

50-100 

nm) 

Soybea

n 

2.5 210 (+9.5%) 12.2(+6.1%) 
212.24 (-

9.8%) 

5 230 (+61.9%) 14.2(+24.5%) 
226.04(-

4%) Wang, 

B. and 

M. Sain 

(2007) 

PP/ 

Acrylic 

(50/50) 

2.5 420(+68%) 15.4(+43.8%) 
237.1(-

16.1%) 

5 480 (+92%) 26.4(+149%) 
255.79(-

9.4%) 

PHB 

MFC 

Hemp 5 

1550(+9.9%) 17.7(+15.4%) - 

Wang, 

B. and 

M. Sain 

(2007) 

Coated 

MFC 
1930(+36.8%) 20.7(+34.9%) - 

PLA 

MFC 2800(+3%) 68.9 (+5%) - 

Coated 

MFC 
2990(+9%) 71.1(+8.6%) - 

PLA 

MFC 

(l:µm, d: 

40-70 

nm) 

Kenaf 

3 3400 (+10.5%) 65.1(+17.2%) 
2.7(-

20.6%) 
(Jonoobi

, Harun 

et al. 

2010) 
5 3600(+24%) 71.2(+20.8%) 

2.7(-

20.6%) 

PLA 
acetylate

d MFC 
Kenaf 5 3100(+20.7%) 52.4(+17%) 

3.1(-

14.7%) 

Jonoobi, 

et al. 

(2012) 
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Table 6 continued 

 

 

PLA 

CNW 

Pulp 

5 
2690(+1.5%) 

 

55.5(-

11.6%) 
9.7(-100%) (Bondeson 

and 

Oksman 

2007) 

CNW 

+ 

surfactant 

 3100(+17%) 
52.4 (-

16.5%) 
3.1(-529%) 

PLA 
CNW 

+PVOH 
Pulp 5 

3640 

(+10.3%) 

67.7 (-

6.2%) 
2.4(-29.4%) 

(Bondeson 

and 

Oksman 

2007) 

PCL 

CNW  (l: 

215 nm, d: 

5 nm) 

Sisal 

3 250 (-3.5%) 13 (-49%) 150(-81%) 

Siqueira, 

et al. 

(2009) 

12 290 (-19%) 
9 (-

15.7%) 
25(-97%) 

grafted 

CNW 

3 210 (+15%) 
23.5 (-

7.8%) 

600 (-

48.7%) 

12 365 (+45%) 
18.5 (-

27.5) 
20(-97%) 

grafted 

MFC 

3 420 (+60%) 
25 (-

1.9%) 
400 (-24%) 

12 625 (+137%) 
21.5 (-

64.7%) 
20 (-97%) 

*l is for length and d for diameter of nanofiber 

 

In contrast, no improvement in mechanical properties of composite using unmodified filler was 

observed. In this study, the combination of the use of powdered LDPE combined with 

extremely thorough mixing of high surface area nanofibrils in a twin screw extruder developed 

materials with enhanced the composite properties. In addition, the mechanical properties of 

PLA or LDPE nanocomposites reinforced with MFC obtained from other cellulosic resources 

such as hemp (Wang and Sain 2007), kenaf (Jonoobi, Harun et al. 2010; Jonoobi, Mathew et 

al. 2012) and ramie with higher stiffness and strength than cotton fibers (Ku, Wang et al. 2011), 

MFC-pCot reinforced LDPE nanocomposite offer better or similar mechanical improvement. 

Of particular interest is the comparison between polymer nanocomposites fabricated with 

MFC-pCot to that fabricated with cellulose nanowhiskers (CNW). In the most direct 
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comparison, research by de Menezes, compounding 10 wt% ramie cellulose nanowhisker 

(processed via acid treatment) with LDPE pellets resulted in  an increased in elastic modulus 

of 15% (as compared to LDPE control), a tensile strength decreased of 38%,  and a reduced 

elongation of 87%.(de Menezes, Siqueira et al. 2009) By comparison, this work using 10 wt% 

of MFC-pCot compounded with LDPE pellets showed improved elastic modulus by 38%,  

improved tensile strength by 14%, and reduced elongation  by 48%. The use of LDPE powder 

to improve the homogeneity of the filler shows an increased elastic modulus by 79% and 

increased tensile strength by 21%, and a reduction in elongation of 35%.   

The improved behavior observed for the MFC-pCot as compared to CNW observed in other 

research could be attributed to higher flexibility of cotton nanofibrils that allows for more 

matrix deformation under stress (Ben Mabrouk, Kaddami et al. 2012). Similar investigations 

of MFC processed cellulose from varying sources have attributed the higher stiffness of 

nanocomposites to the higher aspect ratio of the MFC and the ability for the fibrils to entangle. 

Based on equation (3), filler aspect ratio is inversely proportional to the percolation threshold 

(𝜙𝑐) and the high aspect ratio of MFC enables the formation of percolating network at lower 

filler content,(Samir, Alloin et al. 2005) whereas analysis of fabricated grafted CNW and MFC 

from sisal fibers attributed the higher stiffness of MFC-reinforced PCL composite to MFC 

entanglements.(Siqueira, Bras et al. 2009)  

                                    𝜙𝑐 =
0.7
𝐿

𝑑⁄
                                                (3) 

The indistinct structure of MFC-pCot with various nanofiber diameters makes it difficult to 

estimate the value of percolation threshold (𝜙𝑐) (Panaitescu, Notingber et al. 2007). 



110 

 

 

 

 

3.5 CONCLUSION 

This work examines the effect of cotton-derived cellulose in micro- and nanoscales and the 

application of these materials as reinforcing filler in LPDE. Microgrinding processing, was an 

effective and facile method to obtain MFC-pCot and the size of the pCot was reduced to 

micrometer-scale lengths and nanometer-scale diameters. SEM and TEM images of samples 

show fibrillation of cotton fibers and increasing the number of microgrinding passes provided 

smaller and more uniform nanofibrils. The microgrinding process increased the surface area 

with a marginal decrease in cellulose crystallinity. Nanofibrillated cotton was incorporated 

with LDPE by compounding in a twin screw extruder and melt extrusion. Compounding 

unmodified MFC-pCot with LDPE at 170 °C after 10 min caused no thermal degradation or 

discoloration of the filler, with films retaining similar transparency as and low agglomerate 

defect concentrations as compared to virgin LDPE films.  Despite the absence of any surface 

compatiblizer, a good interaction with the polymer is observed through improved mechanical 

and thermal properties of the nanocomposite with up to 10 wt% MFC-pCot filler.  This work 

demonstrates the applicability for the use of recycled cotton as promising sustainable filler 

choice that can be produced without any intensive purification process and be applied to 

synthetic-based polymer nanocomposites.  
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4.1 ABSTRACT 

Replacing petroleum-based materials with biodegradable materials that offer low 

environmental impact and safety risk is of increasing importance in sustainable materials 

processing. The purpose of this work was to produce uniform nanofibrillated cotton from 

recycled waste cotton T-shirts using microgrindering techniques and compare its performance 

as reinforcing agent in thermoplastic polymers constructs with wood-originated materials. The 

effect of the microgrinding process on morphology, crystallinity and thermal stability of 

materials was evaluated by TEM, SEM, XRD and TGA. Nanofibrillated cotton resulted in 

higher crystallinity and thermal stability than fibrillated bleached and unbleached softwood. 

All the materials were extruded with low density polyethylene to fabricate nanocomposite 

films. Nanofibrillated cotton nanocomposites had a higher optical transparency than did the 

mailto:jsjur@ncsu.edu
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wood based composites. The mechanical properties of the nanofibrillated cotton 

nanocomposites were largely improved and showed 62.5% increase in strength over the wood 

based nanofibrillated containing composites, in agreement with the higher crystallinity of the 

nano-sized cotton-derived filler material. 

4.2 INTRODUCTION 

Cellulose, the most abundant natural polymer, has gained prominence for fabrication of nano-

scale materials in two major forms of crystalline nanocellulose (CNC) and 

nanofibrillated/microfibrillated cellulose (NFC/MFC)(Missoum, Belgacem et al. 2013). These 

nano-sized cellulose fibers are of high interest in the fields of nanotechnology and 

nanocomposites due to their abundance, non-toxicity, biodegradability, low weight, and high 

strength and stiffness per unit of weight (Missoum, Belgacem et al. 2013).  

Cellulose originates from various natural sources including wood, plant (such as cotton, sisal, 

flax, jute, ramie, etc.), algae, bacterial cellulose and tunicate cellulose. While over the last two 

decades pulp-based cellulose has attracted the majority of attention as a reinforcing agent in 

developing new polymer nanocomposites, nanocellulose derived from cotton offers 

advantages due to its high cellulose content which results in high yield without any intensive 

purification process (Eichhorn, Dufresne et al. 2010). Cotton is the most commercially 

important seed fiber, and for thousands of years cotton fibers have been used in the textile 

industry for garments and furniture due to its excellent properties.  

Cotton is a convoluted fiber which consists of about 95% cellulose and includes cuticle, 

primary wall, secondary wall and a central canal called lumen. A ribbon like cotton fiber is 65-
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85% crystalline with a length of 1.2-5 cm and diameter of 15-

microfibrils and hemicellulose are present in all of the fiber’s regions including the middle 

lamella, primary wall, and the secondary wall.  The wood fiber is a composite of cellulose 

nanofibers embedded in a gel-like matrix of lignin, hemicellulose and extractives. Cellulose 

percentage depends on wood types and species and a typical distribution of cellulose, lignin, 

hemicellulose and extractives for softwood is 42%, 27%, 28% and 3% respectively (Spence, 

Venditti et al. 2010).  

Nanofibrillated cellulose (NFC) from purified cellulose of wood pulp was first isolated in 1983 

by Turbak et al. using high pressure homogenizer to produce long and flexible agglomerates 

of cellulose nanofibrils of <100 nm diameter and lengths of several micrometers (Lopez-Rubio, 

Lagaron et al. 2007). Stable aqueous suspension of NFC found multiple applications in 

painting, coating, cosmetics, medical and food industry as thickener and emulsifier. Typically, 

NFC is obtained through three mechanical methods: high pressure homogenizer, 

microfluidizer and microgrinding (Tingaut, Zimmermann et al. 2010). NFC can be isolated 

from simple mechanical treatment or a combination of chemical pretreatment and mechanical 

methods. Studies on NFC characteristics and energy consumption of these methods showed 

that NFC material achieved through the use of a microgrinder requires a lower total energy 

input (Spence, Venditti et al. 2011). NFC is characterized as a highly porous structure with a 

large surface to volume ratio and a low coefficient of thermal expansion (10-7 K-1) (Orts, Shey 

et al. 2005).  As a result, NFC has also demonstrated application in reinforced materials, 

filtration and scaffold tissue engineering (Tingaut, Zimmermann et al. 2010).   
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Our previous study investigated the possibility of fabrication of nanofibrillated cotton through 

microgrinding and studied the effect of cotton fiber size and polymer shape (pellets vs. powder) 

on physical properties of thermoplastic polymer composites (N. Farahbakhsh 2014). The goal 

of this work is to compare morphological and crystallinity differences in NFC material 

originating from bleached softwood, unbleached softwood and cotton. Using this analysis, the 

structure property relationships with respect to the reinforcing capability of NFC from the three 

sources will be investigated through mechanical testing of low density polyethylene (LDPE) 

nanocomposite films.  

4.3 EXPERIMENTAL 

Materials 

Pulverized cotton with (pCot) with an average fiber length of 350µm was acquired from the 

International Fiber Corporation (derived from recycled T-shirts). Unbleached and bleached 

softwood (UBSW and BSW) pine Kraft pulp samples were obtained from kraft pulp mills in 

the Southeast US.  LDPE was acquired from Dow Chemical Company (PN: ASPUN™ 6850A) 

with density of 0.955 g/cm3 and melt flow index of 30 g/10 min. 

Nanofibrillated cellulose preparation 

NFC using pulverized cotton (NFC-pCot), bleached softwood (NFC-BSW), and unbleached 

softwood (NFC-UBSW) were prepared individually from an aqueous suspension of each 

material with 3 wt.% solid consistency by sequentially passing the suspension through a 10-

inch Masuko Super MassColloider (Masuko Sangyo Co., Kawaguchi-city, Japan) at 1500 rpm 

for a total of nine passes. Before microgrinding, the bleached and unbleached pulps were 
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refined by dispersing the pulp in water with 3 wt.% consistency using a laboratory scale Valley 

Beater (Valley Iron Works, Appleton, WI, USA) for a total refining time of 2 h and stored in 

a cold room until needed.  After the microfibrillation the suspension was freeze dried at -50ºC 

using a Labconco Freeze Dryer.  

Fabrication of Nanocomposite Films 

Nanocomposite materials were prepared by melt extrusion of low density polyethylene as resin 

polymer in powder form with 2.5, 5 and 10 wt.% of each NFC materials individually as 

reinforcing filler using a twin screw extruder extruder (Xplore, Micro 15cc Twin Screw 

Compounder) at 170°C, 10 min, and 50 rpm. Polymer powder was prepared using a Freezer 

Mill at frequency of 10 Hz and 7 cycles using liquid nitrogen. For tensile testing, 

nanocomposite films were fabricated from the extruded material in a standard dog-bone shape 

(60×6×0.24 mm3) using a hot press at 170°C under a force of 3500 psi. 

Characterization of NFCs and Composites 

The morphology of NFC-pCot, NFC-BSW and NFC-UBSW after 9 passes of microgrinding 

was investigated by transmission electron microscopy (TEM) JEM-2000FX. TEM samples 

were prepared by placing a single droplet of diluted NFC suspension onto a copper grid 

covered with a carbon film and dried. The effect of microgrinding process on the morphology 

of NFC-pCot, NFC-BSW and NFC-UBSW after 2, 4 and 9 microgrinding passes was 

investigated using a Phenom, G2 Pro scanning electron microscope (SEM). SEM samples were 

prepared by freezing of aqueous suspension of each material with 0.1 wt.% consistency at 

liquid nitrogen and drying the samples using freeze dryer. The relative degree of crystallinity 

(Xc%) or crystallinity index (CrI) of NFC materials with an increasing number of mechanical 
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passes of microgrinding was determined using an Omni Instrumental X-ray diffractometer. 

The diffractometer is equipped with Be-filtered Cu-Kα radiation with a wavelength of 1.54 Å 

generated at 35 kV and 25 mA. The samples were scanned from a 2θ range from 5 to 45° at an 

increment of 0.05°. Relative degree of crystallinity was calculated from the intensity 

measurements using the Segal method,  

XC% = ( 
I002−IAM

I002
 )100  (1) 

in which I002 represents the maximum intensity of (002) lattice diffraction peak at diffraction 

angle around 2θ = 22.5° and IAM represents the intensity scattered by the amorphous 

component in the sample, which was evaluated as the lowest intensity at 2θ of 18° (Cheng, 

Wang et al. 2007; Agarwal U.P. 2010).  

The optical properties of LDPE nanocomposite films were investigated using a Varian Cary 

300 UV-Visible spectrometer in wavelength range of 200-700 nm. Tensile tests were 

performed using a Q-test tensile tester with 250 lb load cell and 60 mm gage length according 

to ASTM D 882. Experiments were performed at room temperature on dog-bone shape 

samples at a crosshead speed of 10 mm/min. The reported values for each sample were 

determined from the average of at least five measurements.  The microstructure of pure 

polymer and LDPE nanocomposite films at their fracture point obtained using liquid nitrogen 

was observed by scanning electron microscopy using a Verios 460L SEM scanning electron 

microscope. Finally, thermal degradation analysis of the reinforcing agents and composite 

samples was carried out using a Perkin-Elmer thermo gravimetric analyzer (TGA) at a heating 

rate of 10°C/min from 25 to 600°C in a nitrogen atmosphere. The thermal characterization of 
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the LDPE nanocomposites was analyzed using Perkin-Elmer differential scanning calorimeter 

(DSC). The samples were heated from 25 to 160°C and allowed to stand for 5 minute at 160°C 

and then cooled from 160 to 25°C under nitrogen atmosphere with the heating/cooling rate at 

10°Cmin-1. The melting and the crystallization temperatures were obtained using heating and 

cooling cycles respectively. The degree of crystallinity of the nanocomposites (Xc) was 

calculated using the following equation: 

𝑋𝑐% = (
∆𝐻𝑚

𝑤. ∆𝐻𝑚
°⁄ )100                          (2)           

 where ∆𝐻𝑚 is the enthalpy of fusion/crystallization (Jg-1), w the weight fraction of LDPE 

matrix in the nanocomposites and ∆𝐻𝑚
°  is the heat of fusion of completely crystalline LDPE 

polymer (~ 287 Jg-1) (de Menezes, Siqueira et al. 2009; Zhang, Rizvi et al. 2011). 

4.4 RESULTS AND DISCUSSION 

Characterization of NFCs.   

