
 

 

FABRICATION AND CHARACTERIZATION OF 

SURFACE MODIFIED NANOFIBRILLATED 

CELLULOSE INCORPORATED POLYPROPYLENE 

COMPOSITES 

 

 

 

 

 

K. D. H. N. Kahawita 

 

139454T 

 

 

Degree of Master of Science 

 

 

Department of Materials Science and Engineering 

 

University of Moratuwa 

Sri Lanka 

 

 

June 2018 



 

 

FABRICATION AND CHARACTERIZATION OF 

SURFACE MODIFIED NANOFIBRILLATED 

CELLULOSE INCORPORATED POLYPROPYLENE 

COMPOSITES 

 

 

 

 

 

 

Kahawitage Dona Himanthi Nimrekha Kahawita 

 

139454T 

 

 

 

Thesis submitted in partial fulfillment of the requirements for the degree Master of 

Science in Materials Science 

 

Department of Materials Science and Engineering 

 

University of Moratuwa 

Sri Lanka 

 

June 2018 



i 

 

Declaration 

 

I declare that this is my own work and this thesis/dissertation does not incorporate 

without acknowledgement any material previously submitted for a Degree or 

Diploma in any other University or institute of higher learning and to the best of my 

knowledge and belief it does not contain any material previously published or written 

by another person except where the acknowledgement is made in the text.   

Also, I hereby grant to University of Moratuwa the non-exclusive right to reproduce 

and distribute my thesis/dissertation, in whole or in part in print, electronic or other 

medium. I retain the right to use this content in whole or part in future works (such as 

articles or books).    

  

 

Signature:       Date:  

  

The above candidate has carried out research for the PG Diploma Dissertation under 

my supervision.   

Name of the supervisor: Mr. A. M. P. B. Samarasekara 

  

Signature of the supervisor:     Date: 

 

  



ii 

 

 Abstract 

 

Increasing demand for materials with improved properties leads to acquiring 

advancement of nanomaterial. Therefore, Interest in nanocellulose has been 

increasing exponentially in recent years. Nanocellulose extracted from plant 

materials are divided into two main two categories as nanofibrillated cellulose (NFC) 

and nanocrystalline cellulose (NCC). Compared to NCC, NFC has gained more 

attention due to attractive properties such as high mechanical properties, reinforcing 

ability and aspect ratio. Reinforcement of NFC with synthetic polymer materials is 

an interesting area in the polymer-based researches over the past decades to enhance 

mechanical and thermal properties as well as to deplete the environmental pollution. 

Polypropylene is one of the widely used thermoplastic materials as matrix material in 

engineering composite applications. In nature, NFC is hydrophilic and polypropylene 

is hydrophobic. Therefore, surface modification of NFC reinforcement is necessary 

to prepare a nanocomposite with good performance. The prepared nanocomposite 

material can be used for many engineering applications. In the present research 

discuss mechanical, thermal and water absorption properties of polypropylene with 

up to 5 wt. % loading of unmodified and silane surface modified NFC reinforced 

composites. Scanning electron microscopic images, Fourier-transform infrared 

spectra, X-ray diffractograms and thermal gravimetric analysis were used to 

characterize the raw materials and surface modified NFC samples. The best thermal 

resistance and mechanical properties were given by the 3.5% silane surface modified 

NFC loaded polypropylene composite such as the hardness, tensile strength, and 

impact strength values are respectively 7.4%, 12.6%, and 86.1% higher than that of 

untreated NFC reinforced composite materials and neat polypropylene. In addition, 

the composite sample has the intermediate level of water absorption (0.1 wt. %) and 

processability (21.1 g/10 min) with respect to all the other samples including pure 

polypropylene.  

Keywords: nanofibrillated cellulose; polypropylene; surface modification; silylation; 

nanocomposite 
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1 INTRODUCTION 

 

Present days, synthetic polymers or plastics are very popular among people due to 

their advantages of low cost, lightweight, and simplicity of production process. 

However, synthetic plastics have low mechanical, thermal and biodegradable 

properties. Therefore, the production and development of natural polymer based 

synthetic polymer composites currently perform a significant role in material 

researches to improve the functionality of the final product. The properties of 

polymer blends depend not only on the geometry of matrix and fiber materials but 

also on coupling agents and other additives which are used frequently for effective 

modification [1].  

Polypropylene (PP) is widely used, a thermoplastic material for different 

applications. There are major two types of PP; homopolymer (contain a single type 

of repeating unit) and copolymer (contain two or more types of repeating units). The 

copolymer again divides into two as random and blocks copolymers and produce by 

polymerization of PP homopolymer typically with ethylene [2]. In general, PP 

homopolymer offers high tensile strength, strength to weight ratio and stiffness than 

PP copolymer due to high crystallinity. Based on the spatial arrangement of atoms or 

tacticity, polypropylene can be again divided into three types; isotactic PP (iPP) 

syndiotactic PP (sPP) and atactic PP (aPP). Industrial polypropylene resins are 

mostly isotactic materials due to high strength [3]. However, the thermal stability and 

biodegradability of PP are considerably low as same as other thermoplastics. 

Therefore, various PP researches were done to improve the thermal and 

environmental properties with better mechanical characteristics by combining with 

natural fibers.  

In nature, cellulose is the most abundant biopolymer present in the earth and has 

been easily extracted using plant waste materials [4, 5, 6, 7, 8]. Compared to 

cellulose, nanocellulose has better performances because there is a synergistic effect 

of nanoscale dimensions comparative to large-scale dimensions and the “nano effect” 

can optimize the ultimate composite [9]. Nanofibrillated cellulose (NFC) and 

nanocrystalline cellulose (NCC) are two main subgroups of nanocellulose extracted 
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from plant materials. In the production process, NCC is produced by the complete 

decomposition of amorphous regions of cellulose fibers and NFC production is 

mainly based on the application of high shearing forces to the extracted cellulose. 

NFC has more advantages in nanocomposite materials than NCC, such as better 

reinforcement ability with different matrices due to the strong nanoporous structure 

with three-dimensional network [10].  

To enhance properties of nanocomposites, a proper surface modification should be 

done either to the matrix or to fiber materials. However, the most common and 

simple method is the modification of reinforcement surface. Therefore, there are 

different methods can be applied to improve the interaction through the reduction of 

the hydrophilicity of NFC before mixing with hydrophobic PP matrices [11, 10]. 

Frequently, hydrophobicity of nanocellulose is improved by the chemical surface 

modification, especially by coupling agents. Therefore, the research is focused on 

fabrication and characterization of NFC based PP composite with better 

performances. The prepared nanocomposite material can be used for different 

engineering purposes for instance packaging, aerospace, automotive and construction 

applications. 

. 
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2 LITERATURE REVIEW 

 

2.1 Thermoplastics 

A thermoplastic material is denoted as a type of a plastic which can be molded at 

elevated temperature and solidified upon cooling as well as the process could repeat 

many times without influencing the mechanical properties [12]. Due to the low cost 

and reusability with better performances, thermoplastics are rapidly spread over the 

world. The main source of thermoplastics is crude oil. In addition, some researches 

have been done on the production of thermoplastics using natural gasses and coal 

[13]. Several types of thermoplastics were produced as results of different polymer 

researches; however, the majority of thermoplastic types are based only on four types 

of polymers; Polyethylene (PE), Polypropylene (PP), Polystyrene (PS) and 

Polyvinylchloride (PVC).  

 

2.1.1 Classification of thermoplastics 

Depending on the morphology, thermoplastic materials can be theoretically classified 

into amorphous, crystalline and semi-crystalline groups. However, there are no 100% 

crystalline materials and the highest achieved the degree of crystallinity of 

thermoplastics is approximately 80%. Therefore, thermoplastics are categorized into 

two groups as amorphous and semi-crystalline [14]. 

 

2.1.1.1 Amorphous Thermoplastics 

Macromolecules of the thermoplastic materials are packed without a pattern called 

amorphous thermoplastics. Therefore, the material has low ductility and better 

optical transparency [2]. Ex: PS, PVC, PC 

 

2.1.1.2 Semi-crystalline Thermoplastics 

Macromolecules of semi-crystalline thermoplastics are containing both crystalline 

and amorphous sections and the crystalline regions are closely stacked in a regular 

pattern. Generally, amorphous areas provide better elastic properties due to week 
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bonding [15]. Therefore, semi-crystalline materials have better toughness. Ex: PP, 

PE, PET  

2.2 Polypropylene (PP) 

Semi-crystalline thermoplastics of polyolefins fulfill greater than 60 % of the 

thermoplastic requirement in the world plastic market and out of all polyolefins, 

polypropylene has become second only to polyethylene.  Polypropylene (Figure 2.1) 

is produced by the polymerization of unsaturated monomer propylene (C3H6). 

Propylene is recovered mainly as a byproduct of steam cracking of liquid fuel (ex: 

naphtha and liquid petroleum gases) and fluid catalytic cracking units (ex: gasoline 

and distillates) [16]. Then the extracted propylene be subjected for the conventional 

polymerization process with Ziegler-Natta catalyst [17] to produce polypropylene. 

Since the industrial revolution, PP has been used in thousands of applications 

including packaging, automotive, medical, and textile. The wide range of 

applications of PP is based on the advanced characteristics such as reusability, low 

toxicity, inexpensiveness, excellent chemical and water resistance, better 

processability and high shelf life. However, PP has moderate thermal stability and 

creep resistance with low biodegradability. 

 

Figure 2.1: Structure of Polypropylene 

 

2.2.1 Classification of Polypropylene 

Generally, PP with only single propylene monomer is called the homopolyer. 

However, in the industry, PP is mixed with another type of simple olefins (especially 

with PE) with different ratios and produce PP copolymers.  Combination of PP with 

reduced percentages of PE (7% or low) use to produced random copolymers and 

increased amounts of PE (6-15%) are favorable to fabricate block or impact 

copolymers. The inclusion of PE can interrupt the uniform stacking of PP and reduce 

the degree of crystallinity. Therefore, PP copolymers have better stiffness and 
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processability [18]. However, homopolymer of PP has the unique characteristic 

properties of thermoplastic PP material. Based on the spatial arrangement of methyl 

pendent group, polypropylene can be classified into three; atactic, isotactic and 

syndiotactic polypropylene [19].  

 

2.2.1.1 Atactic polypropylene (aPP) 

Methyl groups are in a random orientation to the main carbon chain; therefore, there 

is no ordered orientation and aPP is considered as amorphous structures.  As a result 

of that aPP has low mechanical and thermal properties [20]; therefore, aPP has the 

lowest commercial value in respect to other two groups. 

 

2.2.1.2 Syndiotactic Polypropylene (sPP) 

Methyl groups are alternatively attached to both sides of the backbone. Therefore, 

sPP indicates a semi-crystalline structure with better stacking order. However, sPP is 

not commercially popular because sPP can produce by a specific type of production 

process (ex: metallocene catalysis) [21].   

 

2.2.1.3 Isotactic Polypropylene (iPP) 

The structure consists with one side stacking of –CH3 groups in the main chain. 

Therefore, iPP considers as high energy, semi-crystalline material with better 

mechanical properties. iPP can be easily produced by the low cost, a conventional 

production process of Ziegler–Natta catalysis reaction. Therefore, approximately 

95% of commercially available polypropylene is iPP [21, 19]. 

 

2.2.2 Properties of Polypropylene 

Typical properties of the PP are depending on tacticity, molecular weight, and other 

structural characteristics.  Based on the literature, properties of seven samples which 

used for researches were summarized in Table 2.1.  
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Table 2.1: Properties of different types of PP at room temperature [22, 23] 

Property 
Homopolymer 

Copolymer 

Random Block 

1 2 3 1 2 1 2 

Melt flow index (g/ 10 min) 3.0 0.7 0.2 9.6 9.7 

Softening point (°C) 148 148 148 103.7 108.4 113 119.6 

Tensile strength (MPa) 34 30 29 31.9 29.6 27.2 23.0 

Elongation at break (%) 350 115 175 700 610 140 200 

Impact strength (J) 34 46 46 14.3 20.0 61.9 106.8 

 

2.3 Natural Fibers 

The Natural fibers based on the origin are defined as threads or filaments which are 

produced naturally by flora (lignocellulose), fauna (proteins) or geographical actions 

(minerals) [24, 25] as mentioned in Figure 2.2. Plant fibers are the most common 

fiber type use for composite materials due to the high availability and better 

mechanical properties compared to animal fibers [26]. 

 

Figure 2.2: Classification of natural fibers according to origin [24, 25]  

 

2.4 Cellulose 

Plant lignocellulosic fibers are categorized into three groups; cellulose, hemicellulose 

and lignin and consist in the plant cell wall [27]. Out of three lignocellulose 

materials, lignin indicates comparatively low biodegradation, due to the complex 

three-dimensional polyphenolic structure. The hemicellulose is amorphous, 

branched, single-chain polysaccharide [28]; however, in respective to cellulose, 

Natural Fibers
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Fibers

Wood

Stem/ Bast

Leaf

Seed/ Fruit

Grass

Animal/ 
Protein Fibers

Wool/ 
Hair

Silk

Avian 
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Asbestos

Ceramic 
Fibers
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hemicellulose has a low degree of polymerization and it leads to obtaining low 

mechanical properties [29]. 

In nature, cellulose is a homo-polysaccharide and the most abundant biopolymer 

present on the earth. Linear, rigid polymer of cellulose consists of glucose subunits 

which are interconnected by β-1,4-glycosidic bonds and the repeating unit of 

cellulose is called “cellobiose” (Figure 2.3) [30].  As the result of glycosidic bonds, 

the axis of cellulose chain is alternately turning by 180 ⁰ [31].   

