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Abstract 

Biopolymeric (methylcellulose, chitosan and alginate) films were prepared by solution casting 

and their thermo-mechanical properties were evaluated. Nano crystalline cellulose (NCC) was 

incorporated into the optimized biopolymeric films. It was found that NCC acted as an 

excellent reinforcing agent which improved the mechanical properties of the films 

significantly. The NCC containing biopolymeric films were exposed to gamma radiation (2-

25 kGy) and it revealed that biopolymeric films gained strength below 5 kGy dose. Monomer 

grafting onto the biopolymers were carried out to improve the filler (NCC)-matrix 

(biopolymers) compatibility. Two monomers (Trimethylol propane tri-methacrylate and 2-

Hydroxyethyl methacrylate) were grafted using gamma radiation at 5-25 kGy doses. It was 

found that monomers were successfully grafted with biopolymers and NCC. Grafted films 

showed excellent mechanical properties.  NCC and carbon nanotubes (CNT) were also 

incorporated in polycaprolactone-based films prepared by compression molding. It was found 

that NCC (5% by wt) and CNT (0.2% by wt) improved the mechanical properties of the PCL 

films significantly. The nano materials containing PCL films were gamma irradiated and 

found better mechanical and barrier properties. Surface morphology of the nano films was 

studied by scanning electron microscopy. 

1.  INTRODUCTION 

1.1. Nano Technology 

Nano technology has gained huge attention to the scientists in recent years because of 

manipulating materials at the level of atoms and molecules in order to alter the product 

properties drastically. In nano technology, materials are reduced to the nano scale which can 

show significantly different properties compared to what they exhibit on a macro scale, 

enabling unique applications. For packaging sectors, this nano technology is of great demand 

due to its excellent potentiality. For making high performance packaging materials with 

improved thermo-mechanical and barrier properties with better controlled release plus 

bioactivity/ functionality, nano materials can be used. The important nano materials are:  nano 

crystalline cellulose (NCC), carbon nano tube (CNT), and chitin/chitosan nano fibers [1-4]. In 

http://www.foodproductiondaily.com/content/search?SearchText=nanotechnology&FromNews
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our investigation, we used NCC and CNT. A brief discussion on NCC and CNT is given 

below. 

1.2. Nano Crystalline Cellulose (NCC) 

Nano crystalline cellulose (NCC) is a natural nano-particle that is extracted from cellulose, 

the most abundant natural polymer in the world. NCC has unique strength, optical, electrical, 

and magnetic properties, is capable of self-assembly and is bio-compatible. These unusual and 

versatile properties can be used to create a wide variety of new products including 

biocomposites, bio-plastics, iridescent coatings, wear-resistant surface treatments, and drug 

delivery systems.  NCC can be termed as green nano-material. It is nano sized fiber type 

modified cellulose. The NCC fibers are very interesting nanomaterials for production of high 

performance nanocomposites. These nano fibers have nano-sized diameters (2-20 nm), and 

lengths ranging from a few hundred nano meters up to a few micrometers. The NCC is 

expected to show high stiffness since the Young’s modulus of the cellulose crystal is as high 

as 134 GPa.  A considerable amount of researches have been done on the isolation of these 

nano fibers from plants to use them as fillers in biocomposites. Cellulose nano fibers are 

recognized as being more effective than their micro-sized counterparts to reinforce polymers 

due to interactions between the nano-sized elements that form a percolated network connected 

by hydrogen bonds, provided there is a good dispersion of the nano fibers in the matrix. It is 

predicted that NCC reinforcements in the polymeric materials may provide better films with 

superior performance but keeping its inherent biodegradable characters (5-7).   

1.3. Carbon Nano Tube (CNT) 

One of the most important nano materials are carbon nano tube (CNT). The CNT is a 

microscopic carbon cylinder, thousands of times smaller than a human hair.  It has generated 

huge activity in many areas of science and engineering due to their unprecedented physical 

and chemical properties. The CNT have diameters in the nanometer scale, are up to tens of 

microns long, and can be single- or multi walled. Owing to high aspect ratio (larger than 

1000), high strength and stiffness at low density, the CNTs attract attention of the researchers 

as reinforcing fillers for a generation of new high performance low weight polymer-based 

materials. Other interesting properties of CNTs, such as the high electrical and thermal 

conductivity, are used to develop functional materials possessing electrical and thermal 

conductivity, electromagnetic absorbing or energy storage performances, heat resistance, 

chemical sensing, etc. Over the last decade many polymers have been employed as matrices 

for preparation of CNT/polymer composites. The CNT could be used as a weapon against 

pathogens such as E. coli. The potential use of CNTs as food safety weapon is reported. The 

researchers found that the CNT severely damaged E. coli's cell walls. It is also reported that 

CNTs have powerful antimicrobial activities. Research on active packaging using CNT with 

polymers is going on [8-10]. Ying Hu et al. [1] prepared CNT reinforced chitosan-based nano 

composites for biomedical applications. They found that the nano composite had good 

biocompatibility, and showed great possibility for implementation of dry actuators in artificial 

muscle and microsystems for biomimetic applications. Wei-Ming Chiu et al. [3] prepared 

biodegradable plastics using CNT and poly(lactic) acid.  

