
ABSTRACT 

LU, XIAOMIN. Nanocellulose as Additive and Reinforcing Agent in Melt-spinning of 
Polypropylene (under the direction of Dr. Orlando J. Rojas and Dr. Jan Genzer). 
 

Cellulose nanocrystals (CNC) and nanofibrillar cellulose (NFC) were used in composite 

films with polypropylene (PP) with the aim of understanding the dispersion of CNC/NFC in 

the PP matrix. The CNC and NFC used included samples that were isolated from fibers by 

using standard protocols, acid hydrolysis and mechanical deconstruction, respectively. In 

addition, commercially-available nanocellulose products were also adopted. Due to the 

intrinsic hydrophilicity of CNC/NFC, several methods were applied in order to facilitate their 

incorporation in PP, including surface modification of CNC/NFC and the addition of 

amphoteric macromolecules (β-casein and soy protein isolate) as well as coupling agents 

(maleic anhydride polypropylene).  

The reinforcing effect of CNC/NFC added to PP at levels of less than 10% was 

demonstrated. The coupling function of alkenyl succinic anhydride (ASA), stearic acid and 

maleic anhydride polypropylene (MAPP) was evaluated. Both ASA and MAPP enhanced the 

compatibility of CNC/NFC with PP. Soy protein isolate, hydroxypropyl cellulose and MAPP 

were further evaluated as compatibilizers with PP. This work also included lignin-containing 

NFC and CNC (lignocellulose nanofibrils, LCNF and LCNC) as alternate reinforcing 

components. 

The results with composite films were used to design experiments using similar 

compositions but in melt spinning of composite fibers. The effect of CNC/NFC loading in PP, 

in the range between 0.5 and 3.5 wt %, was investigated. Two batches were tried. First, a 

masterbatch was physically diluted using neat PP, and extruded using a single-screw extruder. 



In a second batch, fibers were prepared from a double-screw extruded, diluted masterbatch. 

The fibers from the second batch exhibited enhanced tensile strength, elongation, toughness 

and thermal stability. Also, the crystallization process was improved. Thus, the reinforcing 

effect of CNC/NFC in PP fibers was confirmed. 

The effect of lignin in LCNF and LCNC upon addition to PP for further spinning was also 

investigated. In this case, the loading levels of LCNC/LNFC were in the range between 0.5% 

and 2.5%. The mechanical and thermal properties of the resultant composite fibers were 

evaluated and it was concluded that compared to CNC and NFC, LCNC/LNFC displayed 

similar effects on PP fibers, i.e., melting, crystallinity and molecular orientation. Finally, the 

effect of lignin as an antioxidant and to control the thermally-induced oxidation of PP was 

studied.  It was found that butylation of lignin macromolecules not only improved their 

compatibility with PP but afforded systems with improved oxidation induced time (OIT) and 

thermal-oxidative stability.   
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1. Introduction 
 
Polymers from bioresources have attracted an increasing amount of attention over the last 

two decades, predominantly due to the environmental concerns and the finite petroleum source. 

In order to overcome the environment and sustainability problems, remarkable achievements 

have been observed in green chemistry in terms of the investigation of biocomposites[1, 2]. For 

example, plenty of work have been carried out to replace conventional petrochemical platforms 

by biorefineries and the increased use of bio-based polymers and materials have gained much 

momentum. The development of materials derived from natural resources has a growing trend 

in the drive to protect our environment. There has been a great interest in polymer reinforced 

with natural fibers in recent years. Although the production has been investigated for several 

years, intensive research is still going on in this field to improve the composite properties and 

produce cheaper materials with good performance.  

Three main components making up lignocellulosic biomass are cellulose, hemicellulose and 

lignin. 

 

1.1 CHEMICAL COMPONETS IN WOOD MATERIALS 

Cellulose, hemicelluloses and lignin are present in all kinds of wood species in large 

quantity. Fig. 1.1 is illustrating the detailed composition in wood materials. Cellulose is the 

main component with a composition around 40-50%, followed by 25-35% hemicelluloses, 18-

35% lignin and 4-10% others[3]. Other polymeric substances in wood are pectins, starch and 

proteins, which are found[4] in lower quantities. In addition to these macromolecular 

constituents, some low-molecular-mass substances can also be found in woods. These low-
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molecular-mass compounds are for example extractives, and some water-soluble organics and 

inorganics[5]. 

 

Figure 1.1 Average percentage of cellulose, hemicellulose, lignin and other component in 

wood materials[3]. 

1.1.1 Cellulose 

Cellulose is the predominant compound in wood with a polymerization degree of 1,000-

30,000 in its native state. It was firstly discovered and isolated by Payen A. in 1838[6]. Cellulose 

is the most abundant natural polysaccharide composed of β-D-glucopyronose linked together 

by (1-4)-glucosidic bonds in the equatorial position (Fig. 1.2). In its structure, there are two 

OH-groups at the ends: one (C1-OH) has reducing property and the other one (C4-OH) is non-

reducing. C1-OH is an aldehyde hydrate group, whereas C4-OH is an alcoholic hydroxyl[5]. In 

nature, these cellulose molecules are not isolated, instead the cellulosic chains tend to assembly 

in fibrils linked together by hydrogen bonds. A buddle of fibrils are aggregated to microfibril. 

It was observed from the cross section that one microfibril consists of 30-200 chains[7]. 

However, the length of cellulos chains are difficult to measure due to its degradation in the 

enzymic, chemical and mechanical treatment and analysis process. Cellulose is a super-

hydrophilic polymer, but it is insoluble in water. 
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Figure 1.2 Cellulose structure. Stereochemical (a), abbreviated (b), Haworth perspective (c), 
and Mills’ perspective (d) formulas[5]. 

Cellulose is polymorphic with six polymorphs known as I, II, IIII, IIIII, IVI and IVII which 

have different physicochemical properties. Figure 1.3 is illustrating the different structures of 

cellulose Iβ, Iα, II, and IIII in chain tilt, packing and hydrogen bonding[8]. The amorphous form 

of cellulose is more chemically reactive than the others. Those polymorphs can be 

interconverted by different chemical treatment shown in figure 1.4.  
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Figure 1.3 Structures of cellulose Iβ, Iα, II, and IIII illustrating differences in chain tilt, 
packing and hydrogen bonding[8] 

Cellulose I is derived from natural plant or microganism, which is the native form of 

cellulose, however, cellulose I has parallel structure and is not the most stable form of cellulose. 

Cellulose I is impossible to be synthesized by pre-formed cellulose chains, since the in vitro 

synthesis processes is more favourable for cellulose II. Evidence has been put forward to prove 

that native cellulose has two forms termed Iα and Iβ[9]. Simon  et al, postulated that the structure 

of cellulose located at the surface differs from the structure found in the center of crystal[10]. 

The celluloses produced by the primitive organisms are said to have Iα form dominant, while 

those produced by high plant are in Iβ form. The proportion of Iα varies from 64% in Valonia 

and bacteria cellulose to 20% in cotton and ramin cellulose[11]. Bacterial cellulose has the 

highest percentage of Iα polymorph, up to 70%. The Iα and Iβ structure has the same atom 

skeleton, but their hydrogen boding patterns are different. Several researcher have shown that 

the meta-stable Iα polymorph can be converted to stable Iβ polymorph by annealing at 270°C in 

various media[12, 13]. Yamamoto and Horii found in 1994 that the presence of carboxymethyl 
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cellulose or xyloglucan reduces the content of Iα, and low temperature is favourable for Iα 

polymorphs[14]. 

Cellulose II can be obtained from cellulose I either by a regeneration (solubilization and 

recrystallization) or a mercerization process (alkaline treatment). Unlike cellulose I, cellulose 

II has antiparallel structure. The unique angle of cellulose unit is denoted by γ. The mercerized 

cellulose II has greater γ value than most of regenerated cellulose II, but the γ value also 

depends on the purity of the sample[15]. However, the regeneration gives higher conversion of 

cellulose I to cellulose II. There are very rare natural cellulose II present in nature. Nyburg 

found natural cellulose II in the genus Halicystis[16], and Kuga et al. found native folded chain 

of cellulose II in a mutan strain of Acetobacter xylinum[17]. 

Cellulose IIII and IIIII are formed in a reversible process from cellulose I and II, respectively, 

by liquid ammonia or some amines treatment, followed with excess ammonia evaporation. The 

polarity of the resultant cellulose chains were found to be able to resemble the starting 

material[18, 19]. At the crystalline level, an extensive decrystallization and fragmentation of 

cellulose crystals take place during the conversion process from cellulose I to IIII. Partial 

recrystallization happened but the distortion and fragmentation of crystals was irreversible. 

The unique, uniplanar-axial orientation of the crystalline microfibrils was irreversibly lost 

during the swelling and washing process when cellulose I is converted to cellulose IIII
[7]. 

Cellulose IVI and IVII can be produced by heating celluloses IIII and IIIII to 206°C in 

glycerol, repectively[6]. 
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Figure 1.4 Interconversion pathways for cellulose polymorphs 

1.1.1.1 Cellulose nanocrystal 

Cellulose nanocrystals (CNC) is one kind of nanocellulose, which is also termed 

nanowhiskers, nanocrystalline cellulose and cellulose nanowhiskers. CNC is widely 

distributed in higher plants, i.e., wood, consisting up to 50% cellulose, as well as some annual 

crops, i.e., cotton, and even in some marine animals, i.e., tunicates, and to a less degree in 

fungi, bacteria and algae[20]. CNCs are rod-like or whisker-shaped nanoparticles obtained from 

the cleavage of non-crystalline domains by strong acid hydrolysis of cellulose fibers[21], 

TEMPO-mediated oxidation[22], and homogenization and grinding[20]. The Kinetics of 

hydrolysis of the amorphous regions under acid conditions is much faster than the hydrolysis 

of crystalline domains, therefore, during the hydrolysis procedure, the crystalline domains are 

retained while the amorphous regions are hydrolyzed[23]. The stability and surface charge of 

CNCs vary depends on the type of the hydrolysis routes and chemicals. In the case of sulfuric 

acid hydrolysis, the resultant nanocrystals bear negatively charged sulfonate ester groups due 

to the esterification of surface hydroxyl groups, leading to an easy disperse in aqueous solvent 

due to the electrostatic repulsion. CNC can be produced by hydrochloric acid or/and 
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hydrobromic acid hydrolysis, but the charge density is weaker and the dispersion is poorer, 

therefore, the nanocrystals tend to aggregate and participate[23]. Cationic surface charges can 

be generated on nanocrystals by an additional reaction with epoxypropyltrimethylammonium 

chloride[24]. Hydrolysis of lyocell fibers by using ammonium persulfate as an oxidant has 

presented in 2014[25]. It was demonstrated that the CNCs produced using this route are more 

homogeneous, with 5 nm width and 150 nm length, than using conventional strong acid 

hydrolysis. 

CNC is highly crystalline (up to ca. 91 % CrI)[26] and have a high aspect ratio[27]. The size 

and degree of crystallinity of CNCs depend on the source of cellulose (Table 1.1)[28]. CrI is 

defined here as crystallinity index to expresses the relative amounts of crystalline and non-

crystalline components[29].  

It has been well known that the crystals can form ordered nematic phases in electrolyte-free 

aqueous suspensions when the critical concentration is reached. The critical concentration is 

highly depending on the charge density and typically ranging between 1% and 10% (w/w)[28]. 

The formation of chiral nematic phase (isotropic to anisotropic equilibrium) is sensitive to the 

presence of electrolyte[28]. The chiral nematic phase of CNC has interesting optical, magnetic 

and piezoelectric properties. 

Cellullose nanocrystal has a greater axial elastic modulus per density than Kevlar and its 

mechanical properties are competitive compared to other reinforcing agents (Table 1.2)[28, 30, 

31]. Since Favier et al. reported that CNC reinforced the mechanical properties of polymer films 

made from poly-(styrene-co-butyl acrylate)[32], CNC has attracted a great amount of interest in 

the nanocomposite field due to their specific properties, such as high surface area, good 

percolation, low density, unique morphology and good mechanical strength. In addition, CNC 
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is a low cost, renewable, biodegradable and easily modified material. In recent years, CNC has 

been incorporated into a wide range of water-soluble and non-polar polymer matrices. The 

reported work of CNC incorporation in water-soluble polymer include poly(vinyl alcohol)[33], 

poly(ethylene oxide)[34] and poly(styrene-co-butyl acrylate)[35]. The non-polar polymers 

include poly(ε-caprolactone)[36, 37],polypropylene[38, 39] and others. 

Table 1.1 Size of CNCs obtained from various sources by different techniques[28] 

Source Length (nm) Width (nm) Techniques 

Bacterial 100-1000 10-50 TEM 

 100-1000 5-10*30-50 TEM 

Cotton 100-150 5-10 TEM 

 70-170 ~7 TEM 

 200-300 8 TEM 

 255 15 DDL 

 150-210 5-11 AFM 

Cotton linter 100-200 10-20 SEM 

 25-320 6-70 TEM 

 300-500 15-30 AFM 

MCC 35-265 3-48 TEM 

 250-270 23 TEM 

 ∼500 10 AFM 

Ramie 150-250 6-8 TEM 

 50-150 5-10 TEM 
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Table 1.2 Continued	

	 	 	

Sisal 100-500 3-5 TEM 

 150-280 3.5-6.5 TEM 

Tunicate  8.8*18.2 SANS 

 1160 16 DDL 

 500-1000 10 TEM 

 1000-3000 15-30 TEM 

 100-1000 15 TEM 

 1073 28 TEM 

Valonia >1000 10-20 TEM 

Softwood 100-200 3-4 TEM 

 100-150 4-5 AFM 

Hardwood 140-150 4-5 AFM 
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Table 1.3 Properties of CNCs and several other reinforcing agents[30] 

Materials ρ, 

g/cm3 

Tensile strength, 

GPa 

Young’s modulus, 

GPa 

Kevlar-49 fiber 1.4 3.5 124-130 

Carbon fiber 1.8 1.5-5.5 150-500 

Steel wire 7.8 4.1 210 

Clay nanoplatelets - - 170 

Carbon nanotubes - 11-63 270-950 

Boron  - 2-8 250-360 

CNCs 1.6 7.5-7.7 110-220 

 

1.1.1.2 Nanofibrillated cellulose 

Nanofibrillated cellulose (NFC), also term as cellulose nanofibril (CNF), refers to the 

cellulose fibers which have been fibrillated into cellulose microfibril unites. NFC can be 

produced by chemical or enzymatic treatment of cellulose fibrils, followed by mechanical 

disintegration [40, 41]. Bleached kraft pulp is the most used source for NFC production, followed 

by bleached sulfite pulp. Some other non-wood sources have been investigated to produce 

NFC, i.e., wheat straw and soy hulls [42], sisal [43] and bagasse [44]. Even though the material 

sources play an important role in the energy consumption, the material source seems not have 

significant effect on the final NFC properties.  

Nanofibrillated cellulose is mainly manufactured from wood pulp using mechanical 

treatment. Since the first production of NFC achieved 80 years ago, plenty of techniques have 

been developed to increase the NFC yield and decrease the energy consumption. Up to date, 
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there are three main technique are preferred to manufacture NFC: (a) homogenizer (b) 

microfluidizer and (c) grinder. For the (a) homogenizer system, the fibers are subjected to high 

mechanical shearing, combined with high pressure. In the (b) microfluidizer, the wood 

suspension is sent though an interaction chamber which consists of several microchannels 

which are used for the fibrillation process. The smaller size of the microchannel, the higher degree 

of fibrillation. In the (c) grinder, the pulp is sent though two grinding stones with countersense 

rotation and imparts high shearing to the cellulosic materials. Some other methods have been 

proposed to manufacture NFC, including cryo-crushing, refiners and extruders, however, none of 

them are widely accepted and used. 

In order to decrease the energy consumption, two pre-treatments are performed: enzymatic and 

TEMPO pre-treatment. The enzymatic treatment can reduce the fiber length and increase the 

content of fine materials. Moreover, the enzymatic pre-treatment can increase the disintegration of 

cellulosic material by increasing its swelling in water.  The TEMPO pre-treatment can selectively 

convert the C6 primary hydroxyl group to carboxylate group. The modification of cellulose surface 

is applied in order to reduce the strength of hydrogen bonds which link fibers together[45]. 

The diameter of these fibrils are less than 100 nm and can go as small as 4 nm [46]. The 

length of NFC ranges from 1 to several micrometers, leading to a high aspect ratio [45].  

NFC is also low cost, renewable and biodegradable and exhibits properties similar to CNC, 

such as high surface area, a high density of hydrogen bonding groups and good mechanical 

strength[40]. NFC has been reported in many applications such as in packaging [47],  

pharmaceutical carriers [48], thermal insulation [49], oil adsorption [50] and for enhancement of 

polymer composites [51]. Recently NFC-gels were used to produce nearly transparent and 
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smooth films [52]. Orelma et al. found that surface functionalized NFC films can be used as a 

platform for immunoassays and diagnostics [53]. 

1.1.1.3 Drying methods of nanocelluloses  

Four methods have been developed to dry nannocelluloses/microcelluloses suspensions, 

including oven drying, freeze drying, supercritical drying and spray drying[54].  

Oven drying is conducted by exposing the nanocellulose suspensions in a conventional 

laboratory oven at 105°C with circulating air. The water evaporation undergoes three 

periods[55]: (1) the constant rate drying period, (2) the first falling rate drying period, and (3) 

the second falling rate drying period. In the constant rate drying period, the volume of 

nanocellulose suspension shrinks which is ascribe to the capillary forces as a function of water 

evaporation. The first falling rate drying period starts when the nanocellulose get exposed, and 

the water is mainly evaporated from cellulose surface. In this period, the capillary tension 

reaches a maximum value and vapor diffusion begins to take over. When the water transfer 

rate from suspension interior to the exposed surface becomes smaller than the water diffuse 

rate on the surface, the drying process falls into the second falling rate drying period. The 

drying is completely taking place insider the nanocellulose suspension. At this time, strong 

intermolecular hydrogen bonds develop to form a continuous fiber network and a relatively 

solid bulk material. 

Freeze drying has three stages: (1) Freezing nanocellulose suspension in a refrigerator, (2) 

subliming the frozen water and (3) desorbing the unfrozen water. Freezing process is the first 

step to separate nanocelluloses from water. The frozen suspension then undergoes sublimation 

to desorb the frozen water. The small amount of unfrozen water bound to nanocellulose will 

be removed in the third stage[56]. 
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During the attempted dehydration of the CNC suspensions, complete replacement of the 

water in the suspension by using ethanol was not possible. Therefore, SCD was not applied to 

the CNC suspensions and no dry form of CNC was obtained. A possible reason for the poor 

ethanol dehydration in the CNC suspension might be attributed to the strong three-dimensional 

hydrogen bonding formed among the water molecules and cellulose nanocrystals. 

Four steps are involved in supercritical drying process: (1) dehydration of nanocellulose 

suspension with ethanol, (2) replacement of ethanol with liquid CO2, (3) pressurization and 

heating of the liquid CO2 and the cellulose mixture to the supercritical conditions, and (4) slow 

decompression of the supercritical CO2 to atmospheric pressure[57].  

Spray drying is a well-established technique which is considered to be the standard 

dehydration method in many areas, including the food, pharmaceutical, polymer, and chemical 

industries. The atomization system is used in the spray drying process (Fig. 1.5). Nanocellulose 

suspension is firstly pumped through a nozzle and forms a suspension film. The momentum 

transfer from hot gas disrupt the suspension film to ligaments[58] and then into droplets. The 

moist evaporates when the droplets fall through the dryer chamber. 
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Figure 1.5 The mechanism of spray drying process for nanocelluloses[54]. 

 
The morphological properties of the dried nanocelluloses are dependent on the particular 

drying method and the starting materials. Spray drying was claimed to be the technically suited 

method to dry nanocelluloses since the nanocellulose particle size ranges from nano to micron 

were obtained[59]. Supercritical drying and freeze drying created highly networked structures 

of cellulose agglomerates with multi-scalar dimensions including the nanoscale. The highly-

networked dried nanocellulose may hinder the application of the products in particular 

composites since the difficulties in dispersion would remain as a barrier in conventional 

thermoplastic compounding[54]. 

The drying methods were found to affect the nanoscale structure of celluloses, slightly 

influence the thermal stability of cellulose nanocrystals, and significantly govern the char 
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residue, whereas the crystal structure and crystallinity remained during the drying 

treatments[60]. 

1.1.2 Hemicellulose 

Cellulose has a linear structure with glucose units, whereas hemicelluloses are 

heteropolysaccharides that may contain side groups or side chains. The degree of 

polymerization of hemicellulose is arounf 50-300, lower than of cellulose. The building blocks 

in hemicelluloses are pentoses, hexoses, hexuronic acids and deoxy-hexoses (Fig. 1.6). In the 

current stage of knowledge, hemicelluloses can be divided into four general classes of 

structurally different polysaccharide types, i.e., (a) xylans, (b) mannans, (c) β-glucans with 

mixed linkage, and (d) xyloglucans. 

The term of hemicellulose was originally proposed by Schulze to designate the 

polysaccharides extractable from higher plants by aqueous alkaline solutions, giving such 

sugars as galactose, mannose, arabinose, xylose, etc.[61]. Schulze distinguished hemicellulose 

from cellulose, which is hydrolysable only by strong acids and yields in most cases but glucose. 

The most abundant hemicelluloses are galactoglucomannans and arabinoglucuronoxylans in 

softwood and glucoronoxylan is present the most in hardwood. Hemicellulose is linked to 

cellulose and lignin in the wood cell wall. It is possible to be extracted from wood material 

using several extraction techniques. The composition of extracted hemicellulose is highly 

depending on the technique and approach used in the extraction. 
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Figure 1.6 The sugar units of hemicelluloses. Glc: glucose, Man: mannose, Gal: galactose, 
Xyl: xylose, Ara: arabinose, Rha: rhamnose, Fuc: fucose, f: furanose, p: pyranose, U: uronic 
acid[5].  

In the past, most of the hemicellulose work were mainly focusing on utilizing plant biomass. 

Hemicellulose were converted into sugars, chemicals, fuel and as source of hear energy. 

However, hemicellulose has become more attractive as biopolymer. Since Hemicellulose has 

various and diverse structure, it can be used in their native or modified forms in various fields, 

including food and non-food applications[62]. 
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1.1.3 Lignin 

Lignin is the second most abundant organic substance in the plant world next to cellulose. 

It exists in the wood tissues and it binds cellulose together in cell walls, fills in the space 

between the cells and provides the rigidity to wood structure[63]. The amounts of lignin differ 

greatly among wood species. In addition, the distribution of lignin in different parts also 

varies[64].      

Lignin is a complex, branched aromatic polymer. Since its three building units, trans-

coniferyl alcohol, trans-sinapyl alcohol and trans-p-coumaryl alcohol (Fig. 1.7), are not linked 

together in a specific systematic order, lignin is an amorphous three-dimensional polymer. 

 

 

Figure 1.7 The building units of lignin[63]. 

1.2 SURFACE MODIFICATOIN 

Surface modification of nanocellulose can be achieved by attaching small molecules or 

polymers via covalent bonds or physical interactions. A particularly versatile approach is to 

provide accessible functionalities with a high density of functional groups via grafting of 

polymer brushes, either by “grafting onto” or “grafting from” approaches. Polymer brushes are 
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ultrathin polymer coatings consisting of polymer chains with one chain end tethered to the 

interface[65]. 

1.2.1 “Grafting onto” and “grafting from” 

The “grafting onto” method requires the pre-synthesized polymer chains to react with those 

hydroxyl groups. However, steric hindrance and blocking of reactive sites by the already 

grafted chains can prevent optimal reaction, because the polymer chains must diffuse though 

the grafted brushes and reach the reactive sites. The “grafting onto” method is therefore not 

expected to have high density of polymer brushes.  

To increase the grafting density, the “grafting from” method can be employed. In this 

method, polymer chains are formed by in situ polymerization triggered by the immobilized 

initiators. The molecular growth can be achieved by conventional radical, ionic and ring-

opening polymerizations. The “grafting from” method allows accurate control of brush 

thickness, composition and architecture[65].  

1.2.2 Chemisorption 

Chemisorption is a family of “grafting onto”. There are many coupling agents that can be 

used to enhance the compatibility of hydrophobic PP and hydrophilic natural fibers. Two 

mechanisms have been proposed for the role of coupling agent in polymer matrix: (1) ester 

bonds formation between the anhydride carbonyl groups of coupling agents and the hydroxyl 

groups of natural fibers[66], and (2) an adhesive bridge between modified natural fibers and 

polymer matrix[67]. Alkyenyl succinic anhydride (ASA) is widely used in paper 

hydrophobization treatment, or sizing in papermaking industry aiming at reducing the 

penetration rate of aqueous liquid into the paper. The hydrophobization effect is attributed to 

the esterification between the anhydride groups of ASA and the hydroxyl group of cellulose. 
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The oriented hydrophobic tails can lower the surface free energy of cellulose[68]. The use of 

poly(propylene-graft-maleic anhydride) (MAPP) as coupling agent also received great 

attention. The reaction mechanism between MAPP and cellulose is similar to ASA and 

cellulose. The similarity of PP and MAPP enable the co-crystallization which is desired for the 

cohesive bonding[67]. Stearic acid (SA) has also been used to treat the surface of polar fillers[69]. 

 

Figure 1.8 Schematic for surface modification: (A) physisorption (“grafting onto” method); 
(B) chemisorption (“grafting onto” method); (C) “grafting from” method[65]. 

1.2.3 Physisorption 

β-casein is an unstructured protein that exists in milk. It can self-assemble into micelles at 

neutral pH as well as in acidic conditions[70]. β-casein changes its properties according to the 

chemical environment, acting as an amphiphilic chameleon[71]. At neutral pH, β-casein adsorbs 

onto hydrophobic surface via its hydrophobic C-terminal, with its hydrophilic N-terminal 
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protruding into aqueous environment, and forming brush-like structure[72]. At lower pH, β-

casein adsorbs more and the layer becomes thicker. The tail extension decreases 6 lattice units 

if the pH is reduced from 7 to 5.5, while the hydrophobic parts are less sensitive to pH[72]. 

Soybean (SP) proteins are utilized in paper coating and sizing section in paper industries. 

Twenty proteins and 7 polypeptides are found to increase the wet strength of paper[73]. Soybean 

proteins comprise more than 50% of raw bean weight[74]. Soybean proteins have one fraction 

without biological activity, which is the so-called storage proteins[75]. They are by-products of 

the soybean oil industry, and are utilized as animal feed. With the demand for soybean oil, a 

considerable number of (residual) proteins are produced. Due to their good availability and 

low price, storage proteins stimulated the development of new functional material [76].  

Soybean protein isolate (SPI) consist of globulins precipitating at pH 4.5-4.8[77]. According 

to the sedimentation constant, storage proteins have been classified as conglycinin (7S) and 

glycinin (11S). 7S comprises three subunits: α, α’ and β with molecular weights of 57-76 kDa, 

57-83 kDa and 42-53 kDa, respectively. The fraction of each subunit accounts for 

approximately 40, 30 and 30% by weight, respectively. 11S is a protein with a quaternary 

structure with 12 subunits forming dimers. The molecular weight of 11S is 320-350kDa, and 

the molecular weight of the three acidic subunits is reported to be 34.8 kDa-40 kDa, while the 

three basic ones are 19.6-20 kDa. The acidic subunits in 11S and α’s subunits in 7S are reported 

to have hydrophobic characters, while the basic subunits in 11S and the β subunits are 

hydrophobic. It has been demonstrated that both, 7S and 11S, can absorb readily onto PP 

surfaces. 
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1.3 NONWOVEN MANFACTURING PROCESS 

A definition for nonwoven from ISO 9092 (2011) is “A structure of fibers, continuous 

filaments, or chopped yarns of any nature of origin that have been formed into a web by  any 

means, and bonded together by any means with the exception of weaving or knitting, and wet 

milling”. Nonwoven fabric manufacturing is composed of four sections: raw materials 

preparation, web formation, web bonding and finishing. 

1.3.1 Dry-laid technology 

Web can be produced from staple fibers using dry-laid technology via carding or air-lay 

process.  

The staple tufts require to be opened, blended and cleaned before being fed to carding. The 

fibers are disentangled and combed during carding process. The stationary flat card is typical 

for short fibers, while long staple fibers are fit roller top card (Fig. 1.9). Since the fibers are 

oriented in machine direction, cross-lapping process is used to randomize the orientation 

distribution of fibers. Cross-lapping can also help to increase the basis weight and improve the 

uniformity of web[78-80].  

 

Figure 1.9 Carding cylinders with roller top card[79].  
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Air-lay is another option to form web using staple fibers as raw materials. It can 

accommodate almost any materials, including wood pulp, natural fibers, manufactured fibers, 

recycled fibers and powders. The fibers are suspended in air and deposited on a forming wire 

conveyor (Fig. 1.10) or on a rotating perforated cylinder (Fig. 1.11). The vacuum under the 

forming wire and perforated cylinder has the function of removing the dusty air and very short 

fibers[78-80]. 

 

Figure 1.10 Web forming on the forming wire conveyor[79].  

 

Figure 1.11 Web forming on the screen drum of a Rando-Webber machine[78].  
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1.3.2 Wet-laid technology 

Wet-laid process is adopted and modified from papermaking (Fig. 1.12). Comprared to 

paper, the wet-laid fabric has more open structure. Wet-laid line can process any natural or 

synthetic fibers. Those fibers are longer, stronger and inerter than natural fibers processed in 

papermaking line. Fiber dispersion is important, since fiber aggregates (i.e., logs and ropes) 

will otherwise appear on final fabric. The fibers are suspended in water and followed with 

laying down on the belt, dewatering and drying[78-80].  

 

Figure 1.12 Illustration of nonwoven wet-laid web formation[79]. 

1.3.3 Spun-laid technology 

Spun-laid process comprises spunbond and meltblown process. Spun-laid is a one-step 

process starting with the thermoplastic in the form of pellets or chips, and ending with a fabric 

on a delivery end[80]. The raw materials can be PP, PE, PET, PLA, nylon, styrene, their 

copolymers and blends. Although spunbond and meltblown both belong to spun-laid, the 

characteristics of the fabrics produced by these two kinds of processes are distinctly 

different[80].  
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Materbatch with certain filler content is necessary during fiber extrusion, since it has been 

proved that blending masterbatch with neat polymer during fiber extrusion is much easier tha 

direct blending filler with neat polymer[81]. The masterbarch is obtained by pre-blending filler 

with neat polymer at a certain ratio using an extruder. Compared to the single-screw extruder, 

the double-screw extruder is believed to be more efficient to get a uniform mixing. 

The key challenging in compounding nanocomposite is to uniformly disperse the 

nano/micro-scaled particles into possibly a million nanometers base polymer platelet. It has 

been pointed out that the processing equipment is an important factor to affect the filler 

dispersion. The equipment should has flexible design and the capability to combine residence 

time with dispersive and distributive mixing[82, 83]. The feed location and the order of feeding 

are important considerations in the compounding process setup. Wang, et al., have investigated 

two feeding sequences: hopper feed and side feed. In hopper feed, PP was upstream through 

the main hopper, and the premixed powder was fed downstream at the second barrel, while in 

the side feed, the premixed powder was fed upstream, and PP was fed downstream at the fourth 

barrel. They found that the composites prepared with side feed achieve better dispersion than 

hopper feed, as revealed by WAXD, TEM, and dynamic melt rheology measurements. 

Similarly, better improvement in mechanical properties is also exhibited by composites 

prepared with side feed[84]. Dennis and his Co-workers found that increasing the mean 

residence time in the extruder generally improves the particle dispersion. However, there 

appears to be an optimum extent of back mixing. The excessive shear intensity apparently 

causes poorer dispersion, which is evidenced by the broadness of the residence time 

distribution and an optimum shear intensity[83].  In fact, to increase the interaction between 

fillers and base polymer, the simplest method is using compatibilizer. Refer to PP as the base 
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polymer, maleic anhydride grafted polypropylene (MAPP) is always being used as 

compatibilizer to increase the interaction between PP and some other fillers. However, there is 

a critical level for individual maleated PP to be incorporated into the nanocomposite. High 

loading of MAPP is detrimental to the mechanical properties, and low loading cannot reach 

the desirable degree of polymer/MMT interaction[85]. As a result, the relationship between the 

chemistry of compatibilizers, the material feeding sequences and the design of compounding 

process should be coupled, because they all might affect the dispersion behavor and the final 

properties of the nanocomposites.  