TEM analysis of a dilute suspension of nanofibrillated cellulose from cotton, unbleached and 

bleached softwood sources after 9 microgrinder passes are provided in Figure 37. The 

morphology of NFC samples reveals a network of nanofibrillated fibers with fibril diameters 

of 10-100 nm and a length of several microns that are aggregated due to high number of 

hydrogen bonding between nanofibrils. Figure 38 compares the SEM images of freeze dried 

NFC from three different sources and show the effect of increasing number of passes on the 

microgrinding process from 2 to 9 passes.  
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Figure 37. TEM images of NFC-pCot (a), NFC-UBSW (b) and NFC-BSW (c) after 9 passes of the 

microgrinding process. 

 

Freeze drying of NFC suspension after mechanical treatment causes formation of additional -

OH bonds between amorphous parts of cellulosic fibrils resulting irreversible aggregation of 

fibril bundles together known as hornification of NFC (irreversible aggregation of fibril 

bundles) (Eyholzer, Bordeanu et al. 2010).  

As indicated in the images, increasing the number of passes gradually enhances fibrillation of 

fibers. At 2 passes, cotton fibers are more fibrillated compared to bleached and unbleached 

softwood originated fibers. For any number of passes of microgrinding, the NFC-pCot revealed 

smaller elements as compared to bleached and unbleached softwood fibers. Due to the high 

mechanical force applied by the microgrinding process the crystallinity of the cellulose is 

expected to be altered.  Figure 39 shows X-ray diffraction (XRD) patterns of NFC from three 

cellulose sources before and after 9 passes of microgrinding process. Nanofibrillated cotton, 

maintained the native crystalline structure of cellulose type I with the main characteristics 

peaks of native cellulose at 2θ of 15°, 16°, 22.5° and 34° that is respectively attributed to 

diffraction planes of 101,101̅,002 and 040 (de Menezes. 2009). 
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Figure 38. SEM images of  freeze dried NFC-pCot (a-c), NFC-BSW (d-f) and NFC-UBSW (g-i)  

after 2 (a,d,g), 4 (b,e,h), and 9 (c,f,i) microgrinding passes. 
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Figure 39. X-ray diffraction patterns for (a) pCot, BSW and UBSW before microgirnding and (b) 

NFC-pCot, NFC-BSW and NFC-UBSW after 9 passes of the microgrinding process. 

 

Table 7 also presents the calculated crystallinity index or relative degree of cellulose 

crystallinity (Xc) of NFC-pCot, NFC-UBSW and NFC-BSW after 0, 2,4,7 and 9 microgrinding 

passes using Segal method and the NFC-pCot displays the highest crystallinity after 

microgrinding process. It should be noted that different calculation methods affect the reported 

cellulose crystallinities because of the overlapping and widely broadened diffraction peaks of 

cellulose.  The Segal method generally results in the highest crystallinity values compared to 

other calculations (Cheng, Wang et al. 2007; Agarwal U.P. 2010; Cheng, Wang et al. 

2010).With increasing the number of microgrinding passes, the relative degree of crystallinity 
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decreases for all materials, but remains higher for nanofibrillated cotton.  Homogenization 

processing of NFC extracted from softwood and hardwood by Spence et al. has shown a similar 

reduction in the crystallinity of cellulose nanofibers, and was attributed to the fiber structure 

degradation during mechanical treatment.  In addition, an increase of the number density of 

crystals at the surface of the fibrils is predicted that results in disorganized lateral cohesion and 

no periodic lateral hydrogen bonds that contribute to the amorphous parts (Spence, Venditti et 

al. 2010).  

 

Table 7 . Relative degree of cellulose crystallinity (%Xc) or crystallinity index (CrI) of NFC-pCot, 

NFC-BSW and NFC-UBSW after 2, 4, 7 and 9 microgrinding passes using Segal method. 

Grinding passes NFC-pCot NFC-BSW NFC-UBSW 

0 86.1 81.2 79.5 

2 83.6 80.5 74.0 

4 79.5 79.4 71.6 

7 77.5 71.7 69.6 

9 77 71.3 69.1 

 

 

It is expected that the bleached softwood would show increased crystallinity relative to the 

unbleached softwood as the bleaching process removes lignin and hemicellulose, branched 

compounds that do not pack effectively and are non-crystalline. Iwamoto et al. calculated the 

degree of crystallinity of pulp fibers as an indicator of fiber degradation through microgrinding 

process [14].  The degree of crystallinity, defined as the percentage of the area of crystalline 

reflection to the whole area of the scattering profile, decreased from 60% to 40% after 10 
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microgrinding passes (Iwamoto, Nakagaito et al. 2007). Abe et al. showed that the first 

grinding pass of cellulosic from different sources increased the relative degree of crystallinity  

from 71% to 78.6% for wood fibers, from 68.2 % to 76%  for Rice straw, and from 66.1% to 

80.2% for Potato tuber since the amorphous parts are more susceptible to shear forces than the 

crystalline region and disintegration of fibers occurs in amorphous parts first (Abe and Yano 

2009). Cheng et al. obtained similar results for lyocell fibers using ultrasonication and the 

relative degree of crystallinity improved from 61.2% to 75.8% after 20 min (Cheng, Wang et 

al. 2007).  

 

 

Figure 40. Thermogravimetric (TG) curves and derivative TG showing weight% and derivative of  

weight (%/°C) over temperature of (a) NFC-pCot, (b) NFC-UBSW, and (c) NFC-BSW 

 

Thermal degradation behavior of cellulosic reinforcing agents was evaluated using TGA 

measurements. A summary of the results are provided in Figure 40 and Table . All the 

cellulosic reinforcing agents have a small weight loss from room temperature to 100°C due to 

the evaporation of water. Thermal stability analysis of NFC from Daicel Chemical Industries 
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also revealed an initial weight loss less than 100°C due to moisture content of NFC and 

decomposition temperature of 365°C (Lu, Wang et al. 2008). The values of Tonset (the 

beginning of the degradation process) and Td (maximum rate of degradation temperature) 

correspond to the intersection of two tangents in the mass versus temperature data and the 

minimum of the derivative of TGA signal, respectively.  As the plot shows, NFC-pCot shows 

a higher thermal stability compared to the wood based cellulose fillers with Tonset at 336.2°C 

and Td at 374.1°C.  NFC-BSW revealed the lowest thermal stability with Tonset of 295°C and 

the maximum degradation temperature (Td) of 333.2°C. Lu et al. reported similar values for 

NFC from kraft wood pulp with the onset thermal degradation of NFC at 280°C and the 

maximum degradation temperature at 350°C (Lu, Askeland et al. 2008). Tingaut et al. reported 

the onset temperature of 290°C for homogenized bleached sulfite wood pulp at 5% weight loss 

(Tingaut, Zimmermann et al. 2010).  

 

Table 8 . Summary of d-TGA analysis of NFC-pCot, NFC-BSW and NFC-UBSW 

Sample Tonset (°C) Td max. (°C) 

NFC-pCot 336.2  ± 2.3 374.1  ± 2.6 

NFC-BSW 295  ± 4.1 333.2 ± 2.4 

NFC-UBSW 304.3  ± 4.5 347.4  ± 4.4 

 

 

Nanocomposite Characterization 

To compare the reinforcing capabilities of the nanofibrillated cellulose materials, LDPE 

nanocomposites reinforced with NFC-pCot, NFC-BSW and NFC-UBSW reinforcing agents 
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were characterized in terms of reinforcing filler dispersion, thermal degradation, and 

mechanical properties.  Based on previous results of obtaining improved filler distribution and 

increased mechanical properties of NFC-pCot/LDPE  nanocomposite films with LDPE powder 

rather than LDPE pellets, all the fillers were compounded with LDPE powder (N. Farahbakhsh 

2014). The optical properties of NFC reinforced LDPE nanocomposites were investigated by 

visual inspection and by using a UV-Vis spectrometer to determine the transmittance of light 

through the nanocomposite films. The quality of reinforcing agent distribution in the polymer 

matrix and changing the color of Figure 41 provides visual inspection of the LDPE and the 

LDPE nanocomposite films with an average thickness of 0.25mm for up to 10 wt.% NFC 

reinforcement.  
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Figure 41. Optical micrographs of LDPE nanocomposite films with pure LDPE powder, and 2.5,10 

wt.%   NFC-pCot, NFC-BSW and NFC-UBSW reinforcing agents respectively. 

 

    

Figure 42. Light Transmittance of LDPE nanocomposite films with (a) 2.5 wt% and (b) 10 wt% 

reinforcing agents using UV-Vis instrument. 

 

Comparing to neat LDPE film, nanocomposite sheets are less translucent and aggregated NFC 

appeared as white dots throughout the films. As compared to NFC-pCot, wood-based 

reinforcing agents show less uniform distribution and larger white dots due to aggregation of 

reinforcing filler in the polymer matrix. Moreover, the presence of wood-based NFCs caused 

a change in color of the LDPE nanocomposite and was more pronounced with an unbleached 

softwood and increasing reinforcing agent content. In contrast, the NFC-pCot nanocomposites 

had no discoloration. It is important to note that there is no discoloration or evidence of 

degraded NFC in the composite films after 10 min of melt extrusion at 170°C (through an 

internal recirculation within the extruder) regardless of reinforcing agent type.  

Figure 42 compares the differences in the light transmittance of nanocomposite sheets 

including 2.5 and 10 wt% NFC reinforcing agents with pure polymer film. In general 

nanocomposite films suffer from loss of transparency due to increased light scattering. 
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Optically transparent nanocomposites could be obtained using reinforcing agents with smaller 

size and more uniform distribution within the matrix. Overall the NFC-pCot nanocomposite 

films revealed a higher transparency compared to wood-based nanocomposites. Addition of 

reinforcing agent from 2.5% to 10 wt% reduced the transparency of materials about two times 

regardless of reinforcing agent type. At a wavelength of 600nm, the middle of the visible 

wavelength range, the light transmittance (T%) of 10 wt.% NFC-pCot is only 7% lower than 

LDPE film, while T% NFC-UBSW is reduced by 17%. The difference among the films is more 

pronounced at lower wavelength and at 400 nm, T% is 25%, 29% and 70% lower than the light 

transmittance of pure polymer for 10 wt.% of NFC-pCot, NFC-BSW and NFC-UBWS 

nanocomposite films respectively.  

The effect of the type of reinforcing filler on the elastic modulus, tensile strength and 

elongation at break of LDPE nanocomposites with loading amounts of 2.5, 5, and 10 wt.% is 

shown in Figure 43.   The elastic modulus and tensile strength of reinforced nanocomposites 

using 10 wt.% NFC-pCot/LDPE was 80% greater than LDPE polymer while  10 wt.% of wood 

based reinforcing agents only improved the elasticity of NFC-BSW/LDPE  and NFC-

UBSW/LDPE by ~15%,  Figure 43(a). Interestingly, the NFC-pCot reinforced LDPE 

nanocomposites showed an approximately constant tensile strength with wt% whereas the 

wood based fillers showed decreased tensile strength, Figure 43(b). A uniform filler 

distribution within a polymer matrix results in a better stress transfer properties between filler 

and polymer. The 5 and 10 wt% of NFC-pCot reinforced LDPE nanocomposites showed an 

increased elongation at break by a factor of ~1.5x compared to wood based fillers, Figure 43(c).  

It is of interest to note that the bleached and unbleached softwood based fillers behave very 
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similarly.This has important implications since the unbleached fibers have a higher 

manufacturing yield and less processing steps that decrease their cost, complexity of 

manufacturing and environmental burden relative to bleached fibers.  

 

    

  

Figure 43. Mechanical properties of LDPE powder with NFC-pCot, NFC-BSW and NFC-UBSW at 

filler content of 2.5%, 5%, and 10 wt%. 

 

The results of tensile testing measurement by Seydibeyoglu using homogenized hardwood 

NFC reinforcing polyurethane matrix also improved the elastic modulus and tensile strength 

of nanocomposite drastically due to small size of NFC particles and interaction between 

polymer and a reinforcing agent (Seydibeyoglu and Oksman 2008). Incorporation of acid 
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treated NFC from cotton (whatman filter paper) and softwood also improved the mechanical 

properties of thermoplastic extruded starch matrix (Orts, Shey et al. 2005). Similar 

improvement in mechanical properties of amylopectin nanocomposite film was obtained using 

mechanically treated (with microfluidizer) NFC from enzyme treated bleached sulphite 

softwood pulp due to reinforcing capability of entangled nanofibers (Lopez-Rubio, Lagaron et 

al. 2007). 

 

  

  

Figure 44. SEM images of the fracture point of (a) pure LDPE and composite films of LDPE with  10 

wt% of (b) NFC-pCot, (c) NFC-BSW, and (d)NFC-UBSW respectively. 

 

To understand this behavior in more detail, Figure 44 provides SEM imaging of pure polymer 

and LDPE with 10 wt% of each filler type at the fracture point (under liquid nitrogen) to 
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evaluate the interaction between polymer matrix and each filler.  SEM image of pure polymer 

reveals a smooth surface and a brittle fracture compared to the NFC compounded polymer 

nanocomposites. SEM imaging of NFC-pCot nanocomposite reveals a network of nanofibers 

inducing more plastic deformation that absorbs more energy due to better adhesion and 

stronger interactions between polymer and the NFC-pCot reinforcing agent compared to the 

softwood fillers.  The images are consistent with higher toughness of LDPE nanocomposites 

compounded with NFC-pCot. 

 

 

Figure 45. (left) Thermogravimetric (TG) curves and (rigth) derivative weight (%/°C) of (a) neat 

LDPE and with (b) NFC-pCot, (c) NFC-BSW, and (d) NFC-UBSW at reinforcing filler contents of 

10 wt%. 

 

Thermal behavior of nanocomposites at different contents of reinforcing agent as well as the 

neat polymer is summarized in Table  and the results for 10wt% filler are plotted in Figure 45.  

The composites show a weight loss in the range of 300-400°C corresponding to the degradation 

of the cellulose.  The onset temperature is related to degradation of cellulosic filler as observed 

in thermal analysis of reinforcing agents (Table ).  
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Table 9. Degradation data of LDPE powder with NFC-pCot, NFC-UBSW and NFC-BSW at different 

filler content 

Sample Tonset Td (°C) 

LDPE  NA 482.5 ± 3.9 

LDPE 2.5% NFC-pCot 325.1 ± 6.7 487.7 ± 0.4 

LDPE 5% NFC-pCot 321.1 ± 2.0 496 ± 7.8 

LDPE 10% NFC-pCot 326.6 ± 7.3  500 ± 4.9 

LDPE 2.5% NFC-BSW 321.8 ± 7.8 497.2 ± 4.8 

LDPE 5% NFC-BSW 320.4 ± 9.2 498 ± 5.2 

LDPE 10% NFC-BSW 310.2 ± 5.7 502.5 ± 4.8 

LDPE 2.5% NFC-UBSW 319.1 ± 2.2 497.7 ± 3.2 

LDPE 5% NFC-UBSW 310.7 ± 0.6 498.1 ± 4.3 

LDPE 10% NFC-UBSW 310.1 ± 8.3 498.5 ± 0.5 

 

 

 As compared to the NFC softwood containing composites, the NFC-pCot nanocomposite 

reveals a higher onset temperature due to higher thermal stability of NFC-pCot (see Figure 40) 

as expected. Interestingly, the degradation of the LDPE, as reported as Td is increased for all 

filler sources at almost all filler levels.  This increase in Td may be due to interaction between 

thermal degraded products of polymer and reinforcing filler that could stabilize and protect the 

nanocomposite at high temperature. Aggregation of fillers reduces onset temperature of 

polymer nanocomposites while van der Waals interactions with polymer host enhances the 

thermal stability (Trovatti, Oliveira et al. 2010). 

Analysis of DSC traces of the heat flow rate over a temperature determines melting 

temperature, crystallization temperature and heat of fusion/crystallization of pure polymer and 

NFC reinforced LDPE nanocomposites.  The thermograms and the resulting experimental data 

are reported in Figure 46 and Table 7. The melting point (Tm) of LDPE nanocomposites up to 

10 wt% of reinforcing agent remained constant for NFC-pCot samples and caused only a 
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marginal effect (~2°C) for wood-based LDPE nanocomposites. The reinforcing agents do not 

interfere with the crystal growth of LDPE polymer regardless of their type. Literature results 

indicate little to no variation of the melting temperature for most cellulose nanocrystalline 

nanocomposites. Menezes et al. reported a similar behavior for cellulose whiskers reinforced 

LDPE nanocomposites indicating that ramie cellulose nanowhiskers had no effect on the size 

of crystallites (de Menezes, Siqueira et al. 2009). In contrast, NFC from wheat straw fibers 

reinforced thermoplastic starch reduced the melting temperature of nanocomposite from 

118.67°C for neat polymer to 98.57°C with 15% NFC due to restriction of crystal growth 

(Kaushik, Singh et al. 2010). 

 

 

Figure 46. DSC thermograms of neat LDPE and with NFC-pCot at reinforcing filler contents of 2.5,5 

and 10 wt% (a) Heating thermogram of melting endotherm, (b) Cooling thermogram of crystallization 

exotherm. 