1.4.Biodegradable Polymer-based Films for Packaging 

Petroleum-based synthetic polymers are used as packaging materials due to their excellent 

thermo-mechanical properties and also for the economical reasons. Unfortunately, these 

materials are not biodegradable. Thus, efforts are in progress to develop alternative packaging 

http://www.foodproductiondaily.com/content/search?SearchText=E.+coli&FromNews
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materials, which are environment-friendly, cheap, light weight, possess good thermo-

mechanical properties, and provide a good barrier to moisture, gas and solid transfer. Typical 

materials under consideration are based on cellulosic-type compounds-, lipids- and protein-

based biodegradable materials. Biodegradable films made of these materials do not pose a 

threat to the environment and are also cost-effective. However, the disadvantages of these 

films include poor thermo-mechanical properties and a strongly hydrophilic nature. Therefore, 

many studies are now attempting to overcome theses drawbacks in order to approach 

physicochemical attributes analogous to those of petrochemical polymers [11-12]. A brief 

discussion on some of the important biodegradable polymers is discussed here. Methyl 

Cellulose (MC), a biodegradable polymer, is a modified type of cellulose. MC shows good 

solubility in water at low temperature, which is produced from cotton cellulose, wood and 

plant pulps. MC has been widely used to produce gels and fine chemicals in pharmaceuticals, 

foods, paints, ceramics, detergents, agriculture, polymerization, adhesives and cosmetics for 

many years [13-14].  Chitosan is usually prepared from chitin, which is the second most 

abundant polysaccharide, found in nature after cellulose. Chitosan is a linear polysaccharide 

and is composed of glucosamine and N-acetyl glucosamine residues with a β-1, 4-linkage. 

Chitosan has been found to be non-toxic, biodegradable, biofunctional, biocompatible and 

was reported by several researchers to have strong antimicrobial and antifungal activities. 

Chitosan has been compared with other biopolymer-based active films used as packaging 

materials and the reported results showed that chitosan has more advantages because of its 

antibacterial activity and bivalent minerals chelating ability. Chitosan films have been 

successfully used as a packaging material for the quality preservation of a variety of foods 

[15-16]. Alginate has been generally used in food, pharmaceutical and bioengineering 

industries for its gel- and film-forming properties. Alginate, a linear heteropolysaccharide of 

D-mannuronic and L-guluronic acid, is found in the cell walls and intercellular spaces of 

brown algae. Alginate is made up of, arranged regions composed solely of D-mannuronic acid 

and L-guluronic acid, referred to as M-blocks and G-blocks, and regions where the two units 

alternate. Both the ratio of mannuronic acid to guluronic acid and the structure of the polymer 

determine the solution properties of the alginate.  Alginate forms a thermally stable and 

biocompatible hydrogel in the presence of di- or tri cations. In addition, alginate beads can be 

easily produced by dropping an alginate solution in a calcium chloride bath [17-18]. 

Poly(caprolactone) (PCL) is a thermoplastic biodegradable polymer resulting from a 

chemical synthesis from crude oil. It is semi-crystalline, and has a glass transition temperature 

of about -60°C. PCL belongs to the aliphatic polyester family and it has good water, oil, 

solvent and chlorine resistance. PCL has a low melting-point (58-64°C) and low viscosity, 

and it is easy to process.  It has been shown that PCL exhibited desirable characteristics as a 

diffusion-controlled delivery system, including biodegradability, biocompatibility, 

commercial availability, and affordability. It is produced via the ring opening polymerization 

of caprolactone monomer.  PCL can degrade in water via hydrolysis of its ester linkages. The 

main commercial application of PCL is in the manufacture of biodegradable bottles and films. 

This polymer is often used as an additive for resins to improve their processing characteristics 

and their end use properties. Being compatible with a range of other materials, PCL can be 

mixed with starch to lower its cost and increase biodegradability or it can be added as a 

polymeric plasticizer to PVC. It is used mainly in thermoplastic polyurethanes, resins for 

surface coatings, adhesives and synthetic leather and fabrics. It also serves to make stiffeners 

for shoes and orthopedic splints, and fully biodegradable compostable bags, sutures, and 

fibres [19-20].  

http://en.wikipedia.org/wiki/Starch
http://en.wikipedia.org/wiki/Plasticizer
http://en.wikipedia.org/wiki/Polyvinyl_chloride
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1.5.Advantages of Gamma Radiation 

Gamma radiation is one type of ionizing radiations. The application of gamma radiation is 

becoming more widespread every year. Over the past four decades, there has been a 

continuous and significant growth in the development and application of radiation techniques, 

primarily in the coating and adhesive industry. As this technique continues to develop, 

innovative products based on high efficiency and easy process control, a logical extension for 

this technology is found to be in the field of polymer composites. The use of gamma radiation 

offers several advantages, such as continuous operation, minimum time requirement, less 

atmospheric pollution, curing at ambient temperatures, increased design flexibility through 

process control etc. [2].  

2. Objectives of the study 

The objective of this study was 1) to develop nano crystalline cellulose (NCC) reinforced 

biopolymers (such as methylcellulose, alginate, chitosan, PCL)-based composites. 

Determination of mechanical, barrier, spectroscopic, thermal and morphological properties; 2) 

to develop new methods of grafting and cross-linking using monomers with biopolymers 

containing NCC via gamma irradiation and to characterize their properties; 3) to develop 

carbon nano tube (CNT) reinforced methylcellulose and PCL-based composites then 

investigation of mechanical and barrier properties; 

3. Materials and methods 

3.1. Materials  

Nano crystalline cellulose (NCC) was provided generously by FPInnovations (Pointe-Claire, 

QC, Canada).  Carbon nanotube (CNT) (multi-walled), biopolymers (methylcellulose, 

alginate, chitosan), polycaprolactone (PCL), monomer 2-hydroxyethyl methacrylate (HEMA) 

were purchased from Sigma-Aldrich Canada Ltd (Oakville, ON, Canada). Glycerol and 

Tween
®
80 were from Laboratoire Mat (Beauport, QC, Canada).  