1.3.3.1 Spunbond process 

Spunbond technology has received considerable attention since its initial introduction. The 

spunbond process was first commercialized in the mid-1960s in Western Germany and in the 

United States at around the same time. Spunbond process is defined as a nonwoven 

manufacturing system involving the direct conversion of a polymer into continuous filaments, 

integrated with the conversion of the filaments into a random-laid, bonded nonwoven fabric[86]. 

Fig. 1.13 is illustrating the spunbond process with belt collector[87]. Other than belt collector, 

drum collector is also used in spunbond process. In general, fabrics produced using spunbond 

technology are considered to have high strength. The raw polymers normally possess good 

toughness. 
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Figure 1.13 Schematic of a typical spunbond process with a belt collector[87]. 

 
Depending on the type of thermoplastic, some preparations are required. For instance, 

Polyethylene terephthalate (PET) and polyaimides are both required to be dried and 

crystallized before extrusion. Additives are used in some instances targeting to promote the 

process (i.e., anoxident, antistatic agent and plasticizer) and provide some necessary function 

to the product (i.e., color concentrate, flame retardant and UV stabilizer). Most spunbond grade 

thermoplastics are already formulated with some essential effectives related to processibility. 

The viscosity of additive should be compatible with polymer viscosity[78-80]. 

Spunbond process has four section: extrusion, drawing, lay down or web formation and web 

bonding. In the extrusion process, polymer is melted and processed into a uniform and 

spinnable melt. After extruder, polymer filter is optional to be placed before the spin pump in 

order to remove some contaminant and impurities from the melt. The melt is quenched after 

extrusion using the air with precise velocity, controlled temperature and controlled humidity. 

The quenched fibers are drawn using pressured air, and then laid on the collector and finally 
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bonded together to form a strong fabric using special bonding technology depending on the 

consumption and cost of energy, and the requirement for the final product[78-80]. 

1.3.3.2 Meltblown process 

Meltblown is also a one-step process which converts polymer pellets or chips into finished 

fabric in an integrated step. Unlike spunbond fibers, the meltblown product has some discrete 

filaments other than continuous filaments, and the fibers are finer (2-8 micrometer). Meltblown 

process attributes to the production of fine fibers for the applications where high surface area 

and pores are required [78-80, 88]. 

The raw materials are required to have low viscosity to permit the attenuation of the molten 

polymer by hot air. The polymers is firstly extruded through fine capillaries, followed with the 

attenuation of polymer melts using hot air with high velocity. The molten polymer is then 

cooled down to form fine fibers by turbulent ambient air. The formed fibers are finally 

deposited on collector for future bonding and winding[78-80, 88]. 

 

Figure 1.14 Illustration of meltblowing technology[78]. 
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1.4 POLYMER BLENDS  

The Gibb’s free energy of mixing is the basic thermodynamic relationship governing the 

mixing of dissimilar polymer. Polymer blends are macroscopically homogeneous mixture of 

two or more different species of polymers[89]: 

ΔGm = ΔHm− TΔSm 

where ΔGm is the free mixing energy; ΔHm is the mixing enthalpy; T is the temperature and 

ΔSm is the mixing entropy. 

The thermodynamic condition of miscibility is same as that of a molecular mixture in which 

the free mixing energy must be lower than zero (ΔGm<0). In the case of material with low 

molar mass, an increase in temperature usually leads to an increase in TΔSm and the ΔGm is 

therefore more negative leading to better miscibility. However, this is not always the case in 

polymer-polymer mixtures. 

It is possible to employ the Flory-Huggins theory which is developed initially for polymer-

solvent mixtures, to describe the thermodynamic behaviors of polymer blends.  

ΔGm = RT	(n1 ∗ lnФ1 + n2 ∗ 	lnФ2 + n1 ∗ lnФ2 ∗ χ12) 

Ф1 =
71 ∗ 81

(71 ∗ 81 + 72 ∗ 82)
 

Ф2 =
72 ∗ 82

(71 ∗ 81 + 72 ∗ 82)
 

According to Flory and Huggins, the mixing enthalpy and entropy can be expressed by 

following formulas: 

ΔHm = RTχ12	Ф1	Ф2 

ΔSm = −R(n1 ∗ lnФ1 + n2 ∗ 	lnФ2) 
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where R is the gas constant; χ12 is the Flory-Huggins parameter describing the interaction 

between polymer polymer 1 and 2; Ф1 and Ф2 are the volume fractions and n1 and n2 are the 

number of moles of polymer 1 and 2, respectively. 

The interaction parameter χ12 has a temperature dependence. An increase of temperature 

result in ΔGm becoming less negative thus decreasing the miscibility of the polymers.  

χ = a +
;

<
 

In Flory and Huggins, the first two terms on the right side are the combinational mixing 

entropy and the third term is represents enthalpy. In the case of solvent-solvent or polymer-

solvent mixtures, the combinational entropy is large and negative, since Ф1 and Ф2 are 

fractions. Hence an increase in temperature leads to more negative ΔGm and better mixcibility. 

However, in the case of polymer0polymer mixtures, n1 and n2 are relatively small and the 

combinational entropy is therefore less important[90]. Hence the enthalpic part usually 

dominates the mixing behavior. It can be either positive or negative depending on the 

compatibility of the two polymers. Since most polymers are incompatible with each other, their 

interaction parameter is large and the enthalpy of mixing is positive. 

The calculation of the free mixing energy based on the Flory-Huggins theory does not 

account any intermolecular interactions which can range from purely dispersive forces to very 

strong hydrogen bonds. Coleman et al.[91] developed a modified version of the Flory-Huggins 

equation in which a free energy term (ΔGH) is added to original equation to take into account 

the presence of strong, specific intermolecular interactions such as hydrogen bonding. 

ΔGm = RTχ12	Ф1	Ф2 + RT
Ф1

71
lnФ1 +

Ф2

72
lnФ2 + ΔGH 
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1.5 COMPOSITE PRODUCTION 

1.5.1 Solvent casting 

Most of the nanofiber reinforced polymer composites fabricated through polymer solution 

or polymer dispersion (latex) due to preserving filler dispersion in liquid medium[59]. 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. 

1.5.2 Melt compounding 

Melt compounding techniques, such as extrusion or injection molding, are commonly used 

to process thermoplastic polymers. Extrusion is a high volume manufacturing process in which 

the polymer is melt and transported via screws. Extrusion product has a fixed cross-section 

profile since it is pushed through a desired die.  For the injection molding, the molten polymer 

is forced into a mold cavity by using a ram or screw-type plunger. Due to the absence of 

chemical reactions and organic solvent, the melt compounding process is therefore much less 

expensive and also more environmentally friendly. However, this conventional processing 

technique was seldom reported to be used to produce nanocellulose reinforced polymer 

nanocomposites. This is ascribe to the intrinsic hydrophilicity of nanocellulose which will 

induce the irreversible agglomeration during drying and aggregation in non-polar matrix 

because of the formation of extra hydrogen bonds between those nanoparticles[59].   

Moreover, cellulose nanocrystals present low thermal stability when heated at moderated 

temperature, which prohibit them to be processed with any methods involving heat. The low 
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stability is mainly contributed to the introduction of sulfate groups during the acid hydrolysis 

process. 

1.6 REINFORCEMENT OF NANOCELLULOSES IN BIOCOMPOSITES 

During recent years, plenty of effort has been devoted to biocomposites. Polymers from 

bioresources have attracted an increasing amount of attention over the last two decades, 

predominantly due to the environmental concerns and the finite petroleum source. In order to 

overcome the environment and sustainability problems, remarkable achievements have been 

observed in green chemistry in terms of the investigation of biocomposites[1, 2]. 

Bionanocomposites are a family of materials consisting fillers with at least one dimension 

smaller than 100 nm[92]. The filler can be a fiber, platelet or particle. The development of 

materials derived from natural resources has a growing trend in the drive to protect our 

environment. Cellulose is the most abundant, biodegradable and natural polymer, derived from 

bioresouces, i.e., wood, cotton and corn straw as well as some sea animals. The intrinsic 

properties of cellulose endow it to be a very promising polymer for the production of 

environmentally-friendly biocomposites.  

In general, the mechanical properties of polymer composite highly depends on some factors: 

(1) Properties of host polymer, (2) filler size and shape, (3) fraction of each component, (4) 

interaction of filler-filler, (5) interaction of filler-host polymer, (6) processing method, and (7) 

stress transfer efficiency at the interface. Nanocellulose displays its potential to be a good 

reinforcing agent due to its outstanding properties. With the absence of percolation network 

induced by nanocellulose, the interaction of filler and host polymer plays an important role, 

while above the percolation threshold, the percolation network will be crucial to composite 

mechanical properties. The percolation threshold of nanofiller network depends on fillers’ 
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aspect ratio, filler-filler interaction and their orientation within the polymer matrix. Percolation 

threshold (V) if cellulose nanocrystals is determined using the following equation[59]. Stiffness 

of percolation network depends on the cellulosic filler and strength of interfibrillar interactions. 

It is shown that the filler with higher aspect ratio provides stiffer percolating network with 

lower filler volume fraction[59]. 

= =
0.7

A/C
 

1.6.1 Effects of fillers/reinforcements-functions 

Traditionally, fillers are considered to be additives, which can only increase the polymer 

modulus to a little degree due to their unfavourable geometrical features, surface area or 

surface chemical composition[93], while the polymer strength remain unchanged or even 

decreased. The major contribution of traditional fillers were to lower the cost of the product by 

replacing the expensive polymer; other advantages were to increase thermal conductivity and 

decrease the rejected parts due to warpage, in this case, the molding cycles were facilitated. 

Some other properties of polymer may be changed due to the incorporation of fillers, i.e., melt 

viscosity, mold shrinkage and thermal expansion. Fibrous filler would increase the melt 

viscosity and the inorganic fillers would reduce the mold shrinkage and thermal expansion[93]. 

The term of reinforcing filler has been used to describe the discontinuous additives, the 

shape, form and surface chemistry of which can be modified to be incorporated into polymer 

matrix. The function of the reinforcing filler is to improve the mechanical properties of the 

polymer, especially strength. 

Reinforcing fillers are characterized by the relatively high aspect ratio, which defined as the 

ratio of length to diameter for a fibrous filler, or the ratio of diameter to thickness for a platelet. 



 

33 

The ratio of surface area to volume is a widely used parameter to evaluate the effectiveness of 

a reinforcing filler. The ratio is required to be as high as possible for effective reinforcement[93]. 

Since the reinforcing filler may have different chemical structure and properties with the 

polymer matrix, the aims of reinforcing filler development and material surface modification 

are to increase the aspect ratio of the filler particles and increase the interfacial adhesion with 

the polymer matrix. The surface modification may not only enhance or optimize the reinforcing 

function of the filler, but may also introduce some new functions. 

1.6.2 Interaction between polymer and filler 

Filler particles tend to form aggregates by cohesion. The presence of aggregates in fibers 

affects the fiber structure and uniformity to a great extent. Weakness of fibers is mainly ascribe 

to the poor dispersion of fillers in polymer matrix during compounding, extruding, mixing and 

spinning. 

Phase transformation is tending to attain a system with lower free energy. In filler-polymer 

two-phase melting system, the singular particles tend to assembly to clusters which have lower 

free energy. Liquid polymers favor spreading onto solid phase which has higher surface area. 

When liquid polymer penetrates into the aggregated cluster, the interstices between two 

spherical particles will be bridged by the liquid. The liquid bridge between two particles bears 
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some capillary pressure in the aggregate cluster. Adhesion force of liquid bridge can be 

calculated according the following equation: 

D ∗= DE ∗ F ∗ 8 

Where the F* is the mean adhesion force transmitted at a contact point, FH is the dimensionless 

adhesion number, which can be calculated for axially symmetrical liquid bridge, γ is the 

durface tension of the liquid, and x is the mean particle size[94].  

Filler size is very important to the mechanical properties of polymer composite. 

Dominkovics, et al., studied the effect of wood flour on the properties of PP composite[95]. It 

was demonstrated that the wood flour decreased the mechanical properties, probably due to 

the formation of big voids induced by the wood flour. The voids caused the catastrophic cracks 

of PP composite. However, the nanoscaled cellulosic fillers can highly improve mechanical 

properties of composite. Filler particles can be wetted by polymer melt/liquid which has lower 

surface tension than the filler surface tension. Young’s equation shows the relationship 

between the contact angle and surface tension. 

FGH = FGI + FIH"JGK 

LM = FGH + FIH − FGI = FIH(1 + "JGK) 

LM = FGH + FIH − FGI = FIH(1 + "JGK) 

Based on Young-Dupre equation, the contact angle is reduced when the work of adhesion 

increases. The equal polarity of filler and polymer matrix minimizes the solid/liquid interfacial 

tension, while the polar disparity of a hydrophilic filler and a hydrophobic polymer causes 

finite interfacial tension and minimum work of adhesion. The purpose of surface modification 
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is to reduce the polar difference between filler and host polymer and minimize the surface 

tension[59].  

The interaction at the interface of cellulosic filler and host polymer cannot be neglected. 

Filler interfacial tension, substrate interfacial tension, polarity and surface contamination as 

well as flaws on the surface are the main factors which affecting the adhesion between filler 

and host polymer.  

1.6.3 Kinetics of aggregation formation 

Aggregation starts from small molecules or crystals in solutions, in which intermolecular 

forces, including Brownian motion, London dispersion and electrostatic force, drive small 

molecules or crystals to agglomerate into clusters. There are three growth kinetics for the 

aggregate formation: (1) Particle-cluster aggregation (PCA). During the formation process, the 

small particle stick on to another particle in the growing cluster. The second kinetic is called 

(2) cluster-cluster aggregation (CCA). It is different from the PCA, since the aggregated are 

formed by the combination of clusters. (3) The diffusion limited aggregation is the third 

kinetic[96, 97]. The particle is assumed to undergo a random walk until it hit the particle seed 

and sticks on it, the second particle is then released, and this process repeats until the a larger 

aggregate has  been formed which containing N=O(104) particles. 

Based on the kinetics of aggregation, an equation was development to describe the 

aggregation rate: 

                                                               R=D/F 

Where D is the diffusion rate and F is the deposition flux. 

The fractal dimension df is used to quantitatively characterize the cluster. The df is a direct 

measure of how the density approaches zero as the length scale over which it is measured 
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increases. If M(R) is the cluster mass within a Pythagorean distance R of a cluster point, and 

ρ(R) = M(R)/ Rd is the density, then one writes: 

                                    M(R) ~ Rdf       ρ(R) ~ Rdf-d 

1.6.4 Effect of microfibrillated lignocellulose on polymers 

Due to the abundance of accessible hydroyxyl groups, cellulose has a highly polar surface. 

Dispersion in water and water-soluble polymers can therefore be achieved easily.  By contrast, 

dispersion of cellulose in non-polar solvent or polymers are very challenging. Surface 

modification or compaitibilizer is required to establish the compatibility between cellulose and 

hydrophobic polymers, however additional cost is induced. 

Lignin is the second most abundant natural after cellulose, which contains both of polar and 

non-polar groups. Lee and Luner found that the sessile contact angle water made with lignin 

was about 60°[98]. Laschimke concluded that milled wood lignin as well as lignin from the 

organocell process was wettable, even though the contact angle in these measurements was 

initially around 80°. However, the contact angle dropped to 63° which is far away from 90° as 

a function of time[99]. Lignin is normally considered to be a hydrophobic polymer, but 

according to the strictest definition of a water contact angle greater than 90°[100], lignin is not 

hydrophobic and water may be considered to be a partially wetting liquid on a lignin surface. 

This also supports the long-term belief that some fractions of lignin provide water-proof aid in 

the water transport of plants. Although the total surface free energy of isolated lignin is 

comparable with cellulose, the dispersive intermolecular forces arising from the higher 

percentage of non-polar moieties are more pronounced compared to cellulose[101].  

Variable hydrophobicity of lignin depending on their different surface chemistry was 

revealed by hydrophobic interaction chromatography[102]. This result may support that lignin 
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could feature a similar mode of action as conventional compatibilizer in polymer composites 

by providing polar and non-polar moieties[103]. AFM adhesion force measurement revealed 

variability of polarity of microfibrillated lignocellulose. Domains of the moieties with higher 

polarity and lower polarity than microfibrillated cellulose were both found in microfibrillated 

lignocellulose[103]. More homogeneous distribution of fibrils in polycaprolactone and 

polystyrene was achieved by loading microfibrillated lignocellulose than microfibrillated 

cellulose. Compared to microfibrillated cellulose, significantly more efficient mechanical 

reinforcement was observed after the addition of microfibrillated lignocellulose[103]. Good 

fiber spinning was observed by Kubo and Kadla for both lignin/PET and lignin/PP systems, 

however, only the PP with a molten viscosity comparable to the spinning temperature was able 

to be continuously spun into fibers[104]. The lignin-containing nanocelluloses were found to 

exhibite the hydrophobic property to some extent compared to pure cellulose, and the authors 

believed this result indicates the NFC could have good compatibility to polymer matrix while 

making composites[105]. The addition of few content of lignin to plant fiber-polymer 

composites was discovered to have positive effects on their mechanical performance, including 

PP[106], PLA[107] and epoxy[108]. Kraft pulp and thermomechanical pulp pretreated in sulfuric 

acid yielded microfibrillated material was found to slightly improved the tensile-strength 

performance of PLA, however the improvement induced by lignin-containing cellulose 

material was not as much as lignin-free cellulose material[109].  

1.6.5 Reinforcement of nanocelluloses in hydrophobic polymers 

The first achievement of the use of nanocellulose as a reinforcement was announced by 

Favier et al[32]. In their work, CNC was incorporated into a copolymer of styrene and butyl 

acrylate. Enhancement of the mechanical properties were observed for the composite films. In 
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recent years, nanocellulose has been tremendously incorporated into a wide range of polymer 

matrices, including poly(ε-caprolactone)[36, 37], poly(vinyl alcohol)[33], polypropylene[38, 39] and 

others. The enhancement of the increased mechanical behavior was proposed to be the result 

of strong network form by interaction of nanocelluloses and nanocellulose with polymer. 

Cellulose nanocrystals are great reinforcing fillers in bionanocomposites as a combination 

of their high surface area and unique morphology as well as good mechanical response to 

stress. Habibi and his colleagues incorporated CNC into PCL matrix to improve the tensile 

properties of the bionanocomposite[110]. In their work, the CNCs were modified by attaching 

PCL via ring-opening polymerization in order to improve the compatibility between the 

hydrophobic PCL matrix and the hydrophilic CNCs in bionanocomposites. From their work, 

the addition of PCL-grafted CNCs into PCL were proved to improve considerably the Yong’s 

modulus from 230.7 MPa to 52.0 MPa of the solvent casted solid bionanocomposite film.  

The reinforcement of nanocelluloses in poly(ε-caprolactone) was also investigated by Mi 

and his colleagues[37]. In Mi’s work, both of solid and microcellular samples were studied. The 

CNCs were compounded with PCL directly using a twin-screw extruder. Microcellular 

injection molding was used to produce the foamed bionanocomposites. It was proved that 

CNCs effectively improved the tensile moduli and storage moduli of both solid and foamed 

PCL composite. 

Ljungberg, et al., studied the reinforcement of nanocellulose in PP matrix several years ago. 

They investigated the reinforcing function of nanocellulose in both of atactic PP and isotactic 

PP. Composite films were firstly solvent casted from toluene solution and then hot pressed. 

The mechanical properties of composite films were found to depend strongly on the dispersion 

quality of the whiskers. The high dispersion quality induced enhanced mechanical properties 
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at large deformations at room temperature and some composite displayed an increased tensile 

strength and strain at break as compared to the neat matrix[38, 39].  
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2. Research Objectives 
 
The final objective of this work is to develop a new nonwoven platform to produce 

polyethylene and polypropylene composite fibers featuring bio-based materials. These new 

composite fibers are targeted display improved thermal-mechanical properties when compared 

to the base materials. Specific objectives in this project include: 

To prepare CNC/NFC from different sources with control; 

To disperse CNC/NFC in PE and PP melts and/or solutions using, if needed, coupling agent 

systems; 

To investigate CNC/NFC as reinforcing agent for PE and PP films and fibers 

To produce PE and PP fibers reinforced with CNC/NFC via melt spinning; 

To study the thermal properties of fibers including the non-isothermal crystallization kinetics 

of the filled composites; 

To investigate the physical and strength properties of CNC/NFC-filled PE and PP fibers. 
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3. Preparation and characterization of polypropylene and nanocelluloses composite film  
 
3.1 ABSTRACT 

In this work, polypropylene composites with given amounts of nanocellulose were 

produced via solvent casting and extrusion followed by hot pressing (EHP), respectively.  

Solvent casting from xylene was not effective in producing uniform PP films due to the 

presence of the solvent residue. The films produced were found to be brittle, opaque and hardly 

to be peeled off the petri dish, while the neat PP film prepared by the EHP method was flexible. 

For CNC/NFC loading as low as 1%, the bio-based material had minor effects on the thermo-

mechanical properties of the composites. For CNC/NFC concentrations higher than 10%, the 

nanocellulose could not be optimally dispersed in the PP matrices. Here we demonstrate that 

NFC/CNC perform as an effective reinforcing agent when they are mixed with soy proteins 

co-adjuvants. 

 

3.2 INTRODUCTION 

Since polypropylene is hydrophobic, while nanofibrillar cellulose (NFC) and 

nanocrystalline cellulose (CNC) are hydrophilic, a major issue in composite manufacture is 

their compatibility. Three main methods are used to address this issue: physisorption, “grafting 

on” and “grafting from”. In order to meet the goals of the project, simple physisorption 

methods were tested first. Two kinds of surface active molecules were used to couple the 

polymer and nanocellulose, and the mixture was then compounded before extrusion. After the 

composites were produced, measurements were performed for thermal-mechanical properties.  

β-casein is an unstructured protein that exists in milk. It can self-assemble into micelles at 

neutral pH as well as in acidic conditions[1]. β-casein changes its properties according to the 
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chemical environment, acting as an amphiphilic chameleon[2]. At neutral pH, β-casein adsorbs 

onto hydrophobic surface via its hydrophobic C-terminal, with its hydrophilic N-terminal 

protruding into aqueous environment, and forming brush-like structure[3]. At lower pH, β-

casein adsorbs more and the layer becomes thicker. The tail extension decreases 6 lattice units 

if the pH is reduced from 7 to 5.5, while the hydrophobic parts are less sensitive to pH[3]. 

Soybean (SP) proteins are utilized in paper coating and sizing section in paper industries. 

Twenty proteins and 7 polypeptides are found to increase the wet strength of paper[4]. Soybean 

proteins comprise more than 50% of raw bean weight[5]. Soybean proteins have one fraction 

without biological activity, which is the so-called storage proteins[6]. They are by-products of 

the soybeanoil industry, and are utilized as animal feed. With the demand for soybean oil, a 

considerable number of (residual) proteins are produced. Due to their good availability and 

low price, storage proteins stimulated the development of new functional material [7].  

Soybean protein isolate (SPI) consist of globulins precipitating at pH 4.5-4.8[8]. According 

to the sedimentation constant, storage proteins have been classified as conglycinin (7S) and 

glycinin (11S). 7S comprises three subunits: α, α’ and β with molecular weights of 57-76 kDa, 

57-83 kDa and 42-53 kDa, respectively. The fraction of each subunit accounts for 

approximately 40, 30 and 30% by weight, respectively. 11S is a protein with a quaternary 

structure with 12 subunits forming dimers. The molecular weight of 11S is 320-350kDa, and 

the molecular weight of the three acidic subunits is reported to be 34.8 kDa-40 kDa, while the 

three basic ones are 19.6-20 kDa. The acidic subunits in 11S and α’s subunits in 7S are reported 

to have hydrophobic characters, while the basic subunits in 11S and the β subunits are 

hydrophobic. It has been demonstrated that both, 7S and 11S, can absorb readily onto PP 

surfaces. 
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β-casein and soybean protein are both amphiphilic, they are biodegradable and 

environmental friendly. In this work, β-casein and soybean protein are used as surface active 

molecules to determine if they can assist nanocellulose incorporation into PP matrices. 

 

3.3 EXPERIMENTAL 

3.3.1 Materials 

Soy protein isolate was obtained as a gift from ADM (Decatur, IL). Sulfuric acid, 

chloroform, xylene, and β-casein were purchased from Sigma-Aldrich and used as received. 

 

3.3.2 Methods 

3.3.2.1 CNC and NFC preparations 

CNC emulsion will be manufactured in lab according to previous research[9]. The 65 wt % 

sulfuric acid will be used to hydrolyze commercial cotton. (1) The acid hydrolysis will be 

carried out at 70°C for 30 min, and (2) will be terminated by pouring the cotton-sulfuric acid 

emulsion to an ice bath. Then (3) the emulsion will be centrifuged at 20,000 rpm for 20 min 

and the supernatant will be removed. (4) The sediment will be CNC emulsion. (5) More water 

will be added to the CNC sediment and the system will then be subject to stirring before the 

second round centrifugation. Step (3)-(5) will be repeated for several times until the emulsion 

cannot be separated from water. Finally the CNC emulsion will be subjected to dialysis for 

around one week to remove the acid residues. The final CNC emulsion was stored at 4°C after 

adding two drops of chloroform to prevent biological growth. 
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NFC was produced via mechanical disintegration of a dispersion of fully bleached softwood 

fibers. The fibers were further designated by passing though microfluidizer (Microfluidics M-

110Y) 16 times. 

 

3.3.2.2 Composite film preparation via solvent casting 

PP films were produced by three methods: Solvent casting (I) and extrusion followed by 

hot pressing (EHP) using NFC that was first freeze dried before loading (II) or suspended in 

fluid medium before loading (III). 

Polypropylene was dissolved in xylene at 0.1g/mL concentration for 2 hours. The solution 

was then poured onto a Teflon petri dish, and allowed to dry for one week.  

 

3.3.2.3 Composite film preparation via EHP 

EHP: extrusion (175°C, 5min and 100 rpm) followed by hot pressing (175°C, 3 min without 

press + 2 min 20,000 Ptb) 

I. PP + 4 wt% freezed dried NFCs/CNCs + 1 wt % β-casein (Processes are illustrated in figure 

3.1).  

II. PP + 1 wt % NFC/CNC suspension + 1 wt % β-casein (Processes are illustrated in figure 

3.2)  

III. PP + NFC/CNC suspension + SPI. (The formulations are list in table 3.1 and processes are 

illustrated in figure 3.2)  
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Figure 3.1 Schematic illustration for Process I          

 
 

 

Figure 3.2 Schematic illustration for Process II and III      

 
 



 

58 

Table 3.1 Film composition made in process III 

Film composition 

 Film 1 Film 2 Film 3 Film 4 

Nanocellulose 5% β-casein/SPI 1% β-casein/SPI 

3% 

β-casein/SPI 

5% 

β-casein/SPI 

7% 

Nanocellulose 

10% 

β-casein/SPI 1% β-casein/SPI 

3% 

β-casein/SPI 

5% 

β-casein/SPI 

7% 

Nanocellulose 

15% 

β-casein/SPI 1% β-casein/SPI 

3% 

β-casein/SPI 

5% 

β-casein/SPI 

7% 

Nanocellulose 

20% 

β-casein/SPI 1% β-casein/SPI 

3% 

β-casein/SPI 

5% 

β-casein/SPI 

7% 

 

3.3.2.4 Thermal stability of composite films  

The thermal stability of composite film was evaluated by using a Q100 TGA from TA. 

Around 5-20 mg fiber samples were heated up from 50 to 600˚C at a rate of 10˚C/min under 

nitrogen atmosphere and the respective thermograms were acquired and reported as mass loss 

with temperature.  

3.3.2.5 Thermal transitions of composite films produced via EHP process III 

A Q100 DSC from TA was used to measure the thermal transitions of composite including 

crystallization and melting behaviors. 5-20 mg composite films were encapsulated in 

hermetically sealed aluminum pans, and in each measurement a similar empty pan was used 

as reference. The composite fibers were heated up to 175°C at  a rate of 10°C/min to eliminate 

the thermal history, and kept as an isothermal for 5 min before cooling down to 30°C at 
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10°C/min. The composites were subsequently heated up to 180°C and back down to 30°C at 

the same rate. 

The degree of crystallinity, χ, was determined from Eq. (1). Calculations were based on 

ΔHm for 100% crystalline PP being (assumed to be 209 J g-1), ΔHo is the enthalpy of fusion 

of the composites and w is the mass fraction of PP in the composite[10]: 

N = (ΔHm	×100%) ÷ (ΔHo×	w)                                                                        (1) 

3.3.2.6 Crystalline structure of composite films produced via EHP process III 

X-ray diffraction (XRD) measurements were made with a SmartLab XRD from Rigaku. 

The samples were exposed to Cu Kα radiation with a wavelength of 1.54 Å. The equipment 

was operated at 40 kV and 44 mA under ambient temperature, and the angle of incidence was 

varied from 5° to 35° by steps of 0.06. 

3.3.2.7 Dispersion of CNC/NFC within composite films produced via EHP process III 

To determine the dispersion of CNC/NFC within films, scanning electron microscopy 

(SEM) was used in cross sections of cryo-fractured composite films. The SEM imaging was 

carried out with a Hitachi S 3200N SEM with operating voltage of 5 kV and working distance 

of 20 mm. 

3.3.2.8 Thermal-mechanical properties of composite films produced via EHP process III 

Dynamic mechanical analysis was performed on a Q800 DMA from TA. The measurements 

were conducted in tensile mode at a frequency of 1 Hz. The value of the strain magnitude was 

set at 0.05%. Storage moduli of composite films were recorded as a function of temperature 

between -100°C and 160°C at a heating rate of 3°C/min. The shape of the film samples were 

approximately 15mm*6mm*0.08mm. 
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3.4 RESULTS AND DISCUSSIONS 

3.4.1 Morphology of composite films produced via solvent casting and EHP process I, II 

and II 

3.4.1.1 Composite film surface produced via solvent casting and EHP process I, II and II 

               

 

 

                 

 

 

 

 

 

Figure 3.4 PP film with freeze-
dried NFC incorporation made 
by extrusion with hot press 
followed by (EHP) 

Figure 3.5 PP film made by 
solvent casting from xylene 

 

Figure 3.7 PP film with NFC 
suspension incorporation 
made by EHP 

 

Figure 3.8 PP film with 
NFC suspension and β-
casein incorporation made 
by EHP 

Figure 3.6 PP film with CNC 
suspension incorporation 
made by EHP 

 

Figure 3.9 PP film with 
CNC suspension and β-
casein incorporation made 
by EHP 

 

Figure 3.3 PP film with freeze-
dried NFC and β-casein 
incorporation made by EHP 
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The film made with solvent casting method was not uniform (Fig. 3.3). When PP was 

dissolved, the solvent mixed well with PP but during drying, solvent evaporation produce 

uneven mass concentrations, as a result crack formation was favored. 

Figure 3.4 and 3.5 show the films made by extrusion with hot press followed (EHP). The 

films quality was improved when compared to the solvent casting method, but the aggregates 

were still significant. This is because during the freeze drying, inter and intra NFC chain 

hydrogen bonds were formed, which were difficult to break down. Due to the formation of 

hydrogen bonding, the NFC assembled together, and β-casein could not mix well to exert its 

targeted functions. 

Figure 3.6 and 3.7 are the films made by EHP process I and II. Before the extrusion, NFC 

suspension was mixed with PP directly, without being dried. The films with and without β-

casein were both uniform.  CNC suspension was also mixed with PP without drying, before 

compounding by extrusion. The films were uniform as well, but there were wrinkles formation 

on the films was observed (Fig. 3.8 and 3.9). The films were not as flat as the ones that 

incorporated NFC suspension. Probably the existence of sulfate group made the film much 

softer. 