Cellulose is a biodegradable, nontoxic polymer and insoluble in most organic 

solvents including water. However, cellulose can absorb water less than 14% in 

presence of 60% of relative humidity at 20 ⁰C [32].  

 

Figure 2.3: Molecular chain structure of cellulose 

Source: http://www.namrata.co/category/chemistry-of-carbohydrates/ 

 

2.4.1 Sources of Cellulose 

Cellulose is mainly extracted from natural plants, other biomass or plant waste 

materials such as crop and timber residues. In addition, cellulose is present within 

some bacterial sources (ex: Acetobacter, Achromobacter, Pseudomonas etc.) green 

algae species (ex: Valonia, Cladophora) and fungi species (ex: Dictyostelium 

discoideum) [33, 34] Recent researchers have discovered separation of cellulose from 

tunicates which is the only species that produces cellulose in the animal kingdom 

[35]. However, the amount of cellulose present in these species is insignificant when 

compared to plant materials. Except to the natural resources, scientists are focusing 

on the production of synthetic or man-made cellulose fibers to fill the gap between 

demand and the supply in the textile industry with the increasing of the world 

population [36]. Nevertheless, the literature review is focused on the plant waste 

http://www.namrata.co/category/chemistry-of-carbohydrates/
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materials to reduce the environmental pollution by adding value to a worthless 

material.   

The chemical arrangement of cellulosic fibers in the plant cell wall is quite 

complicated. Plant cell wall is a naturally occurring composite which has cellulose 

fibers as reinforcement in lignin-hemicellulose matrix [37]. Out of the total dry 

weight of hardwood species, cellulose content is approximately 40-50% and 

hemicellulose and lignin contents are approximately 25-35% and 20-25%, 

respectively [38]. Table 2.2 illustrates the weight percentages of cellulose with 

respect to plant sources.   

Most of the researches based on cellulose were utilized plant waste to obtain 

additional value from abundant, priceless materials. Among that, numbers of 

researches significantly focused on agro waste, for instance, sugarcane bagasse, rice 

straw, wheat straw, corn stover and denoted lack of attention on forestry wastes. 

Table 2.2: Amount of Cellulose present in different plant sources [39, 40]  

Plant Source 
Amount of 

Cellulose (wt.%) 

Rice straw 28-36 

Wheat straw 33-38 

Bagasse 35-45 

Corn Stover 38-40 

Softwood 45-50 

Hardwood 40-55 

Bamboo 40-55 

flax 70-80 

Cotton > 90 

 

2.4.2 Properties of Cellulose 

The mechanical properties of cellulose mainly depend on the important parameters of 

crystallinity, the degree of polymerization and degree of orientation of cellulose 

fibers to the main axis. These parameters differ from one another on the basis of 

source of cellulose. Usually, the increase in crystallinity and degree of 

polymerization lead to obtaining higher tensile strength and modulus. Crystallinity is 

defined as the portion of a polymer in a regular, ordered state [41]. Therefore, higher 

crystallinity percentage refers to a great strength or high hardness of a material. 
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Furthermore, a high degree of polymerization (average number of monomers per 

molecule) also provides high molecular weight and leads to increase the strength. 

According to the Table 2.3, algae, bacteria, and animals contain cellulose with good 

mechanical properties compared to plant cellulose. However, the crystallinity and 

degree of polymerization are higher; therefore, it increases the melt and glass 

transition temperatures and indirectly processing and forming become more difficult. 

Other than that, the separation of cellulose from micro-organisms is not an 

economical process in relation to yield. 

 

Table 2.3: Degree of polymerization, crystallinity and mechanical properties of 

cellulose extracted from different sources [42, 43, 44, 45, 46, 47, 48]  

Cellulose Source 
Crystallinity 

Range (%) 

Degree of 

Polymerization 

Elastic Modulus 

(GPa) 

Tensile Strength 

(GPa) 

Plants 50-80 ≈ 925 - 5500 5 - 45 0.2-1 

Algae > 80 26500 - 44 000 130 - 140 - 

Bacteria 65-79 2000 - 6000 ≈ 114 ≈ 2 

Animal (Tunicates) > 85 - ≈ 143 3-6 

Man-made Fibers 25-45 300 - 450 1.5 - 2.4 - 

  

Cellulose is non-thermoplastic and non-melting polymer because the decomposition 

temperature of cellulose exists before the melting point [43]. According to the 

previous studies cellulose has highly crystalline structure; therefore, softening 

temperature of cellulose (220-250 ⁰C) is higher than both hemicellulose and lignin 

(167-217 ⁰C and 127-235 ⁰C, respectively) in the dry state [49]. Additionally, the 

activation energy for thermal degradation of cellulose is 36-60 kcal/mole while for 

hemicellulose and lignin calculated as 15–26 kcal/mole and 13–19 kcal/mole 

respectively [50]. According to the studies, cellulose is the most thermally stable 

constituent of the lignocellulosic materials. Therefore, cellulose contains many 

advantages compared to hemicellulose and lignin. Table 2.4 summarized the thermal 

properties of plant cellulose. 
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Table 2.4: Thermal properties of plant cellulose [43, 51, 52] 

Thermal Property Value 

Decomposition temperature > 300 °C 

Softening point 220 – 250 °C 

Ignition point > 290 °C 

Specific heat 1.00 -  1.21 J g–1 K–1 

Thermal expansion coefficient 1 × 10−7 K–1 

 

When considering the electrical properties, pure dried cellulose is used as an 

insulating material for many applications. The resistivity of pure dried cellulose at 

zero relative humidity is measured as 1018 Ω cm [43]. However, the electrical 

conductivity changes with temperature, humidity and ionic impurity content present 

in the cellulose. At low temperatures presence of moderate humidity, the electrical 

conductivity of cellulose is nearly 10-8 S/cm. When temperature increase above 250 

°C, the polarization of cellulose occurs via displacement and rotation of hydroxyl 

groups present in the cellulose chains. As a result, the conductivity of cellulose rises 

from 10-6 S/cm to 10-5 S/cm in temperature between 250 °C to 350 °C. Further 

application of temperature can reduce the conductivity by splitting the formed polar 

groups [53]. The characteristics of cellulose polarization process determine the 

dielectric constant of cellulose and it depends on relative humidity and frequency. At 

the temperature of 20 °C and frequency 50 Hz, the dielectric constant of oven dried 

cellulose placed in between 6.0-7.3. At the same temperature and frequency 3x108 

Hz, the dielectric constant is decreased to 4.9-3.7 [54].  Table 2.5 contains the 

specific electrical characteristics of plant cellulose. 

Table 2.5: Electrical properties of plant cellulose [43, 53, 54, 55] 

Electrical Property Value 

Resistivity of pure dry cellulose 1018 Ω cm 

Insulating value (R-value) 500 kV cm-1 

Dielectric 

constant at 

Low frequency 6.0-7.3 

High frequency 4.9-3.7 

Dielectric strength 50 V mm-1 
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2.4.3 Nanocellulose (NC) 

Nanocellulose generally defines as a cellulosic material which has one direction as a 

minimum in nanometer scale [56]. Plant cell wall contains lamella structure of 

cellulose microfibrils and after separation of the matrix material (mainly 

hemicellulose and lignin), it is possible to isolate cellulose fibers in the nanometer 

range. Nanocellulose is popular in food packaging, medical and pharmaceutical, 

biomedical engineering, paper and paper additives, textiles, cosmetics, paints and 

coatings due to the natural and nano-dimensional polysaccharide structure. 

Nanocellulose contains many favorable features than natural cellulose; such as 

distinctive tensile strength with high stiffness and Young’s modulus, high aspect 

ratio and lightweight [57, 58, 59]. Most of the properties are vary with processing 

methods, drying methods, surface modification processes of nanocellulose. However, 

some researchers are attempting to eliminate the disadvantages such as moisture 

sensitivity, poor compatibility with a hydrophobic polymer matrix and high energy 

consumption during the production of nanocellulose.  

Novel researches of nanocellulose are designed for various applications including 

sensors [60, 61] and actuators, energy storage devices (ex: solar cells, lithium ion 

batteries, supercapacitors) [62, 63, 64], electronic devices [65, 66, 67], displays [68] 

and light-emitting diodes [69]. Naturally, nanocellulose is an electrically resistive 

material. Electrical, piezoelectrical and magnetostrictive properties can be achieved 

via modification or improvement of nanocellulose substrate [70]. Therefore, 

scientists applied different methods, for example, transferring silicon nanomembrane 

to nanocellulose layer [71], application of polyimide layer to the nanocellulose sheet 

[72], produce a composite of TEMPO-Oxidized nanocellulose and carbon nanotube 

[73] to enhance properties of nanocellulose.  

Nanocellulose extracted from plant species can be categorized into mainly two types 

as nanofibrillated cellulose and nanocrystalline cellulose, depending on the 

preparation method and the structure [74].  
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2.4.3.1 Nanofibrillated Cellulose (NFC) 

NFC consists of a bundle of long chains, flexible cellulose molecules with high 

aspect ratio [75]. Average diameter is in between 10-100 nm and average length 

extends 100 nm to several micrometers [76]. NFC is also well known as nanofibrillar 

cellulose, cellulose nanofibril and cellulose nanofiber [56]. Usually, depending on 

the quality of raw materials and the homogenous fibrillation process, the difference 

between the NFC morphology can be changed. Naturally, NFC has three dimensions 

“Spaghetti” like structure consists of alternating crystalline and amorphous regions 

[77]. Therefore, NFC can form an entangled network structure and it would lead to 

increase of the storage modulus. 

2.4.3.2 Nanocrystalline Cellulose (NCC) 

NCC is a tiny “rod” like shaped cellulose with very narrow flexibility due to the 

reduced amount of amorphous region [78]. These particles have also been named as 

cellulose nanocrystals (CNC), rod-like cellulose crystals and nanowhiskers. 

Compared to NFC, NCC has a very low aspect ratio and flexibility. NCC mainly 

isolated by strong acid hydrolysis process and the average dimensions of NCC is 

approximately 5-20 nm in diameter and 100-300 nm in length [79]. Depending on 

the source of cellulosic material and the hydrolysis conditions, there are considerable 

differences in the dimensions of the particles and degree of crystallinity. The 

comparison between general NFC and NCC is given in Table 2.6 

Table 2.6: Comparison of properties between NFC and NCC [30, 80, 81, 82] 

Property 
Nanocellulose 

NFC NCC 

Length (nm) ≥ 1000 100-500 

Aspect ratio 60-100 10-50 

Crystallites length (nm) 60-150 70-200 

Crystallinity (%) 50-65 72-80 

Amorphicity (%) 35-50 20-28 

Density (g/cm3) 1.54-1.56 1.57-1.59 

Porosity (cm3/g) 0.1-0.2 0.01-0.05 

Axial modulus (Gpa) 30-40 140-160 

Transversal modulus (Gpa) 10-15 15-30 

Axial tensile strength (Gpa) 0.8-1 8-10 

Transversal tensile strength (Gpa) ≈ 0.1 ≈ 1 
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2.4.4 Isolation of Cellulose from Biomass 

The extraction process of nanocellulose includes many pre-treatments and 

disintegration processes. Plant cell wall consists of the major constituents of 

cellulose, hemicellulose, and lignin with minor components including resins, 

proteins, fats, waxes, salts, and other non-volatile hydrocarbons [83]. Therefore, 

isolation of cellulose explains as separation of cellulose from other extractives 

together with hemicellulose and lignin. To improve the isolation process, some 

chemical (ex: steam explosion, liquid hot water treatment, ammonia fiber explosion, 

CO2 explosion etc.), physical (ex: chipping, grinding, and milling) and multiple or 

combine pretreatment methods can be applied to the biomass. The pretreatments can 

increase the surface area and porosity and help to reduce the energy by 20-30 times 

as compared with conventional processes [84].  

In the steam explosion process, high-pressure steam with temperature 160-260 ̊C is 

applied to the biomass. Application of high-pressure steam can modify the plant cell 

wall and partial hydrolysis of the hemicellulose [85]. Similar as steam explosion 

process, liquid hot water treatment use water at elevated temperature and pressure 

[86] and ammonia fiber explosion use liquid anhydrous ammonia under elevated 

pressure and moderate temperature (60-100 ̊C) [87]. When compared to steam and 

water explosion methods, ammonia fiber explosion method needs less energy. 

Therefore, the process is cost-effective. CO2 explosion is also same as steam 

explosion and high pressured CO2 used instead of steam. Then CO2 react with water 

and produce diluted H2CO3 acid and increase the rate of hydrolysis [88]. 

The physical pretreatment includes chipping, grinding, and milling. The desired 

outcome of the process is the reduction of particle size to form a material for 

comfortable handling and to increase surface/volume ratio. The energy requires to 

break the biomass is depending on the final particle size. Physical pretreatments 

assign effective by mixing under shear stresses while applying rapid temperature 

[89]. The major drawbacks of physical pretreatment methods are high energy 

consumption and cost (capital and operating cost). 
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The original or pretreated biomass is then subjected to separation of cellulose. The 

process can be divided into two as biological and chemical isolations.  