3.2.Preparation of biodegradable films by casting 

Biopolymeric suspensions (MC, chitosan, alginate) were prepared in deionized water with 

continuous stirring. Then, vegetable oil, glycerol and Tween
®
80 were directly poured into 

suspensions. The mixtures were then homogenized using an IKA
®
 T25 digital Ultra-Turrax 

disperser (IKA
®
 Works Inc., Wilmington, NC, USA) at 24,000 rpm for 1 min. Films were 

then cast onto Petri dishes (100 mm  15 mm; VWR International, Ville Mont-Royal, QC, 

Canada) and allowed to dry for 24 h, at room temperature and at 35% relative humidity (RH). 

Dried films were peeled off manually using spatula and stored in polyethylene bags prior to 

characterization.  

3.3. Preparation of PCL-based Films by Compression Moulding 

PCL films were prepared from its granules by compression molding machine (CARVAR, 

INC., Indiana, USA, Model 3912) operated at 110°C under a consolidation pressure of  2 tons 

for 1 min. The mould containing PCL films was rapidly cooled using an ice bath for 2 min. 

The PCL film was taken out from the mould and kept in the desiccator prior to 

characterization.  
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3.4. Irradiation of Films 

Irradiation of films was conducted with γ-rays generated from 
60

Co source at room 

temperature, at a dose rate of 17.878 kGy/h in an Underwater Calibrator-15A Research 

Irradiator (Nordion Inc., Kanata, ON, Canada). 

3.5. Film Thickness 

Film thickness was measured using a Mitutoyo digimatic Indicator (Mitutoyo MFG, Tokyo, 

Japan) at five random positions around the film, by slowly reducing the micrometer gap until 

the first indication of contact.  

3.6. Mechanical Properties of biodegradable films 

Puncture strength (PS) and puncture deformation (PD) were measured using a Stevens-LFRA 

texture analyzer (model TA-1000; Texture Technologies Corp., Scarsdale, NY). Films were 

fixed between two perforated Plexiglass


 plates (3.2 cm diameter), and the holder was held 

tightly with two screws. A cylindrical probe (2 mm diameter; scale: 0-900 g; sensitivity: 2V) 

was moved perpendicularly to the film surface at a constant speed (1 mm/s) until it passed 

through the film. The PS value was calculated using the equation: PS (N/mm) = (9.81F)/x, 

where F is the recorded force value (g), x is the film thickness (µm), and 9.81 m.s
-2

 is the 

gravitational acceleration. The PD value of the films was calculated from the PS curve, using 

the distance (mm) recorded between the time of first probe/film contact and the time of 

puncture point. Tensile strength (TS), tensile modulus (TM) and elongation at break (Eb%) of 

the films and composites were measured by Universal Tensile Machine (UTM) (Tinius-Olsen 

Inc., USA, Model H5K) using a 1 KN load cell, with a crosshead speed of 1 mm/s at a span 

distance of 25 mm. The dimensions of the test specimen were (ISO 14125): 60×15×2 mm
3
. 

3.7. Water Vapor Permeability of films (WVP) 

The WVP tests were conducted gravimetrically using an ASTM procedure [1]. Films were 

mechanically sealed onto Vapometer cells (No. 68-1, Twhing-Albert Instrument Company, 

West Berlin, NJ, USA) containing 30 g of anhydrous calcium chloride (0% RH). The cells 

were initially weighed and placed in a Shellab 9010L controlled humidity chamber (Sheldon 

Manufacturing Inc., Cornelius, OR) maintained at 25°C and 60% RH for 24 h. The amount of 

water vapor transferred through the film and absorbed by the desiccant was determined from 

the weight gain of the cell. The assemblies were weighed initially and after 24 h for all 

samples and up to a maximum of 10% gain. Changes in weight of the cell were recorded to 

the nearest 10
-4

 g. WVP was calculated according to the combined Fick and Henry laws for 

gas diffusion through coatings and films, according to the equation: WVP (g.mm/m
2
.day.kPa) 

= ∆w.x/A.∆P, where ∆w is the weight gain of the cell (g) after 24 h, x is the film thickness 

(mm), A is the area of exposed film (31.67 × 10
-4

 m
2
), and ∆P is the differential vapor 

pressure of water through the film (∆P = 3.282 kPa at 25°C). 

3.8. Measurement of Oxygen Transmission Rate (OTR) 

The OTR was measured using an OX-TRANS
®
 1/50 (MOCON

®
, Minneapolis, USA) 

machine. During all experiments, temperature and relative humidity were held at 23°C and 

0%RH. The experiments were done in duplicate and the samples (dimension: 50 cm
2
) were 

purged with nitrogen for a minimum of 2 h, prior to exposure to a 100% oxygen flow of 10 

mL/min. 
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3.9. FTIR Spectroscopy  

FTIR spectra of the films were recorded using a Spectrum One spectrophotometer (Perkin-

Elmer, Woodbridge, ON, Canada) equipped with an attenuated total reflectance (ATR) device 

for solids analysis and a high linearity lithium tantalate (HLLT) detector. Spectra were 

analyzed using the Spectrum 6.3.5 software. Films were stored at room temperature for 72 h 

in a desiccator containing saturated NaBr solution to ensure a stabilized atmosphere of 59.1% 

RH at 20°C. Films were then placed onto a zinc selenide crystal, and the analysis was 

performed within the spectral region of 650- 4000 cm
-1

 with 64 scans recorded at a 4 cm
-1

 

resolution. After attenuation of total reflectance and baseline correction, spectra were 

normalized with a limit ordinate of 1.5 absorbance units. Resulting FTIR spectra were 

compared in order to evaluate the effects of NC filling in the MC films, based on the intensity 

and shift of vibrational bands.  

3.10. Thermo Gravimetric (TGA) Analysis  

TGA analysis of the films was carried out using a TGA 7 (Perkin Elmer, USA) analyser. 