                                                  

Figure 3.10 Neat PP film made by EHP 
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Figure 3.11 EHP PP films with NFC and SPI loading. Film A composition: 
PP+5%NFC+1%SPI; Film B composition: PP+5%NFC+3%SPI; Film C composition: 
PP+5%NFC+5%SPI; Film D composition: PP+5%NFC+7%SPI 

       

Figure 3.12 EHP PP films with NFC and SPI. Film A composition: PP+10%NFC+1%SPI; 
Film B composition: PP+10%NFC+3%SPI; Film C composition: PP+10%NFC+5%SPI; Film 
D composition: PP+10%NFC+7%SPI 

       

Figure 3.13 EHP PP films with NFC and SPI. Film A composition: PP+15%NFC+1%SPI; 
Film B composition: PP+15%NFC+3%SPI; Film C composition: PP+15%NFC+5%SPI; Film 
D composition: PP+15%NFC+7%SPI 

       

Figure 3.14 EHP PP films with NFC and SPI loading. Film A composition: 
PP+20%NFC+1%SPI; Film B composition: PP+20%NFC+3%SPI; Film C composition: 
PP+20%NFC+5%SPI; Film D composition: PP+20%NFC+7%SPI 
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From the appearances of the films (Fig. 3.11-3.14), the films composed of 

PP+5%NFC+1%SPI, PP+5%NFC+3%SPI, PP+10%NFC+1%SPI and PP+10%NFC+3%SPI 

were uniform and transparent with small aggregations (Fig. 3.19 and 3.20).  

Due to the thermal degradation of sulfate group in CNC, during the EHP process the films 

became darker. However, this effect was offset by SPI loading, which resulted in lighter colors 

(Fig. 15-19). This effect may be caused by the sulfate groups protected by SPI. From their 

appearances, the films with the following composition PP+5%CNC+5%SPI, 

PP+5%CNC+7%SPI, PP+10%CNC+5%SPI and PP+10%CNC+7%SPI were more uniform 

and transparent and presented negligible particle aggregation (Fig. 3.21 and 3.22).   

       

Figure 3.15 EHP PP films with CNC and SPI loading. Film A composition: 
PP+5%CNC+1%SPI; Film B composition: PP+5%CNC+3%SPI; Film C composition: 
PP+5%CNC+5%SPI; Film D composition: PP+5%CNC+7%SPI 

 

       

Figure 3.16 EHP PP films with CNC and SPI loading. Film A composition: 
PP+10%CNC+1%SPI; Film B composition: PP+10%CNC+3%SPI; Film C composition: 
PP+10%CNC+5%SPI; Film D composition: PP+10%CNC+7%SPI 
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Figure 3.17 EHP PP films with CNC and SPI loading. Film A composition: 
PP+15%CNC+1%SPI; Film B composition: PP+15%CNC+3%SPI; Film C composition: 
PP+15%CNC+5%SPI; Film D composition: PP+15%CNC+7%SPI 

  

       

Figure 3.18 EHP PP films with CNC and SPI loading. Film A composition: 
PP+20%CNC+1%SPI; Film B composition: PP+20%CNC+3%SPI; Film C composition: 
PP+20%CNC+5%SPI; Film D composition: PP+20%CNC+7%SPI 

 

3.4.1.2 Composite film cross sections produced via EHP process III (NFC series)  

     

Figure 3.19 Cryo-fractured of NFC-based composite films produced via EHP process III. Film 
A composition: PP+5%NFC+1%SPI; Film B composition: PP+5%NFC+3%SPI; Film C 
composition: PP+5%NFC+5%SPI; Film D composition: PP+5%NFC+7%SPI 
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Figure 3.20 Cryo-fractured of NFC-based composite films produced via EHP process III. Film 
A composition: PP+10%NFC+1%SPI; Film B composition: PP+10%NFC+3%SPI; Film C 
composition: PP+10%NFC+5%SPI; Film D composition: PP+10%NFC+7%SPI 

 

3.4.1.3 Composite film cross sections produced via EHP process III (CNC series) 

      

Figure 3.21 Cryo-fractured of CNC-based composite films produced via EHP process III. Film 
A composition: PP+5%CNC+1%SPI; Film B composition: PP+5%CNC+3%SPI; Film C 
composition: PP+5%CNC+5%SPI; Film D composition: PP+5%CNC+7%SPI 

 

    

Figure 3.22 Cryo-fractured of CNC-based composite films produced via EHP process III. Film 
A composition: PP+10%CNC+1%SPI; Film B composition: PP+10%CNC+3%SPI; Film C 
composition: PP+10%CNC+5%SPI; Film D composition: PP+10%CNC+7%SPI 
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3.4.2 Thermo-stability of films produced via solvent casting and EHP process I, II and 

III 

3.4.2.1 Solvent casting and EHP process II 

At around 130°C, the weight of solvent casted PP decreased due to the evaporation of 

residual solvent (Fig. 3.23). The degradation temperature for solvent casted PP was lower than 

the other films made via EHP.  This was probably because the existence of solvent which 

reduced PP interfacial area. The onset degradation temperature did not change appreciably. 

However, the film incorporated with NFC degraded somewhat faster than with CNC. This 

observation might be due to the fact that the high crystalline CNC increased the crystallinity 

of the composite film.  

  

Figure 3.23 Thermogravimetric analysis (TGA) profiles for solvent casted PP, EHP PP, EHP 
PP/NFC, EHP PP/NFC/β-casein, EHP PP/CNC and EHP PP/CNC/β-casein. 
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Figure 3.24 TGA images for the degradation of EHP PP and EHP with different NFC and SPI 
loading.  

 

 

Figure 3.25 TGA images for the degradation of NFC, CNC and SPI  
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3.4.2.2 EHP process III (NFC series) 

From the appearances of the films (Fig. 3.11-3.14), the films composed of 

PP+5%NFC+1%SPI, PP+5%NFC+3%SPI, PP+10%NFC+1%SPI and PP+10%NFC+3%SPI 

were uniform and transparent without significant aggregation. The film with 

PP+5%NFC+1%SPI composition had higher degradation temperature. During the increase of 

temperature and with the exception of PP+5%NFC+1%SPI composition, all the composite 

films had an onset of degradation starting at around 300°C, due to the degradation of NFC 

(Fig. 3.25). With more NFC loading, the onset degradation temperature was decreased (Fig. 

3.24).  

 

3.4.2.3 EHP process III (CNC series) 

The degradation temperature (Fig. 3.26) of films with 5%CNC+1%SPI and 3%SPI loading 

increased compared to the neat PP film. However, all the other composite films had a lower 

onset degradation and degradation temperature induced by the CNC and SPI breaking down 

(Fig. 3.25). 
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Figure 3.26 TGA images for the degradation of EHP PP and EHP with different CNC and SPI 
loading.  

 

3.4.3 Thermomechanical properties of films produced via solvent casting and EHP 

process I, II and III 

3.4.3.1 Solvent casting and EHP process II 

The storage modulus of PP films with NFC and CNC decreased to some minor extent (Fig. 

3.27). This is probably due to the low NFC and CNC loading, which was much lower than 

expected percolation values. In this case, NFC and CNC acted as impurities which decreased 

the interfacial area of PP.  The melting temperature decreased after NFC and CNC loading, 

and the crystallization temperature shifted to higher temperatures (Fig. 3.28). 
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Figure 3.27 Dynamic mechanical analysis (DMA) images for solvent casting PP, EHP PP, 
EHP PP/NFC, EHP PP/NFC/β-casein, EHP PP/CNC and EHP PP/CNC/β-casein. 

  

Figure 3.28 Differential scanning calorimetry (DSC) images for solvent casting PP, EHP PP, 
EHP PP/NFC, EHP PP/NFC/β-casein, EHP PP/CNC and EHP PP/CNC/β-casein. 

 

3.4.3.2 EHP process III (NFC series) 

It was demonstrated that NFC had the potential to increase PP’s thermo-mechanical 

property when it is loaded in a specific amount and ratio with SPI (Fig. 3.29). From their 

physical appearance and from results of degradation temperatures of the films, the film with 

composition of PP+5%NFC+3%SPI was concluded to be the best one.  

The melting temperature of the composite films did not change with NFC and SPI loading, 

while the crystallization temperature increased, an observation that was more significant for 
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NFC loading of 15% and 20%. PP composites exhibited similar trends to neat PP during the 

melting process. Significant vibration in melting temperature could not be found either in 

previous works[11-13]. 

 

Figure 3.29 DMA images for the storage modulus of EHP PP and EHP with different NFC and 
SPI loading.  
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Figure 3.30 DSC images for the melting and crystallization of EHP PP and EHP with different 
NFC and SPI loading.  

 

 

3.4.3.3 EHP process III (CNC series) 

Compared the storage modulus of the four uniform composite films (PP+5%CNC+5%SPI, 

PP+5%CNC+7%SPI, PP+10%CNC+5%SPI and PP+10%CNC+7%SPI), the one with 

PP+10%CNC+7%SPI composition had lower storage modulus. This might be because the high 

amount of SPI decreased the network percolation effect. The other three formulations 

presented better mechanical performance than the neat PP, confirming CNC’s reinforcing 

function. The reinforcing function of CNC in PP composites is due to its percolation[14]. The 

CNCs treated with different modification methods displayed various reinforcing function that 

is because the mechanical properties of PP composites not only depend on the filler-filler 
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interaction but also the quality of dispersion[15]. The reinforcing properties of modified CNCs, 

with MAPP and a phosphoric ester of polyoxyethylene-9-nanylphenyl ether, were observed to 

improve the storage modulus of isotactic PP.[11]
  

 

 

Figure 3.31 DMA images for the storage modulus of EHP PP and EHP with different CNC 

and SPI loading.  
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Figure 3.32 DSC images for the melting and crystallization of EHP PP and EHP with different 
CNC and SPI loading.  

 

3.5 SUMMARY AND CONCLUSIONS 

Compared to the solvent casting from xylene, the EHP process produced higher quality PP 

composite films, which were more flexible. Freeze dried NFC aggregated during the drying 

process. NFC/CNC should be compounded with PP in their suspended states to facilitate 

manufacture and improved performance. Also, aggregation is avoided.  

When NFC was freeze dried before its incorporation into PP, it aggregated tightly due to 

the formation of hydrogen bonding during drying, and could not be dispersed into PP melts, 
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even when protein surface active molecules (β-casein) were added into the system. However, 

the NFC suspension worked better, and it did not associate during the EHP process with PP 

and β-casein.  But due to the limit amount of NFC loading, the reinforcing function was not 

observed.  

Due to several limitation in the use of β-casein, soybean protein isolate (SPI) was used as 

replacement of caseins. The respective composite film are shown to have increased thermal 

and mechanical properties when the NFC and SPI were loaded at given mass ratios 

For low loading levels (up to 1%), NFC/CNC produce no effect or detrimental effects on 

the thermo-mechanical properties of the composite films. 

NFC/CNC loading between 1 and 10% is most suitable to produce the composite PP films. 

It is demonstrated that NFC/CNC has a reinforcing function in PP matrices.  
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4. Compatibility of Cellulose Nanocrystals with Polypropylene Using Different Kinds of 
Chemicals 
 
 
4.1 ABSTRACT 

The reinforcing function of commercial cellulose nanocrystals (CNCs) are evaluated in this 

work. Isotactic polypropylene (iPP) composites with given amounts of nanocellulose were 

produced via extrusion and hot pressing. In this study, four methods were applied to facilitate 

CNCs dispersion in the highly hydrophobic polypropylene matrices. In order to maintain PP 

composite viscosity for the future fiber production, the CNCs loadings were 0.5 and 1.0 wt%. 

The thermomehcanical properties were improved to some extent by CNCs modified using 

Methods I, III and IV. The CNCs with 1% w/w loading provided better reinforcing effect on 

iPP. The crystallinity and crystallization temperature of iPP composites were increased without 

changing the XRD pattern. The melting temperature of iPP composites maintained after the 

addition of CNCs. The viscosity of iPP composites did not decrease with 0.5% and 1.0% w/w 

some treated CNC loading comparing with neat PP. The viscosity decreased with shear rate 

increase. 

4.2 INTRODUCTION 

It is well known that the properties of composites are variable, highly depending on the 

characteristics and/or geometry of polymer matrix and filler, the interaction of filler-polymer 

matrix and filler-filler, and the dispersion of filler in polymer matrix[1]. In this study, four 

methods were applied to facilitate cellulose nanocrystals (CNCs) dispersion in the highly 

hydrophobic polypropylene matrices. CNCs are rod-like or whisker shaped particles obtained 

by strong acid hydrolysis of cellulose microfibrils. These particles are also termed 

nanowhiskers, nanocrystalline cellulose and cellulose nanowhiskers. CNCs are highly 
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crystalline (up to 90.7% CrI)[2] and have a high aspect ratio (3-5 nm wide, 50-500 nm long)[3]. 

CrI is defined as crystallinity index and expresses the relative degree of crytallinity[4]. CNCs 

have a greater axial elastic modulus than Kevlar and their mechanical properties are similar to 

other reinforcing agents[5]. Since Favier, Chanzy and Cavaille reported that CNC reinforced 

the mechanical properties of polymer films made from poly-(styrene-co-butyl acrylate)[6], 

CNCs have attracted a great amount of interests in the nanocomposite field due to their specific 

properties, such as high surface area, good percolation, low density, unique morphology and 

good mechanical strength. In addition, CNCs are low cost, renewable, biodegradable and easily 

modified. In recent years, CNCs have been incorporated into a wide range of polymer matrices, 

including poly(ε-caprolactone)[7, 8], poly(vinyl alcohol)[9], polypropylene[10, 11] and others. 

Since iPP is one of the most important and widely used polyolefin. Numerous work have 

been devoted to the reinforcement of iPP[11-15]. PP is semi crystalline polymer, and its 

crystalline structure is highly impacted by the presence of fillers[16]. PP mainly has three 

structure: α-structure is dominant in neat PP, while β- and γ-structure appear when PP is filler 

incorporated under at high pressure[17] or thermal annealing[15]. 

There are many coupling agents that can be used to enhance the compatibility of 

hydrophobic PP and hydrophilic natural fibers. Two mechanisms have been proposed for the 

role of coupling agent in polymer matrix: (1) ester bonds formation between the anhydride 

carbonyl groups of coupling agents and the hydroxyl groups of natural fibers[18], and (2) an 

adhesive bridge between modified natural fibers and polymer matrix[19]. Alkyenyl succinic 

anhydride (ASA) is widely used in paper hydrophobization treatment, or sizing in papermaking 

industry aiming at reducing the penetration rate of aqueous liquid into the paper. The 

hydrophobization effect is attributed to the esterification between the anhydride groups of ASA 
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and the hydroxyl group of cellulose. The oriented hydrophobic tails can lower the surface free 

energy of cellulose[20]. The use of poly(propylene-graft-maleic anhydride) (MAPP) as coupling 

agent also received great attention. The reaction mechanism between MAPP and cellulose is 

similar to ASA and cellulose. The similarity of PP and MAPP enable the co-crystallization 

which is desired for the cohesive bonding[19]. Stearic acid (SA) has also been used to treat the 

surface of polar fillers[21]. 

The main issue is to facilitate CNCs to incorporate with PP matrices. The better the 

dispersion and distribution of CNCs, the better the properties of the composites. However, the 

high surface energy of CNCs promote those CNC particles to agglomerate. Simultaneously, 

the high viscosity of PP prevents CNC dispersion[22, 23]. Good dispersion of CNC in PP matrix 

is therefore very difficult.  ASA, stearic acid and MAPP were used to modify CNCs surfaces 

in this work. The overall properties of these composite films were characterized. The PP pellets 

were ground to powder form to increase their contact area with the small amount of flour-like 

commercial CNCs. The PP powder and pure/treated CNCs were mixed at 180°C using a lab-

scale compounder. X ray diffraction (XRD) was used to evaluate the effect of CNCs on the PP 

crystallinity. The melting/crystallization temperature and crystallinity were determined by 

differential scanning calorimetry (DSC). Dynamic mechanical analysis (DMA) was used to 

characterize the thermo mechanical properties of PP composites.  

Most of the previous work were focusing on high CNC loading (higher than 3 wt%), while 

our work was carried out at very low CNC loading, since it would be very interesting to 

understand the reinforcement of low loading CNC in PP matrix. For the application of 

nanocellulose in non-polar thermoplastics, spray-dried products are recommended due to their 

higher thermal stability and crystallinity index[23], the commercial available, spray-dried CNCs 
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were therefore studied in this work. The present work is also a cornerstone for iPP and CNC 

composite fiber production. 

4.3 EXPERIMENTAL 

4.3.1 Materials 

All materials used in this study are commercially available: Cellulose nanocrystals (CNCs) 

were kindly supplied by FPInnovations, Canada. The CNC is spray-dried product of aqueous 

CNC suspension from a commercial bleached softwood kraft pulp[24]. PP resin (grade 

CP36OH, density = 0.91 g/cm3, Melt flow index = 34 g/10 min), with a weight average 

molecular weight of 180,000 g/mol and a polydispersity of 3.3 was supplied by BrasKem. 

Alkenyl succinic anhydride (ASA) used in this work is (2-dodecen-1-yl) succinic anhydride 

(Sigma Aldrich, USA). Stearic acid (SA) (density = 0.84g/mL) was from Fisher Scientific, 

USA. Maleic anhydride-grafted polypropylene (MAPP), with a weight average molecular 

weight of 9,100 g/mol and 8-10 wt% maleic anhydride, was from Sigma Aldrich, USA. 

4.3.2 Methods 

4.3.2.1 Modification of CNCs surface 

Three methods were performed to enhance PP and CNCs compatibility: (I) spray-dried CNCs 

(1g) were dispersed in toluene (10 mL) and stirred for 1.5h at ambient temperature. Then 1g 

coupling agent ASA or SA was added to the dispersion. The dispersion was subjected to 

ultrasonic disruption to ensure a good contact between the nanoparticles and the coupling 

agents[20]; (II) The second method consisted of vapor deposition. CNCs (1g) were placed in a 

desiccator containing ASA at the bottom. Vacuum was applied and the whole system was 

placed in a conventional oven at 145°C. The desiccator was removed from the oven after one 

day[25]; (III) MAPP (5wt% based on CNC) was dissolved in tolueneat 100°C and 1g CNCs 
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were then introduced and mixed for 5 min. The system was placed in a circulating oven at 

70°C for 1 day[26]. Equations (1)-(3) are dictating the reaction mechanism of CNC with ASA, 

SA and MAPP, respectively. 

Fourier transform infrared (FTIR) spectroscopy was used to characterize the functional group 

composition of CNCs before and after treatment. A Perkin–Elmer Spectrum FT-IR 

spectrometer was used with a total of 20 scans and a resolution of 2 cm-1.Anhydrous potassium 

bromide (KBr) was used as a dispersing material and all spectra were scanned within the range 

400–4000 cm-1. 
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4.3.2.2 PP composites film preparation 

PP pellets were ground into powder form using 6750 Freezer/mill from SPEX CertiPrep. PP 

pellets were ground for 5 cycles. In each cycle, the PP pellets were pre-cooled by liquid 

nitrogen for 2min, and then ground for 5 min. The modified CNCs using Method I, II or III 

were mixed with PP powder for 5 min using the co-rotating twin-screw with 5000N force at 

100 rpm, 180°C. The unmodified CNCs were compounded with 5%wt MAPP and PP powder 

using the same approach as the other three modified CNCs, and the composite is referred as 

IV. Approximately 3-5 mg PP composites were heated up to 180°C using a lab hot-press and 

held for 2 min prior to 22 kN was applied on the composite. The force was held for 4 min at 

180°C, and released to 110 N. Following, cold pressing was held for 5 min at ambient 

temperature. 

4.3.2.3 Characterization of PP composites 

4.3.2.3.1 Thermal transitions of the composites 

A TA Q100 DSC was used to measure the thermal transitions of the composites including their 

crystallization and melting behaviors. 5-20 mg PP composites were encapsulated in 

hermetically sealed aluminum pans, and in each measurement a similar empty pan was used 

as reference. PP composites were heated up to 175°C at 10°C/min to eliminate the thermal 

history, and kept isothermal for 5 min before cooling down to 30°C at 10°C/min. The 

composites were subsequently heated up to 180°C and back down to 30°C at the same rate. 

The degree of crystallinity, χ, was determined from Eq. (1). Calculations are based on ΔHo for 

100% crystalline isotactic PP (138 J g-1)[27], ΔHm, the enthalpy of fusion of the composite and 

w, the mass fraction of PP in the composite[28]. 
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χ = (ΔHm	×100)/(ΔHo×	w)                                                                               (1) 

4.3.2.3.2 Viscosity measurements 

The viscosity was recorded at 230°C using an advanced capillary extrusion rheometer from 

ROSAND. A die with 1mm capillary diameter was used. The pressure transducer was set to 

7500-230°C. The shear viscosity was recorded as a function of shear rate ranging from 20 to 

10,000 s-1. 

4.3.2.3 Characterization of PP composite films 

4.3.2.3.1 Thermal-mechanical properties of composite films 

Dynamic mechanical analysis was performed on a Q800 DMA from TA. The measurements 

were conducted in tensile mode at a frequency of 1 Hz. The value of the strain magnitude was 

set at 0.05%. Storage moduli of PP composites were recorded as a function of temperature 

between -100°C and 160°C at a heating rate of 3°C/min. The size of the film samples were 

approximately 15mm*6mm*0.08mm. 

4.3.2.4.2 Crystallinity of composite films 

X-ray diffraction (XRD) measurements were made with a SmartLab XRD from Rigaku. The 

samples were exposed to Cu Kα radiation with a wavelength of 1.54 Å. The equipment was 

operated at 40 kV and 44 mA under ambient temperature, and the angle of incidence was varied 

from 5° to 35° by steps of 0.06. 

4.4 RESULTS AND DISSCUSIONS 

4.4.1 Characterization of the CNCs 

The interaction of the CNCs and the coupling agents were characterized by FTIR spectroscopy. 

In order to confirm the extent of CNC surface modification, the FTIR spectra of 

treated/untreated CNCs were compared, as shown in Fig. 4.1. The untreated CNCs shows 
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several characteristic bands at 3400 cm-1(OH stretching vibrations), 2900 cm-1(CH stretching), 

1432 cm-1 (CH2 stretching), and 1140-1400 cm-1 (CH, CH2 and C-O stretching)[20]. The band 

of OH decreased after surface treatment using Method I, regardless the coupling agent used. 

This decrease is attributed to the reaction of OH with the coupling agents to form an ester. New 

peaks appearing at 1735 cm-1 and 1325 cm-1 after treatment using Method I confirmed the 

introduction of C=O and C-O, respectively[20, 29]. For the CNCs treated with Method II and III, 

they did not show any new significant peaks from the spectra. FTIR spectra confirm that the 

surface modification was accomplished using Method I, but not in the case of Methods II and 

III. 

 

Figure 3.33 FTIR spectra of CNCs, ASA treated CNCs using Method I, SA treated CNCs using 
Method I, ASA treated CNCs using Method II and MAPP treated CNCs using Method III. 

4.4.2 Thermal transitions 

The thermal properties of the PP composites were investigated by means of DSC, and the main 

characteristics are presented in Table 4.1 and Fig.4.2. Fig. 4.2 displays the endothermic 

behaviors of PP and PP composites. PP composites exhibited similar trends during melting to 

that of neat PP. No significant variations in melting temperatures were observed[11, 20, 30]. 
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The supercooling temperatures reported in Table 4.1 were significantly lower for PP 

composites compared to neat PP. This result indicates that the induction time for PP 

crystallization is much shorter after CNC addition[31]. The crystallization peaks shifted to 

higher temperatures with CNC addition, which indicates that CNCs act as nucleating agent 

during crystallization of PP (Fig. 4.3). The crystallinity of PP increased after being reinforced 

by CNCs. It has been proved that the presence of filler not only affects the nucleation in 

crystallization process but also the crystallinity[32]. The nucleating function of CNC was 

addressed in Ljungberg’s work in 2006[11]. Similar phenomenon was observed several years 

ago with single-walled carbon nanotubes[31], nano-silica[33] and nano-calcium[33] carbonate 

which were used as reinforcing agents of PP.  

4.4.3 Shear viscosity of composite melts 

Since CNC starts degrading at around 250°C and fiber spinning temperature is always 80-

100°C higher than the melting temperature, the shear viscosity of PP composite melts were 

evaluated at 230°C. The shear viscosity of PP composite melts with ASA-treated CNCs 

(Method I) and the in-situ compounding method (IV) exhibited similar viscosity to that of PP 

(Fig. 2). However, the SA-treated CNCs (Method I) was distinctively less viscous than neat 

PP. The vapor deposition methods (II) with 1% w/w CNC produced a low viscosity compared 

to PP. Due to the presence of residual toluene, CNC treated with Method III presented lower 

viscosity. The viscosity decreased with shear rate, which is attributed to the coalescence of 

CNCs which leads to decrease of surface and, consequently, decrease in interactions between 

CNCs and PP matrices. This shear thinning phenomenon has been observed when CaCO3 has 

been used as reinforcing agent. However, the shear viscosity decreased dramatically when the 

shear rate over 50 s-1[34]. 
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Table 3.2 DSC thermal data for PP and PP-CNC composites 
 

 

 

 Melting T 

(°C) 

Melting 

enthalpy 

(J g-1) 

Crystallization T 

(°C) 

Crystallization 

enthalpy 

(J g-1) 

PP  167.8 93.6 113.5 98.6 

PP+0.5%ASA+0.5%CNC(I)  165.5 98.5 123.2 102 

PP+1.0%ASA+1.0%CNC(I)  164.5 102.3 125.5 107.7 

PP+0.5%SA+0.5%CNC(I)  163.9 101.2 124.5 108.2 

PP+1.0%SA1.0%CNC(I)  164.5 102.3 125.5 107.7 

PP+0.5%ASA+0.5%CNC(II)  167.0 93 120.9 100.9 

PP+1.0%ASA+1.0%CNC(II)  165.3 99.0 123.8 105.9 

PP+0.25%MAPP+0.5%CNC(III)  166.3 102.8 124.7 110.3 

PP+0.5%MAPP+1.0%CNC(III)  165.5 100 123.1 109.8 

PP+0.25%MAPP+0.5%CNC(IV)  165.1 97.9 123.6 101.8 

PP+0.5%MAPP+1.0%CNC(IV)  165.9 102 124.0 107.0 
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Figure 3.34 Melting endotherms of CNCs, ASA-treated CNCs using Method I, SA-treated 
CNCs using Method I, ASA-treated CNCs using Method II and MAPP-treated CNCs using 
Method IV. 
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Figure 3.35 Heat curves for crystallization exotherms of CNCs, ASA-treated CNCs using 
Method I, SA-treated CNCs using Method I, ASA-treated CNCs using Method II and MAPP-
treated CNCs using Method IV. 
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Figure 3.36 Shear viscosity (230°C, advanced capillary extrusion) of PP and PP in the presence 

of ASA-treated CNCs using Method I and MAPP-treated CNCs using Method IV. 

 

 

 

4.4.4 Thermal-mechanical properties of composite films 

Fig. 4.5 includes the dynamic storage moduli of PP composites as well as neat PP. The neat 

PP displays the typical behavior of a semi-crystalline polymer. The moduli decreased slowly 

when the composites are in the glassy states. The onset of the crystallinity drop was observed 

in the rubber-glassy transition, after the glassy states. In the crystalline region the moduli 

decreased slowly due to the crystalline relaxation. The crystalline domain enabled the polymer 

to maintain a significant modulus with the increase in temperature. When the temperature 

increased above 135°C, the moduli dropped dramatically due to the melting of crystalline 

domains. 

After the CNC modification the addition of the nanoparticles were expected to produce 

different effects on the storage moduli due to their interactions with PP. The CNCs modified 

using Method I with ASA as coupling agent presented an enhanced storage modulus (by 500 
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MPa, Fig. 4.5). However, SA-modified CNCs did not produce any significant changes in 

storage modulus. The CNCs treated using the second method exhibited a side effect on the 

storage modulus, which is attributed to incomplete surface modification (Fig. 4.1). Even 

though the third CNC modification method was incomplete based on the FTIR spectrum, the 

1% w/w CNC addition produced a 350 MPa enhancement in storage modulus. This is probably 

due to the in-situ reaction of the unreacted MAPP and CNCs in the compounding process, 

which is similar to the process in Method IV. Although the coupling agents were both MAPP, 

the enhancement of PP reinforcing effect under Method III was less than that observed for 

Method IV, by more than 100 MPa. This observation is probably due to the presence of residual 

toluene (Method III) since toluene can interfere the interactions of CNCs with the PP matrix. 

The reinforcing function of CNC in PP composites can be explained by the combined 

percolation of PP and CNC, and crystallization phenomena[6]. The CNCs treated with different 

modification methods displayed various reinforcing functions;  the mechanical properties of 

PP composites not only depended on the interaction of CNC-CNC, but also the quality of the 

dispersion[10]. The reinforcing properties of modified CNCs, with MAPP and a phosphoric 

ester of polyoxyethylene-9-nanylphenyl ether, were observed to improve the storage modulus 

of isotactic PP[11]. Mi, et al, also claimed that the addition of CNC could increase the storage 

modulus of PCL slightly[8]. 
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Figure 3.37 Storage modulus of PP and PP reinforced with ASA-treated CNCs using Method 
I, SA-treated CNCs using Method I, ASA-treated CNCs using Method II and MAPP-treated 
CNCs using Method IV. 
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4.4.5 Crystalline structure of PP and PP composites 

The XRD pattern of neat PP and PP composites are shown in Fig. 4.6. The monoclinic α-phase 

crystals for PP and PP composites are clearly identified at 2Θ = 13.9, 16.6, 18.2 as well as the 

split peaks at 21.1 and 21.9, given by the planes (1 1 0), (0 4 0), (1 3 0), (1 1 1) and (0 4 

1)[35].The amorphous halo appeared broadly at the bottom of distinct peaks. Both of β-phase 

and γ-phase were not found in these composites. It was found that the presence of CNC affects 

the orientation indices and the proportion of β-phase crystallites present[32]. The more 

hydrophilic the CNC surface, the more it appeared to favor the appearance of β-phase[11]. The 

absence of β-phase indicates that the CNC surfaces were converted to less hydrophilic or even 

hydrophobic after surface modification. Pracella, et al.,[36] reported that no clear evidence of β-

phase crystals was detected in hemp fiber reinforced PP composites and other PP composites 

reinforced by modified natural fibers. PP reinforced by carbon nanotubes[31] and clay[37] have 

been noted as well to remain primarily monoclinic without β- or γ-phases.   
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Figure 3.38 XRD profiles of PP and PP reinforced by ASA-treated CNCs using Method I, SA-
treated CNCs using Method I, ASA-treated CNCs using Method II and MAPP-treated CNCs 
using Method IV. 
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4.5 SUMMARY AND CONCLUSIONS 

ASA, SA and MAPP coupling agentsmidified the surface of CNCs effectively. However, vapor 

deposition of ASA was not effective. 

The crystallinity and crystallization temperature of PP composites were increased without 

changing the crystalline structure. The melting temperature of PP composites was maintained 

after the addition of CNCs. 

The viscosity of PP composites did not decrease (0.5% and 1.0% w/w CNC addition levels) 

when using Method I (ASA as coupling agent). 

The storage moduli of PP composites were enhanced by 460 MPa at 1% w/w CNC loading. 