 

The crystallization temperature (Tc) is obtained from the cooling cycle and is roughly constant 

regardless of reinforcing agent type and content in the polymer matrix, Table 7. Tc is directly 

correlated to facile organization of polymer chains and formation of crystal domains. The 

literature reported higher crystallization temperature in presence of compatiblizer. Siqueira et 
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al. reported a 10°C increase in Tc for polycaprolactone polymer reinforced with modified 

cellulose nanowhisker and modified NFC from sisal fibers (Siqueira, Bras et al. 2009). Similar 

results obtained for 20% NFC (from hardwood) reinforced maleic anhydride modified PP 

nanocomposites (Panaitescu, Donescu et al. 2007). The degree of crystallinity could be 

calculated using the heat of fusion/crystallization and Eqn. (2). Unlike the Tm and Tc, the degree 

of crystallinity (Xc) increased upon addition of reinforcing agent probably due to a nucleating 

effect of cellulose nanofibers and it is more pronounced using NFC-pCot.  

 

Table 7. Thermal characteristics of LDPE-based nanocomposites obtained from DSC analysis 

Sample Tm ΔHm Xc% Tc 

LDPE 130.3 ±  0.02 175.9 ± 0.40 61.3 ± 0.02 117.0 ± 0.01 

LDPE 2.5% NFC-pCot 129.7 ± 0 174.8 ± 0.26 62.4 ± 0.06 117.5 ± 0.01 

LDPE 5% NFC-pCot 129.8 ± 0.03 180.4 ± 0.23 66.2 ± 0.05 117.5 ± 0.02 

LDPE 10% NFC-pCot 130.1 ± 0.01 179.1 ± 0.04 69.3 ± 0.12 117.0 ± 0.01 

LDPE 2.5% NFC-BSW 129.9 ± 0.01 181.1 ± 0.06  64.7 ± 0.02 117.3 ± 0.02 

LDPE 5% NFC-BSW 131.1 ± 0.2 176.4 ± 0.11  64.0 ± 0.04 116.8 ± 0.1 

LDPE 10% NFC-BSW 128.9 ± 0.01 162.1 ± 0.26 62.1 ± 0.07 117.8 ± 0 

LDPE 2.5% NFC-UBSW 129.7 ± 0.04 176.4 ± 0.05 63.04 ± 0.02 117.4 ± 0 

LDPE 5% NFC-UBSW 130.1 ± 0.2 174.6 ± 0.23 64.0 ± 0.3 117.8 ± 0.01 

LDPE 10% NFC-UBSW 129.9 ± 0 169.8 ± 0.33 65.7 ± 0.2 117.4 ± 0 

(Tm) melting temperature, (ΔHm) enthalpy of fusion, (Xc%) degree of crystallinity, and (Tc) 

temperature of crystallization. Xc = ΔHm/wΔHm°, where ΔHm° (~287 Jg-1) heat of fusion for 

100% crystalline LDPE and w is the weight fraction of polymeric matrix in the composite. 
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Increasing the degree of crystallinity could partially improve the stiffness of LDPE 

nanocomposites. Incorporation of ramie cellulose whisker with LDPE also improved the 

degree of crystallinity of nanocomposites from 38% to 51% with filler percentage up to 15% 

(de Menezes, Siqueira et al. 2009). Similar increased crystallinity of PLA was observed for the 

addition of NFC [20] and for PCL with sisal nanowhiskers [22].    In contrast, the Xc of PCL 

nanocomposites modified with NFC from sisal fibers mechanically treated with a 

microfluidizer slightly remained constant (Siqueira, Bras et al. 2009). Abdelmouleh and Yao 

also didn’t observe any improvement in degree of crystallinity of LDPE and HDPE upon 

addition of silane treated lignocellulosic fibers with average length of 2.5 mm respectively. 

4.5 CONCLUSION 

This research provides a comparative analysis in the use of microgrinding to fabricate NFC 

from pulverized cotton (derived from cotton T-shirts), bleached and unbleached softwood and 

outlines the use of these NFC materials in the mechanical reinforcement of a LPDE polymer 

matrix. Through the microfibrillation process, the size of the materials was successfully 

reduced to nanoscale diameters.  NFC-pCot filled nanocomposite films had higher modulus, 

tensile strength and elongation to break than NFC-BSW and NFC-UBSW at all weight %.   

This may be due to the NFC-pCot having higher crystallinity, smaller NFC elements, and more 

uniform dispersion within the polymer matrix.  The NFC in the composites caused the LDPE 

to have higher thermal stability within the experimental conditions used.  
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5.1 ABSTRACT 

Cellulose extracted from pulverized cotton in nanocrystalline cellulose (CNC) and 

nanofibrillated cellulose (NFC) forms is investigated as a reinforcing agent in low density 

polyethylene nanocomposites. The effect of processing on the pulverized cotton is shown to 

influence the degree of crystallinity, showing that the original pulverized cotton crystallinity 

(86.1%) increased to 88.2% for CNC, while NFC was shown to decrease to 77%. However, 

thermal analysis of low density polyethylene polymer nanocomposites using DSC, TGA 

showed higher thermal stability of the NFC loaded material as compared to same loading of 

CNC.   Melt compounding of CNC with LDPE resulted in polymer nanocomposites with no 

discoloration at 170°C. Significant differences observed in mechanical properties of low 

density polyethylene (LDPE) nanocomposite films according to the microstructure and the 

content of cellulose nanoparticles. Tensile analysis exhibited a higher elastic modulus and 

tensile strength for the NFC material. Addition of CNC up to 10 wt.% slightly decreased the 
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tensile strength of LDPE nanocomposite, in contrast 10 wt.% of NFC  reinforcing agent 

showed 32% improved strength over the one with CNC.     

5.2 INTRODUCTION 

Development of bio-based nanocomposites as a next generation of sustainable materials and 

an alternatives choice for petroleum based products is of great interest. Cellulose derived from 

plant fibers are of interest as reinforcing elements in polymers due to its abundance and 

prominent properties (Wang and Sain 2007; de Menezes, Siqueira et al. 2009; Xu, Liu et al. 

2013). Of particular interest has been nanocellulosic materials including cellulose nanocrystal 

(CNC) and nanofibrillated cellulose (CNF) which possess a hierarchical structure that permits 

an ordered structure with unique properties that has served as building blocks for the design of 

green and novel materials composites for applications in flexible electronics, medicine and 

composites (Tingaut, Zimmermann et al. 2012).  Key differences exist in nanocellulosic 

materials as a result the process by which the material is produced.   

Cellulose is a semicrystalline natural polymer that includes amorphous regions that act as 

structural defects. Through a heterogeneous acid treatment and cleavage of glycosidic bonds 

by diffusion of acid into cellulose fibers, susceptible amorphous regions can be removed to 

leave the cellulose nanocrystal region intact (Lima and Borsali 2004). Acid hydrolysis, most 

often using sulphuric acid releases the cellulose crystal domains and dissolves amorphous 

regions and provides highly crystalline nanomaterials with superior mechanical properties. The 

resulting cellulose nanocrystals (CNCs) are rodlike cellulose crystals structures in the range of 

10-20 nm in diameter and several hundred nanometers in length (Teodoro, Teixeira et al. 
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2011). Strong acid treatment process reduces the crystalline size, degree of polymerization and 

alters the charge groups on cellulose surface. The source of cellulose also affects the final 

properties of cellulose nanocrystals. The studies showed CNCs with smaller dimension 

originated from wood and cotton as compared to that derived from algae, tunicate and bacterial 

cellulose (Dong, Revol et al. 1998; Roman and Winter 2004; Oksman, Etang et al. 2011). For 

example, Dong et al. obtained cotton nanocrystals from Whatman No. 1 filter paper and the 

average length of 200 nm using 64% sulphuric acid at 45°C after about 55 min and 43.5% yield 

(Dong, Revol et al. 1998). CNCs are highly crystalline and have been incorporated as 

reinforcing agents in thermoplastic polymers such as PLA, LDPE and PP through melt 

extrusion and solution casting (de Menezes, Siqueira et al. 2009; Bahar, Ucar et al. 2012; Ben 

Azouz, Ramires et al. 2012). Menezes et al. studied reinforcing capability of ramie cellulose 

nanowhiskers in LDPE polymer at different filler contents and showed higher elongation at 

break of LDPE naocomposite reinforced with grafted CNC compared to untreated CNC due to 

improved dispersion of CNC in polymer matrix (de Menezes, Siqueira et al. 2009). Ben Azouz 

et al. fabricated dark LDPE nanocomposite reinforced with 3 wt% of cotton nanocrystals due 

to degradation of cellulose during melt compounding at 160 °C (Ben Azouz, Ramires et al. 

2012).  

Another form of cellulose nanoparticles is nanofibrillated or microfirillated cellulose 

(NFC/MFC). Fibrillation is a mechanically destruction of organized cellulose fibers through 

the application of high shear forces to cellulose fiber slurries.  These forces cause delamination 

of fiber’s cell walls and individualization of cellulose nanofibrils in the order of 10-100 nm in 

diameter. Mechanical treatment methods for cellulose fibers can be performed using a high 
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pressure homogenizer, microfluidizer or a microgrinder. Of these techniques, the microgrinder 

process is capable of grinding longer fibers with an overall lower energy consumption (Spence, 

Venditti et al. 2011). 

In contrast to CNCs, the structure of CNFs can be described as a network of long and flexible 

nanofibers with high aspect ratio but lower crystallinity due to presence of both crystal and 

amorphous regions in the fiber structure.  As it would be expected, the morphology and particle 

size distribution of CNFs strongly depends on the fibrillation process and cellulose source. 

Studies report fabrication of polymer nanocomposites reinforced with NFC from a wide range 

of cellulose sources (Dong, Revol et al. 1998; Roman and Winter 2004; Oksman, Etang et al. 

2011).  The aspect ratio of cellulose nanoparticles is an important factor from a mechanical 

point of view. Studies reported improved stiffness of cellulose nanocrystal films with higher 

aspect ratio(Bras, Viet et al. 2011). Cellulose nanoparticles with higher aspect ratio could form 

stiffened percolating network of nanoparticles with reduced critical percolation threshold.  

The objective of this research is to investigate the effect of morphology, aspect ratio and 

crystallinity of reinforcing agents on mechanical and thermal properties of LDPE polymer 

nanocomposites through the melt extrusion process. The experimental data represent 

significant differences between the reinforcing capability of CNC and CNF according to the 

nature of nanoparticles.   

5.3 EXPERIMENTAL 

Materials:Pulverized cotton with (pCot) with an average fiber length of 350µm was acquired 

from the International Fiber Corporation (derived from recycled T-shirts). LDPE was 
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acquired from Dow Chemical Company (PN: ASPUN™ 6850A) with density of 0.955 g/cm3 

and melt flow index of 30 g/10 min. 

CNC preparation: The cellulose nanocrystals employed in this study were formed by acidic 

hydrolysis. Briefly, each 1.0 g of pCot fiber blended in a 50 mL of 63% sulfuric acid and 

hydrolyzed at 50°C for 45 min. The mixture was then subjected to five washing/centrifugation 

cycles (5000 rpm, 10 min, IEC Centra-CL3 Series) to remove excess acid and water soluble 

fragments. Once pH 4.5 was reached, the fine cellulose particles started to disperse into the 

aqueous supernatant. The polydisperse cellulose contained in the turbid super-natant was 

collected and subjected to centrifugation at 15,000g for 60 min in a Sorvall Superspeed 

centrifuge to remove ultrafine particles. The sediment containing the cellulose nanocrystals 

with an average length of 100 to 400 nm was dried using a lyophilizing system, yielding around 

47%.  

NFC preparation: NFC using pulverized cotton (NFC-pCot), prepared from an aqueous 

suspension of 3 wt.% solid consistency by sequentially passing the suspension through a 10-

inch Masuko Super MassColloider (Masuko Sangyo Co., Kawaguchi-city, Japan) at 1500 rpm 

for a total of nine passes. After the microfibrillation the suspension was freeze dried at -50ºC 

using a Labconco Freeze Dryer.  

Fabrication of Nanocomposite Films: A lab scale extruder (DSM Xplore Micro 15cc Twin 

Screw Compounder) with 15 mL capacity was used for the preparation of composite. Polymer 

powder was prepared using a Freezer Mill at frequency of 10 Hz and 7 cycles using liquid 

nitrogen. Low density polyethylene ( LDPE) in form of powder mixed with 2.5, 5 and 10 wt.% 
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of each CNC and NFC fibers individually. 10g of the blend was injected into the extruder using 

a manual feeder. The temperature was controlled at 170 °C for 10 min, and extruder screw 

rotating speed was 50 rpm. For tensile testing, nanocomposite films were fabricated from the 

extruded material in a standard dog-bone shape (60×6×0.24 mm3) using a hot press at 170°C 

under a force of 3500 psi. 

Characterization of NFCs and Composites:The morphology of NFC-pCot and CNC-pCot 

were investigated by transmission electron microscopy (TEM) JEM-2000FX. TEM samples 

were prepared by placing a single droplet of diluted NFC suspension onto a copper grid 

covered with a carbon film and the excess liquid is absorbed with the filter paper and the 

remained stained is allowed to dry. The changes in morphology of CNC-pCot thin films were 

also investigated using atomic force microscopy (AFM) method using Bruker Dimension 3000 

AFM. The crystallinity of pCot as an untreated sample, NFC-pCot and CNC-pCot after 

individualization process was determined using an Omni Instrumental X-ray diffractometer. 

The diffractometer is equipped with Be-filtered Cu-Kα radiation with a wavelength of 1.54 Å 

generated at 35 kV and 25 mA. The samples were scanned from a 2θ range from 5 to 45° at an 

increment of 0.05°. Relative crystallinity was calculated from the intensity measurements 

using the Segal method,  

XC% = ( 
I002−IAM

I002
 ) 100%  (1) 

in which I002 represents the maximum intensity of (002) lattice diffraction peak at diffraction 

angle around 2θ = 22.5° and IAM represents the intensity scattered by the amorphous 
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component in the sample, which was evaluated as the lowest intensity at 2θ of 18°(L. Segal 

1959).  

Specific surface area (Asp) of freeze dried CNC-pCot was measured by gas adsorption using 

Quantachrome Autosorb1-C and BET (Brunauer-Emmett-Teller) isotherm, following 

                                          Asp =  
Vm.NA.σ

VM
                       (2) 

Where Vm  is the monolayered absorbed gas volume, VMthe molar gas volume (22.414 L.mol 

-1 for nitrogen), σ  is the known surface area which one gas molecule covers on the absorbent 

surface, and  NA is Avagadro’s constant. 

The optical properties of LDPE nanocomposite films were investigated using a Varian Cary 

300 UV-Visible spectrometer in wavelength range of 200-700 nm. Tensile tests were 

performed using a Q-test tensile tester with 250 lb load cell and 60 mm gage length according 

to ASTM D 882. Experiments were performed at room temperature on dog-bone shape 

samples at a crosshead speed of 10 mm/min. The reported values for each sample were 

determined from the average five measurements in accordance with ASTM D882.  Analysis 

of the microstructure of LDPE nanocomposite films at their fracture point after the tensile 

measurement was performed by scanning electron microscopy (SEM) using a Phenom, G2 

Pro. The microstructure of pure polymer and LDPE nanocomposite films at their fracture point 

obtained using liquid nitrogen was observed by scanning electron microscopy using a Verios 

460L SEM scanning electron microscope. Finally, thermal degradation analysis of the 

reinforcing agents and composite samples was carried out using a Perkin-Elmer 
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thermogravimetric analyzer (TGA) at a heating rate of 10°C/min from 25 to 600°C in a 

nitrogen atmosphere. The thermal characterization of the LDPE nanocomposites was analyzed 

using Perkin-Elmer differential scanning calorimeter (DSC). The samples were heated from 

25 to 160°C and allowed to stand for 5 minute at 160°C and then cooled from 160 to 25°C 

under nitrogen atmosphere with the heating/cooling rate at 10°Cmin-1. The melting and the 

crystallization temperatures were obtained using heating and cooling cycles respectively. The 

degree of crystallinity of the nanocomposites (Xc) was calculated using the following equation: 

𝑋𝑐% = (
∆𝐻𝑚

𝑤. ∆𝐻𝑚
°⁄ )100                        (3)           

where ∆𝐻𝑚 is the enthalpy of fusion/crystallization (Jg-1), w the weight fraction of LDPE 

matrix in the nanocomposites and ∆𝐻𝑚
°  is the heat of fusion of completely crystalline LDPE 

polymer (~ 287 Jg-1) (de Menezes, Siqueira et al. 2009; Zhang, Rizvi et al. 2011). 

5.4 RESULTS AND DISCUSSION 

Figure 47 presents a morphology sequence by which CNC-pCot and NFC-pCot nanoparticles 

as obtained from waste cotton T-shirts in form of pCot (Figure 47a). It also provides the visual 

difference between suspensions of CNC-pCot after acid hydrolysis and a gel like NFC-pCot 

after 9 passes in the microgrinding process. AFM and TEM images of CNC-pCot (Figure 47b 

and Figure 47c) show the effect of acid treatment on the morphology of nanocrystals. It is 

observed that the microscopic pulverized cotton is converted by strong acid hydrolysis 

treatment to   a homogeneous rod like crystals in nanoscale dimension with a length of 

approximately less than 200 nm. The dimension of 100 CNC-pCot particles in the TEM image 
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was determined using digital image analysis (Image J) and resulted in the length of 150.5± 33 

and an average diameter of 5.9 ± 2 nm.  

