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FOREWORD 

Composite materials combine properties of the individual components in a synergetic manner 

to produce a variety of materials in an efficient and cost effective manner. Thus, composite 

materials today are being used in various applications from sports equipment, automotive and 

aerospace industries to food packaging and artificial organs. Materials reinforced with 

nanoscale components are adding new dimensions to composite materials and enable further 

major improvements in functional and structural properties. The incorporation of only a few 

percent of nano-sized particles can make dramatic property changes that may result in 

sensing, actualization or self-healing properties of the resulting composite. Several major 

issues need to be addressed to utilize the full potential of such nanofillers, and among them: 

(i) incompatibility or weak interfacial bonding between the matrix and the nanoscale 

component, and (ii) agglomeration of nanosized component during processing resulting in 

inhomogeneous distribution. According to the results of ongoing investigation and products 

preparation in several Member States institutions, radiation technology offers a way of 

overcoming these challenges by grafting of appropriate monomers/polymers onto the 

nanofiller surface thereby fixing their morphology and at the same time making them 

compatible with the host polymer. Additionally, radiation techniques offer the possibility for 

simultaneous synthesis of the nanoparticle component and crosslinking of the matrix of the 

composite that is not possible to achieve by other techniques. With the availability of lower 

cost self-shielded low energy electron beam accelerators, this process is increasingly 

becoming available for developing member states.  

In order to use the advantages of radiation techniques and address the needs of Member States 

for producing advanced composite materials, this CRP has been formulated based on the 

recommendations of the Consultant’s Meeting “meeting on “Radiation Processing of 

Composites for Enhancing their Function and Utility in Healthcare and Industry” held on 22-

26 February 2010, in Vienna. The CRP aims to support MS to develop methodologies and 

protocols for new abrasion resistant coating formulations, radiation curable nano-composites 

from natural polymers, new biodegradable packaging materials suitable for radiation 

sterilization, and new methods to modify surface characteristic of nano-sized materials to 

enhance polymer fillers interaction. This CRP provides a forum for knowledge and 

technology transfer among the participating institutions, as well as promotes early 

involvement of developing countries in knowledge-intensive R&D programs to enhance their 

level of competence and confidence and promote the local spin-off initiatives. 

The first RCM of the CRP was convened in Vienna on 18-22 July 2011. The 14 participants 

presented and discussed the status of the field, the needs for further research, and various 

application possibilities. The Participants agreed on the work plan for the next 18 months and 

indicated possible collaborations. One day of the meeting was devoted to presentations by 

cost-free participants, members of the EU 7
th

 Framework COST ACTION MP0701 “Polymer 

nanocomposites with novel structural and functional properties”. This meeting report contains 

these information, in a summarized way in the Executive Summary part, and with full details 

in the individual reports of the participants. The participant from Turkey could not attend this 

meeting, but sent his presentation and made available his report for inclusion here. 

The IAEA wishes to thank all participants of the Meeting for their valuable contributions. The 

IAEA officer responsible for this Research Coordination Meeting was Agnes Safrany of the 

Division of Physical and Chemical Sciences. 
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EXECUTIVE SUMMARY 

1.1.Background 

1.1.1. Composite and nanocomposite materials 

Composite materials combine properties of the individual components in a synergetic manner 

to produce a variety of materials in an efficient and cost effective manner. Thus, composite 

materials today are being used in various applications from sports equipment, automotive and 

aerospace industries to artificial organs. Their utilization is expected to further increase in the 

next decades since multi-functional composites are the key for advanced structures and 

devices.  

The incorporation of micro-size inorganic particulate materials is an established method of 

enhancing specific properties of polymeric materials for many industrial products. However, 

high concentrations (typically 20-30% by volume) of these additives are required to achieve 

the targeted properties. In some cases this high filler loadings adversely affects the 

processability of the composite, energy demands for processing are increased and the weight 

of the end material is much higher as compared to the neat polymer. Nano-size materials, like 

carbon nano-tubes (CNTs), possess much superior mechanical and thermal properties and 

incorporation of such materials in the polymer composites is expected to increase the 

mechanical and thermal characteristics of the polymers at extremely low filler concentrations. 

Additionally, nanofillers may impart other, either bulk or surface, desired properties, such as 

shrinkage control, lighting strikes protection, radiation resistance or shielding, erosion or 

corrosion protection, controlled wetting and adhesion.  

Similarly, blend of polymers such as natural rubber and ethylene-vinyl acetate (NR/EVA,) 

natural rubber –polypropylene (NR/PP) and polypropylene (PP) with the incorporation of 

nanoclay as specialty materials are being investigated for application in automotive parts and 

packaging. Radiation curable nanocomposites containing nano silica can give additional 

benefits, and their potential to be utilized as coating materials for flooring, wall panel, and 

furniture products with high scratch and abrasion resistance properties has already been 

shown. Other improvements like self-cleaning properties can be reached by changing the 

nature of particles. 

One of the important areas where nanocomposites are expected to play an important part is 

their use as catalysts in industrial applications due to their very high surface area. 

There are significant opportunities for future developments of nanocomposites in health care 

as advanced delivery devices that include site-specific or self-regulated drug delivery, 

targeted radiotherapy, targeted imaging systems and integrated diagnostic and therapeutic 

micro-/nanodevices. 

1.1.2. Challenges 

Several major issues need to be addressed to utilize the full potential of such nanocomposites, 

and among them: 

 due to the incompatible surface properties, the interfacial bonding between the polymer 

segments and nanofiller is weak and needs to be improved by chemically modification 

of the nanofiller,  
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 due to their high surface area, that is several orders of magnitude higher than the 

conventional fillers, they tend to agglomerate in the polymer matrices during processing 

and the full potential of their expected properties is not achieved,  

 due to their high surface area, the nanoparticles may exhibit unwanted catalytic activity,  

 there are numerous health and toxicity concerns associated with nanofillers, and  

 there are unsloved quality control and quality assurance issues. 

 there are unmet clinical needs for safer and better-tolerated drugs and “active” 

nanoparticles as tags in the diagnosis and treatments of various diseases integrated into 

scaffolds for tissue engineering, embedded or attached to fibres and fabrics to obtain 

smart patches, smart bandages or bed linens, etc. 

The role of radiation in addressing the challenges 

Radiation technology offers an excellent way of overcoming some of these challenges as the 

characteristics of these nanosized fillers can be suitably modified by grafting of appropriate 

monomers/polymers onto their surface thereby altering their morphology and at the same time 

making them compatible with the host polymers. Unlike conventional methods, radiation 

grafting can be carried out at room temperature and without any initiators avoiding the 

incorporation of toxic chemical byproducts. Nanoparticles can more easily be homogeneously 

dispersed in liquid media (monomers, solvent plus monomers, sol/gels, etc.) followed by a 

quick polymerization step by radiation at ambient temperature thereby retaining the initially 

obtained homogeneous distribution resulting in a better dispersion of the nano-filler materials. 

The desired characteristics of the product thus can be achieved at lower filler content resulting 

in the formation of a light-weight material with superior mechanical properties in an energy 

efficient manner. Additionally, by keeping the nanoparticles in solution may eliminate some 

toxicity concerns too. 

Ongoing activities in the IAEA Member States 

High energy radiation due to the unique ability to generate hydrated electron and hydrogen 

atom in water, can be used to reduce metal precursors to generate metal clusters. In several 

MS institutions (Hungary, India, China, Serbia) it was shown that this method has distinct 

advantages over conventional chemical method because the latter requires excess reducing 

agent to accomplish complete reduction and as a result, unwanted side products are generated. 

A comparison of catalysts containing silver nanoparticles on silica support prepared by 

conventional chemical method and through radiation technology showed that at all reaction 

temperatures, in the range of 673–873 K, the conversion of N2O to N2 over Ag/SiO2-radiation 

processed catalyst was 1.5 times more than on Ag/SiO2-impreganated catalyst. The selectivity 

to N2 was nearly double on Ag/SiO2- radiation processed catalyst than that on impregnated 

catalyst. 

Research is going on in a number of countries (US, Singapore, UK, Japan, Italy, Poland, and 

many other) to exploit the exquisite control of molecular recognition functions of biomaterials 

by integrating them into functional composite systems, where their functional structure and 

activity is preserved. It has been demonstrated (Poland, Hungary, France, Turkey) that 

radiation crosslinking of water soluble polymers in water at very low concentration and high 

radiation dose rates (electron accelerator), may lead to micro-/nanogels formation through 

preferential intra-molecular crosslinking. These “soft” nanoparticles can be then designed to 

incorporate a variety of molecular and macromolecular drugs, which can be bio-

functionalised to self-regulate or address the release to a specific site and/or incorporate 
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magnetically, optically, electrically “active” nanoparticles, that can be generated in aqueous 

solutions in an easier and efficient manner by radiation processing as compared to other 

conventional methodologies. Furthermore, the formation of a controlled hydrogel shells 

around “active” nanoparticles, such as those used in several health care, cosmetic and house-

hold applications, could be a possible strategy to reduce the safety concerns relative to their 

use in formulations, without impairing their functionality or even adding more. 

At Nuclear Malayisa, the IAEA Collaborating Centre for “Radiation Processing of Natural 

Polymer and Nanomaterials”, the utilization of natural based polymer acrylates as nontoxic 

and biodegradable matrices are being explored. Addition of small quantity of nanoparticles to 

such matrices may impart certain specific intended properties such as flame retardance, 

scratch and abrasion resistance. These materials can be considered as green nanocomposites 

that are environment friendly and good candidates for commercialization as nontoxic coating 

materials cured by electron beam, especially for products that are intended to be used by 

children.  

A research group in India has recently shown that incorporation of nanomaterials in polymer 

matrices can nearly double the tensile modulus and strength of certain polymer composites 

and increase heat resistance of other polymers by up to 100
o
C.  

The European Union recognized that the technology for nanocomposites development 

constitutes a driving force for new employment opportunities in the region with tremendous 

growth prospects in the future. In order to accelerate the growth of this new technology while 

taking into account sustainability, safety and health, it established the COST ACTION 

MP0701 “Polymer nanocomposites with novel structural and functional properties” under the 

EU 7
th

 Framework in 2008. This interdisciplinary scientific and technical COST network is 

creating valuable links for the European research area, building scientific excellence while 

stimulating cooperation, technology transfer, and is creating valuable input from nationally 

funded projects for the industry with special focus on small and medium sized enterprises. In 

order to address some of the challenges where the use of radiation technology could make 

significant contribution towards progress if it would be used more widely, joint activities with 

COST MP0701 are planned under this proposed CRP. One of the experts, members of the 

Consultant’s meeting on “Radiation Processing of Composites for Enhancing their Function 

and Utility in Healthcare and Industry ” held on 22-26 February 2010, in Vienna, where the 

proposal for this CRP was formulated, was the chair of this COST Action. 

1.1.3. Scope of this CRP 

In order to use the advantages of radiation techniques and address the needs of Member States 

for producing advanced composite materials for various applications, this CRP has been 

formulated based on the recommendations of the above mentioned Consultant’s Meeting. The 

CRP aims to support MS to develop methodologies and protocols for new abrasion resistant 

coating formulations, radiation curable nano-composites from natural polymers, new 

biodegradable packaging materials suitable for radiation sterilization, and new methods to 

modify surface characteristic of nano-sized materials to enhance polymer fillers interaction. 

This CRP will provide a forum for knowledge and technology transfer among the 

participating institutions, as well as to promote early involvement of developing countries in 

knowledge-intensive R&D programs to enhance their level of competence and confidence and 

promote the local spin-off initiatives. Joint activities under the CRP with the EU 7
th

 

Framework COST ACTION MP0701 are also planned. 
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1.2.CRP overall objective 

To enhance member States capability in the use of radiation technology for production of 

nano-composites with enhanced safety, stability and functionality for advanced applications.  

1.3. Specific research objectives 

Support the production and technology transfer of advanced polymer nano-composites by 

using the demonstrated advantages of radiation technology for: 

 Protocols for preparation of new scratch and abrasion resistant coating formulations 

with enhanced surface finishing  

 Preparation methods for radiation curable nano-composites from natural polymers  

 Preparation of protocols and specifications for new biodegradable packaging materials 

suitable for radiation sterilization 

 New methods to modify surface characteristic of nano-sized materials to enhance 

polymer fillers interaction 

1.4. Expected research output 

 Protocols for scratch and abrasion resistant coating formulations with enhanced surface 

finishing  

 Preparation methods for new radiation curable nano-composites from natural polymers  

 Specification and protocols for biodegradable packaging materials suitable for radiation 

sterilization 

 New methods to modify surface characteristic of nano-sized materials to enhance 

polymer fillers interaction 

The participating institutions are expected to contribute to one or more specific research 

objectives. The results will be presented in international conferences and published in 

scientific journals. 

1.5. Current status of research and development in participating institutions and work 

plan for the next 18 months 

1.5.1. Brazil 

Summary 

Electron beams provide a powerful tool to increase active bonding sites in carbon filaments 

and carbon nanofibers by creating useful defects in the graphene structure. In the proposed 

research, carbon nanofibers will be grafted with organic functional groups through electron 

beam and gamma radiation, and a methodology for these processes will be developed. 

Functional groups will be provided from polymers and monomers such as methyl 

methacrylate, styrene, polyethylene glycol, acrylic acid and epoxy, which will be deposited on 

and covalently bonded to the carbon nanofiber surface. As a pre investigation, vapor Grown 

Carbon Nanofibers (VGCF) with a moderately high level of graphitization were irradiated at 

three different electron beam facilities with beam energies of 1.5, 3.0 and 4.5 MeV and 

radiation doses ranging from 1000 to 3500 kGy in the presence of air. Evaluation of modified 

surfaces was conducted by analytical techniques, including microscopy, spectroscopy and 
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thermal analysis. XPS analysis showed that oxygen was readily incorporated on the surface: 

the ratio O1s/C1s may increase approximately by a factor of 4 when the carbon nanofibers 

were irradiated at 3500 kGy. The oxidized nanofibers exhibited better dispersion in a 

water/methanol solution (50% v/v) than as-received unirradiated nanofibers. Overall the 

results were repeatable across all facilities, illustrating the robustness of the process. Electron 

beam irradiation promotes selective modifications on carbon nanofiber surfaces that 

demonstrate improved dispersion of the nanofibers in liquid and improved bonding with 

epoxy. Scanning Electron Microscopy verify improved wettability of the irradiated carbon 

nanofiber in subsequent carbon nanofiber-epoxy composites. Electron beam irradiation 

provides selective oxidation of nanofibers that promotes improved interaction with epoxy 

resins. 

Work Plan 

 Development of functionalization process using electron beam to functionalize carbon 

nanofiber. 

 Development of functionalization process using gamma radiation to functionalize 

carbon nanofiber. 

 Optimization of these processes through controlled parameter such as dose, dose rate, 

temperature and environment. 

 Determination of functionalization rate of irradiated samples. 

 Elaboration of protocol for functionalization carbon nanofiber through radiation 

process. 

1.5.2. Canada 

Summary 

Biopolymeric films were prepared by solution casting and compression molding. Nano crystalline 

cellulose (NCC) and Carbon nanotubes (CNT) were incorporated into the optimized biopolymeric 

films. It was found that NCC and CNT acted as excellent reinforcing agents which improved the 

mechanical properties of the films significantly. The NCC and CNT containing biopolymeric films 

were exposed to gamma radiation (2-25 kGy) and it revealed that gamma irradiation treatment of the 

biopolymeric films improved significantly the mechanical properties of the films. Monomer grafting 

by gamma irradiation (5-25 kGy) onto the biopolymers were also carried out to improve the filler 

(NCC or CNT)-matrix (biopolymers) compatibility. Grafted films showed also better mechanical 

properties. 

1.5.3. Egypt 

Summary 

Clean and green reduction process of silver ions and graphene (GO) into nanosilver metal and 

graphene (GR) nanosheets respectively was achieved via gamma irradiation. The efficiency of 

gamma radiation to reduce silver ions and graphene oxide (GO) was investigated using UV-

vis spectroscopy. Effects of gaseous atmosphere type, dispersion pH value, capping agent 

type and irradiation dose on GR nano-sheets formation were investigated. The presence of 

capping agent such as sodium carboxymethyl cellulose (CMC) or cellulose acetate is proven 

to be crucial. The obtained GR nanosheets and nanosilver metals are characterized using 

atomic force microscopy (AFM), transmission electron microscopy (TEM), Fourier transform 

infrared spectrometry (FT-IR), X-ray diffraction (XRD) as well as thermo-gravimetric 
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analyzer (TGA) and differential scanning calorimeter (DSC). Effectiveness, simplicity, 

reproducibility, and low energy consumption are the merits of using the Gamma radiation 

technique. Furthermore, the capping agent is eco-friendly and the dispersion is stable for 

months at room temperature. This approach can open up large-scale production of GR 

nanosheets and nanosilver metals. 

The prepared Nano-silver can be mixed with different natural polymer like CA to form Nano-

composite films. The excellent physical properties of CA did not affect by addling Ag. The 

ionizing radiation has un-significant effect on the properties of CA-Ag nano composites films 

The CA-Ag nano composites posses’ biological activity towards different microorganisms. 

On other hand graphene or graphene oxide dispersions might be of interesting for producing 

biological active packaging films. GO as nanofillers has used for fabrication of a 

biocomposite with chitosan. The significantly improved in Chitosan/GO nano composites 

physical properties, including mechanical property, electrical conductivity, and structural 

stability, was demonstrated. Properties of the CA-Ag and Chitosan/GO nano composites 

suggest their uses as active eco-friendly food packaging materials. 

Work plan 

 Modified Starch , and other cellulosic materials will be used for film forming. 

Nanoscale graphene, graphene oxide, metal oxide (like ZnO, Ti O2,), kaolinite clays 

will be used to improve film structural properties or expand its functional properties 

(such as radiation resistant, and anti-microbial activities). 

 Characterization and properties of the obtained green nano-composite films will be 

investigated using different tools such as UV, FTIR, DSC, TGA, NMR etc. Also, the 

film solubility and gel property in water and other solvents will  be study.  

 The nano-structural properties of the prepared composite materials will be investigated 

using AFM, TEM, XRD, nano-mechanical indenter and DLS. 

 The moisture permeation, gas barrier, electric properties etc..  of the films will  be 

determined. 

 Effect of ionizing radiation on the properties and oxidation stability of the prepared 

nano-composites films will be studied 

 Biodegradability and antimicrobial properties as well as toxicity of the prepared nano-

composite films will be tested. 

1.5.4. France 

Summary 

The crosslinking polymerization of multifunctional monomers is known to yield brittle 

matrices, therefore limiting the development of this technique for the production of high 

performance composite materials. Among the various possible causes of the brittleness, the 

spontaneous formation of nanoheterogeneities during radiation-initiated polymerization is 

supported by atomic force microscopy imaging and by calorimetric analyses. The controlled 

polymerization-induced phase separation of nanosized clusters of polyethersulfone was 

evaluated as a means for alleviating the inherent tendency of the diacrylate materials to fragile 

failure. Various homogeneous formulations including the aromatic diacrylate monomers, 

polyethersulfone together with a compatible reactive diluent were prepared and polymerized 

by electron beam irradiation. The resulting toughened materials show optimized critical stress 

concentration intensity factor (KIc) over 2 MPa.m
0.5

, whereas the KIc value is about 1 
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MPa.m
0.5

 for the unmodified reference resin. In this general context, the project aims at 

studying the influence of radiation processing on the properties of organic composites 

including cellulose nanoparticles (nanowhiskers). 

The dimensions and the aspect ratio of the biosourced nanowhiskers offer obvious potential 

advantages for improving the performances of organic matrix – organic filler nanocomposites 

in the perspective of applications in coatings or in structural materials. Two approaches will 

be studied comparatively. Pre-irradiation will be implemented to achieve surface oxidation of 

the organic nanofillers and to generate long-lived free radicals within the structure, capable of 

initiating the polymerization. The reactivity will be exploited during composite processing 

with monomer blends. The alternative simultaneous irradiation approach of blended filler – 

matrix mixtures will be investigated as well. Composite materials with natural or synthetic 

matrices reinforced with the cellulose nanowhiskers will be produced by both methods and 

their properties evaluated in relation with structural changes taking place at the various steps 

of the process. 

Interactions between partners of the CRP 

 France – Vietnam: Au nanoparticles prepared in the presence of chitosan 

 France –Italy - Poland: Cationic polymerization of structural composites) 

1.5.5. India 

Summary 

Radiation processing of nanoparticle-filled polymer blends and coatings is expected to 

synergize the benefits of radiation processing and the flexibility of achieving various property 

combinations. In the last few years, we have carried out several studies on the radiation 

processing of polymer blends and coatings containing nanoparticulate fillers, and several high 

performance formulations such as ozone resistant SBR/EPDM blends, oil resistant 

EPDM/neoprene rubber blends, and abrasion resistant polyurethane coating with desired gloss 

have been developed. It was demonstrated that the high energy radiation can be effectively 

used to crosslink various types of blend matrices and radiation sensitivity of the blends 

depends on the compatibility and morphology of the blends. Radiation has also been used to 

compatibilize the components, to synthesize graft copolymer based compatibilizers, to 

improve interfacial bonding between the nanofiller/polymers and to freeze the morphology. 

The present activities are focused on improving polymer-nanofiller interaction and dispersion 

by modifying polymer and nanoparticle surfaces/interface.  Optimization of the radiation 

processing parameters for the nanoparticle filled polymers is also an area of our active 

interest, with an emphasis on developing advanced materials with low nanofiller loadings and 

low radiation doses. 

Work Plan 

 Standardization of experimental parameters to synthesize radiation processed blends 

and nanocomposites for automobile industry. Main focus will be on performance 

enhancement of the polymers such as SBR, EPDM, LDPE and EVA by using MWNTs, 

Clays and Silica as nanoparticulate filler. 

 Efforts will be made to examine the enhancement/decrease in miscibility of composite 

components in presence of nanofillers. The composites will be characterized for their oil 

resistance, mechanical properties and thermal stability.  
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 Radiation modification of the nano-fillers so that they can be incorporated in the resins 

of organic origin.  

 Different coating formulations containing nanofillers and different acrylates will be 

developed and cured using low energy electron beam radiation to develop thermally 

stable, scratch resistant polymer coatings. 

1.5.6. Italy 

Summary 

When high energy irradiation is applied for curing of polymer resins, starting from solvent 

free-monomers or polymer formulations, a generally recognized advantage stems from the 

mild temperature process, with beneficial effects for both the final properties of the materials 

and the environment. Nevertheless, one major drawback resides in the limited control of the 

formed network molecular architecture. Early vitrification of the materials impairs full 

conversion of reactive groups and induce local heterogeneities in the network with regions of 

different crosslinking density. Post-thermal treatments, in some circumstances, can be applied 

to complete the cure reactions but  the fixed inhomogeneities will not be completely reverted. 

Lack of homogeneity is also suffered by water-born radiation crosslinked polymer networks, 

such as macroscopic hydrogels and microgels generated by high energy irradiation of polymer 

aqueous solutions. By reducing the scale of the produced, i.e. by controlling the size of the 

single individual nanoscalar networks produced as single objects, it is possible to reduce the 

characteristic dimension of defects, thus enabling a higher level of structural control. 

On the other hand, radiation technologies can be considered as choice methodologies for the 

creation of new functional materials at the nanoscale, the challenge being now the integration 

of these and other novel nanomaterials into new materials and products. The possibility of 

generating nanoscalar PVP-based hydrogels particles, with reactive functional groups for 

subsequent bioconjugation, using industrial type accelerators has been demonstrated. These 

functional nanoparticles are under evaluation as nanocarriers for targeted release of drugs, but 

can also be considered as useful building blocks for the assembly of nanostructured materials 

with controlled architecture. In particular, molecular recognition strategies can be developed 

to tailor the structural and functional properties of the composite by attaching complementary 

sequences of molecules from biological source (peptides or oligonucleotides) that will tie 

nanoparticles together. 

Under the present CRP, alternative biodegradable nanoparticles will be developed using 

xyloglucan, a relatively inexpensive polysaccharide as base material, instead of PVP. 

Chemical modification of xyloglucan will be attempted with the purpose of generating 

radiation cleavable crosslinked micro/nanoparticles. These micro/nanoparticles will 

incorporate stabilizers (antioxidants, such as quercetin) or pro-degrading agents (such as 

enzymes) and will be either dispersed into a biodegradable film forming polymer or self-

assembled to form a supramolecular networked film or coating. For the purpose, suitable 

surface modification will be pursued either to promote compatibilisation with the matrix 

polymer or to efficiently drive the self-assembly process. UV or quantum beam irradiation 

will be investigated as trigger for the release of the entrapped actives from the xyloglucan 

micro/nanoparticles. 
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1.5.7. Malaysia 

Summary 

The polymeric nanocomposite materials were prepared basically from several acrylates and 

AEROSIL OX50. These materials were coated on different types of substrates using 

automatic film applicator. They were cured by exposing the materials to ultraviolet (UV) 

light. In spite of relatively high nanopowder content in the nanodispersions, ultraviolet 

induced polymerization with the aid of conventional mercury lamps proved to be an efficient 

method to cure these nanoparticles. Films of these radiation cured nanocomposites were then 

characterized by several methods such as scratch test and Taber abrasion test.  The project 

proposed under this CRP has the objective to produce scratch and abrasion resistant coating 

formulations from epoxy diacrylates, urethane acrylates (oligomers) and palm oil polyols 

(natural polymers) for industrial application. The materials of interest are based on epoxy 

diacrylates, urethane acrylates (oligomers) and palm oil polyols (natural polymers) for 

suitable applications such as the furniture industry and wood panels industry 

Work plan 

 To synthesize radiation curable materials by heterogeneous hydrolytic condensation and 

sol-gel techniques using silica nanoparticles, epoxy diacrylates, urethane acrylates 

(oligomers) and palm oil polyols (natural polymers). 

 To formulate the basic radiation curable coating materials. 

 To study incompatibility or weak interfacial bonding between the matrix and the 

nanoscale component (silica). 

 To test and verify the effectiveness of the application on wood based products for 

furniture and wood panels, with special emphasis on non-toxic coatings based on 

natural polymers. 

1.5.8. Pakistan 

Summary 

The main focus of this project is to develop a polysaccharide based biodegradable 

packaging materials suitable for radiation sterilization in order to mitigate the environmental 

pollution resulted by non-biodegradable polymer. Mostly, these non-biodegradable polymers 

are petroleum based which are becoming expensive and are depleting with time. To enhance 

the biodegradability of non-biodegradable polymer polysaccharide based biodegradable 

additives will be used.  

The effect of starch and different amount of sepiolite on thermal, mechanical and rheological 

properties of high density polyethylene (HDPE) was investigated. Vinyl trimethoxy silane 

was used as compatibilizing and crosslinking agent. The composite of different compositions 

were produced by melt mixing technique and were irradiated in air at different irradiation 

doses upto maximum of 100 kGy. Thermal stability and tensile strength of crosslinked 

formulations were increased with increase in sepiolite content. Scanning electron microscopy 

revealed that both the meleated polyethylene and silane have improved the dispersion of filler 

and interaction among the polymer and filler interphases. These results suggest that the 

presence of sepiolite modifies the thermal and mechanical properties of the composites. 
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Work Plan 

 Development of starch/polyethylene composites 

 Utilization of silane and meleated polyethylene to enhance the compatibility of the 

components 

 Optimization of the concentration and processing parameters 

 Irradiation of the composites at different doses 

 Characterization of irradiated/unirradiated composites by different techniques such as: 

FTIR, TGA, DSC, TMA, SEM etc 

 Biodegradation study of the composites under different environment 

1.5.9. Poland 

Summary 

The recent activity of the Institute of Nuclear Chemistry and Technology, Warsaw, Poland, 

related to the coordinated research project has been focused on model studies of radiation 

processing of composites reinforced with inorganic particle dispersed in epoxy resin matrices. 

The preliminary study concentrated on electron beam curing of the resin initiated either by 

cationic activator or by multifunctional amine. The relationship between efficiency of 

radiation curing and absorbed doses was investigated. Contribution of long term effects was 

analyzed on the basis of radical processes and their macroscopic thermal and mechanical 

effects.  

The possibility of radiation supported degradation of cured epoxy resin in the presence of 

hydrogen peroxide was investigated. It was confirmed that the introduction into resin this 

inexpensive, environmental friendly agent might facilitate grinding of the irradiated resin into 

crumbs. The method might be applied in commercial scale as it is simple and economical 

(requires doses in the range commonly used for radiation processing). 

Work plan 

In the next stage of investigations the correlation between absorbed dose and structure of 

cured epoxy reins and their composites will be studied in order to obtain thermodynamically 

stable product of tailored properties. Calorimetric measurements will be performed and 

subsequently contribution of thermally- and radiation-induced curing will be analyzed. The 

heat evolved during the process is an important factor influencing properties of the final 

product. Temperature will be kept in the optimal level by programmable curing rate that 

dependents predominantly on dose rate and dose delivered by multipass exposure to electron 

beam. In order to fabricate composites of increased compatibility between dispersed phase 

and matrix the fillers will be functionalized. The methodology of composite production will 

be developed, taking into account uniform dispersion of the particles, interfacial interaction 

and possible aggregation of the fillers.  

The conventional mechanical tests, i.e. tensile and bending  strength, will be employed as well 

as thermal characteristic and measurements determining chemical mechanisms of the 

radiation induced curing – EPR, FTIR, CG. The influence of chemical nature of the fillers, 

their shape and dimension are the issues that will be considered and analyzed. To reduce 

internal stress of cured resins and to enhance dimensional stability, exposure to gamma rays 
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of various dose rates will be applied and the changes in epoxy resin cured in this way will be 

compared with that induced by electron beam. 

1.5.10. Serbia 

Summary 

The research activities in Serbia are related to radiolytic synthesis of polymer based 

nanocomposites with noble metal nanoparticles. Different architecture of polymer matrix 

gives two types of nanocomposites - (i) nanocomposites with uncrosslinked polymer matrix 

and (ii) nanocomposites with crosslinked polymer matrix i.e. hydrogels. The radiation process 

has various advantages, such as easy process control, possibility of achieving hydrogel 

formation and sterilization in one technological step, and avoidance of initiators and 

crosslinkers, which could be harmful and difficult to remove. In addition, the radiation 

technique is clean, because it does not require any extra substances and does not need any 

further purification, making irradiation the method of choice in the synthesis of hydrogels. 

Hydrogels in the swollen state provide free spaces within the network, which can also serve 

for nucleation and growth of nanoparticles (template synthesis). In this way, the carrier-

hydrogel system acts as a nanoreactor that immobilizes nanoparticles and provides easy 

handling, giving a new hybrid nanocomposite systems. 