Experiment was carried out under Argon atmosphere (40 cc/min). The weight of the film 

samples varied from 5-10 mg and scanning range was maintained to 50-600°C. 

3.11. Differential Scanning Calorimetric (DSC) Analysis 

DSC analysis was carried out using a Pyris DSC calorimeter (Perkin Elmer). The scanning 

temperature was from 50-200°C range. The scanning process comprised an initial heating 

followed by cooling and finally a second temperature scanning was performed. The 

heating/cooling rate was 10°C/min, under a nitrogen atmosphere. 

3.12. X-Ray Diffraction (XRD) Studies 

For XRD analysis, film samples were folded several times in order to increase the sample 

thickness.  Samples were analyzed between 2 = 5° and 114° with a step size 2 = 0.02° in a 

D8 Discover X-Ray Diffractometer (Bruker AXS Inc., Madison, MI, USA) using a Co K 

(40kV/35 mA). 

3.13. Scanning Electron Microscopy of films (SEM) Analysis  

Film samples (5×5 mm) were deposited on an aluminum holder and sputtered with gold-

platinum (coating thickness, 150-180 Å) in a Hummer IV sputter coater. SEM photographs 

were taken with a Hitachi S-4700 FEG-SEM scanning electron microscope (Hitachi Canada 

Ltd., Mississauga, ON, Canada) at a magnification of 40,000, at room temperature. The 

working distance was maintained between 15.4 and 16.4 mm, and the acceleration voltage 

used was 5 kV, with the electron beam directed to the surface at a 90° angle and a secondary 

electron imaging (SEI) detector. 

3.14. Statistical analysis 

All experiments were done with two replicates. For each radiation dose, three samples per 

treatment were evaluated. Ten radiation doses were evaluated for each experiment. An 

analysis of variance was performed using the PASW Statistics Base 18.0 software (SPSS Inc., 

Chicago, IL), and means for each treatment were comparison with Duncan’s multiple range 

tests (P ≤ 0.05). 



 

40 

4. Results and discussion 

4.1.Nano Crystalline Cellulose (NCC) Reinforced Methylcellulose-Based Biodegradable 

Composite Films: Effect of Gamma Radiation 

4.1.1. Effect of NCC on the Mechanical Properties of the MC-based Films  

The tensile strength (TS) of MC-based films was found to be 26 MPa. The NCC was 

incorporated in the MC-based films to improve the mechanical properties. The NCC content 

varied from 2-20% (by weight, dry basis) in the MC-based films. Figure 1 shows the effect of 

NCC content on the TS of MC-based films. 

 

Fig. 1. Effect of NCC on the tensile strength of MC-based films. 

It was found that the addition of NCC caused a significant increase of TS. With 2% NCC, the 

TS of the films increased to 31%. On the other hand, 5, 10, and 20% NCC content raised the 

TS of films to77, 104, and 115%, respectively. The TS values seemed to reach a plateau after 

10% NCC addition in MC-based films. Therefore, the NCC acted as a good reinforcing agent 

in MC-based films.  The NCC is composed of crystalline nano fibers which impart higher TS 

values to the MC- based films.  The nano fibers in NCC are responsible for the higher 

mechanical properties in MC-based bio-polymeric films. The tensile modulus (TM) value of 

the MC-based films was 240 MPa. Figure 2 shows the effect of NCC content on the TM 

values of MC-based films. The incorporation of NCC caused a significant rise of TM. For 2, 

5, 10, and 20% addition of NCC, the TM values of the films improved to 17, 58, 87, and 

125% respectively. The highest TM value was observed for 20% NCC addition in MC-based 

films. The TM values increased continuously with the addition of NCC. At higher level of 

NCC, which acts as a reinforcing filler, the film tends to become somewhat more rigid. This 
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is a common observation in both nano-composites as well as conventional composite films. 

Here, NCC is acting as a reinforcing agent in MC-based films, so higher amount of NCC can 

make the films stiffer. 

 

Fig. 2. Effect of NCC on the tensile modulus of MC-based films. 

Figure 3 shows the effect of NCC content on the elongation at break (Eb%) of the MC-based 

films. A monotonous decrease of Eb% was observed with an increase of NCC concentrations. 

Thus, a rigidity nature of films seemed to become more prominent with the increase of NCC 

concentration. This result supports the above observations noted for Figures 1-2. Generally, 

elongation values decreased with addition of fillers/reinforcing agents in polymeric films. The 

films containing NCC showed good elongation and is suitable for the use of commercial 

purposes. 
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Fig. 3. Effect of NCC on the elongation at break (%) of MC-based films. 

4.1.2. Effect of NCC on the Water Vapor Permeability (WVP) 

Figure 4 shows the effect of NCC content on the WVP of the MC-based films. The values of 

WVP decreased sharply as the content of NCC in the films increased. Indeed, the WVP of 

control films (without NC) was 6.3 g.mm/m
2
.day.kPa. On the other hand, WVP values were 

6.1, 6.0, 5.9, and 5.6 g.mm/m
2
.day.kPa for films containing 2, 5, 10, and 20% NCC, 

respectively. Thus, a significant reduction of WVP was obtained at 20% NCC in MC-based 

films.  The presence of crystalline fibers in NCC is thought to increase the tortuosity in the 

MC-based films leading to slower diffusion processes and hence, to a lower permeability. The 

barrier properties are enhanced if the filler is less permeable and has a good dispersion into 

the matrix. In the present study, the interactions of NCC with MC-based films components 

(mainly cellulose) as well as the interactions between nano fibers may have reduce the WVP 

values. 



 

43 

 

Fig. 4. Effect of NCC on the WVP of MC-based films. 