The efficiency of CNCs depends highly on the surface modification method.  
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5. Reinforcement of Polypropylene with Lignocellulose Nanofibrils (LCNF) and 

Compatibilization with Biobased Polymers  

5.1 ABSTRACT 

Freeze-dried and milled lignocellulose nanofibrils (LCNF) were used to reinforce 

polypropylene (PP) nanocomposites. The LCNF, containing up to 9% lignin, was obtained 

from residual Empty Palm Fruit Bunch (EPFB) fibers. Soy protein isolate (SPI) and 

hydroxypropyl cellulose (HPC) were tested as coupling agents as well as maleic anhydride 

grafted polypropylene (MAPP), which was used as a reference. Scanning electron microscopy 

imaging revealed a good level of dispersion of LCNF in the PP matrix while mechanical testing 

and thermal analyses indicated an improvement of the thermo-mechanical behavior of the 

nanocomposites upon loading of the lignin-containing nanofibrils. The tensile modulus of PP 

was increased by 15% upon the addition of 1% LCNF with SPI as a compatibilizer. Likewise, 

the thermal stability of the composites was most markedly enhanced. Overall, LCNF and SPI, 

two important bioresources, are introduced here for the development of novel and cost-

effective PP-based composites.  

5.2 INTRODUCTION 

The replacement of non-renewable resources by widely available and sustainable materials 

is a major thrust in current developments. For composites, such efforts entail the substitution 

of reinforcing man-made glass fibers as well as mineral particles (talc, mica, and others) with 

sustainable components. The intrinsic properties of nanocellulose make it ideal to reinforce 

high performance nanocomposites. This is because its renewability, compostability, high 

surface area, high specific strength and modulus.1 Due to its versatility, nanocelluloses can in 

fact enhance multiple properties of the polymer matrix or even endow the system with new 
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functions. For example, silver nanoparticles have been attached to cationic cellulose 

nanocrystals (CNC) that were used to reinforce waterborne polyurethane; the resulting 

nanocomposites exhibited improved mechanical performance and antibacterial activity.2 

The number of investigations related to cellulose in nanocomposite reinforcement, 

including cellulose micro/nano fibrils (CMF and CNF) and cellulose nanocrystals (CNC), has 

increased rapidly in recent years. Such nanocomposites can be classified according to the 

polymer matrix either as hydrophilic or nonpolar. The effective incorporation of nanocellulose 

in hydrophilic polymers has been demonstrated, for example, with polyvinyl alcohol,3 

poly(ethylene oxide),4 poly(styrene-co-butyl acrylate),5 and waterborne polyurethane,2 among 

others. Combination of nanocellulose with nonpolar polymers have included polylactic acid,6 

polycaprolactone,7 polyethylene,8 and polypropylene (PP).9-12 However, the addition of 

nanocellulose in this latter group is a challenge, especially because limitations in the extent of 

dispersion. Together with the expected poor adhesion at the phase boundaries,1 such issues 

need to be addressed if high-scale production of nanocellulose-based composites is to become 

a reality. Physical treatments, chemical grafting and coupling agents have been used to 

overcome related challenges, mainly by introducing better compatibility and surface 

hydrophobicity onto nanocellulose.13 Coupling agents interact with both the matrix and the 

reinforcement component and facilitate their adhesion. Several proteins have been used to 

increase the surface energy of polyolefins14 which, for instance, could be also considered for 

composite manufacture. Lysozyme and fibronectin have been shown to be effective for this 

purpose; however, more attractive prospects exist in the case of readily available and 

inexpensive proteins derived from soy beans.15 Soybean proteins have found industrial, 

nonfood applications, for example, in the manufacture of plastics, adhesives, paper binders, 
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composites, paints, dry strength additives for papermaking, paper coatings, and sizing agents.16 

We reported on the interactions of soybean proteins with both hydrophilic and hydrophobic 

substrates17,18 and studied the possibility of modifying the surface of lignin as well as 

hydrophobic self-assembled monolayers, both of which became hydrophilic upon soy protein 

adsorption. Further, a facile procedure for surface modification of polypropylene (PP) fibers 

via physical interactions with soy proteins was proposed.15 The effectiveness of commercial 

soybean isolate and flour in increasing the surface energy of PP was demonstrated. 

Hydroxypropyl cellulose (HPC) belongs to the group of cellulose ethers that has been used 

already as glue and sizing material.19 HPC is soluble in water as well as in polar organic 

solvents, making it possible to combine aqueous and non-aqueous systems. HPC has been used 

as a topical ophthalmic protectant and lubricant, food additive, thickener and emulsion 

stabilizer, etc.19 Thin films of HPC, poly(vinyl alcohol) (PVA) and their blends (PVC/HPC) 

have been produced. Their miscibility was studied by varying the PVC/HPC ratio and the 

morphology and thermal stability of the respective composite films were determined.19  

Maleic anhydride, one of the most commonly utilized coupling agents, has been applied to 

cellulose to improve its compatibility with nonpolar polymer matrices, including polyolefins. 

Such polymers can be used in a variety of applications taking advantage of its low price and 

favorable properties such as hardness, stiffness, light weight, weather and chemical resistance 

and design flexibility.10,20 Polypropylene composites are usually reinforced with glass fibers, 

talc, mica minerals but also with natural fibers.30,21 The properties of cellulose nanofibrils 

(CNF) make them an attractive reinforcement component. Mostly, the reported composites 

include cellulose nanofibrils10,11 and maleic anhydride grafted polypropylene (MAPP) as a 

coupling agent.12,22 Suzuki and co-workers (2013), reported an improved tensile modulus and 
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strength, twice and 1.5 times as high compared to neat PP, respectively, for PP nanocomposites 

loaded with CMF (50 wt%) and MAPP (5.6 wt%). Likewise, Peng and co-workers (2014) 

reported property enhancements (by 36% in tensile modulus, 11% in strength, 21% in flexural 

modulus, 7% in flexural strength and 23% in impact strength) of PP nanocomposites that 

included CNF (6 wt%) and MAPP (2 wt%). Fracture analysis was used to explain this 

significant increase in mechanical performance. The results demonstrate that the size of CNF 

leads to a large interfacial areas and has a positive effect in the structure of the composites, 

which requires a large energy to initiate fracture and dissipate the energy at the interface, 

thereby effecting crack propagation.23 Furthermore, Suzuki and co-workers (2013) showed that 

lignocellulosic microfibrils were able to positively impact the mechanical properties of PP. 

The hydrophobic nature of residual lignin relative to that of cellulose is expected to impart 

good compatibility between lignocellulose microfibrils and PP.12   

With regards to the manufacture, it has been noted that the presence of water in the 

compounding process has a negative impact on cellulose since it can promote substantial 

degradation.1 This is most relevant to CNF, which is usually available as an aqueous 

dispersion. Indeed, the high moisture absorption of natural fibers/fibrils leads to swelling and 

can produce interfacial voids in composites, which result in poor mechanical properties and 

dimensional stability.24 In sum, when nanocellulose fibrils are used in composites, the 

absorption of water by the fibrils severely degrades the properties of the composites.25 This 

presents a problem when using CNF in composites where it also aggregates upon drying.26 The 

different methods to dry CNF for incorporation in PP nanocomposites have shown a great 

impact on the mechanical properties of the resulting materials.9 The degree of crystallinity and 

morphology of the CNF reinforcing phase play a prominent role in the macroscopic properties 
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exhibited by the composites.27 Moreover, in the extrusion of plastic composites reinforced with 

lignocellulosic fibers, the compounding temperature is commonly restricted to about 200°C; 

this is because lignocellulosic materials start to degrade at approximately 230°C.28 The elastic 

modulus, tensile strength, drawing behavior, permeability to vapors, electrical and optical 

properties of the matrix are directly related to its crystalline microstructure. In turn, the 

crystallinity depends on the crystallization temperature (Tc), cooling rate, nucleation density, 

and annealing time. Overall, physical properties such as degree of crystallinity, spherulite size, 

lamella thickness and crystallite orientation have a profound effect on the ultimate properties 

of the polymer matrix, and thus the composite.27  In turn, the Young’s modulus of cellulose 

depends on its crystallinity and the interaction of amorphous and crystalline regions. As a 

result, highly crystalline nanocellulose may result in potentially high mechanical properties in 

reinforced composites, according to the rule of mixtures. However, the water holding capacity 

of nanocellulose can drastically degrade the properties of the composites.28  

In this work, we use lignocellulose nanofibrils (LCNF), with lignin content of up to 9%, as 

reinforcement component in PP-based nanocomposites. Three different coupling agents or 

compatibilizers were evaluated, namely, soy protein isolate (SPI), hydroxypropyl cellulose 

(HPC) as well as maleic anhydride grafted polypropylene (MAPP), which was used as a 

reference. Freeze-milling of the dried LCNF was used to overcome aggregation. The 

dispersion of LCNF and the thermal and mechanical properties of the LCNF-PP 

nanocomposites in the presence of the compatibilizers were evaluated. 
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5.3 EXPERIMENTAL 

5.3.1 Materials 

The isotactic polypropylene (PP) used as thermoplastic matrix polymer was supplied by M. 

Holland (Braskem PP CP360CH) in the form of impact-modified homopolymer pellets with a 

melt flow index of 34 g·10 min-1 (230˚C/2.16 kg). PP was ground into powder form using 6750 

freezer/mill from SPEX CertiPrep. These samples were ground for 5 cycles. In each cycle, the 

samples were pre-cooled by liquid nitrogen for 2 min, and then ground for 5 min. 

Lignocellulose nanofibrils (LCNF) were obtained from Empty Palm Fruit Bunch (EPFB) 

fibers from a Malaysian oil palm mill and supplied by Straw Pulping Engineering S.L. 

(Zaragoza, Spain). The chemical composition of the EPFB fibers as well as the LCNF isolation 

are described in the Supporting information. The LCNF chemical composition was determined 

by using standard methods used for EPFB fibers (described in Supporting information) and 

indicated 80% holocellulose, 74% α-cellulose, 9% lignin, 8% extractives and 1% ash. The 

additives used in order to improve the compatibility of LCNF with the thermoplastic matrix 

included soy protein isolate, SPI, used in powdered form (ClarisonTM 100; code 066100; lot 

number 13060291), hydroxypropyl cellulose, HPC (Mw=100,000; Sigma Aldrich) and maleic 

anhydride grafted polypropylene, MAPP (Mw=9,100; 8-10% maleic anhydride; Sigma 

Aldrich). Prior to the compounding LCNF was freeze dried (Labconco Freezone 2.5). The 

sample was equilibrated at -85˚C for at least 3 h, after which it was dried at the same 

temperature by reducing the pressure and using a condenser temperature of -85˚C. Afterwards, 

the dried LCNF was ground into powder form using 6750 Freezer/mill from SPEX CertiPrep 

and ground for 5 cycles. In each cycle, the samples were pre-cooled by liquid nitrogen for 2 

min, and then ground for 5 min. Atomic force microscopy (Dimension 3000 scanning probe 
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Veeco Metrology Group) was used to evaluate the changes in morphology of the LCNF before 

and after freeze-milling (Figure 5.1). No apparent erosion or degradation of the fibrils was 

observed.  

 

Figure 5.1. Height AFM images (3 µm x 3 µm) of LCNF before (left) and after (right) 
freeze-milling.  

5.3.2 Methods 

5.3.2.1 Compounding and composites preparation.  

PP was blended with the LCNF and/or compatibilizers in a co-rotating twin 15 cm3 screw 

using melt blending and extrusion (DSM Xplore, Netherlands). The temperature of the mixing 

zone in the barrel was maintained at 180˚C with a screw speed of 100 rpm and the mixture was 

blended for 3 min. Extruded blend samples were stored in sealed polyethylene bags to avoid 

moisture infiltration. The LCNF loading in PP was 1 and 3 wt% based on the total weight of 

the composite. The three types of coupling agents or compatibilizers (HPC, MAPP or SPI) 

were applied at 10 wt% based on the total weight of LCNF. Freeze-dried and milled LCNF 

was immersed in MAPP solution (5 wt%) in toluene at 180˚C, equilibrated for 5 min and the 



 

108 

solvent was evaporated before blending with PP in the extruder. In the case of SPI, aqueous 

dispersions of LCNF (1 wt%) and SPI were mixed and heated at 85˚C for 30 min under stirring, 

then the mixture was dried using freeze-drying and freeze-milled following the same procedure 

explained above before blending with PP in the extruder. In the case of the HPC, the LCNF 

was freeze-dried and milled before blending with HPC and PP in the extruder. Films from the 

extruded samples were prepared by hot pressing in an electrically-heated press operated at 

180˚C for 3 min using a force of 44 kN and a pressure of 1.40 kPa. Under these conditions, the 

diameter and thickness of the composite films were about 20 ± 2 cm and 160 ± 20 µm, 

respectively. After press molding, the samples were cooled at room temperature under 

pressure. 

 

5.3.2.2 Composite thermal and physical properties.  

XRD analysis of the LCNF before and after freeze-milling were carried out by wide-angle 

X-ray diffraction (Rigaku-D/MAX instrument) operating at 40 kV/44 mA with a Cu Kα 

radiation (wavelength, λ=0.154 nm). The samples were laid on the glass sample holder and 

scanned at 0.6 deg/min under the 2θ diffraction angle ranging from 5˚ to 40˚. The X-ray 

apparent crystallinity or crystallinity index (CI, %) of cellulose was determined from the 

intensity ratio between the crystalline peak and the total intensity after carrying out background 

signal subtraction (corresponding to non-crystalline phase), according to the following 

equation (Eq. 1):29  

CI(%)=100 × I002-Inon-cr
I002

                                     (1) 
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I200 refers to the peak maximum intensity assigned to the sample plane with the 002 Miller 

indices at a 2θ angle between 22-24˚ and Inon-cr is referred to the non-crystalline diffraction 

intensity of the material, which is measured at 2θ = 18˚, in the valley between the 002 and 101 

peaks. Scanning electron microscopy was used to observe the microstructure and the 

transversal morphology of PP composite films (Supporting information). Cross sections of 

fractured composites (liquid nitrogen) were imaged with a Hitachi S 3200N SEM operating at 

5 kV and a working distance of 20 mm. Density values of the composites were calculated using 

the apparent thickness and measured mass per unit area. The composite thickness was 

determined using TAPPI Method T411 by means of a Lorentzen & Wettre Micrometer 51 

instrument. The mass per unit area was determined using TAPPI standard T410. The degree of 

crystallinity (mass fraction, LT,V) based on density (ρ) was calculated using Eq. 2:30 

LT,V =
W
XYZ

W
X[

W
X\Z

W
X[
×100    (2) 

where	]^, ]T and ]_ stand for the density of the sample, completely crystalline (0.95 g/cm3) 

and completely amorphous (0.86 g/cm3) polypropylene, respectively. 

Thermogravimetric analyses (TGA) were carried out with a TA instruments TGA Q-500. 

Samples (~10 mg) were equilibrated at 80˚C for 5 min to remove water and then heated from 

80 to 800˚C at a heating rate of 10˚C/min under flowing nitrogen (60 mL/min). DSC analyses 

of neat PP, SPI, HPC, MAPP and PP blends were carried out using a TA Instrument DSC Q100 

with 5-8 mg of each composite under flowing nitrogen. Each sample was scanned from 40˚C 

to 225˚C at a heating rate of 10˚C/min to eliminate the thermal history and then cooled at the 

same rate and reheated under the same conditions. The melting (Tm) and crystallization (Tc) 

temperatures, in addition to the associated enthalpy change in each process were determined. 
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Universal tensile tests were carried out at 23˚C and 50% relative humidity (RH) following EN 

ISO 291:2008 standard using an Instron 4443 Vertical Tensile Tester equipped with a 490 N 

load cell. Strips 5 mm in width and 40 mm in length were stamped out from composite films 

according to ISO 527, using a laser cutting die. The tests were performed with a cross-head 

speed of 2.54 mm/min. Tensile index, the tensile strength divided by the weight per unit area 

as well as the average and standard deviation of eight measurements were reported. 

5.3.2.3 Chemical analyses 

FTIR analyses of LCNF (before and after freeze-milling) and also of PP, SPI, HPC, MAPP 

and PP blend samples were carried out in order to identify characteristic bands related to 

amorphous and crystalline phases, as well as band displacement and/or widening as a result of 

the interactions between the components in the blend (Supporting information). The analyses 

were performed in a PerkinElmer FTIR spectrometer Frontier equipment, in the transmission 

mode, from 4000 to 650 cm-1 at a resolution of 4 cm-1. The spectra were normalized with zero 

point at 670 cm-1 and ordinate limit at 1.5 A.U.  

 

5.4 RESULTS AND DISSCUSIONS 

5.4.1 Thermal behavior. 

The TG and DTG profiles of neat PP, LCNF, SPI, HPC and MAPP are shown in Figure 5.2, 

which also includes the profiles corresponding to PP and those of composites with 1 and 3% 

LCNF. In addition, Table 5.1 includes the value of the onset temperature of degradation Tonset, 

defined here as the temperature at which the weight loss is 5%.   

The volatilization of PP in a single step takes place at 340˚C with a maximum rate at 405˚C. 

The mass loss of neat PP occurs very slowly at temperatures below 357˚C, which is the onset 
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of thermal degradation, but above this temperature the process takes place very rapidly. The 

thermal degradation of PP occurs via random chain scission and by radical formation.10 The 

major source of thermal degradation in LCNF is the degradation of the cellulose component.31 

According to Figure 5.2 (top panel), the degradation of LCNF occurs in two stages. In the 

range of (280-300˚C), a first mass loss takes place, attributed to the decomposition of 

hemicellulose and cellulose. The second mass loss (360-400˚C) is most likely assigned to the 

decomposition of the other components present in the LCNF, such as extractives, lignin, and 

others. This behavior is in agreement with other reports.32,33 The DTG curves in Figure 5.2 

(top panel) prove that the thermal stability of LCNF is lower than that of neat PP in terms of 

maximum thermal degradation temperature (DTG peak temperature) and onset of thermal 

degradation. As shown in Table 5.1, as the LCNF loading increased from 1 to 3%, the onset 

temperature of thermal degradation of the composite increased slightly. The onset of thermal 

degradation towards higher temperatures compared to PP can be explained by residual cell 

wall components, different than cellulose and lignin, present in the LCNF fibrils. The results 

do not follow simple mixing rules, as found by Yang and co-workers (2013).21 Instead, they 

can be explained by the increase of the residual mass content with cellulose loading.31 In the 

case of 1% LCNF loading Tonset was further increased by the addition of compatibilizer to the 

system (Figure 5.2 (middle panel) and Table 5.1). This improvement in thermal stability can 

be the result of the stronger interfacial adhesion between LCNF and PP in the presence of 

compatibilizer.34 The 3% LCNF systems presented similar Tonset values than that of 1 %LCNF 

systems (Figure 5.2, bottom panel and Table 5.1). 

Figure 5.1 (middle and bottom panels) with DTG profiles indicate only one maximum 

thermal degradation temperature for PP. The DTG curves of PP-LCNF composites (without 
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compatibilizer) were bimodal, with two DTG peak temperatures, which confirms the presence 

of both the LCNF and the PP matrix polymer.35 However, when compatibilizer was added, the 

DTG curves became unimodal (similar that for neat PP), which can be taken as indicative of 

dispersion and interfacial interaction between the components, leading to the observed 

improvement in thermal stability. This trend was not observed in systems with 3% of LCNF 

and HPC. In view of these results (Figure 5.2 and Table 5.1), it is apparent that among all 

compatibilizer tested, SPI was the most effective at LCNF loading of 1%.  

 

Table 5.1. Tonset and DTG of composites with PP and LCNF/(HPC/MAPP/SPI). The % 
LCNF is based on the PP mass while that for SPI, HPC and MAPP are relative to the LCNF 
mass. 

Composite PP/LCNF/HPC/MAPP/SPI (wt%) Tonset (˚C) DTG (˚C) 

100% PP 357 407 

1% LCNF 360 410 

1% LCNF / 10% SPI 405 455 

1% LCNF / 10% HPC 397 447 

1% LCNF / 10% MAPP 399 449 

3% LCNF 393 443 

3% LCNF / 10% SPI 389 439 

3% LCNF / 10% HPC 377 427 

3% LCNF / 10% MAPP 399 449 
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Figure 5.2. Top panel: TG and DTG curves of neat PP, LCNF, HPC, MAPP and SPI in the 
temperature range from 100˚C to 800˚C. Middle and bottom panels correspond to the TG and 
DTG profiles of neat PP, and the PP-based composites with 1% and 3% LCNF loading, 
respectively.  SPI, HPC or MAPP are indicated as the compatibilizers used. Magnified views 
of some of the thermograms are also included. The initial mass loss for LCNF due to 
evaporation of the absorbed moisture was not recorded. 

 
5.4.2 DSC profile sand crystallinity. 

Thermograms of neat PP, SPI, HPC and MAPP in the temperature range from 40˚C up to 

225˚C are shown in Figure S5.1 (Supporting information). The degree of crystallinity, 

temperature and heat of fusion (ΔH, J/g) associated with each transition obtained from DSC 

thermograms for blend samples are summarized in Table 5.2.  
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The transition temperatures (Tc and Tm) were determined in the second heating cycle (to 

eliminate the thermal history of the films), while the enthalpies used to calculate the degree of 

crystallinity were obtained in the first heating cycle in accordance to Conti and co-workers 

(2006).36 The degree of crystallinity !T of the composite samples was calculated by Eq. 3,34 

where ∆Ea <b 	is the melting enthalpy of the blend during the first DSC heating cycle (J/g) 

and ∆Eac <bc  is the melting enthalpy for PP 100% crystalline (138 J/g); d is the mass fraction 

for polymer in the composites.  

!T = 	
∆ef(gh)

∆ef
i gh

i j
	×100                                    (3) 

 

Table 5.2. Values of transition temperatures, associated heat of fusion and degree of 
crystallinity (!T) for PP/LCNF/HPC/MAPP/SPI composites. 

Composite 
PP/LCNF/HPC
/MAPP/SPI 
(wt%) 

At crystallization transition (Tc) At melting phase transition (Tm) 

Tc 
(°C) 

∆Tc 
(%) 

∆Hc 
(J/g) 

% 
change 
ΔH* 

Tm 
(°C) 

∆Tm 
(%) 

∆Hm 
(J/g) 

% 
change 
ΔH* 

!T 
(%) 

100% PP 114.3 - -103.5 - 163.0 - 81.8 - 59 
99%PP/1%LC
NF 115.7 1.2 -86.6 -16.4 164.3 0.8 86.4 5.6 63 

98.9%PP/1%L
CNF/10%SPI 119.2 4.4 -79.6 -23.1 166.9 2.4 90.6 10.8 66 

98.9%PP/1%L
CNF/10%HPC 117.5 2.8 -101.3 -2.1 167.2 2.6 106.6 30.3 78 

98.9%PP/1%L
CNF/10%MAP
P 

116.6 2.1 -81.2 -21.5 167.6 2.8 89.7 9.7 66 

97%PP/3%LC
NF 124.0 8.5 -85.1 -17.8 163.7 0.4 102.9 25.8 77 

96.7%PP/3%L
CNF/10%SPI 122.1 6.8 -89.4 -13.6 164.6 1 93.6 14.4 70 

96.7%PP/3%L
CNF/10%HPC 121.5 6.3 -80.7 -22.1 163.2 0.1 102.3 25.0 77 

96.7%PP/3%L
CNF/10%MAP
P 

121.0 5.9 -90.3 -12.8 163.4 0.3 100.1 22.3 75 
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*%	"ℎMlmn	Jo	∆E = 	
(∆e)\phqpYrstZ(∆e)quvt	ww

(∆e)quvt	ww
×100 

∆<T 	= 	
(g\)\phqpYrstZ(g\)quvt	ww

(g\)quvt	ww
×100  

∆<b 	= 	
(gh)\phqpYrstZ(gh)quvt	ww

(gh)quvt	ww
×100  

 

Figure 5.3 includes DSC curves for PP-based composites with 1 and 3% LCNF and 

compatibilizer (SPI, HPC, MAPP) in the crystallization and melting transition zones. The 

thermal transition of PP varies with LCNF loading and with the presence of SPI, HPC and 

MAPP. The most important aspect is whether the resulting composites are compatible or not.19 

The DSC thermograms of all composites (Figure 5.3) include one single broad crystallization 

transition peak (Tc) that increases with LCNF and compatibilizer content. The values of Tc 

obtained in the composites are close to that of the PP homopolymer indicating the compatibility 

between the components of the system. In addition, the width of thermogram around the Tc 

for the composites is almost identical to that of pure PP, which supports good compatibility.19 

As can be observed in Figure 5.3 and Table 5.2, the addition of LCNF to the PP matrix results 

in an increase in Xc and Tc. This can be explained by the nucleating ability of the surface of 

lignocellulosic nanofibrils during the crystallization and the partial crystalline growth of PP.27 

Xc and Tc further increased upon addition of the compatibilizer in composites with 1% of 

LCNF. This is a clear indication of the enhanced interactions between the fibrils and PP 

matrix.27 However, this trend was not observed in the case of the composites with 3% of LCNF.  

The enthalpy of crystallization (∆Hc) of the PP phase increased with the addition of LCNF, 

indicating that fibrils promoted the crystallization process. Similar results were found by 

Joseph and co-workers (2003).27 The heat of crystallization of PP was further increased by the 
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addition of SPI and MAPP (system with 1% of LCNF, Figure 5.3 and Table 5.2), which further 

favored the crystallization process. In the case of LCNF loading at 3% (Figure 5.3 and Table 

5.2), the heat of crystallization was increased only when HPC was used. Differences in shape 

and area of the melting endotherm peak were noticed. The data in Table 5.2 indicate that the 

melting points (Tm) for the composite samples were nearly around the value of PP. The 

introduction of LCNF with or without compatibilizer produced an increase in the PP melting 

peak, indicating an improvement in crystallite size, as can be confirmed by the results related 

to the degree of crystallinity (see Figure 5.3 and Table 5.2). The variations in shape and area 

are attributed to the different degrees of crystallinity found in the samples with different 

compatibilizer and LCNF concentrations.19 The increase in heat of fusion and Tm suggests that 

the crystallinity and uniformity of the crystal structure were improved with the increased 

compatibility between the components of the PP-based composites.   

5.4.3 Chemical analyses. 

Figure 5.4(a) shows FTIR spectra of LCNF before and after freeze-milling. The collected 

spectra display the characteristic bands attributed to cellulose. The bands around 3496 cm-1 

(O-H), 1110 cm-1 (C-O of secondary alcohol) and 2868 and 2970 cm-1 (C-H from –CH2–)were 

clearly identified.37 More importantly, there were no significant differences between the 

spectra. The crystallinity index (CI, %) for the LCNF upon freeze-milling was reduced only to 

a limited extent (69.3±2.1 and 64.1±3.1 before and freeze-milling, respectively). Therefore, no 

significant variation in crystallinity occurred despite the observed change in the nanoscale 

dimension after milling. Figure 5.4(b and c) shows the FTIR spectra of the composite samples 

with 1% and 3% LCNF and SPI, HPC, and MAPP. All the spectra display similar features, 

typical of the PP spectrum. No changes in functional group bands were observed. 1 and 3% of 
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LCNF loading did not cause significant changes in the molecular structure of PP. The 

crystallinity index or degree of crystallinity was also determined with FTIR spectra applying 

Lambert and Beer´s law to selected peaks38:  

!T =
_v

_\v

x\v

xv
   (4) 

  

Figure 5.3. DSC curves of PP-based composites with 1% and 3% LCNF loading (top and 
bottom panels, respectively) and compatibilizer (SPI, HPC or MAPP) in the crystallization 
(left) and melting transitions (middle). Magnified regions of the DSC profiles are included on 
the right. 

 

The calculation used the absorbance measurements (yTz and yz or y_b) (plots not shown), 

and the absorption coefficients (MTz/M_b or Mz/MTz) which were taken from the literature. A 

Mz/MTz ratio of 0.79 was selected for the PP used in this study (isotactic). The crystalline nature 

of the absorbance peak located at 841 cm-1 was easily identified and is well referenced in the 

literature (yTz = y{|W).39-41 The absorbance peak at 1153 cm-1 was assigned to the amorphous 
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phase content (y_b = yWW}~).40 Tadokoro and coworkers reported 973 cm-1 absorbance peak 

as an internal standard; as a consequence, its height should be essentially insensitive to 

structure, that is, to the amorphous/crystalline ratio (yz = y�Ä~).38 Table 5.3 shows the values 

of the degree of crystallinity (%) for the composites calculated by FTIR. Figure 5.5 includes 

the degree of crystallinity for the composites, measured by the different techniques. As can be 

observed in Figure 5.5, the values obtained with the different methods showed the same trend 

that was previously discussed with the DSC results.  

 

Figure 5.4. FTIR spectra of LCNF before and after freeze-milling (a); neat PP and the PP-
based composites with 1% (b) and 3% (c) LCNF with and without compatibilizer (SPI, HPC 
or MAPP).  

The mechanical properties of PP and PP-based composites are presented in Table 5.4. The 

PP matrix has a tensile index of 168 kN/g. A reduction in tensile index was observed when 

LCNF was incorporated to the polymer. Table 5.4 shows a decrease in reinforcement efficiency 

as the nanofiber content increased. The addition of LCNF did not improve the strength, which 

could be an indication of insufficient adhesion between the fibrils and the matrix and that the 

stress cannot be transferred from the matrix to the stronger fibrils.42,43 At high deformations, 

as in tensile tests, the absence of good adhesion at the interface reduces the strength.44 In the 

presence of the compatibilizer (SPI or MAPP), the tensile index was increased (ca. 8% in the 
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case of 1% LCNF loading and 10% MAPP), which highlights an improved interfacial bonding 

between cellulose and PP.45 In fact, several studies have shown the important effect of MAPP 

on the mechanical properties of fiber-reinforced composites.42,46,47 From the results, the 

effectiveness of SPI and MAPP as compatibilizer is clearly observed. The addition of 10 wt% 

of MAPP to the composite with 1% LCNF increased the tensile index by about 12% compared 

to the same composite in the absence of compatibilizer. The presence of 10 wt% MAPP was 

probably not enough to act as a coupling agent with 3% LCNF48 and, probably, the same logic 

could be applied to the case of HPC.  

Table 5.3. Values of the degree of crystallinity (%) for PP/LCNF/HPC/MAPP/SPI composites 
calculated by FTIR. The values obtained from density data (Eq. 2) are also include as a 
reference. 

PP/LCNF/HPC/MAPP/SPI (wt%) 

Degree of 

crystallinity (FTIR) 

(%) 

Degree of 

crystallinity 

(density) (%) 

100% PP 57 56 

99% PP / 1% LCNF 68 73 

98.9% PP / 1% LCNF / 10% SPI 69 77 

98.9% PP / 1% LCNF / 10% HPC 71 88 

98.9% PP / 1% LCNF / 10% MAPP 70 80 

97% PP / 3% LCNF 69 75 

96.7% PP / 3% LCNF / 10% SPI 66 69 

96.7% PP / 3% LCNF / 10% HPC 67 67 

96.7% PP / 3% LCNF / 10% MAPP 63 67 
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Figure 5.5. Values for the degree of crystallinity calculated by using different methods (DSC, 
FTIR and density). The horizontal dotted line corresponds to the crystallinity of neat PP 
crystallinity and is added as a reference.   

 
5.4.4 Mechanical performance  

An important improvement in the tensile index was observed when SPI was added as 

compatibilizer in the system with 3% LCNF. The hydroxyl groups of LCNF interact with 

amino and acid groups in the protein, thus decreasing inter- and intramolecular interactions 

between protein chains, and thus improving its motion ability, which results in better 

flexibility.49 
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Table 5.4. Mechanical properties of PP/LCNF/(HPC/MAPP/SPI) composites. The % LCNF 
is based on the PP mass while that for SPI, HPC and MAPP are relative to the LCNF mass. 