 

 

Figure 47. Schematic illustration of nanoparticles from waste cotton T-shirts and visual difference 

between an aqueous suspension of CNC-pCot after acid treatment and gel like suspension of NFC-

pCot after 9 microgrinding passes (a) SEM image of pulverized cotton, (b) the AFM image analysis 

of CNC-pCot and TEM images of (c) CNC-pCot, and (d) NFC-pCot 

 

These results are in agreement with those reported by Hafraoui, in which cellulose nanocrystals 

were derived from cotton linters with a length of ~100 nm and diameter of ~20 nm (Elazzouzi-

Hafraoui, Nishiyama et al. 2008). Lima et al. reported cotton nanocrystals with a length of 100-

300 nm and diameter of 8-10 nm (Bras, Viet et al. 2011). The aspect ratio (α) of rod-like cotton 

nanocrystals, defined as the ratio of the length to the diameter, would be 25.5 which is larger 

than the previous reported data (α =10) for cotton nanocrystals (Ebeling, Paillet et al. 1999). 

Studies show that the aspect ratio of cellulose nanocrystals varies from 8 for eucalyptus pulp 

and 9 for cottonseed linters to 67 for tunicin or capim durado (golden grass) and can be affected 

by the source of cellulose fibers, acid treatment condition and possibility of nanoparticles 
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aggregation  (Favier, Canova et al. 1995; Lu, Weng et al. 2005; Siqueira, Abdillahi et al. 2010). 

Compared to NFC with the estimated aspect ratio of 100-150, the CNC has lower aspect ratio, 

an important factor in predicting their reinforcing capability within a polymer nanocomposite 

(Siqueira, Bras et al. 2009; Bras, Viet et al. 2011). Figure 47d provides a TEM image of NFC-

pCot after nine passes of microgrinding. The image shows individualized as well as bundles 

of long entangled nanofibrillated cotton fibers with a broad range of diameters but the lengths 

are difficult to recognize.  Analyzing the TEM images of NFC-pCot and measuring the 

diameter of individualized nanofibrils using Image J software showed the diameter to be 5-15 

nm and lengths of 10-100s of microns. In comparison, Saito et al. obtained a uniform 

distribution of nanofibrillated cellulose from cotton using combined TEMPO oxidation and 

homogenization (Saito, Nishiyama et al. 2006).  Taniguchi et al. also reported nanofibrillation 

of cotton fibers after 10 passes of microgrinding with 20-90 nm diameter and lengths not 

reported (Taniguchi and Okamura 1998). 

Also included in Figure 47 is the SEM images of the materials after freeze drying.  Note that a 

significant amount of aggregation has occurred and in both cases, the individual fibrils are less 

apparent and a plate like structure has evolved.   

Acid treatment process of cotton fibers also increases the specific surface area of nanocrystals 

after the hydrolysis of amorphous domains of cellulose. The specific surface area of CNC-

pCot using a gas adsorption isotherm using the BET method is 2.97 m2g-1. Our previous study 

determined the specific surface area of freeze dried nanofibrillated cotton (NFC-pCot) and 

pulverized cotton to be 26.9 m2g-1 and 1.49 m2g-1 respectively (N. Farahbakhsh 2014). The 
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results showed irreversible aggregation of the nanoparticles upon freeze drying and decreasing 

the actual specific surface area that is expected to be higher. The specific surface area of 

cellulose nanocrystals can be theoretically estimated from the average geometrical diameter of 

cellulose nanocrystal using the following equation: 

𝐴𝑠𝑝 = 4
𝜌. 𝑑⁄                       (4) 

Where Asp is the specific area and 𝜌 is 1.5 gcm-3 for the density of cellulose nanoparticles 

(Dufresne 2000). Using the above equation, the specific surface area of cotton nanocrystals of 

5.9 by 150 nm would be 166 m2g-1 and 266.6 m2g-1 for NFC-pCot with fiber diameter of 10 

nm. Siqueira  et al. reported the specific surface area of 533 m2g-1 for sisal nanocrystals using 

similar calculation (Siqueira, Bras et al. 2010).  

X-ray diffraction patterns of both NFC-pCot and CNC-pCot as compared to the original pCot 

sample are provided in Figure 48. Both CNC-pCot and NFC-pCot show diffraction patterns of 

cellulose type I, with the main diffraction peaks at 2θ values of 15, 16, 22.5 and 34° attributed 

to the crystal planes of 101, 101, 002 and 040, respectively. A slightly broadened peak of NFC-

pCot at 22.5° could be attributed to possible deformation or destruction of cellulose crystals 

due to applying high shear forces during grinding process or simply the inclusion of amorphous 

material in the product [3].The relative degree of crystallinity is calculated using the Segal 

method (L. Segal 1959). The degree of crystallinity for NFC is slightly decreased by increasing 

the number of microgrinding passes compared to untreated material (N. Farahbakhsh 2014). 

CNC-pCot is shown to have 2.5% and 12.8% higher crystallinity in comparison to pCot and 
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NFC-pCot, respectively which is in agreement with the microstructure of untreated cotton 

fibers and nanofibers.  

 

 

Figure 48. X-ray diffraction patterns and Xc% of the original cotton fiber (pCot), NFC-pCot after 9 

passes of microgrinding and acid hydrolyzed CNC-pCot. 

 

In general, cellulose fibrils include both amorphous and crystalline regions along their length 

or in transverse direction. The crystallinity of cellulose nanoparticles is influenced by the 

extraction process, mobility of cellulose chains on the surface and the biosynthesis of cellulose 

which determines the initial amorphous content. Mechanically treated NFCs show lower 

crystallinity due to retained amorphous regions and higher crystallinity of CNCs is due to the 

removal of amorphous regions during acid hydrolysis treatment. Moreover mechanical 

treatment induces amorphous regions via damaging the nanoparticles and disordering the 

cellulose chains on the particle surface. Xu et al. reported larger difference between the degree 
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of crystallinity and diffraction patterns of CNC and NFC dried from eucalyptus pulp [3]. It 

could be possibly due to the lower crystal deformation of cotton fibers than eucalyptus pulp 

fibers during microgrinding process.  

 

Table 11. Summary of XRD analysis and calculated crystallinity (Xc%) of CNCs from different 

cellulose sources using the Segal method 

CNC source Xc% Reference 

Pulverized cotton 88.2 current study 

Cotton linter 84 20 

Softwood kraft pulp 80-86 21 

Sisal 75 20 

Kenaf 75-82 23 

Eucalyptus pulp 81 3 

 

 

Table  provides the reported data for degree of crystallinity of cellulose nanocrystals from 

various sources provided in the literature, also calculated by the Segal method. As shown, 

cotton-derived nanocrystalline materials developed in this work possess the highest degree of 

crystallinity compared to cellulose nanocrystals from other sources. The relative degree of 

crystallinity  Xc% of CNC-pCot from pulverized cotton is higher than other acid treated 

cellulose sources probably due to higher crystalline content of cotton (Moran, Alvarez et al. 

2008; Hamad and Hu 2010). In addition, Qin et al. reported increased degree of crystallinity 

from 83.6% for untreated cotton linters to 84% for TEMPO oxidized and ultrasonicated cotton 
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linter pulp calculated using the similar method (Qin, Tong et al. 2011). The degree of 

crystallinity for homogenized acid treated cotton fiber calculated by deconvolution method is 

79.2% (Yue, Zhou et al. 2012). The difference between CNC-pCot and homogenized acid 

treated cotton finer could be due to different measuring method and the process condition.  

 

     

Figure 49. Thermogravimetric (TG) curves and derivative TG showing weight (%/°C) over 

temperature of pCot, NFC-pCot, and CNC-pCot. 

 

Thermal stability of cellulose nanoparticles is a critical factor when applying these materials 

as reinforcing agents in thermoplastic polymers as these materials can be exposed to elevated 

temperature during melt extrusion. Prior research has shown the influence that the preparation 

conditions of cellulose nanoparticles have on the thermal stability of nanosized particles 

(Roman and Winter 2004). Roamn et al. investigated the relation between thermal stability and 

hydrolysis condition of CNC from bacterial cellulose and showed significant reduction of 
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thermal degradation with increasing the number of sulfate groups (Roman and Winter 2004). 

Increasing the acid hydrolysis time from 20 to 120 min also reduced thermal degradation 

temperature of kenaf bast crystal nanofibers from 233 °C to 198°C (Kargarzadeh, Ahmad et 

al. 2012). The present investigation examines the effect of mechanical treatment, acid 

hydrolysis and potential alteration of the surface chemistry on thermal degradation of CNC-

pCot and NFC-pCot compared to untreated pCot. The TGA results of pCot, NFC-pCot and 

CNC-pCot for heating ramps at 10 C/min are plotted in Figure 49.  

 

Table 8. Summary of thermal analysis of pCot, NFC-pCot, and CNC-pCot 

Sample Tonset (°C) Td (°C) 

pCot 356 ± 2.3 385 ± 2.1 

NFC-pCot 336  ± 2.3 374  ± 2.6 

CNC-pCot 302  ± 8.9 321  ± 6.2 

 

 

TGA curves of all materials show an initial weight loss between 50-150°C which can be 

attributed to absorbed water and residual moisture in fibers.  In Figure 49b, the extreme in the 

derivative traces were used to determine the decomposition temperature of materials before 

and after the nanocellulose preparation methods. The thermal analysis data of pCot, CNC-pCot 

and NFC-pCot are also summarized in  

Table 8. Compared to untreated pCot, the thermal stability of CNC-pCot is shifted to lower 

temperatures due to surface chemistry alteration after acid hydrolysis (Roman and Winter 

2004). The onset temperature and maximum degradation temperature both decreased from 356 
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to 302 °C and from 385 to 321°C respectively. Reduction of thermal stability of acid treated 

cellulosic fibers from various sources was previously reported due to dehydration reaction and 

degradation of highly accessible sulfated regions (Wang, Ding et al. 2007; Kargarzadeh, 

Ahmad et al. 2012).Literature also reports the reduced thermal stability of acid treated cellulose 

nanocrystals from sulfate functionalization on the surface of nanoparticles (Roman and Winter 

2004; Kargarzadeh, Ahmad et al. 2012) and 

Table  compares the thermal stability of CNC form different sources.  

 

Table 9. Summary of thermal analysis of CNC from different sources 

CNC source Tonset (°C) Td  (°C) Reference 

Pulverized cotton 302 318 current study 

Cotton ~ 180* - 

(Ben Azouz, Ramires 

et al. 2012) 

PEO coated cotton ~300* - 

(Ben Azouz, Ramires 

et al. 2012) 

Bacterial cellulose ~ 150* 184 

(George, Ramana et 

al. 2011) 

Ramie 210 368 

(de Menezes, Siqueira 

et al. 2009) 

Grafted Ramie 215 305 

(de Menezes, Siqueira 

et al. 2009) 

Kenaf ~150* 198-233 

(Kargarzadeh, Ahmad 

et al. 2012) 
*: estimated from graphical data 

 

 

The studies showed that thermal stability of nanoparticles directly corresponds to the number 

of sulfate groups which depends on the acid treatment factors such as acid concentration, acid 
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to fiber ratio, hydrolysis time and temperature. Increasing each factor intensified the number 

of introduced sulfate groups which caused thermal degradation at lower temperatures (Roman 

and Winter 2004). Ben Azouz et al. also studied the thermal properties of neat and PEO coated 

cotton nanocrystals. Compared to CNC-pCot, our experimental data showed similar TGA 

curves and weight loss trend to the PEO coated CNC with a more narrow temperature range 

and higher thermal properties than neat CNC (Ben Azouz, Ramires et al. 2012) . The 120°C 

higher onset temperature of CNC-pCot than the uncoated cotton CNC is likely attributed to a 

reduced sulfate group functionalization due to a lower temperature and lower concentration 

acid treatment presented in this study. The reduced thermal stability of CNC could also be 

attributed to the increased number of short cellulose chains during acid treatment (Wang, Ding 

et al. 2007). Compared to CNC from other sources such as bacterial cellulose and kenaf, the 

CNC-pCot examined in this work shows improved thermal properties (de Menezes, Siqueira 

et al. 2009; George, Ramana et al. 2011; Kargarzadeh, Ahmad et al. 2012). The reported range 

of degradation temperature of CNC from kenaf fibers is due to different hydrolysis reaction 

time (Kargarzadeh, Ahmad et al. 2012). Previous studies showed that incorporating CNC from 

ramie and cotton with LDPE caused burning of cellulose nanocrystals during melt extrusion 

even at lower melt compounding temperature while CNC-pCot showed no discoloration during 

the melt process (de Menezes, Siqueira et al. 2009; Ben Azouz, Ramires et al. 2012). 

Overall CNC-pCot showed around 10% decrease in an onset temperature and 14% decrease in 

maximum degradation temperature compared to NFC-pCot. The onset and maximum 

degradation temperature of NFC-pCot is 336 and 374°C respectively.  Compared to CNC-
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pCot, NFC-pCot has a potential to be utilized as a reinforcing agent for broader range of 

thermoplastic polymers with higher melting temperature due to higher thermal stability. 

 

 

Figure 50. Optical micrographs of pure LDPE film, LDPE nanocomposite films with (top row) 2.5, 

5, 10 wt.%  CNC-pCot and (bottom row) with 10 wt.% of CNC-pCot and NFC-pCot reinforcing 

agents respectively. 

 

Transparency of reinforced nanocomposites films is an indication of the uniformity of 

distribution of the nanoparticulates in the polymer matrix. Figure 50 provides images of the 

hot pressed pure polymer and nanocomposite films with average thickness of 0.25 mm. In 

general, incorporation of the nanoparticulate reinforcing agents reduces the degree of 

transparency. With increasing the CNC-pCot percentage, the films are more translucent 

compared to pure polymer film and the observation of aggregates is increased. UV-Vis analysis 

of these samples, provided in Figure 51 confirms the visual observation. At 400 nm 

wavelength, CNC-pCot reduces the transparency by 6% and 22% relative to the neat LDPE by 
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the addition of 2.5 and 10 wt.% of CNC-pCot, respectively. At 600 nm, the difference is only 

3% and 10% for 2.5 and 10 wt.% CNC-pCot in the matrix, respectively. Independent of the 

transmission wavelength and content, the degree of transparency is 1-2% lower for the CNC 

reinforcing agent as opposed to the NFC, likely due to greater aggregation observed in the 

CNC-composites. 

 

     

Figure 51. Light transmittance of LDPE nanocomposite films with (a) 2.5 wt.% and (b) 10 wt.% 

reinforcing agents. 

 

The thermal stability of nanocomposites is affected by the reinforcing agent and determines 

the temperature range of their processing and applications (Wang, Ding et al. 2007). The 

influence of CNC-pCot addition up to 10 wt.% on thermal stability of LDPE matrix evaluated 

by TGA is reported in Figure 52. Similar thermal behavior observed by incorporating CNC up 

to 15 wt.% with PP through solution casting process (Bahar, Ucar et al. 2012).  In order to 
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compare the effect of reinforcing agent type on thermal behavior of the nanocomposites, Figure 

52 illustrates the thermal behavior of reinforced LDPE nanocomposites using 10 wt.% of both 

nanoparticles types. Table  also reports the onset and degradation temperatures of 

nanocomposites with both nanoparticle types in comparison to the pure polymer. 

  

Table 14. Thermal analysis data of LDPE powder nanocomposite films reinforced with NFC-pCot, 

and CNC-pCot. 

Sample 
200-400 (°C) 400-600 (°C) 

Tonset  (°C)  Td (°C)  Tonset  (°C)  Td (°C) 

LDPE  NA NA 419.8 ± 2.5 464.5 ± 3.9 

LDPE 2.5% NFC-pCot 325.1 ± 6.7 350.1 ± 2.1 460.1 ± 3.9 487.7 ± 0.4 

LDPE 5% NFC-pCot 321.1 ± 2.0 359.8 ± 2.0 478.274 ± 0.8 496 ± 7.8 

LDPE 10% NFC-pCot 326.6 ± 7.3 359.8 ± 9.3 479.4 ± 1.3 500 ± 4.9 

LDPE 2.5% CNC-pCot 303.7 ± 6.8  315 ± 4.9 460.4 ± 3.4 496.2 ± 4.6 

LDPE 5% CNC-pCot 303.3 ± 9.2 313.6 ± 4.9 476.2 ± 5.8 496.5 ± 3.5 

LDPE 10% CNC-pCot 297.2 ± 2.7 317.8 ± 4.4 477.5 ± 3.9 499.2 ± 4.2 

 

 

Similar to the experimental data for NFC-pCot reinforced LDPE, the first weight loss step can 

attributed to the thermal degradation of cellulosic materials in the range of 297-303°C which 

is lower than NFC-pCot nanocomposites due to lower thermal stability of CNC-pCot than 

NFC-pCot (Figure 50,Figure 52) (N. Farahbakhsh 2014). Increasing the reinforcing agent from 

2.5 to 10 wt.% CNC-pCot increased the first weight loss as shown in TGA curves. Ma et al. 

reported the reduction of decomposition temperature from 304 to 294.2 °C with increasing the 

cellulose nanocrystals content from 5 to 25 wt.% due to phase separation (Ma, Zhou et al. 
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2011). Compounding of unmodified and modified CNC from grass fibers up to 10 wt.% also 

reduced thermal stability of  PLA polymer nanocomposite (Pandey, Lee et al. 2010). They also 

observed a reduction of thermal stability and higher weight loss of the PLA nanocomposite 

with increasing the filler content from 5 to 10 wt.% probably due to defects along the 

longitudinal cellulose chains generated during acid treatment of cellulose. Incorporation of 

ramie CNC with PEO polymer has also caused a significant decrease in thermal degradation 

of nanocomposites (Alloin, D'Aprea et al. 2011). The higher weight loss of CNC PEO 

nanocomposites and 25-30°C lower onset temperature is attributed to the presence of sulfate 

ester groups on CNC surface inducing PEO degradation.  