 

2.4.4.1 Biological 

Enzymatic treatment is an inexpensive, biological, environmentally friendly process 

which does not produce harmful waste. When enzymes are used, the main task is the 

removal of lignin and hemicellulose while surviving the cellulose. As an advantage, 

enzymes have a selective degradation of specific components. Therefore, other 

reactions are restricted and provide desired results [90]. However, the time-

consuming process of enzymatic treatment needs different types of enzymes to digest 

different organic compounds. As an example, lignin is mainly degraded by lignin 

peroxidase (ligninase) and manganese peroxidase (laccase) enzymes produced by 

white rot basidiomycetes species [91]. Analogous to ligninase, cellulase enzymes 

have favor reaction on the amorphous region of cellulosic matter. Due to the 

digestion of cellulose, the method is worthy to separate microfibirllated cellulose 

[92].  

 

2.4.4.2 Chemical 

According to early studies, various chemical methods used to separate cellulose and 

among them acid-alkaline hydrolysis, ionic liquids, organic solvents and chemical 

pulping processes are the most common. 

 

a) Acid and alkaline hydrolysis 

Concentrated acids (ex: H2SO4, HCl) [93], diluted acids (ex: H2SO4, H3PO4) [94] and 

bases (ex: NaOH, Ca(OH)2) [95] have been widely used for treat lignocellulosic 

materials, because they are powerful agents for cellulose hydrolysis. According to 

the mechanism, H3O
+ or hydronium ions attack the intermolecular and 

intramolecular bonds among lignocellulose and as a result, the separation is taken 

place [77]. Alkali treatment causes degradation of ester and glycosidic side chains 

resulting in structural alteration of lignin. Acid hydrolysis process has the ability to 

hydrolyze especially hemicellulose into simple sugar [96]. Therefore, conduct the 
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acid treatment after the alkaline treatment produces pure cellulose. However, the 

hydrolysis process is hazardous and toxic. Consequently, careful handling and 

practice are needed.  

 

b) Ionic liquids 

A better solubility of cellulose within ionic liquids (ILs) was found in the early 

nineties. The development of wood related researches via ILs was improved due to 

the interesting properties of extracted cellulose; essentially, the chemical and thermal 

stability. ILs such as 1-butyl-3-methylimidazolium chloride (BMIMCl) and 1-allyl-3-

methylimidazolium chloride (AMIMCl) has an ability to dissolve only 

polysaccharides present in the cellulosic matter by the formation of hydrogen bonds 

between chloride ions in IL and hydroxyl groups of cellulose [97]. Then the 

dissolved cellulose separate from the medium and re-precipitated to obtain cellulose. 

By the addition of ethanol, acetone or water, easily separate cellulose dissolved in the 

BMIMCl medium [98]. However, reproduced cellulose has a low degree of 

polymerization such as 50% - 75% and low crystallinity compared to natural 

cellulose [99]. The main limitations of the process are the high costs of chemicals, 

time-consumption, and toxicity of some ILs [100]. 

.  

c) Organic solvents  

Organic solvents can solubilize lignin and some hemicellulose under tempered 

conditions by acting as dissolving agents. The reaction is starting by the hydroxyl 

groups present in the solvents. These OH- ions break the ether linkage of lignin and 

minor glycosidic linkage of hemicellulose [101]. Therefore, the method is a selective 

pretreatment method for lignin extraction and the used organic solvent can be 

recycled and reused. In practical situations, low boiling point solutions (such as 

ethanol, methanol, ethyl acetate and acetone) are used as solvents [102].  However, 

to obtain clean and pure results, washing should be done continuously after the 

reaction. Additionally, most of the solvents are highly toxic and consume a large 

amount of energy to recover [100].   
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d) Chemical pulping 

The chemical pulping method converts wood chips or biomass into cellulose fibers 

by breaking the bonds between lignocellulose. In the process, biomass is reacting 

with a hot mixture of sodium hydroxide and sodium sulfide under pressure [103]. 

The term used for the process in the paper industry is “Kraft pulping” and usually 

used the method of removal of lignin and hemicellulose. Subsequently, the product is 

bleaching with oxidizing agents such as NaClO2 to solubilize residual lignin. The 

bleaching process is designated as oxidative delignification and NaClO2, Cl2, NaOCl, 

hydrogen peroxide, ozone and peracetic acid used as common bleaching agents 

[104].  

 

2.4.5 Conversion of Cellulose to Nanofibrillated cellulose  

After isolation of cellulose from the biomass, the next step is to convert of cellulose 

into nanocellulose. The texture of the final result can be either NFC, NCC or mixture 

depends on the conditions applied during the process (Figure 2.4). In order to obtain 

uniform size and aspect ratio, a reliable recipe with exact conditions should be used. 

If not, the final outcome may be the reducing sugar and other unwanted byproducts 

[105]. 

 

Figure 2.4: Depolymerization methods of cellulose [106, 77] 

 

Depolymerization Treatments

Biological

hydrolysis by 
Anaerobic 
microorganisms

Enzymatic 
reaction

Chemical

Mineral acid 
hydrolysis

TEMPO mediated 
oxidation

Carboxymethylation

Amination

Mechanical

High pressure 
homogenizer

Microfluidization

Grinding

Cryocrushing

High intensity 
untrasonication



17 

 

2.4.5.1 Biological  

A biological method of controlled hydrolysis by anaerobic microorganisms is one of 

the novel methods used to isolate nanocellulose [107]. The process is essential for 

biomedical applications due to the less use of chemicals and biocompatibility. 

However, the method is a time consuming and low yielding process. The other 

method of enzymatic reaction produces nanocellulose with the absence of damages 

to the cellulose chain [108]. Nevertheless, the method also a prolonged process and 

better to conduct another mechanical treatment process after enzymatic treatment to 

improve the yield.   

 

2.4.5.2 Chemical 

Chemical methods are well-known nanocellulose isolation techniques due to low 

energy consumption. The mineral acid process is related to the cleavage of β-1,4-

glycosidic bonds in cellulose chains by the action of hydrolysis. The frequently used 

mineral acids are sulfuric [109, 110] and hydrochloric [111]. The acid easily attacks 

to loosely packed areas of cellulose chain. Therefore, amorphous regions are more 

favorable for hydrolysis process and ultimately produce nanocrystalline cellulose. In 

the TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxyl) oxidation process, hydroxyl 

groups in the cellulose converted to carboxylate groups by TEMPO radicals. As a 

result, surfaces of cellulose fibers lead to improving hydrophilicity. Then the 

developed surface negative charge can form repulsive forces between cellulose fibers 

and these forces tend to separate nanofibers [112]. Same as TEMPO oxidation, 

repulsive forces generate between fibers in carboxymethylation and amination 

processes due to the replacement of hydroxyl group of cellulose by carboxymethyl 

[113] and amine [114] groups respectively. However, these processes (except 

amination) will be produced nanocellulose with negatively modified surfaces. 

Therefore, the nanocellulose formed by these methods is hydrophilic and unable to 

mix with hydrophobic thermoplastic polymers.  
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2.4.5.3 Mechanical 

Mechanical treatments are the most commonly used technique for depolymerization 

of native cellulose into nanofibrillated cellulose. However, the methods consume a 

high amount of energy; therefore, cellulose separated via chemical methods is 

preferred for the mechanical depolymerization treatments to reduce the heavy-duty 

processing [115]. The mechanical isolation of NFC is subcategorized into different 

methods.  

a) High-pressure homogenization 

The process consists of transferring cellulose slurry through a tiny nozzle under high 

pressure. Due to the shear and impact forces applying to the slurry; the defibrillation 

of cellulose fiber is taken place [116]. Many kinds of research were based on the 

production of nanocellulose by high-pressure homogenization using deferent raw 

materials such as sugarcane bagasse [117], sugar beet [118] and skin of prickly pear 

[119]. The main advantages of the process are efficiency and inessential of organic 

solvents. However, a blockage may occur because of the very small size of the 

orifice. Pretreatments are necessary to overcome the problem; especially mechanical 

methods.   

 

b) Microfluidization 

Both homogenization and microfluidization processes are utilized high-pressure 

energy as the driving force; although, both have distinguishable characteristics. In 

compared to homogenization, microfluidization required less energy to produce NFC 

and the pressure applies to cellulose suspensions to passes through a chamber [120]. 

As a benefit, the process leads to produce NFC with thin and uniform sized 

nanoparticles and the yield may improve by the combination of one or more 

pretreatments. In addition, the degree of fibrillation can be increased by repeated 

application with different sizes of chambers [121]. 

 

c) Grinding 

The grinding equipment consists of two static and rotating stones. The pulp is 

passing through the two stone and fibrillation occurs due to the impact and shear 
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forces [122]. Even though the process is used as a pretreatment of biomass, the 

conditions applied to NFC preparation are different. Additionally, depending on the 

applied condition, cellulose can be converted into NFC or NCC. There are two main 

structures of NFC; twisted and untwisted. The extension of grinding time leads to 

convert untwisted nanofiber into nanowhiskers with high crystallinity [123].  

 

d) Cryocrushing 

In the Cryocrushing process, the cellulose fibers are froze using liquid nitrogen and 

then shear forces are applied by motor and pestle to break the fibers [106]. The 

rupturing occurs as a result of the pressure exerted by the ice crystals. The process 

can also be used as a pretreatment before the homogenization process and apply for a 

different cellulosic matter such as agricultural crops and by-products. However, 

cryocrushing method is produced low yield and not economically feasible due to the 

high energy consumption [82].  

 

e) High-intensity Ultrasonication 

The extracted cellulose initially immerses in an aqueous medium and then applies 

ultrasonic waves. It the beginning, water molecules absorb ultrasonic energy and 

pass the energy to microscopic gas bubble present inside the cellulose particles. Then 

the gas bubbles form cavities and they expand to maximum and ultimately explode. 

The defibrillation occurs as the reaction of hydrodynamic forces generated by 

ultrasound in the cellulose pulp [82]. In the high-intensity ultrasonication process 

yields 100% in 25 min and grinding process yields 90% in 40 min. Therefore 

ultrasonication is more efficient than grinding [124].  

 

2.4.6 Drying of NFC 

The drying process is one of the important steps for NFC, to develop natural fiber 

reinforced thermoplastic composite with better mechanical properties. Furthermore, 

drying can improve the handling and reduce the transportation cost for aqueous 

medium. There are two types of material properties; thermal stability and 
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crystallinity are considered to be critical in the dry process [125]. Cellulose has better 

thermal stability and crystallinity in respective to hemicellulose and lignin. 

Therefore, these advanced characteristics should be maintained or improved during 

the drying. If not, irreversible agglomeration will occur and reduce the properties of 

NFC due to the affection of nanoparticles dimensions [126].  

The agglomeration can be formed within two situations. The agglomeration occurs 

during compounding can be reduced by surface modification of hydrophilic cellulose 

in to hydrophobic. In addition, another agglomeration was identified during the 

drying period and the process is irreversible [127]. During the drying of NFC, water 

molecules eliminate from the system and as a result of that high-intensity, bonding 

forces arise between fibers. Therefore, hydrogen bonds formed by water would break 

and again create strong hydrogen bonds by hydroxyl groups present in the NFC 

surface [128]. Hence, formed agglomerated cellulose cannot break by adding water 

because the agglomeration arises during drying called an irreversible process. There 

are mainly four types of dry methods used for NFC and the features of the methods 

are discussed in Table 2.7.   

 

Table 2.7: Comparison of Different drying method of NFC [125, 129, 130] 

Drying Method Advantages Disadvantages 

Oven Drying Simple and low cost 

Produce thermally unstable NFC and unable 

to control nano-scale dimensions due to the 

formation of bulks 

Supercritical 

drying 

Effective for large-scale 

productions 
Complex and expensive method 

Freeze Drying 
Tend to retain the quality, 

shape, and size of NFC 
Expensive and create agglomeration 

Spray Drying 
The low labor and 

maintenance cost 

Low rate of efficiency (due to the 

requirement of low solid content) 

 

Structural properties of the NFC particles changes with the drying method used. 

Except for the spray drying method, other methods tend to form nano-agglomerates 

and act as a barrier for uniform distribution of NFC in the fabrication process of 

nanocomposite materials. Moreover, spray drying method can obstruct the 

irreversible agglomeration phenomenon [127]. Therefore, out of the four main drying 
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methods, spray drying method is identified as the best technically suitable process for 

NFC [129]. 

 

2.4.7 Characterization of NFC 

Properties of the extracted nanoparticles should be analyzed to examine the quality 

of the processes used to isolate NFC. Basic properties must be identified before 

processing and characterization methods of NFC are specified in table 2.8.  

Table 2.8: Properties of fibrillated celluloses and characterization methods [131, 132, 

133] 

Property Characterization method/ Instrument 

Appearance, dimensions 

and aspect ratio 

Scanning electron microscope (SEM), Transmission electron 

microscope (TEM), atomic force microscopes (AFM) 

Chemical properties Fourier Transform Infrared Spectroscopy (FTIR), Conductometric 

titration 

Thermal Thermal gravimetric analyzer (TGA), Differential scanning 

calorimetry (DSC), Differential thermal analysis (DTA) 

Crystallinity (%)  X-ray diffraction (XRD) 

Purity (%) High-performance liquid chromatography (HPLC), SEM, TEM, 
AFM 

 

Microscopic analysis is the most valuable characterization method because the 

microscopic images can be used to identify the basic information of the samples such 

as appearance, dimensions, homogeneity, and purity. Generally, NFC forms a porous 

network with fiber diameter less than 100 nm and length more than 100 nm. 

Therefore, nanoparticles with high aspect ratio are better for use as reinforcement for 

polymeric matrices. However, depending on the drying method, morphological 

properties of NFC change. The average NFC diameters oven dried, supercritical 

dried and freeze-dried processes are in between 50 - 300 nm [134], about 100 nm 

[135] and in between 100 - 200 nm respectively [129].  