Our current work is focused on synthesis and characterization of second type nanocomposites 

i.e. hydrogels nanocomposites. We are systematically developing synthetic strategies for in 

situ synthesis of noble metal nanoparticles (Ag and Au) in previous obtained hydrogel matrix 

(template synthesis). By applying gamma irradiation, Ag nanoparticles were successfully 

incorporated in crosslinked polymer matrix such as PVA, PVP, pH-sensitive poly(BIS-co-

HEMA-co-IA) copolymer and temperature-sensitive PNIPA hydrogels. The synthesized 

Ag/polymer hydrogel nanocomposites are suitable for various applications in reconstructive 

surgery, including wound dressing, tissue expanders etc. 

The overall objective of project being pursued is to develop simple, one step radiolytic 

methodology to obtain noble metal/natural polymer hybrid nanocomposite system with the 

goal of exploring favorable characteristics of radiation technology for nanoscale engineering 

of materials, especially for biomedical application, such as easy process control and the 

possibility of joining synthesis and sterilization in one technological step. The proposed 

project is designed to evaluate the potential of radiation technology to process noble 

metal/natural polymer biomaterial systems as a tissue-engineering platform for the treatment 

of peripheral nerve injury. 

Work Plan 

 First year: Gamma irradiation induced in situ synthesis of Ag nanoparticles in mixture 

of Ch/PVA solutions will be performed. Characterization of obtained nanocomposites 

UV-vis and FTIR spectroscopy, TEM, XRD and MALDI TOF MS analysis in order to 

investigated their optical, structural and morphological properties. Synthesis of polymer 

hydrogels based on Ch or Ch/PVA and investigation of swelling kinetics, diffusion 

properties and network parameters. The swelling properties will be investigated in water 

and Simulated Body Fluid (SBF), at temperatures of at 25 and 37 
o
C. 

 Second year: Synthesis of Ag and/or Au nanoparticles in Ch or Ch/PVA hydrogels 

previously obtained by gamma irradiation. Investigations of possibility of one-step 

synthesis of nanocomposite systems in order to achieved simultaneously crosslinking of 
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Ch or Ch/PVA polymers and in situ synthesis of noble metal nanoparticles. Hybrid 

nanocomposite systems will be characterized in order to investigate structural and 

mechanical properties. 

 Third year: The study of biomedical potential of synthesized hybrid nanocomposite 

systems will be conducted to investigated their antibacterial activity and evaluate the 

potential of these systems as a tissue-engineering platform for the treatment of 

peripheral nerve injury. 

1.5.11. Thailand 

Summary 

This research project aims to apply the use of radiation processing to prepare biodegradable 

composites from poly(lactic acid) or polylactide (PLA) and starch. The major problem of 

blending PLA with starch is a very poor compatibility between hydrophilic starch and 

hydrophobic PLA. Our on-going research has succeeded to improve the compatibility 

between hydrophobic natural rubber and hydrophilic silica by radiation-induced admicellar 

polymerization of isoprene on the silica surface. The results showed that the modified silica is 

more compatible to natural rubber, resulting in improved properties of the rubber compounds. 

The results strongly confirm the effectiveness of surface modification of silica through 

admicellar polymerization. Hence, this research intends to improve the compatibility between 

PLA and starch by similar concept, using radiation-induced grafting polymerization. 

Current Status: Radiation-induced crosslinking of PLA has been done, in the presence of a 

crosslinking agent, using gamma radiation. The mixing of PLA and the crosslinking agent 

was done using a twin-screw extruder. Optimum concentration of the crosslinking agent and 

optimum dose were determined. 

Work Plan 

Functional groups of starch will be modified first in order to render starch more compatible 

with PLA. The monomer with desired functional groups will be grafted onto the backbone of 

starch via radiation-induced grafting polymerization. Different parameters will be examined 

to determine the optimum conditions for the grafting polymerization.  

The modified starch will subsequently be blended with PLA, with and without clay, to form 

biodegradable composites.  

In order to further improve the thermal properties, the blends and their composites will be 

subjected to radiation to induce crosslinking between the molecules of PLA and starch 

derivatives. 

1.5.12. Turkey 

Summary 

Polymer/clay nanocomposites are new generation materials that bring significant changes in 

mechanical, thermal and permeation properties of base polymers by low clay loading. In this 

study, polypropylene/montmorillonite nanocomposites were prepared by melt intercalation 

method by using batch type mixer. Two polypropylene samples with different melt flow 

indexes are used as the matrix, maleic anhydride grafted polypropylene (PP-g-MAH), and 

polypropylene granules oxidized by radiation/ozone are used as compatibilizer and 
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unmodified clay (Na
+
 montmorillonite, MMT) as the filler. Aim of this study is to examine 

the effect of different compatibilizers in the mechanical properties of polypropylene 

composite. Firstly, PP/clay samples were prepared and the effect of clay was examined, then 

5, 10, 20kGy oxidized/degraded polypropylenes were used as compatibilizer and, 10 kGy was 

determined to be the most suitable irradiation dose for the best compatibilizing effect. 

Polypropylene granules were ozonated until they contained carbonyl groups equivalent to 

10kGy oxidized PP, which was checked by FTIR-ATR spectroscopy. UV-visible reflectance 

measurements were also made on film samples and no significant changes were observed in 

visible region. 

Nano structures of some nanocomposites were characterized by PALS (Positron Annihilation 

Lifetime Spectroscopy) where it was observed that the addition of clay decreased the number 

of free volume holes and free volume hole radia. The dispersion state of MMT within 

polymer matrix was analyzed by XRD (X-ray diffraction).  

Tensile tests were made and the effect of the addition of clay and compatibilizers investigated. 

At low melt flow index PP, 1% MMT of PP/10kGyPP/MMT nanocomposite showed an 

increase in E-modulus 26% and in tensile strength 8% as compared to those of pristine PP. In 

conclusion radiation degraded (chain scissioned and oxidized) PP has been found to show 

very good compatibilizing effect for the natural montmorillonite/polypropylene composites. 

Work plan 

The ternary systems selected for the preparation of copper nanometal containing thin polymer 

films is composed of Poly(allyl amine)/Poly(acrylic acid)/ CuSO4 and Poly(N-vinyl 

imidazole)/Poly(acrylic acid)/ CuSO4 in varying amounts. To suppress formation of OH 

radicals which are strong oxidizing agents the solutions will be added with tert. Butanol. Thus 

hydrated electrons generated in aqueous media convert Cu2+ into metallic copper. Argon 

saturated solutions will be irradiated with gamma rays and X-rays. Observation of change of 

blue color of copper solutions into reddish brown has already been an immediate proof of 

formation of metallic copper clusters. Solutions and films cast from these solutions will be 

analyzed by SEM, TEM, AFM, XPS and ESR. Preliminary tests on TEM analysis have 

shown the formation of 2-20 nm metallic copper nanoclusters. 

1.5.13. USA 

Summary 

Magnetic nanocomposites, in which magnetic nanoparticles are encapsulated in polymeric 

matrices, have important applications in medicine, electronics and mechanical devices. 

However, the development of processes leading to magnetic nanocomposites with desirable, 

predictable and reproducible properties has turned out to be a difficult challenge. To date, 

most studies have concentrated on a magnetic oxide, primarily magnetite (Fe3O4), as the 

encapsulated phase. However, the synthesis of batches of magnetite with homogeneous 

properties at reasonably low temperature is a delicate operation, thus commercial samples 

despite having bulk Fe3O4 stoichiometry; turn out to have large variations in structure and in 

magnetic properties. The difficulties in controlling the product are greatly magnified when the 

particle size is in the nanometer range. One possible approach to the production of magnetic 

nanocomposites is to aim for the encapsulation of particles of metal rather than oxide. The 

magnetic properties of a metal cluster of a given size can be expected to be much more 

predictable and controllable than those of oxides. One route to the preparation of metal 
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clusters is reductive radiolysis of the corresponding metal salts, a technique that has been 

previously demonstrated. Additionally, the production of the polymer in which the magnetic 

is to be encapsulated may also be initiated by ionizing radiation. For instance, the 

polymerization of acrylate esters is known to be initiated by a pulsed electron beam. It is 

proposed that the addition of an organic monomer may improve the yield of the magnetic 

metal clusters. During reductive radiolysis of metal salts, the metal is susceptible to oxidation 

or re-dissolution in water. If the concentration of water is reduced, the yield and stability of 

metal clusters are likely to be greatly enhanced. Utilizing an organic monomer as the main 

component of the reaction medium allows the reduction to take place in a solution with much 

reduced water content. For instance, a nickel salt can be combined with a medium consisting 

of an acrylate ester, an alcohol OH radical scavenger, and just enough water to solubilize the 

metal salt. If nickel is introduced in the form of an organic salt, solvents which are miscible 

with the monomer can be used, possibly eliminating the water entirely, as long as the system 

is sufficiently polar to generate solvated electrons. Even if some water is necessary, its 

amount would be small enough to minimize the extent of its reaction with the metal particles. 

Work plan 

The nanocomposites produced in this study would be characterized by means of a 

combination of chemical, magnetic and microscopic techniques. Following the synthesis of 

iron-based nanocomposies, further experiments will be conducted possibly on cobalt. 

1.5.14. Vietnam 

Summary 

Ionizing radiation ( ray, EB,) is efficient method for preparing noble metal nanoparticles. 

Among the metal nanoparticles, silver nanoparticles have attracted considerable interest 

because of their novel properties and potential applications in difference fields. Based on high 

antimicrobial effect, silver nanoparticle have been used in commercial products. Porous 

ceramic filters have found extended application for purification of drinking water, but they do 

not have neither antimicrobial nor antifouling property, thus are of limited efficiency.  

Therefore, we have proposed to modify such filters with antimicrobial agents, of which silver 

nanoparticles could be a candidate. 

Work plan 

 Radiation synthesis of colloidal AgNPs and their characterization  

 Optimization of the synthesis method (particles size, size distribution, conversion and 

stability) for 100L/batch 

 Determination of the porosity of various ceramic filters (Nitrogen absorption method - 

BET) 

 Treatment of porous ceramic for AgNPs attachment 

 Antimicrobial effect of ceramic/AgNPs. 

 Application for water purification 

1.6. Joint activity with the eu 7
th

 framework cost action 

One day of the RCM was devoted to the joint activity entitled “UV Curing of innovative 

composites containing organic/inorganic nanoparticles”, which was attended by all 
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participants of the RCM, and seven participants from the COST action. UV radiation curing is 

a widely used technique to prepare transparent and pigmented acrylate-based coatings with 

good mechanical properties. However, the properties of polymer matrices can be significantly 

enhanced by the addition of organic/inorganic nanoparticles. Scratch/abrasion resistance, 

barrier effect, fire- and flame resistance are among the most frequently studied properties. 

Good nanoparticle dispersion (without macroscopic agglomeration) is the key issue for 

obtaining the desired properties. Surface modification of the nanoparticles affects their 

hydrophobicity/hydrophilocity, influences their interaction with the coating formulation, and 

improves the results of the time-consuming dispersing processes. The participants of the 

COST action provided information about their work, shared their experience, and discussed 

the complementarity of curing by UV- and ionizing radiation. All participants expressed 

interest in further joint activities. 

1.7. Conclusions 

The participants of the RCM reviewed and discussed the present status and the challenges of 

the R&D in the field of composites, and reached the following conclusions: 

 Ionizing radiation has been used to prepare and synthesize a wide range of 

nanocomposites, which may be composed of oxides, metal ions and particles, carbon 

based structures, polymers, and ceramics, among others. 

 Radiation process has been proven to reduce or eliminate the toxic solvents and volatile 

emissions. 

 The use of ionizing radiation methods as primary tool to synthesize nanocomposites has 

proven to be associated with low energy consumption, and reduction or elimination of 

the carbon dioxide emissions. 

 Synthesis and production of nanocomposites has not reached yet the mass production 

for applications in automotive, naval, leisure, medical and others. 

 Nano fiber epoxy nanocomposite is an excellent candidate as a material for aerospace 

applications. 

 The ongoing research programs throughout  the world on radiation-induced synthesis of 

nanocomposites have been investigating the following wide areas: 

 Radiation-induced modification of the nanoparticles surface to enhance the 

interactions with the matrix through surface oxidation, such as hydroxyl groups on 

silica nanoparticles or on carbon fiber nanoparticles, chemical grafting of functional 

groups, such as short, medium, long chains on the nanoparticles surface. 

 Radiation curing of the matrices (thermosets, thermoplastic), functionalization of 

polymer substrates to improve nanoparticle matrix interactions, control of matrix 

network structure and morphology at the nanoscale (defects, heterogeneities) 

 Effects of nanoparticles on the radiation chemistry of process  

 Most of the reviewed works have highlighted the fact that efficient dispersion, 

aggregation prevention, and migration prevention have not yet been achieved. 

 Radiation-induced surface modification of nanoparticles has been developed to 

induce/enhance compatibility, or to act as crosslinking agent. 

 Bottom-up approaches to generate nanocomposites combining sol-gel processes and 

radiation curing has been recently adopted. 

 Nanocomposites can be synthesized with polymers from renewable sources. 
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 Ionizing radiation has been proved to be able to improve solubility parameters of certain 

polymers and biopolymers, such as polypropylene, starch and chitosan, respectively.  

Furthermore,  the radiolytic products of these polymers have also been used in the 

synthesis and preparation of nanocomposites 

 It has been concluded that there are still challenges in analysis and interpretation of the 

results from advanced characterization methods. 

 It has been demonstrated that nanoparticle/matrix interactions can be achieved through 

covalent bonding, electrostatic, van der Waals interactions, and hydrogen bonding.  

 It has been demonstrated in some systems that crystal structure and morphology, as well 

as orientation with anisotropic nanoparticles, are important parameters (for gas 

permeation, mechanical- and magnetic properties).  

 Abrasion resistance properties are strongly affected by the quality of dispersion of the 

nanoparticles. 

 Challenges to the researches are simultaneous optimization of scratch and abrasions 

resistance. 

 Nanocomposite coatings can exhibit improved optical properties, such as reflectivity, 

that is an important property for light emitting diods (LED) devices and photovoltaic 

devices. 

 Radiation curing of thick coatings and bulk materials can be a preferable option (more 

efficient) over UV-curing, and may also improve adhesion to the substrate. 

 For antimicrobial coating good dispersion of the active compound, protection of 

bioactivity and material radio-sensitization have been reported.  

 Combination of nanoclay particles and irradiation enhances fire retardancy of polymers, 

preventing migration and agglomeration. 

 Transport properties of materials through nanocomposites needs to be controlled and 

tailored for the intended applications (preventing silver from leakage and control release 

of active compounds) 

 It has been demonstrated that it is possible to control the network density and the 

functionality of biopolymers at the nanoscale levels, which may lead to enhance the 

controlling of the mechanical and viscoelastic properties of in-situ forming polymeric 

scaffolds.  

 It has been reported that there are crucial effects of sterilization dose on the 

nanocomposites properties. 

 It has been reported that the radiation-induced grafting is an excellent method to 

improve biocompatibility, and provide targeting functions. 

 Super magnetic properties have been achieved through radiation synthesis of ferrous 

and ferric nanocomposites with acrylate systems. 

 It has been reported that the production and stabilization of silver and gold nanoparticles 

can be achieved in a single step. 

 In the applications of tap water treatment, PVA-stabilized silver nanoparticles attached 

to acrylic acid grafted non-woven fabrics has been proven to be good for water 

purificatio, without the unwanted release of toxic silver ions into the purified water. 

 Another method for the prevention of the release of silver ions into purified water, 

namely silver nanoparticles immobilized in amino siloxane-containing porous ceramics 

has been under investigation. 
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1.8. Recommendations 

Based on the experience of the participants and other related works, they have recommended 

the following: 

 The synthesis and preparation of the radiation-induced nanocomposites have to meet the 

requirements of the green chemistry principles. These green chemistry requirements 

include, but not limited to, low-energy consumption, low CO2 emissions, no usage of 

dangerous chemicals and solvents, etc. 

 Safety Health and Environmental (SHE) impact of the proposed materials and products 

has to be evaluated with reference to the specific application. 

 Nanocomposites for aerospace applications, and other harsh applications should be 

designed, synthesized  and tested for superior ionizing radiation resistance (cosmic rays 

and beta particles), and enhanced thermo-mechanical, electrical and thermal 

conductivity properties.  

 The effect of the presence of nanoparticles in the matrix on the mechanisms of radiation 

chemistry should be investigated and taken into account. Understanding of the 

mechanisms will condition the achievement of the desired properties.  

 Bottom-up approaches should be further exploited and investigated to generate 

nanocomposites, e.g. combining sol-gel processes and radiation curing.  

 Control (bio) degradability by appropriate macromolecular engineering as required for a 

specific application must be taken into account. 

 In order to enhance the uniformity of dispersion, the following factors should be taken 

into account: controlling the viscosity, using appropriate solvents, micellar systems, 

proper molecular weight of polymers, functional groups on both the nanoparticles and 

the polymers, processing techniques, pH, surface charge density, etc. 

 With the intention to impede the aggregation, it would be advisable to enhance the 

interactions of the nanoparticles with matrix through various forms such as covalent 

bonds, hydrogen bonding, and van der Waals. 

 It is very crucial to be aware of the effects of molecular weight distribution, branching, 

entanglements and crystallinity on the physical properties of the nanocomposites. 

 The primary influence of structure and morphology as well as particle size distribution 

and orientation should be carefully controlled during the different processing steps. 

 For biomedical products, the effects of the sterilization dose (25-50 kGy) on material 

properties should be considered when appropriate. 

 The 2nd RCM to be held in November 2012 in Cairo, Egypt, alternatively March 2013 

in Palermo (Italy). 
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TABLE 1. SYNOPTIC SUMMARY OF THE CONSTRIBUTIONS BY COUNTRY 

No. Country / Representative TYPE OF (NANO)COMPOSITE AND 

MATERIALS 

APPLICATIONS 

1 BRAZIL 

Mr. Leonardo GONDIM de 

ANDRADE e SILVA 

Ms. Maria Cecilia EVORA 

Carbon-based nanoparticles 

Thermosets 

Radiation functionalization 

Structural materials 

- Improvememt of varioud use 

properties for aerospace applications 

2 CANADA 

Ms. Monique LACROIX 

Cellulose and carbon-based nanoparticles in 

coatings 

Biodegradable and natural polymers 

Food preservation (active coatings active 

packaging) 

controlled release of active substances 

3 EGYPT 

Mr. Hassan ABD-EL-REHIM 

Carbon-based nanoparticles 

Metal (Ag), metal oxide (ZnO) 

Radiation functionalization 

Biodegradable and natural polymers 

Food packaging (active packaging, 

preservation) 

Structural materials (packaging) 

4 FRANCE 

Mr. Xavier COQUERET 

Cellulose nanoparticles  

Radiation-cured matrices 

Structural materials 

Toughening of radiation-cured composites 

Coatings 

Improvement of radiation –curable coatings 

(mechan. properties, barrier 

properties) 

5 INDIA 

Mr. Kumar Abhinav DUBEY 

Carbon-based nanoparticles 

Ceramic and oxides (organoclays) 

Rubber and thermoplatics 

Food packaging 

Structural material (automotive, electronics) 

6 ITALY 

Ms. Clelia DISPENZA 

Nanoparticle: nanogel  

Matrix: biodegradable polymers 

Synthesis, modification, processing:  

Xyloglucan nanoparticles in films or 

polymeric  scaffolds 

Films 

Durability control of films for packaging 

 (thermal and mechanical properties, 

degradation) 

tissue engineering 

Polymeric scaffolds 

In-situ forming scaffolds 

(viscoelastic, mechanical properties, 

biocompatibility 

7 MALAYSIA 

Mr. Nik Ghazali NIK SALLEH 

Ceramic and oxides (functionalized SiO2, 

organoclays) 

Radiation-cured dense networks 

Industrial coatings (wood: scratch resistance) 

Structural materials (automotive parts) 

8 PAKISTAN 

Mr. Tariq YASIN 

Ceramic and oxides (organoclays) 

Natural polymers (polysaccharides) 

Ruibber and thermoplatics 

Food packaging (active coatings) 

Structural materials (automotive parts) 

9 POLAND 

Ms. Grazyna PRZYBYTNIAK 

Ceramic and oxides (organoclays) 

Thermosets 

Radiation-cured dense networks 

Structural materials (improved mechanical and 

thermal properties) 

10 SERBIA 

Ms. Aleksandra KRKLJES 

Metallic (Ag, Au) 

Hydrogels 

Radiation processing (cluster formation) 

Biomedical (antimicrobial dressings) 

11 THAILAND 

Ms. Kasinee HEMVICHIAN 

Ceramic and oxides (organoclays) 

Biodegradable and natural polymers 

Food packaging (biodegradable material) 

12 TURKEY 

Mr. Olgun GÜVEN 

Ceramic and oxides (organoclays) 

Theroplatics (PE) 

Radiation modification of polyolefins 

Structural materials (improved mechanical and 

thermal properties) 

13 USA 

Mr. Mohamad AL-SHEIKHLY 

Clusters of iron ionomers (super 

magnetization prop.) 

Nanogels 

In situ generation 

Biomedical 

- Imaging (contrast agents) 

- Vectorization of drugs, targeting 

14 VIETNAM 

Mr. Van Phu DANG 

Metallic (Ag, Au) 

Thermoplatics (non-woven fabrics), 

ceramics 

Environmemt (water purification) 
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TABLE 2. COLLABORATION FORSEEN BETWEEN COUNTRIES 

No. Country / Representative COLLABORATING COUNTRIES TOPICS 

1 BRAZIL 

Mr. Leonardo GONDIM de 

ANDRADE e SILVA 

Ms. Maria Cecilia EVORA 

Egypt 

India 

Pakistan, USA 

Characterization of carbon-based 

nanoparticles (EPR, XPS, SEM, etc.) 

2 CANADA 

Ms. Monique LACROIX 

Pakistan, Edible and active coatings 

3 EGYPT 

Mr. Hassan ABD-EL-REHIM 

Brazil, Canada, France,  Italy, Pakistan, 

Poland, USA 

Active packaging, characterization of 

packaging materials, carbon-based 

composites 

4 FRANCE 

Mr. Xavier COQUERET 

Egypt, India, Thailand,  

Poland, Malaysia 

Pakistan, Serbia 

USA 

Cellulose nanocrystals and natural poymers 

Radiation-cured composites 

Exotic monomers 

Available: 80-150keV accelerator, Nanoscale 

characterization 

5 INDIA 

Mr. Kumar Abhinav DUBEY 

Brazil, France, Turkey Rubber and themoplastics 

6 ITALY 

Ms. Clelia DISPENZA 

Egypt, Malaysia, Poland, USA Nanoparticles 

7 MALAYSIA 

Mr. Nik Ghazali NIK SALLEH 

France, Italy, Pakistan, Poland, Thailand, 

Vietnam 

Nanohydrogels, industrial coatings   

Available: Nanocharacterization plat-form, 

irradiation facility 

8 PAKISTAN 

Mr. Tariq YASIN 

Brazil, Canada, Egypt, France, Malaysia Packaging materials, active coatimgs 

9 POLAND 

Ms. Grazyna PRZYBYTNIAK 

Egypt, France, Italy, Malaysia,  Structural materials 

Characterization of nanoparticles 

10 SERBIA 

Ms. Aleksandra KRKLJES 

France, Turkey, Vietmam Nanoparticle and hydrogel characterization 

11 THAILAND 

Ms. Kasinee HEMVICHIAN 

Canada, France, Malaysia, Nanocrystalline cellulose 

12 TURKEY 

Mr. Olgun GÜVEN 

India, Serbia Structural materials, Characterization 

 

13 USA 

Mr. Mohamad AL-SHEIKHLY 

Brazil, France, Italy Carbon based nanoparticles 

Magnetic materials 

14 VIETNAM 

Mr. Van Phu DANG 

France, Malaysia, Serbia,  Characterization of nanoparticles 

Irradiation 
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REPORTS BY PARTICIPANTS OF THE COORDINATED RESEARCH PROJECT 
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1. Introduction  

The effects of ionizing radiation on carbon materials have been thoroughly investigated 

because of its importance in the fields of nuclear, medical, and materials science.  Basically, 

the effect of ionizing radiation on carbon materials takes place as a displacement of carbon 

atoms from their amorphous or graphitic structures. For nanocarbon materials, only 

destructive effects were observed in early experiments involving bombardment of carbon 

nanotubes and fullerenes with ions. However, recent work reveals that radiation can exploit 

defect creation for novel materials development especially in electronic nanotechnology 

(Krasheninnikov et al., 2007). 

It is known that electron beam can be used to mechanically manipulate the interconnection of 

carbon nanostructures at high temperatures using transmission electron microscope (TEM). 

For example, two crossing pristine tubes would not normally join, even at high temperatures, 

while e-beam irradiation has been observed to lead to cutting and welding of tubes and 

transformation of single wall nanotubes (SWNTs) to multiwall tubes (MWNTs) (Li  et al., 

2004). The stability of nanotubes under electron irradiation is governed by generation and 

annealing of vacancies-interstitials pair. The interstitial defects have higher mobility and will 

determine the annealing process. Agglomeration of vacancies will lead to radiation cutting 

(Banhart et al., 2005). Also, radiation induces vacancies and the energy gain by dangling bond 

saturation can both weld tubes as well as allow for reaction with oxygen.  This can contribute 

favorably to the nano-electronic structure because it may improve the electric conductivity for 

example. Previous studies have shown that making an electrically conductive connection 

between nanotubes is not straightforward.  Instead of the desirable ohmic contacts, tunnel 

junctions are often generated with high resistance(Gupta et al., 2005; Krasheninnikov et al. 

2007; Zou et al, 2002; Eleketronenmikroskopie, et al 2001). For example, at high temperature 

a focused electron beam in a field emission transmission electron microscope was able to 

transform local arrangements of SWNTs to MWNTs (Li et al., 2004). Plegler et al. used 

computational molecular dynamic simulation to study electron beam modification of 

MWNTs.  They concluded that electron beam is not surface limited and may lead to cross-

links between inner layers (Pregler et al., 2006). 

Carbon nanofibers are being thoroughly investigated for application in structural composites 

for the aerospace industry. This will require careful control of the surface to promote 

properties required for end use because Carbon nanofibers (CNFs) are not highly compatible 

with most polymers. Therefore, it is necessary to modify their surfaces through chemical or 

physical techniques to produce optimized polymer nanocomposites. Oxidizing the nanocarbon 

surface creates active sites, changing non polar sites to polar compounds that are available for 

further chemical reaction or “grafting” (chemical reaction) with additional organic groups. 

Graphitic nanostructures show a variety of structural transformations under electron 



 

22 

irradiation. The objective of this proposed project is to develop methodology to functionalize 

carbon nanofiber with organic groups by radiation process to built nanocomposites with good 

interface fiber-matrix. 

2. Experimental 

2.1.Raw Materials  

Pyrograf III™ Vapor Grown Carbon Nanofibers (VGCF) was purchased from Applied 

Science Inc. (Cedarville, Ohio).   Many grades of VGCF are available, which differ in bulk 

density, wall architecture, overall diameter, and prior heat treatment.  We selected the PR-25-

PS-XT grade, which has an average diameter of 80 nm and has been heated treated in inert 

atmosphere up to 1100°C to remove polyaromatic hydrocarbon and metal catalyst impurities 

from the surface. This grade has a good balance of mechanical and electrical properties.  The 

carbon nanofiber has a very organized core and is cover with a thin layer of turbostratic 

carbon. This turbostratic layer is a less organized external layer of carbon, is less resistant to 

radiation, and is the layer that will receive the primary knock on to start the displacement of 

atoms process. Compared to other grades of Pyrograf III, such as PR-24 and PR-19, the PR-

25 grade has lower iron content, a smaller diameter, and a larger number of graphitic edge 

sites available along the length.  A prior investigation was made with the VGCF PR-24-LHT-

XT grade to verify the possibility of grafting oxygen functional groups onto it (Evora et al. 

2007 a, 2007 b). The results showed little or no change in oxygen content.  PR-24-LHT-XT 

has an average diameter of 100 nm, and it has been heated treated in inert atmosphere up to 

1500°C to increase the degree of graphitization compared to lower or non-heat treated 

versions such as PR-25-PS.   

2.2.Electron beam Irradiation Facilities 

 University of Dayton Research Institute electron beam facility. 

 Instituto de Pesquisas Energeticas e Nucleares (IPEN) electron beam facility. 

 E-BEAM Services Inc. electron beam facility. 

2.3.Processing of nanocomposites  

Polymer nanocomposites were comprised of epoxy resin system EPON 862/W with 5 wt% 

non irradiated and irradiated carbon nanofibers. The nanofibers were dispersed into the resin 

at room temperature using a 3-roll mill (Keith Machinery Corporation, see Figure 1).  This 

process is essentially a batch process that involves a high shear exposure at the nip between 

the rollers which are operating at different speeds (40, 105, 270 RPM).  The roller size was 4 

inch diameter x 8 inches wide, and samples were exposed to 4 passes (Klosterman et al., 

2007). 

Next, the mixture was compressed and cured into solid plaques using a programmable flat 

platen press and a silicon rubber mold set. The cure cycle was 2 hours at 121
o
C, 2 hours at 

177 
o
C, and 100 psi throughout. 
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Fig. 1. 3 roll mill for non solvent dispersion process 

2.4.Material Analysis 

The surface oxygen content of the nanofibers was characterized with X-ray Photoelectron 

Spectroscopy (XPS) analysis.  A Surface Science Labs SSX-100 XPS spectrometer was used 

with a base pressure of 6x10
-10

 Torr in the analysis chamber, and an X-ray source with a 600 

µm spot size.  Samples were prepared by first drying the nanofibers   in a vacuum oven 

overnight at 100°C or higher, and then distributing a small amount of material on copper 

adhesive tape.  Two areas were analyzed on each sample.  Results are reported in terms of 

atom% oxygen in the form of single bonded oxygen (O-C), double bonded oxygen (O=C), 

single bonded nitrogen (N), and water (H2O).   The signals for single and double bonded 

oxygen are caused by groups that are covalently bonded to the nanofiber/tube wall, for 

example in the form or phenolic groups (-OH), aldehyde (-CHO), or carboxylic acid (-

COOH).  Water molecules would be attached by secondary bonding; especially hydrogen 

bonding in highly oxidized samples.  The technique is sensitive only to surface atoms. 

To verify modification in their graphitic structure, the samples were analyzed by Raman 

spectroscopy. Raman is a powerful physical technique that is commonly used to characterize 

carbon materials. It is a nondestructive technique and is sensitive to the surface modifications 

occurring in graphitized carbon structures. A Renishaw 1000 micro Raman Spectrometer with 

an Ar+ ion laser at 514 nm (2.14 eV) was used.  Incident and scattered beams were focused 

with a 50x objective lens and laser spots with resolutions as low as 2  m and a spectrum 

range between 100 and 5000cm
-1

. The samples were analyzed in form of a thin paper (around 

20  m) to reach more accurate results. Twelve measurements were made on different areas 

of each sample to provide statistically significant results. 

Scanning Electron Microscopy (SEM) is a very powerful technique to study the material 

morphology and it can detect defect and failure, crystallographic orientation. In this study the 

morphology of nanocomposite was analyzed with ESEM, Philips XL-30, 30 kV accelerating 

voltage. 