 

     
Figure 52. (left) Thermogravimetric (TG) curves and (rigth) derivative TG showing weight (%/°C) 

over temperature of neat LDPE polymer and with  10 wt.% of CNC-pCot and NFC-pCot. 

 

The onset and max decomposition temperatures of 10 wt.% CNC-pCot reinforced polymer is 

477 and 499 °C respectively which is higher than the pure polymer as shown in the DTG traces 
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of Figure 52. The onset and maximum thermal degradation of the CNC-pCot and NFC-pCot 

nanocomposites are in the same temperature range. Bahar et al. also observed improved 

thermal stability of PP nanocomposite from 453°C for neat polymer to 471 °C with increasing 

CNC content up to 15 wt% (Bahar, Ucar et al. 2012). Slight increase of thermal degradation 

temperature is observed by de Menezes et al. by incorporating LDPE with CNC from ramie 

fibers (de Menezes, Siqueira et al. 2009). Analysis of thermal stability of acrylic copolymer 

reinforced with bacterial cellulose (BC) showed increment of degradation temperature. 

Incorporating 10 wt.% of BC improved the degradation temperature from 380°C to 414°C for 

acrylic copolymer nanocomposite (Trovatti, Oliveira et al. 2010). Improved thermal stability 

of the nanocomposites originates from good dispersion and compatibility of polymer matrix 

and the reinforcing agent due to van der Waals interactions and strong hydrogen bonds between 

BC  and polymer matrix (Trovatti, Oliveira et al. 2010).  

 

Table 15. Thermal characteristics of LDPE-based nanocomposites WITH NFC-pCot AND CNC-

pCot obtained from DSC analysis. 

Sample Tm (°C) ΔHm Xc% Tc (°C) 

LDPE 130.3 ±  0.02 175.9 ± 0.40 61.3 ± 0.02 117.0 ± 0.01 

LDPE 2.5% NFC-pCot 129.7 ± 0.00 174.8 ± 0.26 62.4 ± 0.06 117.5 ± 0.01 

LDPE 5% NFC-pCot 129.8 ± 0.03 180.4 ± 0.23 66.2 ± 0.05 117.5 ± 0.02 

LDPE 10% NFC-pCot 130.1 ± 0.01 179.1 ± 0.04 69.3 ± 0.12 117.0 ± 0.01 

LDPE 2.5% CNC-pCot 129.9 ± 0.01 181.1 ± 0.06  59.3 ± 0.11 117.3 ± 0.02 

LDPE 5% CNC-pCot 129.9 ± 0.02 164.0 ± 0.03  60.1 ± 0.17 117.7 ± 0.08 

LDPE 10% CNC-pCot 129.4 ± 0.01 170.9 ± 0.66 66.1 ± 0.25 117.1 ± 0.01 
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(Tm) melting temperature, (ΔHm) enthalpy of fusion, (Xc%) degree of crystallinity, and (Tc) 

temperature of crystallization. Xc =ΔHm/wΔHm°, where ΔHm° (~287 Jg-1) heat of fusion for 

100% crystalline LDPE and w is the weight fraction of polymeric matrix in the composite. 

 

 

The thermal characteristics of pure polymer and reinforced nanocomposites including melt 

temperature (Tm), enthalpy of fusion (ΔHm), degree of crystallinity (Xc%), and crystallization 

temperature (Tc) are listed in Table . The melting point and crystallization temperature is 

almost constant for all samples. Similar DSC experimental data obtained by Bahar et al. for 

CNC reinforced polypropylene nanocomposites (Bahar, Ucar et al. 2012). In contrast, the 

melting point of hydrophilic polymer such as PEO decreased with incorporation of both CNF 

and CNC up to 10 wt.% due to strong interactions between polymer and the reinforcing agents, 

restriction of polymer chain diffusions and crystal growth (Xu, Liu et al. 2013). 

 

 
Figure 53. DSC thermograms of neat LDPE and with NFC-pCot at reinforcing filler contents of 2.5,5 

and 10 wt.% (a) Heating thermogram of melting endotherm, (b) Cooling thermogram of 

crystallization exotherm. 
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The degree of crystallinity is improved with addition of both nanoparticles compared to pure 

polymer due to nucleating capability of reinforcing agents. Increasing the degree of 

crystallinity of polymer nanocomposite is consistent with literature reports (de Menezes, 

Siqueira et al. 2009; Bahar, Ucar et al. 2012). 

 

Table 16. Mechanical properties of LDPE/ CNC-pCot and LDPE/ NFC-pCot 

Reinforcing 

agent type 

Content 

(wt.%) 

Elastic Modulus 

(MPa) 

Yield Strength at 

Failure (MPa) 

Strain at Failure 

(%) 

 0 1276 ± 29.6 21.7 ± 0.3 7.1 ± 0.0 

CNC 

2.5 1234 ± 42.6 21.0 ± 0.7 6.6 ± 0.4 

5 1424 ± 25.7 20.9 ± 1.2 5.2 ± 0.8 

10 1494 ± 55.3 19.8 ± 0.7 4.3 ± 0.1 

NFC 

  

2.5 2099 ± 101 26.5 ± 0.6 5.9 ± 0.3 

5 2103 ± 178 26.9 ± 1.1 5.7 ± 0.4 

10 2291 ± 46.1 26.2 ± 0.6 4.6 ± 0.2 

 

 

The summary of mechanical properties of cotton nanoparticles reinforced LDPE 

nanocomposite is collected in Table . The results show the influence of nanocomposite nature 

on nonlinear mechanical behavior of nanocomposites. Overall, the NFC/LDPE 

nanocomposites show higher elastic modulus and tensile strength but lower strain at failure 

over the CNC/LDPE films. The elastic modulus of nanocomposite films is improved with 

increasing the reinforcing agent content up to 10 wt.% for both reinforcing agent materials. 

The elastic modulus of CNF/LDPE is about 70% and 53.5% higher than of CNC/LDPE at 2.5 
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and 10 wt.% of reinforcing content respectively. The higher reinforcing ability of NFCs 

compared to CNCs are attributed to higher aspect ratio of NFC and possible entanglement of 

flexible and elongated nanofibrils (Ben Mabrouk, Kaddami et al. 2012). Siqueira et al. reported 

a correlation between the aspect ratio of nanocrystals extracted from Syngonanthusnitens and 

stronger particle-particle interactions. They attributed the higher mechanical properties of 

natural rubber nanocomposites to the stronger inter-nanoparticles interactions of nanocrystals 

compared to other polysaccharide nanocrystals (Siqueira, Abdillahi et al. 2010). 

The experimental data of tensile strength confirms the effect of nanopartilces morphology on 

reinforcing capability of materials and NFC-pCot showed a greater impact to increase the 

stiffness of LDPE nanocomposites.  The addition of CNC-pCot up to 10 wt.% slightly 

decreased the tensile strength of LDPE nanocomposite, in contrast 10 wt.% of  NFC-pCot  

reinforcing agent showed 32% improved strength over the one with CNC-pCot. The higher 

stiffness of NFC nanocomposites is attributed to higher flexibility and longer length (higher 

aspect ratio) of NFC that is capable of bridging a craze at multiple points (Xu, Liu et al. 2013). 

The aspect ratio of cellulose nanoparticles is directly related to the reinforcing capability of 

materials since it determines the percolation threshold value. Compared to NFCs, rod like 

CNCs possess a lower aspect ratio that adversely affects the mechanical properties of the 

nanocomposite. Xu et al. also reported higher reinforcing capability of CNF materials than 

CNC derived from bleached dry lap eucalyptus pulp in PEO due to larger aspect ratio and 

percolation network of NFC (Xu, Liu et al. 2013).  
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Addition of both CNC-pCot and NFC-pCot leads to a decrease in the strain at failure of 

nanocomposite films as expected, Table . In general, reinforcing agents are more rigid than the 

polymer matrix and improve the stiffness and toughness of the polymer composite, but reduce 

the strain at failure of the polymer composite due to fracture at lower strain (de Menezes, 

Siqueira et al. 2009). The strain at failure of the composites is influenced by the reinforcement 

content and dispersion (Petersson and Oksman 2006). The lower strain at failure of 10 wt% 

CNC-pCot compared to NFC-pCot at the same volume fraction could be attributed to 

aggregation of cotton nanocrystals within the LDPE matrix. Aggregated nanopartilces will 

form weak points in the polymer matrix that accentuate the brittleness of nanocompoistes 

(Siqueira, Bras et al. 2009).  Incorporation of sisal nanowhiskers and nanofibrils into PCL 

through a solution casting process also reduced the strain at break for both nanocomposite 

films (Siqueira, Bras et al. 2009). Incorporation of 10 wt% ramie cellulose nanowhiskers also 

reduced the elongation at break 87% compared to pure LDPE polymer (de Menezes, Siqueira 

et al. 2009). However, the elongation at break of LDPE nanocomposite film with 10wt% of 

cotton nanocrystals decreased 35%. Overall LDPE nanocomposites films reinforced with 

cotton nanocrystals showed higher mechanical properties than ramie LDPE nanocomposites. 

This was attributed to higher level of aggregation of ramie nanocrystal than cotton nanocrystals 

as observed in photograph of nanocomposite film (de Menezes, Siqueira et al. 2009).  

In general, the mechanical properties of nanocellulose reinforced composites originates from 

high stiffness of crystalline cellulose, uniform dispersion of the reinforcing agent, high 

concentration of OH groups on the surface of nanocellulose particles and high aspect ratio of 

the nanoparticles (de Menezes, Siqueira et al. 2009; Siqueira, Bras et al. 2009). Moreover, the 
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appropriate processing condition could provide a stiff percolating network of nanoparticles 

within the polymer matrix above the percolation threshold which is responsible for reinforcing 

improvement of nanocomposite films (Samir, Alloin et al. 2005; Siqueira, Bras et al. 2009). 

The formation of percolating network is influenced by uniform dispersion of cellulose 

nanoparticles within the matrix, strong inter-particle interactions of the reinforcing agent and 

the percolation threshold that depends on the aspect ratio of the nanoparticles. Indeed, the 

aspect ratio of cellulose nanoparticles is inversely proportional to the percolation threshold 

(𝜙𝑐=0.7/α). Higher aspect ratio of NFC-pCot than CNC-pCot requires lower reinforcing agent 

content to provide a percolating network.  

The lower toughness and strength of CNC-pCot nanocomposites compared to NFC-pCot 

LDPE composite films could be attributed to the nature of nanoparticles. Previous studies show 

that the reinforcing capability of nanocellulose particles depends on the strong filler-filler 

interactions in contrast to typical composites (Samir, Alloin et al. 2005). Indeed high 

mechanical performance of cellulose nanocomposites were obtained with stronger filler-filler 

interactions than matrix-filler interactions. Several studies on modification of cellulose 

nanocrystals showed improved dispersion of reinforcing agent and reduced mechanical 

properties of nanocomposites due to restriction of interparticles interactions which is necessary 

for the formation of percolating network within the polymer matrix. NFC-pCot possesses an 

entangled and flexible network of nanofibrils that promotes the inter-particles interactions. 

Moreover, the higher aspect ratio of NFC-pCot than CNC-pCot promotes the possibility of 

inter-particle interactions and establishment of a stiff percolating network through hydrogen 

bonds above the percolation threshold. For CNC-pCot and NFC-pCot with aspect ratio of 25.5 
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and ~200, respectively, the percolation threshold is 2.7 and 0.35 vol% respectively. Higher 

elastic modulus of NFC-pCot nanocomposite could be attributed to possible formation of stiff 

percolating network of nanofibrils within the matrix. The elastic modulus of LDPE 

nanocompoiste reinforced with CNC-pCot and NFC-pCot is 17% and 80% larger than pure 

LDPE. Similar improvement is observed by incorporating ramie cellulose nanowhiskers with 

LDPE through melt extrusion system (de Menezes, Siqueira et al. 2009).  
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Figure 54. SEM images of the fracture surfaces of (a) pure LDPE and nanocomposite films of LDPE 

with  (b) 2.5% , (c) 5%,  and (d) 10 wt.% of CNC-pCot  after tensile testing respectively. 

 

The difference between the reinforcing capabilities of two cotton nanoparticles is confirmed 

by the tensile strength of LDPE nanocomposite. Upon loading of LDPE with CNC-pCot, the 

strength decreases whereas NFC-pCot improves the stiffness of nanocomposite film. The 

entangled network of NFC-pCot could stop the cracks and transfer the stress from matrix to 

the reinforcing agent. Xu et al. observed similar improvement in the tensile strength of NFC 

reinforced PEO composite (Xu, Liu et al. 2013). The level of dispersion of nanoparticles also 

affects the strength of composite films. Aggregated nanoparticles act as stress concentrated 

zones and weak points in the polymer matrix. A visual inspection of LDPE nanocomposites 

with both reinforcing agents shows higher dispersion level of NFC-pCot and less aggregation 

within the matrix than the CNC-pCot (Figure 50).  
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SEM images of tensile samples including pure LDPE and LDPE nanocomposite films with 

CNC-pCot are represented in Figure 54. Figure 54a shows the plastic deformation of LDPE at 

the fracture point after tensile testing in agreement with its ductile fracture.   CNC-pCot 

reinforced LDPE nanocomposites at the fracture point shows increased aggregated particles 

and large microvoids from 0 to 10 wt.% CNC-pCot. The microflaws in the nanocomposite 

structure at the tensile fracture surfaces could be attributed to poor dispersion and lack of 

interfacial interactions between the reinforcing agent and LDPE polymer matrix (Siqueira, 

Bras et al. 2009).  

 

   
 

   

Figure 55. SEM images of the fracture surfaces of (a,d) pure LDPE and nanocomposite films of 

LDPE with  (b,e) 10 wt.% NFC-pCot , (c,f) 10 wt.% of CNC-pCot under liquid nitrogen respectively. 
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SEM images of pure LDPE and LDPE reinforced with 10 wt.% NFC-pCot and 10 wt.% CNC-

pCot at higher magnification at a fracture surface under liquid nitrogen are shown in Figure 

55. Figure 55a represents the signs of brittle fracture at the surface of LDPE polymer which 

contrasts with plastic deformation of LDPE in Figure 54a at the fracture surface after tensile 

testing at ambient conditions. Both cellulose nanoparticles reinforced LDPE composites show 

an extensive network of fibrils at the fracture point, Figure 55b and 56c.  NFC-pCot reinforced 

nanocomposite sample shows a network of highly entangled nanofibrils with high aspect ratio 

and long length which provides a stiff network that could undergo higher tensile loading 

compared to CNC-pCot nanocomposites.  It is very interesting to note that the CNC-pCot 

nanocomposites show a very different structure of the CNC in Figure 55f relative to in Figure 

47c, indicating a complicated agglomeration process of the CNC either during freeze drying 

or during melt processing within the LDPE matrix. The effect of freeze drying process on 

morphology of CNC-pCot was evaluated by SEM. Figure 56 shows aggregated CNC-pCot in 

size of microns after freeze drying similar to ones observed in CNC-pCot LDPE 

nanocomposite films.   

Theoretical modelling helps to understand the mechanical results and evaluate the actual 

potential of the reinforcements (Petersson and Oksman 2006). Modeling of the mechanical 

behavior of CNC-pCot was performed using the theoretical model of Ouali and Halpin-Kardos 

(Halpin and Kardos 1972; Ouali, Cavaille et al. 1991). Modeling of NFC-pCot LDPE 

nanocomposite behavior is not calculated due to a less defined morphology of NFC-pCot 

(length unknown) compared to CNC-pCot. The Ouali model is based on the percolation 

approach and Ouali et al. extended the classical phenomenological series-parallel model of 
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Takayanagi (Takayanagi, Minami et al. 1964; Ouali, Cavaille et al. 1991). In their model a 

series part including the matrix and non-percolating phase is in parallel with a percolating 

network.   