FTIR analysis widely used to identify chemical bonds of materials. Table 2.9 

contains the characteristic FTIR absorption peaks of cellulose. Theoretically, there is 

no difference between chemical bonds present in cellulose and nanocellulose. 

Therefore, FTIR spectroscopy peaks of both neat materials should be same. 

However, due to the difference between crystallinity of cellulose and nanocellulose, 
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peaks intensities of spectra are different. When compared with FTIR spectra of 

cellulose and cellulose with a high percentage of amorphous regions such as 

nanofibrillated cellulose, indicates sharper and less intensity peak with high wave 

numbers due to the reduction of inter and intramolecular hydrogen bonds [136]. 

Moreover, the water holding capacity of nanocellulose (12.75 g water/g) is higher 

than cellulose (8.9 g water/g); due to the high surface area [137]. Therefore, intensity 

improvement slightly exhibits in cellulose and significantly improves in NCC. The 

NFC exists in the middle of the two values.   

Table 2.9: Characteristic absorption bands of functional groups present in the 

cellulose  [137, 138, 139]  

Functional 

group 
Compound 

Wave number 

(cm-1) 

O-H 
Stretching vibrations of methanol  3200-2500 

Stretching vibrations, attached to pyranose ring 3500-3200 

C-O 

C-OH 
-CH2OH (primary) 1025-1050 

Attached to pyranose ring (secondary) 1040-1060 

C-O-C 
Within pyranose ring  1170-1025 

Glycosidic linkage ≈ 900 

C-H 
Aliphatic stretching ≈ 2900 

Within pyranose ring  ≈ 1366 

 

 

2.4.8 Surface Modification of NFC 

 

Figure 2.5: Classification of Surface Modification Methods of Nanocellulose 
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The ultimate goal of the isolated NFC is to produce a nanocomposite material with 

better mechanical and environmental performances. Therefore, reinforcing NFC 

should compatible with the matrix material. Cellulose is hydrophilic in nature and 

most of the thermoplastic matrix materials (ex: polyethylene, polypropylene) are 

nonpolar [140]. Therefore, the serious issues may form during the production of the 

nanocomposites such as dispersion difficulties of NFC in the matrix due to 

incompatible nature [141], poor interfacial adhesion between NFC and matrix 

materials [58] and low resistance for moisture. Hence, the surface modification of 

NFC is required to overcome the problems. Furthermore, the modification should not 

harm the structure of the cellulose and should improve or maintain the qualities of 

NFC. Therefore, the literature review is only focused on hydrophobic surface 

modification nanocellulose.  

The surface modification processes can be classified as functionalization via 

synthesis, chemical surface modification (ex: coupling agents and polymer grafting) 

and physical surface modification (ex: coating of surfactants and polyelectrolytes) 

[142, 143] as mentioned in Figure 2.5. The functionalization via synthesis explains 

the indirect surface modification during the defibrillation or nanocellulose extraction 

process. However, most of the time hydrophilicity of nanocellulose surfaces is 

improved by the chemical depolymerization treatments. To improve the surface 

modification, scientists are applied multiple modification methods to nanocellulose. 

After the surface modification process NFC can be dried using the same drying 

methods (oven drying, supercritical drying, freeze drying and spray drying) and use 

for further processing. Additionally, some surface modifications can be carried out 

during the fabrication of the nanocomposite, such as melt processing.  

 

2.4.8.1 Chemical surface modification 

The process used chemical compounds to convert the native hydrophilic surface of 

cellulose nanofibers to hydrophobic [140]. There are different chemical modification 

methods; however, the review covers the methods used to produce nonpolar NFC 

surfaces after the modification because the ultimate target of the surface modification 

is to produce a nanocomposite with a nonpolar synthetic matrix. The most common 
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chemical surface modification methods are coupling agents (derivatization) and 

polymer grafting.  

Coupling agents define as the minor quantities of chemical compounds which can 

attach two different materials together by creates bonds between the two surfaces 

[144]. Coupling agents are subcategorized as organic, inorganic and organic-

inorganic depending on the chemical composition of the compound [145]. There are 

more than forty coupling agents are used in the industry and among them silylation 

and acetylation methods are the most common coupling methods used to combine 

NFC and nonpolar matrixes.  

 

2.4.8.1.1 Silylation 

Generally, silylation is the attachment of silyl group (-SiR3) to host molecular surface 

by removing hydrogen atoms bonded to hetero atoms such as –OH, =NH, –SH [146]. 

Therefore, silylation process converts the hydrophilic surface of NFC in to 

hydrophobic by attaching silyl groups to the –OH groups in the cellulose at elevated 

temperature with the presence of water [103]. A wide variety of reagents are 

available with silyl groups; therefore, the reactivity, conditions, and byproducts are 

depending on the derivative groups attach to the reagent. Significant literature is 

available to assist the researcher in the selection of preferred reagent for the 

particular compounds and chlorosilanes and silazanes are the most frequently used 

silyl reagents for cellulose [147].  

In general, silylation process with natural fibers contains four steps. They are 

hydrolysis, self-condensation, adsorption and chemically grafting (Figure 2.6). 

Initially, silane monomers are hydrolyzed and form Si-OH oligomer. The self-

condensation reaction occurs through the hydroxyl groups present in the oligomers 

react with another oligomer and form Si-O-Si bonds. If the reaction is not controlled, 

it can form bulk molecules. Therefore, by adjusting pH of the medium could produce 

effective oligomers to react with natural fibers. The physical adsorption is formed by 

reactive monomers or oligomers and creates hydrogen bonds with hydroxyl groups in 

fiber surface. The chemically grafting occurs under elevated temperature. The 

formed hydrogen bonds are converted to Si-O-C bonds by removing water molecules 
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[148, 149]. Silylation process can further enhance the storage modulus of fiber 

reinforced composites [150]. 

 

Figure 2.6: Interaction of silane with natural fibers by hydrolysis process [148] 

Source: https://www.sciencedirect.com/science/article/pii/S1359835X10000850 

 

The surface modification of microfibrillated cellulose by the silylation 

(chlorodimethyl isopropylsilane (CDMIPS)) results in the degree of surface 

substitution in between 0.6 and 1. Therefore, better dispersion of the fibrillated 

cellulose with non-flocculating manner can be obtained in the nonpolar medium. 

However, an excess of CDMIPS can partially dissolve fibrillated cellulose and as a 

result, the degree of surface substitution and the characteristics of the fibrillary 

structure are degraded [151]. As an advantage, the thermal stability of the NFC after 

the silylation process exhibit better enhancement.   

Silylated NFC can be characterized using FTIR analysis. The characteristic Si-O 

bond has both symmetric and asymmetric stretching bands. The Si-O-Si band exists 

https://www.sciencedirect.com/science/article/pii/S1359835X10000850
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in between 800 cm-1 – 690 cm-1 and both Si-O-C and Si-O-H bands are in between 

930 cm-1 – 800 cm-1 [152, 153]. During the modification, hydroxyl groups present in 

the surface of the cellulose react and form Si-O-C bonds. Therefore, reduction of O-

H stretching vibration intensity band between 3500 cm-1 – 3200 cm-1 indicates the 

success of surface modification. However, the samples should be dehydrated. If not 

O-H stretching vibrations of absorbed water (3400 cm-1 –3300 cm-1) will provide 

incorrect measurements. Infrequently, small peaks present around 850 cm-1 and 765 

cm-1 indicate the gathering of silane groups on cellulose (Si-C). Except to these 

characteristic peaks of silylation process, some other peaks may occur in the 

spectrum and those indicate the different functional groups present in the silane agent 

[154].    

 

2.4.8.1.2 Acetylation 

Esterification process of acetylation is frequently used method for nanocellulose and 

converts hydroxyl groups present in the surface of NFC to ester groups [155].  For 

the acetylation process, acetic anhydride is used as the main reagent. In addition, 

acetylation solution consists of toluene and a small amount of catalyst such as 

sulfuric or perchloric acid [44, 156]. The toluene is acting as a diluent which assists 

acetylated chain to remain insoluble in the medium. The degree of substitution is 

occurred in between 0.4-0.5 and the result is depending on the reaction time and 

temperature. 

There are main three FTIR characteristic peaks for acetylation process. Those bands 

are present in between 1740 cm-1 – 1750 cm-1, 1368 cm-1, and 1230 cm-1 – 1240 cm-1 

respectively to the C=O carbonyl stretching vibrations, C-H bending vibrations in –

O(C=O)-CH3 and C-O stretching vibrations of acetyl groups [157]. The intensities of 

the characteristic peaks are increased with time while an O-H stretching vibration of 

cellulose (3500 cm-1 – 3200 cm-1) peak is decreased. Therefore, the results indicate 

the improvement of acetylation on the cellulose surface [158].  
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2.4.8.1.3 Graft copolymerization 

Graft copolymerization is another chemical surface modification process which 

forms segmented polymers consisting with main polymer backbone and covalently 

bonded branched polymer with another composition [159]. The method can be 

categorized as homogeneous and heterogeneous according to the grafting medium 

used as well as depending on the attachment type of the polymer chain, the method 

can be classified as grafting from, grafting to and grafting through [160]. There are 

several mechanisms used to initiate the polymerization such as free radical 

polymerization [161, 162], controlled radical polymerization [163, 164] and coupling 

chemistries [165]. The Surface of the cellulose can be hydrophilic or hydrophobic 

depending on the monomer grafted. Hence, styrene, methyl methacrylate, 

acrylonitrile, butadiene, isobutyl vinyl ether, vinyl acetate etc. can be grafted onto the 

surface of cellulose to gain hydrophobic characteristics [159]. The commonly used 

grafting agent is maleic anhydride and the nonpolar synthetic polymers grafted 

maleic anhydride (ex: maleic anhydride polypropylene (MAPP/MAHgPP), 

ethylene/maleic anhydride (EMA) and styrene/maleic anhydride (SMA)). The 

copolymers indicate improved bonding properties and fiber dispersion within the 

matrix material [166].  

 

2.4.8.2 Physical surface modification  

Physical absorption of molecules onto nanocellulose surface is easy and more 

controllable process compared to chemical surface modifications. There are mainly 

two subcategories; surfactants and polyelectrolytes.  However, physical surface 

modification methods are not highly effective for production of composites due to 

insufficient covalent bonding between reinforcement and the matrix [10]. Therefore, 

for composites, chemical surface modifications (notably derivatization methods) are 

more effective to modify the surface properties such as hydrophilicity, polarity, and 

density of nanocellulose [142]. 
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2.4.8.2.1 Surfactants 

Surfactants or surface active agents are the chemical compounds used to reduce 

surface tension. The structure of the surfactant contains hydrophilic head and 

hydrophobic tail [167]. If further applied the chemistry of the surfactant to the 

composite of nanocellulose and synthetic nonpolar matrix, the hydrophilic head 

groups of surfactant adsorb on to the nanocellulose surface while hydrophobic tails 

are extended into nonpolar matrix phase. Surfactants can be classified into four 

groups as cationic, anionic, nonionic and amphoteric (or zwitterionic) depending on 

the polarity of the head groups [168]. Most of the time anionic and nonionic 

surfactants are used for the surface modification of nanocellulose for nonpolar 

matrixes [169]. Among anionic surfactants, Alkyl sulfates, alkyl ethoxylate sulfates, 

and carboxylates are frequently used as well as sorbitan monostearate [170], 

polyoxyethylene(10)nonylphenyl ether [171] are used as nonionic surfactants for the 

surface modification of cellulose.  

 

2.4.8.2.2 Polyelectrolytes 

The polyelectrolyte is defined as homopolymer with several charged particles. 

Depends on the charge, the polyelectrolyte can be cationic or anionic. The addition 

of polyelectrolyte into a medium, the charged particles can attach to the opposite 

charges and adsorb to substrates [172]. The adsorption strongly affects to the wetting 

property of nanocellulose. Therefore, the method is frequently applied in pulp and 

paper industry and cationic polyelectrolytes such as polyacrylamides and 

polyethyleneimine [173]. However, Researchers have found, lignosulfonate is one of 

the best polyelectrolytes which can be used to improve the hydrophobicity of 

cellulose more than cationic polyacrylamide [174].   

 

2.5 NFC reinforced polymer composites 

To reduce environmental pollution, polymer-based researches can be done within 

two areas such as the production of bio-based completely biodegradable composites 

and production of synthetic based biodegradable composite materials. Therefore, 

extracted NFC can blend with another biopolymer or with a synthetic polymer. Bio-
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based composites are produced by reinforcing NFC dominantly with natural, 

thermoplastic polylactic acid (PLA) [175, 176, 177] and starch [178, 179, 180]. In 

addition, biocomposites were produced by reinforcing nanocellulose in 

polyhydroxyalkanoate (PHA) [181], polyhydroxybutyrate (PHB) [182] and poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [183] matrices produced by 

microorganisms. Nevertheless, the review is focused only on the production of NFC 

reinforced synthetic polymer composites. 

 

Table 2.10: Modified nanofibrillated cellulose and microfibrillated cellulose (MFC) 

reinforcing various matrices for plastic composites 

Type 

Surface 

Modification/ 

Processing Aid 

Matrix 

Best 

Reinforcement 

(wt. %) 

Processing Method Ref. 