3. Results and Discussion 

3.1.XPS results 

XPS results are presented in Table 1. 
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TABLE 1. XPS RESULTS OF NON-IRRADIATED AND IRRADIATED SAMPLES SHOWING THE 

OXYGEN/CARBON RATIO 

Dose 

XPS - O 1s/C1s 

UDRI 
a 

IPEN 
E-BEAM 

Services 

Non irradiated 

(non heated) 
0.03 0.03 0.03 

200 kGy in air - 0.04 - 

1000 kGy in air 0.08 0.08 0.07 

2000 kGy in air - 0.10 - 

3500 kGy in air 0.09 0.13 - 

1000 kGy in/vaccum - - 0.02 

a 
(Evora et al., 2010) 

The results given by XPS analysis showed that the ratio O1s/C1s increased approximately by 

a factor of 3 when the PR-25-PS was irradiated at 3500 kGy in the UDRI facility and a factor 

of 4.3 for the sample irradiated in the IPEN facility. The relative amount of carbon bonded to 

oxygen-containing groups increased, indicating that oxygen reacted with the carbon nanofiber 

surface and modified the carbon nanofiber structure. The only further detail from XPS results 

was that both carbon oxygen bonds (C-O) and carbonyl (C=O) increased, which may be 

related to carboxylic acid. Further investigation would be necessary to verify specifically 

which oxygen functional groups were predominant and is beyond the scope of this work. 

Generally, the types of oxygen functional groups introduced to the surface are a strong 

function of the oxidation process used. For example, Zhou et al. showed that the amount and 

distribution of surface oxygen complexes on carbon nanofibers varied with different chemical 

and thermal treatments (Zhou et al., 2007). Due to the mechanism of electron beam 

interaction with carbon nanofiber tubostractic layer, the samples irradiated in IPEN had their 

oxygen content increased. Free radicals are created on the nanofiber surface by e-beam 

knock-on damage which leads to vacancies and other point defects. These produce a very 

energetic surface that enhances bonding with polar media. 

3.2.Raman results 

Raman spectroscopy is very sensitive to the breakdown in translational symmetry of carbon 

materials and can supply some detailed quantitative information about the microstructure. 

Generally the Raman spectra of carbon materials are simple, with the two most intense bands 

between 1000 and 2000 cm
-1

. The dispersion of   electrons in graphene is why Raman 

spectroscopy is always resonant for carbon. However, Raman has some drawbacks that may 

lead to misinterpretation of the spectra. Ferrati investigated the impact of multiple layers of 

graphene on the D band of Raman spectrum (Yang et al., 2009; Ferrati et al., 2007). For more 

than five layers, the D band Raman spectrum becomes hardly distinguishable from the bulk 

graphite. Thus Raman spectroscopy can clearly identify less than 5 graphene layers.  Ferrati 
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also pointed out that the same sample can have a G peak with different positions and different 

values for full width half mean (FWHM). 

The Raman spectra results are presented in Figures 2 and 3.  In general, the Raman results 

showed that there were no statistically significant change of ID/IG ratios, and the shapes and 

intensities of D and G bands in the spectrum of non-irradiated nanofibers were not much 

different from those of irradiated ones.   Thus, there was no indication of damage to the 

microstructure. Some change was noticed in the sample irradiated at IPEN facilities. The 

IPEN electron beam facility carried out process with very high radiation dose rate (15.7 

kGy/sec) leading to higher beam heating due to less time for heat transfer away from the 

sample. Higher mobility of the atoms in the graphene layers and an immediate recombination 

process may have allowed for more diffusion of oxygen into the carbon nanofiber structure, 

but this process was not able to damage the bulk PR-25-PS structure.  

The radiation damage was localized to the surface and did not compromise the core of the 

carbon nanofiber. Thus, the advantage of this process is that the overall graphitic structure has 

not been damaged. The electron beam interacts with the external layer, which is less 

organized than the bulk of the wall.  Raman spectroscopy is a bulk characterization technique 

in which the laser penetration (~1 µm) (Darmstadt et al., 1997) exceeds the thickness of the 

turbostratic carbon layer deposited on the nanofiber surface where the oxidation takes place. 

In general, the graphite structure of the nanofiber core did not show any damage.  

In Figure 2 the Raman curves of samples irradiated in two different electron beam facilities 

are presented.  The samples irradiated at 1000 and 2000 kGy in IPEN exhibit a slightly higher 

intensity D and G band than for UDRI. The E-BEAM Services Raman curves for sample 

irradiated in air at 1000 kGy presented in Figure 3 also had slight higher intensity compared 

to the ones irradiated at 1000 kGy in vacuum and non irradiated samples. The small 

increasing of the D and G band indicates that the e-beam process carried out in air not only 

induces some defects on carbon nanofiber walls related to oxygen attachment and a possible 

change in graphitic order, but also further removes some amorphous  carbon. 
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Fig. 2. Raman spectroscopy results for PR-25-PS powder irradiated in UDRI
a
 and IPEN 

facilities. 
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Fig. 3. Raman spectroscopy results for PR-25-PS powder irradiated in air and in vacuum at  

E-BEAM Services facility. 

The SEM images of the nanocomposites made with non-irradiated and 1000 kGy irradiated 

PR-25-PS samples are presented in Figure 4. The pulled-out nanofibers of composites 

manufacture with non irradiated carbon nanofiber are very clean and are very clear noticed 

where they pulled out. It can be seen well-defined holes where they pulled out. This indicates 

poor nanofiber-resin interaction, which is consistent with them being non-oxidized. SEM 

analysis of fracture surfaces indicated that the oxidized nanofibers were well dispersed and 

were coated with epoxy resin, indicating good fiber-matrix. 

 

Fig. 4. SEM images of EPON 862/W with a)Non-irradiated VGCF EPON 862/W b) EPON 

862/W with 1000 kGy irradiated VGC. 
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3.3.Mechanism of radiation damage on carbon nanofiber PR-25-PS surface 

In addition to providing information about the mechanism of radiation damage on carbon 

nanofiber PR-25-PS surface, TEM was used to allow direct observation of carbon structures 

undergoing electron beam irradiation. The aim of this TEM analysis was to understand the 

effect of electron beam radiation on the structure of the carbon nanofiber and understand how 

the nature of oxygen functional groups attached to the carbon nanofiber surface. 

As discussed in an earlier section, dislocations, dangling bonds, and electronic excitations are 

the most important radiation effects on nanocarbon structures. All these effects may be related 

to the capacity of nanocarbon structures to react with heteroatoms, self heal and rearrange 

themselves by going through a recombination process. The recombination of interstitials and 

vacancies is expected to be the primary step in Wigner energy release which is stored in the 

interstitial when the atom is dislocated at this position and is liberated posterior recombination 

process (Telling et al., 2003). 

To study the electron beam radiation process on PR-25-PS, a high resolution TEM FEI Tecnai 

F20 TEM at 200kV. TEM images were collected with real time dynamics using a focused 

electron beam and a charged coupled device (CCD) camera that converted optical brightness 

into electrical amplitude. With these images it was possible to explain what happens in real 

time when the electron beam heats the surface of the samples.  

The carbon nanofiber has a very organized core and is cover with a thin layer of turbostratic 

carbon. This turbostratic layer is a less organized external layer of carbon, is less resistant to 

radiation, and is the layer that will receive the primary knock on.  

As shown in Figure 5, when the electrons hit the turbostratic layer, a fog of free radicals is 

created that it is very sensitive to the environment. The TEM was carried out in vacuum but in 

the regular experiment, the samples were irradiated in air. The oxygen of the air dissociates in 

ozone molecules when interacts with electron beam. These ozone molecules are very reactive 

and were present in the atmposphere around the samples undergoing irradiated.  

Depending on the amount of energy involved in the process (considering primary and 

secondary electrons from the cascade effect), defects (dangling bonds, vacancies, interstitial, 

pentagon-heptagon pair defects) are created in the graphene structure, and a high strain at the 

sites of defects should be considered. With defects expanding, the increased tensile force 

leads to a less stable structure compared with perfect hexagonal carbon network. The 

continuous electron beam heating may easily break C-C bonds from defects, causing carbon 

atom sublimation (see Figure 5) and further evaporation of a graphene fragment (Zou et al., 

2002).. The sublimed carbon may also recombine to form a new arrangement leading to some 

reactions with oxygen available in the vault. The damage process is present, however it is not 

sufficiently intense to damage the core of the PR-25- PS and this may explain Raman curves 

presented in section 4.2. Adding to oxidation, welding of two carbon nanofibers can be 

possible because the deposition of turbostratic carbon (Wang et al., 1996). 
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Fig. 5. Evidence of fog of free radical formed after radiation with electron beam from TEM. 

Figure 6 is a high magnification image of the recombination after carbon evaporation under 

the beam. Curled graphitic flakes exhibiting a wave-like structure with random twist are 

formed. They appear as a carbon onion structure in a combination of Stone Wales (SW) 

defects known as pentagon and heptagon carbon rings. There will be nucleation sites for 

growing curved graphitic flakes (Wang et al., 1996). 

        

Fig. 6. Recombined carbon in the form of curling graphitic flakes (in the circles) and a typical 

point of defect where the carbon nanofiber may be cut. 

3.4.Ray diffraction 

To further understand the structural changes of irradiated PR-25-PS in air, a WAXD analysis 

was performed on non irradiated and irradiated samples. The results indicate that the material 

posses two phases. There is a difference in intensity between the XRD patterns of the carbon 

nanofiber non irradiated and irradiated at 1000 kGy in vacuum (see Figure 7) and it is an 

indication that the radiation promote modification on the carbon nanofiber surface. In 

addition, there is a considerable expansion of the lattice in the irradiated samples leading to an 

increase of interplanar spacing (d spacing). It is important to point out the increase of d 

spacing of the sample irradiated in vacuum to 1000 kGy compared to the non irradiated 
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sample and sample irradiated in air to1000 kGy (see Table 2). This result confirms that the 

carbon nanofiber structure is modified from radiation even under vacuum. The XRD results 

are in good agreement with HTEM results presented in Section 3.3. The oxygen attached on 

the surface due to reaction with free radical generated by electron beam process may also 

contribute to increase of d spacing. Zhang et al. also observed that nitric acid oxidation of 

SWNT films led to an increase in the d spacing (Zang et al., 1996). 

 

Fig. 7. WAXD Patterns for samples non irradiated and irradiated at 1000 kGy dose in 

vacuum. 

 

TABLE 3. D SPACING RESULTS OF NON IRRADIATED AND IRRADIATED PR-25-PS. 

Sample 
d phase  

1 (nm) 

d phase 

2 (nm) 

Non 

irradiated 
0.37396 0.34140 

1000 kGy/air 0.37624 0.34153 

1000 kGy / 

vacuum 
0.38278 0.34409 

XRD is important analysis to investigate changes material structure. Endo et al investigated 

the structural changes in stacked cup carbon nanofibers by heat treatment from 1800 to 

3000oC. The increased value of the interlayer spacing for samples at 1800oC was attributed to 

structural disruption at graphene edge planes during the formation of single loops and 

transformation into multiple loops (Endo et al., 2003).  
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4. Conclusions 

The results presented in this study represent a step towards the understanding of radiation 

effects on nanofibers surface and an alternative way to oxidize nanofibers to increase their 

dispersion into a polymer matrix. Oxygen can be grafted on the surface of a carbon nanofiber 

via electron beam irradiation in air and the results are reproducible in different type of 

electron beam facility. 

Using electron beam process to oxidize carbon nanofiber is environment friendly can be faster 

and have the cost reduced due to the ability to combine with other different production line. 

Overall results were repeatable across all electron beam facilities, illustrating the robustness 

of the process.  

Several techniques were used to investigate the impact of the radiation exposure on the 

nanofiber surface. Surface analysis techniques included XPS, Raman and SEM.Other 

techniques were used to characterize the bulk properties of the nanofibers, such as X-ray 

diffraction (crystal structure) and TEM (morphology). 

The nanofiber samples investigated in this research showed damage on the surface such as 

pitches, cutting, welding, and bending, however, this damage was highly localized to the 

surface at discrete locations. There was no indication of widespread accumulation of defects 

in the graphite structure even at higher doses.  

The oxidation process was realized in air leading to an increase of the O 1s/C 1s ratio and 

temperature also played an important role in radiation process, allowing more atom mobility 

and the modifications to take place with no accumulation of defects.  

Functionalization of nanotubes was considered to be an effective way to overcome these 

technical issues, such as poor dispersion and weak interfacial bonding, in order to realize the 

full potential of nanotubes as reinforcement materials. In this study the oxidized nanofibers 

were more uniformly dispersed in a water/methanol (50% v/v). PR-25-PS exhibited higher 

oxidation levels via e-beam irradiation than nanofibers investigated in earlier studies, which 

was attributed to the large number of graphitic edge sites available along the length and 

thinner CVD layer in PR-25-PS which agreed with the theory that electron beam is more 

effective on defects sites. The composites made with 3500 kGy irradiated samples showed 

more uniform dispersion of nanofibers in the matrix and more homogeneity and low 

roughness. 

The mechanism that carried out during interaction of electron beam irradiation with carbon 

nanofiber surface leads to a set of effects such as: removal of matter (vanishing of interstitial 

and agglomeration of vacancies) producing SW defects, dangling bond, electronic excitation 

and recombination process. Overall, every electron irradiation induced damage can generate 

physical and chemical effects and these two major effects will depend on the energy transfer 

from the electron to the target and can occur simultaneously. 

High resolution TEM was used to allow direct observation of carbon structures undergoing 

electron beam irradiation and how the nature of oxygen functional groups attached to the 

carbon nanofiber surface. 

When the electrons hit the turbostratic layer, a fog of free radicals is created that it is very 

sensitive to the environment. With defects expanding, the increased tensile force leads to a 

less stable structure compared with perfect hexagonal carbon network. The continuous 
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electron beam heating may easily break C-C bonds from defects, causing carbon atom 

sublimation. The sublimed carbon may also recombine on a new arrangement leading to some 

reactions with oxygen available in the vault. Adding to oxidation, welding of two carbon 

nanofiber is possible because the deposition of amorphous carbon. 

The X ray diffraction analysis showed an expansion of the lattice and an increasing of the 

interplanar spacing for irradiated samples that is related to recombination of the atom and 

oxidation pos radiation process. 

Electron beam irradiation promotes selective modification on CNF surface that demonstrated 

improved dispersion and wettability in epoxy system. 

5. Future Work 

 Development of grafting process using electron beam to functionalize carbon nanofiber. 

 Development of grafting process using gamma radiation to functionalize carbon 

nanofiber. 

 Optimization of this process through controlled parameter such as dose, dose rate, 

temperature and environment. 

 Determination of grafting rate of irradiated samples. 

 Elaboration of protocol for functionalization carbon nanofiber through radiation 

process. 
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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


 

37 

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. 
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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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Abstract 

Clean and green reduction process of  silver ions  and graphene (GO) into nanosilver metal 

and  graphene (GR) nanosheets  respectively was achieved via gamma irradiation. The 

efficiency of gamma radiation to reduce silver ions and graphene oxide (GO) was investigated 

using UV-vis spectroscopy. Effects of gaseous atmosphere type, dispersion pH value, capping 

agent type and irradiation dose on GR nano-sheets formation were investigated. The presence 

of capping agent such as sodium carboxymethyl cellulose (CMC) or  cellulose acetate is 

proven to be crucial. The obtained GR nanosheets and  nanosilver metals are characterized 

using atomic force microscopy (AFM), transmission electron microscopy (TEM), Fourier 

transform infrared spectrometry (FT-IR), X-ray diffraction (XRD) as well as thermo-

gravimetric analyzer (TGA) and differential scanning calorimeter (DSC). Effectiveness, 

simplicity, reproducibility, and low energy consumption are the merits of using the Gamma 

radiation technique. Furthermore, the capping agent is eco-friendly and the dispersion is 

stable for months at room temperature. This approach can open up large-scale production of 

GR nanosheets and nanosilver metals. 

The prepared Nano-silver can be mixed with different natural polymer like CA to form Nano-

composite films.   The excellent physical properties of CA did not affect by addling Ag. The 

ionizing radiation has un-significant effect on the properties of CA-Ag nano composites films 

The CA-Ag nano composites posses biological activity towards different microorganisms. On 

other hand graphene or graphene oxide dispersions   might be of interesting for producing 

biological active packaging films. Go as nanofillers has used for fabrication of a biocomposite 

with chitosan.  The significantly improved in Chitosan /Go nano composites physical 

properties, including mechanical property, electrical conductivity, and structural stability, was 

demonstrated. Properties of the CA-Ag and Chitosan /Go nano composites suggest their uses 

as active eco-friendly food packaging materials.  

1. Introduction 

Most materials currently used for packaging are non-degradable, generating environmental 

problems. Several biopolymers have been exploited to develop materials for eco-friendly food 

packaging. However, the use of biopolymers has been limited because of their usually poor 

mechanical and barrier properties, which may be improved by adding reinforcing compounds 

(fillers), forming composites. Most reinforced materials present poor matrix–filler 

interactions, which tend to improve with decreasing filler dimensions. The use of fillers with 

at least one nanoscale dimension (nanoparticles) produces nanocomposites. Nanoparticles 

have proportionally larger surface area than their microscale counterparts, which favors the 

filler–matrix interactions and the performance of the resulting material. Nanocomposites, 

defined as polymers bonded with nano-particles to produce materials with enhanced 

properties, During the processing stage, there is a possibility of re-aggregation where the 

particles clump together. If this happens, the creation of the nano-composite is un-successful. 

Compatibility between the nano-fillers and the polymer substrate may cause issues as well, 
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depending on how they interact with each other. Certain nano-fillers need to be prepared so 

they can perform well with the substrate. Besides nano-reinforcements nanoparticles can have 

other functions when added to a polymer, such as antimicrobial activity, and, biosensing, etc.  

Research continues into other types of nanofillers (i.e., silver metals and  carbon nanofiller), 

allowing new  nanocomposite structures with different improved properties that will further 

advance nanocomposite use in many active  diverse packaging applications.   The rapid use of 

nano-based packaging in a wide range of consumer products has also raised a number of 

safety, environmental, ethical, policy and regulatory issues. The main concerns stem from the 

lack of knowledge with regard to the interactions of nano-sized materials at the molecular or 

physiological levels and their potential effects and impacts on consumers health and the 

environment. Research and development in the field of active and intelligent packaging 

materials is very dynamic and develops in step with the search for environmentally friendly 

packaging solutions. In this context, the design of tailor-made packaging is a real challenge, 

and it implies the use of reverse engineering approaches based on food requirements and not 

just on the availability of packaging materials any longer. Nanotechnologies are expected to 

play a major role, taking into account all additional safety considerations and filling present 

packaging needs. The presence work dealing with preparation of cellulose acetate /Ag and 

Chitosan /graphne oxid active  nano-composite films for packaging purposes (1,2).  

2. Experimental  

2.1.Preparation of GO 

GO is prepared from natural graphite powder according to Hummers and Offeman method 

(3). 1.5 g of graphite powder is mixed well with 35 g of H2SO4 in 500 ml beaker for 0.5 h and 

then 0.75 g of NaNO3 is added to the mixture under stirring. The resulting mixture is cooled 

to 0   C and then put into ice bath during the slow addition of 4.5 g of KMnO4 (solid) under 

vigorous stirring. Keep stirring for further 2 h after complete addition of KMnO4. After then, 

the mixture is warmed to   35   C and stirred for 0.5 h. 70 ml of water is added slowly under 

stirring producing large exotherm to   98   C. Keep this temperature for 15 min by external 

heating then cool the mixture to room temperature and add another amount of water (250 ml) 

and 3 ml of 30% H2O2 producing another exotherm and yellowish brown dispersion of GO is 

obtained. GO is isolated and washed many times with 5% HCl to remove SO4
-2

 ions , and 

ultrapure water to remove Cl
-
 ions, Successively by centrifugation at 4000 rpm for 45 min and 

the drying at 60   C for 3 h. 

2.2.Gamma irradiation of GO dispersion 

Samples are irradiated with the 
60

CO Indian irradiation facility gamma rays at a dose rate 

(4.0) KGy/h. The irradiation facility was constructed by the National Center for Radiation 

Research and Technology (NCRRT), Egyptian Atomic Energy Authority (EAEA).  

First, disperse 40 mg of pre-prepared pristine GO in 120 ml of ultrapure H2O using ultrasonic 

probe for 10 min. to get clear yellowish brown colloidal dispersion. Second, prepare 0.1% 

(w/v) solutions of CMC, EHEC, PVA and Glucose and mix 40 ml of each with 60 ml of GO 

colloidal dispersion under mild stirring for 15 min. Samples of each composition are different 

doses (10, 20, 30, 40, 50 KGy) at different PH values and in presence or absence of air. GR is 

separated from highly stable dispersions via ultra centrifugation at 15,000 rpm for 30 min. and 

dried under vacuum at 60   C for 3 h for further characterization. 
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3. Results and discussion  

Interest in the use of active and intelligent packaging systems for food   products has 

increased in recent years. Active packaging refers to the incorporation of additives into 

packaging systems with the aim of maintaining or extending food   product quality and shelf-

life. In the present work nano-silver metal and graphene nano-sheets prepared by ionizing 

radiation were incorporated into some natural polymer to produce active biodegradable 

packaging materials. 

3.1.Preparation of Antibacterial CA, containing nano Ag   for food packaging  

Stable and highly dispersed nanosilver metal   was prepared by mixing cellulose acetate with  

AgNO3 (1:1wt/wt ) in acetone  as a solvent and irradiated the solution  with Gamma  rays at 

30KGy. Ionizing radiation reduces silver ions to nanosilver metal that  distinguishes with 

yellowish brown color.   The prepared Ag nano particles capped in CA do not aggregate or 

precipitate and  they  highly disperse  for long time.  The average size of The prepared 

nanosilver were determined using Dynamic light scattering (DLS) and transmission electron 

microscope TEM.   The average size of the prepared nano-silver was found to be  around 8 

nm Fig. 1. 

 

Fig. 1. TEM and DLS of the prepared Ag nano particles capped in CA. 

The most frequently used approach to prepare dispersion of silver nanoparticles attached in 

polymer matrices involves the entrapment of silver cations from polymer chains followed by 

reduction with  gamma rays. This method presents two advantages compared to the simple 

mixing of the two components and the polymerization in the presence of pre-synthesized 

silver nanoparticles. Firstly, the template role of the host macromolecular chains for the 

synthesis of nanoparticles helps improve the dispersion of nanoparticles inside the polymeric 

matrix, and also partially prevents the formation of aggregates.  Secondly, the template role 

that the polymer chains, leads to reduced size of nanoparticles with a narrow size distribution 

and well defined shape as shown in the Fig. 2. 
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Fig. 2. mechanism of formed stable silver nanoparticled capped with CA. 

3.2.Preparation of AC-Ag nanocomposite films   

Cellulose acetate was dissolved in acetone and mixed with different amount of  Nano-silver 

prepared by irradiation in the presence of capping agent.   The mixture solution was poured in 

Petri dish and left to dray at 25
o
C. The color of prepared Nano composite films is change 

from colorless to brown. As the Ag increases, the intensity of film color increases. Fig 3  

3.3.Effect of Nano-silver on the structural of CA film 

The structure and properties of   pure CA film and CA-Ag composite films were studied. 

FTIR revealed that there no change in the chemical structure of CA film after composing with 

nanosilver metals. Meanwhile, . Xrd date shows that the presence of Ag at relatively high 

concentration (3%) alters the crystallinity of CA.  Fig. 4 Mechanical properties of CA 

composites of different Ag content were  investigated.   Slight improvement on tensile 

strength   of CA-Ag composite films was archived if compared with that for pure CA.Table1. 

3.4.Effect of gamma rays on the properties of CA-Ag  nanocomposite 

CA-Ag  Nano composites of different Ag contents were  exposed to ionizing radiation at 

different irradiation doses. The irradiated samples were characterized using ESR, FTIR  

Mechanical testing.  ESR measurement revealed that the  radicals that form during the 

irradiation at  (30kGy) decayed   and /or recombined after 6hr after  irradiation process . 

Consequently,   it was expected that the irradiated  film keep unchanged if storing after 

irradiation treatment for long time.  Insignificant effect on the mechanical property and 

structure of irradiated CA-Ag  Nano composite  was  also observed .  

The biological properties of Ag-CA nano composite  of different silver contents towards gram 

positive and gram negative bacteria was investigated. It was observed that theca/Ag   

composite films of different Ag contents  possessed antimicrobial activity property against 

gram negative and gram positive bacteria  Fig 5. 
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Fig. 3. change on CA colore after composing with different amount of  Ag 

 

 

Fig. 4. Effect of Ag capped by  CA using Gamma rays  on the structure and  crystallinity of 

CA. 
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TABLE 1. MECHANICAL PROPERTY OF CA AND CA/AG NANOCOMPOSITE FILMS AT DIFFERENT 

CONCENTRATION OF AG 

 Tensile MPa elongation % 

CA Black 34 8 

CA + 1% Ag 36 6 

CA + 2% Ag 35 5 

CA + 3% Ag 37 8 

 

 

Fig. 5. The biological properties of Ag-CA nano composite  of different silver contents 

towards gram negative bacte 

3.5.Migration of nano-silver  from Ag-CA nano composite film 

Release of Ag  from CA was investigating. The film was soaked in distilled water for interval 

times up to 72 h and the amount of Ag release was determined. It was found that the amount 

of Ag release after 24h is very limited and does not increase significantly by time. On the 

other hand,   the Release of Ag  from CA film (prepared in thee presence of 5%PEG400) was 

relatively high if compared with that prepared in absence of 5%PEG400. The results assumed 

that the hydrophobicity and rigidity of CA restrict the incorporated Ag to move and release  

outside the films. 

3.6.Green synthesis of highly stable graphene nano-sheets using Gamma radiation  

Clean and green reduction process of graphene oxide (GO) into graphene (GR) nanosheets 

was achieved via gamma irradiation. The efficiency of gamma radiation to reduce GO into 
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GR nanosheets was determined using UV-vis spectra. Capability of gamma rays for reduction 

of GO at different atmospheres and pHs was investigated  

At pH 7, GO dispersion saturated with air or N2 were gamma irradiated at dose of 50 KGy. 

The color of irradiated GO dispersion saturated with nitrogen gas changed from yellowish 

brown to dark one. Meanwhile, no significant change on the color of dispersion saturated with 

air was observed.  UV-vis spectra confirm this observation as the absorption peak at 278 nm 

was recorded only for the irradiated dispersion saturated with N2 gas Fig. 6. the apparent peak 

at 278 nm can be attributed to GR . 

 

Fig. 6. UV-vis spectra show the effect gaseous atmosphere-type on reduction process of GO 

into GR at irradiation dose of 50 KGy at PH 7 in absence of capping age. 

This behavior can be explained by assuming   that in N2-saturated dispersions at PH 7, the 

reaction takes place with each of (solvated electrons e
-
aq , OH

•
 and H

•
) . In absence of OH

•
 

scavengers, a competition between Oxidizing species (OH
•
) and reducing species (solvated 

electrons e
-
aq and H

•
) is established and low concentration of GR is formed. This justifies the 

weakness in UV absorption peak at 278 nm. But in air-saturated dispersions at PH 7, the 

reactive species are OH
•
 and the couple O2

-•
 / HOO

•
 (superoxide radical anion / perhydroxyl 

radical) and this couple is originated by scavenging reducing species (solvated electrons e
-
aq 

and H
•
) with O2 (4):  

e
-
aq +  O2                  O2

-
 

H
•
+ O2                  HOO 

The presence of such oxidizing species restricted the GO reduction and may aid in further 

oxidation of   GO.  

The irradiation process for GO dispersions saturated with nitrogen was carried out at different 

pHs and the yield of formed GR was determined using UV-vis spectra Fig. 7. It can be seen 

that at low pH 2.5 the reduction of GO does not occurr. As the pH value increases, the 
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intensity of peak at 279 nm increases. This means that the reduction of GO by ionizing 

radiation takes place at high PH value. 

 

Fig. 7. UV-vis spectra of GO dispersed in N2-saturated H2O of different PHs irradiated at 50 

KGy. 

In case of strong acidic medium PH 2.5, nearly equal amounts of OH 
•
 and H

•
 only are 

present. This is due to that solvated electrons (e
-
aq) are converted into H 

•
 by reacting with 

hydroxonium ions (5): 

e
-
aq +  H3O

+
            H

•
 + H2O 

As a result, no change occurred to GO dispersion of PH 2.5 after radiation. 

 The small increase in the intensity of UV-vis absorption spectra in alkaline (PH 9.5, 10.6) 

than that in slightly acidic (PH 4.6) and neutral (PH 7) conditions suggests that a little more 

efficient reduction occurred. This change is due to the appearance of less reactive oxidizing 

species O
-•
 instead of more reactive OH 

•
 due to the reaction (5): 

OH 
•
 + 

-
OH           O

-•
 + H2O 

The yield of GR obtained from N2-saturated GO dispersions via ionizing radiation is very 

low. In addition, the stability of GR dispersion is limited as the obtained GR nanosheets 

aggregated and participated by time. Thus, capping agent was required to enhance the yield of 

highly dispersed GR and sustain its stability.  Therefore, different types of capping agents 

such as CMC, EHEC, Glucose and PVA were used. Fig. 8 show the UV-vis spectra of GO 

irradiated in the presence of the previous capping agents. 
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Fig. 8. UV-vis spectra of N2-saturated GO dispersion using different capping agents (CMC, 

EHEC, PVA and Glucose) solutions of PH 7 irradiated at 50KGy. 

The intensity of GR characteristic peak for GO dispersion irradiated in the presence of 

different capping agents is much higher than that for N2-saturated GO dispersion irradiated in 

absence of a capping agent. The intensity and maxima of the peak is varied according to the 

nature of the capping agent used.  The highest GR yield obtained when Glucose was used. 

However the natural polymer (EHEC) gives lower GR yield than Glucose but it gives more 

efficient reduction .PVA is the best one from reduction efficiency and yield points of view, 

but the synthetic polymer as PVA is not eco-friendly. Thus, CMC was selected as capping 

agent because it is naturally occurring polymer for green synthesis of Gr and  resulted in 

efficient reduction of GO into GR with reasonable yield. 

From the previous results we can assume that Fig. 9 represents the mechanism of producing 

stable GR from GO using gamma radiation. During the irradiation process, CMC consumes 

the produced oxidizing species and degraded into low molecular weight leaving the reducing 

species to interact with GO As a result high yield of efficiently reduced GO is obtained. On 

the other hand, the produced low molecular weight CMC is adsorbed on the hydrophobic 

surface of GR nanosheet and stable dispersed hydrophilic GR nanosheets were formed.      