Composite 

Elongation 

at break 

(%) 

Max. 

load (N) 

Tensile 

index 

(kN/g) 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(kN/g) 

Tensile 

modulus 

(MPa) 

100% PP 5.3±0.2 16.7±2.0 168±22 22±3 8695±469 1113±60 

1% LCNF 5.5±0.9 17.8±2.0 162±15 20±2 9803±336 1196±41 

1% LCNF / 

10% SPI 
4.9±0.3 17.5±2.0 173±15 20±2 11034±759 1280±88 

1% LCNF / 

10% HPC 
4.0±0.9 20.1±2.9 164±26 20±3 7942±760 961±92 

1% LCNF / 

10% MAPP 
7.1±1.0 19.2±2.9 181±15 22±2 10388±298 1257±36 

3% LCNF 5.7±0.3 19.5±2.0 161±17 20±2 9573±710 1187±88 

3% LCNF / 

10% SPI 
6.4±1.3 17.3±2.9 205±35 19±3 12217±924 1124±85 

3% LCNF / 

10% HPC 
4.5±0.3 17.7±1.0 161±18 18±2 10607±554 1188±62 

3% LCNF / 

10% MAPP 
4.5±0.3 15.8±2.0 135±14 18±2 8903±313 1193±42 

 

As indicated in Table 5.4, the relative tensile modulus increased for LCNF loading of 1%; 

unexpectedly, it decreased slightly at 3% LCNF loading. Besides the contribution of stiff 

fillers, the increase of relative tensile modulus in PP composites in the absence of the 

compatibilizer indicates an increase in the rigidity of PP because of the restrictions of 

macromolecules mobility and deformability imposed by the filler.45 The presence of the 

compatibilizer improves the interaction of LCNF with the matrix, enhancing stress transfer. 

However, as can be seen in Table 5.4, HPC and MAPP were of no benefit in the systems with 
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1 and 3% LCNF, respectively, since the modulus values were lower compared to the ones 

shown for the composite formulations without compatibilizer.   

No statistically significant differences could be observed for the maximum load values. 

LCNF did not have a significant effect on the elongation at break (%) except for the sample 

with 1% LCNF and MAPP, which showed a higher value (ca. 7%). In general, the highest 

LCNF concentration did not increase or improve the mechanical properties significantly. The 

reason for this can be nanofiber agglomeration at high LCNF loading, as dispersion of 

nanosized reinforcement in the matrix polymer is the main challenge in melt compounding of 

nanocomposites.42,50 Alternatively, LCNF degradation could be a factor. SPI addition showed 

a remarkable effect in terms of mechanical properties.  

 

5.5 SUMMARY AND CONCLUSIONS 

Composite films of PP reinforced with LCNF were successfully produced by extrusion after 

freeze-milling of LCNF to induce nanofibrils dispersion. This allowed the use of dry LCNF 

for compounding in the PP matrix. SPI, HPC and MAPP improved the compatibility between 

LCNF and the PP matrix, as indicated by the increased degree of crystallinity and enhanced 

thermal properties of the respective composites. Based on the results obtained in this study, the 

thermal stability of the composites was improved by using biobased, inexpensive and widely 

available soy protein isolate (SPI) as well as HPC and MAPP 
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 5.6 SUPPORTING INFORMATION 
 

S5.6.1.  

The chemical composition of the EPFB fibers was determined following TAPPI standards: 

T-222 for lignin, T-203 for α-cellulose, T-204 for ethanol–benzene extractives and T-211 for 

ash. Holocellulose content was determined by the Wise and co-workers method (1946).1 The 

analysis indicated 67% holocellulose, 42% α-cellulose, 25% lignin, 1% extractives and 3% 

ash.2  

As for the isolation of lignocellulose nanofibrils (LCNF), the EPFB fibers were processed 

in a 15 L rotating cylindrical reactor connected to a heater by using the sulfur-free FoOH-

Formosolv digestion process with formic (92.5%) and hydrochloric (0.075%) acids. The 

operation conditions were selected from previous work3 and included 100˚C digestion for 60 
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min and a hydromodule (liquid-solid ratio) of 10.  The obtained, unbleached fibers were refined 

in a Sprout-Bauer device and screened (0.16 mm mesh size). 

The FoOH-Formosolv EPFB fibers in their never-dried form were first dispersed in de-

ionized water and then fiberized in a disintegrator at 1200 rpm for 15 min at room temperature. 

Then, further fibrillation was conducted in a microgrinder (SuperMassColloider from Masuko 

Sangyo Co., Ltd., Japan, Model MKZA6-2, equipped with MKGA6-80# disks) operated at 

room temperature and using ten grinding cycles at a rotational speed of about 1500 rpm.  

Lignocellulose nanofibrils (LCNF) from the microfibrillated EPFB fibers were obtained by 

microfluidization (Microfluidizer Processor M-110 EH, Microfluidics Corp., 2010). The 

microfibers were passed five times through an intensifier pump that increased the pressure 

(25000 psi), followed by interaction chambers (200 and 87 µm) which defibrillated the 

microfibers by shear forces and impacts against the channel walls and colliding streams. 

Through this process, the microfibers were further broken up to nano-sized structures forming 

the LCNF.2 A 1.4% aqueous fiber dispersion was used for this purpose and the unit was 

operating under a constant shear rate. The temperature was not controlled but fluidization was 

temporarily ceased when the temperature of the dispersion reached ~90˚C to prevent pump 

cavitation. Processing then recommenced when the temperature was ~45˚C. The resulting 

LCNF suspensions were collected and stored at 4˚C in a cold room until needed; a few drops 

of chloroform were added to the suspension in order to prevent fungus growth.  

The morphology of the LCNF before and after using the freezer-mill was addressed by using 

Scanning Electron Microscopy (SEM). According to the images shown in Figure S1, changes 

in the nanoscale dimensions of the fibrils occurred after the freeze-mill. However, as it was 
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indicated by the XRD spectra, no apparent degradation occurred in LCNF after using the 

freeze-mill. 

 

 

 

 

    

 

 

 

 

 

 

 

Figure  S5.1. SEM images of the LCNF before (upper row) and after using the freeze-mill 
(lower row) at two different magnifications (note scale bars of 5 and 1 µm).  

 

S5.6.2. 

The strength properties are truly associated with density as well as distribution of 

intramolecular and intermolecular interactions within the network. According to the studies 

found in literature, these interactions mentioned above would be dependent of the orientation 

and arrangement of polymer chains.4  

An indication that LCNF was well dispersed within the PP matrix can be observed in the 

cross-section of the composites. An example of one of the composites (with SPI as a 

5 µm 

5 µm 1 µm 

1 µm 
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compatibilizer) is compared with a PP film (see Figure S2), on account that the microscale 

morphology of the composites was not affected by the nanofibers or compatibilizers. As 

observed in Figure S2, the surface of the composite maintains its smoothness upon addition of 

LCNF; no apparent nanofiber aggregation was observed in the cross-sections.  

 

 

 

 

 

 

 

 

 

 

 

Figure S5.2. Cross-section of a cryo fraction 100% PP (a and b) and PP-based composites 
with 98.9% PP / 1% LCNF / 10% SPI (c and d). 

 

S5.6.3. 

Figure S5.3 shows the FTIR spectra of neat PP, HPC, MAPP and SPI. The FTIR spectrum 

of neat PP shows a shoulder at 2875 cm–1, and the asymmetric and symmetric in-plane C–H (–

CH3) at 1455 cm–1 and 1358 cm–1 (shoulder) typical of PP.5 

5 µm 

5 µm 

2 µm 

2 µm 
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Figure S5.3. FTIR spectra of neat PP, HPC, MAPP and SPI. 

 
The FTIR spectrum of HPC indicates a broad peak at 3460 cm-1 attributed to the O-H 

stretching vibration. At 2935 cm-1 there is a peak which is assigned to C-H asymmetric 

stretching vibration.6 In the FTIR spectrum of MAPP, the absorption peaks at 2960 cm-1, 2922 

cm-1 and 1461 cm-1 can be assigned to asymmetric, symmetric and scissor modes of –CH 

stretching, respectively (in other words, peaks appearing at 2950-2700 cm-1 are assignable to 

–CH stretching vibration of –CH, –CH2, –CH3 groups); and the characteristic peak at 1740 cm-

1 was assigned to C=O stretching (strong peak at 1710-1795 cm-1 which indicates the presence 

of carboxylic group). The indicative of –CH2 and –CH3 groups is the absorption around 1460 
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cm-1; that at 1375 cm-1 and the bands at 972 cm-1 are indicative of –CH3 groups; the band at 

1162-1167cm-1 is assigned to –CHCH3. Comparing the FTIR spectra of neat PP and MAPP, 

the intensity of the few characteristic bands of PP reduce in the spectrum of the MAPP and 

broadening of some other peaks happens. Furthermore, the MAPP spectrum indicated bands 

at 1710 cm-1, 1784 cm-1 and 1792 cm-1, which were attributed to cyclic anhydride groups. By 

contrast, the neat PP FTIR spectra indicated no peaks in the range between 1600 and 2000 cm-

1.7,8 

Finally, in the FTIR spectrum of pure SPI, the main absorption bands of peptide linkage are 

related to C=O stretching at 1630 cm-1 (amide I), N-H bending at 1530 cm-1 (amide II) and C-

H deformation at 1430 cm-1. At 1230 cm-1 there is an absorption band which is attributable to 

the C-N stretching and N–H bending (amide III).9 The absorption band which is observed in 

the range of 3500-3000 cm-1 is assigned to free and bound O-H and N-H groups, which form 

hydrogen bonding with the carbonyl group of the peptide linkage in the protein. Absorption 

peak at 2929 cm-1 can be assigned to CH2 asymmetrical stretching.10 

 

S5.6.4.  

Figure S4 shows thermograms of neat PP, HPC, MAPP and SPI in the range of temperature 

from 40˚C up to 225˚C. The DSC thermogram for pure HPC showed only a small broad peak 

at about 97˚C associated with a heat of fusion of 49.6 J/g. These results are similar to those of 

Guirguis and Moselhey (2012).11 The DSC thermogram for pure MAPP indicated one 

endothermic peak at 153.5˚C and is assigned to a melting transition (enthalpy 92.2 J/g).12 The 

thermogram for SPI did not show any significant endothermic or exothermic transitions during 

heating and cooling cycles.  
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Figure S5.4. DSC curves of neat PP (-), HPC (-.-.-), MAPP (….) and SPI (----) in the 
temperature range between 40˚C to 225˚C. 

The pure PP displayed one endothermic peak. This sharp peak at 163.0˚C was assigned as 

a thermal effect due to melting transition with an enthalpy 81.82 J/g. These results were 

consistent with reported values (165.5˚C and 81.4 J/g).12 The PP degree of crystallinity was 

calculated from DSC profiles by drawing a linear arbitrary baseline from the first onset of 

melting to the last trace of crystallinity and the enthalpy of fusion was determined from the 

area under the endotherm:13 

!T = 	
∆ef(gh)

∆ef
i gh

i                            
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where !T is the weight fraction extent of crystallinity, ∆Ea <b 	is the enthalpy of fusion at the 

melting point, <b , ∆Eac <bc  is the enthalpy of fusion of the totally crystalline polymer 

measured at the equilibrium melting point, <bc . The heat, required for melting of 100% 

crystalline isotactic PP, is 138 J/g.14  

The nominal value of crystallinity, obtained from the DSC curves of neat PP was about 

59%, in agreement with reported values12,14 but higher compared to XPS determinations 

(44%).12 These differences may be explained as follows. Crystallization exotherms, which can 

occur before the melting process in samples with low crystallinity, may affect the DSC data. 

Furthermore, DSC data could be also affected by possible errors introduced during the 

formation of the baselines necessary for the calculation of the melting enthalpies. Despite this 

possibility, the introduction of small errors is expected to be very small indeed. DSC 

crystallinity values are also dependent on the choice of the melting enthalpy for 100% 

crystalline material. In the literature, there can be found different values but not all of them are 

100% proof from uncertainties.15  
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6. Nanocellulose as Additive and Reinforcing Agent in Melt Spinning of 

Polypropylene 

 
 
6.1 ABSTRACT 

The purpose of this study is to develop a new nonwoven platform to produce polypropylene 

composites fibers 

Cellulose nanocrystals (CNC) and nanofibrillar cellulose (NFC) were evaluated as 

reinforcing agents. Polypropylene fibers with given amounts of nanocellulose were produced 

via melt spinning.  

In order to enhance the compatibility of hydrophilic CNC with hydrophobic PP, maleic 

anhydride polypropylene was used as compatibilizer. CNC and NFC used in this work were 

both commercial grades supplied by the University of Maine. AFM images were obtained to 

assess the structure of these two types of nanocelluloses. In order to adjust the shear viscosity 

of PP after the addition of CNC or NFC, their loading was varied in the range between 0.5 to 

3.5 wt%.  

Optical microscopy and SEM imaging were both used to better understand the structure of PP 

and the composite fibers. Some physical properties of PP and the composite fibers were 

determined, including the tensile strength and birefringence. In addition, the thermal properties 

of the fibers were evaluated as well as the crystallization kinetics. 

 

6.2 INTRODUCTION 

Cellulose nanocrystals (CNC) are rod-like or whisker-shaped nanoparticles obtained by 

strong acid hydrolysis of cellulose fibers. These particles are also termed nanowhiskers, 



 

137 

nanocrystalline cellulose and cellulose nanowhiskers. CNC is highly crystalline (up to ca. 91 

% CrI)[1] and have a high aspect ratio (3-5 nm wide, 50-500 nm long)[2]. CrI is defined here as 

crystallinity index to expresses the relative amounts of crystalline and non-crystalline 

components[3]. CNC has a greater axial elastic modulus per density than Kevlar and its 

mechanical properties are competitive compared to other reinforcing agents (Table 1)[4]. Since 

Favier et al. reported that CNC reinforced the mechanical properties of polymer films made 

from poly-(styrene-co-butyl acrylate)[5], CNC has attracted a great amount of interest in the 

nanocomposite field due to their specific properties, such as high surface area, good 

percolation, low density, unique morphology and good mechanical strength. In addition, CNC 

is a low cost, renewable, biodegradable and easily modified material. In recent years, CNC has 

been incorporated into a wide range of polymer matrices, including poly(ε-caprolactone)[6], 

poly(vinyl alcohol)[7], polypropylene[8, 9] and others. 

Nanofibrillated cellulose (NFC), also term as cellulose nanofibril (CNF), refers to the 

cellulose fibers which have been fibrillated into cellulose microfibril unites. NFC can be 

produced by chemical or enzymatic treatment of cellulose fibrils, followed by mechanical 

disintegration [10, 11]. Bleached kraft pulp is the most used source for NFC production, followed 

by bleached sulfite pulp. In order to decrease the energy consumption, two pre-treatments are 

performed: enzymatic and TEMPO pre-treatment. The enzymatic treatment can reduce the fiber 

length and increase the content of fine materials. Moreover, the enzymatic pre-treatment can 

increase the disintegration of cellulosic material by increasing its swelling in water.  The TEMPO 

pre-treatment can selectively convert the C6 primary hydroxyl group to carboxylate group. The 

modification of cellulose surface is applied in order to reduce the strength of hydrogen bonds which 

link fibers together[12]. Some other non-wood sources have been investigated to produce NFC, 
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i.e., wheat straw and soy hulls [13], sisal [14] and bagasse [15]. Even though the material sources 

play an important role in the energy consumption, the material source seems not have 

significant effect on the final NFC properties.NFC has been reported in many applications such 

as in packaging[16],  pharmaceutical carriers[17], and for enhancement of polymer 

composites[18]. Recently NFC-gels were used to produce nearly transparent and smooth 

films[19]. Orelma et al. found that surface functionalized NFC films can be used as a platform 

for immunoassays and diagnostics[20]. 

Four methods have been developed to dry nannocelluloses/microcelluloses suspensions, 

including oven drying, freeze drying, supercritical drying and spray drying[21]. Spray drying is 

a well-established technique which is considered to be the standard dehydration method in 

many areas, including the food, pharmaceutical, polymer, and chemical industries. The 

atomization system is used in the spray drying process. The morphological properties of the 

dried nanocelluloses are dependent on the particular drying method and the starting materials. 

Spray drying was claimed to be the technically suited method to dry nanocelluloses since the 

nanocellulose particle size ranges from nano to micron were obtained[22]. Supercritical drying 

and freeze drying created highly networked structures of cellulose agglomerates with multi-

scalar dimensions including the nanoscale. The highly-networked dried nanocellulose may 

hinder the application of the products in particular composites since the difficulties in 

dispersion would remain as a barrier in conventional thermoplastic compounding[21]. 

The drying methods were found to affect the nanoscale structure of celluloses, slightly 

influence the thermal stability of cellulose nanocrystals, and significantly govern the char 

residue, whereas the crystal structure and crystallinity remained during the drying 

treatments[23]. Nanocellulose suspension is firstly pumped through a nozzle and forms a 
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suspension film. The momentum transfer from hot gas disrupt the suspension film to 

ligaments[24] and then into droplets. The moist evaporates when the droplets fall through the 

dryer chamber. 

There are many coupling agents that can be used to enhance the compatibility of PP and 

natural fibers. Two mechanisms have been proposed for the role of coupling agents in polymer 

matrices: (1) ester bond formation between the anhydride carbonyl groups of coupling agents 

and the hydroxyl groups of natural fibers[25], and (2) an adhesive bridge between modified 

natural fibers and polymer matrix[26]. Poly(propylene-graft-maleic anhydride) (MAPP) has 

been used with PP matrices due to its affinity with PP and the coupling effect between 

hydrophobic PP and hydrophilic molecules. The hydrophobization effect is attributed to the 

esterification between the anhydride groups of MAPP and the hydroxyl group of cellulose. The 

oriented hydrophobic chains can lower the surface free energy of cellulose[27]. The similarity 

of PP and MAPP enable co-crystallization, which is desired for the formation of cohesive 

bonding[26].  

PP is one of the most important and widely used polyolefins. The main issue is to facilitate 

CNC/NFC incorporation in PP matrices.  In this study, PP and nanocellulose composite fibers 

were produced by a melt spinning process with MAPP used as compatbilizer. The structure 

and thermal-mechanical properties of the obtained fibers were evaluated. 

 

6.3 EXPERIMENTAL 

6.3.1 Materials 

CNC and NFC in spray-dried form were purchased from University of Maine. PP resin 

(grade CP36OH, density = 0.91 g/cm3, Melt flow index = 34 g/10 min), with a weight average 
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molecular weight of 180,000 g/mol and a polydispersity of 3.3 was supplied by BrasKem. 

Maleic anhydride-grafted polypropylene (MAPP), with a weight average molecular weight of 

9,100 g/mol and 8-10 wt% maleic anhydride, was from Sigma Aldrich, USA. 

 

6.3.2 Methods 

6.3.2.1 CNC and NFC morphology 

CNC/NFC was dispersed in milli-Q water at 0.01%. A few drops of the CNC/NFC 

dispersion was placed on a UV-treated silica surface. The morphologies of CNC/NFC were 

observed under an atomic force microscope (AFM), Bruker Dimension 3000. The standard 

cantilever and tapping mode were used for imaging. 

 

6.3.2.2 PP, MAPP and CNC/NFC master batch  

The PP, MAPP and CNC/NFC master batches with 10 wt% of the cellulose component 

were kindly prepared by TechmerPM (Clinton, TN) by using melt compounding at 200°C. 

 

6.3.2.3 Viscosity measurements 

The viscosity of the melt was recorded at 210 °C using an advanced capillary extrusion 

rheometer from ROSAND. A die with 1mm capillary diameter was used. The pressure 

transducer was set to 7500-210°C. The shear viscosity was recorded as a function of shear rate 

ranging from 20 to 10,000 s-1. 
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6.3.2.4 Melt spinning PP-MAPP-CNC/NFC composite fibers 

The respective master batch was mixed with PP and extruded into fibers. The fibers were 

spinned at 210 °C by using the Fuji Research line in the Nonwovens Institute, North Carolina 

State University (Raleigh, NC). The CNC/NFC concentrations in these composite fibers were 

adjusted in the range between 0.5 to 3.5 wt%. In the spinning process, the draw ratio of the 

composite fibers was fixed at 2.5.  

 

6.3.2.5 Characterization of the composite fibers 

6.3.2.5.1 Composite fiber structure 

In order to determine the distribution of CNC/NFC within the fibers, a Zeiss optical 

microscope with a 2.5X objective was used, and the images were captured with a Nikon high-

definition color camera, DS-Fi1, mounted on the optical microscope. The diameters of the 

fibers were observed at the same time, and an average of 5 measurements was reported. 

To determine the radial dispersity of CNC/NFC within fibers, scanning electron microscopy 

(SEM) was used in cross sections of cryo-fractured composite fibers. The SEM imaging was 

carried out with a Hitachi S 3200N SEM with operating voltage of 5 kV and working distance 

of 20 mm. 

 

6.3.2.5.2 Birefringence 

The birefringence was measured to investigate the impact of CNC/NFC on PP molecules 

orientation. The measurements were performed using a Nikon Eclipse 50I POL optical 

microscope with a 10X objective. The fibers were immersed in a known refractive index liquid 

(Cargille). The fiber was aligned in parallel direction to match the polarizer and focused. The 
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refractive index was matched when the Becke line was not visible. The same test was 

performed with the same fiber but in the perpendicular direction. The difference between the 

two refractive indices for both directions was taken as the birefringence. 

 

6.3.2.5.3 Fiber tensile properties 

The tensile strength properties were evaluated at 23 ˚C and 65% relative humidity using a 

MTS Q-Test/5 instrument with a 113 Kg load cell (Canton, MA), following ASTM D2256 

standard. The gauge length was 2.5 cm and the cross-head speed was 50 mm/min. The tenacity 

and toughness were calculated from the tensile stress–strain curve. The average of 12-20 

samples is reported. 

 

6.3.2.5.4 Thermal stability of PP and composite fibers 

Fiber thermal stability was evaluated by using a Q100 TGA from TA. Around 5-20 mg fiber 

samples were heated up from 50 to 600˚C at a rate of 10˚C/min under nitrogen atmosphere and 

the respective thermograms were acquired and reported as mass loss with temperature.  

 

6.3.2.5.5 Thermal transitions of PP and composite fibers 

A Q100 DSC from TA was used to measure the thermal transitions of composite including 

crystallization and melting behaviors. 5-20 mg PP-MAPP-CNC/NFC composite fibers were 

encapsulated in hermetically sealed aluminum pans, and in each measurement a similar empty 

pan was used as reference. The composite fibers were heated up to 175°C at  a rate of 10°C/min 

to eliminate the thermal history, and kept as an isothermal for 5 min before cooling down to 
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30°C at 10°C/min. The composites were subsequently heated up to 180°C and back down to 

30°C at the same rate. 

The degree of crystallinity, χ, was determined from Eq. (1). Calculations were based on 

ΔHm for 100% crystalline PP being (assumed to be 209 J g-1), ΔHo is the enthalpy of fusion of 

the composites and w is the mass fraction of PP in the composite[28]: 

 N = (ΔHm	×100%) ÷ (ΔHo×	w)                                                                      (1) 

 

6.3.2.5.6 Isothermal crystallization 

The isothermal crystallization of the composite fibers was evaluated with a Q100 DSC from 

TA. The fibers were heated to 190°C at a rate of 10°C/min and held for 10 min to erase the 

thermal history, then increased to the crystallization temperature, ranging from 119 to 123°C, 

at a rate of 50°C/min. 

 

6.3.2.5.7 Crystallinity of the composites 

X-ray diffraction (XRD) measurements were made with a SmartLab XRD from Rigaku. 

The samples were exposed to Cu Kα radiation with a wavelength of 1.54 Å. The equipment 

was operated at 40 kV and 44 mA under ambient temperature, and the angle of incidence was 

varied from 5° to 35° by steps of 0.06. 

 

6.4 RESULTS AND DISSCUSIONS 

6.4.1 CNC and NFC morphology 

The morphologies of CNC and NFC are shown in Figure 6.1. The CNC particles are rod-

like or whisker shaped with a high aspect ratio (3-5 nm wide, 50-500 nm long)[2]. The NFCs 
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had lager diameter due to the presence of amorphous domains. They have similar aspect ratio 

and shape as the ones produced in our lab (see earlier chapters). 

 

Figure 6.1 The morphology of CNC (left) and NFC (right) used in this period.  

 

6.4.2 Shear viscosity of PP and its composites 

The shear viscosity of PP composites measured at a shear rate higher than 100 s-1 decreased 

dramatically when the CNC loading was higher than 2.5% (Fig. 6.2). This effect can be 

attributed to the presence of CNC aggregates, which were already formed before melt 

processing. Concerning NFC addition lower than 3.5%, the shear viscosity of PP composites 

was similar to that of neat PP as observed in Fig. 6.2. This observation may indicate that NFC 

has a lower tendency to aggregate. In fact, NFC has some amorphous domains in their structure 

and is less hydrophilic (CNC carries half-ester sulfate groups on the surface). Thus,   NFC did 

not aggregate as extensively CNC during processing. 
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Figure 6.2 Shear viscosity of PP and composite fibers containing CNC (left) and NFC (right). 

 

6.4.3 Fiber structure 

The dispersion of CNC/NFC in PP matrix was investigated via optical microscopy (Fig. 6.3) 

and scanning electron microscope (Fig. 6.4). When the CNC loading was as low as 0.5%, no 

large particles were found under visible light (Fig. 6.3). Thus, the CNC were likely evenly 

distributed in the PP matrix, which was further confirmed in Fig. 6.4. However, for CNC 

loading higher than 1.5% the nanoparticles assembled as aggregates of variable size.  At CNC 

loading as high as 3.5%, some voids appeared in the fiber structure (Fig. 6.3 and 6.4). The 

intrinsic hydrophilic property of CNC is expected to be reasons for the formation of such 

features, i.e., by means of moisture sorption on CNC. During the spinning process, the water 

evaporated at high temperature but did not have sufficient time to be released from the PP 

matrix and thus was encapsulated in the PP matrix. No obvious aggregates were found under 

visible light when PP fibers were reinforced with 0.5% and 1.5% NFC (Fig. 6.3), but small 

aggregates in fibers with 1.5% NFC loading were observed under SEM (Fig. 6.4). The fiber 

structure became compromised by the presence of voids, as NFC loading was increased to 
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values higher than 1.5% (Fig 6.3 and 6.4). This could be attributed to NFC’s intrinsic 

hydrophilic property, as is the case of CNC.  

Table 6.1 Birefringence of PP and composite fibers containing CNCs/NFCs. 

CNC loading N (parallel) N (perpendicular) Birefringence 

0 1.496 1.494 0.002 

0.5% 1.496 1.494 0.002 

1.5% 1.496 1.494 0.002 

2.5% 1.496 1.494 0.002 

3.5% 1.494 1.496 0.002 

 

NFC loading N (parallel) N (perpendicular) Birefringence 

0 1.496 1.494 0.002 

0.5% 1.496 1.494 0.002 

1.5% 1.496 1.494 0.002 

2.5% 1.496 1.494 0.002 

3.5% 1.496 1.494 0.002 
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6.4.3  Birefringence 

The birefringence of PP and composites fibers is shown in Table 1. The birefringence values 

were maintained at 0.02 after CNC/NFC loading in the range of 0.5 to 3.5%. This indicates 

that the addition of CNC/NFC did not affect the PP molecular orientation in the structure. 

Otherwise, the PP molecular orientation is likely affected extensively by the melt spinning 

condition, the polymer-chain properties and crystallization behavior[29].  

 

Figure 6.3 Optical micrographs of PP fibers (a) and composite PP fibers containing (b) 0.5% 
CNC, (c) 1.5% CNC, (d) 2.5% CNC, (e) 3.5% CNC, (f) 0.5% NFC, (g) 1.5% NFC, (h) 
12.5% NFC, (i) 3.5% NFC. 

  

(a) (b) 

(h) 

(d) (e) (f) 

(g) 

(c) 

(i) 
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Figure 6.4 Cryo-fracture cross-sections of PP  

and PP composite fibers with compositions 

 as indicated 
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3.5% CNC 

0.5% NFC 
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6.4.4 Tensile properties of PP and composite fibers 

The addition of CNC/NFC decreased the tenacity and toughness of PP fibers (Fig. 6.5-6.7) 

due to the formation of aggregates in the fiber structure. The toughness is defined as the energy 

required for fiber breaking. The tensile behavior of polymeric fibers is affected by the inherent 

polymeric chain properties (chain rigidity, secondary bond strength between polymeric chains, 

and molecular weight of the polymers used) and the microstructure of the fibers formed by 

polymer-chain alignment[30]. With the addition of CNC/NFC, the microstructure of the fibers 

changed (Fig. 6.3 and 6.4) leading to a decrease in both tenacity and toughness. Nanoclay was 

also found to decrease the tenacity and toughness of fibers in previous work[30]. 

 

 

Figure 6.5 Tenacity of PP-MAPP-CNC composite fibers (left) and PP-MAPP-NFC fibers 
(right). 
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Figure 6.6 Toughness of PP-MAPP-CNC composite fibers (left) and PP-MAPP-NFCsfibers 
(right). 

 

 

Figure 6.7 Stress–strain curves PP and PP composite fibers under tensile deformation. 

 
6.4.5 Thermal stability of PP and PP composite fibers 

The thermal stability of PP and PP composite fibers were evaluated by using TGA. From 

Fig. 8 it is clear that the PP fibers became more thermally stable after CNC/NFC loading. This 

observation might be due to the interaction of CNC/NFC or their aggregates with PP 

molecules.  
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Figure 6.8 Thermal stability of PP-MAPP-CNC (a, b) and PP-MAPP-NFC (c, d) composite 
fibers. 

 
6.4.6 Thermal transitions of composite 

The thermal properties of the PP composite fibers were investigated by means of DSC, and 

the characteristics are included in Table 6.2 and Fig. 6.9 and 6.10. Fig. 6.9 displays the 

endothermic behaviors of PP and PP composite fibers. PP composite fibers exhibited similar 

trends to neat PP during the melting process. Significant variation in melting temperatures 

could not be found either in previous works[9, 27, 31]. 

Compared to neat PP fibers, the supercooling temperatures reported in Table 6.2 were 

significantly smaller for PP composite fibers. This result indicates that the induction time for 

PP crystallization is much shorter after CNC/NFC addition[32]. The crystallization peaks shifted 

to higher temperature with the CNC/NFC concentration increased, which indicates that 

(a) (b) 

(c)  (d) 
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CNC/NFC acts as nucleating agent during crystallization of PP (Fig. 6.10). In our previous 

work, the crystallinity of PP increased after reinforcement with CNC/NFC. In fact, it has been 

shown that the presence of filler not only affect the nucleation during the crystallization process 

but also the crystallinity[33]. The nucleating function of CNC was addressed earlier by 

Ljungberg[9]. A similar phenomenon was observed several years ago with single-walled carbon 

nanotubes[32], nano-silica[34] and nano-calcium[34] carbonate as reinforcing agents in PP. 

However, the crystallinity did not have any apparent variation. This may have been due to the 

structure of the composite fibers (Fig. 6.3 and 6.4). The composite fibers with 2.5 - 3.5% NFC 

loading exhibited a decrease in crystallinity due to the presence of voids, which is in agreement 

with the polymer structure (Fig. 6.3 and 6.4).  

 

Figure 6.9 Heat capacity curves for melting endotherms of PP-MAPP-CNCs composite fibers 
(left) and PP-MAPP-NFCs fibers (right). 
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Figure 6.10 Heat capacity curves for crystallization exotherms of PP-MAPP-CNCs composite 

fibers (left) and PP-MAPP-NFCs fibers (right).
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Table 6.2 Thermal data from DSC measurements for PP composite fibers. 

 

Sample 

Melting temperature  

(°C) 

Melting 

enthalpy 

(J g-1) 

Crystallization 

temperature 

(°C) 

Crystallization 

enthalpy 

(J g-1) 

Supercooling 

temperature 

(°C) 

Crystallinity 

(%) 

PP 165.40 98.54 113.17 102.0 52.23 47 

0.5% CNC 163.65 103.3 117.84 107.3 45.81 49 

1.5% CNC 164.00 107.4 117.46 120.5 46.54 51 

2.5% CNC 164.64 106.4 118.10 121.6 46.54 50 

3.5% CNC 164.24 108.8 119.64 112.2 44.60 50 

0.5% NFC 164.40 100.9 116.87 104.0 47.53 48 

1.5% NFC 164.27 105.4 116.96 109.1 47.31 50 

2.5% NFC 164.92 101.5 117.73 109.6 47.19 47 

3.5% NFC 164.44 95.56 118.27 102.3 46.17 44 
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The crystallization kinetics of PP and composite fibers under isothermal conditions for 

various modes of nucleation and growth were analyzed according to Avrami equation[35, 36]. 