NFC 

MAPP PP 6 
Melt Processing (twin 

screw extruder) 
[184] 

Anhydride 

modified HDPE 
PP 2 

Melt Processing (twin 

screw extruder) 
[185] 

MAPP PP/PC 1 
Melt Processing (twin 

screw extruder) 
[186] 

Silylation PS 10 
Melt Processing (twin 

screw extruder) 
[149] 

PVA PE 5 
Melt Processing -injection 

molding 
[187] 

MALDPE 
LDPE/ 

Starch 
6 

Melt Processing -single 

screw extruder 
[188] 

polyaniline TPU 4 
Melt Processing - screw 

extruder 
[189] 

MFC 

Surfactant and 

MAPP 
PP 10 

Melt Processing - screw 

extruder 
[171] 

Acetylation PP 5 
Melt Processing - screw 

extruder 
[190] 

 

Many synthetic thermoplastics are used in different industries. Among them, the 

most common types are polyethylene (PE), polypropylene (PP), polystyrene (PS) and 

some types of polyurethanes (PU). When producing NFC reinforced synthetic 

polymer composites, the natural hydrophilic surface of NFC should be changed to 

hydrophobic, if the matrix or reinforcing fibers are in different polarities. The table 

2.10 contains different mixing ratios of fibrillated cellulose and synthetic 

thermoplastics as reinforcement and matrices respectively. Selecting the best weight 
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percentage range of reinforcement is very important because the low amount of 

reinforcement is not sufficient to obtain expected properties and an excessive amount 

of reinforcement may induce self-aggregation during the mixing. Therefore, 

according to the past studies, the best range of NFC as the reinforcement of the 

thermoplastic synthetic nanocomposite is less than 10% by weight.   

2.5.1 Fabrication methods of Nanocomposite 

Methods applied to the manufacturing process of nanocomposites can be classified 

into five approaches such as solvent processing, melt processing, electrospinning, in-

situ polymerization and layer by layer assembly [191]. The early studies illustrated 

on the effect of processing approach to the ultimate properties of nanocellulose based 

composites. Among five methods, solvent processing and melt compounding are the 

most common methods used for fabrication of nanofibrillated cellulose reinforced 

nanocomposites. Unfortunately, only a few studies were reported on the 

electrospinning [192] and in-situ polymerization [193] methods for processing of 

nanocellulose reinforced nonpolar matrices nanocomposite due to the complexity of 

the processes. The layer-by-layer method or multilayer films method is used for the 

production of nanocomposites with polar matrices [194].    

 

2.5.1.1 Solvent Processing 

The wet process of solvent processing (or solvent intercalation/ solvent casting/ 

solution mixing) is defined as stabilization of polymer matrix in a solvent (such as 

toluene, chloroform, and dichloromethane) and homogeneously dispersion of the 

reinforcement (nanofillers) within the solvent [195]. Initially, nanofiller are allowed 

to agitate in the solvent within a certain temperature for a specific time period. To 

improve the dispersion, ultrasonication and less amount of selected surfactant can be 

added to the medium [196]. Then the matrix polymer (which is totally soluble in the 

solvent) is added and applied homogeneous mixing at a specific temperature. After 

that, the solvent is evaporated and the composite is placed for casting process [197]. 

The method is commonly used for nanocellulose reinforced composites because 

heavy duty equipment is not necessary; therefore, fewer amounts of capital cost and 

energy required as well as it produces good mechanical property materials with less 
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structural damages. However, the method produces low mechanical property 

materials due to the incomplete evaporation of solvent as well as not economically or 

industrially effective because of some limitations in the selection of polymer 

matrices. If further reveal, the matrix material is annon-water soluble polymer, an 

additional challenge would be added to the dispersion of nanocellulose in the 

selected solvent [142].  

 

2.5.1.2 Melt Processing 

The melt processing is the mixing or blending of a polymer matrix and nanofiller in 

the molten state of matrix material under high shear rate. Then the formed 

nanocomposite is subjected to extrusion or injection molding to obtain the final 

shape [198]. The process is more compatible and economical for industrial scale 

process because produced nanocomposite can be easily fabricated via molding. 

Compared to solvent processing method, melt processing method is more 

environmentally friendly due to less use of hazard chemicals [142]. During the 

processing of the nanocomposite, some researches are used extruders with a specially 

designed feeder to add the powdered form of NFC [199]. However, all types of 

extruders are not contained the special feeder. Therefore, some difficulties exit when 

feeding of NFC to the extruder and to obtain a uniform dispersion of NFC in the 

matrix because NFC is in a powder form and particles are lighter in weight. 

Furthermore, low amount of NFC is added as the reinforcement to achieve better 

properties in the nanocomposite. Therefore, to overcome the difficulties, NFC can be 

initially mixed with less amount of selected solvent and feed into the extruder after 

complete drying [200]. 

 

2.5.1.3 Electrospinning  

In the electrospinning method, an electrostatic force is used to extrude a positively 

charged polymer solution. Therefore, the method is also called as electrostatic fiber 

spinning and due to the electrostatic force, fibers can be produced with a diameter 

ranging from few micrometers to nanometers [192]. However, dispersion of NFC 

within the matrix is difficult than solvent processing method due to numerous 
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concurrent phenomena generate during spinning. Addition of surfactants can 

improve the dispersion of nanocellulose. Selection of a suitable solvent (to dissolve 

the matrix and disperse the nanocellulose) and processing under the melting state are 

the major parameters of the process. Moreover, acetone, dichloromethane, and 

Tetrahydrofuran are frequently used as a solvent for nanocellulose based composites 

[200, 201].  

 

2.5.1.4 In-situ Polymerization  

Application of specific conditions for monomers to polymerize in the presence of 

nanofillers is defined as in-situ polymerization. Nanofillers are dispersed in a 

monomer solution and begin the polymerization by application of suitable initiator 

(such as heat, catalyst, and radiation) [195]. According to the previous studies, IR 

absorption bands of the nanocomposite were overlapped with the bands of the pure 

matrix and reinforced nanocellulose. Therefore, it can be concluded that the 

polymerization of the matrix material occurs on the surface of nanocellulose. The 

method has an ability to manufacture nanocomposites with uniformly dispersed 

nanoparticles. However, it is difficult to control the agglomeration during the 

processing. Based on the SEM and TEM analysis of polyaniline/ nanocellulose 

nanocomposite, agglomerations in some areas were identified because of the high 

percentage of monomer cause more intensive polymerization [202].  

 

2.5.2 Bonding mechanism of NFC and matrix 

During the fabrication process, surface modified NFC is compounded together with 

matrix molecules by different bonding mechanisms. The bonding mechanisms are 

determined by the NFC surface modification methods, additives, and conditions 

applied to the fabrication process [26]. Among all surface modification methods of 

NFC (hydrophilic to hydrophobic), the most common, simple and effective 

modification methods are silylation, acetylation and graft copolymerization (using 

MAPP).  



33 

 

2.5.2.1  Interfacial adhesion – NFC modified by the silylation process 

In the fabrication process, radical molecules can be formed due to thermal 

degradation during mixing and compression molding. As a result of the reaction 

(Figure 2.7), chemical bonds are formed between the matrix and modified fibers and 

it leads to accelerates the interfacial adhesion [203].  

 

Figure 2.7: Schematic illustration of the interfacial zone in LDPE-based composites 

containing modified cellulose fibers [203]  

To improve the efficiency of the reaction, peroxide initiators (R-O-O-R) such as 

benzoyl peroxide and dicumyl peroxide can be used. The peroxide initiators form 

oxy radicals at high temperature and the radicals react with both thermoplastic main 

chain and silane agent (vinyl silane) and produce vinyl radicals (Figure 2.8). The 

formed vinyl radical then attack to the other molecules in the same manner to 

propagate the free radical reaction or can combine with the thermoplastic matrix to 

improve the interfacial adhesion [148].  

 

Figure 2.8: Radical grafting of vinylsilane onto polyethylene matrix [148] 
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2.5.2.2 Interfacial adhesion – NFC modified by MAPP  

Maleic anhydride grafted polypropylene (MAPP/ MAHgPP) surface modifier can 

improve the interfacial adhesion by acting as a compatibilizer between polar NFC 

and nonpolar matrix material. According to the Figure 2.9, polypropylene chain of 

MAPP is diffused into the matrix (especially PP) by creating interchain 

entanglements. The maleic anhydride present in the modified NFC surface can be 

created both ester bonds (chemical) and hydrogen bonds (physical) with the matrix 

molecules. Therefore, MAPP modified NFC can form better adhesion between fiber 

and the matrix [204].  

 

 

 

2.5.3 Fabrication Parameters of Nanocomposite 

When fabricating the nanocomposite, the major components are matrix material, 

reinforcement, the surface modifier and the other additives. Therefore, the adding 

ratios of each component have a large affection on the properties of the ultimate 

product. In general, reinforcement amounts differ from one research to another 

depending on the matrix, fabrication method and aspect ratio, as well as the amount 

of the surface modifier, depends on its composition and matrix-filler compatibility. 

Therefore, selecting the best reinforcement and a surface modifier can be improved 

the properties of the new composite than the neat matrix material. During the surface 

modification process, minimal amounts of initiators, inhibitors, antioxidants, 

Figure 2.9: Schematic illustration of the interfacial adhesion between PP matrix 

MAHgPP and cellulose fibers [204] 

 
Source: http://article.sapub.org/10.5923.j.textile.20120106.05.html 

 

http://article.sapub.org/10.5923.j.textile.20120106.05.html
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stabilizers, plasticizers and other processing aids should be included to the blends to 

obtain better performance of the nanocomposite [145]. 

 

After selecting the best materials and amounts, the next step is to the formation of 

“master batch” or all additives optimally dispersed in a highly concentrated material. 

Then the master batch is diluted with the matrix polymer and extrusion process can 

be carried out to produce the sample batches. After that, the extruded composite is 

pelletized and dry before use [185]. Masterbatch preparation is a significant step for 

researches based on nanocomposites. When compounds are used in mini scale, the 

solvent processing method could use for fabrication of nanocomposite. However, the 

melt processing is better to obtain homogeneous samples with uniform thickness. 

Therefore master batches produce by solvent casting would further process by melt 

processing [175].   

 

When processing the nanocomposite, the other most important parameters are the 

applied conditions such as temperature, pressure, time and other instrumental 

condition for instant rotation speed and fill factor. These are directly influenced to 

the action of the surface modifier and indirectly change the performance of the 

composite [205]. Usually, mixing temperature of less than 200 ⁰C is preferred to 

avoid the degradation of natural fibers and some thermoplastic matrix material [206]. 

In addition, the fill factor of the mixing machine should be higher than 0.8 to acquire 

uniform distribution. Furthermore, both time and rotation speed are influenced on the 

dispersion of the filler in the matrix and it was reported that the use of the moderate 

process is the best option to improve the effectiveness [207].  

 

After the mixing, the composite is fabricated using different methods and the 

thickness of the nanocomposite becomes a more important parameter for many 

properties. According to the ASTM D3039, the standard test method for tensile 

properties of polymer composite materials, the thickness of the specimen is 

recommended to maintain the in-between 1mm and 2 mm for 0⁰ and 90⁰ 

unidirectional respectively and 2.5 mm for both balanced systematic and random 

discontinuous fiber orientation composites. However, the specimen thickness 
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tolerance specified as ± 4 % of the thickness. Based on the past studies, researchers 

were used different specimen thicknesses and the values are in between 0.1 – 2.5 mm 

because of the thickness of a specimen depends on the ultimate application of the 

produced nanocomposite.  

 

2.5.4 Analysis of nanocomposite 

A nanocomposite with optimum properties can be used to produce a new product or 

replace an existing product with better performance. Variations of rheological, 

mechanical, water absorption and biodegradable properties of a nanocomposite were 

studied with various NFC weight percentages (0, 6, 8, 9, 10, 11, 12 and 14) and 

constant amount of matrix (LDPE/starch) and processing aid (MALDPE). According 

to the rheological studies, melt flow index (MFI) was decreased slightly from 0 to 10 

wt.% of NFC. The outcome may arise due to the improvement of the melt stability 

by the addition of NFC. Then the MFI values were reduced gradually from 11 to 14 

wt.% because the further addition of NFC reduced processability of the 

nanocomposite. The formation of a chemical and physical interaction between the 

high amount of hydroxyl groups present in NFC and processing aid lead to caused 

agglomeration. The tensile properties of the nanocomposites also reduced with an 

increment of NFC level. Compared to the neat matrix, the tensile strength of 6% 

NFC was reduced by 23% because the low interaction between NFC and matrix and 

the ability of NFC to form cracks were improved with the addition of more NFC. 

However, mechanical properties of nanocomposite with 6% to 10% NFC have slight 

variation. Noticeably, composites with higher NFC contents are more favorable for 

water [188].  

Another study was done by using the weight amount of both NFC and processing aid 

(PVA) as variables and matrix (PE) amount as a constant while maintaining the total 

weight of the nanocomposites as 100 g [187]. In respect to the neat polymer, thermal 

properties of composites are slightly reduced due to the low thermal stability of 

PVA. However, mechanical properties of composite unexpectedly increased by 25% 

with the addition of NFC and PVA up to 5%. In other words, the same percentage of 
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PVA can enhance the compatibility and load transferring properties of the 

nanocomposite.    