GO dispersions were exposed to different doses. It was observed that the color of dispersion 

changed with irradiation dose. Fig. 10 shows gradual changes in color of GO dispersed in air-

saturated CMC solution of PH 7 and its corresponding UV-vis spectra show shifting with the 

increase in radiation dose. Before gamma irradiation, GO dispersion appears to be yellowish 

brown and absorbs UV at 247 nm, but after irradiation at dose 10 KGy the color of GO 

dispersion becomes dark brown and UV absorption peak is red-shifted to 266 nm. With the 

increase in radiation dose the dispersion color becomes darker and shifts to higher wave 

length. 
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Fig. 9. Illustration of the preparation of GR via gamma irradiation in presence of CMC as 

capping agent and air atmosphere at PH 7. 
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Fig. 10. (A) Photographs of (0.1 mg/mL) GO dispersion before (a) and after (b-f) gamma 

irradiation at doses (10-50 KGy) in air-saturated CMC solution of PH 7. (B) The 

corresponding UV-vis absorption spectra showing the change as a function of radiation dose. 

By further increasing in irradiation dose more than 30 KGy where dispersion absorbs at 280 

nm no red shift is observed but there is an increase in absorption in the whole spectral region 

indicating the increase in concentration of GR formed. This suggested that GO is reduced into 

GR and electronic conjugation within the GR sheets is gradually restored (6). 
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Fig. 11. FT-IR spectra of Graphite, GO and GR obtained at radiation dose of 50 KGy. 

FTIR spectroscopy (Fig. 11) can confirm the formation of GR using gamma irradiation in 

presence of CMC as capping agent and air atmosphere at PH 7. The FT-IR spectra of graphite 

shows no characteristic peak of oxygen-containing functional groups, but in case of GO, 

characteristic peaks appear for O-H (3414cm
-1

), C=O (1722 cm
-1

), aromatic C=C (1600 cm
-1

), 

carboxy C-O (1390 cm
-1

), epoxy C-O (1214 cm
-1

) and C-O (1060 cm
-1

) (54;55). After 

irradiation of GO at 50 KGy a dramatic vanishing in GO characteristic peaks happens 

confirming the conversion of GO into GR. 

Important information about the change in crystal structure can be obtained via comparing 

XRD patterns of pristine Graphite, GO and GR formed at 50 KGy in presence of CMC as 

capping agent and air atmosphere at PH7. As shown in Fig. 12 pristine graphite has 

crystalline structure with inter-planner distance (d= 0.34 nm), but GO has damaged crystalline 

(amorphous) structure with wider inter-planner distance (d= 0.88 nm) indicating introduction 

of oxygen-containing functional groups to carbon layers. For GR formed at 50 KGy, instead 

of the peak at 10   of parent GO a new very broad peak appears at 22   with (d= 0.41 nm) 

suggesting the efficient reduction of GO into GR and formation of single graphene sheets 

which are randomly ordered in the powder form. 
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Fig. 12. XRD pattern of pristine Graphite, GO and GR formed at 50 KGy in CMC solution in 

presence of oxygen at PH7. 
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Fig. 13. (A) AFM image of GR nanosheet obtained via gamma irradiation of GO dispersed in 

air-saturated CMC solution at dose of 50KGy.(B) height profile along the line shown in the 

AFM image beside its corresponding topography distribution.(C) Typical TEM image of GR 

nanosheets. 

Fig. 9 (8) (missing?) shows a typical AFM image of GR nanosheets obtained by drop-casting 

method on a freshly cleaved mica surface. The average thickness of GR nanosheet is about 

1.25 nm as shown from the height profile in Fig. 13 (B). This thickness of GR nanosheets is 

greater than the ideal thickness of single GR sheet (0.35 nm) and this is attributed to the 

capping agent that affects greatly thickness. Fig. 13 (C) shows TEM image of   GR 

nanosheets with lateral dimension more than 1µm. some corrugations are present in GR 

sheets. 

3.7.Preparation of chitosan/Go-nanocomposite films 

Trails has been  made to  prepare  graphene -chitosan nano-composite for possible use  as 

antimicrobial packaging materials. Graphene oxide and  -chitosan  were mixed at different 

ratios using ultrasonic probe    for10mins. The mixture was poured in a Petri dish and left to 
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dry. The color of the chitosan films change from pale yellow to dark and the intensity of the 

color increases with increasing GO content (Fig. 14). 

A mechanical property of CA composite of different GO contents was investigated.     The 

tensile strength of graphen oxide -chitosan nano-composite film  improves significantly if 

compared with pure chitosan . As the amount of GO increases the tensile strength of 

composite film increases. Table 2. 

The water uptake of the composite films was determined. It was found that the ability of 

chitosan -GO nano-composite film to adsorb water is reduced if compared with that of pure 

chitosan. Meanwhile, the  treatment  with1% NaOH solution   for 30min significantly  

decrease the swelling % for both  of chitosan and chitosan -GO nano-composite films  table 3. 

 

Fig. 14. Change in color of chitosan film when mixed with GO. 

 

TABLE 2. MECHANICAL PROPERTIES OF CHITOSAN COMPOSITE OF DIFFERENT GO CONTENTS 

Polymer type Un-irradiated  Irradiated  

25kGy 

Irradiated  

25kGy 

chitosan Yield MPa Yield% Yield MPa Yield% 

chitosan 33 30 31 32 

Chitosan +1%GO 41 16 42 11 

Chitosan +3%GO 47 11 49 11 

Chitosan +5%GO 55 7 54 5 
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TABLE 3. WATER UPTAKE OF CHITOSAN AND CHITOSAN /GOCOMPOSITE 

Type of polymer and treatments Swelling % 

Pure chitosan 200 

Chtiosan/3%GO 122% 

Pure chitosan after treated  with 1% NaOH for 

30min 

115% 

Chtiosan3%GO after treating with 1% NaOH 

for 30min 

71% 
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1. Introduction 

The radiation-induced polymerization of multiacrylates is suspected to generate 

heterogeneous networks at various dimension scales [1-3]. In order to gain an insight into the 

polymer microstructure, a combination of analytic methods was used to quantify polymer 

segment mobility in the different domains [4,5]. Model epoxy or ethoxylated bis-phenol A 

diacrylates, EPAC and ETAC respectively, were used as precursors of representative 

networks for our investigations (Fig. 1). 
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Fig. 1. Chemical structure of the bisphenol A epoxy and ethoxylated diacrylate monomer. 

The calorimetric features of networks were determined by temperature-modulated differential 

scanning calorimetry (TMDSC) of samples prepared by UV- or EB-induced polymerization. 

The influence of acrylate conversion on the relaxation behavior of cured samples was 

examined to describe the gradual evolution of the heterogeneities, in terms of local mobility 

and associated fraction of material as the radiation-induced polymerization proceeds. Atomic 

force microscopy (AFM) imaging of the networks in the tapping mode was also implemented 

to provide a complementary picture with indications on the actual dimensions of the soft and 

rigid domains. 

The existence presence of nanoscale heterogeneities is likely at the origin of the particular 

brittleness of the materials based on such densely cross-linked networks by generating, upon 

various types of mechanical strain, or localized concentration of stress intensifications in 

cracks, that eventually lead to catastrophic failure. This mechanical limitation associated with 

the use of matrices cured by chain reaction drives the need for improved matrix compositions. 

A recent work was conducted in our group to assess the efficiency of new formulations 

including a high Tg thermoplastic dissolved in particular monomomer blends functional for 

improving the toughness of acrylate-based matrices. 

2. Experimental section 

2.1. Materials and polymerization procedure 

Bisphenol A epoxy diacrylate (EPAC) from Cytec (reference Ebecryl 600) and Bisphenol A 

ethoxy diacrylate (ETAC) from Sartomer (reference SR601E) were used as received, without 

diluents. Polyethersulfone (Gafone 3600RP) was obtained from Solvay. Films prepared for 
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AFM analysis were cast on NaCl plates so as to permit transmission FTIR determination of 

monomer conversion in the sample. EB-curing was achieved by processing under inert 

atmosphere in an Advanced Electron Beams (Wilmington, MA, USA) laboratory unit 

operated at 150 kV with a 5 mA current. Bulk samples were polymerized by electron beam 

treatment at doses ranging from 5 to 100 kGy applied by increment never exceeding 25 kGy 

(10 MeV Circe II accelerator, Linac). 

Photopolymerization was achieved under 365 nm UV irradiation (Philips TL08, 7 mW.cm
-2

) 

by exposing the liquid monomer mixed with a limited amount (0.1 to 2 wt-%) of 2-hydroxy-

2-methylpropiophenone (Additol HDMAP, Cytec). The DSC pans containing the formulation 

(thickness from 1.5 to 1.6 mm) were covered with 100 µm thick PET film before curing. 

Curing temperature (set between 25 and 125°C, Linkam hot stage) and exposure duration (10 

to 60 min) were varied for obtaining acrylate conversion levels ranging from 0.1 to 0.75. 

2.2. Sample characterization 

Monomer conversion was determined using Fourier Transform Infrared Spectroscopy (FTIR). 

AFM observation was conducted on 20 µm-thick films. Images were acquired in tapping 

mode using a AFM apparatus Dimension from Veeco. Particularly, we used a silicon tip with 

a nominal resonance frequency of 320 kHz and a nominal spring constant of 42 N.m
-1

. 

TMDSC scans were recorded on cooling mode with nitrogen as purge gas. The starting 

temperature was set 70°C above expected glass transition temperature in order to limit 

thermal ageing. The crude thermograms were processed by the Origin v8.0 software to obtain 

the differential quantity dCp,rev/dT and to resolve the resulting bimodal curves by a two-

component Gaussian fit. The morphology of samples prepared from different compositions 

with various toughness levels was investigated by Scanning Electron Microscopy (SEM) 

analyses. The critical stress intensity factors in mode I (KIc) for the unreinforced matrix and 

compositions including various amount of PES were also determined. Single Edge Notched 

Bending (SENB) geometry was used and testing realized according to ISO 13586:2000 

standard on an INSTRON 4400R apparatus. 

3. Results and discussion 

3.1. AFM imaging 

The local topography of samples cured by exposure to UV or EB radiation on NaCl plates 

was analyzed by atomic force microscopy (AFM). The control of monomer conversion in the 

samples was achieved by transmission FTIR for appraising simultaneously the local 

topography together with the variations of cross-linking density as a function of the progress 

of the reaction. The picture shown in Fig. 2 shows both the height and the phase images of a 

film made of bisphenol A epoxy diacrylate (EPAC) network cured under electron beam 

radiation with a dose of 20 kGy yielding to a conversion level of  = 0.41 for acrylate 

functions. The topographical image shows a very flat sample with a root mean square 

roughness of 0.2 nm, whereas the phase contrast image highlights a more complex and 

heterogeneous structure. The sample morphology appears as made of very stiff domains 

corresponding to the lower phase values, whereas the darker zones correspond to much more 

compliant material. Stiff domains can be reasonably associated with what can be named 

clusters, originating from the initial microgels. Those clusters exhibit a densely crosslinked 

structure that contrasts with the softer interstitial zones that likely correspond to the loosely 

crosslinked and swollen matrix. This type of image reveals without ambiguity the existence of 

dense nodules with a mean diameter of about 15 nm. Progressing in the description and 
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understanding of the structure-properties relations in multiacrylate networks by taking into 

account their microheterogeneity is essential from both fundamental and practical viewpoints 

[6]. 

  

Fig. 2. Height (left) and phase contrast (right) AFM images recorded in tapping mode of 

partially EB-cured (20 kGy,  = 0.41) epoxy diacrylate (EPAC) network. 

3.2.Temperature-modulated DSC 

The singularities of the curves representing the variation of reversing heat capacity (Figure 3) 

appear clearly in the conventional thermograms calculated from the data recorded in the 

modulated temperature mode. However, the determination of the central value of the second 

order transitions, as well as the width of the corresponding temperature range are not precisely 

assessed [7]. 

 

Fig. 3. Curves representing the variations of the reversing heat capacity signals Cp,rev for 

EPAC networks UV-polymerized to various conversion levels (7 mW.cm
-2 

UV intensity, [PA] 

=  0.1 wt-%, except [PA] = 2 wt-% for the curve marked with a star). 

More useful information can be obtained from the original data by plotting the derivative of 

reversing heat capacity with respect to temperature dCp,rev/dT. The derivative of the reversing 

heat capacity measured for the unreacted monomer shows a narrow single Gaussian peak 

(Figure 4). For UV-cured EPAC networks with conversion degrees  ranging from 0.12 to 

0.76, the signal amplitude decreases as the degrees of freedom for the system decrease, when 

simultaneously it also tends to gradually broaden, with the development of a shoulder. Two 

distinct situations can be observed depending on the conversion level, lower or higher than a 

critical value roughly defined as  = 0.5. Below this conversion, the shoulder appears at 

temperature above the one corresponding to the maximum of the reversing heat capacity 

curve, whereas for higher conversions it occurs at lower temperature. 
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Fig. 4. Curves representing the variations of the derivative of the reversing heat capacity 

signals dCp,rev/dT for EPAC networks UV-polymerized to various conversion levels. 

The evolution of the distribution of relaxation temperature as a function of conversion can be 

interpreted by the initial formation of domains in the form of isolated microgels showing 

higher conversion level than the surrounding medium and exhibiting a higher glass transition. 

The main relaxation peak at low temperature and the shoulder developing at higher 

temperature can be assigned accordingly. The situation is reversed for higher conversions, 

with a higher fraction of domains that are vitreous at room temperature. The low temperature 

shoulder corresponds to the interstitial loosely crosslinked domains [8]. 

In an attempt to characterize quantitatively the relaxations of the different domains in the 

networks, we have chosen to fit the experimental values of dCp,rev/dT with a sum of two 

Gaussian curves
 
 as described by Equation 1: 
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where Cp,i is the increment of heat capacity of the relaxing domain i, Tg,i the half width, 

and Tg,i the center of the peak corresponding to its glass transition temperature. Subscript 1 

refers to the transition occurring at lower temperature (monomer rich domains and then 

loosely crosslinked domains) and subscript 2 to the transition occurring at higher temperature 

(i.e. the highly crosslinked microdomains). 

The differential calorimetric data can be decomposed and analyzed in terms of conversion 

dependence of the position of the glass transition in each domain Tg,i, as well as on the width 

of each glass transition. Particularly, the variations of the corresponding Tg,2 and Tg,1 values 

do not follow the same profile, revealing contrasting evolutions in the two types of domains. 

The width of the low temperature transition Tg,1 is continuously increasing over the explored 

conversion range, showing an extension of the diversity of weakly crosslinked domains. 

Conversely, the high temperature transition is broadened in the initial stages of the 

polymerization and then tends to narrow as high levels of conversion are reached, denoting 

some homogeneization of the crosslinking density in the corresponding domains. 

3.3.Influence of network build-up on mechanical properties 

The scenario currently proposed for the build-up of the network is represented in Fig. 5. The 

sketch illustrates the measured variations of Tg and the broadness of the transitions in relation 

with the variety of defects and heterogeneities in the spatial distribution of cross-links density 

[3, 9]. 
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Fig. 5. Sketch representing the heterogeneous build-up of networks prepared by radiation-

induced chain polymerization of aromatic diacrylates. 

The of nanoscale heterogeneities in the resulting vitreous monolithic material is one of the 

reasons for the brittle behavior generally observed when such materials are submitted to 

elongation or shear strain. The localized intensification of stress in incipient cracks results in 

the catastrophic failure of the material. In order to overcome limitation, we have considered 

the possibility to introduce thermoplastic toughening agent in an approach similar in some 

regards to the reinforcement of thermosets with rubbers or high Tg aromatic polyethersulfone 

[10]. Two notable differences with respect to the toughening methodology applicable to heat-

curable networks are however related with particular thermal profile and kinetic conditions of 

radiation curing. The irradiation is conducted on materials generally conditioned at room 

temperature and subjected to the sudden initiation of chain polymerization with generation of 

heat by radiation energy conversion and by the strong exothermicity of polymerization. These 

two distinct features should favor the early occurrence of thermoplastic demixtion upon 

polymerization of the reactive diluents and prepolymers and should as well limit the growth 

of the nucleated thermoplastic domains, if the system starts vitrifying in the early stage of 

curing [5]. This perspective seems particularly attractive for designing advanced radiation-

curable formulations. 

3.4.Toughening by polymerization-induced phase separation of a high Tg thermoplastic 

Polyethersulfone (PES) is a thermoplastic exhibiting good solubility in N-vinyl lactames. The 

adopted strategy thus consisted in blending the basic aromatic diacrylates with adjusted 

amounts of the PES solution in a compatible reactive diluent such as N-vinyl pyrrolidone 

(NVP). A detailed investigation was conducted to determine the corresponding ternary phase 

diagrams at various temperatures [5]. Homogeneous blends were obtained over a large range 

of composition and temperature, the miscibility window being governed by PES chain length 

and end-group functionality and by the structure of the acrylate monomer. 

Thermal effects were already discussed for their important role in the curing kinetics of 

networks forming glassy materials [11]. They also exert an influence on the thermodynamics 

of the complex blends subject to very anisothermal conditions during the curing process. The 

thermal profiles of Figure 6 illustrate this point by showing the variations of temperature 

measured with a thermocouple inserted in a 5-mm thick resin sample during polymerization. 

For that particular experiment, a 5 kGy dose was applied first, then followed by three 

increments of 25 kGy. It can be observed that during the first 5 kGy, temperature in the resin 

jumps from 16 to 128°C in two seconds due to the heat release of the reaction. The following 

25 kGy increments also induce temperature rise but of lower amplitude. This shows that the 

first dose increment needs being not too large so as to avoid excessive temperature rise in the 

Progress of cross-linking polymerization

Liquid Gel Glassy monolithIncipient vitrification

Progress of cross-linking polymerization

Liquid Gel Glassy monolithIncipient vitrificationLiquid Gel Glassy monolithIncipient vitrification
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sample. Since the toughening mechanism is expected to result from in situ generation of 

nanoscale clusters of thermoplastic by polymerization induced phase separation (PIPS), these 

features shall be considered as key parameters for controlling the morphology of the material, 

and in turn, its mechanical properties. 

 

Fig. 6. Variations of the temperature recorded during EB-curing within an EPAC-based resin 

sample (5mm-thick resin between 10-mm thick aluminum plates forming the mold ; frontal 

irradiation with a 10 MeV beam). 

 

 

Fig. 7. Influence of NVP content on the derivative of the reversing heat capacity signals 

dCp,rev/dT for ETAC-NVP networks polymerized by application of a 80 kGy dose (from 6 to 

7 grams of monomer placed in glass vials of 1 cm in diameter; frontal irradiation with a 10 

MeV beam). 

Introducing NVP as reactive solvent for blending the aromatic diacrylates with the poorly 

compatible PES was shown to affect positively the reactivity of the formulations and to yield 

higher Tg for the cured materials. The plots of Figure 7 show the gradual increase of the 

position of glass transition temperatures (Tg) deduced from the maximum of the derivative of 

the reversing heat capacity with respect to temperature, dCp,rev/dT. The results reveal the 

presence of 2 Tg’s in the samples containing the higher weight fraction in NVP, yet in the 

presence of ETAC diacrylate (wNVP = 0.6 and 0.8). In samples with a low NVP content, the 

presence of the monofonctional monomer apparently reduces the broadness of the relaxation 

domain. These different features prompted us to investigate the properties of ternary blends 

containing NVP as the reactive diluent compatibilizing PES with the aromatic diacrylates. 
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The toughness of the fully cured resins was determined using ISO 13586 standard. The 

measured values (Figure 8) show consequent improvements of the resistance to crack 

propagation with a value for the critical stress intensity factor KIc exceeding 2 MPa.m
0.5 

for 

the optimized
 
composition, whereas the reference matrix based on ETAC has a typical KIc 

value of 1 MPa.m
0.5

. 

 

Fig. 8. Influence of PES content (x) on the KIC values in fully cured materials prepared from 

ternary blends of PES - NVP - ETAC of composition x : 2x : 100 - 3x (w/w/w), respectively (5 

mm-thick resin between 10 mm-thick aluminum plates forming the mold ; frontal irradiation with a 

10 MeV beam). 

3.5.Toughening and relation with sample morphology 

The advanced understanding of the relations existing between sample morphology and 

toughness level is of crucial importance in order to optimize matrix toughening. Samples of 

different compositions and toughness levels were investigated by means of Scanning Electron 

Microscopy (SEM) for getting an insight into their morphology (Figure 9). For contrast 

reasons, samples were first etched using dimethyl sulfoxide in order to remove the 

thermoplastic phase that consequently appears as voids on SEM images. 

a)  
b)  

Fig. 9. SEM images of the surface of fractured toughened materials (composition PES - NVP 

– ETAC 20 : 40 : 40 w/w/w, 80 kGy dose, 10 MeV): a) Native fracture surface at low 

magnification and b) after PES dissolution in DMSO for 48 h., the nanometric size cavities 

revealing the phase separated PES domains in the native matrix. 

For materials obtained from the PES-containing formulations, investigations performed at 

much higher magnifications down to the nanoscale level revealed the biphasic morphology. 

These results demonstrate that contrary to common assertions [12], some phase separation can 

be induced by EB-induced polymerization. Because the timescale of the chain polymerization 



 

85 

is much shorter than for thermal curing, polymerization-induced phase separation cannot 

further develop because of the sudden vitrification of the system. The geometrical features of 

the phase-separated domains has the same characteristic dimensions than of the 

heterogeneities revealed in various types of diacrylate networks. 

According to the initial composition, the morphology was examined at a submicrometric 

scale. Figure 9 shows the morphologies of two EB- cured resins with 20 wt% of PES. This 

difference in terms of morphologies strongly influences the related toughness level, since KIc 

varies from 1.3 to 2.2 MPa.m
0.5

 when the PES content varies from 10 to 20 % in weight 

fraction. The flexural properties are also satisfactory with corresponding moduli of materials 

prepared from various PES NVP and diacrylate compositions above 3 GPa. In addition, the 

fluidity of most of these systems is compatible with Resin Transfer Molding technology, the 

viscosity falling down below 1 Pa.s for temperatures above 60°C. 

4. Towards the use of cellulose nanoparticles as fillers in structural composites 

In comparison with macroscopic cellulose materials and fibrils, the dimensions and the aspect 

ratio of cellulose nanowhiskers seem favorable to the development of chemical interactions 

and grafting with various types of organic matrices [13]. Cellulose nanoparticles are claimed 

as environmentally safe. The sources of microcrystalline cellulose are sustainable, 

biodegradable, neutral with respect to carbon balance. They can be processed at industrial 

scale quantities and at low costs (e.g. byproduct of the paper industry, of cellulose conversion 

to biofuels). However, the absence of strong interaction or of covalent coupling generally 

limits the benefits associated with the presence of the nanoparticles in the polymer matrices. 

Treatment with high energy radiation gives an interesting possibility to induce coupling and 

grafting reactions between the various components of the composite material. Our project 

aims at studying the behavior of cellulose nanoparticles during and/or after treatment with 

high energy radiation in the perspective of exploiting the formation of free radical species 

beneficial to the structural properties of composite materials including cellulose-based 

nanoparticles. 

Different possibilities can be addressed in course of the current Coordinated Research 

Program, with particular relevance to the field of composite materials. Surface oxidation of 

nanocrystalline cellulose can be achieved by irradiation for activation prior to composite 

elaboration, with optional subsequent grafting. The formation of occluded long-lived free 

radical species in nanocrystals, can be exploited for subsequent coupling upon thermal 

activation in the presence of chemically reactive matrices (synthetic or natural monomers, 

prepolymers and polymers). Simultaneous irradiation of matrix (various possible types) and 

nanoparticles can be implemented for forming films and coatings or for elaborating structural 

bulk materials.  

The present project provides an opportunity for research and technological innovations in 

cellulose-based particles for the development of nanocomposites with enhanced performance 

and new functionality .We propose to use high energy radiation processing for improving the 

chemical interactions between the organic matrix and the nanoparticles. Part of the work will 

be dedicated to the structural and chemical modifications induced by high energy radiation 

(e.g.  pre-irradiation, EB pre- or simultaneous irradiation) on cellulosic materials of various 

characteristic dimensions and shapes. 
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The work consequently includes (i) Preparation and characterization of cellulose nanocrystals 

and whiskers, and their selection for the next stages, (ii) Irradiation of the whiskers under 

various conditions and in various media, for studying the nature of the induced chemical 

transformations and for quantifying the efficiency of the process, (iii) Elaboration of 

composites by using radiation oxidized whiskers, or radiation-activated whiskers including 

long-lived free radical, or by simultaneous radiation grafting and curing of matrices reinforced 

by cellulose nanoparticles, (iv) Characterization of the structural, physical, and use properties 

of the resulting composites (coatings and bulk materials). Various properties that potentially 

benefit to structural composite performances (bulk mechanical properties, ageing, surface 

properties, …) will be studied in relation with the composition and processing conditions. 

Orientation will be considered a prime feature governing mechanical or permeation 

properties. 

5. Conclusion 

The spontaneous formation of nanoheterogeneities during crosslinking polymerization of 

difunctional aromatic acrylates was discussed on the basis of AFM imaging in the tapping 

mode and on calorimetric data obtained by temperature-modulated DSC. In an attempt to 

overcome the inherent brittleness of densely crosslinked networks obtained by fast curing 

under high energy radiation, we have shown that the introduction of a high Tg thermoplastic 

such as PES is possible by using a reactive diluent such as NVP. The fast polymerization-

induced phase separation of PES was shown to yield toughened matrices with significantly 

improved critical stress intensity factor (KIc) showing values over 2 MPa.m
0.5

, whereas the KIc 

value is about 1 MPa.m
0.5

 for the unmodified reference resin. The weaknesses of the 

nanoheterogeneous diacrylate matrix seems to be alleviated by the purposely provoked 

formation of nanosized clusters of toughening thermoplastic. We propose to further 

investigate the influence of cellulose nanocrystals in various network forming multifunctional 

monomers. Nanoparticles with controlled shape, size and appropriate surface 

functionalization will prepared and characterized for that purpose. The influence of 

composition and processing factors will be examined in the perspective of obtaining 

reinforced composites with improved properties. 
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Abstract 

Radiation processing of nanoparticle-filled polymer blends and coatings is expected to 

synergize the benefits of radiation processing and the flexibility of achieving various property 

combinations. High energy radiation can be utilized in a variety of ways to modify these 

systems. It can be used to crosslink the matrix, to compatibilize the blend components, to 

synthesize graft copolymer based compatibilizers, to improve interfacial bonding between the 

nanofiller/polymers or to freeze the morphology.  Properties like flame retardency, 

permeability, abrasion resistance, biocompatibility and antibacterial activity can also be 

significantly affected by this composite approach.  Due to the variety and quality of the 

product it promises, radiation processing of these mixed systems has been our core interest in 

the last few years.  In the report, some of results on the radiation processing of SBR/EPDM 

blends and SBR/EPDM/MWNT nanocomposites are presented.   

1. Introduction 

The rubber industry has utilized sulfur and accelerator system as a primary tool for 

vulcanization for years. High-energy ionizing radiation has recently received a great deal of 

attention, primarily because of its ability to produce cross-linked networks with a wide range 

of polymers [1-5]. The radiation-vulcanized products offers lower compression set and 

superior heat aging characteristics than those vulcanized with conventional means. Added 

advantages of low operation cost, additive free technique and room temperature operations 

make radiation processing an attractive tool for the development of medical grade and high 

performance rubbers. 

Blending of unsaturated rubbers with saturated rubbers can provide a solution for the inherent 

structural drawbacks of the unsaturated matrices viz. poor heat and ozone resistance [6-9]. In 

this regard, radiation processed blends of Styrene-Butadiene Rubber (SBR) and Ethylene-

Propylene Diene Monomer (EPDM) rubber envisaged a special interest because incorporation 

of a suitable amount of EPDM in SBR is expected to impart significant heat and ozone 

resistance in the SBR matrix while weak adhesion property and poor tear strength of EPDM 

are expected to be improved substantially with the incorporation of SBR in the EPDM matrix. 

Furthermore, as radiation crosslinking improves the ozone resistance of SBR matrix, radiation 

vulcanized SBR/EPDM blends are also expected to offer good weatherability characteristics 

[10-12].  

The properties of SBR/EPDM blends can be further improved by reinforcing SBR/EPDM 

blends with nanofillers such as Multiple Wall Carbon Nanotube (MWNT). These 

nanoparticulate filler based SBR/EPDM nanocomposites are expected to transcend 

conventional filler-elastomer interface limitations and offer high quality products, as even 

small quantity of these fillers is expected to render superior physical, thermal and mechanical 

properties than their conventional analogs[13-14].  
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2. Materials & methods 

Styrene-Butadiene Rubber (SBR) and Ethylene-Propylene Diene Monomer rubber (EPDM)) 

were supplied by M/s Polystar chemicals, Mumbai. Specifications of the polymers used in the 

study are mentioned in table 1. All solvents and reagents used in the study were from Aldrich 

chemicals USA and are of AnalR grade. Industrial grade multiple walled carbon nanotube 

(Nanocyl™ NC 7000) was procured from Nanocyl Belgium and used in the study without 

purification. 

TABLE 1. SPECIFICATIONS OF POLYMERS USED IN THE STUDY 

Name Specifications 

SBR  Styrene content 25 %;Mooney viscosity: ~52 (100 °C );Specific gravity: 0.945 

EPDM  Ethylene content 55%;Specific gravity: 0.87;Mooney viscosity ML~+4 of 60 (120°C) 

2.1.Sample preparation  

Blends of SBR and EPDM in different composition were prepared by mixing both the rubbers 

on a two-roll laboratory mill. A series of nanocomposites of SBR/EPDM 50:50 blend 

containing different amounts of MWNT was prepared by initially mixing the two components 

in Brabender plasticodar. The homogeneous mix was cut into small pieces and compressed 

into sheets of size 12x12 cm
2
 of different thicknesses in range 1-4 mm using compression-

molding machine at 150 kg/cm
2
 pressure for 2 minutes at 130

o
C. Nanocomposite 

compositions and sample designations have been represented in Table 2. 

TABLE 2. SAMPLE DESIGNATIONS OF SBR/EPDM BLENDS AND NANOCOMPOSITES 

Blends SBR/EPDM 50:50 blends  with MWNT 

SBR 

(%) 

EPDM 

(%) 

Designation Blend MWNT 

(%) 

Designation 

100 00 SE00 SE50 00 SENT00 

75 25 SE25 SE50 0.5 SENT05 

50 50 SE50 SE50 1.0 SENT1 

25 75 SE75 SE50 3.0 SENT3 

00 100 SE100 SE50 5.0 SENT5 

2.2. Irradiation  

Irradiation of SBR/EPDM blends and all nanocomposites was carried out under aerated 

condition using a gamma chamber 5000 (GC-5000) having Co-60 gamma source supplied by 

M/s BRIT India. The dose rate of gamma chamber was ascertained by using Fricke dosimetry 

prior to irradiation of samples.    
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3. Result and discussion 

3.1. Effect of radiation on SBR/EPDM blends 

Figure 1 shows the change in the gel content of SBR-EPDM blends on irradiation. Un-

irradiated samples were found to be easily soluble in hot xylene, however blends irradiated to 

a dose >20 kGy were insoluble due to the formation of a three-dimensional network. Sol-gel 

studies revealed higher sensitivity of EPDM to irradiation, as for a dose of 40 kGy, gel 

fractions of 94% and 30% were found for pure EPDM and SBR respectively. It was expected 

that for a particular radiation dose, the gel-content of the blends would lie in between the pure 

SBR and pure EPDM depending on their composition however, it was interesting to note that 

the gel content value of S25E75 was very close to pure EPDM whereas S75E25 and S50E50 

showed value of gel contents closer to pure SBR in the dose range studied. 