The general form of the equation is: 

Xt=1-exp(-Ktn)                                                                                                            (2) 

Where Xt is the relative crystallinity at different times, n is a constant associated with the 

mechanism of nucleation and the form of crystal growth. K is crystallization rate constant 

which depends on the nucleation and growth parameters. The Avrami equation can be 

rearranged to be as follows: 

Ln(-ln(1-Xt))=nlnt-lnK                                                                                                (3)     

 

 

Figure 6.11 Non-isothermal crystallization of PP-MAPP-CNC composite fibers (left) and PP-
MAPP-NFC fibers (right) at a cooling rate of 10°C. 
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Figure 6.12 Plots of ln(–ln(1–Xt)) versus ln t for 

isothermal crystallization of PP and composite 

fibers with CNC/NFC loading ranging 0.5-3.5%. 
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The ln (-ln(1-Xt)) plots as a function of time (ln t) are included in Fig. 6.12. The 

crystallization rate constant k and the Avrami exponent n were obtained from the intercepts 

and slopes of these profiles (Table 6.3). As shown in Table 6.3, the crystallization rate constant 

increased and the half time was reduced with the CNC/NFC loading (from 0.5 to 2.5%). This 

observation indicates that the loading of CNC/NFC speeds up PP fiber crystallization. Such 

nucleating effect proved to increase the crystallization rate in other systems[30]. When the 

CNC/NFC loading was 3.5%, the rate constant k decreased and the half time increased. This 

phenomenon could be explained by the formation of large aggregates and voids (Fig. 6.3 and 

6.4) in the PP matrix, which inhibited the crystallization. For most crystallization of polymers, 

the value of Avrami exponent n has been found to vary between 1 and 4, depending on the 

growth forms, from rod-like to sphere like[37]. From Table 6.3, the n values were maintained 

around 3 after CNC/NFC addition, regardless of the amount of CNC/NFC added. This 

resultcan be taken as an indication that the addition of CNC/NFC does not change the forms 

of crystal growth in the studied PP fibers. 

3.5%NFC 2.5%NFC 
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Table 6.3 Parameters of isothermal crystallization from Avrami equation (t1/2: the crystallization half time, n: Avrami exponent, k: 
crystallization rate constant) 

  

119°C 

 

120°C 

 

121°C 

 

122°C 

 

123°C 

 t1/2 

(min) 

n k t1/2 

(min) 

n k t1/2 

(min)  

n k t1/2 

(min) 

n k t1/2 

(min) 

n k 

PP 0.88 2.8 0.97 1.16 2.7 0.45 1.41 2.6 0.28 1.77 2.6 0.16 1.93 2.6 0.13 

0.5%CNC 0.52 3.2 5.59 0. 61 3.3 3.66 0.7 3.3 2.26 0.94 3.5 0.85 1.07 3.5 0.55 

1.5%CNC 0.42 2.8 8.03 0.58 3.2 4.05 0.68 3.3 2.56 0.78 3.2 1.58 0.95 3.2 0.82 

2.5%CNC 0.37 3.0 13.40 0.44 2.9 7.30 0.53 2.9 4.41 0.59 2.9 3.26 0.69 3.0 2.07 

3.5%CNC 0.38 2.9 11.86 0.42 2.9 8.82 0.48 2.8 5.56 0.6 2.9 3.08 0.71 2.9 1.91 

0.5%NFC 0.54 2.9 4.20 0.63 2.9 2.76 0.76 2.9 1.51 0.94 2.9 0.82 0.9 2.8 0.51 

1.5%NFC 0.51 3.0 5.37 0.56 2.9 3.79 0.64 2.7 2.39 0.76 2.8 1.53 0.92 2.8 0.87 

2.5%NFC 0.43 3.0 8.55 0.49 2.9 5.40 0.56 2.9 3.81 0.65 2.8 2.37 0.81 2.9 1.31 

3.5%NFC 0.44 3.2 12.88 0.49 3.1 6.49 0.57 3.1 4.14 0.61 2.9 2.96 0.79 2.8 1.33 
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6.5 SUMMARY AND CONCLUSIONS 

Under the present addition conditions, CNC/NFC formed aggregates in the PP matrix. 

Therefore, the resulting tensile properties of PP fibers were not improved, as initially expected. 

Therefore, better approaches are needed in order to improve the dispersion of the nanoparticles. 

The birefringence results indicate that PP molecular orientation was not affected by CNC/NFC 

loading. The thermal stability of PP increased considerably, from 350 to 430 °C, after the 

addition of CNC/NFC. Additionally, the presence of the cellulose nanoparticles increased the 

crystallization rate of PP fibers; the crystallization shifted to higher temperature without 

changing their crystallinity. 
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7. The Impotence of Good Dispersion of Nanocellulose in Polypropylene  

 

7.1 ABSTRACT 

Nanocelluloses have gained major interest as reinforcement for polymers due to their 

excellent mechanical properties. However, challenge associated with the nanocellulose 

dispersion hinders the production of composite polymers with expected properties. 

Polypropylene fibers with given amounts of nanocellulose were produced via melt spinning. 

Before the met spinning, materbatch with 10% nanocellulose loading was prepared, and 

followed with the pre-dilution using double-screw extruder in order to obtain better 

nanocelluloses dispersion in PP matrices. The nanocellulose loading was varied from 0.5 to 

2.5 wt% and its effect on fiber properties was investigated. The structure, thermal stability and 

tensile properties of PP and its composite fibers were examined. The variations in these 

properties were explained in terms of tensile properties, birefringence, main thermal transitions 

and crystallization kinetics.  

 

7.2 INTRODUCTION 

There has been a great interest in polymer reinforced with natural fibers in these decades. 

Although the production has been investigated for several years, intensive research is still 

going on in this field to improve the composite properties and produce cheaper materials with 

good performance. Cellulose is the primary structural building block of trees and some other 

plants, and it can be commercially extracted from pants by using chemical, mechanical and/or 

enzymatic treatments. Based on the consumption of polyolefin, PP is one of the most important 

and widely used commodity plastic, with diverse applications. In this work, we investigated 
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two forms of nanocelluloses as reinforcements, both of which are derived from natural fibers, 

since nanocellulose has been holding a particular attention during these decades. For the 

application of nanocellulose in non-polar thermoplastics, spray-dried products are 

recommended due to their higher thermal stability and crystallinity index[1], the commercial 

available, spray-dried CNCs were therefore studied in this work. The hydrophobic intrinsic 

character of PP renders the dispersion of hydrophilic nanocellulose challenging.  

 Cellulose nanocrystals (CNC) is one kind of nanocellulose, which is also termed 

nanowhiskers, nanocrystalline cellulose and cellulose nanowhiskers. CNC is widely 

distributed in higher plants, i.e., wood, consisting up to 50% cellulose, as well as some annual 

crops, i.e., cotton, and even in some marine animals, i.e., tunicates, and to a less degree in 

fungi, bacteria and algae[2]. CNCs are rod-like or whisker-shaped nanoparticles obtained by 

strong acid hydrolysis of cellulose fibers[3], TEMPO-mediated oxidation[4], and 

homogenization and grinding[2]. CNC has a greater axial elastic modulus per density than 

Kevlar and its mechanical properties are competitive compared to other reinforcing agents[5]. 

Since Favier et al. reported that CNC reinforced the mechanical properties of polymer films 

made from poly-(styrene-co-butyl acrylate)[6], CNC has attracted a great amount of interest in 

the nanocomposite field due to their specific properties, such as high surface area, good 

percolation, low density, unique morphology and good mechanical strength. In addition, CNC 

is a low cost, renewable, biodegradable and easily modified material. In recent years, CNC has 

been incorporated into a wide range of water-soluble and non-polar polymer matrices. The 

reported work of CNC incorporation in water-soluble polymer include poly(vinyl alcohol)[7], 

poly(ethylene oxide)[8] and poly(styrene-co-butyl acrylate)[9]. The non-polar polymers include 

poly(ε-caprolactone)[10, 11],polypropylene[12, 13] and others. 
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Cellulose nanofibrils (NFC), with a diameter as small as 4nm[14], can be produced by 

chemical or enzymatic treatment of cellulose fibrils, followed by mechanical disintegration[15, 

16]. NFC is also low cost, renewable and biodegradable and exhibits properties similar to CNC, 

such as high surface area, a high density of hydrogen bonding groups and good mechanical 

strength[15]. NFC has been reported in many applications such as in packaging[17],  

pharmaceutical carriers[18], thermal insulation[19], oil adsorption[20] and for enhancement of 

polymer composites[21]. Recently NFC-gels were used to produce nearly transparent and 

smooth films[22].  

Due to the challenging dispersion of nanocellulose in PP matrix, manufacturing composite 

polymer fibers from melts of polymer blends requires compatibilizers, whose mechanism of 

action consists of decreasing the interfacial tension and surface energy[23]. Poly(propylene-

graft-maleic anhydride) (MAPP) has been used with PP matrices due to its affinity with PP 

and the coupling effect between hydrophobic PP and hydrophilic molecules. The 

hydrophobization effect is attributed to the esterification between the anhydride groups of 

MAPP and the hydroxyl group of cellulose. The oriented hydrophobic chains can lower the 

surface free energy of cellulose[24]. The similarity of PP and MAPP enable co-crystallization, 

which is desired for the formation of cohesive bonding[25].  

The reinforcing function of nanocellulose for PP in previous were all for PP film. While our 

work is moving to a novel platform: using nanocellulose to reinforce PP fiber, other than PP 

film. Since the PP fibers incorporated with nanoclay, carbon nanotubes and calcium carbonate 

have been studied, and the reinforcing function of nanocellulose has also been proved, it would 

be very interesting to understand the PP fibers incorporated with nanocellulose. The main issue 

of this work is to facilitate CNC/NFC incorporation in PP matrices.  In this study, PP and 
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nanocellulose composite fibers were produced by a melt spinning process with MAPP used as 

compatbilizer. The structure, tensile properties and thermal-mechanical properties of the 

obtained fibers were evaluated. 

 

7.3 EXPERIMENTAL 

7.3.1 Materials 

CNC and NFC in spray-dried form were purchased from University of Maine. PP resin 

(grade CP36OH, density = 0.91 g/cm3, Melt flow index = 34 g/10 min), with a weight average 

molecular weight of 180,000 g/mol and a polydispersity of 3.3 was supplied by BrasKem. 

Maleic anhydride-grafted polypropylene (MAPP), with a weight average molecular weight of 

9,100 g/mol and 8-10 wt% maleic anhydride, was from Sigma Aldrich, USA. 

 

7.3.2 Methods 

7.3.2.1 CNC and NFC morphology 

CNC/NFC was dispersed in milli-Q water at 0.01%. A few drops of the CNC/NFC 

dispersion was placed on a UV-treated silica surface. The morphologies of CNC/NFC were 

observed under an atomic force microscope (AFM), Bruker Dimension 3000. The standard 

cantilever and tapping mode were used for imaging. 

 

7.3.2.2 PP, MAPP and CNC/NFC master batch  

The PP, MAPP and CNC/NFC master batches with 10 wt% of the cellulose component 

were kindly prepared by TechmerPM (Clinton, TN) by using melt compounding at 200°C. The 

masterbatch is further diluted to certain concentrations: 0.5, 1.5 and 2.5 wt%. 
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7.3.2.3 Viscosity measurements 

The viscosity of the melt was recorded at 210 °C using an advanced capillary extrusion 

rheometer from ROSAND. A die with 1mm capillary diameter was used. The pressure 

transducer was set to 7500-210°C. The shear viscosity was recorded as a function of shear rate 

ranging from 20 to 10,000 s-1. 

 

7.3.2.4 Melt spinning PP-MAPP-CNC/NFC composite fibers 

The respective diluted master batch was extruded into fibers. The fibers were spun at 210 

°C by using the Fuji Research line in the Nonwovens Institute, North Carolina State University 

(Raleigh, NC). The CNC/NFC concentrations in these composite fibers were adjusted in the 

range between 0.5 to 2.5 wt%. In the spinning process, the draw ratio of the composite fibers 

was fixed at 1.2.  

 

7.3.2.5 Characterization of the composite fibers 

7.3.2.5.1 Composite fiber structure 

In order to determine the distribution of CNC/NFC within the fibers, a Zeiss optical 

microscope with a 2.5X objective was used, and the images were captured with a Nikon high-

definition color camera, DS-Fi1, mounted on the optical microscope 

To determine the radial dispersion of CNC/NFC within fibers, scanning electron 

microscopy (SEM) was used in cross sections of cryo-fractured composite fibers. The SEM 

imaging was carried out with a Hitachi S 3200N SEM with operating voltage of 5 kV and 

working distance of 20 mm. Surface morphology of composite fibers was imaged using SEM 
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7.3.2.5.2 Birefringence 

The birefringence was measured to investigate the impact of CNC/NFC on PP molecules 

orientation. The measurements were performed using a Nikon Eclipse 50I POL optical 

microscope with a 10X objective. The fibers were immersed in a known refractive index liquid 

(Cargille). The fiber was aligned in parallel direction to match the polarizer and focused. The 

refractive index was matched when the Becke line was not visible. The same test was 

performed with the same fiber but in the perpendicular direction. The difference between the 

two refractive indices for both directions was taken as the birefringence. 

 

7.3.2.5.3 Fiber tensile properties 

The tensile strength properties were evaluated at 23 ˚C and 65% relative humidity using a 

MTS Q-Test/5 instrument with a 22.2 N load cell (Canton, MA), following ASTM D2256 

standard. The gauge length was 2.5 cm and the cross-head speed was 50 mm/min. The tenacity 

and toughness were calculated from the tensile stress–strain curve. The average of 12-20 

samples is reported. 

 

7.3.2.5.4 Thermal stability of PP and composite fibers 

Fiber thermal stability was evaluated by using a Q100 TGA from TA. Around 5-20 mg fiber 

samples were heated up from 50 to 600˚C at a rate of 10˚C/min under nitrogen atmosphere and 

the respective thermograms were acquired and reported as mass loss with temperature.  
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7.3.2.5.5 Thermal transitions of PP and composite fibers 

A Q100 DSC from TA was used to measure the thermal transitions of composite including 

crystallization and melting behaviors. 5-20 mg PP-MAPP-CNC/NFC composite fibers were 

encapsulated in hermetically sealed aluminum pans, and in each measurement a similar empty 

pan was used as reference. The composite fibers were heated up to 175°C at  a rate of 10°C/min 

to eliminate the thermal history, and kept as an isothermal for 5 min before cooling down to 

30°C at 10°C/min. The composites were subsequently heated up to 180°C and back down to 

30°C at the same rate. 

The degree of crystallinity, χ, was determined from Eq. (1). Calculations were based on 

ΔHm for 100% crystalline PP being (assumed to be 209 J g-1), ΔHo is the enthalpy of fusion of 

the composites and w is the mass fraction of PP in the composite[26]: 

 ! = (ΔHm	×100%) ÷ (ΔHo×	w)                                                                        (1) 

 

7.3.2.5.6 Isothermal crystallization 

The isothermal crystallization of the composite fibers was evaluated with a Q100 DSC from 

TA. The fibers were heated to 190°C at a rate of 10°C/min and held for 10 min to erase the 

thermal history, then increased to the crystallization temperature, ranging from 119 to 123°C, 

at a rate of 50°C/min. 

 

7.3.2.5.7 Crystalline structure of the composites 

X-ray diffraction (XRD) measurements were made with a SmartLab XRD from Rigaku. 

The samples were exposed to Cu Kα radiation with a wavelength of 1.54 Å. The equipment 
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was operated at 40 kV and 44 mA under ambient temperature, and the angle of incidence was 

varied from 5° to 35° by steps of 0.06. 

The crystal size of fibers was calculated according to Scherer’s equation: 

0 = 1.3×4
5× 678 9:                 (2) 

where t is crystal size (Å), λ is the X-ray wavelength (1.54 Å), B is the full width at half 

maximum (rad) and θB is the Bragg angle (°). 

 

7.4 RESULTS AND DISSCUSIONS 

7.4.1 CNC and NFC morphology 

The morphologies of CNC and NFC are shown in Figure 7.1. The CNC particles are rod-

like or whisker shaped with a high aspect ratio (3-5 nm wide, 50-500 nm long)[27]. The NFCs 

had lager diameter due to the presence of amorphous domains. They have similar aspect ratio 

and shape as the ones produced in our lab (see chapter 3). 

 

Figure 7.1 The morphology of CNC (left) and NFC (right) used in this period.  
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7.4.2 Shear viscosity of PP and its composites 

The shear viscosity of PP composites measured at a shear rate higher than 100 s-1 decreased 

dramatically when the CNC loading was higher than 2.5% (Fig. 7.2). This effect can be 

attributed to the presence of CNC aggregates, which were already formed before melt 

processing. Concerning NFC addition lower than 3.5%, the shear viscosity of PP composites 

was similar to that of neat PP as observed in Fig. 7.2. This observation may indicate that NFC 

has a lower tendency to aggregate. In fact, NFC has some amorphous domains in their structure 

and is less hydrophilic (CNC carries half-ester sulfate groups on the surface). Thus, NFC did 

not aggregate as extensively CNC during processing. 

 

Figure 7.2 Shear viscosity of PP and composite fibers containing CNC (left) and NFC (right). 

 

7.4.3 Fiber structure 

The dispersion of CNC/NFC in PP matrix was investigated via optical microscopy (Fig. 3) 

and scanning electron microscope (Fig. 7.4 and 7.5). When the CNC loading was as low as 

0.5%, no large particles were found under visible light (Fig. 7.3). Thus, the CNC were likely 

evenly distributed in the PP matrix, which was further confirmed in Fig. 7.4 and 7.5. However, 
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for CNC loading higher than 1.5% the nanoparticles assembled as aggregates of variable size. 

The intrinsic hydrophilic property of CNC is expected to be reasons for the formation of such 

features. No large aggregates were found under SEM (Fig 7.4 and 7.5) when PP fibers were 

reinforced with 0.5% and 1.5% NFC, but small aggregates in fibers with 1.5% NFC loading 

were observed under visible light (Fig. 7.3). This could be attributed to NFC’s intrinsic 

hydrophilic property, as is the case of CNC.  

Table 7.1 Birefringence of PP and composite fibers containing CNCs/NFCs. 

CNC loading N (parallel) N (perpendicular) Birefringence 

0 1.496 1.492 0.004 

0.5% 1.497 1.494 0.003 

1.5% 1.497 1.495 0.002 

2.5% 1.497 1.495 0.002 

NFC loading N (parallel) N (perpendicular) Birefringence 

0 1.496 1.492 0.004 

0.5% 1.497 1.494 0.003 

1.5% 1.497 1.495 0.002 

2.5% 1.497 1.494 0.003 
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Figure 7.3 Optical micrographs of PP fibers (a) and composite PP fibers containing (b) 0.5% 
CNC, (c) 1.5% CNC, (d) 2.5% CNC, (e) 0.5% NFC, (f) 1.5% NFC, (g) 2.5% NFC. 

(a) 

(b) 

(f) 

(d) (e) 
 

(g) 

(c) 
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Figure 7.4 Cryo-fracture cross-sections of PP and PP composite fibers with compositions as 
indicated 
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Figure 7.5 Cryo-fracture cross-sections of PP and PP composite fibers with compositions as 
indicated 

 
7.4.4 Birefringence 

The birefringence of PP and composites fibers is shown in Table 7.1. The birefringence 

values were decreased by 0.001-0.002 after CNC/NFC loading in the range of 0.5 to 2.5%. 

This indicates that the addition of CNC/NFC hindered the PP molecular orientation in the 

PP 0.5%CNC 1.5%CNC 

2.5%CNC 0.5%NFC 1.5%NFC 

2.5%NFC 
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structure. The PP molecular orientation is also likely affected extensively by the melt spinning 

condition, the polymer-chain properties and crystallization behavior[28].  

 

7.4.5  Tensile properties of PP and composite fibers 

The addition of 0.5% CNC and 0.5-1.5% NFC increased the tenacity of PP fibers (Fig. 7.6). 

And the addition of CNC/NFC increased the toughness and elongation of PP fibers (Fig. 7.7 

and 7.8). The tensile behavior is the result of polymeric chain properties and fiber 

microstructure[29]. The increase of fiber elongation and toughness may be associate with the 

crosslinks forming between polymeric chains. The over addition of nanocellulose, more than 

1.5% loading, caused some decrease in tenacity, which is probably due to the formation of 

large aggregates in the fiber structure. Precious work have proved that nanocellulose can 

increase the tensile properties of PP films[12, 13]. Nanoclay was also found to decrease the 

tenacity and toughness of fibers at high loading in previous work[29]. 

 

 

Figure 7.6 Tenacity of PP-MAPP-CNC composite fibers (left) and PP-MAPP-NFC fibers 
(right). 
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Figure 7.7 Toughness of PP-MAPP-CNC composite fibers (left) and PP-MAPP-NFCs fibers 
(right). 

 

 

Figure 7.8 Elongation of PP-MAPP-CNC composite fibers (left) and PP-MAPP-NFCs fibers 
(right). 

 
7.4.6 Thermal stability of PP and PP composite fibers 

The thermal stability of PP and PP composite fibers were evaluated by using TGA. From 

Fig. 7.9 it is clear that the PP fibers became more thermally stable after CNC/NFC loading. 

This observation might be due to the interaction of CNC/NFC or their aggregates with PP 

molecules.  
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Figure 7.9 Themal stability of PP-MAPP-CNC (a, b) and PP-MAPP-NFC (c, d) composite 
fibers. 

 

7.4.7 Thermal transitions of composite 

The thermal properties of the PP composite fibers were investigated by means of DSC, and 

the characteristics are included in Table 7.2 and Fig. 7.10 and 7.11. Fig. 7.10 displays the 

endothermic behaviors of PP and PP composite fibers. PP composite fibers exhibited similar 

trends to neat PP during the melting process. Significant variation in melting temperatures 

could not be found either in previous works[13, 24, 30]. 

Compared to neat PP fibers, the supercooling temperatures reported in Table 7.2 were 

significantly smaller for PP composite fibers. This result indicates that the induction time for 

PP crystallization is much shorter after CNC/NFC addition[31]. The crystallization peaks shifted 

(a) (b) 

(c)  (d) 

 (b) 
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to higher temperature with the CNC/NFC concentration increased, which indicates that 

CNC/NFC acts as nucleating agent during crystallization of PP (Fig. 7.11). In our previous 

work, the crystallinity of PP increased after reinforcement with CNC/NFC. In fact, it has been 

shown that the presence of filler not only affect the nucleation during the crystallization process 

but also the crystallinity[32]. The nucleating function of CNC was addressed earlier by 

Ljungberg[13]. A similar phenomenon was observed several years ago with single-walled 

carbon nanotubes[31], nano-silica[33] and nano-calcium[33] carbonate as reinforcing agents in PP. 

However, the crystallinity did not have any apparent variation. This may have been due to the 

structure of the composite fibers (Fig. 7.3, 7.4 and 7.5). The composite fibers with 2.5% NFC 

loading exhibited a decrease in crystallinity due to the presence of large aggregates, which is 

in agreement with the polymer structure (Fig. 7.3, 7.4 and 7.5). 

Table 7.2 Thermal data from DSC measurements for PP composite fibers. 

 

Sample 

Melting 

T  

(°C) 

Melting 

enthalpy 

(J g-1) 

Crystallization 

T 

(°C) 

Crystallization 

enthalpy 

(J g-1) 

Supercooling 

T 

(°C) 

Crystallinity 

 

(%) 

PP 166 101 114 107 52 73 

0.5% CNC 166 102 121 103 45 75 

1.5% CNC 165 100 120 103 45 75 

2.5% CNC 164 98 120 99 44 75 

0.5% NFC 165 108 121 112 44 79 

1.5% NFC 164 99 121 102 43 74 

2.5% NFC 164 94 120 97 44 72 
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Figure 7.10 Heat capacity curves for melting endotherms of PP-MAPP-CNCs composite fibers 
(left) and PP-MAPP-NFCs fibers (right). 

 

 

 

Figure 7.11 Heat capacity curves for crystallization exotherms of PP-MAPP-CNCs composite 
fibers (left) and PP-MAPP-NFCs fibers (right). 

   

The crystallization kinetics of PP and composite fibers under isothermal conditions for 

various modes of nucleation and growth were analyzed according to Avrami equation[34, 35]. 

The general form of the equation is: 



 

186 

Xt=1-exp(-Ktn)                                                                                                            (3) 

Where Xt is the relative crystallinity at different times, n is a constant associated with the 

mechanism of nucleation and the form of crystal growth. K is crystallization rate constant 

which depends on the nucleation and growth parameters. The Avrami equation can be 

rearranged to be as follows: 

Ln(-ln(1-Xt))=nlnt-lnK                                                                                                (4)     

The ln (-ln(1-Xt)) plots as a function of time (ln t) are included in Fig. 7.12. The 

crystallization rate constant k and the Avrami exponent n were obtained from the intercepts 

and slopes of these profiles (Table 7.3). As shown in Table 7.3, the crystallization rate constant 

increased and the half time was reduced with the CNC/NFC loading (from 0.5 to 2.5%). This 

observation indicates that the loading of CNC/NFC speeds up PP fiber crystallization. Such 

nucleating effect proved to increase the crystallization rate in other systems[29]. For most 

crystallization of polymers, the value of Avrami exponent n has been found to vary between 1 

and 4, depending on the growth forms, from rod-like to sphere like[36]. From Table 7.3, the n 

values were increased from values around 2 to some values around 3 after CNC/NFC addition, 

regardless of the amount of CNC/NFC added. This result can be taken as an indication that the 

addition of CNC/NFC changed the forms of crystal growth in the studied PP fibers.         
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Figure 7.12 Avrami plots of ln (1-(1-Xt)) as a function of ln t for neat PP and PP composite 
fibers 
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7.4.8 Crystalline morphology and crystal size 

It has been proved that the addition of CNC/NFC had altered the microstructure, 

crystallinity temperature and crystal shape. The crystalline morphology were observed by 

XRD (Fig. 7.13). The addition of CNC/NFC did not alter the crystalline morphology of PP 

fibers, however, the crystal size for each individual peak has changed (Table 7.4), which is in 

agreement with the change of microstructure (Fig. 7.3, 7.4 and 7.5), crystal shape and 

crystallization kinetics (Table 7.3).. The change in crystalline morphology is associate the 

introduction of defect aggregates, which interfere the formation of crystals. Nanoclay[29] and 

montmorillonite[37] have been found to change the crystalline morphology of melt-spun PP 

fibers. The loading of CNC/NFC converted the 2-D disc-like crystal to 3-D sphere-like shape.  

It was very clear in Table 7.3 that the 0.5% loading of CNC/NFC increased the 

crystallization rate to the highest extent. This result dictated that 0.5% is the best loading 

amount, which is in an agreement with the tensile properties of highest increase with 0.5% 

loading. With the increase of CNC/NFC loading, the positive function of CNC/NFC might be 

compromised by the increasing number and size of aggregates.     
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Figure 7.13 X-ray diffractograms of PP-MAPP-CNCs composite fibers (left) and PP-MAPP-
NFCs fibers (right). 
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Table 7.3 Parameters of isothermal crystallization from Avrami equation (t1/2: the crystallization half time, n: Avrami exponent, k: 
crystallization rate constant) 

 

  

119°C 

 

120°C 

 

121°C 

 

122°C 

 

123°C 

 t1/2 

(min) 

n k t1/2 

(min) 

n k t1/2 

(min)  

N k t1/2 

(min) 

n k t1/2 

(min) 

n k 

PP 0.92 2.5 0.9 1.17 2.4 0.5 1.32 2.3 0.4 1.48 2.3 0.3 1.78 2.3 0.2 

0.5%CNC 0.28 2.7 22.0 0.31 2.7 16.4 0.32 2.5 14.1 0.37 2.3 0.3 0.46 2.3 0.2 

1.5%CNC 0.31 2.6 16.0 0.40 2.9 14.0 0.45 2.7 8.8 0.78 2.8 11.8 0.50 2.9 6.6 

2.5%CNC 0.33 2.7 15.3 0.37 2.7 10.7 0.41 2.7 7.2 0.49 2.9 6.9 0.59 2.6 4.5 

0.5%NFC 0.26 2.7 24.1 0.30 2.7 17.1 0.36 2.7 11.4 0.39 2.7 8.8 0.49 2.9 5.8 

1.5%NFC 0.31 2.7 18.4 0.33 2.8 16.9 0.38 2.8 10.9 0.38 2.6 9.7 0.52 2.9 4.7 

2.5%NFC 0.29 2.6 17.7 0.32 2.8 14.8 0.36 2.7 11.4 0.42 2.7 7.9 0.54 2.9 4.2 
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Table 7.4 Crystal size of neat PP and PP composite fibers. 

Fiber  type 2-theta (°) d (Å) Crystal size (Å) 

PP 14.2 6.22 20 

 17.2 5.17 17 

 19.0 4.67 67 

 21.9 4.06 39 

PP+0.5%MAPP+0.5%CNC 14.0 6.30 28 

 17.0 5.23 81 

 18.5 4.80 20 

 21.9 4.05 21 

PP+1.5%MAPP+1.5%CNC 14.3 6.20 37 

 16.3 5.43 16 

 19.1 4.65 115 

 21.9 4.06 42 

PP+2.5%MAPP+2.5%CNC 14.3 6.19 21 

 17.1 5.19 100 

 19.0 4.60 7 

 21.7 4.09 45 

PP+0.5%MAPP+0.5%NFC 14.1 6.26 21 

 16.8 5.26 74 

 18.7 4.73 24 
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7.5 SUMMARY AND CONCLUSIONS 

Under the present addition conditions, CNC/NFC formed aggregates in the PP matrix. 

However, the resulting tensile properties of PP fibers were improved, as initially expected.  

The birefringence results indicate that PP molecular orientation was affected by CNC/NFC 

loading. The thermal stability of PP increased considerably after the addition of CNC/NFC. 

Additionally, the presence of the cellulose nanoparticles increased the crystallization rate of 

PP fibers and changed the crystal size/shape in PP fibers. 

  

 21.9 4.06 44 

PP+1.5%MAPP+1.5%NFC 15.1 5.85 17 

 16.9 5.25 17 

 18.8 4.72 17 

 22.0 4.03 38 

PP+2.5%MAPP+2.5%NFC 14.0 6.32 38 

 17.2 5.15 30 

 19.0 4.66 183 

 21.8 4.07 34 
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8. Effects of Lignocellulose Nanocrystal and Lignocellulose Nanofibril as Reinforcing 
Agents in Melt Spinning of Polypropylene Fiber 
 

8.1 ABSTRACT 

The reinforcing function of two types of nanocelluloses, namely lignocellulose nanocrystal 

(LCNC) and lignocellulose nanofibril (LNFC), were evaluated in this work. Spray-dried 

LCNC and LNFC were both commercial grades, supplied by American Process, Inc. 

Polypropylene fibers with given amounts of lingo-nanocellulose were produced via melt 

spinning. Maleic anhydride polypropylene (MAPP) was tested as compatibilizer to promote 

the dispersion of nanocellulose inside PP matrix. The dose of MAPP was 2, 5 and 7 wt%, and 

the LCNC/LNFC loading was varied from 0.5 to 2.5 wt%. Their effect on fiber properties was 

investigated. The structure, thermal stability and tensile properties of PP and its composite 

fibers were examined. The variations in these properties were explained in terms of the main 

thermal transitions and crystallization kinetics. The tenacity, stiffness and toughness of PP 

fiber were increased by up to 32%, 30% and 70%, respectively. Thermal stability was increased 

markedly. Alteration of crystal shape and crystal size were also observed in the PP-MAPP-

LCNC/LNFC composite fibers. 

 

8.2 INTRODUCTION 

Polymers from bioresources have attracted an increasing amount of attention over the last 

two decades, predominantly due to the environmental concerns and the finite petroleum source. 