Moreover, it has been investigated under different amount of surface modifier (0%, 

0.1%, 0.5% and 1%) and a fixed amount of NFC (2%) and matrix. As a consequence, 

tensile strength (19.99 MPa) and modulus (1.067 GPa) of nanocomposite reinforced 

with 0.1% maleic anhydride grafted HDPE modified NFC is better than neat 

polypropylene (14.45 MPa and 0.570 GPa respectively) [185]. However, depends on 

the type and the grades of the polypropylene neat values may change. Therefore, 

another composite of polypropylene reinforced with maleic anhydride grafted 

polypropylene (2%) modified NFC (6%) has improved properties of tensile strength 

(32.8 MPa), tensile modulus (1.94 GPa), flexural strength (50.1 MPa), flexural 

modulus (1.63 GPa) and impact strength (3.8 kJ m-2) with respect to the neat 

polypropylene (29.5 MPa, 1.43 GPa, 46.9 MPa, 1.35 GPa and 3.1 kJ m-2). The 

improved percentages of the properties are 36%, 11%, 21%, 7% and 23% 

respectively [184]. Both types of research are based on same matrix and slightly 

different NFC modifiers. When comparative to MAHDPE, MAPP has better 

compatibility with polypropylene matrix. Therefore, improved amount of MAPP 

grafted NFC reinforcement displays better mechanical properties. 

In addition, mechanical properties were compared with neat and silylated NFC 

reinforced polystyrene under different loadings of NFC (0%, 0.5%, 1%, 5% and 

10%) and processing techniques. According to the results, both tensile strength and 

elastic modulus were improved with increasing NFC loading (10%) under dual heat 

process. Percentage values of ultimate tensile strength and modulus are 

approximately two and nine times, respectively higher than the neat polymer with 

single heat processing. The results imply the dual heat process can be improved 

linear arrangement of NFC and enhance the load convey properties and compatibility 

with the matrix [149].  
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2.5.5 Applications 

Recent years, science and technology researches are based on the development of 

composite materials with enhance properties by utilizing natural waste materials. The 

main reason is the worldwide plastic production has instance growing and exceeding 

300 million tons in the year 2015 includes plastic materials of thermoplastics and 

polyurethanes, thermosets, adhesives, coatings and sealants [208]. Therefore, 

nanofibrillated cellulose is a good alternative solution to reduce the use of hazardous 

petroleum-based synthetic polymers.   

Surface modified or non-modified NFC can be used to produce polymer composites 

with both thermoplastic and thermosetting polymers. Predominantly, the produced 

NFC reinforced synthetic polymer composite can be used for packaging applications. 

Since plastic packaging items have a large share in the global plastic market and 

compare to paper packaging, less amount of plastic can be recycled [209]. In 

addition, NFC based composites are possible to use for biomedical applications such 

as dialysis membranes, catheters, containers, surgical meshes and blood bags because 

of the biodegradability, biocompatibility and rheological characteristics [210]. 

Contrast to the neat synthetic polymers, NFC reinforced nanocomposites are lighter 

in weight. Therefore, the product is suitable for automotive, aerospace, construction 

and also furniture industries. Addition of NFC to the thermoplastic polymers such as 

PU and PVA can improve the thermal stability of composites. Therefore, the 

composite has an ability to absorb ultraviolet light with moderate transparency as 

well as the composite films can be used for future optical applications [211]. 

Moreover, NFC and synthetic polymer blends are possible to produce new kind of 

textile fibers and new membranes.  
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3 MATERIALS AND METHODOLOGY  

3.1 Raw materials 

100 g of nanofibrillated cellulose and 5 kg of Polypropylene homopolymer 

(TASNEE PP H4260M) were supplied by the process development center of the 

University of Maine, USA in the form of a spray-dried powder (CAS Number: 9004-

34-6) and by the National Petrochemical Industrialization Marketing Cooperation, 

Saudi Arabia, respectively (Figure 3.1).  

 

Figure 3.1: Raw materials (a) Nanofibrillated Cellulose (b) Polypropylene 

 

3.1.1 Characterization and analysis of raw materials 

 

3.1.1.1 SEM 

Scanning electron microscope or SEM (ZEISS EVO 18 Research) was used to 

investigate the morphology of NFC. Initially, the NFC powder was sonicated in 

distilled water for 5 min. Then the film was produced after drying the suspension 

drop on a graphite plate.       

 

3.1.1.2 FTIR 

FTIR spectra of the NFC and PP were obtained by KBr and ATR techniques 

respectively using BRUKER Alpha-E spectrometer. A total of 24 cumulative scans 

were taken, with a resolution of 4 cm-1, in absorption mode under the frequency 

range of 4000-500 cm-1. 

(a) (b) 
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3.1.1.3 TGA and DTA 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of 

samples were conducted at the temperature between 25 °C - 600 °C under 10 °C 

min−1 constant heating rate using TA Instruments-SDT Q600 machine.  

 

3.1.1.4 X-ray Diffraction 

The X-ray diffraction (XRD) patterns were measured for the raw materials by X-ray 

diffractometer (BRUKER D8 ADVANCE Eco), using CuK-α. Scattered radiation 

was detected in the range of 2θ = 5–80◦ with 2 s step time. 

 

3.1.1.5 Ash Content 

Ash content of NFC was measured according to the standard test method for ash in 

biomass (ASTM E1755 – 01) at 575 °C for 3 hours in GALLENKAMP Model 5723 

muffle furnace. Four replicates were used to calculate the average ash content.  

   

3.2 Surface modification of NFC 

The surface modification of NFC was done by silylation process and Si-69 (Bis [3-

(triethoxysilyl)propyl] tetrasulfide) was used as the silane coupling agent. 50 g of 

NFC was mixed with 1:10 weight ratio of 85% ethanol (500 g) and the mixture was 

sonicated for 40 minutes.  While sonicating, 30 wt.% Si-69 (15 g) was added to 

another 500 g of ethanol and the mixture was placed 10 min for hydrolysis and 

silanol formation. After that, the two separate mixtures were added together and 

again sonicated for 40 min. Afterward, the solution was heated to 70 °C for 2 hours 

using magnetic stirrer. Then the concentrated solution was transferred to a flat 

ceramic plate and oven dried for 1 hour at 70 °C. Ultimately, surface modified or 

silylated NFC was collected after the complete evaporation of ethanol [212]. 
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3.2.1 Characterization and analysis of surface modified NFC 

Successfully surface modified NFC was characterized by SEM, FTIR, TGA, DTA 

and XRD analysis methods. 

 

3.3 Composite Fabrication 

Silane-modified and unmodified NFC was mixed with a homopolymer of 

polypropylene with different loadings of NFC (0-5 wt.% by adding 0.5 wt.% per 

sample) through melt processing method. Initially, PP was added to internal mixing 

machine (CT Internal Mixer MX300) and was mixed 5 min at 180 °C (Banbury type 

rotors, speed – 65 revs/min). Then, the specific amount of surface modified NFC was 

added to the polypropylene (to obtain the sample total weight as 150 g) and the 

sample was further mixed at the same temperature for another 3 min. Afterward, the 

sample was compressed to produce temporary plates (Figure 3.2 (a)).  All 21 

different samples (Pure PP, 0.5-5 wt. % 10 unmodified NFC and 10 silane-modified 

NFC added composites) were prepared by following the same procedure. After that, 

the prepared batch samples were separately molded at 180 °C for 8 min, with 0.5 

Ton/inch pressure. Ultimately, the samples were placed to cool down and sheets 

were separated from the molds after 25 min (Figure 3.2 (b)).  

 

Figure 3.2:  (a) Temporary composite plates (b) Molded composites 

 

3.3.1   Characterization and analysis of composite samples 

The 21 different fabricated composite samples were analyzed through SEM, FTIR, 

water absorption test, TGA, DTA, melt flow index (MFI) and mechanical tests of 

tensile, impact and hardness.  
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3.3.1.1 Tensile test 

The test was conducted according to the standard test method for tensile test of 

plastics (ASTM D 638) and five replicates of each sample were used to calculate the 

average value (Figure 3.3). Initially, the thickness, width, and length of each sample 

were measured and applied load, extension, strain rate and, gauge length were 

entered to universal testing machine (HTE Hounsfield) as 1 kN, 400 mm, 10 mm/min 

and 30 mm respectively at room temperature. Then the tensile forces and elongation 

percentage at break of each sample were measured using the machine.  

 

Figure 3.3: Tensile test samples 

 

3.3.1.2 Impact test 

Five samples of each composite were prepared to correspond to the standard method 

of determination of Izod impact strength of plastics (ISO 180:2000). Therefore, the 

length, width and thickness of the samples were used as 80 mm, 10 mm and 2 mm 

respectively (Figure 3.4). Furthermore, the notch of each sample was prepared in 2 

mm depth. Consequently, the remaining width at notch base was estimated as 8 mm. 

then the surfaces of all samples were smoothly ground using hand grinder 

(METASERV) to obtain uniform dimensions. Finally, the impact angle was 

measured using Izod impact testing machine (HUNG TA HT-8041B) and the value 

was converted to energy lost per unit cross-sectional area at the notch (kJ/m2). 
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Figure 3.4: Impact test samples 

 

3.3.1.3 Hardness test 

The standard test method of the hardness of plastics (ASTM D2240) was measured 

using D type shore durometer and several points of each sample were used to obtain 

hardness values (Figure 3.5). 

 

Figure 3.5: Hardness test sample 

 

3.3.1.4 Water absorption test 

Three specimens of each sample were cut according to ASTM D 570 standard test 

method (30x28x3 mm3) as mentioned in Figure 3.6. At the beginning of the test, the 

initial weight of each specimen was measured and then the samples were soaked in 

distilled water at room temperature for 24 hours. After the specific time period, the 

samples were reweighted the water absorption percentage was calculated.  
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Figure 3.6: Water absorption test samples 

 

3.3.1.5 Melt flow index (MFI) 

ASTM D1238 – 79, the standard test method for the flow rate of thermoplastics by 

extrusion plastometer was conducted using CSI melt flow indexer (model: Mfi2-

115). Initially, the samples were cut into small, equal sized pieces and then were 

placed in the indexer. The temperature and the load were used as 230 °C and 2.06 kg, 

respectively as stated in the condition “L” of the ASTM method and 5 replicates of 

each sample were tested to calculate the average MFI value.   
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4 RESULTS AND DISCUSSION 

 

4.1 Characterization of raw materials 

 

4.1.1 Morphological analysis 

SEM observations of pure NFC have indicated a compact structure of original 

nanofibers and most of the fibers were in nanometer scale. The nanofibers in Figure 

4.1 appeared in different length and diameters. Therefore, the aspect ratio of NFC is 

comparatively high. According to SEM image, the original fibers form a compact 

structure because initially liquid medium was used to observe SEM images of NFC 

and nanoparticle can be aggregated due to high aspect ratios [213]. To reduce the 

attraction, electrostatic repulsion can be generated between nanoparticles. However, 

ultra-sonication is a common way to avoid nanoparticles aggregation.  

 

Figure 4.1: SEM image of spray dried NFC 
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4.1.2 FTIR 

Generally, FTIR transmittance spectrum can be divided into 3300–3600 cm–1, 2800–

3000 cm–1 and the region in between 500–1750 cm–1. Notable spectral band at 

3419.89 cm–1 of NFC spectrum explains the O-H stretching vibrations of the sample 

(Figure 4.2). And also the peak at 2916.86 cm–1 confirms C-H stretching vibrations. 

This band has also shifted to high values from 2900 cm–1 which further proves the 

presence of an amorphous structure of nanocellulose. In addition, nanofibrillated 

cellulose contains not only the amorphous regions but also crystalline regions. As a 

result, there are some significant absorption bands present in the region between 

1500-900 cm–1. The peak at 1430.51 cm–1 is responsible for symmetric bending 

vibrations of –CH2 and 1374.41 cm–1 represents the C-H vibrations in pyranose ring. 

In the fingerprint region (800-1200 cm–1), the presence of both primary and 

secondary alcoholic C-O stretching vibrations in cellulose is evident by the peaks of 

1113.67 cm–1 and 1163.81 cm–1, respectively. Other than that, the absorption bands 

at 897.16 cm–1 and 1058.97 cm–1 appeared can be assigned to C–O–C stretching at 

glycosidic linkages and within pyranose ring, respectively. Except for all the peaks, 

another particular peak is present at 1634.74 cm–1. This absorption band confirms the 

H-O-H bending of water which can be appeared in between 1620-1642 cm–1 [214].  

 

Figure 4.2: FTIR spectrum of NFC 
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Four large characteristic peaks of pure PP were identified in the ATR-FTIR spectrum 

at the region between 3000–2800 cm−1 (Figure 4.3). The peaks at 2953.12 cm-1 and 

2873.99 cm-1 represent the asymmetric and symmetric stretching vibrations of –CH3 

group. In addition to that, the peaks at 2916.94 cm-1 and 2838.02 cm-1 attributes to 

asymmetric and symmetric stretching vibrations of –CH2 main chain [215]. Other 

significant peaks of 1455.5 cm-1 and 1374.42 cm-1 assign to symmetrical bending 

vibrations of -CH2 and –CH3 respectively [216].  

Base on the tacticity, isotactic polypropylene (iPP) has the highest energy values due 

to the steric repulsion of side groups present on the same side. Therefore, to become 

stable, iPP produce stable helix structure along with one repeating unit by turning 

one out of three repeating units. The unique structure of iPP is called as 31 helix 

[217]. According to the literature, there are several additional bands may appear in 

the region between 800-1200 cm-1 for isotactic polypropylene. Most importantly, the 

peaks present at 998.82 cm-1 and 843.36 cm-1 are responsible for the 31 helix. The 

peak 998.82 cm-1 corresponding to the bending, wagging and rocking frequencies of 

–CH, -CH2 and –CH3 [218]. Therefore, based on the ATR-FTIR spectrum the pure 

PP can be identified as isotactic polypropylene.  