Another obvious effect brought about by irradiation on the blends due to their 

crosslinking/degradation is on their tensile strength. Figure 2 illustrates the tensile strength of 

the blends as a function of radiation dose. Tensile strength of pure EPDM, pure SBR and their 

blends were found to increase continuously in the dose range of study. Furthermore, the 

observed trend for the intermediate blend compositions is on the expected lines i.e. the tensile 

strength of the blends increases with increase in EPDM content and absorbed dose. 

 

Fig. 1. Change in gel fraction  of blends on irradiation at a dose rate of 5 kGyh-1 for different 

compositions of SBR/EPDM blends(a) EPDM 0 % (b) EPDM 25 %(c) EPDM 50 %(d) EPDM 

75 %(e) EPDM 100 %. 
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Fig. 2. Change in tensile strength of blends on irradiation at a dose rate of 5 kGyh-1 for 

different compositions of SBR/EPDM blends(a) EPDM 0 % (b) EPDM 25 %(c) EPDM 50 

%(d) EPDM 75 %(e) EPDM. 

3.2. Morphology of blends 

The scanning electron micrographs of fractured and Os O4 treated surfaces have been shown 

in figure 3. For the compositions, S25E75 and S50E50 phase separation can be clearly seen, 

whereas for the S75E25 it is not that conspicuous. At higher EPDM fractions, the SBR matrix 

was found to be embedded (disperse phase) in the continuous EPDM phase, whereas, at lower 

EPDM weight fractions co-continuous morphology of SBR and EPDM were observed. These 

results resembles to our observations in an earlier investigation on the segmental interactions 

of EPDM and SBR in the presence of solvent, where, by using solvent permeation techniques, 

the co-continuous phase of EPDM was established in all the composition range. SEM of the 

blends also indicated the higher rigidity of EPDM phase in comparison to SBR phase.  
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Fig. 3. Scanning electron micrographs of SBR/EPDM blends (a) EPDM 25 %(b) EPDM 50 

%(c) EPDM 75 %. 

3.3. Effect of the addition of mwnts on the physico-mechanical and radiation 

vulcanization behaviour of sbr/epdm blends  

Figure 4 shows the change in the gel content of SBR/EPDM/MWNT nanocomposites on 

irradiation. Un-irradiated samples were found to be easily soluble in hot xylene, however 

nanocomposites irradiated to a dose >30 kGy were partly insoluble due to the formation of a 

three-dimensional network.  The manifold increase in the mechanical properties of the parent 

matrices on addition of nanofillers has been attributed to the inherent defect free morphology 

of the nanofillers. Radiation processing of these nanocomposites may further affect the 

mechanical properties due to crosslinking/degradation of the polymer matrix. Figure 5 

illustrates the tensile strength of the nanocomposites as a function of radiation dose. Tensile 

strengths of the pure SBR/EPDM (50:50) blend and its nanocomposites were found to 

increase with dose up to 200 kGy and remain constant thereafter. The trend observed for the 

intermediate compositions is on the expected lines i.e. the tensile strength of the 

nanocomposites increased with the increase in MWNT content and with the increase in 

absorbed dose. 
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Fig. 4. Gel fraction of nanocomposites on irradiation at a dose rate of 3.5 kGyh
-1

 (a) SENT00 

(b) SENT05 (c) SENT1 (d) SENT3 (e) SENT5 
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Fig. 5. Tensile strength of nanocomposites on irradiation at a dose rate of 3.5 kGyh
-1

 (a) 

SENT00 (b) SENT05(c) SENT1 (d) SENT3 (e) SENT5 

Figure 6 shows the relationship between elongation at break and radiation dose for different 

samples. The elongation at break decreased with dose for all nanocomposites due to more 

crosslinked structures produced in the sample matrix, which prevents the structural 

organization during drawing and brings about a decrease in internal chain mobility and 

elongation.  The rapid decrease of elongation at break with the increasing MWNT loadings, 

which is observed in many composite systems, is believed to be caused by the premature 

failure starting at the MWNT aggregates. This reduction in the elongation at break with the 

addition of MWNT is not unusual for polymers and indicates that interfacial interactions 

between the elastomer and MWNTs were not sufficient to induce any positive effect on bulk 

elongation properties. Young modulus of the composites was found to increase with the 

increase in MWNT content and radiation dose (Figure 7). A significant increase in the 

Young’s modulus was observed when the MWNT content was increased from 1 to 3%. This 

behavior can be attributed to the structural changes of the composites with the increasing 

nanotube content, as it has reported that at higher content  a continuous MWNT network is 

formed throughout the matrix, which produces strong mechanical interlocking among 

nanotubes and promotes the reinforcement.  

To understand the nanocomposites’ mechanical characteristics, it is essential to compare the 

experimental results with standard micro-mechanical models developed for such systems. In 

this study, additive law, Guth model and Halpin-Tsai (HT) equations are used to predict the 

bulk properties of the carbon nanotube composites[17]. The MWNT diameter, length, and 

Young’s modulus of 20 nm, 50 μm and 400 GPa were used in the calculations. The additive 
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rule and Guth model were found to be inadequate in expressing the modulus behavior of 

SBR/EPDM/MWNT nanocomposites as the values calculated were much higher than the 

experimental and HK values. Though HK results shows slightly lower values than the 

additive rule, the values were still significantly higher than the experimental results. The 

deviation of experimental results from the above mentioned models indicates that 

assumptions, such as homogeneous distribution and efficient transfer of tensile load to the 

MWNTs, made to derive these equations do not hold good for these nanocomposites. Thus, 

these models were modified by applying boundary conditions for the elastomer systems and 

by varying apparent aspect ratio of MWNTs in the elastomer matrix. Figure 7 represents the 

fitting of Guth and Halpin-Tsai model to modulus variation with volume fraction of MWNT 

in the dose range studied. While the fitting using Guth model deviates from the experimental 

results at higher filler loadings, the Halpin-Tsai model shows good agreement within the data 

obtained. It was interesting to observe that though the aspect ratio estimated using both the 

models was almost same but it was much less than the actual aspect ratio of MWNT. This 

finding clearly indicates the presence of agglomerates in the matrix. It has been reported that 

dEc/dVf can be a good measure of reinforcing efficiency of MWNTs, as it takes into account 

both magnitude of the modulus increase and the amount of MWNTs required to achieve it[18-

19]. Therefore the magnitude of dEc/dVf was estimated for nanocomposites. The increase in 

magnitude of dEc/dVf (measure of reinforcement) with radiation indicates that there is 

improvement in load transfer effect on irradiation and an interface link between MWNTs and 

elastomer matrix is established after radiation treatment.  These results support our 

justification that higher crosslinking yield of nanocomposites containing higher fractions of 

MWNTs is due to physical crosslinking assisted free volume reduction in the nanocomposite 

matrix. 



 

96 

 

Fig. 6. Elongation at break of nanocomposites on irradiation at a dose rate of 3.5 kGyh
-1

 (a) 

SENT00 (b) SENT05(c) SENT1 (d) SENT3 (e) SENT5 
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Fig. 7. Halpin-Tsai and Guth model fittings for nanocomposites irradiated at different doses 

(a) 50 kGy (b) 100 kGy (c) 150 kGy (d) 200 kGy (e) 250 kGy (f) 300 kGy 

4. Conclusion 

The study confirmed that high energy radiation substantially improves the physico-

mechanical properties polymer blends, and the morphology of the blends can affect the 

radiation processing of polymer blends based nanocomposites. SBR/ EPDM system was 

found to be immiscible in nature. Gel fraction of the blends increased with the increase in 

EPDM content in the blend but not in the proportion predicted by weighted average 

calculations. Tensile strength, hardness studies showed a good agreement with gel content 

studies. Reduction in elongation at break of the blends with increase in radiation dose was 

attributed to prevention of the structural organization during drawing due to the formation of 

crosslinked network. These studies also showed that the irradiation of SBR/PDM blends to a 

threshold dose induces good compatibility between the two components SBR and EPDM 

which otherwise show poor compatibility. Addition of MWNT resulted in enhanced radiation 

sensitivity of SBR/EPDM/MWNT nanocomposites that was attributed to the enhanced 

probability of spur overlap, due to the reduction in the free volume of the nanocomposite 

matrix with higher MWNT content. This led to higher tensile strength, hardness and density. 

Elastic modulus increased with the radiation dose while elongation at break decreased with 

dose. The Halpin-Tsai model fitted better into the experimentally observed modulus values 

and predicted low aspect ratio of MWNT in the matrix, indicating agglomeration of MWNTs. 
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RADIATION-ENGINEERED FUNCTIONALIZED NANOGELS AS PLATFORM 

FOR BIOMEDICAL NANOCARRIERS AND BIO-HYBRID, HIERARCHICALLY 

ASSEMBLED NANOSTRUCTURES 

C. Dispenza; M.-A. Sabatino; S. Alessi; G. Spadaro; ITALY 

Summary 

Radiation technologies can be considered as choice methodologies for the creation of new 

functional materials at the nanoscale, the challenge being now the integration of these and 

other novel nanomaterials into new materials and products. The possibility of generating 

nanoscalar PVP-based hydrogels particles, with reactive functional groups for subsequent 

bioconjugation, using industrial type accelerators has been demonstrated. These functional 

nanoparticles are under evaluation as nanocarriers for targeted release of drugs, but can also 

be considered as useful building blocks for the assembly of nanostructured materials with 

controlled architecture. In particular, molecular recognition strategies can be developed to 

tailor the structural and functional properties of the composite by attaching complementary 

sequences of molecules from biological source (peptides or oligonucleotides) that will tie 

nanoparticles together. 

Under the present CRP, biodegradable nanoparticles will be developed using xyloglucan, a 

relatively inexpensive polysaccharide as base material, in alternative to PVP. Chemical 

modification of xyloglucan will be attempted with the purpose of generating radiation 

cleavable crosslinked micro/nanoparticles. These micro/nanoparticles will incorporate 

stabilizers (antioxidants, such as quercetin) or pro-degrading agents (enzymes) and will be 

either dispersed into a biodegradable film forming polymer or self-assembled to form a 

supramolecular networked film or scaffold. For the purpose, suitable surface modification will 

be pursued either to promote compatibilisation with the matrix polymer or to efficiently drive 

the self-assembly process. UV or quantum beam irradiation will be investigated as trigger for 

the release of the entrapped actives from micro/nanoparticles. 

1. Introduction 

Hydrogels have been often proposed as matrices for incorporation and controlled release of 

drugs, owing to their benign toxicological profile, soft and rubbery consistency, tailored 

chemical and physical properties. Opposite features can be conferred by design: inertness or 

stimuli responsiveness; absence of tackiness or enhanced skin or muco-adhesive properties; or 

combined, such as high permeability to water-loving solutes and the presence of hydrophobic 

pockets to host lipophilic drugs. Further opportunities are offered by the control of size and 

shape of hydrogels down to the nanoscale. Nanogels, or nanoscalar water swollen networks, 

offer unique advantages over other micro and nanoscalar delivery systems stemming from the 

their water swollen networked structure, including a large and flexible surface for bio-

conjugation with targeting moieties; the possibility to entrap large, even macromolecular 

drugs or to embed active metal or mineral cores for imaging or phototherapeutic 

purposes.[1,2] Moreover, conformability and flexibility make these nanoparticles able to 

penetrate through small pores and channels through shape modification. Major synthetic 

strategies for the preparation of nanogels belong either to micro-fabrication methodologies 

(photolithography, microfluidic, micromoulding) or to self-assembly approaches that exploit 

ionic, hydrophobic or covalent interactions.[3] The availability of inexpensive and robust 

preparation methodologies is at the basis of the development of effective nanogel-based 

theragnostic devices.  
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It has been already established that nanogels can be produced under high-dose pulse 

irradiation of dilute aqueous solutions of water soluble polymers.[4] In these conditions 

polymer macroradicals form and recombine mainly within the same polymer coil, i.e. intra-

molecularly. As a result of this process, internally crosslinked single macromolecules are 

formed.  

First aim of our research is the assessment of structure-functionality preservation of designed 

nanogels with novel or the pre-defined properties and behavior, when translated into scalable 

industrial systems related to their applications. 

2. Results and discussion 

We have assessed the possibility of generating biocompatible nanogels with controlled 

dimensions in a range of tens up to hundred of nanometers and relatively narrow particle size 

distributions, using existing industrial-type electron accelerators and set-ups. Poly(N-vinyl-

pyrrolidone) has been chosen as base material for its known propensity to crosslink under 

irradiation in water and because it is favorably accepted in pharmaceutical and cosmetic 

formulations. A functional monomer, specifically amino propyl methacrylamide (APMAM) 

was added to the polymer aqueous solution before irradiation, at different concentrations (see 

Fig. 1). 

 

Fig. 1. One-step synthesis of amino functionalized PVP nanogel via e-beam irradiation. Both PVP 

and APMAM are present in the irradiated solution. 

Radiation crosslinking of crosslinkable polymer solutions fixes a specific polymer 

conformation, depending on the chosen irradiation conditions, thus conferring to the formed 

particles shape and functionality in virtue of the specific polymeric chemical structure and 

degree and density of T or X bonds in the network. Varying the irradiation conditions 

(polymer concentration in water, pH, irradiation dose and dose-rate) at controlled temperature 

(0-4°C), it is possible to control the size and size distribution of the micro-/nanoparticles 

formed.  

In table 1, the median hydrodynamic diameters (Dh) is reported for base PVP systems at the 

variance of polymer concentration in water (0.25-0.1-0.05 % wt.), dose rate (lower for L40-

100 and higher for E40) and integrated doses (lower for E40 and higher for E80). Dh values 

were calculated from dynamic light scattering experiments (DLS) at controlled temperature, 

pH, ionic strength, dilution and upon a standardized filtration procedure (0.22 m pore size 

filters) to eliminate dust and other possible contaminants. 
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TABLE 3. MEDIAN HYDRODYNAMIC DIAMETERS (DH) AND STANDARD DEVIATION OF BASE 

PVP AQUEOUS DISPERSIONS FROM DLS AT 25°C 

System (PVP % in water) Irradiation conditions Dh±Std. dev. 

(nm) 

0.25 L40kGy-100KGy/h 99.8±28 

0.1 L40kGy-100KGy/h 25.4±8.8 

0.05 L40kGy-100KGy/h 18.3±8.7 

0.25 E40 42.2±13.6 

0.25 E80 43.3±12.9 

It can be observed that both decreasing the concentration of polymer in water and increasing 

the dose rate the particle size of the produced nanogels significantly decrease. Conversely no 

effects in the particle size distribution are observed by an increase of irradiation dose.  

For comparative purposes we have also synthesized structurally “equivalent” nanogels 

through thermally activated inverse microemulsion free-radical polymerization and 

crosslinking, starting from vinyl pyrrolidone monomer (VP) and methylene bisacrylamide 

(MBA) as crosslinking agent. This process suffers for lack of robustness and need of 

laborious purification procedures for surfactant removal. Moreover, in order to improve 

dimensional control and yields both the reaction initiator system and the purification protocols 

need to be adjusted at the variance of the monomer ratio in the reactor feed (e.g. in the 

presence of ionic monomers). 

In tables 2 and 3, the hydrodynamic diameters for two sets of “equivalent” nanogels, one 

generated starting from the monomers in w/o inverse microemulsion at 37°C and the other 

with an electron accelerator are presented. For the chemically synthesized nanogels, when 

reaction conditions and purification procedures are optimized for one formulation, e.g. for 

VP:APMAM with an intermediate value of the ratio between the two monomers (medium), 

by both increasing or decreasing this ratio, the control of particle size distribution becomes 

worse. Conversely, PVP-graft-APMAM systems produced via e-beam irradiation show good 

control of particle size distribution varying the ratio between repetitive units of PVP and 

APMAN, until the concentration of the APMAM becomes too high and this is likely due to 

association, driven by electrostatic interaction and leading to covalent intermolecular 

crosslinking, between cationic APMAM and slightly anionic PVP nanogels. 

TABLE 4. MEDIAN HYDRODYNAMIC DIAMETERS (DH) AND STANDARD DEVIATION OF 

VP/MBA/APMAM NANOGELS PRODUCED VIA INVERSE MICROEMULSION FREE-RADICAL 

POLYMERISATION AT 37°C. 

System 

Mol(VP):mol (APMAM) 

Dh±Std. dev. 

(nm) 

high 284±200 

medium 250±24 

low 200±58 
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TABLE 5. MEDIAN HYDRODYNAMIC DIAMETERS (DH) AND STANDARD DEVIATION OF PVP-

GRAFT-APMAM NANOGELS PRODUCED VIA E-BEAM IRRADIATION (E80). 

System 

Mol(PVP RU):mol (APMAM) 

Dh±Std. dev. 

(nm) 

high 53±31 

high 

0,22 μm filtered 
32±8 

medium 52±27 

medium 

0,22 μm filtered 
36±8 

low 1270±1224 

low 

0,22 μm filtered 
No signal 

Efforts have been also paid to the characterization of nanogel internal structure. In particular, 

the study of the profile of the scattered light as a function of scattering angle I(q) from static 

light scattering measurements is particularly useful to obtain information on the characteristic 

fractal dimension (df) of the network, when particle size is sufficiently big (approx. D>100 

nm). In particular, for mass fractals, df, is indicative of the “openness” of the fractal structure 

and it can vary from 1, for a rod-like structure, to 3 for a compact spherical particle. Nanogels 

presented values of fractal dimension varying in the range 1.8-2.2, thus suggesting an 

interconnected, but yet open structure, that is an important characteristic for drug delivery and 

tissue engineering applications. 

Assessment of availability of nanogel functional groups to chemical attachment with targeting 

ligands has been performed using a fluorescent probe. Specifically, fluorescein isothiocyanate 

(FTIC) has been covalently reacted with the amino groups of the amino-functionalised 

nanogel variants in mild conditions and the same protocol has been applied to react the amino 

groups with bovine serum albumin (BSA) as model protein.  
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Fig. 2. Fluorescence emission from fluorescein isothiocynate (FTIC) solutions and 

fluorescein-conjugated PVP-graft-APMAM nanogels. Negative control is the PVP-graft-

A  

Figure 2 shows the fluorescence emission from fluorescein-conjugated PVP-graft-APMAM 

nanogels. Emission peak shift of the conjugated FTIC with respect to the free probe in 

aqueous solutions (FTIC sol) suggests strong interaction with the substrate.  

Different in vitro intra-cellular localization, geno and cyto-toxicity studies have been 

performed on both the base and amino functionalized PVP nanogels. The results so far 

collected are very promising and support the development of these nanogels as nanocarriers 

for target release of therapeutic biomolecules or for specific cellular targeting in diagnostics. 

Additionally, these nanoparticles can be considered useful and relatively inexpensive 

nanoscalar building blocks for the bottom-up assembly of bio-hybrid, hierarchically 

assembled structures to be exploited in advanced drug delivery and regenerative medicine. 

In alternative to PVP, bioresorbable polymers are considered and xyloglucan, in particular. 

Xyloglucans are a major class of structural polysaccharides found in the primary cell walls of 

higher plants. Xyloglucan skeleton is formed by -(1,4) D-glucan, partially substituted by -

(1->6)-linked xylose units. Some of the xylose residues are -D-galactosylated at the O-2 and 

some galactose unit can be fucosilated. [5] 

The collapse of the transient water soluble network formed in aqueous solution by addition of 

an alcohol is a well known mechanism of gelation of certain biopolymers, such as gelatin by 

addition of a large amount of sugar alcohol. [6]  

Xyloglucan from tamarind seed, that is a not fucosilated variant of xyloglucan, is approved 

for use as a food additive and it should not possess any significant toxicity in humans, 

therefore it has been evaluated as in-situ gelling polymer for generating drug delivery depots 

in vivo. Moreover, xyloglucan can be functionalized to form carboxylated, sufonated or 

aminated xyloglucans [7, 8] or reacted with RGD cell adhesion peptides, to enhance adhesion 

and proliferation of endothelial cells, when proposed for applications in which it gets in 
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contact with blood: such as catheters, blood bags, blood vessel replacements, membranes for 

dialysis, cardiac valves, etc. [9] 

Xyloglucans are water soluble, but macromolecules tend not to be individually hydrated and 

dissolved in water. The balance between the hydrophilic and hydrophobic character  and the 

chain stiffness of the cellulose-like backbone  facilitate intermolecular interactions, among 

different chains and with solutes. Therefore, aggregation characteristics of diluted xyloglucan 

aqueous solutions are under investigation, in order to assess if micro/nanoparticles can form, 

incorporate and protect different kind of solutes. 
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Work plan under the present CRP 

Under the present CRP, biodegradable nanoparticles will be developed using xyloglucan, a 

relatively inexpensive polysaccharide as base material, in alternative to PVP.  

During the first eighteen months of the project, the optimal conditions for the formation of 

xyloglucan micro/nanoaggregates from solutions will be investigated, varying the degree of 

degalactosylation, molecular weight, temperature, concentration and presence of co-solutes . 

Chemical modification of xyloglucan with suitable groups will be attempted with the purpose 

of generating radiation–cleavable crosslinked micro/nanoparticles through the recourse to 

specific linkers and/or by irradiation. 

These micro/nanoparticles will be used to incorporate stabilizers (natural antioxidants, such as 

quercetin) or pro-degrading agents (such as enzymes or metal oxide nanoparticles) and will be 

either dispersed into a biodegradable forming polymer, such as variants of xyloglucan or poly 

lactic acid, or self-assembled to form a supramolecular nanocomposite film or a polymeric 

scaffold. 

UV or quantum beam irradiation will be considered as trigger for the preferential cleavage of 

crosslinks of micro-nanoparticles leading to degradation of the encapsulant material and the 

release of the entrapped actives in and through the biopolymer matrix. 

Further development of this research will investigate degradation and/or bioresorption 

properties of these nanocomposite films or scaffolds. 
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1. Overview of Wood Coatings Market in Malaysia 

Radiation curing technology is expected to penetrate the Asian market further due to its 

efficiency and high productivity, beside the technology compliancy with global environmental 

regulations, which is slowly becoming stricter in Asia. It is noticeable that more Asian 

companies are resorting to this coating technology. Although the maximum shares of the 

Asian market have been taken by Japan and China respectively, the growth rates in the rest of 

the Asian countries are showing potential. Malaysia is one of the top exporters of wooden 

products in Asia owing to that the leading application of radiation- cured coatings is in the 

wood coatings industry. 

The wood coatings industry is attracting a lot of interest in Asia lately due to its high growth 

potential. In Malaysia, with a market size of over US$60 million, this is an important segment 

in overall coatings market. The growth in this market relies heavily on the ups and downs in 

the end-user furniture industry. Most of Malaysian furniture is for global exports and thus 

trends in this market are determined by worldwide furniture users. Coating suppliers have to 

comply with international standards to be competitive in this market. 

The wood coatings market in Malaysia comprises mainly of nitrocellulose based coatings, 

acid cured coatings and polyurethane coatings. Radiation (UV/EB) cured and water borne 

wood coatings are also present but have a relatively small share. 

However, in general, solvent based wood coatings (which include acid cured) are likely to 

lose share to water borne and radiation (UV/EB) cured coatings worldwide as the latter are 

more environmental friendly. The stringent regulations against volatile organic compound 

(VOC) in developed regions like Europe are forcing the industry to move towards use of 

environmental friendly coatings in furniture exported from Malaysia. 

The growth areas for future are predicted to be polyurethane, UV cured and water borne 

coatings. UV curing and polyurethane based paints will grow the most at the expense of the 

declining acid cured paints. 

Looking ahead, it is expected that the market to become more technology conscious but the 

shifts will not be dramatic and will take time to take full effect. The implementation of strict 

regulations is expected to speed up the process. 

There are about 750 furniture suppliers in the country, 90% of the furniture made in Malaysia 

are exported to over 162 countries. Malaysian export of furniture is expected to grow by 5-10 

percent annually. In order to achieve higher export earnings, Malaysian furniture 

manufacturers need to move away from supplying to the mass markets segment into 

designing their own products and branding for targeted niche markets with high performance 

coatings such as nanocomposites. The Malaysian government is currently aiming to increase 

the amount of high value-added wood products for exportation. Although there is some 

drawback of this technology concerning the high cost of installing particularly UV/EB coating 

line, the expected increment in global demand will overcome that. Printing and electronic 
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industries are other sectors in Malaysia, which are benefiting from the radiation curing 

formulations. These sectors are expected to have a promising growth in Malaysian market. 

2. Research Activity at Malaysian Nuclear Agency 

2.1.Introduction 

The popularity of wood as a material for interior applications continues to grow for several 

reasons. Not only is wood versatile, easy to machine and attractive aesthetically, it is also a 

renewable material and conforms better with the principles of “sustainable development” than 

synthetic alternatives. However, wood requires careful selection of the appropriate coating 

system to deliver long term performance, in both interior and exterior situations. 

At present, coating materials without reinforced filler (nanoparticles) are used to provide a 

highly glossy and luxurious finish to furniture, flooring etc. In this research work, the 

incorporation of nanoparticles in coating materials is aimed at improving abrasion resistance 

including scratch while retaining transparency and glossiness. For information, nanoparticle is 

defined as particles with controlled dimensions on the order of nanometres (range of 

approximately 1-100 nanometers). Mineral charges such as silica particles or glass fibers can 

be introduced into radiation curable resins to get hard and abrasion resistant materials, which 

can be used as clear coatings and fiber reinforced plastics. From the structural point of view, 

the role of inorganic filler, usually as particles or fibers, is to provide intrinsic strength and 

stiffness while the polymer matrix can adhere to and bind the inorganic component so that 

forces applied to the composite are transmitted evenly to the filler. 

In conventional composite materials, filler and the polymer are combined on micronic scale, 

which often leads to insufficient adhesion between the organic matrix and the reinforcing 

filler. Composite materials that exhibit a change in structure and composition over nanometer 

length scale (< 100nm) have been proven in imparting remarkable property enhancement with 

respect to stiffness and strength, heat resistance and gas barrier properties
5
. 

The basic idea behind this work is to produce composite materials by radiation induced 

polymerization of multifunctional monomers and oligomer containing a nano-scale filler, to 

benefit from the unique advantages of the radiation curing technology as follow: 

 A solvent free-formulation, with essentially no emission of volatile organic compounds 

(VOC) to the environment and user friendly. 

 An ultra-fast curing by free radical polymerization reaction and using the highly 

reactive acrylate based resins. 

 Operations at ambient temperature particularly suitable for heat sensitive substrates such 

as wood based products, plastics etc. 

 Improved productivity and increased product performance. 
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Fig. 1 Comparison between radiation curing and thermal drying techniques. 

3. Preparation of silico-organic nanoparticles 

Siloxane methacrylate nanoparticles from the silica/acrylate systems were synthesized in a 

small batch reactor. Maleic anhydride, dissolved in water, was introduced in a mixture of 

several acrylates and 4-methoxyphenol. The coupling agent such as VTMOS was added 

within 30 minutes. Finally, nano-sized silica particles were dispersed under intensive stirring 

during 1-2 hours using a Dispermat dissolver. The process for preparing these nanoparticles is 

proton catalyzed and efficiently proceeds at 6065C. Thereafter, the product was 

immediately cooled to room temperature. 

 

Fig. 2. Molecular structure of epoxy diacrylates. 
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TABLE 1. PERCENTAGE OF MATERIALS IN THE FORMULATIONS 

Formulation 
Materials (%) 

PETIA VTMOS SiO2 EB600 

Lack 1 30 25  45 

Lack 2 30 25 5 40 

Lack 3 30 25 10 35 

Lack 4 30 25 15 30 

 

 

Fig. 3. UV Irradiator (IST) received from IAEA. 

4. Preparation of polymeric nanocomposites by UV curing   

The polymeric nanocomposite materials were prepared basically from several acrylates and 

silica nanoparticles. These materials were coated on different types of substrates such as 

lamination paper, polyvinyl chloride (PVC) and glass panel using automatic film applicator. 

They were cured by exposing the materials to ultraviolet (UV) light. Films of these radiation 

cured nanocomposites were then characterized by several methods such as scratch test and 

Taber abrasion test. 

5. Results/Discussion 

Silico-organic nanoparticles have relatively large surface areas than microparticles, therefore 

modification effects from the polymerization activity should have a great influence to the 

properties of the composites. In these investigations, we use radiation such as ultraviolet to 

initiate polymerization and interaction at the interface between the nanoparticles and the 

monomeric materials. These polymerization active nanoparticles were obtained by 

heterogeneous hydrolytic condensation of the silane to the silanol groups of the AEROSIL 

particles. 

The above reaction could be verified by the application of FT-Raman spectroscopy (intensity 

measurements of the C=C vibration band at 1640 cm
1

) and gel permeation chromatography 
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to show that the polymerization activity of the nanoparticles imparts to the silico/acrylate 

dispersion. In the curing process, the nanoparticles form cross-linkages to produce radiation-

cured polymeric composites with improved scratch and abrasion resistance. In spite of 

relatively high nanopowder content in the nanodispersions, ultraviolet induced polymerization 

with the aid of conventional mercury lamps proved to be an efficient method to cure these 

nanoparticles. 

 

Fig. 4. FTIR spectrum of acrylate material. 

TABLE 2. GEL CONTENT AND PENDULUM HARDNESS OF UV CURED MATERIALS. 

Formulation Gel Content 

(%) 

Pendulum Hardness 

(%) 

Lack 1 96.4 70.1 

Lack 2 96.7 74.0 

Lack 3 97.3 73.6 

Lack 4 97.5 72.3 

From soxhlet extraction, all the coating materials show very high gel content as shown in 

Table 2. These materials also show high pendulum hardness property. In Table 3, the weight 

loss of the radiation cured materials significantly reduced when the amount of silica particles 

increases i.e. up to 30% of SiO2. The nanoparticles improve the abrasion property of the 

coating materials. 

TABLE 3. ABRASION RESISTANT OF UV CURED MATERIALS. 

Formulations Weight Loss (mg) 

Lack 1 44.4 

Lack 2 28.2 

Lack 3 19.9 

Lack 4 14.2 

 



 

112 

TABLE 4. SCRATCH RESISTANT OF UV CURED MATERIALS USING DI  

Formulations Resistant to scratch (N) 

Lack 1 0.7 

Lack 2 0.8 

Lack 3 1.0 

Lack 4 1.5 

Finally, the performance of these composites is also related other factors such as resistance to 

scratch. Two types of needles were used for determining the resistance of a single coat system 

of the composites to penetration by scratching either with a diamond tip or a steel ball 

(spherically tipped needle). The method used was by applying increasing loads to the needle 

to determine the minimum load at which the coating was penetrated. The nanoparticles added 

into the coating materials improve the scratch property of the composite materials as shown in 

Table 4 whereas in Table 5, most of the composites exhibit excellent resistance to scratch 

property including Lack 1. 