The elastic modulus of the nanocomposite 𝐸𝑐  can be calculated by: 

𝐸𝑐 =
(1−2𝛹+𝛹𝑣𝑅)𝐸𝑠𝐸𝑅+(1−𝑣𝑅)𝛹𝐸𝑅

2

((1−𝑣𝑅)𝐸𝑅+(𝑣𝑅− 𝛹)𝐸𝑠
       

Where 𝐸𝑆 and 𝐸𝑅 are the modulus of polymer (soft phase) and reinforcing agent (rigid phase) 

respectively. 𝑣𝑅 is the volume fraction of the reinforcing agent and  𝛹 the volume fraction of 

the percolating fraction of the rigid phase and is obtained from: 

         𝛹 = 0                                                 𝑣𝑅 ≤ 𝑣𝑅𝑐 
 

       𝛹 = 𝑣𝑅 (
𝑣𝑅−𝑣𝑅𝑐 

1−𝑣𝑅𝑐  
)

𝑏

                    𝑣𝑅 > 𝑣𝑅𝑐 
 

Where b is the critical percolation exponent equal to 0.4 for a three- dimensional network and 

𝑣𝑅𝑐 
 is the percolation threshold obtained from: 

𝑣𝑅𝑐  =0.7 (𝐿 𝑑⁄ )⁄  

Where L and d are the length and diameter of the cellulose nanoparticles respectively. 

Formation of percolating network of nanoparticles is influenced by the morphology and 

dimensions of the nanoparticles, the interaction between polymer matrix and the reinforcing 

agent, morphology of the polymer matrix and the compounding process (Dufresne 2006). The 

higher aspect ratio of nanoparticles improves the stiffness of formed network of nanoparticles 

and reduces the critical percolation threshold (Bras, Viet et al. 2011).  
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The elastic modulus of CNC reported in literature varies between 105-167.5 GPa depending 

on the type of cellulose sources and the measurement method (Sturcova, Davies et al. 2005). 

Toshiro et al. studied three dimensional elastic constants of cellulose I crystals and calculated 

the Young’s modulus of cotton crystals along the chain axis. The Young’s modulus is reported 

as 167.5 GPa and is affected by intramolecular hydrogen groups (Tashiro and Kobayashi 

1991). The elastic modulus of cellulose nanowhiskers from cotton (in the form of Wattman 

filter) has been reported to be 105 GPa using Raman spectroscopy (Rusli and Eichhorn 2008). 

In this study a value of 105 GPa was used for theoretical modeling, when using LDPE density 

of 0.955 gcm-3 and CNC  density of 1.59 gcm-3. For CNC-pCot with aspect ratio of 25.5, the 

percolation threshold is 2.7. 

Halpin-Kardos model is normally used to predict the modulus of aligned and short fiber 

composites (Halpin and Kardos 1972). The models assumed that fibers are dispersed uniformly 

in the matrix and there is no interaction between the fibers.  

𝐸 =  𝐸𝑚(1 + 𝜙𝜂𝜉) (1 − 𝜙𝜂)⁄  

𝜂 =  (𝐸𝑓/𝐸𝑚 − 1 )/(𝐸𝑓/𝐸𝑚 + 𝜉) 

Where 𝐸, 𝐸𝑓 , 𝐸𝑚 are the elasic moduli of the composite, polymer matrix and reinforcing agent 

respectively. 𝜉 is the shape factor and calculated using the following equation: 

𝜉 =  2(𝐿 𝑑⁄ ) 

𝜙 is the fiber volume fraction of reinforcing agent and obtained: 

𝜙 =  (𝑤𝑓/𝜌𝑓)/(𝑤𝑓/𝜌𝑓) + (1 − 𝑤𝑓)/𝜌𝑚) 
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Figure 57 compares the theoretical model results with the experimental data of elastic moduli 

of the CNC-pCot nanocomposites. The Halpin-Kardos model does not agree with the 

experimental elastic moduli of CNC-pCot nanocomposites regardless of reinforcing agent 

content. This may be due to the fact that the CNC reinforcement has strong interactions and 

are not aligned (Figure 55), assumptions in the Halpin-Kardos model.   

 

Figure 56. SEM images of the freeze dried CNC-pCot. 

 

The Ouali model gives a close estimation of the observed elastic modulus of reinforced LDPE 

nanocomposite with reasonable accuracy for the 2.5 and 5 wt% (1.4 and 2.3 vol%) of CNC-

pCot content. Above the percolation threshold, which is estimated to be around 2.7%, the 

predicted modulus was much larger than the experimental data. This discrepancy may be 

attributed to the aggregation of CNC-pCot either during freeze drying or during the melt 

extrusion process, which in reality decreases the L to d ratio (Petersson and Oksman 2006). 

The mechanical properties of the nanocomposite could be increased with a better dispersion of 
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the CNC and more alignment of cellulose nanocrystals within the polymer matrix (Petersson 

and Oksman 2006). The deviation might also arise if the CNC are broken during the melt 

extrusion process affecting the L to d ratio. Previous studies showed the effect of melt extrusion 

on dimension of cellulose nanocrystals. Alloin et al. investigated the effect of extrusion on 

degradation and fiber size reduction of cellulosic filler with aspect ratio of 24 in cellulose 

nanowhiskers (CNW)/ poly (oxyethylene) nanocomposites and found out that the extrusion 

process largely reduced the length of CNW from 200 to 122 nm and CNW presented a 

monodisperse length distribution after melt extrusion (Alloin, D'Aprea et al. 2011). Further 

research is required to determine whether the lower elastic modulus is due to aggregation, 

breakage or both (Xu, Liu et al. 2013). 

 

 
 

Figure 57. Elastic modulus as a function of CNC-pCot content: experimental data versus theoretical 

predictions using Ouali and Halpin-Kardos models. 
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5.5 CONCLUSION 

The effect of individualizing nanofibers from waste cotton T-shirts through mechanical and 

chemical treatment on morphological and physical and thermal behavior of cellulose 

nanoparticles and LDPE nanocomposite films was investigated. The results of XRD and TGA 

analysis showed higher crystallinity and thermal stability of CNC from waste cotton T-shirts 

over the ones from other cellulose sources. Cotton nanocrystal Cotton nanocrystals showed 

lower thermal stability compared to nanofibrillated cotton due to presence of sulphate groups 

on the surface of cellulose nanocrystals after acid treatment process. Similar bahavior obtained 

from TGA of LDPE nanocomposites reinforced with NFC-pCot and CNC-pCot respectively 

and NFC-pCot nanocomposites showed higher thermal stability. Incorporation of cotton 

nanoparticles reduced transparency of nanocomposite films compared to neat LDPE polymer 

film. Higher tensile testing and elastic modulus of nanofibrillated cotton nanocomposite films 

compared to cotton nanocrystals could be attributed to high aspect ratio and more uniform 

distribution of NFC-pCot in the polymer matrix.  
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6.1 ABSTRACT 

Mechanically treated nanofibrillated cotton from waste cotton T-shirts (NFC-pCot) were 

surface modified in low and high concentration of 3-chloro-2-

hydroxypropyltrimethylammonium chloride (chlorohydrin). The effect of chemical treatment 

on morphology and thermal stability of the treated samples were tested. Nanofibrillated cotton 

(NFC-pCot) showed lower decomposition temperature after surface modification compared to 

untreated sample. The SEM images of NFC-pCot showed grafted particles on the surface on 

nanofibrils. For improving the compatibility of LDPE with nanofibrillated cotton, two methods 

of chemical modification of NFC-pCot and using a compatiblizer during melt extrusion were 

accomplished. Addition of surfactant improved the distribution of the reinforcing agent 

resulting to higher transparency of the reinforced nanocomposite films. Nanocomposite films 

in presence of compatiblizer showed 63% and 22% improvement in elastic modulus and tensile 

strength respectively. 

mailto:jsjur@ncsu.edu
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6.2 INTRODUCTION 

Cellulose, a natural polymer with an annual production over 7.5×1010 tons, is considered as 

the most abundant and renewable polymer with unique properties for the design of novel 

biomaterials 1. Mechanical performance of nanocellulose reinforced composites is influenced 

by critical factors of nanocellulose dispersion and interfacial interactions between polymer 

matrix and the reinforcing agent 2. The high tendency of cellulose nanomaterials to aggregation 

due to large number of hydroxyl groups on the surface restricts their application. The high 

affinity of nanosized and hydrophilic cellulose particles to self-aggregation in non-water 

dispersible polymer matrix such as polyethylene makes it difficult to achieve a uniform 

dispersion of reinforcing agent in the polymer 1. Nanocellulose materials offer a large number 

of highly reactive hydroxyl groups on the surface ready to be functionalized 1. Surface 

modification of nanocellulose using hydrophobic compounds could reduce their surface energy 

and impact the dispersion and compatibility of nanocellulose particles with a polymer matrix2.  

It causes improving the stress transfer from the matrix to the reinforcing agent and 

enhancement of load bearing capability of the nanocomposite 3. 

Surface chemical grafting or coating the surface of cellulose with a surfactant could have a 

dual effect on mechanical properties of polymer nanocomposites. On the one hand it can 

improve the nanoparticle dispersion in the polymer matrix to obtain higher mechanical 

performance compared to aggregated state. Studies showed improved dispersion of cellulose 

nanocrystals in an aploar polymer of LDPE using surface modification of cellulose nano 

materials 4. On the other hand, grafting or coating the hydroxyl groups on the surface of 
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cellulose restricts the inter-particle interactions and possibility of percolating network 

formation to obtain the outstanding mechanical performance of the polymer nanocomposite. 

Grunert et al reported lower mechanical properties of cellulose nanocrystal reinforced cellulose 

acetate butyrate after silynation of cellulose nanocrystals due to restricted interparticle 

interactions 5. 

Melt extrusion of cellulose nanoparticles in thermoplastic polymers is not studies very 

extensively due to difficulties in the process such as thermal degradation of cellulosic materials 

at elevated temperature 2, 6. Studies showed a negative effect of surface modification of 

nanocellulose particles on thermal stability of the materials which hinders its use for melt 

extrusion process 7. 

In this study we investigated the effect of adding surfactant and chemical modification of 

nanofibrillated cotton on reinforcing capability of these materials in the polymer matrix 

obtained through melt extrusion process.  

Materials 

The LDPE was acquired from Dow Chemical Company (PN: ASPUN™ 6850A) with density 

of 0.955 g/cm3 and MFI of 30 g/10 min. Pulverized cotton (pCot) derived from recovered waste 

t-shirt material with an average fiber length of 350µm was acquired from International Fiber 

Corporation. 3-chloro-2-hydroxypropyltrimethylammonium chloride with the trade name of 

Quab188 and 3-chloro-2-hydroxypropyl-alkyl-dimethylammonium chloride with the trade 

name of Quab 426 were purchased from Quab Chemicals. A compatiblizer of poly (ethylene-

graft-maleic anhydride) was purchased from Sigma Aldrich. 
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6.3 EXPERIMETAL 

In order to obtain a polymer powder, LDPE pellets were ground using SPEX® 

CertiPrep Freezer Mill. Detailed information of the experiment is explained in our previous 

work. Microfibrillated cotton or nanofibrillated cotton (NFC-pCot) obtained through 

micogrinding of pulverized cotton (pCot) was modified using hydrophobic material. 

Experimental detail of NFC-pCot fabrication is explained elsewhere8. For surface modification 

of nanofibrillated cotton 5wt% of 3-chloro-2-hydroxypropyltrimethylammonium chloride and 

5wt% of 3-chloro-2-hydroxypropyl-alkyl-dimethylammonium chloride for low modification 

and 20wt% for high modification was added to 300 ml aqueous suspension of NFC-pCot in 

presence of 50% NaOH. Materials were heated to 70 °C for an hour and cooled and neutralized. 

Slurry of chemical treated NFC-pCot in a stainless steel container was put into liquid nitrogen 

and then subjected to regular freeze drying using a Labconco freeze dryer at -50ºC.  

Nanocomposite materials were prepared by melt extrusion using a twin screw extruder (DSM, 

Xplore, Micro 15cc Twin Screw Compounder) with constant recirculation at 170°C, 10 min 

and 50 rpm.  LDPE nanocomposite were fabricated by compounding of  low density 

polyethylene (LDPE) with modified NFC-pCot or direct compounding of LDPE, untreated 

NFC-pCot ranging from 2.5 to 10 wt.% with poly(ethylene-graft-maleic anhydride) 

compatiblizer. LDPE composite films were fabricated into a dog bone shape samples from the 

extruded material using a hot press at 170°C under a force of 3500 psi for tensile testing. 
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Characterization 

Morphology of NFC-pCot before and after chemical modification was investigated using a 

Phenom, G2 Pro scanning electron microscope (SEM). The thermal degradation of the 

modified reinforcing agent was carried out using a Perkin-Elmer differential thermo 

gravimetric analyzer (TGA) at a heating rate of 10 °C/min from 25 to 600 °C in a nitrogen 

controlled atmosphere. Fourier transform infrared (FTIR) spectroscopy was used to 

characterize the functional group composition of the NFC-pCot before and after modification. 

Tensile tests were performed using Q-test tensile tester at 250 lb. load cell following ASTM D 

882. Experiments were performed at room temperature on dog bone shape samples with 

dimension of 60×6×0.24 mm3, a 60 mm gage length and crosshead speed of 10 mm/min. The 

reported values for each sample were obtained from the average of at least five measurements.  

The microstructure of the LDPE with and without the pCot and MFC-pCot was examined at 

the fracture point of tensile dog-bone samples using SEM. The thermal characterization of the 

LDPE nanocomposites was analyzed using Perkin-Elmer differential scanning calorimeter 

(DSC). The samples were heated from 25 to 160°C and allowed to stand for 5 minute at 160°C 

and then cooled from 160 to 25°C under nitrogen atmosphere with the heating/cooling rate at 

10°Cmin-1. The melting and the crystallization temperatures were obtained using heating and 

cooling cycles respectively. The degree of crystallinity of the nanocomposites (Xc) was 

calculated using the following equation: 

𝑋𝑐% = (
∆𝐻𝑚

𝑤. ∆𝐻𝑚
°⁄ )100                        (3)           
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where ∆𝐻𝑚 is the enthalpy of fusion/crystallization (Jg-1), w the weight fraction of LDPE 

matrix in the nanocomposites and ∆𝐻𝑚
°  is the heat of fusion of completely crystalline LDPE 

polymer (~ 287 Jg-1)4, 9. Thermal behavior of the LDPE composite was carried out using a 

Perkin-Elmer thermo gravimetric analyzer (TGA) at a heating rate of 10 °C/min from 25 to 

600 °C in a nitrogen controlled atmosphere.  

6.4 RESULTS AND DISCUSSION  

The SEM images of modified NFC-pCot using a mild and high concentration of chemical 

modification have been shown in Figure1. Fig 1a and 1c show chemically treated NFC-pCot 

at low concentration with no grafted particles on the surface. However with increasing the 

concentration of chemical treatment, grafted materials could be observed on the surface of the 

nanofibrils (Fig 1b, d). Compared to SEM image of untreated nanofibrialted cotton in our 

previous study, chemical treatment had no specific effect on morphology of samples after 

freeze drying8b. In fact, modification of the reinforcing agent did not prevent the aggregation 

of cotton nanofibrils after freeze drying process. Habibi et al. also didn’t observe any changes 

in morphology of grafted cellulsoe nanocrystals after graft modification10.  

Surface modification of cellulose nanoparticles influences the thermal behavior of the 

materials and needs to be investigated. Thermal behavior of the reinforcing agent before and 

after surface treatment has been investigated and the results are shown in Figure 2. Cellulose 

is converted to volatiles, tars and charcoals during thermal analysis 11.The first weight loss less 

than 100°C is observed for all specimens due to water content of cellulosic materials. 
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Figure 58. SEM images of (a,c) NFC-pCot A and (b,d) NFC-pCot C. 

 

A slight increasing of  the onset temperature for modified samples is probably attributed to 

lower accessibility to OH groups on the surface of cellulose 4.  The onset temperature of 

modified samples decreased from 336.2°C for untreated NFC-pCot to 262.8°C and 202.1°C 

for NFC-pCot A and NC-pCot C respectively. The untreated NFC-pCot shows a sharp 

degradation peak at 374.1°C as the DTG curves show in fig 4 right. However, degradation 

behavior of modified NFC-pCot samples is totally different and the degradation peak is 
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lowered to 335.6°C and 327.3°C for NFC-pCot A and NFC-pCot C respectively. The finding 

is in agreement with the reported data for modified NFCs using TEMPO oxidation or 

carboxymethylation treatment7. Carboxymethylation of nanofibrillated cellulose from 

bleached beech pulp caused similar reduced thermal stability of the samples 7. The thermal 

degradation of ramie cellulose nanocrystals have been reported to reduce from 368°C to 305°C 

with increasing the grafted chain length 4. Thermal degradation of the modified NFC-pCot 

during melt extrusion and compounding with polymer reduces the reinforcing capability of the 

materials7.  

 

 

Figure 59. (left) TGA curves and (right) corresponding derivative TG of NFC-pCot, NFC-pCot A 

and NFC-pCot C. 