 

Figure 4.3: ATR-FTIR spectra of pure PP 
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4.1.3 TGA and DTA 

Based on TGA thermogram (Figure 4.4) of NFC, weight loss observed in three 

different temperature regions of 25-200 °C, 200-375 °C and 375-600 °C and the 

percentages of weight loss are 6.5%, 70%, and 7.5% respectively. The first region 

6.5% weight loss indicates the evaporation of adsorbed water. Then the maximum 

weight loss of 70% was given by the second region and it can be explained as 

thermal depolarization and cleavage of glycosidic bonds of cellulose.  

 

 

Figure 4.4: TGA and DTA graphs of spray dried NFC 

 

According to the original DTA curve (Figure 4.4) of NFC, one large exothermic peak 

between 40-60 °C and another two closely merged exothermic peaks between 250-

350 °C can be observed. Therefore, the baseline correction was done using a data 

analysis and graphing software to generate better predictions (Figure 4.5). In general, 

the first exothermic peak related to the energy absorption to initiate water 

evaporation. The two merge exothermic peaks can be identified as the decomposition 

points of amorphous and crystalline regions of NFC because the peaks are related to 

the onset of the large weight loss in the regular derivative curve. Therefore, the 

amorphous and crystalline decomposition points of pure NFC are approximated as 

300 °C and 335 °C, respectively. At the decomposition point, a huge amount of 
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energy is needed to cleave the strong glycodicid bond in NFC main chain. Therefore, 

high amount of energy is absorbed to breaks the molecular structure.  

 

Figure 4.5: Baseline corrected DTA graph of spray dried NFC 

 

In relation to the Figure 4.6, weight loss of pure polypropylene from room 

temperature to 380 ⁰C is 0.89% and the value is ignorable compared to the initial 

weight of the sample. The results make evidence to the high thermal stability of 

polypropylene because Initial and final decomposition temperature of PP matrix have 

been observed at 380 ⁰C and 480 ⁰C. 

 

Figure 4.6: TGA and DTA graphs of pure PP 
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The baseline corrected DTA curve of pure PP (Figure 4.7) was indicated the melting 

and decomposition temperatures of PP at around 165 ⁰C and 455 ⁰C, respectively. 

 

 

Figure 4.7: Baseline corrected DTA graph of pure PP 

 

4.1.4 XRD 

 

The diffractogram of NFC (Figure 4.8) indicated notable peaks at (2θ) 14.9⁰ 16.4⁰, 

22.5⁰ and 34.6⁰ and the peaks correspond to the planes of (1ī0), (110), (200) and 

(004) of native cellulose, respectively [219, 220]. More intensity and sharpness of 

22.5° peak confirms that the sample has high crystalline regions [221].  

 

Figure 4.8: X-ray diffractogram of pure NFC 
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The native cellulose (cellulose I) has two different crystal structures; Iα and Iβ and 

differ mainly in the packing arrangement of their hydrogen-bonded sheets. Cellulose 

Iα and Iβ contain triclinic and monoclinic unit cell structures, respectively. Therefore, 

(110) plane is the characteristic plane for Iα and (200) plane for Iβ [222]. However, 

both structures are co-occurring in nature with different ratios; though, nanofibrilated 

cellulose has higher percentage of Iβ [223].  According to the XRD pattern, it is 

proved that NFC sample contains more Iβ as well as the instrumental analysis was 

extremely matched with native cellulose with monoclinic unit cell structure and the 

crystallinity of NFC was given as 74.5%.  

Based on the crystal structure, isotactic polypropylene can be divided into three 

groups; α (monoclinic), β (hexagonal), and γ (triclinic). These three types of crystal 

structures and the mesophase could be coexisted in one product especially injected 

molded products [224]. The three crystal structures have different characteristic 

crystal planes in XRD patterns. For instances, (110), (040) and (130) planes of α 

phase has 2θ value in 14⁰, 16.7⁰ and 18.4⁰ as well as (300) and (301) planes for β 

phase has 2θ values around 16 and 21⁰ respectively. In addition to the peaks close to 

14⁰ and 16.5⁰, the γ phase has unique (117) plane 2θ value in between 19.2-20.5º. 

Except for the characteristic peaks, there are some significant peaks appeared in the 

XRD spectrum of pure PP (Figure 4.9). Therefore, 21.055⁰ and 21.768⁰ could be 

(111) and (041) plane of α-iPP. [225, 226].  
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Figure 4.9: X-ray diffractogram of pure PP 
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Relating to the XRD spectrum (Figure 4.9), the pure polypropylene is further 

clarified to iPP with both α and γ phases. The real portion of α and γ phases (ex: Kγ) 

can be estimated by adding the intensity values of characteristic peaks to equation 1. 

Therefore, the sample contains approximately 22% γ -iPP and 78% α-iPP. 

Additionally, the crystallinity of polypropylene sample was given as 80% by the 

XRD instrument.   

 

 

4.1.5 Ash content 

Ash content of biomass defined as the amount of inorganic compounds presence as 

the structural or extractable amount with respect to the total biomass [227]. Average 

ash percentage of NFC was calculated as 0.48 wt.%. Theoretically, NFC is an 

organic material and completely converts to CO2 and H2O at high temperatures. 

Therefore, the inorganic mater presence as ash can be concluded as impurities, 

mineral acids or high-temperature stable chemicals which were added during the 

processing of NFC [77].   

4.2 Characterization of surface modified NFC 

 

4.2.1 Morphological analysis 

According to the Figure 4.10 (a), a smoothly covered layer around the NFC particles 

was observed. The Figure 4.10 (b) was obtained by further zooming the micrograph 

of separated NFC particles. Therefore, it can be clearly seen a smoothly covered 

layer around the particles and there should be Si-O-C bonds on the NFC surface. 

However, some coagulation of nanoparticles was also identified. 

 

Iγ(117) 

Iγ(117) + Iα(130) 
Kγ    = × 100           (1) 
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Figure 4.10: SEM Image of (a) surface modified NFC (b) magnified image of 

surface modified NFC 

(a) 

(b) 
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4.2.2 FTIR 

The FTIR spectrum was used to study the main functional groups present in surface 

modified NFC (Figure 4.11). There are four new peaks identified. The absorption 

band in around 788 cm-1 corresponds to the Si–C symmetric stretching bonds and the 

band at 670 cm-1 indicates the Si–O–Si symmetric stretching. Other than that, a 

minor peak near to the major band in 964.58 cm-1 was notified. According to the 

literature, the peak could be regarded as the presence of the asymmetric stretching of 

Si–O–Si and/or Si–O–C bonds [228]. Moreover, a significant absorption band 

approximately present at 1242 cm-1 is associated with the Si–O–C bond. Based on 

the previous studies shoulder peaks at 964.58 cm-1 and 1242.4 cm-1 are the 

characteristic peaks for –Si–O–C– bond [229] and it confirms the reaction between 

the hydrolyzed silane and the nanocellulose. Therefore, these peaks can prove the 

existence of bonds between nanocellulose and silane groups and favorably prove the 

surface modification of NFC.  

 

Figure 4.11: Normalized FTIR graphs of pure NFC and surface modified NFC 

 

Furthermore, to compare the FTIR spectra of pure and surface modified NFC, the 

graphs were normalized using the peak of C–O–C stretching vibration peak within 
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polymer chain during the surface modification process. As shown in (Figure 4.11), 

the O-H stretching vibration peak of pure NFC graph has been reduced in respect to 

C-H peak of surface modified NFC graph and it also leads to prove the surface 

modification on the NFC polymer chains.  

 

4.2.3 TGA and DTA 

According to the Figure 4.12, the TGA thermogram of surface modified NFC has 

shifted to the high-temperature range in relation to that of the pure NFC. A drastic 

weight loss can be identified in the temperature range of 250 - 350 ⁰C. At this 

temperature region, the solid polysaccharide structures of NFC converted to CO2 and 

H2O and release from the system. Therefore, the total weight is dramatically reduced 

and ultimately the system contains inorganic residuals which were added to the 

system during the processing.  

 

 

Figure 4.12: Comparison between TGA graphs of pure and surface modified NFC 

 

The thermogram of the surface modified NFC shows a low rate of initial weight loss 

compared to that of pure NFC and the final weight of the system is higher than the 
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at higher temperatures. These results imply the improvement of thermal stability 

after surface modification because the functional groups attached to the surface 

directly affect the thermal degradation of material [230]. Therefore, Si-69 surface 

modification provides better thermal stability for NFC and due to the better surface 

modification, the agglomeration and aggregation of nanoparticle get reduced and 

improve the nano-effect to obtain better properties.  

 

As illustrated in Figure 4.13, the baseline corrected DTA curve of surface modified 

NFC was shifted to the high-temperature region. Therefore, the melting and 

decomposition temperatures of surface modified NFC can be evaluated as 310 ⁰C 

and 355 ⁰C respectively. In addition, the depths of the two exothermic peaks of 

surface modified NFC were increased in respect to pure NFC. The area below the 

DTA curve represents the enthalpy or the energy requirement to rupture the unit cell 

[231]. Therefore, surface modified NFC signifies the enhancement of heat stability 

than pure NFC because the energy needs to break the long chain macromolecular 

structure of nanocellulose is higher due to the formation of silylated cover around 

NFC.  

 

 

Figure 4.13: Comparison between baseline corrected DTA graphs of pure NFC and 

surface modified NFC 
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4.2.4 XRD 

The Figure 4.14 shows the comparison between XRD graphs of pure NFC and 

surface modified NFC. All peak intensities of surface modified NFC was reduced in 

respect to pure NFC. Most importantly, the peak 22.5⁰ intensity was reduced after 

the surface modification process. In addition, the instrumental value of crystallinity 

was turned down from 74.5% to 70.2%. The reduction of crystalline percentage may 

be happened due to the addition of silane coupling agents to crystalline regions of 

NFC. During the modification process, large silane groups replace the small –OH 

groups present in the NFC surface. Due to the addition of large groups to the surface, 

the distance between molecules in the main would increase [232]. Therefore, the 

separation could be affected by the reduction of the crystalline percentage of NFC 

after the surface modification.  

 

Figure 4.14: Comparison between X-ray diffractograms of pure NFC and surface 

modified NFC 
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4.3 Characterization and analysis of composite samples 

4.3.1 Morphological analysis 

 

 

Figure 4.15: SEM images of (a) molded pure PP sample (2 KX magnification) and 

(b) 0.5% unmodified NFC reinforced composites (500X magnification) 

(a) 

(b) 
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Figure 4.16: 500X magnified SEM images of composites (a) 1.0 % and (b) 1.5 % 

unmodified NFC reinforced composites 

(a) 

(b) 
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Figure 4.17: 500X magnified SEM images of composites (a) 2.0 % and (b) 2.5 % 

unmodified NFC reinforced composites 

(b) 

(a) 
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Figure 4.18: 500X magnified SEM images of composites (a) 3.0 % and (b) 3.5 % 

unmodified NFC reinforced composites 

(b) 

(a) 
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Figure 4.19: 500X magnified SEM images of composites (a) 4.0 % and (b) 4.5 % 

unmodified NFC reinforced composites 

(b) 

(a) 
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Figure 4.20: 500X magnified SEM image of composites 5.0 % unmodified NFC 

reinforced composites 

 

The morphology of the pure polypropylene and ten unmodified composite samples 

were observed after the molding process. SEM image of pure PP (Figure 4.15 (a)) 

indicated clearer surface than composites because the sample completely contains 

one material with better crystallinity. With the addition of unmodified NFC content, 

uniformity of the surfaces are drastically reduced and significant coagulations are 

present beyond 1.5% unmodified NFC reinforced composite (Figure 4.17 (a)(b), 

Figure 4.18 (a)(b), Figure 4.19 (a)(b) and Figure 4.20) due to the attractive forces 

between nanofibers.  

 

  

 

(a) 
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Figure 4.21: 500X magnified SEM images of composites (a) 0.5 % and (b) 1.0 % 

silane-modified NFC reinforced composites 

(a) 

(b) 
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Figure 4.22: 500X magnified SEM images of composites (a) 1.5 % and (b) 2.0 % 

silane-modified NFC reinforced composites 

(b) 

(a) 
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Figure 4.23: 500X magnified SEM images of composites (a) 2.5 % and (b) 3.0 % 

silane-modified NFC reinforced composites 

(b) 

(a) 
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Figure 4.24: 500X magnified SEM images of composites (a) 3.5 % and (b) 4.0 % 

silane-modified NFC reinforced composites 

(a) 

(b) 
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Figure 4.25: 500X modified SEM images of composites (a) 4.5 % and (b) 5.0 % 

silane-modified NFC reinforced composites 

(a) 

(b) 
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Silane-modified NFC reinforced composites have better morphological 

characteristics as far as 3.5% NFC loading. Further magnification of the Figure 4.24 

(a) to 10 KX and 25 KX (Figure 4.26 (a) and (b)) can be clearly identified 

satisfactory amount of individualized nanoparticles of cellulose within the matrix. 

Therefore, the results imply a better reinforcement and it would lead to improve the 

properties of the 3.5% loaded NFC composite than the rest.  

 

 

Figure 4.26: Magnified SEM images of 3.5% silane-modified NFC reinforced 

composites (a) 10 KX magnification (b) 25 KX magnification 

(b) 
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  However, a greater addition of silane-modified NFC to PP matrix accelerates the 

formation of NFC aggregates due to the reduction of favorable regions in the matrix. 

Therefore, Figure 4.24(b), Figure 4.25 (a) and (b) exhibit more clusters and the 

increase of aggregation of NFC content. The high magnification level of 5% NFC 

loaded sample (Figure 4.27) provides evidence for aggregation of nanocellulose 

particles.  