TABLE 5. SCRATCH RESISTANT OF UV CURED MATERIALS USING STEEL BALL TIP. 

Formulations Resistant to scratch (N) 

Lack 1 >10 

Lack 2 >10 

Lack 3 >10 

Lack 4 >10 

6. Summary 

Polymerization active silico-organic nanoparticles could be prepared by heterogeneous 

condensation reaction and formed crosslinks in the polymeric substrates. With a relatively 

high nanopowder content of the nanodispersions, these coating materials could still be cured 

by ultraviolet light and produced excellent polymeric composites. These coating materials 

show better resistances toward scratch and abrasion properties compared to pure acrylates. 
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DEVELOPMENT OF POLYSACCHARIDE BASED BIODEGRADABLE 

PACKAGING MATERIALS SUITABLE FOR RADIATION STERILIZATION 

Dr Tariq Yasin 

Department of Metallurgy and Materials Engineering, Pakistan Institute of Engineering and 

Applied Sciences, P.O. Nilore, Islamabad, Pakistan 

1. Description of the research carried out 

The biodegradable composites are prepared by melt blending method in Poly-lab Rheomix 

internal mixer from Thermo Electron. The high-density polyethylene (90 wt%) and maleic 

anhydride grafted polyethylene (10 wt%) are heat melted at 170 °C under the constant rotors 

speed (60 rpm). After 3 min, maize starch (Gelose 80) 10 parts per hundred (phr), sepiolite, 

stearic acid (1 phr), Irganox 1010 (0.2 phr) and Irgafos 168 (0.1 phr) are added and mixed for 

another 15 min. The sepiolite is varied from 2 to 6 phr in these composites. The PE0, PE2, PE4 

and PE6 identification codes are used to represent composites containing 0, 2, 4 and 6 phr of 

sepiolite respectively. The heat pressed sheets are prepared at 170 
ο
C at 200 bar. These sheet 

are irradiated under electron beam in air at room temperature using UELV-10-10S linear 

electron beam irradiator (NIIEFA, Russia) at 10 MeV and 1mA using 1 kGy/pass. The 

samples are subjected to various doses of electron beam irradiation ranging from 25 to 100 

kGy. 

The structural and morphological analysis of developed composites is characterized by 

Fourier transform infrared spectrophotometer and scanning electron microscope. The thermal 

properties are investigated using thermo-gravimetric analyzer and differential scanning 

calorimeter. The gel content and tensile properties are also measured. 

2. Results 

2.1.Structural Analysis 

The structural analysis of unirradiated and irradiated composites is carried out using infrared 

spectroscopy and the spectra are shown in FIG. 1. The spectrum of PE0 shows stretching and 

bending vibrations of C–H bond in the region 3000-2850 cm
-1

 and 1460-1370 cm
-1

 

respectively. The presence of starch in the composites is confirmed by its characteristic bands 

at 990, 1024 and 1080 cm
-1

. The bands observed at 990 and 1024 cm
-1 

are attributed to the C–

O bond stretching of C–O–C group in anhydrous glucose ring, and those at 1080 cm
-1

 

correspond to the C–O bond stretching of C–O–H group [1-2]. The sepiolite also shows its 

typical band attributed to the Si–O stretching vibrations of Si–O–Si groups at 1020 cm
-1

 [3-4]. 

It is worth noting that the intensity of this band is increased with increase in the amount of 

sepiolite in the composites. The spectra of composites also show all these bands but slightly 

shifted towards lower wave number. This band shifting is attributed to the interaction of the 

silanol groups of sepiolite with the hydroxyl groups of starch via hydrogen bonding [5]. These 

interactions facilitate the better dispersion of additives in the polymer. The irradiated PE6 

composite showed the similar spectra as observed for unirradiated PE6. This shows that the 

structural integrity of polyethylene and incorporated additives remained unchanged during 

irradiation. 
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Fig. 1. FTIR spectra of PE0 (a), PE2 (b), PE6 (c) and 100 kGy irradiated PE6 (d) composites 

from 4000-500 cm-1 (A) and 1250-800 cm-1 (B). 

2.2.Morphological analysis 

SEM micrographs of PE6 composites irradiated at 25 kGy and 100 kGy at different 

magnifications are presented in FIG. 2. The micrographs exhibit the homogeneous dispersion 

of incorporated additives as well as the formation of continuous phase in the polymer matrix. 

The cryo-fractured structure showed the ductile behaviour of composites with the additives 

particles remained attached to the polymer matrix. This good interfacial adhesion between 

polymer matrix and additives is resulted by compatibilizers and support the IR results. The 

improvement in compatibility is further enhanced by the reaction of silanol groups of sepiolite 

with the hydroxyl groups of starch as previously discussed. In addition, the grafted vinyl 

moiety on sepiolite also reacts and produces macro-radicals during irradiation, which develop 

link between polymer and sepiolite [6]. All these interactions and reactions resulted into a 

continuous phase of polymer which covered the particles and improved interfacial interaction. 

Gupta et al. [7] also reported the interactions between the hydroxyl group of starch and the 

maleic anhydride group in polyethylene/starch biodegradable composites. 

The EDX spectra of PE6 (100 kGy) composite is shown in Fig. 2D. The EDX spectrum of 

starch particle also showed a small amount of silicon in addition to carbon and oxygen. The 

presence of silicon around starch particles further confirmed the compatibilizing effect of 

silane in the composites. 
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Fig. 2. SEM micrographs PE6 composites (A) 25 kGy irradiated X500, (B) 100 kGy 

irradiated X500, (C)100 kGy irradiated and (D) EDX spectra of 100 kGy irradiated 

composites. 

2.3.Thermal analysis 

FIG. 3 shows the thermogravimetric (TG) and differential thermogravimetric (DTG) 

thermograms of PE/starch blend and composites irradiated at 100 kGy. It can be seen from 

this figure that all thermograms exhibit mass loss in two steps. The first mass loss mainly 

corresponds to the degradation starch whereas, the second mass loss is mainly due to the 

polyethylene. The DTG thermograms of composites (Fig. 3B) also reveal two peaks 

corresponding to two-step mass loss. The temperature corresponded to the first mass loss is 

almost constant, whereas, the second mass loss is shifted towards higher temperature as the 

sepiolite content are increased in the composites. The incorporation of sepiolite improved the 

thermal stability of PE/starch blend and shifted the decomposition towards higher 

temperature.  The addition of 6 phr sepiolite (in PE6) increased the thermal stability of PE0 by 

45 ºC at 10 % mass loss. These results clearly indicate improvement in the thermal stability of 

composites with the incorporation of sepiolite which hinders the diffusion of volatile 

products. which is attributed to the enhanced molecular interactions between polymer and 

sepiolite as previously discussed. 

The melting temperature of PE0 composite is 129.8 ºC, which remained constant with the 

incorporation of sepiolite and irradiation. Whereas, the crystallization temperature of 

unirradiated PE6 composite is reduced from 115.3 to 113.6 ºC in PE6 irradiated at 100 kGy. 

The reduction in crystallization temperature might be attributed to the less flexibility of 

macromolecular chains resulted by radiation crosslinking, which hinder the rearrangement of 

polymer chains to form crystallites [8]. 
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Fig. 3. Mass loss (A) and mass loss rate (B) of 100 kGy irradiated PE0, PE2 and PE6 

composites. 

2.4.Gel content analysis 

Gel content is a simple and reliable method used to measure the crosslinking density of the 

polymer. Fig. 4 shows the gel content of irradiated samples against absorbed dose. It can be 

seen from this figure that the gel content of PE2, PE4 and PE6 composites are slightly lower 

than PE0. This reduction in the gel content might be attributed to the formation of H
°
 and OH

° 

formed by the radiolysis of water molecules present in the sepiolite structure that might 

enhance the degradation. It can also be seen that the gel content of irradiated composites are 

increased with increase in the absorbed dose. The increasing trend in gel content indicates the 

formation of crosslinked network resulted by radiation. 

 

Fig. 4. Gel content of irradiated composites at different absorbed dose. 

3. Tensile properties 

The tensile properties of composites are presented in Table. It can be seen from this table that 

PE2, PE4 and PE6 composites exhibited higher tensile strength (TS) and modulus as compared 
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to the PE0 composite. The improvement in tensile properties of composites with the 

incorporation of sepiolite is attributed to its better dispersion and good interfacial adhesion 

within the polymer matrix as reported by other researchers [5, 9-12]. Interestingly, the tensile 

strength and modulus of composites are increased significantly with increase in absorbed 

dose. The tensile strength of unirradiated and 100 kGy irradiated PE6 composite is 21.7 and 

25.9 MPa respectively. Similarly, the modulus of unirradiated and 100 kGy irradiated PE6 

composite is 483 and 796 MPa respectively. These improvements are attributed to the 

formation of radiation-induced crosslinking which improved the reinforcing effect of 

additives in polymer matrix [13]. Similar improvements in tensile properties with absorbed 

dose have also been observed in electron beam irradiated poly (ethylene-co-vinyl acetate)/clay 

composites [14]. 

TABLE 1. TENSILE PROPERTIES OF THE COMPOSITES. 

Sample/Dose 

(kGy) 

TS (MPa) Modulus (MPa) Eb (%) 

0 25 100 0 25 100 0 25 100 

PE0 18.0 20.1 20.4 439 497 490 177 251 35 

PE2 19.9 21.0 25.0 650 478 492 598 653 158 

PE4 21.3 22.5 25.3 494 662 711 382 578 119 

PE6 21.7 22.0 25.9 483 616 796 228 416 60 

Higher elongation at break (Eb) is observed for PE2, PE4 and PE6 composites exhibited than 

PE0 composite, which might be attributed to the good compatibility between the polymer 

matrix and incorporated additives. The increased content of sepiolite from 2-6 phr reduced 

Eb, which might be due to the stiffing effect of sepiolite. When these composites are 

irradiated, the Eb first showed increase up to 25 kGy absorbed dose, and further increase in 

dose decreased the elongation at break of composites. The improvement in elongation at low 

absorbed dose is attributed to the less crosslinking of polymer chains that requires large 

elongation to break the sample.  

4. Conclusions 

The biodegradable composites based packaging materials suitable for radiation sterilization 

have been successfully prepared. The maleated polyethylene and silane compatibilizers 

enhanced both the dispersion and interaction of the additives within the polymer matrix. The 

interaction among the incorporated additives is further confirmed by the shifting of IR bands 

in the composites. The EB irradiation of the developed composites at different doses 

improved the tensile strength and modulus by 40.7 and 64.6 % respectively. Both sepiolite 

and EB irradiation also improved the thermal stability of the composites. The increase in gel 

content of composites with increase in absorbed dose indicates the formation of radiation-

induced crosslinked network. This radiation-induced network is responsible for the 

improvement of their properties. The developed composites with improved properties can be 

fabricated into different forms which can be used as packaging materials for radiation 

sterilizable products. 
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1. Introduction 

Epoxy resins (ER) due to favorable combination of superior mechanical and thermal 

properties [1] with unusual  radiation resistance play an important role in some nuclear and 

aerospace industries. They are also widely used as matrices of reinforced composites since the 

homogeneous dissipation of fillers in the non-cured material is uncomplicated and efficient. 

Curing procedure is a very important factor determining final features of the epoxy resin and 

its composite. It was confirmed that irradiation facilitates molecular mobility and decreases 

glass transition as a result of chain scission [2]. On the other hand, the increase in local 

mobility accelerates crosslinking thus the total effect is dependent on the relation between 

these two processes.  Larieva [3] reported that the ratio between degradation and crosslinking 

is 0.43, thus under selected conditions yield of curing more than twice prevails over yield of 

decomposition. The nature of hardener and its radiosensitivity also significantly influence the 

radiation induced curing. During exposure to ionizing radiation the binders participate in the 

processes initiated both by radiation and by heating, as curing is highly exothermic and 

considerably increases temperature of the system. Application of radiation treatment lowers 

energy consumption, shortens curing time and decreases curing temperature enhancing 

dimensional stability. 

In the past some attempts were made to improve heat resistance and strength of epoxy resins 

by the incorporation of various particles, e.g. silica, carbon nanotubes, montmorillonite, etc 

[4, 5], however the results were unambiguous.  

In the reported studies the effects of radiation and thermal curing were investigated for ER 

and its composites either in the presence of cationic initiator or amine hardener. 

2. Materials and Methods 

2.1.Materials and irradiation 

Diglycidyl ether of bispherol-A (DGEBA) (Fig. 1) and  triethylene tetraamine (TETA) 

(Fig. 2) purchased from Aldrich Co were blended in a ratio of 10:1. The prepared mixture was 

poured into the aluminum moulds in the form of bars and after two hours either heated to 95 
o
C or  irradiated with an electron beam. In the second series of experiments the resin was 

prepared from DGEBA doped with Rhodorsil initiator (Fig. 3) via heating in the ultrasonic 

bath at 65 
o
C for 30 min. In the matrix inorganic particles, namely  montmorillonite (MMT), 

TiO2s (spherical), TiO2p (pigment) Fe2O3 and Al2O3 (spherical) were dispersed and 

subsequently the mixtures were cooled in the form of 4 mm  10 mm  120 mm bars. 

Samples compositions are shown in Table 1. 

Irradiations were carried out in air atmosphere using an Elektronika accelerator 13/10.  The 

samples were irradiated with a 10 MeV electron beam at ambient temperature. The total doses 

were obtained by the multipass exposure (c.a. 25 kGy per one pass). During radiation curing 

the resins absorbed total doses in the range from 26 to 100 kGy. 
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Fig. 1. Diglycidyl ether of bispherol-A (DGEBA). 

 

 

Fig. 2. Triethylene tetraamine (TETA). 

 

 

Fig. 3. Rhodorsil initiator. 

 

TABLE 1. SAMPLE COMPOSITIONS 

Symbol 

Composition 
Curing procedure 

 
Resin 

[g] 

Initiator 

[%] 
Hardener Filler 

I(0.5)R(26) 20 0,5 - - Radiation  26 kGy 

I(0.3)R(26) 20 0,3 - - Radiation  26 kGy 
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2.2.Methods 

Mechanical characteristic: The characterization was performed using an Instron 5565 

machine according to  PN-EN ISO 178:2006 at a crosshead speed 2 mm/min and the span 

length 50 mm. The reported data are the average of four independent measurements. 

Elongation at break was determined at a crosshead speed 5 mm/min. 

EPR spectroscopy: EPR spectra were recorded using a Bruker ESP 300 spectrometer with a 

rectangular cavity TE102 at the following parameters: modulation amplitude – 0.09 mT, time 

constant – 80 ms, conversion time – 80 ms, microwave power – 1 mW.  The EPR spectra 

were detected at ambient temperature.  

Thermal characteristic: Differential Scanning Calorimetry (DSC) measurements were carried 

out on a TA Instruments differential scanning calorimeter (MDSC 2920) at a heating rate 10 

deg/min under nitrogen atmosphere at a purge rate of 100 ml/min. The measurements were 

performed in the temperature range from -50 to 200 
o
C. Thermogravimetric analysis was 

performed on a TA Instruments TGA Q500 apparatus in the range from 30 to 600 
o
C  under 

nitrogen. 

Radiation yield: The radiation yields of hydrogen in the gas phase evolved from irradiated 

polymers were determined with a gas chromatograph Shimadzu – 14B. 1 m long column was 

packed with molecular sieves of 5 Å; the thermoconductivity method was used for detection. 

The carrier gas was argon; calibration was performed with hydrogen of purity 99.99%. 

I(0.1)R(26) 20 0,1 - - Radiation  26 kGy 

I(1.0)R(28)+MMT 20 1 - 0.6 g MMT Radiation  28 kGy  

I(1.0)R(28)+Fe2O3 20 1 - 1.0 g Fe2O3 Radiation  28 kGy 

I(1.0)R(28)+Al2O3
 

20 1 - 1.0 g Al2O3 Radiation  28 kGy 

I(1.1)R(28)+TiO2s 20 1 - 1.0 g TiO2s Radiation 28 kGy 

I(1.0)R(26) 34 1 - - Radiation  26 kGy 

T(2)T 40 - 4 g TETA - Thermal  after 2h 

T(2)R(100) 40 - 4 g TETA - Radiation 100 kGy  

T(16)T 40 - 4 g TETA - Thermal after 16 h 

T(16)R(100) 40 - 4 g TETA - 
Radiation 100 kGy 

after 16 h 

I(1.0)R(100)+TiO2p 40 1 - 1.2 g TiO2p Radiation  100 kGy 

I(1.0)R(100)+TiO2s 40 1 - 1.2 g TiO2s Radiation  100 kGy 

I(1.0)R(58)+MMT 40 1 - 1.2 g MMT Radiation  58 kGy 

I(1.0)R(58)+Al2O3 40 1 - 1.2 g Al2O3 Radiation  58 kGy 
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3. Results and discussion 

3.1.Mechnical characteristic 

The epoxy resin mixed with initiator and radiation cross-linked with a dose of 26 kGy shows 

significant bending strength; the sample characterizes also relatively large bending, Tab. 2. 

On the other hand, for the materials constructed with contribution of amine hardener the 

parameter is 40-50% lower. 

The composites were prepared from ER cured with initiator doped to the matrix in the 

concentration of 1%. Several inorganic fillers were applied as a dispersed phase, namely 

MMT, TiO2s, TiO2p, Fe2O3 and Al2O3. For all studied composites the bending strength values 

are smaller than that observed for the initial non-filled material. The significant deterioration 

of the mechanical properties was found for samples containing titanium oxide in the form of 

pigment, whereas for other types of particles the decrease does not exceed 5% These findings 

are in accordance with the expectations as the presence of inorganic particles disrupts 

integrity of the resin on a microscopic level.  Generally, the composites demonstrate higher 

brittleness than non-filled matrix (the bending is lower than for ER free from any additives). 

The spherical titanium oxide interrupts  matrix structure in low degree as the powder does not 

aggregate and might be homogenously dispersed in the matrix, whereas for particles of 

irregular shapes  the notch effect diminishes mechanical strength due to growing stress 

resulting in strain cracks.  

TABLE 2. BENDING CHARACTERISTIC  

Symbol 
Bending strength 

[MPa] 
Bending force [N] Bending [mm] 

I(1.0)R(26) 90 165 7.2 

T(2)T 61 123 2.9 

T(2)R(100) 42 78 1.9 

T(16)T 42 85 1.9 

T(16)R(100) 46 82 2.1 

I(1.0)R(100)+TiO2p 67 131 4.2 

I(1.0)R(100)+TiO2
s 

85 167 5.3 

I(1.0)R(58)+MMT 83 156 4.8 

I(1.0)R(58)+Al2O3 87 166 5.5 

The superior strength at break demonstrates epoxy resin thermally cured with TETA for two 

hours, Table 3. Longer heating and exposure to ionizing radiation bring out degradation that 

proceeds as a competitive process to the formation of three dimensional network.  The ER 

hardened with Rhodorsil is stiffer than that cured with amine and the values characterizing 

strength on stretch are then inferior. 

The composites were exposure to higher doses (58 and 100 kGy) than unfilled ER as the 

efficiency of initiator is limited in the presence of fillers. Strength at break is slightly lower 



 

123 

for composites filled with TiO2s and Al2O3 and to some extent higher for TiO2p and MMT. It 

seems than fine-grained as well as layered particles separate polymeric chains facilitating 

their mobility what consequently increases elongation at break and resilience expressed as a 

reduction of Young modulus. The effect of spherical fillers is negligible. 

At room temperature epoxy resin forms a glassy phase thus static load induces only 

deformation of macromolecules angles and local conformational movements. The external 

forces do not rearrange position of the chains thus the strain during stretching causes cracks 

and subsequently destruction characteristic for the brittle materials. 

TABLE 3. STRENGTH CHARACTERISTIC  

Sample Strength at beak [MPa] Elongation at break [%] Young’s Modulus [GPa] 

I(1.0)R(26) 28 3.1 1.2 

T(2)T 34 3.0 1.3 

T(2)R(100) 21 1.9 1.3 

T(16)T 20 1.7 1.4 

T(16)R(100) 13 1.3 1.1 

I(1.0)R(100)+TiO2p 33 4.4 1.0 

I(1.0)R(100)+TiO2
s
 27 2.7 1.3 

I(1.0)R(58)+MMT 30 3.4 1.1 

I(1.0)R(58)+Al2O3
s 

25 3.0 1.1 

On a basis of mechanical properties we confirmed that the macroscopic features of 

composites depend not only on the chemical nature of dispersed phase but also on the shape 

of particles. Powder in the form of regular spheres introduces the smallest perturbations in the 

ER network therefore the composites comprising such fillers reveal features similar to the 

unfilled resin cured according to the same procedure. The other particles have considerable 

influence on the resin increasing its brittleness and stiffness and simultaneously increasing 

toughness on stretching. 
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3.2.Thermal characteristic 

 

Fig. 4. TGA (A) and (B) DTGA themograms of epoxy resin and its composites. 

TGA thermograms unambiguously show that hardening of ER with TETA results in 

formation of the material of lower thermal resistance than that cured in the presence of 

cationic initiator as the maximal mass loss rate is then shifted almost 60
o
C towards lower 

temperatures, Fig. 4. The thermal degradation of the composites comprising TiO2s, Al2O3 and 

MMT is similar to that recorded for radiation cured resin free from additives, therefore it was 

concluded that the presence of the fillers induces negligible effect on thermal decomposition 

of the matrix. On the other hand, Fe2O3 diminishes significantly as temperature of maximal 

mass loss rate (36 deg). 

As seen from Fig. 4 the studied fillers do not decompose at temperatures up to 600 
o
C. 

Because a content of  residues exceeds contribution of the fillers in the matrix and polymer 

remains,  it seems that the interaction between dispersed phase and resin is strong enough to 

prevent macromolecules located in the vicinity of particles from decomposition. The effect is 

particularly strong for Fe2O3, that evidently plays a role of catalyst in thermal decay of the 

composite 

 

Fig. 5. (A) DSC thermograms of epoxy resin irradiated with a dose of 26 kGy. (B) 

Thermograms of irradiated composites based on epoxy resin. 
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DSC measurements allow to follow glass transition of the resins. Fig 5 shows that at low 

concentrations of the initiator, namely, 0.1, 0.3 and 0.5%,  the resin is partly non-cured and 

for that reason thermodynamically unstable in spite of exposure to electron beam radiation 

with a dose of 26 kGy. For these concentrations maxima observed in the themograms reveal 

thermally induced exothermic processes that results from the evolution of crosslinking.  The 

initiator at concentration 1%  causes complete curing of the material revealing a glass 

transition at 135 
o
C. Therefore this amount of Rhodorsil  was applied for other investigations. 

Glass transition temperature of the composites doped  with TiO2 and MMT  as compare to the 

initial ER increases of 10 deg, whereas for Al2O3 the corresponding inflexion on the 

thermogram is less distinct but also located in the range of 130-150 
o
C. The introduction of 

Fe2O3 probably results in adsorption of the initiator on the developed, irregular surface of the 

ferric oxide particles. Consequently, due to unsufficient amount of the crosslinking activator 

some regions in the matrix remain uncured. Accumulation of the initiator around  Fe2O3 

crystals leads to the formation of shells constructed from strongly bounded epoxy 

macromolecules. The results are complementary with those obtained by thermogravimetric 

analysis that revealed the significant amount of residue remaining upon thermal decay of the 

resin. 

In some cases significant influence of absorption dose on the curing ER was confirmed, 

Fig. 6. E.g. for Al2O3 the noticeable phase transition was found at about 120 
o
C if the 

composite was irradiated with a dose of 56 kGy while at 26 kGy the signal is very weak 

 

Fig. 6. (A)DSC thermograms of composites filled with Al2O3. (B) Comparison of DSC 

thermograms of composites filled with TiO2 in form of pigment or spherical powder. 

Different results were detected for TiO2 composite as for doses as high as 100 kGy broad 

peak between 70 and 150 
o
C appears both for TiO2s and TiO2p. It seems that the exothermic 

effect is due to efficient crosslinking resulting from thermal rearrangements of residual 

radicals trapped by three dimensional network. When during DSC measurement thermal 

energy is delivered, the conformational movements intensify further curing. The relaxation 

leading to the enhancement of curing develops slowly also with the course of time, as after 4 

months the peak diminishes to the half disclosing glass transition at about 140 
o
C.  
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3.3.Radiation yield of hydrogen 

Radiation yield of hydrogen determined by gas chromatography is comparable for all systems 

and located in the range 0.011-0.013 mol/J for the composites cured with initiator and  

higher (0.019 mol/J) if TETA was applied as a hardener. 

The radiation yield of oxygen consumption varying from 0,0265 to 0,323 mol/J is at least 

twice greater than the radiation yield of hydrogen. The data  imply that the hydrogen 

abstraction efficiency is relatively low therefore in spite of small amount of oxygen in ER 

(due to low dissolubility) all carbon centered radicals that escape crosslinking might be 

oxidized or even participate in the oxidizing chain reactions. The last process deepens in the 

presence of fillers, particularly Fe2O3. 

 

Fig. 7. (A) Radiation yield of H2 emission. (B) Radiation yield of O2 consumption. 

3.4.EPR spectroscopy 

EPR spectroscopy of radiation cured ER and its composites discloses that at room 

temperature the radicals  generated in the material cured with contribution of  amine are 

unstable (lack of any EPR signals) whereas for the resin cured with initiator the broad singlet 

was detected even 7 months after irradiation. The results are consistent with DSC data that 

revealed the increase in crosslinking with time or during heating. 

 

Fig. 8. EPR spectra of some epoxy composites 7 months upon irradiation. 

3300 3350 3400 3450 3500 3550 3600 3650

Magnetic field [mT]

I(0,5)R(26+100) I(0,5)R(26)T I(1,0)R(26+100)+MMT T(16)R(100)
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4. Summary 

 As was confirmed by DSC measurements, the insufficient content of the initiator results 

in low quality resin even if irradiation follows thermal curing. When the concentration 

achieves 1%, crosslinking initiated by ionizing radiation improves bending resistance.  

Such a procedure does not increase bending if amine is applied as a hardener showing 

that in such a case radiation  degradation limits the activation processes.   

 For majority of applied fillers an increase in rigidity of composites was confirmed as 

compare to neat resin.   

 The temperature of glass transition is a crucial parameter characterizing quality of 

epoxy resin. ER used as a construction material is supposed to show high Tg values.  

Glass transition temperatures of the composites (except ER+Fe2O3) are higher than  that 

determined for non-filled resin. 

 If epoxy resin absorbs 26-28 kGy, the final effect is favorable as the radiation cured 

materials are stable with time, whereas exposure to higher doses causes that the 

composites still might undergo thermally induced exothermic reaction. The same 

process  was found  during long term storage but then the rate is very small.   

 The changes of macroscopic properties found in ER based composites result from 

chemical reactions on the molecular level initiated by irradiation giving rise to hydrogen 

emission. Additionally, yield of oxygen absorption reveals limited oxidative 

degradation. The radicals observed by EPR spectroscopy 7 months  upon irradiation  are 

the precursors of additional crosslinking if only epoxy resin is heated above 120 
o
C or if 

they slowly recombine at ambient temperature. 
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Abstract 

Laboratory for Radiation Chemistry and Physics - GAMMA with 60 employees is one of the 

largest laboratories in the VIN A Institute of Nuclear Sciences. Currently, 26 researchers 

with Ph.D. degree, 6 with M.Sc. degree and 13 graduated students are working on ongoing 

projects in experimental research in the field of nanoscience and modifications of materials by 

irradiation. Laboratory is well equipped for synthesis of nanoscale materials as well as for 

different types of their characterization. This Laboratory has excellent and long lasting 

tradition in scientific activities. Based on outstanding results in radiation chemistry, in the 

Laboratory GAMMA exists radiation unit for industrial sterilization of food and medical 

equipment. 

1. Introduction 

Nanotechnology, nanoscience, nanostructures, nanoparticles… These are now some of the 

most widely used terms in materials science literature. Nanotechnology is one of the fastest 

growing new areas in science and technology. The preparation and investigation on metal or 

semiconductor nanoparticles, nanocomposites, nanodevices etc. are of great interest in both 

research and engineering. Large number of scientists is involved in nanoparticles and 

nanocomposites research and development. Their current and potential applications in 

catalysis, photonics, optic, electronics, pharmaceutics and particular in biomedicine have 

opened a many new challenges. 

Recent research efforts have been devoted to the preparation of noble metal nanoparticles 

because of their unique properties. Large number of synthetic procedures has been employed 

in order to synthesized noble metal nanoparticles and/or nanocomposites based on them and 

polymer matrix. It has been shown that their morphology, particles size and size distribution, 

stability and properties are strongly dependent on the method of preparation and specific 

experimental conditions. The radiolytic method is very suitable for generating metal particles 

in solution. The radiolytically generated species, solvated electrons and secondary radicals, 

exhibit strong reduction potentials and consequently metal ions are reduced at each encounter. 

The control of particle size is achieved by the use of capping agents such as polymers, which 

are present during the formation of metal clusters. Polymer molecules interact with the 

growing metal particles and thus inhibit the aggregation process [1, 2]. 

Moreover, the radiolytic method has been recognized as highly suitable tool to aid in the 

formation of hydrogels. The radiation process has various advantages, such as easy process 

control, the possibility of joining hydrogel formation and sterilization in one technological 

step, the lack of necessity for initiators and crosslinkers, which are possibly harmful and 

difficult to remove. The radiation technique is clean, because it does not require any extra 

substances, does not leave some unwanted residues, and does not need any further 

purification. These qualities make irradiation the method of choice in the synthesis of 

hydrogels. On the other hand, although gamma irradiation has proven to be a powerful tool 
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for synthesis and modification of materials, not so many studies have been reported 

concerning the radiolytic formation of metal nanoparticles in hydrogel matrix (template 

synthesis). Hydrogels in the swollen state provide free spaces within the network, which can 

also serve for nucleation and growth of nanoparticles. In this way, the carrier-hydrogel system 

acts as a nanoreactor that immobilizes nanoparticles and provides easy handling, giving a new 

hybrid nanocomposite systems. Therefore, highly stable and uniformly distributed 

nanoparticles with predetermined dimensions and size-dependent properties have been 

achieved by a very delicate balance between the reaction conditions, the composition and the 

structure of hydrogel templates, and the concentration of nanoparticles [3, 4]. 