4.1.3. Effect of Gamma Radiation on MC-based and NCC containing MC-based Films  

MC-based films were exposed to gamma radiation from 0.5-50 kGy doses and TS, TM, Eb 

and WVP values of the films were measured. The results are presented in Table 1. The results 

show that up to a 5 kGy dose, no significant changes (p  0.05) were observed. However, 

from 25 kGy, the values of TS, TM and Eb were lowered along with WVP.  At a 50 kGy 

dose, films lost 38% TS, 31% TM,  50% Eb and 9% WVP.  It seems that irradiation treatment 

caused a significant decrease (p  0.05) of the mechanical properties of MC-based films. 

Indeed, irradiation treatment may have affected the internal structure of cellulose and thus 

reduced the mechanical properties of films but improved their barrier properties significantly 

(p  0.05). 

TABLE 4. EFFECT OF GAMMA RADIATION ON MECHANICAL AND BARRIER PROPERTIES OF MC-

BASED FILMS. 

Dose 

(kGy)  

Tensile Strength 

(MPa) 

Tensile Modulus 

(MPa) 

Elongation at Break 

(%) 

WVP 

(g.mm/m2.day.kPa) 

0 26 ± 5 c 240 ± 25 c 30 ± 2 d  6.3 ± 0.2 a 

0.5 25 ± 4 c 245 ± 20 c 30 ± 1 d 6.6 ± 0.3 a 

1 25 ± 7 c 242 ± 14 c 31 ± 1 d 6.3 ± 0.2 a 

5 26 ± 3 c 236  ± 11 c 26 ± 2 c 6.3 ± 0.1 a 

10 23 ± 8 bc 201 ± 14 b 24 ± 0.5 c 6.0 ± 0.3 b 

25 20 ± 4 ab 195 ± 12 b 20 ± 1 b 5.9 ± 0.1 b 

50 16 ± 5 a 165 ± 18 a 15 ± 1.5 a 5.8 ± 0.2 b 

Means followed by the same letter in each column are not significantly different at the 5% level. 
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The MC-based films containing 10% NCC (in dry films) were also exposed to the same 

gamma irradiation doses from 0.5-50 kGy and mechanical properties were also measured in 

order to evaluate the influence of NCC incorporation combined with irradiation. Results are 

presented in Table 2. As mentioned earlier, the 10% NCC concentration was found to be 

optimal, since films with NCC content above 10% provided significant higher TS values (p  

0.05) but not drastically when compared to the control. Table 2 shows that, at low doses (0.5-

1 kGy), the TS of the films were raised slightly whereas it started decreasing at higher doses 

(5 to 50 kGy). These results may be due to the presence of NCC fibers reoriented 

unidirectional along the axis in the MC matrix, in a minute contribution as reinforcing agents. 

Otherwise, up to 10 kGy doses, no significant changes (p  0.05) were observed.  Moreover, 

from 25 kGy, a significant reduction of TS was observed (p  0.05), with 32% of TS 

reduction measured for 50 kGy exposure. The values of TM, Eb and WVP values of the films 

also decreased slowly (p  0.05) with an increasing irradiation dose. Indeed, a 38% loss of 

TM and 45% loss of Eb were measured for (MC+10% NCC)-based films irradiated at 50 

kGy. In addition, it seems that WVP of the films decreased around 29.5% (p  0.05) for 

samples irradiated at 50 kGy, as compared to control. 

TABLE 5. EFFECT OF GAMMA RADIATION ON MECHANICAL AND BARRIER PROPERTIES OF NCC 

CONTAINING (10% IN DRY FILMS) MC-BASED FILMS. 

Dose 

(kGy)  

Tensile Strength 

(MPa) 

Tensile Modulus 

(MPa) 

Elongation at Break 

(%) 

WVP 

(g.mm/m
2
.day.kPa) 

0 53 ± 5 cd 450 ± 25 c 20 ± 2 c 5.9 ± 0.2 a 

0.5 62 ± 2 d 455 ± 20 c 20 ± 1 c 5.9 ± 0.1 a 

1 60 ± 3 d 462 ± 14 c 16 ± 1 b 5.9 ± 0.3 a 

5 54 ± 5 c 470  ± 30 c 16 ± 2 b 5.3 ± 0.2 a 

10 52 ± 8 c 465 ± 24 c 15 ± 3 b 5.0 ± 0.1 b 

25 40 ± 2 b 345 ± 20 b 13 ± 1 ab 4.8 ± 0.2 b 

50 36 ± 1 a 280 ± 18 a 11 ± 3 a 4.2 ± 0.2 b 

Means followed by the same letter in each column are not significantly different at the 5% level. 

4.1.4. Effect of NCC on the of Oxygen Transmission Rate (OTR) 

The OTR is defined as the quantity of oxygen gas passing through a unit area of the parallel 

surface of a film per unit time under predefined oxygen partial pressure, temperature, and 

relative humidity. The transfer of oxygen from the environment to food has an important 

effect on food quality and shelf life. Oxygen causes food deterioration such as lipid and 

vitamin oxidation, leading to sensory and nutrient changes. The OTR is also very important 

since oxygen gas influence the rates of oxidation and respiration in the enclosed food, as fruits 

and vegetables. Figure 5 represents the effect of OTR due to NCC addition in MC-based 

films. A significant decrease of OTR was observed for the addition of NCC in MC-based 
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films. Both WVP and OTR showed similar trend of decrease when NCC was added in MC-

based films. The reason might be the similar as described for WVP. 

 

Fig. 5. Effect of NCC on the OTR of MC-based films. 