 

 

Figure 4.27: 25 KX magnified SEM image of 5% silane-modified NFC reinforced 

composites 

 

4.3.2 FTIR  

The normalized FTIR spectra comparison between pure PP and unmodified NFC 

(Appendix A) and silane-modified NFC (Appendix B) reinforced composite samples 

were most likely overlapped due to the presence of high amount of PP, however; a 

significant peak in between 1000-1100 cm-1 can be found only in composite 

materials. The peak intensity in unmodified NFC reinforced composites is higher 

than the same NFC percentage in modified NFC composites. The peak would be the 
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C-O-C stretching vibrations within the pyranose ring (1058.97 cm–1). Therefore, the 

peak confirms the presence of NFC in the composites without changing the chemical 

structure. In addition, silane-modified NFC composites have improved intensities at 

low wavenumbers due to the presence of Si-O-C, Si-C and Si-O-Si bonds.   

When comparing the two series of unmodified and silane-modified NFC reinforced 

composites together, 2.0% and 3.5% NFC reinforced composites are given the 

minimum absorbance of the four large PP characteristic peaks present in the 

wavenumber range 3000–2800 cm−1, respectively (Appendix A and B). The Figure 

4.28 shows the clear comparison between the normalized 2.0% unmodified and 3.5% 

silane-modified NFC composites in respect to surface modified NFC and pure PP. 

The composite samples contain characteristic peaks of PP and stretching vibrations 

C-O-C bond around 1060 cm-1. However, the silane-modified NFC reinforced 

composite has low intensity at C-O-C stretching vibrations due to the restriction 

produce by the added large silane groups. In addition, the composite samples do not 

contain the -OH band. The results imply that the amount of –OH bonds present in the 

composites are comparatively very low in respect to -CH bonds.    

 

Figure 4.28: Comparison of FTIR spectra of normalized PP, silane-modified and 

unmodified 3.5 % NFC reinforced composites and surface modified NFC 
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4.3.3 Tensile strength 

The tensile strength of pure PP and different ratios of surface modified and 

unmodified NFC reinforced PP composites are shown in Figure 4.29. In reference to 

the tensile strength of pure PP (24.7 MPa), all the composite samples with silane 

surface modification demonstrate high values. NFC reinforced composites from 

0.5% to 3.5% NFC loadings indicate improved tensile strength and 3.5% NFC 

composite achieve the maximum amount of 27.8 MPa. After that, the tensile strength 

of samples decreases to 25.2 MPa (5% NFC sample). However, unmodified NFC 

reinforced composite series show a moderate reduction with the improvement of 

NFC percentage and the maximum value.  

 

Figure 4.29: Comparison of the tensile strength of silane-modified and unmodified 

NFC reinforced composites 

The improvement of the tensile strength of all the samples in the surface modified 

NFC composite series, prove the better adhesion between NFC and polypropylene 

matrix. Naturally, NFC is hydrophilic material because –OH groups present in the 

surface. The matrix PP is completely hydrophobic. Therefore, the surface 

modification of NFC, replace –OH groups in the NFC surface by adding 

hydrophobic silane groups. If the attachment is more powerful, NFC is acting as 

reinforcement to PP matrix and performs better than the pure PP.  Therefore, the 
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results strongly imply that the surface modifier or Si-69 is acting as a compatibilizer 

and improve the compatibility between hydrophilic reinforcement and the 

hydrophobic matrix up to the addition of 3.5% of NFC. Then the tensile strength of 

higher reinforcement composites (4% to 5%) indicated slight decrement due to the 

agglomeration of NFC as a result of the reduction of hydrophobic silane groups in 

the surface. 

The reduction of the tensile strength of all samples in unmodified NFC series 

emphasis the weak interfacial bonding between the filler and matrix. In addition, the 

formation of large NFC agglomerates due to the filler-filler interaction can be lead to 

reduce the mechanical properties because these agglomerates can act as stress raisers 

and begin to form cracks [233].    

 

4.3.4 Elongation at break 

Compared to pure PP, the addition of both modified and unmodified NFC to PP 

matrix reduce the material elongation percentage at break (Figure 4.30) because the 

addition of rigid filler can act as a barrier for dislocation motion. At higher loadings 

of NFC, reduce the distance between fillers and enhance the interaction with each 

other. Therefore, the elongations at break of high amount of unmodified NFC loaded 

samples are reduced as the increase of aggregation of rigid fillers. Further, the 

reduction of elongations at break for silane-modified NFC reinforced composites are 

comparatively higher than that of unmodified NFC composite series. The results 

suggest that increase of silane-modified NFC amount in PP matrix resulted in the 

reduction of ductility or the improvement of brittleness of composites. The outcome 

confirms the strong interfacial bonding between reinforcement and the matrix. 

Therefore, the silane-modification could create rigid interphase between the NFC and 

PP. Further, strong adhesion could bond more amounts of stiff filler to the matrix and 

indirectly, it would lead to increase the rigidity of the composite [234].  
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Figure 4.30: Comparison of elongation at break of silane-modified and unmodified 

NFC reinforced composites 

 

4.3.5 Impact strength 

Impact strength is the capability of a material to withstand a maximum sudden load 

could be applied without failure and is defined in terms of energy [235]. In respect to 

the impact strength of pure PP (2.16 kJ m-2), a significant improvement was shown 

by the silane-modified NFC series than that of untreated NFC reinforced composites 

(Figure 4.31). The unmodified NFC composites have a slight improvement in low 

NFC loadings whereas less ability to absorb energy at higher NFC loadings because 

of the formation of aggregates. The maximum value (4.67 kJ m-2) was achieved by 

the 5.0 % silane-modified NFC reinforced composite and it is more than two times 

higher than that of pure PP. The results clearly verified that Si-69 is acting as a 

perfect compatibilizer and create better interaction between hydrophobic PP matrix 

and hydrophilic NFC. The properties of a composite material are not only depending 

on fiber and matrix properties but also the interfacial bonds between fiber–matrix 

[236]. As the reason of formation of appreciable interfacial bonds, Si-69 is acting as 

a better load transferring material from matrix to fiber.  
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Figure 4.31: Comparison of Impact strength of silane-modified and unmodified NFC 

reinforced composites 

 

4.3.6 Hardness 

The hardness of a material generally defined as resistance to plastic deformation. All 

average hardness values of two composite series are higher than that of pure PP 

(Figure 4.32). Incorporation of NFC to the matrix improves the hardness of the 

material, however; untreated NFC reinforced series has slight improvement due to 

the incompatible nature. The addition of silane-modified NFC to PP matrix shows a 

considerable increase of the hardness up to 3.5% of NFC content and after that, a 

slight reduction was observed. Initially, the hardness value increased with an increase 

in modified NFC content due to the better interaction between NFC and PP matrix. 

The FTIR and XRD analysis prove that the matrix and reinforcement contain same 

crystallographic structures (monoclinic and triclinic). Therefore, NFC could be 

nicely packed within PP and improve the mechanical properties. However, the slight 

reduction of hardness at higher NFC loadings was observed. Beyond 3.5 wt.% of 

NFC incorporation may lead to improve the agglomeration in PP matrix and become 

difficult to achieve a homogeneous dispersion. In addition, silane-modified NFC 

reinforced composites are also sensitive for water molecules and may form 

0.00

1.00

2.00

3.00

4.00

5.00

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Im
p
ac

t 
S

tr
en

g
th

 (
k
J 

m
¯
²)

NFC Content (wt.%)

Unmodified NFC reinforced composites Silane-modified NFC reinforced composites



76 

 

microcavities during the processing. Other than that, 3.5 wt.% may be the maximum 

percentage of fiber volume fraction witch interact with the matrix. 

 

Figure 4.32: Comparison of the hardness of silane-modified and unmodified NFC 

reinforced composites 

 

4.3.7 Water Absorption 

Water absorption amount of silane-modified and unmodified NFC reinforced 

composites were shown in Figure 4.33. Out of the 20 samples, pure PP has the 

lowest level of water absorption (0.03%) due to the hydrophobic nature of the 

material. Nevertheless, the water absorption of silane-modified NFC composite 

series is lower than that of untreated NFC series because the hydrophilic 

characteristic of NFC was reduced by the replacement of –OH from silane groups. 

Practically, 100% of replacement could not be achieved and the surface modified 

NFC contains some water favorable –OH groups also. Therefore, the addition of 

modified NFC to pure PP leads to improve the water absorption. The analysis of 

water absorption is very important for dimensional stability as well as 

biodegradability. If the water absorption level is high means the dimensional stability 

is becoming low and biodegradability of the material is getting high because the 

presence of water creates low interfacial adhesion between fiber and matrix and then 
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the fibers become the food source of microbes in soil improve the biodegradability 

[237]. Therefore, it can be estimated that the 5.0 % untreated NFC loaded composite 

have the maximum biodegradable properties with low dimensional stability.  

 

Figure 4.33: Comparison of water absorption percentage of silane-modified and 

unmodified NFC reinforced composites 

 

4.3.8 TGA and DTA 

Comparison between the TGA curves of pure PP and the two composite series 

samples are recorded in the appendix C and D and the curves were apparently 

overlapped except the 300-450 °C region. The results appeared due to the 

degradation of the reinforcement; because the degradation temperatures of 

unmodified and silane-modified NFC were identified in between 300-360 °C. Figure 

4.34 provides evidence that degradation points of pure NFC lay in the same 

temperature of the onset as mass reduction of the composite materials.   

In respect to pure PP, all the silane-modified NFC reinforced composites have 

improved thermal stability and the unmodified NFC reinforced composite series has 

a reduction of the thermal stability with improvement of NFC percentage because the 

surface modifier can act as a protective layer around NFC and prevent the thermal 
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energy and mass transfer between reinforcement and the melted matrix [238]. 

However, there is a slight reduction in thermal resistance at higher loadings of NFC 

due to the decline of interfacial interaction between the matrix and reinforcement.  

Therefore, the maximum thermal stability given by 3.5 % silane-modified NFC 

composite is significantly higher than the highest thermal stability represented by the 

0.5 % unmodified NFC reinforced composite (Figure 4.34).  

 

Figure 4.34: Comparison between the TGA graphs of pure PP, 0.5 % unmodified 

and 3.5% silane-modified NFC composites and the DTA curve of pure NFC 

Moreover, the DTA curves of all samples (Appendix E and F) state some facts to 

prove the advancement of thermal resistance of some composite samples than the 

pure PP. There is no direct relationship between the melting point and thermal 

stability; however, enthalpy or the area beneath the exothermic peak high means the 

improvement of heat stability. Figure 4.35 focus on the calculated decomposition 

point area of all DTA curves in two series and the highest enthalpy of untreated NFC 
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3.5% NFC composite express the maximum thermal resistance and further proves the 

thermal stability induce by the silane Si-69 surface modifier.  

 

Figure 4.35: Comparison of Enthalpy of silane-modified and unmodified NFC 

reinforced composites 

4.3.9 Melt flow index  

Melt flow index (MFI) measures the flow properties of polymeric materials at 

processing temperature under standard load. The MFI is indirectly proportional to the 

viscosity and molecular weight of the material [239].  The high MFI values imply the 

low viscosity, therefore; energy needed to process a material is low. Economically it 

is good; however, mechanical properties of the final product may reduce due to the 

reduction of molecular weight. Furthermore, materials with very low MFI values are 

worthless because of the requirement of a high amount of energy in the processing. 

Therefore, it is very important to select a material with better MFI value, which 

should be high enough to easily flow and low enough to better mechanical 

properties.  

According to the Figure 4.37, increase of both unmodified and silane-modified NFC 

amount in the composite; lead to reduce the MFI values. The test was carried at 230 

⁰C and the melting point of pure PP is 165 ⁰C. Therefore, it can be assumed that at 

230 ⁰C, pure PP is completely in the melting state whereas NFC is in the solid phase. 
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Therefore, NFC contains strong internal bonds with respect to matrix PP molecules 

and surface modified NFC has even more thermal stability due to the silane cover 

around particles. As a result of that, MFI of silane-modified NFC reinforced 

composites slightly improves the viscosity and reduces the MFI value. However, the 

variation between MFI values of pure PP and composites are low. Therefore, the 

addition of both modified and unmodified forms of NFC to pure PP were not given a 

significant change in the processing of the material.  

 

Figure 4.36: Comparison of melt flow index of silane-modified and unmodified NFC 

reinforced composites  
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5 CONCLUSIONS 

The research is focused to improve the properties of pure polypropylene by 

producing a composite material reinforcing with NFC. The two different series of 

composites were used to compare the effect of surface modification of NFC on the 

properties. In respect to the properties of pure PP, the experimental results emphasis 

the wide improvement of mechanical and thermal properties with extremely narrow 

reduction of water absorption and processability of silane surface modified NFC 

based polypropylene than that of untreated NFC reinforced composites. It explains 

that the silane surface modification crate better interaction between NFC and matrix. 

The 3.5 wt.% silane-modified NFC reinforced PP sample showed the uniform 

distribution of reinforcement in the PP matrix with highest thermal resistance and 

mechanical properties including tensile strength (27.8 MPa) and hardness (78.4 shore 

D) with moderate impact strength (4.02 kJ m-2) and average level of water absorption 

(0.1%) and processability (21.1 g/10 min).  Therefore, 3.5 wt.% of silane Si-69 

surface modified NFC was given the optimum level of reinforcement for isostatic 

polypropylene matrix.  
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