In order to overcome the environment and sustainability problems, remarkable achievements 

have been observed in green chemistry in terms of the investigation of biocomposites[1, 2]. The 
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development of materials derived from natural resources has a growing trend in the drive to 

protect our environment. Cellulose is the most abundant, biodegradable and natural polymer, 

derived from bioresouces, i.e., wood, cotton and corn straw as well as some sea animals. The 

intrinsic properties of cellulose endow it to be a very promising polymer for the production of 

environmentally-friendly biocomposites.  

Cellulose is occurring in semicrystalline structure consisting of some amorphous domains. 

Those amorphous structure can be hydrolyzed by the employment of aqueous acids, releasing 

the crystalline segments. Cellulose nanocrystals (CNC) are rod-like or whisker-shaped 

nanoparticles obtained by strong acid hydrolysis of cellulose fibers. CNC has a greater axial 

elastic modulus per density than Kevlar and its mechanical properties are competitive 

compared to other reinforcing agents[3]. The first achievement of the use of CNC as a 

reinforcement was announced by Favier et al[4]. In their work, CNC was incorporated into a 

copolymer of styrene and butyl acrylate. Enhancement of the mechanical properties were 

observed for the composite films. In recent years, CNC has been tremendously incorporated 

into a wide range of polymer matrices, including poly(ε-caprolactone)[5], poly(vinyl alcohol)[6], 

polypropylene[7, 8] and others. The enhancement of the increased mechanical behavior was 

proposed to be the result of strong network form by interaction of CNCs and CNC with 

polymer. 

Cellulose nanofibrils (NFC), with a diameter as small as 4 nm[9], can be produced by 

chemical or enzymatic treatment of cellulose fibrils, followed by mechanical disintegration[10, 

11]. NFC is also low cost, renewable and biodegradable and exhibits properties similar to CNC, 

such as high surface area, a high density of hydrogen bonding groups and good mechanical 
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strength[10]. NFC has been reported in many applications such as in packaging[12],  

pharmaceutical carriers[13], and for enhancement of polymer composites[14]. Recently NFC-

gels were used to produce nearly transparent and smooth films[15]. Orelma et al. found that 

surface functionalized NFC films can be used as a platform for immunoassays and 

diagnostics[16]. 

Lignin is the second most abundant natural after cellulose, which contains both of polar and 

non-polar groups. Lee and Luner found that the sessile contact angle water made with lignin 

was about 60°[17]. Laschimke concluded that milled wood lignin as well as lignin from the 

organocell process was wettable, even though the contact angle in these measurements was 

initially around 80°. However, the contact angle dropped to 63° which is far away from 90° as 

a function of time[18]. Lignin is normally considered to be a hydrophobic polymer, but 

according to the strictest definition of a water contact angle greater than 90°[19], lignin is not 

hydrophobic and water may be considered to be a partially wetting liquid on a lignin surface. 

This also supports the long-term belief that some fractions of lignin provide water-proof aid in 

the water transport of plants. Although the total surface free energy of isolated lignin is 

comparable with cellulose, the dispersive intermolecular forces arising from the higher 

percentage of non-polar moieties are more pronounced compared to cellulose[20].  

Variable hydrophobicity of lignin depending on their different surface chemistry was 

revealed by hydrophobic interaction chromatography[21]. This result may support that lignin 

could feature a similar mode of action as conventional compatibilizer in polymer composites 

by providing polar and non-polar moieties[22]. AFM adhesion force measurement revealed 

variability of polarity of microfibrillated lignocellulose. Domains of the moieties with higher 
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polarity and lower polarity than microfibrillated cellulose were both found in microfibrillated 

lignocellulose[22]. More homogeneous distribution of fibrils in polycaprolactone and 

polystyrene was achieved by loading microfibrillated lignocellulose than microfibrillated 

cellulose. Compared to microfibrillated cellulose, significantly more efficient mechanical 

reinforcement was observed after the addition of microfibrillated lignocellulose[22]. Good fiber 

spinning was observed by Kubo and Kadla for both lignin/PET and lignin/PP systems, 

however, only the PP with a molten viscosity comparable to the spinning temperature was able 

to be continuously spun into fibers[23]. The lignin-containing nanocelluloses were found to 

exhibite the hydrophobic property to some extent compared to pure cellulose, and the authors 

believed this result indicates the NFC could have good compatibility to polymer matrix while 

making composites[24]. The addition of few content of lignin to plant fiber-polymer composites 

was discovered to have positive effects on their mechanical performance, including PP[25], 

PLA[26] and epoxy[27]. Kraft pulp and thermomechanical pulp pretreated in sulfuric acid yielded 

microfibrillated material was found to slightly improved the tensile-strength performance of 

PLA, however the improvement induced by lignin-containing cellulose material was not as 

much as lignin-free cellulose material[28].  

Different from previous work, we are studying PP fibers other than films, which is novel 

and appealing, but also challenging. In this work, LCNC/LNFC, with lignin content ranging 

from 3 to 6 wt%, were investigated as reinforcement for PP fibers. PP is one of the most widely 

used thermoplastic polymers for tremendous applications due to its low price and relatively 

low process temperature. Melt blending process for spinning composite fibers have been found 

to be the most appealing approach for commercial purpose. Lignin is a natural hydrophobic 
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polymer that has lower surface energy compared to cellulose. With the presence of small 

amounts of lignin, the LCNC/LNFC is expected to have better dispersion in the PP matrix.  

Due to the poor adhesion of lingo-nanocellulose with PP matrix at the phase boundary, the 

main issue to be addressed in the production of composite fibers is to facilitate LCNC/LNFC 

incorporation in the PP matrix. Since MAPP is one of the most common compatibilizer and 

has been proved to increase the compatibility and improve the matrix cellulose fiber adhesion 

[29-31], it was applied to promote the interaction of lingo-nanocellulose and PP. In this study, 

PP and nanocellulose composite fibers were produced by a melt spinning process with MAPP 

used as compatbilizer. The structure and thermal-mechanical properties of the obtained fibers 

were evaluated. 

 

8.3 EXPERIMENTAL APPROACH 

8.3.1 LCNC and LNFC morphology 

LCNC/LNFC was dispersed in milli-Q water at 0.01%. A few drops of the LCNC/LNFC 

dispersion was placed on a UV-treated silica surface. The morphologies of LCNC/LNFC were 

observed under an atomic force microscope (AFM), Bruker Dimension 3000. A standard 

cantilever and tapping mode were used for imaging. 

 

 

8.3.2 PP, MAPP and LCNC/LNFC master batch  

Three master batches consisting of PP, MAPP and LCNC/LNFC with 2, 5, 7 wt% of MAPP 

(based on cellulose loading) and 10 wt% of the cellulose component (based on PP) were kindly 
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prepared by TechmerPM (Clinton, TN) by using melt compounding at 200°C. Although the 

masterbatch pellets were reported to have good processability in various plastic processing 

equipment, they were found to cause a series of spinning problems in our pilot lab, i.e., melt 

fractures, nanoparticles sticking and filter blockage[32]. So, each master batch was further 

diluted to decrease LCNC/LNFC concentration to 0.5, 1.5 and 2.5 wt% with the help of 

TechMer. 

 

8.3.3. Melt spinning PP-MAPP-LCNC/LNFC composite fibers 

The respective diluted master batch was extruded into fibers. The fibers were spun at 210°C 

by using the Fuji Research line in the Nonwovens Institute, North Carolina State University 

(Raleigh, NC). The LCNC/LNFC concentrations in these composite fibers were adjusted in 

the range between 0.5 to 2.5 wt%. In the spinning process, the draw ratio of the composite 

fibers was fixed at 1.2.  

 

8.3.4 Characterization of the composite fibers 

8.3.4.1 Composite fiber structure 

A Zeiss optical microscope with a 2.5X objective was used to determine the distribution of 

LCNC/LNFC within the fibers, and the images were captured with a Nikon high-definition 

color camera, DS-Fi1, mounted on the optical microscope. 

The SEM imaging was carried out with a Hitachi S 3200N SEM with operating voltage of 5 

kV and working distance of 20 mm. 
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8.3.4.2 Birefringence 

The birefringence was measured to investigate the impact of LCNC/LNFC on PP molecules 

orientation. The measurements were performed using a Nikon Eclipse 50I POL optical 

microscope with a 10X objective. The fibers were immersed in a known refractive index liquid 

(Cargille). The fiber was aligned in parallel direction to match the polarizer and focused. The 

refractive index was matched when the Becke line was not visible. The same test was 

performed with the same fiber but in the perpendicular direction. The refractive indexes were 

measured from the interference fringe shifts. 

The birefringence was calculated according to the following formula: 

∆" = ǀ"1 − "2ǀ                                                                                                                       (1) 

n1: refractive index parallel to the direction of orientation 

n2: refractive index perpendicular to the direction of orientation 

 

8.3.4.3 Fiber tensile properties 

Single fiber tensile testing was carried out following following ASTM D2256 standard. The 

tensile strength properties were evaluated at 23 ˚C and 65% relative humidity using a MTS Q-

Test/5 instrument with a 22.2 N load cell (Canton, MA). The gauge length was 2.5 cm and the 

rate of extension was 50 mm/min. The tenacity, stiffness and toughness were calculated from 

the tensile stress–strain curve. The average of 12-20 samples is reported. 
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8.3.4.4 Thermal stability of PP and composite fibers 

Fiber thermal stability was evaluated by using a Q100 TGA from TA. Around 5-20 mg fiber 

samples were heated up from 50 to 600˚C at a rate of 10˚C/min under nitrogen atmosphere and 

the respective thermograms were acquired and reported as mass loss with temperature.  

 

8.3.4.5 Thermal transitions of PP and composite fibers 

A Q100 DSC from TA was used to measure the thermal transitions of composite including 

crystallization and melting behaviors. 5-20 mg PP-MAPP-LCNC/LNFC composite fibers were 

encapsulated in hermetically sealed aluminum pans, and in each measurement a similar empty 

pan was used as reference. The composite fibers were heated up to 175°C at  a rate of 10°C/min 

to eliminate the thermal history, and kept as an isothermal for 5 min before cooling down to 

30°C at 10°C/min. The composites were subsequently heated up to 180°C and back down to 

30°C at the same rate. 

The degree of crystallinity, χ, was determined from Eq. (2). Calculations were based on ΔHm 

for 100% crystalline PP being (assumed to be 209 J g-1), ΔHo is the enthalpy of fusion of the 

composites and w is the mass fraction of PP in the composite[33]: 

( = )*+	×.//%
)*1×	2                                                                                                                    (2) 

 

8.3.4.6 Isothermal crystallization 

The isothermal crystallization of the composite fibers was evaluated with a Q100 DSC from 

TA. The fibers were heated to 190°C at a rate of 10°C/min and held for 10 min to erase the 
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thermal history, then increased to the crystallization temperature, ranging from 119 to 123°C, 

at a rate of 50°C/min. 

 

8.4 RESULTS AND DISSCUSIONS 

8.4.1 LCNC and LNFC morphology 

The morphologies of LCNC and LNFC are shown in Figure 8.1. The CNC particles are 

whisker shaped[34]. Compared to lignin-freed CNC/NFC, the surface was dominated by 

particles with spherical shapes, likely lignin.   

 

Figure 8.1 The morphology of LCNC (left) and LNFC (right) used in this period.  

 

8.4.2 Fiber structure 

The dispersion of LCNC/LNFC in PP matrix was investigated via optical microscopy (Fig. 

8.2 and 8.3) and SEM (Fig. 8.4 and 8.5). The LCNC/LNFC were likely agglomerated in the 

PP matrix. The intrinsic hydrophilic property of LCNC/LNFC is expected to be reasons for the 

formation of such features. The MAPP promoted the dispersion of LCNC/LNFC in PP matrix, 

since less aggregates were observed with higher MAPP addition (Fig. 8.2 and 8.3), which was 
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further confirmed by figure 8.4 and 8.5. MAPP has been proved to be a good compatibilizer in 

previous work [29-31, 35]. 

 

8.4.3 Birefringence 

The birefringence of PP and composites fibers is shown in Table 8.1. The birefringence 

values were decreased by 0.001-0.002 after LCNC/LNFC loading in the range of 0.5 to 2.5%. 

This indicates that the addition of LCNC/LNFC hindered the PP molecular orientation in the 

structure, which is the logical consequence of aggregate appearance. The PP molecular 

orientation is also likely affected extensively by the melt spinning condition, the polymer-chain 

properties and crystallization behavior[36].  

 
Table 8.1 Birefringence of PP and composite fibers containing LCNCs/LNFCs. 

LCNC 
loading 

MAPP 
loading 

n1  
(parallel) 

n2 
(perpendicular) 

Birefringence 

0 0 1.496 1.492 0.004 

0.5% 2% 1.498 1.494 0.004 

1.5% 2% 1.498 1.494 0.004 

2.5% 2% 1.498 1.494 0.004 

0.5% 5% 1.498 1.494 0.004 

1.5% 5% 1.497 1.494 0.003 

2.5% 5% 1.496 1.494 0.002 

0.5% 7% 1.496 1.494 0.002 

1.5% 7% 1.496 1.494 0.002 

2.5% 7% 1.496 1.494 0.002 
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Table 8.2 Continued. 

 
LNFC 
loading 

MAPP 
loading 

n1  
(parallel) 

n2 
(perpendicular) 

Birefringence 

0 0 1.496 1.492 0.004 

0.5% 2% 1.496 1.494 0.002 

1.5% 2% 1.496 1.494 0.002 

2.5% 2% 1.496 1.494 0.002 

0.5% 5% 1.496 1.494 0.002 

1.5% 5% 1.496 1.494 0.002 

2.5% 5% 1.496 1.494 0.002 

0.5% 7% 1.496 1.494 0.002 

1.5% 7% 1.496 1.494 0.002 

2.5% 7% 1.496 1.494 0.002 
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Figure 8.2 Optical micrographs of PP fibers (a) and composite PP fibers containing(b) 
PP+2%MAPP+0.5% LCNC, (c) PP+2%MAPP+1.5% LCNC, (d) PP+2%MAPP+2.5% LCNC, 
(e) PP+5%MAPP+0.5% LCNC, (f) PP+5%MAPP+1.5% LCNC, (g) PP+5%MAPP+2.5% 
LCNC, (h) PP+7%MAPP+0.5% LCNC, (i) PP+7%MAPP+1.5% LCNC, (j) 
PP+7%MAPP+2.5% LCNC 

 

(a) (b) 

(d) (e) (f) 

(g) 

(c) 

(h) (i) 

(j) 
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Figure 8.3 Optical micrographs of PP fibers (a) and composite PP fibers containing (b) 
PP+2%MAPP+0.5% LNFC, (c) PP+2%MAPP+1.5% LNFC, (d) PP+2%MAPP+2.5% LNFC, 
(e) PP+5%MAPP+0.5% LNFC, (f) PP+5%MAPP+1.5% LNFC, (g) PP+5%MAPP+2.5% 
LNFC, (h) PP+7%MAPP+0.5% LNFC, (i) PP+7%MAPP+1.5% LNFC, (j) 
PP+7%MAPP+2.5% LNFC. 

 

(a) (b) 

(d) (e) (f) 

(g) 

(c) 

(h) (i) 

(j) 
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Figure 8.4 SEM surface images of PP fibers (a) and composite PP fibers containing (b) 
PP+2%MAPP+0.5% LCNC, (c) PP+2%MAPP+1.5% LCNC, (d) PP+2%MAPP+2.5% LCNC, 
(e) PP+5%MAPP+0.5% LCNC, (f) PP+5%MAPP+1.5% LCNC, (g) PP+5%MAPP+2.5% 
LCNC, (h) PP+7%MAPP+0.5% LCNC, (i) PP+7%MAPP+1.5% LCNC, (j) 
PP+7%MAPP+2.5% LCNC. 

(a) 

(b) (c) (d) 

(e) (f) (g) 

(h) (i) (j) 
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Figure 8.5 SEM surface images of PP fibers (a) and composite PP fibers containing, (b) 
PP+2%MAPP+0.5% LNFC, (c) PP+2%MAPP+1.5% LNFC, (d) PP+2%MAPP+2.5% LNFC, 
(e) PP+5%MAPP+0.5% LNFC, (f) PP+5%MAPP+1.5% LNFC, (g) PP+5%MAPP+2.5% 
LNFC, (h) PP+7%MAPP+0.5% LNFC, (i) PP+7%MAPP+1.5% LNFC, (j) 
PP+7%MAPP+2.5% LNFC. 

(a) 

(b) (c) (d) 

(e) (f) (g) 

(h) (i) (j) 
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Figure 8.6 Tenacity of PP-2%MAPP-LCNC composite fibers (top left), PP-5%MAPP-LCNC 
composite fibers (top right) and PP-7%MAPP-LCNC composite fibers (bottom left) (right). 

 
 
8.4.4 Tensile properties of PP and composite fibers 

The addition of 0.5% LCNC increased the tensile properties of PP fibers (Fig. 8.6-8). The 

results are in agreement with our previous work. We already found that compared to higher 

loadings, CNC addition of 0.5% gave the best reinforcing function. The tensile behavior is the 

result of polymeric chain properties and fiber microstructure[32].  
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Figure 8.7 Toughness of PP-2%MAPP-LCNC composite fibers (top left), PP-5%MAPP-
LCNC composite fibers (top right) and PP-7%MAPP-LCNC composite fibers (bottom left) 
(right). 

 
The increase of fiber tenacity, elongation and toughness may be associate with the 

crosslinks forming between polymeric chains. MAPP compatibilizer at 2% loading worked 

most effectively (Fig.8.6 top left). The effect of MAPP as compatibilizer in PP system has been 

markedly observed [29, 30, 35]. It has been claimed that the presence of compatibilizer is a viable 

approach for mechanical properties and durable properties of natural fiber reinforced 

composites[37]. The fibers consisting of 2% MAPP exhibited increase of 25% with LCNC 

loading. The addition of MAPP above 2% or excess of nanocellulose, by more than 1.5% 

loading, caused very small increases in tenacity, which is probably due to the formation of 
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large aggregates in the fiber structure. Additionally, LCNC aggregates offset any reinforcing 

behavior of LCNC. Previous work have proved that nanocellulose can increase the tensile 

properties of PP films [7, 8]. Nanoclay was found to decrease the tenacity, toughness and 

elongation of fibers due to the formation of aggregates [32]. LNFC exhibited the similar trend 

with LCNC on PP fibers (Fig. 8.9-11). 

 
 

 
Figure 8.8 Elongation of PP-2%MAPP-LCNC composite fibers (top left), PP-5%MAPP-
LCNC composite fibers (top right) and PP-7%MAPP-LCNC composite fibers (bottom left) 
(right). 
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Figure 8.9 Tenacity of PP-2%MAPP-LNFC composite fibers (top left), PP-5%MAPP-LNFC 
composite fibers (top right) and PP-7%MAPP-LNFC composite fibers (bottom left) (right). 

 
 
8.4.5 Thermal stability of PP and PP composite fibers 

The thermal stability of PP and PP composite fibers were evaluated by TGA. From Fig. 

8.12 and table 8.2, it is clear that the PP fibers became more thermally stable after 

LCNC/LNFC loading. However, from previous film work, nanocellulose was found to 

decrease the onset degradation temperature [14, 38].  
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Figure 8.10 Toughness of PP-2%MAPP-LNFC composite fibers (top left), PP-5%MAPP-
LNFC composite fibers (top right) and PP-7%MAPP-LNFC composite fibers (bottom left) 
(right). 

 

The increase of stability in fibers may be assigned to the presence of lignin. Because lignin 

behaves like an adhesive within wood structure and is being converted to commercial adhesive 

together with some other component, i.e., soy[39].The increase may also be the result of fiber 

stretching, since the drawing process can make the PP, MAPP and LCNC/LNFC network  

much denser. The curves exhibit one mass loss step, and this observation might be due to the 

interaction of LCNC/LNFC or their aggregates with PP molecules. The initial mass loss of PP 

and composite fibers are both starting from approximately 300˚C, and reaching their platuea 
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at 440˚C and 470˚C, respectively. At the beginning, the mass degradation was very slow, but 

as soon as it reached the onset degradation temperature, the decomposition was going 

dramatically. The decomposition of PP fibers happens through random scission and a radical 

chain mechanism[14]. The obvious mass loss of composite fibers might be attributed to the 

decomposition of PP and the break of network formed between PP, MAPP and LCNC/LNFC. 

 
 

 

Figure 8.11 Elongation of PP-2%MAPP-LNFC composite fibers (top left), PP-5%MAPP-
LNFC composite fibers (top right) and PP-7%MAPP-LNFC composite fibers (bottom left) 
(right). 
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Table 8.3 Onset degradation temperature of PP and composite fibers containing 
LCNCs/LNFCs. 

 
Fiber composition (wt%) Tonset (˚C) 

PP 355 
PP+2%MAPP+0.5%LCNC 403 
PP+2%MAPP+1.5%LCNC 409 
PP+2%MAPP+2.5%LCNC 408 

PP+5%MAPP+0.5%LCNC 412 
PP+5%MAPP+1.5%LCNC 408 
PP+5%MAPP+2.5%LCNC 406 

PP+7%MAPP+0.5%LCNC 
PP+7%MAPP+1.5%LCNC 
PP+7%MAPP+2.5%LCNC 

407 
411 
408 

 

 

 

Fiber composition (wt%) Tonset (˚C) 
PP 355 

PP+2%MAPP+0.5%LNFC 403 

PP+2%MAPP+1.5%LNFC 405 

PP+2%MAPP+2.5%LNFC 400 

PP+5%MAPP+0.5%LNFC 407 
PP+5%MAPP+1.5%LNFC 408 

PP+5%MAPP+2.5%LNFC 405 

PP+7%MAPP+0.5%LNFC 
PP+7%MAPP+1.5%LNFC 
PP+7%MAPP+2.5%LNFC 

403 
405 
401 
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Figure 8.12 Thermal stability of  

PP-2%MAPP-LCNC (a), 

PP-5%MAPP-LCNC (b), 

PP-7%MAPP-LCNC (c), 

PP-2%MAPP-LNFC (d), 

PP-5%MAPP-LNFC (e) and 

PP-7%MAPP-LNFC (f)  

composite fibers. 
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(b) 

(c) 
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8.4.6 Thermal transitions of composite 

The thermal properties of the PP composite fibers were investigated by means of DSC, and 

the characteristics are included in Table 8.3 and Fig. 8.13 -16.  Fig. 8.13 and 8.14 display the 

endothermic behaviors of PP and PP composite fibers. PP composite fibers exhibited similar 

trends to neat PP during the melting process. Significant variation in melting temperatures 

could not be found either in previous work[8, 40, 41]. 

Compared to neat PP fibers, the supercooling temperatures reported in Table 8.3 did not 

changed significantly for PP composite fibers. This result indicates that the induction time for 

PP crystallization was not affected by LCNC/LNFC addition[42]. In contrast to our previous 

work, introduction of LCNC/LNFC did not shift the crystallization peaks to higher temperature 

(Fig. 8.15 and 8.16). In our previous work, the crystallinity of PP increased after reinforcement 

with CNC/NFC. In fact, it has been shown that the presence of filler not only affect the 

nucleation during the crystallization process but also the crystallinity[43]. The nucleating 

function of CNC was addressed earlier by Ljungberg[8]. A similar phenomenon was observed 

several years ago with single-walled carbon nanotubes[42], nano-silica[44] and nano-calcium[44] 

carbonate as reinforcing agents in PP. However, the start off temperature of crystallization did 

not have significant shift, which may result from the presence of lignin. The crystallinity did 

not have any apparent variation. This may have been due to the structure of the composite 

fibers (Fig. 8.3). The introduction of LCNC, regardless of the loading amount, produced 

sharper crystallization peaks in the PP, indicating an improvement in crystallite perfection with 

narrowing down the distribution of crystal size.
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Table 8.4 Thermal data from DSC measurements for PP composite fibers. 

 
Sample 

Melting 
temperature 

(°C) 

Melting 
enthalpy 

(J g-1) 

Crystallization 
temperature 

(°C) 

Crystallization 
enthalpy 

(J g-1) 

Supercooling 
temperature 

(°C) 

Crystallinity 
 

(%) 
PP 166 101 114 107 52 48 

PP+2%MAPP+0.5%LCNC 166 91 115 99 51 44 
PP+2%MAPP+1.5%LCNC 165 92 116 95 49 45 
PP+2%MAPP+2.5%LCNC 166 89 116 97 50 44 

PP+5%MAPP+0.5%LCNC 165 95 115 99 50 46 
PP+5%MAPP+1.5%LCNC 165 97 116 99 49 47 
PP+5%MAPP+2.5%LCNC 165 110 117 114 48 54 

PP+7%MAPP+0.5%LCNC 165 101 114 106 51 49 
PP+7%MAPP+1.5%LCNC 166 103 115 103 51 50 
PP+7%MAPP+2.5%LCNC 166 74 116 89 50 36 

 
 

Sample 
Melting 

temperature 
(°C) 

Melting 
enthalpy 

(J g-1) 

Crystallization 
temperature 

(°C) 

Crystallization 
enthalpy 

(J g-1) 

Supercooling 
temperature 

(°C) 

Crystallinity 
 

(%) 
PP 166 101 114 107 52 48 

PP+2%MAPP+0.5%LNFC 165 111 114 117 51 53 
PP+2%MAPP+1.5%LNFC 165 105 115 103 50 51 
PP+2%MAPP+2.5%LNFC 165 112 116 118 49 55 

PP+5%MAPP+0.5%LNFC 166 111 115 115 51 53 
PP+5%MAPP+1.5%LNFC 164 92 115 95 49 45 
PP+5%MAPP+2.5%LNFC 165 97 116 103 49 48 

PP+7%MAPP+0.5%LNFC 166 111 115 115 51 53 
PP+7%MAPP+1.5%LNFC 168 110 115 120 53 53 
PP+7%MAPP+2.5%LNFC 165 96 116 107 49 47 
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Figure 8.13 Heat capacity curves for melting endotherms of PP-2%MAPP-LCNC composite 
fibers (left), PP-5%MAPP-LCNC composite fibers (middle) and PP-7%MAPP-LCNC 
composite fibers (right). 

 

 
Figure 8.14 Heat capacity curves for melting endotherms of PP-2%MAPP-LNFC composite 
fibers (left), PP-5%MAPP-LNFC composite fibers (middle) and PP-7%MAPP-LNFC 
composite fibers (right). 

 

 
Figure 8.15 Heat capacity curves for crystallization exotherms of PP-2%MAPP-LCNC 
composite fibers (left), PP-5%MAPP-LCNC composite fibers (middle) and PP-7%MAPP-
LCNC composite fibers (right). 
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Figure 8.16 Heat capacity curves for crystallization exotherms of PP-2%MAPP-LNFC 
composite fibers (left), PP-5%MAPP-LNFC composite fibers (middle) and PP-7%MAPP-
LNFC composite fibers (right). 

 
 
 

The crystallization kinetics of PP and composite fibers under isothermal conditions for 

various modes of nucleation and growth were analyzed according to Avrami equation[45, 46]. 

The general form of the equation is: 

 
Xt= 1- exp(-Ktn)                                                                                                              (3) 
 
where Xt is the relative crystallinity at different times, n is a constant associated with the 

mechanism of nucleation and the form of crystal growth. K is crystallization rate constant 

which depends on the nucleation and growth parameters. The Avrami equation can be 

rearranged to be as follows: 

 
Ln(-ln(1-Xt))=nlnt-lnK                                                                                                   (4)     
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Figure 8.17 Avrami plots of ln (1-(1-Xt)) 

as a function of ln t for neat PP and PP 

composite fibers. 
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The ln (-ln(1-Xt)) plots as a function of time (ln t) are included in Fig. 8.15. The 

crystallization rate constant k and the Avrami exponent n were obtained from the intercepts 

and slopes of these profiles (Table 8.4). As shown in Table 4, the crystallization rate constant 

increased with the LCNC/LNFC loading (from 0.5 to 2.5%). This observation indicates that 

the loading of LCNC/LNFC speed up PP fiber crystallization, even though the start off 

temperature of crystallization did not increased. Such nucleating effect proved to increase the 

crystallization rate in other systems[32]. For most crystallization of polymers, the value of 

Avrami exponent n has been found to vary between 1 and 4, depending on the growth forms, 

from rod-like to sphere like[47]. From Table 8.4, the n values were increased from values around 

2 to some values around 3 after LCNC/LNFC addition, regardless of the amount of MAPP or 

LCNC/LNFC added. This result can be taken as an indication that the addition of LCNC/LNFC 

changed the forms of crystal growth in the studied PP fibers.         
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Table 8.5 Parameters of isothermal crystallization from Avrami equation (t1/2: the crystallization half time, n: Avrami exponent, k: crystallization 
rate constant) 

 
119°C 

 
120°C 121°C 

 
122°C 123°C 

 
n k n k n k n k n k 

PP 2.5 0.9 2.4 0.5 2.3 0.4 2.3 0.3 2.3 0.2 

PP+2%MAPP+0.5%LCNC 2.8 4.6 2.9 3.8 3.3 2.5 3.0 1.6 2.8 0.6 

PP+2%MAPP+1.5%LCNC 3.3 7.6 2.6 4.2 2.7 2.1 2.9 2.4 2.7 1.4 

PP+2%MAPP+2.5%LCNC 3.0 7.2 3.6 7.8 2.7 3.5 2.8 2.1 2.8 1.3 

PP+5%MAPP+0.5%LCNC 3.1 4.1 3.5 3.4 2.9 1.5 2.9 1.0 2.9 0.6 

PP+5%MAPP+1.5%LCNC 2.9 8.2 3.0 5.8 3.0 3.3 2.8 2.3 2.7 1.0 

PP+5%MAPP+2.5%LCNC 3.4 12.9 3.1 7.1 3.8 8.9 2.9 3.2 2.9 1.8 

PP+7%MAPP+0.5%LCNC 3.1 3.1 2.7 1.4 3.0 1.2 2.8 0.6 2.8 0.4 

PP+7%MAPP+1.5%LCNC 3.0 4.2 3.0 3.0 3.0 1.9 2.9 1.1 2.8 0.7 

PP+7%MAPP+2.5%LCNC 3.0 5.6 3.0 3.0 2.8 2.5 3.0 1.7 2.9 1.0 
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Table 8.6 Continued 

 
119°C 

 
120°C 121°C 

 
122°C 123°C 

 
n k n k n k n k n k 

PP 2.5 0.9 2.4 0.5 2.3 0.4 2.3 0.3 2.3 0.2 

PP+2%MAPP+0.5%LNFC 3.1 3.7 2.8 1.7 3.0 0.9 2.9 0.7 2.9 0.4 

PP+2%MAPP+1.5%LNFC 2.9 4.2 3.0 2.5 3.0 2.4 2.8 1.1 2.8 0.8 

PP+2%MAPP+2.5%LNFC 3.2 7.8 3.3 4.1 3.2 3.2 3.0 1.9 2.9 0.9 

PP+5%MAPP+0.5%LNFC 3.3 3.0 3.1 1.8 3.0 0.9 2.9 0.5 2.7 0.3 

PP+5%MAPP+1.5%LNFC 3.0 4.3 3.1 2.5 2.9 1.4 2.9 0.9 2.9 0.5 

PP+5%MAPP+2.5%LNFC 3.2 4.5 2.8 2.6 2.9 1.6 2.8 1.2 2.8 0.7 

PP+7%MAPP+0.5%LNFC 3.2 2.5 2.9 1.0 2.9 0.7 2.8 0.5 2.8 0.2 

PP+7%MAPP+1.5%LNFC 3.2 3.9 3.0 2.3 3.1 2.0 2.9 0.8 3.0 0.5 

PP+7%MAPP+2.5%LNFC 3.7 7.9 3.3 2.9 3.2 2.5 3.0 1.1 3.0 0.7 
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8.5 SUMMARY AND CONCLUSIONS 
 

Under the present addition conditions, LCNC/LNFC formed aggregates in the PP matrix. 

However, the resulting tensile properties of PP fibers were improved, as initially expected.  

The thermal stability of PP increased considerably after the addition of LCNC/LNFC. 