 

For fabrication of LDPE nanocomposite films in presence of surfactant, we first investigated 

the effect of surfactant content from zero to 20wt% on mechanical performance of LDPE 
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powder NFC-pCot nanocomposite as plotted in Figure 3. Increasing the amount of surfactant 

from 5 to 20 wt. % showed slight reduction in the elastic modulus of LDPE reinforced with 10 

wt% of NFC-pCot. The tensile strength of the nanocomposite films remained almost constant 

with increasing the gMA surfactant up to 20 wt%. The elongation at break improved with 

increasing the surfactant content to 10 wt. % and remained constant at 20wt% of gMA. Based 

on the experimental data, we decided to continue the fabrication of nanocomposite film with 

different reinforcing agent using 5 wt% of gMA  as a compatiblizer. The effect of addition of 

poly (ethylene-graft-maleic anhydride) surfactant (gMA) on mechanical properties of LDPE 

nanocomposites in form of polymer powder and polymer pellets are both investigated. 
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Figure 60. (a) Elastic modulus, (b) tensile strength, and (c) elongation at break of  10 wt% NFC-

pCot/ LDPE powder at surfactant contents of 0, 5%, 10% and 20 wt% . 

 

Figure 4 shows improving of the elastic modulus and strength after addition of 5wt% gMA to 

NFC-pCot /LDPE pellets compound. Addition of NFC-pCot improved the elastic modulus and 

tensile strength of the composite films. Similar improvement was observed by Oksman in 

fabrication of PLA nanocomposite reinforced with cellulose nanowhiskers4. Compared to the 

samples without the surfactant, the elastic modulus of the 10 wt% NFC-pCot/LDPE pellets 

nanocomposite using 5wt% of the surfactant showed higher improvement which was 63% 

higher than the base polymer. The tensile strength of the nanocomposite was also higher in 

presence of the 5 wt% gMA regardless of reinforcing agent content. The mechanical properties 

of the melt extruded PLA reinforced with 5wt% of cellulose nanowhiskers also improved in 

presence of 10 wt% of maleated PLA6. The elongation at break of films in the presence of the 
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gMA surfactant shows slight improvement with 2.5 and 5 wt.% of NFC-pCot and reaches to 

equal value without the surfactant by increasing the reinforcing agent up to 10 wt.%. 

 

 

Figure 61. (a) Elastic modulus, (b) tensile strength, and (c) elongation at break of composited 

fabricated from NFC-pCot/ LDPE in the form of pellets and powder at reinforcing agent contents of 

2.5%, 5%, and 10 wt% with and without the surfactant. 
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Overall presence of surfactant was more effective in improving the mechanical properties 

when LDPE pellets were used. The strength and stiffness of NFC-pCot LDPE powder 

nanocompsoites were both lower in presence of a compatiblizer. The mechanical investigation 

of samples showed the use of polymer powder was more effective in reinforcement of the 

LDPE polymer matrix than use of the surfactant. 

Transparency of composites shows degree of uniform dispersion of reinforcing agent within 

the matrix. Figure 5 compares light transmittance of NFC-pCot LDPE nanocompsoites with 

and without a surfactant. Addition of 5wt% surfactant improved the light transmittance and it 

is more pronounced with increasing the reinforcing agent up to 10 wt%. 

 

 

Figure 62. Light transmittance of LDPE nanocomposite films with (a) 2.5 wt. % and (b) 10 wt. % 

reinforcing agents with and without the surfactant. 
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Figure 63. (a) Elastic modulus, (b) tensile strength, and (c) elongation at break of  low and high 

chemically treted NFC-pCot/ LDPE powder at reinforcing agent contents of 0, 5%, 10% and 20 wt% . 

 

Chemical modification of DLEP/ NFC-pCot showed gradual reduction of elastic modulus and 

tensile strength with increasing the content of reinforcing agent up to 10wt%. Chemical 

modification of ramie cellulose nanowhiskers (CNW) also reduced the elastic modulus of melt 
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extruded LDPE reinforced with CNW up to 15 wt.%4. The only improvement observed was 

increasing the elastic modulus of LDPE nanocompsite using 20wt% NFC-pCot that drastically 

reduced before surface medication of the reinforcing agent. The elongation at break for higher 

content of surface modification slightly improved for 5 and 20 wt. % of NFC-pCot samples. 

The lower mechanical performance of modified NFC-pCot could be attributed to the possible 

hydrolysis reaction during chemical modification in water. Samir et al. also observed lower 

performance of hydrolyzed NFC in poly(S-co-BuA) matrix compared to untreated NFC due to 

increasing the hydrolysis reaction12. 

 

Table 17. Degradation data of LDPE powder with NFC-pCot with and without 

the compatiblizer 

Sample Tonset  Td (°C) 

LDPE  NA 482.5 ± 3.9 

LDPE 2.5% NFC-pCot 325.1 ± 6.7 487.7 ± 0.4 

LDPE 10% NFC-pCot 326.6 ± 7.3  500.0 ± 4.9 

LDPE 5% gMA 2.5% NFC-pCot NA 441.0 ± 1.2 

LDPE  5% gMA 10% NFC-pCot 328.5 ± 2.9 468.6 ± 2.2 

 

The effect of adding compatiblizer on thermal behavior of NFC-pCot reinforced LDPE 

nanocomposite has been investigated and summarized in Table 17. The 2.5% NFC-pCot LDPE 

showed no weight loss in presence of 5% gMA that occurred for the nanocomposite with no 

compatiblizer. Adding gMA also improved thermal stability of 10 wt. % NFC-pCot LDPE and 

slightly increased the onset temperature form 326.6°C to 328.5°C. However, it had an adverse 
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effect on thermal decomposition of the LDPE and reduced the max thermal decomposition 

temperature for both nanocomposites. 

 

 

Figure 64. TGA curves of 2.5 and 10 wt% of NFC-pCot LDPE nanocomposites with and without the 

surfactant. 

 

Table 18. Thermal characteristics of LDPE-based nanocomposites obtained from DSC Analysis.  

Sample Tm (°C) ΔHm(Jg-1) Xc (%)  Tc (°C) 

LDPE 130.3 ±  0.02 175.9 ± 0.40 61.3 ± 0.02 117.0 ± 0.01 

LDPE 2.5% NFC-pCot 129.7 ± 0 174.8 ± 0.26 62.4 ± 0.06 117.5 ± 0.01 

LDPE 10% NFC-pCot 130.1 ± 0.01 179.1 ± 0.04 69.3 ± 0.12 117.0 ± 0.01 

LDPE 2.5% NFC-pCot 5% gMA 129.2 ± 0.03 152.7 ± 0.2  54.5 ± 0.06 118.2 ± 0.02 

LDPE 10% NFC-pCot 5% gMA 130.0 ± 0.03 147.7 ± 0.2 57.2 ± 0.10 119.7 ± 0.02 

(Tm) melting temperature, (ΔHm) enthalpy of fusion, (Xc %) degree of crystallinity, and (Tc) 

temperature of crystallization. Xc = (ΔHm/wΔHm°) 100, where ΔHm° (~287 Jg-1) heat of fusion for 

100% crystalline LDPE and w is the weight fraction of polymeric matrix in the composite. 
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The DSC results of LDPE nanocomposites reinforced with 2.5 and 10 wt% of untreated and 

treated NFC-pCot is summerized in Table 18. The melting temperature remained constant with 

increasing the content of untreated and chemically treated of NFC-pCot up to 10 wt.%.  

Menezes et al. obsereved similar behavior and increasing the grafted chains on ramie cellulose 

nanocrystals had no effect on melting temperature of the LDPE nanoccoposites4. The 

crystalline temperature of LDPE nanocomposite showed no sigificant change with adding the 

NFC-pCot from 2.5 to 10 wt%, regardless their modification state.Compared to untreated 

NFC-pCot, modifed ones reduced the degre of crystallinity of LDPE nanocomposites from 

62.4 to 54.5 for 2.5% of the reinforcing agent. The lower stiffness of nanocomposite in 

presence of compatiblizer could be partially due to lower degree of crystallinity13. 

 

Figure 65. DSC thermograms of neat LDPE and with untreated and treated NFC-pCot at reinforcing 

agent contents of 2.5 and 10 wt.% (a) Heating thermogram of melting endotherm, (b) Cooling 

thermogram of crystallization exotherm. 
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6.5 CONCLUSION 

Surface modification of nanofibrillated cotton using chemical modification and a 

compatiblizer has been performed to improve dispersability and extrusion processing of the 

materials. Thermal stability of the chemically treated reinforcing agents reduced compared to 

untreated NFC-pCot. Mechanical properties of chemically treated polymer nanocomposites 

showed no significant improvement. The elongation at break showed slight improvement using 

a compatiblizer. Addition of surfactant restricted thermal degradation of the cellulose and 

increased the onset temperature however reduced thermal decomposition of the polymer. 

Chemically treated NFC-pCot showed slight increasing of the crystalline temperature of LDPE 

nanocomposite while the degree of crystallinity reduced.  
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7.1 ABSTRACT 

Cellulosic are renewable materials with hierarchical structure suitable for a wide range of novel 

applications, including electronic devices. In this work we present a description of the 

fabrication of cotton nanocrystal (CNC) thin films with smooth surfaces and excellent 

transparency for electronic applications.   The CNC films were manufactured from waste 

cotton T-shirt derived fibers using sulphuric acid at optimum reaction temperature and acid 

concentration.  The derivation of nanocellulose from cotton fibers is beneficial due to a high 

cellulose content (~95%) and high crystalline structure which results in high yield without the 

need for intense purification processes compared to lignin-containing sources of cellulose.  The 

resultant CNC, with an average diameter of 5.9 nm and average length of 150.5 nm, produce 

transparent free-standing films with transparency of more than 80% in the visible spectrum 

and surface roughness of 5.3 nm. The films had low thermal expansion coefficient.  Atomic 

layer deposition (ALD) coating of the CNC substrate decreased the wettability and the 
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resistance of the cotton nanocrystal surface. Opportunities for these materials related to 

electronic devices are presented.     

7.2 INTRODUCTION 

The new industrial world is looking for bioresources to substitute highly cost petroleum-based 

polymers for fabrication of sustainable and ecofriendly materials for our daily life1. Natural-

based materials have been studied for a variety of applications from a reinforcing agent in 

polymer composite, medical, to a biodegradable substrate in electronics2. The inherent 

flexibility and optical qualities of plastic substrates made them a promising material to be 

utilized in optoelectronic applications. However they are expensive and less environmentally 

attractive than easily recyclable substrates 3. Petroleum-based substrates have shown limited 

performance because of the large thermal expansion of plastic substrates which causes cracks 

during product fabrications4.  

Paper is an environmentally friendly substrate and could be considered as prospective materials 

due to low cost, light weight and high flexibility 5. Several studies focused on using paper as a 

substrate for applications such as solar cells6. The major drawback of paper substrates is 

extremely high surface roughness with values of up to hundreds of micrometers caused low 

performance of fabricated conductive products 5. Fabrication of electronics with layered 

structure such as transistor on regular paper is challenging due to leakage problem on the 

surface  with micrometer surface roughness7. The new organic and nano-scaled substrate 

originated from various cellulose sources can be substituted with highly expensive and non-

recyclable petroleum-based solar cells made of polyethylene terephthalate (PET), polyethylene 
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naphthalate (PEN), or polyethersulfone (PES). Cellulose nanomaterials also shows superior 

light transmission compared to paper including fibers with diameters of tens of micrometers8. 

Nanopaper thin films are considered as an ideal choice for electronic applications due to high 

potential to be engineered for a variety of applications (surfaces that can be readily chemically 

functionalized), light weight with high surface area, good mechanical flexibility, high 

mechanical strength (Young modulus 138 GPa, tensile strength 2 GPa) that is about five times 

greater than engineered plastics, high transparency (70-80%), and low coefficient thermal 

expansion9. Cellulose nanopaper thin films are fabricated through a cost-effective and 

environmentally friendly technology. Cellulose nanocrystal thin films are also biodegradable 

and could be redispersed at room temperature in water.  

Cellulose is the most abundant natural polymer and an obvious candidate to fabricate high 

performance materials due to its hierarchical structure and mechanically strong nanosized 

fibers. Mechanically strong cellulose nano-scaled particles with high aspect ratio, low density, 

low thermal expansion, and the very high reactivity of their surface free hydroxyl units could 

be an aspirtation of novel industrial materials. The recent studies successfully fabricated 

recyclable solar cells, electronic displays (wearable displays), profited circuit boards, thin film 

transistors and supercapacitors using transparent nanocellulose substrate due to its light weight 

and mechanical flexibility.  

Atomic layer deposition is a simple method for formation of hybrid modified layer on polymer 

substrates10. The large number of oxides and nitrides utilized in ALD system makes it 

applicable for development of various novel products. Recently ALD system has been 

extensively used on nanocellulose substrate in form of thin films or aerogels for different 
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applications such as resistive humidity sensor or photoanodes in solar cells11. ALD coating of 

cellulose nanocrystals have been accomplished to improve thermal and oxidation resistance of 

nanocellulosic materials 12. In this system, vapor precursors and a reactant are sequentially 

exposed to a substrate surface resulting in a formation of  self-limiting reactions and a vapor 

phase thin film growth 13. Conductive coating of cotton fibers has previously been 

accomplished due to presence of hydroxyl groups on the fiber surface which can simplify 

nucleation of water-based ALD processes 13. Operation of ALD system at temperatures (less 

than 150C) lower than the thermal degradation of cellulosic fibers makes it an ideal system for 

fabrication of hybrid organic−inorganic materials 13.  

In this research, we fabricated transparent conductive cotton-based cellulose nanocrystal thin 

films using a facile ALD system. Transparency and conductivity of nanocellulose thin film 

was measured before and after ALD. ALD is a promising method to change the wettability of 

the cotton nanocrystal thin film for electronic applications. 

7.3 EXPERIMENTAL 

Cotton nanocrystals (CNC-pCot) obtained through acid treatment of pulverized cotton (pCot) 

using sulphuric acid at 45°C with acid concentration of 50% after 45min. The suspension was 

washed, filtered (paper filter type) to remove the acid. The materials were then diluted with 

deionized water and centrifuged three times to separate the nanosized materials. For fabrication 

of CNC-pCot thin films on silicon wafers, silicon wafers were dipped in PEI 

(Polyethylenimine) solution (0.5 g/l) for 30 min first, then washed with D.I water and dried 

with N2 gas. Spin casting of 0.1 wt% CNC-pCot suspension on dried silicon wafers was 
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accomplished at 300 rpm for a min. The coated silicon wafers with a thin layer of CNC-pCot 

were oven dried for an hour at temperature of 40°C.  

After acid treatment process, the morphology of CNC-pCot suspension was evaluated by 

transmission electron microscopy (TEM) JEM-2000FX. TEM samples prepared by placing a 

single droplet of diluted cotton nanoparticle suspension onto a copper grid covered with a 

carbon film and the excess liquid is absorbed with the filter paper and the remained stained is 

allowed to dry. The changes in morphology and surface roughness of CNC-pCot thin films 

were also investigated using atomic force microscopy (AFM) method using Bruker Dimension 

3000 AFM. 

Deposition of Al2O3, ZnO on CNC-pCot thin films was performed using ALD system.  The 

system includes a custom-fabricated viscous flow tube reactor with reactants of trimethyl 

aluminum (TMA, 98% purity, STREM Chemicals), diethyl zinc (DEZ, 98% purity, STREM 

Chemicals) and H2O (Sigma-Aldrich, BCP grade). The 30 ALD cycles of (1:19) Al:ZnO 

consisted of a TMA dose, N2 purge, H2O dose, and a N2 purge, DEZ dose and finally a N2 

purge with respective times of 0.2–30−0.2–60-0.5-60s. The temperature was maintained at 

120°C and a constant pressure of 1Torr maintained with a flow rate of N2 during deposition.  

Static water contact angle (WCA) measurement was performed with  3 µL droplets of 

deionized H2O placed and the average of the measurements at three separate regions of the 

neat CNC-pCot and ALD coated thin film were reported. 
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Crystalline index or an average degree of crystallinity for CNC-pCot has been obtained using 

XRD Omni Instrumental X-ray diffractometer and Segal method. The diffractometer is 

equipped with Be-filtered Cu-Kα radiation with a wavelength of 1.54 Å generated at 35 kV 

and 25 mA. The samples were scanned from a 2θ range from 5 to 45° at an increment of 0.05°. 

Relative crystallinity was calculated from the intensity measurements using the Segal method,  

XC% = ( 
I002−IAM

I002
 ) 100%  (1) 

in which I002 represents the maximum intensity of (002) lattice diffraction peak at diffraction 

angle around 2θ = 22.5° and IAM represents the intensity scattered by the amorphous 

component in the sample, which was evaluated as the lowest intensity at 2θ of 18°14.  

The Thermal expansion behavior of CNC-pCot film was investigated using X-ray diffraction 

patterns at temperatures from 25°C to 225 °C. X-ray diffraction profiles as a function of 

temperature were obtained using nickel-filtered Cu Ka radiation with wavelength of 0.15418 

nm, generated from a sealed-beam X-ray generator (Rigaku Smartlab) operating at 36 kV and 

50 mA. The tangential sections were located on an electrical hot stage in a helium atmosphere. 