In proposed project research activities will be focus on synthesis strategies of formation of 

silver (Ag) and/or gold (Au) nanoparticles in polymer matrix consisting of chitosan (Ch) or 

chitosan/poly(vinyl alcohol) (Ch/PVA) blend system. Ag nanoparticles are generally 

considered as environmentally friendly antibacterial materials. However, their electronic 

properties recently were reported to be used in biosensors and drug delivery applications as 

well as drug carriers for biomolecules such as enzymes. Au nanoparticles are the most 

commonly used nanoparticles for diagnostics and drug delivery. The unique chemical 

properties of colloidal Au make it a promising targeted delivery approach for drugs or gene 

specific cells. PVA and Ch are good protectors or dispersants for preparing nanoparticles, and 

play an important part in the controllable production and stabilization of nanoparticles with 

definite size. Moreover, they can reduce metal ions to some extent, and promote the 

nucleation of nanoparticles. These two polymers have been used successfully in many 

biomedical applications. Preliminary results showed that Ch/PVA scaffolds could integrate 

with the damaged tissue to promote consistent functional recovery of peripheral nerve tissue, 

but additional investigation is required for this to be confirmed. Moreover, investigations 

indicated that Au and Ag nanoparticles had a stimulatory effect on nerve cell proliferation. 

Nerve injuries are common in clinical practice. According to statistics, more than 90,000 

people are affected by nerve injuries every year. Central nervous system (CNS) is, for the 

most part, incapable of self-repair and regeneration, while the peripheral nervous system 

(PNS) has an intrinsic ability for repair and regeneration. Studies on the recovery of PNS 

functionality after injury have become a rapidly growing field dedicated to the searching of 

suitable ways for facilitating neuroregeneration. Various approaches have been developed in 

an attempt to regenerate injured nerves. One such technique involves the actual suturing of the 

proximal and distal ends of the severed nerve. When a nerve defect of gap is longer, 

implantation of a graft is often necessary to bridge the stumps for promoting nerve 

regeneration. Currently, the most widely used material to bridge a peripheral nerve defect is 

the autologous nerve, e.g., nerve tissue obtained from a second operative site of a patient. 

However, this treatment raises the possibility of function loss at the donor site, formation of 

potential painful neuromas, structural differences between donor and recipient grafts, and 

difficulty in finding a suitable donor site of transplant in patients with diabetic and other 

chronic diseases, not to mention a potential shortage of graft material where extensive repairs 

are required. Therefore, it would be desirable to have an alternative nerve graft material that 

not only fulfills the requirements, but also overcomes many of the shortcomings, of a nerve 

autograft. A promising alternative for nerve regeneration which avoids the above-mentioned 

problems is an artificial graft. In fact, many types of biomaterials, natural or synthetic, have 

been used to make tubes or conduits for guiding peripheral nerve regeneration. 

Conventionally, nerve conduits are made of silicone rubber due to its chemical stability and 

elastic properties. However, because silicone tubes are non-biodegradable and non-porous, 

conduits made of silicone rubber often lead to long term complications including fibrosis and 

chronic nerve compression in clinical applications, and a second surgery is often necessary for 
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removal of the tube or conduit. Accordingly, nerve guide conduits fabricated from 

biodegradable polymers are preferred over non-biodegradable polymers due to the obvious 

advantage of eliminating the second surgery to remove the conduits. The purpose of a 

resorbable nerve conduit is to provide unperturbed environment for nerve regeneration in 

short term and to degrade after nerve reconstruction with little tissue reaction. Although a 

variety of resorbable nerve conduits have been developed, the results thus far are still not 

satisfactory, and the search for a better conduit is ever ongoing. Therefore, there is a need for 

an improved nerve conduit for facilitating the regrowth, repair, or regeneration of nervous 

tissues. 

2. Related work already performed or in progress at institute 

As already mentioned, the gamma irradiation method has been proven to be a powerful tool 

for synthesis and modification of nanomaterials. Our research activities are performed under 

cover of several national projects (No. 1969, 142066 and III45005) and two international 

project founded by IAEA (CRP F23028 and TCP RER/8/014), which are related to radiolytic 

synthesis of polymer based nanocomposites with noble metal nanoparticles. Different 

architecture of polymer matrix gives two types of nanocomposites - (i) nanocomposites with 

uncrosslinked polymer matrix and (ii) nanocomposites with crosslinked polymer matrix i.e. 

hydrogels. 

By steady state gamma irradiation Ag and Au nanoparticles were successfully synthesized in 

PVA solution. Obtained results showed formation of clearly defined spherical nanoparticles 

with diameter around 10 nm and face centered cubic crystalline structures (Fig. 1). 

Characterization of Ag-PVA or Au-PVA nanocomposites indicated that it was possible to 

tune the optical properties of nanoparticles in nanocomposite systems by changing the 

dielectric properties of surrounding medium and pH value of initial solution, but also with 

changing the polymer matrix architecture [5, 6]. 

 

Fig. 1. Typical TEM micrograph (a), size distribution (b) and XRD pattern (c) of Au NPs. 

For the largest part, our current work is focused on synthesis and characterization of second 

type nanocomposites - nanocomposites with crosslinked polymer matrix i.e. hydrogels. We 

are systematically developing synthetic strategies for in situ synthesis of noble metal 

nanoparticles (Ag and Au) in previous obtained hydrogel matrix (template synthesis). The 

gels were polymerized or crosslinked by gamma irradiation radical copolymerization or 

crosslinking, under ambient conditions, to absorbed dose of 25 kGy. Ag/hydrogel 

nanocomposites were prepared by swelling the crosslinked polymer samples with water 

solutions of AgNO3 and 2-propanol. In the second step of irradiation, Ag
+
 ions were reduced 
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in hydrogel using electron transfer reactions from radical species formed in water radiolysis. 

Gamma irradiation was performed until achieving complete reduction of Ag
+
 ions. Schematic 

presentation of the synthesis of Ag/polymer hydrogel nanocomposites is presented on Fig. 2. 

 

Fig. 2. Schematic presentation of the synthesis of Ag/polymer hydrogel nanocomposite. 

By applying described synthetic route, Ag nanoparticles were successfully incorporated in 

crosslinked polymer matrix such as PVA, PVP, pH-sensitive poly(BIS-co-HEMA-co-IA) 

copolymer and temperature-sensitive PNIPA hydrogels [7-13]. For example, Fig. 3 shows the 

thermoresponsive phase transition of PNIPA and Ag/PNIPA hydrogels. During the volume 

phase transition around 30 
o
C, from a swollen to a collapsed state, the initially clear and soft 

gel contracts and become hard and opaque, expelling its contents into surroundings [11]. 

 

Fig. 3. Photographs of thermoresponsive phase transition from a swollen to a collapsed state: 

PNIPA (uncolored) and Ag/PNIPA (yellow colored) hydrogels (up) and temperature 

dependence of swelling ratio of Ag/PNIPA nanocomposite hydrogels (right). 

Reduction of Ag
+
 ions in different types of investigated hydrogel matrix yielded the typical 

characteristic surface plasmon band of Ag nanoparticles for all investigated systems, with no 

broad absorptions at wavelengths longer than the particle plasmon band, as shown in Fig. 4 

(left) (example for Ag/PVA hydrogel nanocomposites). Irradiation of AgNO3-loaded 

hydrogels resulted in a formation of yellow colored Ag/polymer hydrogel nanocomposites, 

with strong sharp absorption band centered around 390-430 nm. No significant change in the 

UV-vis characteristics of the Ag nanoparticles formed in these hydrogels, with modification 

of system’s compositions, was observed. The sharp absorption pattern indicates that the 
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particle size distribution is quite narrow. Moreover, it was shown for the first time that PVA

 

radicals in PVA hydrogel, obtained by gamma irradiation, have sufficient reducing ability to 

produce Ag nanoparticles in swollen polymer matrix [10]. 

 

Fig. 4. UV-vis absorption spectra of Ag /PVA hydrogel nanocomposites (left) and release of 

silver from Ag/PVA hydrogel nanocomposites (right). 

Hydrogels are being considered as most promising biomaterials in form of contact lens, burn 

dressing, artificial corneas, soft tissue substances etc. They are applied from tissue expanders 

to coating for penile and testicular implants, urology devices and materials as well as for 

wound dressing. Even in diabetic foot wound therapy, in some cases, a tissue expander can be 

used for resolving the open wound. On the other hand, nearly synchronous with the advent of 

the prosthetic medical devices, strategies were developed to attempt to minimize the risk of 

infection. In recent years nanoscale antibacterial materials as novel antimicrobial species have 

been seen as promising candidates for application. Nanocrystalline silver has been proved to 

be most effective antimicrobial agent since silver and silver compounds have powerful 

antimicrobial capability and broad inhibitory biocidal spectra for microbes, including bacteria, 

viruses and eukaryotic microorganism. Enhanced antibacterial properties of nanocrystalline 

silver have been demonstrated both in vivo and in vitro [7, 8]. 
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Fig. 5. The antibacterial activity of Ag/PVA hydrogel nanocomposites against Escherichia 

coli and Staphylococcus aureus by disc diffusion method.Concentration of silver: (a) 35 mM, 

(b) 70 mM and (c) 100 mM. 

The synthesized Ag/polymer hydrogel nanocomposites are suitable for various applications in 

reconstructive surgery, including wound dressing, tissue expanders etc. Sustained, steady 

supply of active silver is important property of dressing material. From Fig. 4 (right) (example 

for Ag/PVA hydrogel nanocomposites) it can be seen that investigated hydrogel nanosystems 

meet that criteria, showing the continuous release of silver over a long period of time and, as 

consequence, the test of antimicrobial activity was performed. Antimicrobial efficiency was 

determined by agar-diffusion test and the obtained results clearly show the formation of 

inhibition zone towards Escherichia coli and Staphylococcus aureus in the case of higher 

nano-Ag concentration (Fig. 5). 

3. Experimental 

The crosslinking of polymers and reduction of metal ions will be performed by means of 

radiation chemistry method due to its advantage over chemical methods. The gamma 

irradiation method will be used because it can offer a mass of reductive radicals, which are 

totally clean reductive agents from the green chemistry point of view, and thus can avoid by 

product coming from chemical reducing agents. The synthesis of noble metal/polymer hybrid 

nanosystems will be performed by two radiation chemistry pathways. First, we will 

systematically develop synthetic strategies for incorporation of Ag and/or Au nanoparticles in 

previously obtained Ch or Ch/PVA matrix by gamma irradiation, using liquid filled cavities in 

polymer matrix as nanoreactors (template synthesis). Second we will investigate the 

possibility of simultaneously crosslinking of polymers and in situ synthesis of noble metal 

nanoparticles with the goal of joining synthesis and sterilization in one technological step. 

Generation of nanoparticles in polymer matrix will be followed by UV-Vis spectroscopy, 

measuring characteristic plasmon absorption. The strong optical absorption and scattering of 

noble metal nanoparticles is due to an effect called localized surface plasmon resonance of the 

electrons in the conduction bands. Characterization of obtained hybrid nanocomposite 

systems will be performed by FTIR, TEM, SEM, AFM, XRD, MALDI TOF MS, swelling 

experiments and mechanical testing. The study of biomedical potential of synthesized hybrid 
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nanocomposite systems will be conducted to investigated their antibacterial activity and 

evaluate the potential of these systems as a tissue-engineering platform for the treatment of 

peripheral nerve injury. 

4. Preliminary results and discussion 

The primary effects of the interaction of high-energy radiation, such as gamma irradiation, 

with some solution are the excitation and the ionization of the solvent leading to the formation 

of various species. In the case of aqueous solutions, the absorption of radiation energy occurs 

in the water and primary products of radiolysis are shown in following equation: 

 222aq2 OH,H,H,H,OH,eOH 
  (1) 

The main reactive radicals among the primary products are solvated electrons (


aqe ) and 

hydrogen atoms (H
•
) as strong reducing agents, while the hydroxyl radicals (OH

•
) are able to 

oxidize the ions or the atoms into a higher oxidation state and thus to counterbalance the 

reduction reactions. For this reason, during the process of metal ions reduction an OH
•
 radical 

scavenger must be add in the system. Among various possible molecules, the preferred choice 

in radiation chemistry is some secondary alcohol, mainly 2-propanol, which converts OH
•
 and 

H
•
 radicals to 2-propanol radicals ((CH3)2C

•
OH), by abstraction of hydrogen from the alcohol: 

     OHC)CH(HorOHCHOH)CH(HorOH 232223

    (2) 

On the other hand, if the polymer solution without addition of any scavenger was exposed to 

the gamma irradiation, the polymer network will be formed. It is well known that the radiation 

crosslinking of polymer molecules (POLYM) is mainly induced by OH
•
 radical in aqueous 

medium (G = 0.48 for irradiation induced intermolecular crosslinking): 

     OH2polymerdcrosslinkePOLYMPOLYMOH2HPOLYM2 2    (3) 

Under the certain experimental condition (argon saturated solution of metal ions with addition 

of 2-propanol), metal nanoparticles in polymer solution or polymer network will be generated 

mainly by reduction of ions with solvated electrons and with 2-propanol radicals, but in much 

smaller amounts. For example, reduction processes in the case of silver ions occurs according 

to the following equation: 

 
n23aq AgOHC)CH(/enAgn  

  (3) 

4.1.Uncrosslinked Ag-Ch/PVA nanocomposites 

In the present work, two different series of Ag-Ch/PVA uncroslinked nanocomposites were 

synthesized by gamma irradiation, in order to investigate the influence of system composition 

on the in situ formation of Ag nanoparticles. The first series of samples have a constant total 

weight of polymers in solution, but in different Ch:PVA weight ratio (100:0, 80:20, 60:40, 

40:60, 20:80 and 0:100). At the second series of samples the weight of Ch was constant, while 

the weight of PVA was increased in order to obtained 1:0, 1:0.5, 1:1, 1:1.5 and 1:2 Ch:PVA 

weight ratio. The concentration of silver ions in all solutions was the same and was 5 mM. 

After the gamma irradiation, the yellow color of the resulting colloid solutions is 

characteristic of the reduction of silver from higher oxidation state in its initial salt (Ag
+
) to 

zero valent silver (Ag
0
) with formation of Ag nanoparticles. 
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Fig. 6. UV-vis absorption spectra of Ag-Ch/PVA colloid solutions: constant total weight of Ch 

and PVA but in different weight ratio (left) and constant weight of Ch with increasing weight 

of PVA (right). The concentration of silver ions was 5 mM. 

The formation of Ag nanoparticles in Ch/PVA solutions was confirmed by UV-Vis spectral 

studies. Fig. 6 depicts the absorption spectra of two different series of Ag-Ch/PVA colloid 

solution. The absorption spectra shows the characteristic surface plasmon absorption band 

around 410 nm, due to the plasmon resonance effect originating from the quantum size of the 

Ag nanoparticles. According to our knowledge this confirms the formation of Ag 

nanoparticles, with the diameter around 10 nm. Further investigation of Ag nanoparticles and 

Ag-Ch/PVA uncroslinked nanocomposites, obtained by evaporation of solvent from colloid 

solutions, will be performed. 

4.2.Crosslinked Ch/PVA polymer network (hydrogel) 

The Ch/PVA hydrogel systems with Ch:PVA weight ratio of 1:1 and 1:1.5 were crosslinked 

under the gamma irradiation. The reaction mixtures were irradiated in a 
60

Co radiation source, 

under ambient conditions, to absorbed dose of 25 kGy. The swelling properties of obtained 

Ch/PVA hydrogels were investigated. 
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Fig. 7. Swelling curves of Ch/PVA hydrogels, in deionized water at 25 oC (left). Best linear 

fits of linear parts of swelling curves ln SD/SDeq vs. ln t (right). 

The capacity of swelling is one of the most important parameters for evaluation the properties 

of hydrogels. Fig. 7 (left) depicts the swelling curves of the investigated hydrogels in 

deionized water at 25 
o
C. As can be seen, the swelling isotherms are similar in shape, but 

introduction of large quantities of PVA has influence on the swelling properties. The 

equilibrium swelling degree (SDeq) of Ch/PVA (1:1) hydrogel was found to be 1.16 times 

higher in comparison with Ch/PVA (1:1.5) hydrogel, and swells with the higher initial 

swelling rate (νin) (Table 1). This can be attributed to the higher crosslinking density with 

increasing amount of PVA, which was expected from the values of gel content (Table 1). 

 

Fig. 8. Relation t/SD vs. t for Ch/PVA hydrogels, in deionized water at 25 oC. 
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TABLE 4. CHARACTERISTIC PARAMETERS OF SWELLING PROCESS FOR CH/PVA HYDROGELS, IN 

DEIONIZED WATER AT 25 OC 

         Ch/PVA 

 1:1 1:1.5 

Gel % 23 29 

SDeq (%) 1651 1424 

νin (%/min) 15 5 

k (1/s) 0.053 0.165 

n 0.262 0.155 

D (cm
2
/s) 8.8310

-7
 4.8310

-8
 

To analyze the model of water diffusion into the polymer networks, the water sorption data 

was used. The best linear fits of linear parts of logarithmic form of kinetic equation of 

swelling, SD/SDeq = k t
n
 (k is the kinetic constant, related to the structure of the network, t is 

time and n is the diffusion exponent), was presented on Fig. 7 (right). The characteristic 

constant n and k was calculated from the slope and intercept, respectively, of the linear parts 

of initial stages of swelling, and they can be related to the specific transport mechanism. In 

this case, both Ch/PVA hydrogels shows Fickian diffusion (n  0.5) when the rates of 

diffusion is significantly slower than the rate of polymer chain relaxation. The diffusion 

coefficient (D) can be calculated as D = k
2
 π δ

2
/16 (δ is thickness of the xerogel). The values 

for n, k and D were presented at Table 1. For extensive swelling of hydrogels the equation 

t/SD = A+Bt was used (Fig. 8), and the linear dependence indicated the Schott second order 

kinetics (dSD/dt = kS(SDeq-SD)
2
). 

5. Objective of the project 

In this project research will be focus on chitosan biopolymer as component of hybrid 

nanosystem. Chitosan, a natural polysaccharide with excellent biodegradable, biocompatible, 

non-toxicity and adsorption characteristics, is a renewable polymer. The main reasons for 

using chitosan are undoubtedly due to its appealing intrinsic properties in medical 

applications such as topical ocular application, implantation or injection. Chitosan is 

metabolized by certain human enzymes such as lysozyme and should be considered as 

biodegradable and biocompatible. In addition, chitosan biodegradability has been reported 

that chitosan acts as a penetration enhancer by opening epithelial tight junctions. Due to its 

positive charges at physiological pH, chitosan is also bioadhesive, which increases retention 

at the site of application. Importantly, chitosan is abundant in nature, and its production is of 

low cost and is ecologically interesting. For these reason, chitosan has been used as 

pharmaceutical and medical materials including hydrogel system. The chitosan hydrogel 

showed good biocompatibility and biodegradability in vivo mouse system. 

The overall objective of project being pursued is to develop simple, one step radiolytic 

methodology to obtain noble metal/natural polymer hybrid nanocomposite system with the 

goal of exploring favorable characteristics of radiation technology for nanoscale engineering 

of materials, especially for biomedical application, such as easy process control and the 

possibility of joining synthesis and sterilization in one technological step. The proposed 

project is designed to evaluate the potential of radiation technology to process noble 

metal/natural polymer biomaterial systems as a tissue-engineering platform for the treatment 

of peripheral nerve injury. 
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Specific objectives of proposed project are: 

 systematically develop synthetic strategies for gamma irradiation induced in situ 

incorporation of Ag and/or Au nanoparticles in previously obtained Ch and Ch/PVA 

hydrogel networks, using liquid filled cavities in crosslinked polymer matrix as 

nanoreactors (template synthesis); 

 exploring potential of simultaneously crosslinking of Ch or Ch/PVA polymers and in 

situ synthesis of noble metal nanoparticles. 

Moreover, these systems should be suitable for controlled release of silver for antibacterial 

purpose, and therefore they have potential biomedical applications such as wound dressing. 

6. Work plan for the research project 

First year: Gamma irradiation induced in situ synthesis of Ag nanoparticles in mixture of 

Ch/PVA solutions will be performed. The uncrosslinked nanocomposite systems will be 

obtained by evaporation of solvent and characterized by UV-vis and FTIR spectroscopy in 

order to confirm the formation of metal nanoparticles and investigate the mechanism of their 

stabilization by polymer matrix, respectively. Moreover, by TEM, XRD and MALDI TOF 

MS analysis will be investigated the shape, structure, size and size distribution of metal 

nanoparticles stabilized by different ratios of polymers. 

Synthesis of polymer hydrogels based on Ch or Ch/PVA and investigation of swelling 

kinetics, diffusion properties and network parameters. The swelling properties will be 

investigated in water and Simulated Body Fluid (SBF), at temperatures of at 25 and 37 
o
C. 

Second year: Synthesis of Ag and/or Au nanoparticles in Ch or Ch/PVA hydrogels previously 

obtained by gamma irradiation. Investigations of possibility of one-step synthesis of 

nanocomposite systems in order to achieved simultaneously crosslinking of Ch or Ch/PVA 

polymers and in situ synthesis of noble metal nanoparticles. Hybrid nanocomposite systems 

will be characterized by swelling measurements in order to investigate swelling kinetics, 

diffusion properties and network parameters. Generation of metal nanoparticles in hydrogel 

and interaction between nanofiller and polymer matrix will be followed by UV-vis and FTIR 

spectroscopy, respectively. Investigation of shape, structure, size and size distribution of 

metal nanoparticles as well as properties of nanocomposites will be performed by TEM, 

SEM; AFM, XRD and mechanical measurements. 

Third year: The study of biomedical potential of synthesized hybrid nanocomposite systems 

will be conducted to investigated their antibacterial activity and evaluate the potential of these 

systems as a tissue-engineering platform for the treatment of peripheral nerve injury. 
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Abstract 

This research project aims to apply the use of radiation processing to prepare biodegradable 

composites from poly(lactic acid) or polylactide (PLA) and cassava starch. Cassava starch, a 

natural polymer that is inexpensive and abundant, especially in Thailand, will be used as 

starting material. Functional group of cassava starch will be modified first in order to render 

starch more compatible with PLA. The monomer with desired functional groups will be 

grafted onto the backbone of starch via radiation-induced grafting polymerization. Different 

parameters will be examined to determine the optimum conditions for the grafting 

polymerization. The modified starch will subsequently be blended with PLA, with and 

without clay, to form biodegradable composites. In order to further improve the thermal 

properties, the blends and their composites will be subjected to radiation to induce 

crosslinking between the molecules of PLA and starch derivatives. 

1. Introduction 

PLA is a compostable thermoplastic obtained by ring-opening polymerization of lactide 

monomers which can be derived from renewable resources such as starch or sugarcanes. In 

recent years, PLA has been receiving a great deal of attention, essentially due to its 

degradability. With this environmental-friendly property, along with a highly transparent 

appearance similar to that of polyethylene terephthalate (PET), PLA has undoubtedly become 

one of the most promising alternatives to non-biodegradable synthetic polymers 

conventionally derived from petroleum-based chemicals. Nonetheless, two of the most 

important factors that prevent PLA from being commercially and widely used are its thermal 

stability and high cost, compared to commercial plastics such as polyethylene (PE) or PET 

commonly used in packaging materials. Renewable resources such as starch are relatively 

inexpensive and therefore able to offer a competitive commercial strategy. The proposed 

blending between PLA and starch derivatives is designed to combine the processability and 

PET-like properties of PLA with the high thermal stability of starch derivatives [1-3]. This 

work intends to utilize radiation processing as a means to overcome the aforementioned 

shortcomings associated with PLA, by blending PLA with starch derivatives and using 

radiation-induced cross-linking to improve thermal stability of the blends and their 

composites [4-7]. 

Blending is one of the most convenient and practical techniques used to modify properties and 

expand applications of various polymers. Blending PLA with other polymers has been applied 

in a number of works. In this work, blending PLA with starch derivatives has been proposed 

to improve the thermal stability of PLA, while simultaneously reducing the cost. The major 

problem of blending PLA with starch is a very poor compatibility between hydrophilic starch 

and hydrophobic PLA. 
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Environment-friendly, cost-effective and energy-efficient, radiation processing can induce 

grafting and cross-linking without any initiators and can be done at ambient temperature. Two 

major objectives of this research are to use radiation as a means to induce grafting in order to 

modify the functional groups of starch and to induce cross-linking between the molecules of 

PLA and modified starch in order to further improve their properties. 

Our previous research [8, 9] has applied radiation processing to improve the compatibility 

between silica and natural rubber by modifying the silica surface using radiation-induced 

admicellar polymerization. The hydrophilic nature of silica and the hydrophobic nature of 

natural rubber make them incompatible, resulting in poor properties of the rubber compounds 

containing silica as a filler. The modification of silica surface by admicellar polymerization 

has been applied by a number of researchers. However, most of the previous works often 

utilized thermal process and chemical initiators to induce the formation of polymer film. 

Unlike the traditional thermal reaction, radiation can initiate reaction without any catalysts or 

initiators. Radiation-induced admicellar polymerization was hence proposed for the 

modification of the silica surface. The modification was done by the polymerization of 

isoprene monomer on the silica surface to enhance the compatibility between the hydrophilic 

silica surface and the hydrophobic hydrocarbon elastomer as well as to improve the 

mechanical properties of natural rubber products that use silica as a filler. The results from 

FTIR, SEM, TEM as well as elemental analysis have shown and confirmed the formation of 

polyisoprene film on the silica surface. The silica modified by radiation-induced admicellar 

polymerization was applied as a filler for the rubber compound. The results showed that the 

mechanical properties of rubber reinforced with silica modified by radiation-induced 

admicellar polymerization were superior to those reinforced with unmodified silica or 

commercial grade silica. 

2. Preliminary Results 

Radiation-induced crosslinking of PLA has been done, in the presence of a crosslinking agent 

(triallyl isocyanurate, TAIC), using gamma radiation. The mixing of PLA and TAIC was done 

using a twin-screw extruder. Optimum concentration of the crosslinking agent and optimum 

dose were determined. Figure 1 shows % gel fraction of the film samples as a function of 

TAIC concentration and radiation dose. The gel fraction was 0% for all T0 (neat PLA without 

TAIC) samples, implying that, without TAIC, gamma radiation cannot induce crosslinking 

between PLA molecules. 
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Fig. 1. Gel fraction of PLA-TAIC samples with different concentration of TAIC (0, 1, 3 and 5 

phr) irradiated at different doses. 

Figure 2 shows the DSC thermograms of T3 (PLA mixed with TAIC at 3 phr) samples at 

different doses. The unirradiated T3 sample showed three peaks at approximately 56, 120 and 

150
o
C, corresponding to grass transition (Tg), recrystallization (Tc) and melting temperature 

(Tm) of PLA, respectively. For T3 samples irradiated at 20, 40, 60, 80 and 100 kGy, their Tg 

peaks remained a single peak at approximately the same temperature as that of unirradiated 

sample. Yet, their Tc and Tm peaks disappeared almost completely. These results confirmed 

the crosslinking between PLA molecules which hinders the chain mobility of PLA molecules, 

thus eventually restricting them from undergoing recrystallization and melting processes. 

 

Fig. 2. DSC thermograms of T3 samples irradiated at 0, 20, 40, 60, 80 and 100 kGy, from 

bottom to top, respectively. 

The results from gel fraction and DSC experiments have shown that gamma radiation is able 

to induce crosslinking between PLA molecules, in the presence of a suitable crosslinking 

agent. Currently, samples are being prepared for the testing of mechanical as well as thermo-

mechanical properties.  

The starch modification is under investigation with the following points as specific objectives; 

to determine the appropriate functional groups to make starch more compatible with PLA, to 
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find the optimum condition for starch modification by radiation-induced grafting, to find the 

optimum compounding formula for blending PLA with modified starch, with and without 

clay as well as to characterize the properties of the blends and their composites. 

3. Future Work Plan 

Functional groups of starch will be modified first in order to render starch more compatible 

with PLA. The monomer with desired functional groups will be grafted onto the backbone of 

starch via radiation-induced grafting polymerization. Different parameters will be examined 

to determine the optimum conditions for the grafting polymerization. The modified starch will 

subsequently be blended with PLA, with and without clay, to form biodegradable composites. 

In order to further improve the thermal properties, the blends and their composites will be 

subjected to radiation to induce crosslinking between the molecules of PLA and starch 

derivatives. The thermal, mechanical and biodegradation properties of PLA and starch blends 

as well as their composites with clay will be characterized. 
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PREPARATION OF POLYPROPYLENE / MONTMORILLONITE 

NANOCOMPOSITES USING IONIZING RADIATION 

Olgun Güven, Fatma Zengin, TURKEY 

Summary 

Polymer/clay nanocomposites are new generation materials that bring significant changes in 

mechanical, thermal and permeation properties of base polymers by low clay loading. In this 

study, polypropylene/montmorillonite nanocomposites were prepared by melt intercalation 

method by using batch type mixer. Two polypropylene samples with different melt flow 

indexes are used as the matrix, maleic anhydride grafted polypropylene (PP-g-MAH), and 

polypropylene granules oxidized by radiation/ozone are used as compatibilizer and 

unmodified clay (Na
+
 montmorillonite, MMT) as the filler. Aim of this study is to examine 

the effect of different compatibilizers in the mechanical properties of polypropylene 

composite. Firstly, PP/clay samples were prepared and the effect of clay was examined, then 

5, 10, 20kGy oxidized/degraded polypropylenes were used as compatibilizer and, 10 kGy was 

determined to be the most suitable irradiation dose for the best compatibilizing effect. 

Polypropylene granules were ozonated until they contained carbonyl groups equivalent to 

10kGy oxidized PP, which was checked by FTIR-ATR spectroscopy. UV-visible reflectance 

measurements were also made on film samples and no significant changes were observed in 

visible region. 

Nano structures of some nanocomposites were characterized by PALS (Positron Annihilation 

Lifetime Spectroscopy) where it was observed that the addition of clay decreased the number 

of free volume holes and free volume hole radia. The dispersion state of MMT within 

polymer matrix was analyzed by XRD (X-ray diffraction). 

Tensile tests were made and the effect of the addition of clay and compatibilizers investigated. 

At low melt flow index PP, 1% MMT of PP/10kGyPP/MMT nanocomposite showed an 

increase in E-modulus 26% and in tensile strength 8% as compared to those of pristine PP. In 

conclusion radiation degraded (chain scissioned and oxidized) PP has been found to show 

very good compatibilizing effect for the natural montmorillonite/polypropylene composites. 

1. Introduction 

In general the properties of polymers are significantly improved by the addition of clay. The 

addition of nanoclays to a polymer matrix has been proven to bring large improvement in the 

mechanical properties, thermal stability, fire resistance, gas barrier properties of starting 

polymeric materials [1]. The interest in polymer/clay nanocomposites however, did not 

emerge from the academic circles but from the commercial interest of Toyota Company by 

using nylon/clay nanocomposites in their cars first time in 1989.  Heat distortion temperature 

of Nylon6 has been shown to be increased from 60 
o
C to 150 

o
C with the addition of a few 

weight percent of montmorillonite [2]. Modest addition of clay provided substantial increases 

in tensile strength, tensile modulus and storage modulus with almost no decrease in impact 

resistance. Polymer/clay composites based on layered silicates are generally classified into 

three types depending on the extent of separation of silicate layers and interspersing of 

polymer chains. These are conventional composites, intercalated nanocomposites and 

exfoliated nanocomposites. If the clay layers are completely separated from each other to 

create a disordered array with polymer chains entering into galleries, the composite is said to 

be exfoliated. The extent of dispersion of clay in polymer matrix depends on the properties of 
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polymer and clay, interactions between polymer, clay, and modifying agents, processing 

conditions. 