4.1.5. FTIR Analysis of the Films 

Figure 6 shows the FTIR spectra of (a) MC-based films (control), (b) MC-based films 

containing 5% NCC, (c) MC-based films containing 10% NCC, and (d) MC-based films 

containing 20% NCC. Hence, this analysis attempted to characterize the incorporation of 

NCC into the MC-based film and distinguish the IR bands and vibrations shifts related to 

NCC interactions. The band at 3340 assigned to the OH stretching of NCC. With the rise of 

NCC content from 5 to 20%, this band became sharp and shifted towards right. This is 

because of hydrogen association. The band at 2960-2870 corresponds to C-H stretching which 

is associated with vegetable oil and glycerine. In MC-based film, this peak is intense but with 

higher NCC concentration, it decreased. It indicated that the film surface is covered by NCC 

fibers. The peak at 1745 corresponds to bending vibration of OH from water. This peak 

intensity is significantly decreased with the rise of NCC concentration in MC-based films. 

Thus, hydrophilicity of the films decreased due to NCC addition.  The peak at   1460 

indicated the asymetric bending vibration of  -CH3 from MC. This peak intensity also 

decreased with NCC concentration and indicated the reduction of   -CH3 group in the films.  

The peak at 1320 corresponds to O-CH2 group generated from NCC. This group became 

prominent with the rise of NCC concentration in MC-based films. From this FT-IR spectra, it 

can be concluded that the NCC content films showed much lower hydrophilic nature and thus 

stabilized via hydrogen and hydrophobic association.  
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Fig. 6. FTIR spectra of MC- (a) and (MC+NCC)-based films containing 5% (b), 10% (c), and 

20% NCC (d) respectively. 

4.1.6. Thermo Gravimetric Analysis (TGA)  

TGA thermogram for MC-based (control), 5 and 20% NCC content films is shown in Figure 

7.  The control sample (MC-based) exhibited two major degradation steps, a maximum 

decomposition occurred around 200°C and 370°C for the initial and second decomposition 

processes, respectively.  The first decomposition process can be attributed to the vegetable oil 

whereas the second event could be related to the thermal decomposition of glycerol, MC and 

NCC.  Samples containing NCC (both 5 and 20%) showed a significant slowdown in thermal 

decomposition of vegetable oil at 200°C which indicated a better thermal stability compared 

to the control sample. Therefore, TGA thermogram shows clearly that addition of NCC in 

MC-based films contributed to a substantial improvement in the thermal stability up to 200°C. 
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Fig. 7. TGA thermograms  for MC-based (control) and NCC-based (5 and 20%) films. 

4.1.7. Differential Scanning Calorimetric (DSC) Analysis  

Figure 8 shows the DSC thermograms for the MC-based films with 5 and 20% NCC contents. 

The control sample exhibits a melting peak at around 150°C, which is associated with the 

evaporation of vegetable oil used in the formulation. Dramatic results appeared for NCC-

containing films. Indeed, melting peaks at 150°C disappeared, which might be attributed due 

to the presence of NCC fibres that covered the surface as well as interface of the MC-based 

films and thus stabilized the films. 
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Fig. 8. DSC thermograms  for MC-based (control) and NCC-based (5 and 20%) films. 

4.1.8. X-Ray Diffraction (X-RD) Analysis 

Figure 9 shows the X-ray diffractograms of MC-based films containing 5 and 20% NCC.  

Control films (MC-based) showed a broad halo which reflected the amorphous nature. Also, 

films containing 5% NCC exhibited similar patterns, but films containing 20% NCC showed 

some crystalline peaks, which may be attributed to the NC fibers into the MC-based 

formulation.   With an increase of NCC concentration in MC-based films, the main broad 

peak shifted to higher angles (2= 25.5).  At higher NC concentrations, three peaks were 

observed (2= 17.2, 19.0, and 26°).  Hence, this investigation suggested that MC-based films 

with higher NCC content exhibited a combination of amorphous and crystalline peaks. This 

crystallinity along with nano-sized fibres in NCC containing films explained the improved 

mechanical and water barrier properties compared to MC-based films. 
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Fig. 9. X-ray diffractograms for MC-based (control) and NCC-based (2 and 20%) films. 

4.1.9. Morphological Properties of the Films  

Figure 10 presents SEM images of the surface of MC-based films (a) and MC-based films 

containing 5% NCC (b) and 20% NCC (c). The surface of MC-based films (a) was found 

quite smooth. But surface smoothness was significantly affected after NCC incorporation 

since the NCC fibers are clearly visible at the film surface (c). Moreover, the surface of films 

containing NCC appears to be rougher and more condensed, in a separate phase, since they 

contain a blend of MC and NCC, suggesting that NCC fibers have kept much of their original 

physical properties. Overall, the SEM observations seem to support the FTIR structural 

analysis and provide evidence for the enhanced properties obtained after NCC incorporation 

in film formulation. 

 

Fig. 10. SEM images of the surface of (a) MC-based film, (b) 5%NCC and (c) 20%NCC 

containing films. 
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4.2.Preparation and Characterization of Nano Crystalline Cellulose (NCC) Reinforced 

Chitosan-Based Films: Effect of Gamma Radiation 

4.2.1. Effect of NCC and gamma radiation on the mechanical properties of chitosan 

Chitosan (2%, wt) films were prepared by solution casting and then mechanical properties 

were evaluated. The tensile strength (TS) of chitosan film was 50 MPa. NCC (2-10% in dry 

film) were incorporated into the chitosan, it was found that TS values were improved 

significantly. A 5% incorporation of NCC in chitosan, the TS value reached to 60 MPa. The 

5% NCC containing chitosan films were exposed to gamma radiation from 2-25 kGy and the 

results are presented in Figure 11. Irradiation treatment caused a significant decrease of TS 

values. At 2, 5, 10 and 25 kGy doses, the TS values were 48, 58, 49 and 43 MPa, respectively. 