A point-collimated beam was directed onto the sample, and the equatorial or meridional 

profiles were obtained with a position sensitive proportional counter that was positioned at a 

distance of 30 cm from the sample. The diffraction profiles were recorded for each 25 °C 15. 

Accurate d-spacing were calculated from the peak positions using Bragg’s Law: 

d-spacing = λ/(2sinƟ)                  (2) 

where λ= 0.1542 nm. 
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The linear thermal expansion coefficient (TEC), α, was determined using the equation: 

𝛼 =
1

𝑙𝑡=0
.

𝛥𝑙

𝛥𝑇
                                   (3) 

Where l is d-spacing and T is the temperature (in °C or K). 

The optical properties of LDPE nanocomposite films were investigated using a Varian Cary 

300 UV-Visible spectrometer in the wavelength range of 200-700 nm. 

7.4 RESULTS AND DISCUSSION 

Figure 1a shows the milky suspension of CNC-pCot in D.I. water after acid removal and 

centrifuge process.  The TEM images of CNC-pcot (Figure 1b) show nanocrystalline cellulose 

with length of 150.5 ± 33 nm and average width of 5.9 ± 2 nm.  The AFM images presented 

in Figure 2 also show a uniform distribution of a thin layer of CNC-pCot thin film on the silicon 

wafer. The surface roughness of the substrate is an important factor in order to be used as a 

biodegradable substrate for electronic application.  Cellulose nanomaterials can offer a low 

surface roughness due to the small size of nanofibers7.  
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Figure 66. (a) CNC suspension in D.I water, (b) TEM image of nanocrystalline cellulose (CNC) with 

length of less than 200 nm and average width of 25 nm. 

 

Table 19 provides the root-mean square (RMS) values of thin films and the fiber diameter of 

acid treated CNC-pCot nanofibers with average and standard deviation. The roughness of the 

CNC-pCot thin film was tested using AFM and the average root-mean square (RMS) value of 

the surface roughness at six separate locations on each film and was 5.3 ± 0.2 nm. The surface 

roughness of CNC-pCot is comparable with nanopapers obtained from other cellulose sources 

with a value of 5 nm and significantly lower than traditional paper with surface roughness of 

5000-10000 nm7. It should be noted that the reported CNC width of CNC-pCot with AFM is 

affected by the AFM tip during the measurement and is larger than the real diameter. Zho et 

al. reported an average root-mean square (RMS) value of 1.8 ± 0.6 nm for softwood pulp CNC 

thin films containing 1 wt% of glycerol3. Another study reported a value of 7.7 nm surface 

roughness for TEMPO oxidized nanopaper16 comparable to plastic PET substrate.  
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Figure 67. Atomic force microscopy (AFM) images of the surface of CNC-pCot film. 

 

Table 19. The root mean square (RMS) surface roughness and width of CNC-pCot thin films on the 

silicon wafer obtained using AFM 

Sample 

Surface Roughness 

RMS(nm) 

CNC-pCot 

width (nm) 

1 5.8 33.2 

2 5.7 33.2 

3 4.9 21.4 

3 5.3 33.2 

4 5.0 21.48 

4 5.4 33.2 

5 5.0 33.2 

6 5.7 19.5 

Average 5.35 28.55 

Standard deviation 0.34 6.45 

 

 

The crystallinity of cellulose nanocrystals directly affects the strength of the film. The relative 

degree of crystallinity or the crystalline index of the CNC-pCot was calculated using the Segal 
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method. Acid treatment of cotton fibers resulted in highly crystalline CNC-pCot structure with 

the relative degree of crystallinity of 88.2%.  

Thermal properties of materials such as thermal expansion coefficient (TEC) are of great 

importance for processing and final applications. TEC of cotton nanocrystal films have been 

obtained using XRD analysis and equation (3). Figure 3 shows the diffraction patterns of CNC-

pCot at each temperature, used to determine the accurate d-spacing for three peaks. The 

diffraction peaks shifted to lower angles with increasing temperature from 25°C to 225°C due 

to the thermal expansion behavior of the cellulose crystals17.  

 

Figure 68. X-ray diffraction patterns of CNC-pCot at the temperatures from 25°C to 225°C. 

 

The d-spacing was calculated for each peak at temperatures from 25°C to 225°C for a more 

precise analysis and the plots are shown in Figure 4. With increasing the temperature from 



231 

 

 

 

 

room temperature to 225 °C, the d-spacing gradually increased. Increasing of d-spacing at 

higher temperatures was also reported by Wada for green alga Cladophora cellulose crystals17.  

 

 

Figure 69. Changes in the value of d-spacing of CNC-pCot during heating from 25°C to 225°C. 
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The TECs of each plane up to 225°C calculated using the equation 3 were: 𝛼[002] =

 8.1 × 10−5(℃−1), 𝛼[101] =  4.3 × 10−5(℃−1), 𝛼[101̅] =  4.01 × 10−5(℃−1).  The values of 

𝛼[101̅]and 𝛼[101] were the same. But the value of 𝛼[002] , along the direction that there is no 

intermolecular bonding, was twice larger than 𝛼[002]and 𝛼[002] 
17-18. The results indicate an 

anisotropic thermal expansion of the sample. Similar behavior was observed by Wada and the 

value of 𝛼[002]in the lateral direction was twice larger due to crystal structure of cellulose17.  

 

          

Figure 70. Images of (a) 100% CNC-pCot thin film and (b) ALD coated CNC-pCot thin film. 

 

Highly transparent CNCs have good potential for optoelectronic applications such as solar cells 

8. Figure 5a shows high optical transparency of the CNC-pCot thin film that is necessary for 

transparent substrate for optoelectronic applications. Compared to CNC-pCot, nanofibrillated 

cellulose from wood materials resulted in translucent thin films after microgrinding process 19. 

ALD coating of nanopaper reduced the transparency of the thin film (Figure 5b) causing a 

slight yellow color.    

The optical properties of CNC-pCot thin films before and after the ALD coating were 

investigated using a Varian Cary 300 UV-Visible spectrometer in wavelength range of 200-

700 nm, Figure 6.  The neat CNC-pCot nanopaper is highly transparent in the wavelength of 
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400-800 nm. The neat nanopaper is highly transparent due to nanoscale dimensions of the 

cellulose nanocrystals 8. The sammler dimension of CNCs relative to the wavelength of the 

incident light scatters the light in the forward direction into a small solid angle resulting in a 

high intensity (energy per solid angle) reaching a detector3, 8.  The obtained transparency of 

CNC-pCot is comparable to polymethylmethacrylate (PMMA) and is about 4.5 times greater 

than the PMMA containing 10 wt% of CNC nanocomposite film at the wavelength of 500nm20.  

Hu et al. reported similar transmittance behavior for homogenized carboxymethylated NFC 

prepared from softwood cellulose8. Transparency of microground wood substrate19 was much 

lower than the CNC-pCot thin films produced herein in the wavelength of 400-800 nm. The 

transparency of nanofibrillated cellulose at the wavelength of 600nm was previously shown to  

increase from about 20% to 71% after polishing with emery paper 19. In contrast, the 

transparency of CNC-pCot thin films in this study were 81% at 600nm with no further 

treatment. 

In another study, fabrication of 100% bacterial nanofibers resulted in transparency of less than 

25% at the wavelength of 550 nm16. The same researchers found less than 25% transparency 

of bacterial cellulose nanofibers with 65% epoxy resin 21. Figure 6 shows that ALD treatments 

decreased the transparency from 80% to 65% at the wavelength of 550nm. 
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Figure 71. Light transmittance of CNC-pCot thin film in wavelength range of 200-700 nm before and 

after ALD coating. 

 

Previous studies on cotton showed that atomic layer deposition (ALD) on cellulose cotton with 

hydroxyl sites for ALD nucleation and growth on the polymer backbone produce a uniform 

and conformal coating. Hydrophilic properties of cellulose nanocrystals due to the large 

number of hydroxyl groups on the surface of cellulose is one of the main drawbacks of using 

them as a substrate due to poor shape stability after wetting and drying. A benefit of using the 

ALD system for creating a conductive substrate is that it can also simultaneously change the 

wettability of the CNC-pCot. The wettability results of coated samples using contact angle 

measurements showed increased hydrophobicity from 60.5 ± 2 to 98.2  ± 3 (Figure 5) which 

is promising for electronic applications. The conductivity of the coated CNC-pCot using four 
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probes showed a sheet resistance of 6.5 KΩ/□.  The uncoated material resistance could not be 

measured since the resistance was above the measurement range. 

 

 

Figure 72. Image of water droplet on CNC-pCot thin film (left) before and (right) after ALD coating. 

 

7.5 CONCLUSION 

Cotton fibers can be considered a good candidate to produce nanocellulose due to high 

cellulose content (~95%) and high crystalline structure which results in high yield (50%) 

without any intensive purification process.  Cotton nanocrystals possessed nanoscale 

dimensions of (d=5.9 nm, L = 150.5 nm) with high transparency (>80%), low thermal 

expansion coefficient, and low surface roughness (~5 nm) and have potential to be utilized for 

optoelectronic application. From a life-cycle perspective, cotton based CNC substrates that can 

be synthesized from renewable materials are particularly attractive for sustainable electronic 

applications. ALD coating of CNC-pCot substrate changed the wettability and conductivity of 

the cotton nanocrystal surface which is promising for transparent conductive electronic 

applications.  
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8. SUMMARY AND CONCLUSION 

Replacing petroleum-based materials with biodegradable materials that offer low 

environmental impact and safety risk is of increasing importance in sustainable materials 

processing. This research focused on development of biobased and biodegradable 

thermoplastic polymer nanocomposite and biobased substrate for electronic applications using 

nanoparticles from waste cotton T-shirts. The goal of first part of this research was to evaluate 

the potential of recycled cotton T-shirts to be utilized as a reinforcing agent in thermoplastic 

polymers, fabricate the polymer nanocomposite and analyze the structure-property relation of 

nanocomposite films. In particular, the effect of incorporation of cotton nanoparticles on 

mechanical properties of LDPE nanocomposite was investigated. The second part estimates 

the potential of waste cotton T-shirts for developing the conductive biocompatible materials 

for electronic applications. 

In the first chapter, capability of typical mechanical treatment for fabrication of microfibrilated 

cotton or nanofibrilated cotton (MFC/ NFC) from pulverized cotton (pCot) fibers of waste 

cotton T-shirts was investigated.  Microfibrillated cotton was prepared by microgrinding 

mechanical treatment of pulverized cotton derived from waste T-shirts. Microgrinding 

processing, was an effective and facile method to obtain microfibrilated cotton or 

nanofibrilated cotton (MFC/ NFC) and the size of the pulverized cotton was reduced to 

micrometer-scale lengths and nanometer-scale diameters. The physical properties of 

micofibrilated cotton including morphology, crystallinity and the specific surface area before 

and after the mechanical treatment was evaluated. SEM and TEM images of samples show 
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fibrillation of cotton fibers and increasing the number of microgrinding passes provided 

smaller and more uniform nanofibrils. The microgrinding process increased the surface area 

with a marginal decrease in cellulose crystallinity. This work examined the effect of cotton-

derived cellulose in micro- and nanoscales and the application of these materials as reinforcing 

agent in LPDE polymer matrix. Film composites of LDPE with pulverized cotton before and 

after microgrinding were fabricated through melt extrusion and the effect of filler size on 

mechanical, thermal and morphological properties of the composite was investigated. 

Compounding unmodified MFC-pCot with LDPE at 170 °C after 10 min caused no thermal 

degradation or discoloration of the filler, with films retaining similar transparency as and low 

agglomerate defect concentrations as compared to virgin LDPE films. Despite the absence of 

any surface compatiblizer, a good interaction with the polymer is observed through improved 

mechanical and thermal properties of the nanocomposite with up to 10 wt% MFC-pCot filler.   

Further improvement in the dispersion and mechanical properties of the cotton-based fillers 

was realized by the use of LDPE powder instead of polymer pellets fed to the extruder.  

The second chapter provides a comparative analysis in the use of microgrinding to fabricate 

microfibrilated cotton or nanofibrilated cotton (MFC/ NFC) from pulverized cotton (derived 

from cotton T-shirts), bleached and unbleached softwood and outlines the use of these NFC 

materials in the mechanical reinforcement of a LPDE polymer matrix. The effect of the 

microgrinding process on morphology, crystallinity and thermal stability of materials was 

evaluated by TEM, SEM, XRD and TGA. Through the microfibrillation process, the size of 

the materials was successfully reduced to nanoscale diameters. Nanofibrillated cotton resulted 

in higher crystallinity and thermal stability than fibrillated bleached and unbleached softwood.   
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Nanofibrillated cotton LDPE nanocomposites had a higher optical transparency than did the 

wood based composites. The mechanical properties of the nanofibrillated cotton 

nanocomposites were largely improved and showed 62.5% increase in strength over the wood 

based nanofibrillated containing composites, in agreement with the higher crystallinity of the 

nano-sized cotton-derived filler material. The NFC in the composites also caused the LDPE to 

have higher thermal stability within the experimental conditions used.  

In the third chapter, cellulose extracted from pulverized cotton in nanocrystalline cellulose 

(CNC) form is investigated as a reinforcing agent in low density polyethylene nanocomposites. 

The goal of this body of work was to investigate the effect of individualizing nanofibers 

processes through mechanical and chemical treatment on morphological and physical and 

thermal behavior of cotton nanoparticles and LDPE nanocomposite films. The effect of 

processing on the pulverized cotton is shown to influence the degree of crystallinity, showing 

that the original pulverized cotton crystallinity (86.1%) increased to 88.2% for CNC, while 

NFC was shown to decrease to 77%. However, thermal analysis of low density polyethylene 

polymer nanocomposites using DSC, TGA showed higher thermal stability of the NFC loaded 

material as compared to same loading of CNC, due to presence of sulphate groups on the 

surface of cellulose nanocrystals after acid treatment process.  Moreover, the results of XRD 

and TGA analysis showed higher crystallinity and thermal stability of CNC from waste cotton 

T-shirts over the ones from other cellulose sources.  Melt compounding of CNC with LDPE 

resulted in polymer nanocomposites with no discoloration at 170°C. Incorporation of cotton 

nanoparticles also reduced transparency of nanocomposite films compared to neat LDPE 

polymer film. Significant differences observed in mechanical properties of low density 
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polyethylene (LDPE) nanocomposite films according to the microstructure and the content of 

cellulose nanoparticles. Tensile analysis exhibited a higher elastic modulus and tensile strength 

for the NFC material. Higher tensile testing and elastic modulus of nanofibrillated cotton 

nanocomposite films compared to cotton nanocrystals could be attributed to high aspect ratio 

and more uniform distribution of NFC-pCot in the polymer matrix.  

The forth chapter investigates the effect of chemical modification of nanofibrillated cotton on 

reinforcing capability of this materials. Surface modification of nanofibrillated cotton reduced 

thermal stability of the reinforcing agent. Mechanical properties of modified NFC-pCot LDPE 

nanocomposite decrease compared to untreated NFC-pCot nanocomposite films. Tensile 

testing of DLPE nanocomposite in presence of compatiblizer also showed lower mechanical 

performance of materials compared to NFC-pCot LDPE.  

Last chapter evaluates the potential of cotton nanocrystals as a substrate for electronic 

applications. Cotton fibers can be considered as an obvious candidate to produce nanocellulose 

due to high cellulose content (~95%) and high crystalline structure which results in high yield 

without any intensified purification process. Cotton nanocrystals with nanoscale dimension 

showed high transparency and low surface roughness. From a life-cycle perspective, cotton 

substrates that can be synthesized from renewable materials are particularly attractive for 

sustainable electronic applications. Atomic layer deposition (ALD) coating of CNC-pCot 

substrate changed the wettability and conductivity of the cotton nanocrystal surface which is 

promising for transparent conductive electronic applications.  
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9. RECOMMENDATION FOR FUTURE RESEARCH 

In this study, cellulose nanomaterials have been introduced as a reinforcing agent in 

thermoplastic polymers or fabrication of transparent and flexible electronics. In development 

of nanocellulosic composites three main challenges could be characterized: interfaces of 

nanocellulose – nanocellulose and nanocellulose-matix (including thickness, geometry, etc.), 

nanocellulose configuration within the polymer matrix and the role of hierarchical structure on 

macroscopic properties. Understanding these challenges like the effect of nanocellulose 

dimension or modification of the interface on the macroscopic properties of polymer 

nanocomposites would give insight on the design of materials.  

In the first part of this study, the approach was to utilize nanocellulosic materials as a 

reinforcing agent in thermoplastic polymers. For the future work, 100% of nanocellulosic 

materials could be the starting point and investigate the effect of plasticizing or modifying on 

the processing-structure -property relationships of the nanocellulose composites. 

Besides fabrication of “stronger, stiffer” nanocomposites using nanocellulosic materials, the 

modern industry is seeking for sustainable and green materials by turning into natural sources 

including cellulosic materials for various applications. Thinking out of the box and exploring 

new ideas could lead to a better fit for nanocellulose technology in the marketplace.  

 

 