Additionally, the presence of the cellulose nanoparticles increased the crystallization rate of 

PP fibers and changed the crystal size/shape in PP fibers. 
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9. Antioxidant and Thermal Stabilization Effects of Butylated-Lignin 

 

9.1 ABSTRACT 

We study the effect of lignin as an antioxidant and in the control of the thermally-induced 

oxidation of polymers. Using polypropylene (PP) as test polyolefin, we show that butylation 

of lignin macromolecules not only improved their compatibility with PP but afforded systems 

with improved oxidation induced time (OIT) and thermal-oxidative stability. Such effects 

resulted from a tradeoff between lignin dispersability in the polymer matrix and the number 

density of available phenolic OH groups. Upon modification with n-butyric anhydride to yield 

63% substitution of phenolic OH, lignin reduced the maximum OIT of PP to ~16 min. Notably, 

the induction ageing time of lignin-loaded PP reached 576 h, indicating a performance 

equivalent to that of commercial antioxidants. The gains in thermal stability of blends 

measured under oxygen atmosphere indicated a performance of butylated lignin equivalent to 

that of graphene oxide and carbon nanotubes.  

 

9.2 INTRODUCTION 

The use of renewable, bio-based resources for chemicals, materials and biofuels has been 

at the center of recent research efforts, especially if residual streams are valorized while 

reducing waste generation. Among these, industrial lignins are mainly obtained as co-products 

from wood processing and biorefineries, amounting to ~ 60 million tons per year, which are 

usually utilized to close the energy cycle in pulp production . However, only 2% of this vast 

bioresource finds commercial utilization. Lignin contains abundant hydroxyl groups and has 
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shown potential to partially replace synthetic polyalcohol in phenolic resins, polyurethanes and 

epoxy polymers.1-3  Renewable lignin-based carbon fibers have been reported, taking 

advantage of high carbon residue after carbonization.4 

A number of reports have indicated that lignin can serve as renewable resource with 

antioxidant capacity.5-7 Given the biodiversity of lignin, a variability in its performance as anti-

oxidant is expected, for example, depending on lignin source, extraction methods, molecular 

weight, functional groups, and its structure.8-10 Overall, it has been indicated that the 

antioxidant activity increases with the phenolic hydroxyl content but is reduced by aliphatic 

hydroxyls. A lower molecular mass and narrower molecular weight distribution are desirable. 

Associated evaluations have been carried out for mixtures with a polyolefin, rubber and 

biodiesel.11-17  Pouteau et al.18 illustrated that phenolic content and intrinsic reactivity of lignin 

are not the only factors to consider but also lignin solubility, depending on sources and 

processing conditions. Thus, lignin antioxidant capability in polymer blends results from a 

complex interplay of effects, including physical and chemical interactions; in turn, these effects 

may be more relevant than lignin’s inherent radical capturing ability (as measured on isolated 

samples, for example, by the DPPH method). Thus, the antioxidant and thermo-oxidation 

stability imparted by lignin in polymer blends cannot be disconnected from the interactions 

with the matrix, a subject that remains unclear. Until now acid treatment and fractional 

methods have been used to address related aspects.13,19  

Clearly, enhancing lignin antioxidant activity while ensuing an effective incorporation in 

composites are critical for achieving its utilization as renewable antioxidant. In this work, 

butylation reactions have been carried out to modify pine kraft lignin, yielding fractions with 
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various phenolic OH content. The selection of n-butyric anhydride for lignin alkylation, instead 

of acetate, propionic and maleic anhydrides, for example, was based on the fact that the 

solubility parameter of the butylated lignin (δ = 21.9 J1/2/cm3/2 by the Hoy Model) 20 is 

relatively closer to that of PP (δ = 16.8 -18.8 MPa1/2) 21 and therefore indicates better dispersion 

and mixing. Different aspects related to the effect of lignin chemical structure, phenolic 

hydroxyl group content and molecular mass, affecting lignin/PP compatibility and thermo-

oxidation resistance, were investigated by 31P-NMR, gel permeation chromatography (GPC), 

thermogravimetry (TG), dynamic scanning calorimetry (DSC), accelerated ageing tests and 

scanning electron microscopy (SEM). The measured antioxidant effects were compared with 

those of commercial antioxidants. 

 

9.3 EXPERIMENTAL 

9.3.1 Materials 

Industrial pine kraft lignin (Mw=6200, Mw/Mn=4.4, 11.5% methoxy group) was supplied by 

Domtar Corporation and used as starting lignin source. The lignin was thoroughly mixed with 

distilled water at high shear, and then washed several times to remove dissolved salts. The 

washed lignin was freeze-dried under vacuum for at least two days to remove excess water. 

Polypropylene (PP) was a commercial grade (CP 360H, BrasKem Company) with a melt flow 

rate 34 g/10min (230°C/2.16kg). N-butyric anhydride (BA, 98%) and 1-methylimidazole 

(99%) were from Acros Organics. The solvent used for precipitation was ethanol (90%) from 

Alfa Aesar. An antioxidant, pentaerythritol tetrakis (3,5-di-tert- butyl-4-

hydroxyhydrocinnamate), under commercial name of Irganox 1010®, was purchased from 
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Sigma-Aldrich. Other chemicals used for GPC, 31P-NMR and other analyses were obtained 

from Sigma-Aldrich and Fisher and used as received. 

 

9.3.2 Methods 

9.3.2.1 Butylation of kraft lignin 

Lignin was modified according to the method described by Wool et al.20 except for the 

reaction conditions used (time and temperature), which were adjusted in order to achieve given 

degrees of substitution of phenolic hydroxyl groups. Kraft lignin (5 g) was dispersed into 10 g 

n-butyric anhydride (BA) contained in a 100 ml three-necked bottle under low shear (magnetic 

bar). Following, the mixture was kept under nitrogen atmosphere for at least 30 min and the 

reaction was started by adding 0.25 ml 1-methylimidazole at given temperature and under 

vigorous stirring. After the respective time, the reaction system was precipitated by using 

ethanol. Crude products were washed by ethanol several times and freeze-dried under vacuum 

for 2 days. Reference lignin, thereafter referred to as “KL”, was produced by dispersing the 

lignin in BA followed by precipitation with ethanol. The reaction conditions to achieve the 

different degrees of butylation in the obtained, modified lignins (ML1 to ML5) are indicated in 

Table 9.1. 

Table 9.1 Time and temperature for reaction of kraft lignin with butyric anhydride to yield the 
modified lignin fractions (ML) used in this work (ML1 to ML5). 

Samples a ML1 ML2 ML3 ML4 ML5 

Temperature (oC) 30 30 30 50 70 

Time (min) 1 5 10 10 10 

a Mass composition: (KL)=5 g, (BA)=10g, 1-methylimidazole = 0.25 ml  
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9.3.2.2 Compounding and film preparation.  

Before extrusion for film formation, PP granules were broken down into powder form by 

freeze milling under liquid nitrogen atmosphere for a total time of 10 min (freeze mill, Spex 

CertiPrep 6750). The respective lignin was mixed with the PP powder at two addition levels, 

1 and 5 wt% based on total weight. Blends of PP with reference kraft lignin (KL) as well as the 

modified fractions (ML1 to ML5) were obtained via melt compounding at 180 oC for 4 min in 

a screw compounder (DSM Xplore Micro 15 cm3 Twin Screw Compounder). During this 

thermal process, the compounder speed was kept at 60 rpm. Extruded melts were collected at 

room temperature and were then immediately hot-pressed into films (Carver press, 180 oC, 

3000 psi, 10 min). The films were then subjected to additional pressing for 10 min using a 

round metal plate (30 cm diameter, 50 lb weight) at room temperature. Films of neat PP as 

well as PP mixed with 0.1 wt% Irganox1010 (Irganox1010/PP) were processed under same 

conditions and used as reference. Cross section images of the films were obtained with a FE-

SEM instrument (Hitachi S 3200N SEM operated at 5KV) using the cryo-fractured samples 

obtained after cooling in liquid nitrogen. 

  

9.3.2.3 Chemical characterization 

The reference lignin and butylated lignins were analyzed with a Perkin Elmer FTIR 

spectrometer (Frontier) using Attenuated Total Reflection (ATR) mode. Each spectrum was 

obtained with 16 scans in the frequency range of 4000-650 cm-1 with the resolution of 4 cm-1. 

The samples were also analyzed by quantitative NMR (Bruker 300 MHz spectrometer 
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equipped with a Quad probe used for 31P, 13C, 19F and 1HNMR acquisition) according to Ref.22. 

All spectra were automatic base-line corrected and normalized at the standard peak. 

 

9.3.2.4 Lignin molecular weight  

Butylated lignin samples ML2 to ML5 were fully soluble in tetrahydrofuran (THF). 

Reference KL and ML1 were treated with acetic anhydride to improve their solubility in the 

same solvent. For this purpose, 100 mg of dried sample was dissolved in a solution containing 

1 ml anhydrous pyridine and acetic anhydride (1:1, v/v) and then subjected to microwave 

irradiation for 1 min at 750 mW. Afterwards, the sample was diluted with about 80 ml 

distillated water and then centrifuged at 4000 rpm for 10 min. The supernatant was removed 

and the centrifuge process was repeated with addition of water. Finally, the acetylated lignin 

was freeze dried for one day. GPC measurements were carried out at 35 °C on a Waters 

instrument GPC equipped with two Styragel columns (Styragel HR 1 and Styragel HR 5E) 

connected in series and using an UV detector operating at a wavelength set at 280 nm. THF 

was used as the eluent at a flow rate of 0.6 mL/min. The respective acetylated lignin was 

dissolved in THF (0.8 mg/ml), and the solution was filtered through a 0.2 m m nylon filter. A 

series of mono-disperse polystyrene standards were used for calibration. 

 

9.3.2.5 Oxidation induction time (OIT) and thermal oxidation stability.  

OIT tests were carried out for the different films by using a differential scanning calorimeter 

DSC (TA Instruments, DSC Model Q100). In a typical run the temperature was first 

equilibrated at 40 oC and then the sample was heated to 180 oC at the rate of 20 oC/min under 
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nitrogen flow (50 ml/min). The gas carrier was replaced by oxygen after 1 min holding at the 

maximum temperature. The heat flow was recorded as a function of time in isothermal 

conditions.  

The thermal oxidation stability of films of PP and blends of PP with unmodified or reference 

(KL) as well as butylated (ML) lignins were determined via thermal gravimetrical analysis 

TGA (TA instrument, model Q-500) using platinum pans. For this purpose, the respective 

sample (7-10 mg) was equilibrated at 40 oC and then heated at 10 oC/min in nitrogen 

atmosphere (50 ml/min flow rate). After the temperature reached 90 oC, an isothermal step was 

conducted for 5 min. Following, the gas was switched to oxygen (50 ml/min flow rate) and the 

temperature was increased to 500 oC and the effective weight change was recorded. 

 

9.3.2.6 Accelerated ageing  

The respective film was subjected to accelerated aging by thermal-oxidative degradation at 

120 oC in an oven. The samples were collected at different aging times and analyzed by FTIR 

(Perkin Elmer FTIR spectrometer, Frontier) in transmission mode using 16 scans in the 

frequency range of 4000-650 cm-1 and with a resolution of 4 cm-1. In order to compare the 

spectra for the different samples, the signal for carbonyl build-up during thermal oxidation was 

recorded as a carbonyl index (AC=O), defined as the ratio of areas of the absorption intensity in 

the range from 1650 cm-1 to 1850 cm-1 and that of a reference absorbance peak at 2722 cm-1 

(not affected by thermal oxidation).23  Each spectrum was automatically base-line corrected 

and normalized at 2722 cm-1 before calculating the area by the individual peak base-line 

corrected method.  
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9.4 RESULTS AND DISSCUSIONS 

9.4.1 Lignin butylation and degree of substitution.  

ATR spectra of KL and butylated lignins, ML (obtained after reaction with BA) are shown 

in Figure 9.1 after base-line correction and normalization with the absorption intensity 

corresponding to aromatic rings at 1592 cm-1. The assignment of bands was according to the 

literature.24 After butylation, absorbance changes in the region of 2800-3000 cm-1 were 

observed and two new peaks appeared at 2963 cm-1 and 2875 cm-1. These new signal 

contributions are assigned to the methyl and methylene groups in butyl ester chains, indicating 

the reaction between the lignin and BA. Moreover, the band intensity ranging from 3050 cm-1 

to 3650 cm-1 was clearly reduced after butylation, suggesting that the hydroxyl groups of lignin 

reacted with BA. Furthermore, the inter- and intra- hydrogen bonds in the lignin 

macromolecules were significantly reduced as indicated by the fact that the wavenumber 

corresponding to the hydroxyl group band were red shifted from 3338.9 cm-1 to 3630.2 cm-1. 

 

Figure 9.1 FTIR- ATR spectra of reference Kraft lignin (KL) and butylated KL lignins (ML1-
ML5, see also Table 9.1) in the wavenumber region between 2500 and 4000 cm-1 showing the 
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redshift in the hydroxyl band (a). The wavenumber region between 650 and 1850 cm-1 is 
displayed in (b) 

 
In the region of 1600 cm-1-1850 cm-1, KL showed a wide absorption band centered at 1702 

cm-1, assigned to the C=O vibration of the aromatic structure.24  In the case of butylated lignins, 

this band shifted to higher wavenumbers, at 1737 and 1756 cm-1, indicating that new carbonyl 

groups in the ester structure were formed.20  Other bands overlapped and showed no significant 

differences. 

Figure 9.2 includes the NMR spectra with peaks at ~151, 147, 139 and 135 ppm that are 

assigned to the internal standard, the aliphatic –OH, the non-condensed phenolic –OH and the 

carboxyl groups, respectively.22  The absorption signal corresponding to the condensed 

phenolic –OH is located between 145 to 140.3 ppm. The corresponding group content obtained 

by integration of the areas is summarized in Table 9.2. From the NMR spectra and Table 9.2 

it is concluded that a quantitative reduction of all OH groups took place upon butylation. The 

phenolic –OH group content declined markedly, from 5.79 to 2.12 mmol/g for the lignin that 

was subjected to 10 min reaction time at low temperature (30 oC), indicating a ~63% 

substitution. Other substitutions were determined under the different reaction conditions used. 

The highest degree of substitution (~88%) was observed after reaction of KL with BA at 70 oC 

for 10 min (total phenolic –OH content drop to 0.71 mmol/g).  
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Figure 9.2 Quantitative 31P-NMR spectra of reference lignin KL and butylated lignins (ML) 
obtained after reaction under different conditions. 

 
The molecular weight and MW distribution of reference KL and butylated lignins were 

determined by GPC (Table S9.1, supporting information). We note that from the complex and 

broad size distribution of structures present in the crude lignin, part of the low molecular weight 

fraction was dissolved in ethanol upon precipitation. Therefore, the GPC results from KL, 

rather than those of the crude lignin, were used to assess the changes in molecular mass of ML. 

The molecular weight and PDI of KL (Mn= 3200, Mw=18100 and PDI=5.65) were slightly 

higher than those of the modified lignins ML. The butylated lignin ML2 (5 min reaction time 

at 30 oC) presented an average molecular weight (Mn, Mw) of 2500 and 9300, respectively. A 

negligible effect on molecular weight was noted as the reaction time was increased to 10 min 
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(ML3 sample) or for reactions at higher temperature (samples ML4 and ML5). The molecular 

polydispersity (PDI) upon butylation of KL increased gradually from 3.70 to 5.33 for phenolic 

substitution degree ranging from 44% to 88%. These observations are ascribed, however, to 

the lower solubility of the modified lignins, which affected precipitation with ethanol. 

Considering the results and the variation observed from solubility changes, it is concluded that 

the butylation reaction had negligible effects on the molecular weight of the product.  

 
 
Table 9.2 Hydroxyl group content (mmol/g) calculated from NMR spectra of reference lignin 
(KL) and butylated lignins (ML1-ML5). The calculated degree of substitution of phenolic OH 
as well as the carboxyl group content are also included. 

Sample Aliphatic 

–OH 

Condensed 

phenolic –OH 

Non-

condensed 

Phenolic –OH 

Total 

phenolic 

–OH 

Phenolic 

–OH 

substitution 

-

COOH 

KL 3.19 2.94 2.85 5.79 0% 0.47 

ML2 1.68 1.76 1.42 3.18 44% 0.38 

ML3 0.88 1.16 0.96 2.12 63% 0.44 

ML4 0.39 0.52 0.27 0.81 86% 0.37 

ML5 0.33 0.42 0.29 0.71 88% 0.33 

 

 

9.4.2 Morphology of films and lignin compatibility with PP  

Neat PP showed a smooth fractured surface under the SEM (50 m m resolution SEM image 

in supporting information, Figure S9.1). SEM images for cross-sections of KL/PP films clearly 

show lignin particles dispersed in PP. With only 1wt% KL addition, relative large lignin 
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aggregates (up to 13 m m in size) were observed, as shown in Figure 9.3. Images obtained at 2 

m m resolution (Figure S9.2, Supporting Information) clearly indicate small lignin particles 

(ranging from around 0.5 to 1 m m in size) embedded in PP. This is explained by the large 

aliphatic and phenolic –OH group content in this sample (3.19 and 5.79 mmol/g, respectively). 

Butylated ML lignins samples produced translucent films with PP and a homogeneous system 

is observed in the SEM cross section, suggesting that the characteristic lignin particle size was 

reduced extensively due to a better dispersion or mixing. Notably, no particles were observed 

for ML/PP blends, which are explained by the presence of alkyl chains (butyric ester) in the 

lignin macromolecules, which enhanced polymer mixing and dispersion owing to non-polar 

interactions. Similar results have been observed in blends of poly(ε-caprolactone) with 

organosolv lignin (propionate, butylate and valerate) in which no phase separation occurred.25  

Moreover, replacement of hydroxyl groups in lignin by the more flexible butyric ester led to a 

gradual decrease in lignin glass transition temperature, from 117 to ~56 oC (Supporting 

Information, Figure S9.3). Therefore, butylation endowed lignin with better flowing ability 

and facilitated blending with the polyolefin.26  As will be shown next, the compatibility 

between PP and lignin is an important factor to consider in order to develop antioxidant effects. 
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Figure 9.3 SEM micrographs (10 m m size marker) of pure PP, 1wt% KL/PP and 1wt% 
butylated KL/PP correlated with KL and butylated ML samples phenolic and aliphatic 
hydroxyl group content. 

 
9.4.3 Antioxidant effect of butylated lignins  

The oxidative induction time (OIT) measures the thermal-oxidation stability of polymeric 

materials.27  PP films containing lignin displayed a larger OIT compare to that of neat PP, 

indicating the stability to oxidation brought about the lignin macromolecule. A clear 

correlation between lignin chemical features (mainly phenolic -OH) and polymer blend 

compatibility as well as OIT is determined. As illustrated in Figure 9.4, compared with neat 

PP (OIT = 6.2 min), OIT of PP/KL increased to ~8.0 min. This is explained by the phenolic –

OH present in KL (5.79 mmol/g), which is effective in scavenging the radicals generated 

during the thermal process, similar to the effect of phenolic antioxidants.28  Other natural 

biomolecules produce an increased OIT by similar mechanisms, for example, flavonoids such 

as quercetin and silibinin.29,30  Remarkably, despite the reduction in phenolic –OH, the OIT 
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increased with the lignin degree of substitution, from ~8.0 min (KL, phenolic –OH: 5.79 

mmol/g) to 10.3 min (ML3, 10 min reaction time, phenolic –OH: 2.12 mmol/g). That is, a ~29 

% and ~66% increase in OIT was recorded for PP samples containing butylated lignin 

compared to that with KL and pure PP, respectively This is explained by the fact that butylation 

makes the Kraft lignin more hydrophobic and increases its solubility in the organic solvent and 

compatibility with PP (SEM observations). The increased compatibility between modified 

lignin and PP explains the increased OIT, despite the lower phenolic –OH content measured 

upon butylation. Butylation is easy for implementation compared to alternatives such as 

fractionation of lignins with antioxidant ability, which requires separation approaches with the 

expense of low yields (usually from 6% to 20%).5,18,31 

The butylated lignin (1wt% loading) in ML4/PP and ML5/PP films presented high solubility 

or compatibility in PP due to the effect of lignin hydrophobization that occurs at high 

substitution of phenolic -OH with BA. However, such levels of substitution limit antioxidant 

performance. Thus, considering the negligible differences in the average molecular weight of 

the butylated lignins and the possible effects associated with this variable, it is determined that 

the antioxidant activity results from the beneficial influence of system compatibility 

(solubility) in the PP blend (increases with degree of butylation) and the degree of phenolic -

OH substitution of lignin (reduces with degree of butylation). The trade-off relation between 

measured OIT, phenolic –OH group content and solubility, leads to a maximum antioxidation 

in PP blends at intermediate values of phenolic -OH substitution. These observations are 

somewhat in contrast with the report of Pouteau et al. who indicated lignin solubility in the 

polymer system as mostly relevant for antioxidant capability.18  In the present system, the 
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maximum antioxidant activity occurs for sample ML3/PP, with a total phenolic hydroxyl group 

of lignin of ca. 2.1 mmol/g (Figure 9.4).  

 

Figure 9.4 Effect of total phenolic hydroxyl group content on the mean oxidative induction 
time (OIT) for films of neat PP and PP films loaded with 1wt% KL or butylated ML lignins of 
given substitution degree.  

 
Notably, when the loading of butylated lignin in PP is increased to 5wt% (for example in 

ML4/PP, 5:95) an even larger OIT value is reached, ~16 min, which is comparable to figures 

reported for antioxidants used commercially (for example, Irganox 1010, with OIT= ~17 min). 

Overall, there is clear evidence that butylated lignin is a promising antioxidant agent of PP 

owing to the radical scavenging ability of phenolic OH if used in the right conditions for system 

compatibility.  

9.4.4 Thermal-oxidative stability  

Although OIT is a fast and reliable measure of antioxidant effects, the accelerated thermal-

oxidative stability of lignin/PP films was also evaluated to further elucidate the effect of lignin 

in PP. The oxidation products after aging in an over at 120 oC were monitored in relation to 
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changes in FTIR intensity of carbonyl absorption (1550 cm-1-1990 cm-1), as shown in Figure 

9.5a. Related changes result from the progress of thermal oxidation, which yields tertiary and 

secondary hydroperoxides, ketones and aldehydes.32,33  In the present case, three main 

absorption bands appeared with ageing time, at about 1715, 1738 and 1771cm-1. They are 

assigned to chain end and backbone ketone, ester groups and γ-lactones resulting from the 

oxidation of PP, respectively.34,35  The ratio of the area of absorption peak intensity centered 

around 1720 cm-1 (wavelength range between 1650 cm-1 and 1850 cm-1 ), AC=O, and that around 

2722 cm-1 (not affected by thermal oxidation) were considered in the calculation of a “carbonyl 

index” that was used described the progress of thermal oxidation.34,36  As such, the relative 

carbonyl FTIR peak area as a function of ageing time was determined for each sample until it 

underwent complete embrittlement (Figure 9.5b). 

Notably, the lignin/PP and neat PP films displayed different induction times, taken here as 

the time period corresponding to the onset of carbonyl group generation that resulted in a 

dramatic increase in the relative –C=O absorption area,37 as recoded by the carbonyl index.  

The results are consistent with the antioxidant effect of phenolic structures that act as radical 

scavenger.32  The carbonyl index of neat PP increased sharply after 256 h ageing time and the 

film became brittle. The oven ageing time of 1 wt% KL/PP was a little shorter than that of PP, 

despite the higher OIT determined by isothermal DSC. This can be explained by the poor 

compatibility between 1wt% KL and PP, leading to high oxygen diffusion rates during ageing. 

More importantly, the butylated lignins ML3 and ML4 are more compatible with PP and the 

addition of 1% wt increased the induction time to 328 and 285 h, respectively. A higher 

induction time was recorded for blends with ML3 compared to ML4, which is ascribed to the 



 
 

260 
 

higher content of phenolic –OH groups in ML3, as determined by quantitative 31P-NMR. 

Overall, the results are in agreement with OIT tests with the DSC isothermal method and are 

explained by the combined effect of compatibility between butylated lignin and PP and the 

total phenolic –OH groups content. When the loading of butylated lignin was increased to 

5wt%, the induction time was further increased, up to 404 and 576 h for ML3/PP and ML4/PP 

films, respectively. This effect is comparable to that observed for the commercial antioxidant 

(induction time of 639 h). 

9.4.5 Thermal stability of lignin/PP films  

TG and DTG curves of neat PP and butylated lignin (ML/PP) blends obtained under oxygen 

atmosphere were recorded in order to evaluate their oxidative stability (Figure 9.6). As for neat 

PP, its degradation occurred between 200 and 400 oC, with Td at ~284 oC. As shown in Table 

9.3, only 1wt% addition of butylated lignin produced a higher Td (change from 5 to 9 oC), 

depending on the butylation conditions. These results are in agreement with Chen et al. who 

measured the Td of systems with alkylated lignin under nitrogen atmosphere.38  To and the 

temperature at 5wt% weight loss (T5%) of the blends are included in Table 9.4. Notably, 

butylation improved To and T5% by about 10 oC. This effect is comparable to that of reduced 

graphene oxide (RGO) and carbon nanotubes (CNT) that can improve thermal stability and 

fire-retardant properties in polymer composites:39,40  T5% and Td of PP increased from 262 to 

268 oC and from 308 to 312 oC, respectively by addition of 2wt% CNT under air atmosphere 

(10K/min heating rate). Likewise, 2wt% graphene oxide shifted T5% and Td by 10 and 6 oC, 

respectively.41  Remarkably, same levels of improvement in thermal oxidation stability of PP 

were achieved by only 1wt% addition of butylated lignins. 
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Figure 9.5 Changes in the carbonyl group FTIR intensity as a function of ageing time (120 oC) 
for PP blended with 1wt% butylated lignin (ML3, 30 oC, 10 min) (a) and relative area of 
intensity of carbonyl bands (carbonyl index) measured for different ML samples and loadings 
as well as for a commercial antioxidant (Irganox 1010), as indicated (b). 
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Table 9.3 TG data for KL, butylated lignin (ML), PP and respective blends compared to those 
with graphene oxide and CNTs 

 Atmosphere To (oC) Td (oC) T5% (oC) 

PP O2 252.71 284.15 239.76 

1wt% KL/PP O2 267.98 301.05 252.1 

1wt% ML2/PP O2 258.95 289.76 243.83 

1wt% ML3/PP O2 257.62 287.00 242.85 

1wt% ML4/PP O2 263.36 293.07 247.51 

1wt% ML5/PP O2 263.22 290.75 250.46 

PP a Air - 308 262 

PP/CNT a Air - 312 268 

PP/RGO a Air - 314 272 

a Data from reference [36] 
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Figure 9.6 TG spectra of PP films with 1wt% reference KL and butylated lignin under oxygen 
atmosphere 

 

9.5 SUMMARY AND CONCLUSIONS 

The effects of butylated lignin in the thermal-oxidation stability of polypropylene (PP) 

results from the combined effect of lignin phenolic hydroxyl group content and system 

solubility. With addition of only 1wt% butylated lignin, the oxidation induced time (OIT) of 

PP blends increased to ~8 min, compared to ~6 min for neat PP. Lignins with 63% total 

phenolic –OH substitution showed an optimal antioxidant behavior in PP blends: 29 % higher 

OIT than that of unmodified, reference lignin/PP blends. Beyond this critical point, OIT of the 

system decreased gradually, revealing a dominant effect of the reduced phenolic –OH content 

despite the better component compatibility. Overall, it is demonstrated that the substitution of 

phenolic OH content by reaction with n-butyric anhydride is mainly responsible for the high 

OIT measured. Similar effects on OIT and oven induction ageing time were determined for 

butylated lignin and those of a commercial antioxidant. Thermogravimetry analyses indicated 

that 1wt% addition of butylated lignin improved the onset and maximum decomposition 

temperature of PP by about 10 oC under oxygen atmosphere. Overall, it is demonstrated that 
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butylated lignins provide a promising system for radical scavenging in PP under oxidative 

conditions. 
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9.7 SUPPORTING INFORMATION 

SEM micrographs (2 m and 50 m bar resolution) of pure PP, 1wt% reference lignin (KL)/PP 

and 1wt% butylated ML/PP; Glass transition temperature of reference lignin (KL) and 

butylated lignins (ML samples) tested by DSC. 
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Figure S9.1. SEM micrographs (50 um bar resolution) of pure PP (a), 1wt% KL/PP (b) and 
1wt% butylated KL/PP (c, ML2/PP; d, ML3/PP; e, ML4/PP; f, ML5/PP) 

 

 
Figure  S9.2. SEM micrographs (2 um bar resolution) of pure PP (a), 1wt% KL/PP (b) and 
1wt% butylated KL/PP (c, ML2/PP; d, ML3/PP; e, ML4/PP; f, ML5/PP) 
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Figure  S9.3. Glass transition temperature of reference lignin (KL) and butylated lignins (ML 
samples) tested by DSC method 

Table S9.1.. The average molecular weights and distribution of reference lignin (KL) and 
butylated lignins (ML samples) determined by GPC 

 

 Mn Mw Mz Mw/Mn 

KL 3200 18100 168700 5.65 
ML2 2500 9300 37700 3.70 
ML3 2400 10300 47700 4.34 
ML4 2400 10800 64000 4.48 
ML5 2200 11500 75900 5.33 
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10. Concluding Remarks 
 

This dissertation mainly discuss the reinforcement of nanocelluloses in PP composites. We 

have tried lab-made and commercial spray dried CNC and NFC, as well as the spray-dried 

lignin contained nanocelluloses LCNC and LNFC.  

In Chapter 3, PP and CNC/NFC composite film were firstly produced targeting to 

understand the dispersion of CNC/NFC in PP matrix. Due to the intrinsic hydrophobicity of 

CNC/NFC, several methods have been tried to help CNC/NFC incorporate in PP, including 

the usage of amphiphilic agent (i.e., β-casein and soy protein isolate) and compatibilizer (i.e. 

maleic anhydride polypropylene), as well as CNC/NFC surface modification. 

In Chapter 4 and 5, lab-made CNC/NFC and LNFC were firstly tried, and then substituted 

by commercial nanocellulose products. CNC/NFC has been demonstrated to increase reinforce 

PP films with less than 10% loading. The coupling function of Alkenyl succinic anhydride 

(ASA), stearic acid and maleic anhydride polypropylene (MAPP) were evaluated in 

CNC/NFC-PP system, and both ASA and MAPP exhibited to be helpful to enhance the 

compatibility of PP and CNC/NFC. SPI, HPC and MAPP improved the compatibility between 

LNFC and the PP matrix, as indicated by the increased degree of crystallinity and enhanced 

thermal properties of the respective composites. The presence of lignin in LNFC may also have 

a beneficial effect in the compatibilization with PP. Based on the results obtained in this study, 

the thermal stability of the composites was improved by using biobased, inexpensive and 

widely available soy protein isolate (SPI) as well as HPC and MAPP. 
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In Chapter 6 and 7, the CNC/NFC loading decreased to 0.5-3.5 wt % in PP fiber spinning. 

Two batches have been tried. In the first batch, masterbatch was physically diluted using neat 

PP, and extruded using single-screw extruder. While the second batch fiber were made from 

the double-screw extruded, diluted masterbatch. The fibers from the second batch exhibited 

enhancement of tensile strength, elongation, toughness, thermal stability and crystallization 

process, and thus the reinforcing function of CNC/NFC in PP fibers was confirmed.  

In Chapter 8, the effect of lignin contained CNC/NFC on PP fibers was also investigated. 

The loading of LCNC/LNFC was from 0.5% to 2.5%. The mechanical properties and thermal 

properties of these composite fibers were evaluated. LCNC/LNFC have similar effects on PP 

fibers, i.e., melting, crystallinity and molecular orientation. Compared to CNC/NFC, 

LCNC/LNFC have more enhancements in tenacity and toughness of fibers, while have similar 

effects on stiffness. 

In Chapter 9, the effect of lignin as an antioxidant and in the control of the thermally-

induced oxidation of polymers was studied. Butylation of lignin macromolecules not only 

improved their compatibility with PP but afforded systems with improved oxidation induced 

time (OIT) and thermal-oxidative stability.    

 

 
 

 

 

 