At 5 kGy dose, the highest TS value was found. The water vapor permeability (WVT) tests 

were carried out and it was found that the WVP values reduced which indicated better barrier 

properties of the chitosan films (not shown in figure). 

 

Fig. 11. Effect of gamma radiation on tensile strength of chitosan films. 

The elongation at break of chitosan films was found to be 10%. Due to the addition of NCC 

(5% in dry film), the Eb values were reduced 5%. This is a quite common investigation for 

fillers in polymers. When the films (5%NCC+95% Chitosan) were exposed to irradiation 

from 2-25 kGy, a significant increase of Eb was observed at 5 kGy dose. The results are 

presented in Figure 12. It was also noticed that at 5 kGy dose, the highest TS values were also 

observed. So, 5 kGy dose was found to be optimal dose for chitosan-based films. 
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Fig. 12. Effect of gamma radiation on elongation at break (%) of chitosan films. 

4.3.Nano Crystalline Cellulose (NCC) Reinforced Alginate-Based Biodegradable Films: 

Effect of Gamma Radiation 

4.3.1. Effect of NCC and gamma radiation on the mechanical properties of alginate 

Alginate films were prepared from aqueous alginate solution (3% w/w). Tensile strength (TS) 

of alginate films was found 78 MPa. The NCC (2, 5 and 10%) was incorporated in alginate 

and observed that TS of the films improved significantly. For 2, 5 and 10% addition of NCC, 

the TS values of alginate films reached to 84, 90 and 94 MPa, respectively. The alginate films 

(95%Alginate+5%NCC) were exposed to gamma radiation from 2-25 kGy doses. Very 

promising results were obtained due to radiation treatment. Irradiation improved the strength 

of the films significantly. A 10 kGy dose was found the optimal. The TS value of the 

irradiated films reached to 110 MPa from 90 MPa. From this investigation, this is clear that 

irradiation treatment has a positive impact on alginate-based films. 
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Fig. 13. Effect of gamma radiation on tensile strength of alginate films. 

The elongation at break (Eb) of alginate films was found to be 4%. Due to the addition of 

NCC (5% in dry film), the Eb values were not changed but strength of the films improved 

significantly as mentioned above. This is a very promising result. The alginate-based films 

(5%NCC+95% Alginate) were exposed to irradiation (2-25 kGy) and were found to improve 

the Eb values. The results are presented in Figure 14. So, irradiation treatment improved the 

strength and flexibility of the alginate-based films containing NCC. This is a very rare 

combination to improve the values of TS and Eb simultaneously. 
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Fig. 14. Effect of gamma radiation on elongation at break (%) of alginate films. 

4.4.Carbon Nanotube (CNT) Reinforced PCL-based Nano Composite Films: Effect of 

Gamma Radiation 

4.4.1.  Effect of CNT on mechanical and barrier properties of PCL films  

Carbon nanotubes (CNT) were mixed by melt blending with PCL then films were made by 

compression molding. The tensile strength (TS) of PCL was found to be 16 MPa. Addition of 

minute amount CNT significantly improved the TS values of PCL films. Figure 15 shows the 

effect of addition of CNT on PCL films. With 0.05, 0.1, 0.2 and 0.5 % (by wt) incorporation 

of CNT, the TS values reached to 20, 29, 37 and 41 MPa respectively. Just 0.2% addition of 

CNT caused a 131% improvement of TS of PCL films. The drastic improvement of strength 

occurred due to the addition of CNT which has very high strength (1-2 GPa). 
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Fig. 15. Effect of CNT on tensile strength of PCL films. 

The elongation at break (Eb) of PCL was found to be 555%. With the incorporation of CNT, 

Eb values of PCL films also enhanced significantly. Figure 16 represented the effect of 

addition of CNT on PCL films. With 0.05, 0.1, 0.2 and 0.5 % (by wt) incorporation of CNT, 

the Eb values reached to 760, 910, 1047 and 1215%, respectively. From this investigation, 

this is clear that addition of CNT caused a significant rise of strength and elongation at break 

of PCL films. 
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Fig. 16. Effect of CNT on elongation at break (%) of PCL films. 

The OTR is defined as the quantity of oxygen gas passing through a unit area of the parallel 

surface of a film per unit time under predefined oxygen partial pressure, temperature, and 

relative humidity. The transfer of oxygen from the environment to food has an important 

effect on food quality and shelf life. Oxygen causes food deterioration such as lipid and 

vitamin oxidation, leading to sensory and nutrient changes. OTR is very important since 

oxygen gas influence the rates of oxidation and respiration in the enclosed food, as fruits and 

vegetables. Figure 17 represents the OTR of PCL, and CNT incorporated PCL films. This is 

clear that CNT containing composite films showed much lower OTR than that of the PCL 

films. Generally synthetic polymers (PCL, Polypropylene, Polyethylene etc.) have higher 

OTR values. Addition of CNT in PCL made a barrier to non-polar substances, such as oxygen 

and as a result the OTR values decreased. 
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Fig. 17. Effect of CNT on OTR of PCL films. 

4.4.2. Effect of gamma radiation 

 The PCL films with 0.02% CNT were exposed to gamma radiation from 5-25 kGy. The TS 

of control sample was 37 MPa but the strength of the films improved significantly after 

irradiation. Effect of gamma irradiation on CNT reinforced PCL-based nano composite films 

are presented in Figure 18. This is clear that at 15 kGy dose, the TS of the films reached to 51 

which is 38% higher than control films.  
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Fig. 18. Effect of gamma radiation on CNT reinforced PCL-based films. 

5. Ongoing research 

5.1.Grafting of 2-hydoxyethyl methacrylate (HEMA) onto methylcellulose (MC)+nano-

crystalline cellulose (NCC)-based films using gamma radiation 

To improve the filler (NCC)-matrix (MC) compatibility, monomer (HEMA) grafting was 

carried out using gamma radiation. It was found that at 10 kGy dose, HEMA reacted with MC 

and improved the puncture strength (PS) of the films significantly. The results are presented 

in Table 3. Similarly, MC+NCC containing films were also grafted with HEMA monomer at 

different doses (5-25 kGy) and it was found that at 10 kGy dose, the highest PS was observed. 

From this investigation, this is clear that HEMA was reacted both with MC and NCC and thus 

improved the strength of the films. The surface of the films was investigated by SEM (Figure 

19) and was found better smooth for grafted films than the control films (MC-based). This is 

investigation is going on. Next we will measure all mechanical, spectroscopic and thermal 

properties. Using the best formulation, we will encapsulate antibacterial and antioxidant agent 

for better control release of the films. 

TABLE 6. PUNCTURE STRENGTH (PS) OF MC-BASED, NCC CONTAINING MC-BASED, AND HEMA 

GRAFTED MC-BASED FILMS 

  No Film Type PS (N/mm) 

1. MC-based 146 

2. MC-based+HEMA (10% by wt.) at 10 kGy 210 

3. MC-based+NCC (5% by wt.) 319 

4. MC-based+NCC (5%) +HEMA (10%) at 10 kGy 356 
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Fig. 19. Scanning electron microscopic (SEM) image of the surface of MC-based (a) and 

HEMA grafted MC-based (b) films. 

5.2.Grafting of trimethylol propane tri-methacrylate (TMPTMA) monomer onto 

methylcellulose (MC) + nano crystalline cellulose (NCC)-based films using gamma 

radiation 

Methylcellulose (MC)-based films were prepared by solution casting from its 1% aqueous 

solution containing 0.25% glycerol. Trimethylolpropane tri-methacrylate (TMPTMA) 

monomer (0.2-2% by wt) along with the glycerol was added to the MC solution. The films 

were casted and irradiated from a radiation dose of 0.1 to 10 kGy. Then the mechanical 

(tensile strength TS, tensile modulus TM, and Elongation at break Eb) and water vapour 

barrier properties of the films were evaluated. The most efficient mechanical properties were 

found by using 0.1% monomer at 5 kGy dose. The highest TS, TM and Eb values were 48 

MPa, 1846 MPa and 39%, respectively. The lowest water vapour permeability (WVP) of the 

films were found to be 4.78 g.mm/m
2
.day.kPa which is 30% lower than control MC-based 

films. For the further improvement of the mechanical and barrier properties of the film, 0.1-

1% NCC solutions were added to the suspension containing 1% TMPTMA. It was observed 

that the addition of NCC led to a significant improvement in the mechanical and barrier 

properties. For 1% NCC incorporation, the improvement in the TS and TM was 44 and 40%, 

respectively. On the other hand, the WVP showed 27% improvement on NCC addition. 

Molecular interactions due to incorporation of TMPTMA were supported by FTIR 

spectroscopy. This investigation is still going on. We want to incorporate some essential oils 

to make these films bio-active.  

6. Conclusion 

Nano crystalline cellulose (NCC) was found an excellent filling agent in biopolymer-based 

films for packaging. Just addition of 5% NCC in biopolymers, a significant rise of mechanical 

properties was observed. Simultaneously, NCC improved the barrier and thermal properties of 

the biopolymer matrix. Gamma radiation improved the mechanical strength of the fibers at 

low doses (below 5 kGy) but has a good impact on barrier properties. Monomers were 

successfully grafted into biopolymers with NCC films using gamma radiation. It indicated 

better compatibility between filler (NCC) and matrix (biopolymer). NCC was also found 
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potential reinforcing filler for polycaprolactone (PCL). Strong biopolymeric insoluble films 

were obtained by reinforcing with NCC which has mechanical properties comparable to 

commercial films in using. This investigation created a new dimension of research for making 

biodegradable packaging films using natural resources. So, the optimized biopolymeric films 

will try to convert bio-active by encapsulating antibacterial agents. 

7. Future plan of research 

Biopolymeric (methylcellulose, alginate, chitosan) films were prepared by solution casting 

then thermo-mechanical, barrier, spectroscopic and morphological properties were evaluated. 

The optimum concentration was found based on the best thermo-mechanical properties. Using 

the optimal formulation, nano-crystalline cellulose (NCC) was incorporated into the 

polymeric formulations then films were prepared. The optimal concentration of NCC was 

determined based on mechanical properties. The films were exposed to gamma radiation (2-

25 kGy) and was investigated the effect of irradiation on biopolymer-based films. To improve 

the filler (NCC)- matrix (biopolymers) compatibility, monomer grafting was carried out.  

Next, we want to improve the filler (NCC)- matrix (biopolymers) compatibility, monomer 

grafting  and cross-ling will be carried out. We also want to: 

 Optimize grafting with monomers by gamma irradiation  

 Optimize crosslinking and development of supramolecules polymeric films by reacting 

with NCC and biopolymers using gamma radiation for better encapsulation.  Micro-

fluidization and irradiation treatment will be carried out for better dispersion of nano 

fibers in suspension. 

 Develop a methodology to encapsulate antimicrobial compounds (essential oils or their 

mixtures) and probiotic bacteria in the biopolymeric films containing NCC.  

 Investigate the effect of bacterial radio sensitization using gamma radiation at various 

doses onto the antibacterial based-films.  

 Develop a protocol for measuring the control release of the active compounds from the 

biodegradable and bio-active packaging films.  
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