The significant improvement in mechanical properties of Nylon6/clay nanocomposites was 

explained to be due to the presence of an exceptionally high interfacial surface area generated 

by exfoliation and to the formation of ionic and/or hydrogen bonding between the organic 

polymer and inorganic silicate. When polymer and clay are used without being modified 

however, the interaction and dispersion becomes less likely due to the incompatibility of the 

two. The preparation of fully exfoliated polymer/clay nanocomposites therefore depends on 

the successful modification of polymer and/or clay to make them compatible[3]. The 

inorganic and hydrophilic nature of clay layers can be modified by exchanging of cations in 

the galleries by quaternary ammonium compounds whereas organic and fully hydrophobic 

nature of polymers such as PE, PP can be modified by grafting of these polymers with 

suitable monomers such as maleic anhydride. 

Polymers and clay are not generally fully interspersed to form nanocomposites and 

modification of either the clay or the polymer is mostly necessary. Montmorillonite (MMT), 

frequently used clay for example in polymer/clay nanocomposites is modified by quaternary 

ammonium compounds to make an intercalated nanocomposite exfoliate. Clays are generally 

modified by cation exchange. As for the modification of polymers, grafting of maleic 

anhydride onto PE or PP enhances the compatibility of these fully hydrophobic polymers with 

unmodified clay[4]. In either approach the main goal is to increase the dispersion of polymer 

chains within the layered structure of silicates. 

In this work for the preparation of Polypropylene/MMT nanocomposites, radiation 

degraded/oxidized PP has been planned to be used as the compatibilizer between the PP 

matrix and unmodified MMT. The level of chain scission and oxidation induced in PP can be 

controlled by gamma irradiation in air of PP granules to optimize the formulations for 

improving the mechanical properties of a ternary mixture of PP/-PP/MMT.  In this approach 

host polymer itself was aimed to be modified by ionizing radiation to enhance compatibility 

by lowering  molecular weight of the pristine polymer as well as its surface oxidation. A 

different approach has been considered for the preparation of EVA/clay nanocomposites by 

radiation-induced polymerization of vinyl acetate absorbed inside the galleries of 

montmorillinite thus making the clay more compatible for further mixing with the EVA 

copolymer.  The improvement in mechanical properties has been followed by mechanical 

tests and newly acquired properties were explained by structural analysis of nanocomposites 

by employing Small Angle X-Ray Scattering (SAXS), Positron Annihilation Lifetime 

Spectroscopy (PALS), X-Ray Diffraction (XRD) and Differential Scanning Calorimetry 

(DSC) techniques. 

2. Experimental part 

2.1. Materials 

As polymeric matrix polypropylene with two different melt flow rates were used namely, 

PETOPLEN MH 418 and PETOPLEN EH 102 from PETKIM company, Turkey, with MFIs 

4-6 g/10 min and 9-13 g/10 min respectively both measured at 2.16 kg/230
o
C conditions. 

Unmodified montmorillonite was obtained from Nanomer/PFV company. To compare the 

compatibilizing effect of irradiated PP a commercially available pp compatibilizer namely 

Polypropylene-g-Maleic Anhydride obtained from Exxelor PO with the code 1015 MAPP 

was used. 
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2.2. Preparation of Nanocomposites 

To increase the surface area of commercial PP granules they were first extruded using 

Thermo Scintific Measuring Mixer and Extruder System, Haake Polylab OS to approximately 

1mm diameters. Mixing of PP granule with clay was accomplished at 1.0, 2.0, 3.0, and 5.0% 

clay contents at 180
o
C, 100pm for 4 minutes. 

In order to make pristine PP compatible with montmorillonite commercially available PP-g-

MA was used at 20%by weight in the ternary mixture of PP/Clay/PP-g-MA, considering 

different amounts of clay used the total weight was made up to 100 in each case. Finely 

ground PP granules were irradiated in air in a GammaCell 220 
60

Co gamma irradiator at a 

dose rate of 0.08 kGy/h to three different total absorbed doses of 5, 10 and 20 kGy. By 

irradiating in air PP was simultaneously oxidized and extensively chain scissioned. In order to 

investigate the possibility of using ozidized PP only as a compatibilizer for the ternary 

mixture, the fine PP granules were contacted with freshly prepared ozone gas for different 

periods to introduce varying degrees of oxidation products onto PP surface. 

PP/Clay/compatibilizer ternary systems were thus prepared by using 20% by weight 

compatibilizer [either PP-g-MA or gamma irradiated PP(-PP)], 1-5% clay and pristine PP to 

make up the total 100. The table below shows the change in the MFR values of PP samples 

upon irradiation in air to the stated doses and the effect of ozonation. 

TABLE 1. THE CHANGE OF MELT FLOW RATE OF GAMMA IRRADIATED AND OZONE TREATED 

POLYPROPYLENE WITH ABSORBED DOSE AND OZONATION TIME 

Type of PP 
Irradiation dose/ 

Ozonation(min) 
MFR (g/10min) 

EH102 

0 kGy 3,79 ±0,03 

5 kGy 13,23 ±0,71 

10 kGy 58,36 ±3,13 

20 kGy 95,10 ±7,14 

360 min 5,12 ±0,02 

MH418 

0 kGy 2,10 ±0,05 

5 kGy 10,65 ±4,42 

10 kGy 32,12 ±4,79 

20 kGy 41,80 ±4,86 

360 min 2,70 ±0,03 

PP-g-MAH 
 

40,26 ±3,08 

As seen from this table MH418 sample has a high molecular weight and its MFR value 

becomes almost equal to that of PP-g-MA after irradiation to 20kGy. This is important 

because 20kGy irradiated PP and maleic acid modified PP have almost the same sizes. Thus it 

will be easy to compare their compatibilization effect from the point of view of their equal 

small sizes. Upon ozonation however although extensive oxidation is obtained on PP as 

revealed by FTIR studies, the MFR of ozone tyreated sample has almost the same MFR as 

that of unirradiated PP MH418. This means that while PP is oxidized upon ozonation, such a 

process did not cause significant chain scission on the polymer. This is very interesting since 
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this will allow us to compare the compatibilization effect of oxidation only but not reduced 

molecular weight when ozone treated PP was used as compatibilizer in the ternary mixtures. 

2.3. Characterization of properties 

The most important property to be investigated to see the effect of modes of preparation of 

ternary blends is their mechanical properties. Stress-strain tests were carried out by using a 

universal mechanical testing device, ZWICK Z010 following the ASTM D638 standard.  

The oxidation of PP granules either due to irradiation or ozonation was determined by using a 

Nicolet iS10 Diamond ATR-FTIR spectrometer. 

The Melt Flow Rates of original and irradiated and ozon treated PP samples were measured 

by using CEAST Modular Melt Flow Rate apparatus at 190 
o
C and 2.16 kg operational 

conditions. 

The free volume holes generated during processing and irradiation of PP composites were 

determined by an ORTEC Positron Annihilation Lifetime Spectrometer using ~30Ci 
22

NaCl 

as positron source in sandwich formation (sample-source-sample). Spectra were analyzed by 

LT9 program available in the software of the system. 

3. Results and discussion 

Polyolefines and clay are not fully interspersed to form nanocomposites and modification of 

either the clay or the polymer is mostly necessary. Montmorillonite (MMT), frequently used 

clay for example in polymer/clay nanocomposites is modified by quaternary ammonium 

compounds to make an intercalated nanocomposite exfoliate. Clays are generally modified by 

cation exchange. As for the modification of polymers, PE or PP grafted with maleic anhydride 

enhances the compatibility of these fully hydrophobic polymers with unmodified clay. In 

either approach the main goal is to increase the dispersion of polymer chains within the 

layered structure of silicates to form exfoliated layers providing maximum interaction of the 

polymer with the silicate layers shown below (Fig. 1). 
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Fig. 1. Caption? 

The success of preparing polyolefin/clay nanocomposites relies totally on the extent of 

insertion of polymer chains into layer occupied by the exchangeable cations. Organo-

modified clays are generally prepared by replacing exchangeable cations (Na
+
 or K

+
) by 

quaternized alkyl ammonium salts, phosphonium salts, etc. as shown below (Fig. 2) [5]. 

 

Fig. 2. Caption? 

Commerially available organo-modified clays are being used extensively in the preparation of 

polymer/clay composites[6]. If natural, unmodified clays are to be used, then a polymeric 

compatibilizer with essentially the same structure as that of polymer are generally used in 

composite formulation. To introduce polar groups onto fully nonpolar structures of 

polyolefines they are grafted with maleci acid. Such compatibilizers are also available 

commercially[7]. 
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In this strudy we have tried to use PP irradiated with gamma rays at low dose rate with the 

anticipation of obtaining highly oxidized polypropylene samples with lowered molecular 

weights. As shown in Table 1, the MFR of PP is significantly reduced upon irradiation in air. 

A similar reduction in molecular weight as seen in the increase of MFR has been observed 

with ozone treatment. The oxidation of both gamma irradiated and ozone treated PP granules 

were followed by taken the ATR-FTIR spectra of samples. The carbonyl index of the samples 

were determined by calculating the ratio of absorbances at 1730cm
-1 

/ 1455cm
-1

. By 

comparing the carbonyl index values it has been seen that same extent of oxidation was 

reached in polypropylene irradiated to 10kGy dose and ozonated for 360 minutes.  

Ternary blends of PP/clay/g-PP were prepared by using PP MH418, natural montmorillonite 

and gamma-irradiated polypropylene. Fine PP granules irradiated to 5, 10 and 20 kGy doses 

were used as compatibilizer. PP nanocomposite sheets were prepared from ternary blends 

obtained in a double screw extruder for mechanical tests. The evaluation of stress-strain 

curves yielded the major mechanical properties such as elastic modulus, tensile strength and 

elongation at break. The Figures 3-5 show the changes in these mechanical properties as a 

function of clay composition in the range of 1-5% for PP compatibilizers irradiated to 5, 10 

and 20 kGy doses. E-modulus and tensile strength values for the ternary blends prepared by 

using 10 kGy irradiated PP show the best results, hence 10 kGy has been considered as the 

optimum dose in the preparation of ternary blends. Next step is to compare the mechanical 

properties of these blends with PP nanocomposites to be prepared using maleic acid grafted 

PP. Figs. 6-8 compares the mechanical properties of three different PP nanocomposites. 

 

Fig. 3. Change of E-modulus of PP/Clay/-PP nanocomposites. 
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Fig. 4. Change of tensile strength of PP/Clay/-PP nanocomposites. 

 

 

Fig. 5. Change of elongation at break values of PP/Clay/-PP nanocomposites. 
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Fig. 6. E-modulus values for three different PP nanocomposites. 

 

 

Fig. 7. Tensile strength values for three different PP nanocomposites. 
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Fig. 8. Elongation at Break values for three different PP nanocomposites. 

These three diferent PP nanocomposites were prepared by using the pristine PP as the major 

ingredient, clay in 1-5 % varying compositions.  One sample was prepared without 

compatibilizer (PP-MMT), the second one by using Maleic Anhydride grafted PP (PP-MAH) 

and the third one by using 10 kGy irradiated PP. As it is clearly seen from Figs. 4 and 5 the 

best results were obtained when 10 kGy irradiated PP was used as the compatibilizer. 

Nanocomposites prepared by using 1% clay show significant improvement in their E-modulus 

and Tensile strengths. The elongation at break values however were found to be inferior 

which is an expected result considering the inverse relation between the modulus and 

elongation. Since upon irradiation in air PP not only undergoes extensive chain scission but 

also oxidation. Irradiated PP therefore contain large amount of oxidized species in the form of 

aldehydes, ketones, carboxylated groups, etc. This would immediately bring a question as to 

whether the improved conpatibility is due to reduced chain lengths or highly oxidized form of 

the PP. In order to explain and differentiate these two effects from each other fine PP granules 

were treated with ozone gas at room temperature. Interesting anough the MFR value of 

ozonated PP MH 418 was found to be 2.70+/- 0.03 g/10 min whereas that of original PP 

MH418 was 2.10+/- 0.05g/10 min. This indicated that while PP was oxidized due to the 

action of ozone, its molecular weight remained almost unchanged. In this way by preparing a 

ternary blend from pristine PP, clay and ozone treated PP, we were able to investigate the 

compatibilizing effect of ozonated PP only from the point of view of its oxidized state, highly 

polar oxiginated compounds on its surface. The mechanical properties of these newly 

prepared PP nanocomposites were also determined and it was found that the extent of 

improvement in E-modulus and Tensile Strength were almost at the same level as that 

observed for maleic acid grafted PP. It is therefore quite clear that double action of irradiation 

by degrading PP and simultaneously oxidizing it transfomed origianl PP into a compatibilizer 

for its montmorillonite composites. 

Exactly similar results were obtained when a PP sample with higher MFR (3.79 +/- 0.03 

g/10min) was used in nanocomposite formulations.  

Positron Annihilation Lifetime Spetroscopy was used to see the changes taking place in the 

sizes and distribution of free volume holes in the PP nanocomposites. A typical PALS 

spectrum recorded for the composite prepared from PP MH418 with 20% 10kGy iradiated PP 

and 3% montmorillonite is shown below in Fig. 9. When the master curve composed of data 



 

154 

points, uppermost curve was deconvoluted to separate the contributions coming from 

amorphous and crystalline portions of PP nanocomposite, respective free volume hole radii 

were determined for these two domains. The results of data analysis of similar PALS spectra 

obtained for every composition of PP nanocomposites are collected in the Table 2 given 

below. Here  is the annihilation lifetime of ortho positronium in crystalline domains and   

in amorphous domains. R1 and R2 are the average radia of respective holes. 

 

Fig. 9. PALS spectrum drawn as counts vs. time of PP MH 418- 20% 10kGy -irradiated PP 

and 3% natural montmorillonite. Yellow curve is due to crystalline part and grey for the 

amorphous part of PP. 

 

TABLE 2. CAPTION? 

 
Crystalline Domain Amorphous Domain 

SAMPLE 
3
(%) 

3 
(ns) R

1
 (nm) 

4
(%) 

4 
(ns) R

2
 (nm) 

PPMH418 9,69 ±0,52 1,273 ±0,019 0,206 ±0,003 20,6 ±1,2 2,481 ±0,006 0,325 ±0,004 

PPMH418-1%MMT 10,18 ±0,15 1,26 ± 0,01 0,204 ±0,003 20,00 ±0,06 2,503 ±0,003 0,327 ±0,003 

PPMH418-2%MMT 10,6 ±1,4 1,44 ±0,15 0,227 ±0,019 18,7 ±1,7 2,554 ±0,063 0,331 ±0,003 

PPMH418-3%MMT 10,27±0,78 1,40 ±0,11 0,221 ±0,014 18,5 ±1,1 2,543 ±0,045 0,330 ±0,003 

PPMH418-

20%10kGyPP 
11,3 ±2,3 1,54 ± 0,19 0,238±0,023 16,5±2,7 2,59±0,10 0,333±0,008 
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PPMH418-

20%10kGyPP-

1%MMT 

9,43 ±1,50 1,46 ±0,14 0,228 ±0,017 17,3 ±1,7 2,482 ±0,065 0,325 ±0,005 

PPMH418-

20%10kGyPP-

2%MMT 

9,6 ±1,2 1,43 ±0,18 0,225 ±0,023 17,8 ±1,9 2,52 ±0,06 0,328 ±0,005 

PPMH418-

20%10kGyPP-

3%MMT 

8,8 ±0,3 1,22 ±0,15 0,199 ±0,022 20,1 ±1,5 2,438 ±0,035 0,322 ±0,003 

We can conclude from the PALS data that the free volume holes are smaller in the crystalline 

parts as compared to amorphous regions for both PP/MMT binary and PP/MMT/-PP ternary 

nanocomposites. A significant reduction in free volume hole radii of PP MH418-20% 10 kGy 

-PP binary system has been observed upon incorporating MMT into these systems as can be 

seen by comparing the last four lines of the Table2. The reduction in free volumes caused by 

the presence of MMT in the PP blends is a structural proof of increased E-modulus and 

Tensile Strength in these ternary blends. 

4. Conclusions 

 Radiation degraded and oxidized PP has been shown to provide compatibility for the 

formation of MMT/PP nanocomposites. 

 PALS investigation has shown a decrease in the free volume hole radia upon clay 

loading. 

 SAXS results not shown here indicated the formation of nanostructures. 

 Compatibilizing effect of irradiated PP has been found to be due to significant reduction 

in the size of the chains as well as polarity induced by oxidation of polypropylene. 

 25% increase has been observed in tensile strength and modulus by incorporating 1% 

MMT into PP/irradiated PP binary systems. 
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RADIOLYTIC SYNTHESIS OF MAGNETIC NANOCOMPOSITES 

Slavica Grdanovska, Chanel Tissot, Aaron Barkatt and Mohamad Al-Sheikhly 

Nuclear Engineering Program – Department of Materials Science and Engineering, University 

of Maryland, College Park, MD, USA. 

Magnetic nanocomposites, in which magnetic nanoparticles are encapsulated in polymeric 

matrices, have important applications in medicine, electronics and mechanical devices.  

However, the development of processes leading to magnetic nanocomposites with desirable, 

predictable and reproducible properties has turned out to be a difficult challenge.  To date, 

most studies have concentrated on a magnetic oxide, primarily magnetite (Fe3O4), as the 

encapsulated phase.   However, the synthesis of batches of magnetite with homogeneous 

properties at reasonably low temperature is a delicate operation.  Indeed, commercial lots of 

magnetite powder, despite having bulk Fe3O4 stoichiometry, turn out to have large variations 

in structure and in magnetic properties.  The difficulties in controlling the product are greatly 

magnified when the particle size is in the nanometer range.1 

One possible approach to the production of magnetic nanocomposites is to aim for the 

encapsulation of particles of metal rather than oxide.  The magnetic properties of a metal 

cluster of a given size can be expected to be much more predictable and controllable than 

those of oxides. Three magnetic metal candidates can be considered for inclusion into a 

polymeric matrix.  These are iron, cobalt and nickel.  One route to the preparation of metal 

clusters is reductive radiolysis of the corresponding metal salts, a  technique that has been 

previously demonstrated.  In preliminary experiments, an aqueous suspension of metallic 

cadmium was radiolytically produced from cadmium salts, so long as an alcohol was added to 

scavenge OH radicals.  Nickel salts were also observed to produce metal suspensions, albeit at 

a lower yield than in the cases of cadmium and lead.2   De-oxygenation of the solutions 

promoted higher yields and enhanced stabilities of the suspensions.   Copper nanoclusters 

were also produced by gamma radiolysis.3  Cobalt nanoparticles were prepared by gamma 

radiolysis in the forms of an aqueous sol, a self-supporting powder, and in dispersion on an 

alumina surface.4  The production of nickel nanoparticles by means of irradiation with 

synchrotron x-ray radiation was also reported.5 Because nickel is the least reactive of the three 

magnetic metals towards water, it should be the easiest to prepare upon starting from aqueous 

salt solutions. 

The production of the polymer in which the magnetic is to be encapsulated may also be 

initiated by ionizing radiation.  For instance, the polymerization of acrylate esters is known to 

be initiated by a pulsed electron beam.6 For the present study, if a nickel salt is introduced into 

a medium consisting of an organic monomer and OH radical scavengers, the ionizing 
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radiation might be expected to produce both nanoparticles of metallic nickel and an acrylic 

polymer.  Because both the nickel nanoparticles and acrylate matrix are produced in close 

proximity, it is possible that the metal clusters would be encapsulated in situ, resulting in a 

stable metal-polymer nanocomposite. 

It is proposed that the addition of an organic monomer may improve the yield of the magnetic 

metal clusters.  During reductive radiolysis of metal salts, the metal is susceptible to oxidation 

or re-dissolution in water.  If the concentration of water is reduced, the yield and stability of 

metal clusters are likely to be greatly enhanced.  Utilizing an organic monomer as the main 

component of the reaction medium allows the reduction to take place in a solution with much 

reduced water content.  For instance, a nickel salt can be combined with a medium consisting 

of an acrylate ester, an alcohol OH radical scavenger, and just enough water to solubilize the 

metal salt.  If nickel is introduced in the form of an organic salt, solvents which are miscible 

with the monomer can be used, possibly eliminating the water entirely, as long as the system 

is sufficiently polar to generate solvated electrons.  Even if some water is necessary, its 

amount would be small enough to minimize the extent of its reaction with the metal particles. 

The nanocomposites produced in this study would be characterized by means of a 

combination of chemical, magnetic and microscopic techniques.  Following the synthesis of 

iron-based nanocomposies, further experiments will be conducted possibly on cobalt. 

1. Experimental Procedure 

The work presented in this study involves a synthesis of a copolymer composed of 2-

ethylhexyl acrylate (2-EHA) and acrylic acid (AA) using gamma and pulsed electron beam 

radiation. The structure and synthesis kinetics of this copolymer were investigated by 
1
H 

nuclear magnetic resonance (NMR), electron pulse radiolysis with kinetic spectroscopic 

detection (PR-KSD), and Fourier transform infrared spectroscopy (FTIR). The effects of total 

dose, dose rate, and acrylic acid content on the polymerization reaction were studied. The 

conversion of 2-EHA monomer into polymer at a given total dose was found to be enhanced 

at lower dose rates and higher concentrations of acrylic acid. 

2-Ethylhexyl acrylate/Acrylic acid (2-EHA/AA) co-polymers were prepared by mixing 

together 2-EHA (75-100 mol%) and AA (0-25 mol%) in a conical flask sealed with a rubber 

septum, bubbling with argon gas, transferring aliquots of the mixture to glass vials in a glove 

box, and irradiating the vials using either the University of Maryland’s 100 kCi Co-60 gamma 

source or the University of Maryland’s pulsed electron beam linear accelerator (LINAC). 

Iron-poly(2-EHA-co-AA) ionomers were produced by dissolving the irradiated 2-EHA/AA 

mixtures in THF, mixing with FeCl3, and performing dialysis by means of a cellulose 

membrane to remove unassociated ions, such as chloride, from the co-polymer.  Chloroform 

and methanol were used as solvents in the dialysis. 

The experimental procedure of the ionomer synthesis is shown in Figure 1 below. 
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Fig. 1. Experimental Procedure for Ionomer Synthesis. 

The proposed mechanism of the formation of iron-based monomer in 2-EHA/AA co-polymer 

is represented in the following schematic diagram (Fig. 2): 

 

Fig. 2. Proposed mechanism of the formation of iron-based monomer in 2-EHA/AA co-polymer. 

2. Calculation of Particle Size from Magnetic Measurements 

(1) General 

Ferromagnetic materials are those that consist of particles that have a size that is larger than, 

or at least equal to, the size of a magnetic domain.  A typical domain size is around 100 nm or 

0.1 μm. 

If the individual particles are smaller, i.e., they are subdomain in size, the observed magnetic 

behavior is no longer ferromagnetic. Above a certain temperature called the blocking 

temperature (TB), except at very high fields, the magnetization (M) of subdomain particles 

continues to rise with increasing applied magnetic field, and drops to zero, similar to 

paramagnetic behavior, once the external field is removed.  This behavior is called 

superparamagnetism.   

The blocking temperature TB is the temperature at which the time it takes the spins to flip due 

to thermal fluctuations becomes comparable to the time of the measurement.  TB depends on 

the nature of the material, the particle size, and the applied magnetic field H.  TB increases 

with increasing particle size and with decreasing H.  For instance, in the case of magnetite 

with particle size of > 100 nm and very weak H the limiting value of TB is 580 
o
C.  For a 

particle with a size of 5 nm and a field of 500 G, TB can be as low as 45 K. 
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(2) Equations (The transition from Ferromagnetic to Superparamagnetic behavior in 

nanoparticles) 

The Langevin Function 

MT = Ms + Nspμ{[cosh(μH/kT)/sinh(μH/kT)] - (kT/μH)}  (1) 

where,  

MT = Total magnetization 

Ms = Saturation magnetization of particles larger than, or close to, domain size 

Nsp = Number of superparamagnetic particles (much smaller than domain size) 

μ = Magnetic moment of superparamagnetic particles 

For T > TB, μ can be found from curve fitting.   

V = μ/σ 

V = Particle volume 

σ =  pecific magnetization (materials property) 

T is the temperature of the experiment 

k is the Boltzmann constant (Gas constant/Avogadro's Number) 

The Bean-Livingston equation 

HC = (2KV/μ)[1 - 5(kT/KV)
½
]   (2) 

where,  

K = Anisotopic energy 

V = Particle volume 

HC = Coercive force (magnetic field that has to be applied in the opposite direction in order to 

reduce the magnetization to zero) 

For T < TB, μ can be found by plotting HC vs. T
½
 and calculate the slope and intercept. 

V = μ/σ 

V = Particle volume 

σ =  pecific magnetization (materials property) 

T is the temperature of the experiment 
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k is the Boltzmann constant (Gas constant/Avogadro's Number) 

(3) How do we decide if T < TB or T > TB? 

a. We plot the magnetization M against the applied field H and obtain the hysteresis curve.  

We increase H until M no longer changes significantly with H , i.e., M reaches its 

saturation value.  The coercive force Hc is the field that we have to apply in the opposite 

direction in order to bring the magnetization back to zero after the sample has reached its 

saturation magnetization. 

b. If T < TB, Hc depends on the temperature of the experiment T.  If T > TB, Hc is 

independent of the temperature.  

(4) Determination of Particle Size for the case of T > TB 

a. Find σ, the specific magnetization, of the material in question from the literature or from 

measurements on large particles. 

b. Plot the total magnetization MT against H. 

c. At high fields, at low fields, M increases quickly with H, mostly due to the contribution of 

the large (ferromagnetic) particles.  At high fields, the dependence becomes much weaker, 

because it is only due to the superparamagnetic particles, while the contribution of the 

large particles to MT has become saturated.  Thus, it is easy to draw a horizontal line at the 

level of MT where this contribution becomes constant.  This represents the value of the 

saturation magnetization, Ms.  The continued weak dependence of MT on H represents MT 

- Ms, i.e., the component of the magnetization due to the superparamagnetic (subdomain) 

particles. 

d. Plot MT - Ms as a function of {[cosh(μH/kT)/sinh(μH/kT)] - (kT/μH)}.  The slope will 

yield Nspμ. (Actually, we plot MT - Ms against H at constant T or against 1/T at constant H 

and perform curve fitting to find Nspμ using Equation (1)). 

e. Nsp can be found from the number of magnetic moments (based on the number of iron 

atoms) associated with the superparamagnetic (subdomain) particles.  This is obtained by 

calculating the total number of magnetic moments based on the concentration of the iron 

species (e.g., magnetite) in the sample on one hand, and the number of unpaired spins per 

formula unit (e.g., number of unpaired spins per Fe3O4 unit) on the other.  From the total 

number of magnetic moments we subtract the number of magnetic moments associated 

with ferromagnetic (multidomain) particles, which is obtained by dividing the saturation 

magnetization, Ms, by the specific magnetization (paragraph 4a).  The difference 
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corresponds to the number of magnetic moments associated with the superparamagnetic 

component.  

f. Now we can find a value for μ.  μ = σV.   ince we know σ (see paragraph 4a), we can 

calculate V, the particle volume, and from it the diameter d of the particle R [V = 

4π(d/2)
3
/3]. 

Comment: When we are studying nanoparticle dispersions, no large (multidomain) particles 

are present, and this greatly simplifies the procedure, since Ms is not significant and we can 

calculate Nsp directly without having to subtract the number of magnetic moments 

corresponding to Ms. 

(5) Determination of Particle Size for the case of T < TB 

a. Same as IVa. 

b. Plot Hc against T
½
. 

c. The slope of the line obtained in paragraph V(b) is S = (-10/μ)(kKV)
½
.  The intercept (Hc 

extrapolated to T = 0) is I = 2KV/μ. 

d. Based on paragraph V(c), μ = 50kI/ 2
.  Thus we do not need to know K. 

e. Same as IVf. 

Magnetic measurements were performed on the poly(2-EHA-co-AA)/iron samples which are 

shown in Fig. 3. Ionomer formulated composition used for these measurements was based on 

2:1 mole ratio Fe
2+

:AA. 

The vibrating sample magnetometry analysis indicated that poly(2-EHA-co-AA)/iron 

contained 4.7 nm magnetic clusters. The magnetic cluster characterization was determined 

using the method and equations described above in the “Calculation of Particle Size from 

Magnetic Measurements” section. 

 

Fig. 3. Magnetic measurements performed on the poly(2-EHA-co-AA)/iron samples. Left: Magnetic 

Susceptibility Measurement,right: Vibrating Sample Magnetometry. 
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3. Future Work 

Future work will involve magnetic properties characterization on a high Fe
3+

 concentration 

ionomers that have already been synthesized. FTIR analysis that was performed on the 

samples along with the experimental procedure is explained in details below. 

The FTIR spectra of a mixture of 73 mol% 2-EHA and 24.3 mol% AA before and after 

irradiation with gamma radiation to 100 Gy at a dose rate of 13 Gy·min
-1 

are shown in Figure 

4.  

Fe
3+

 ionomers were prepared by dissolving the radiation-produced poly(2-EHA-co-AA) in 

THF, mixing the solution with a solution of anhydrous FeCl3 in THF, and dialyzing the 

mixture through a cellulose membrane. Different concentrations of the Fe
3+

 ionomer were 

prepared by using different volumes of FeCl3 solution in THF. It was observed that it was 

possible to obtain ionomers with concentrations of FeCl3 corresponding to as high as (1.00 + 

0.05)% Fe without indications of non-uniformity resulting from exceeding the solubility of 

FeCl3 in the acrylic co-polymer. On the other hand, when it was attempted to raise the 

concentration of FeCl3 to 2% based on Fe, it was observed that the solubility was exceeded as 

indicated by the fact that different portions of the sample had widely different concentrations 

of Fe. 

Thus, it was concluded that the solubility of FeCl3 in the co-polymer, expressed in wt.% Fe
3+

, 

was between 1 and 2% Fe. A concentration of 1% by wt. of Fe corresponds to a 2.7 mole % 

Fe in the 3:1 EHA-AA co-polymer. The concentration of Fe in the ionomers was determined 

by dissolving the samples in a mixure of HCl and HNO3 and analyzing these solutions using 

an ICP-AES spectrometer. Evidence for the formation of ionomers was provided by the 

observation that the FTIR spectrum of the samples, most noticeable in the case of the sample 

with the highest Fe
3+

 content of 1.00 %Fe
3+

, exhibited peaks which were not observed in the 

base co-polymer. The most noticeable of these peaks was the one at 1374 cm
-1

. 
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Fig. 4. FTIR spectra of 2-EHA-co-AA co-polymers produced by irradiation, and of co-

polymers reacted with FeCl3 to produce a 2.7 mol% Fe ionomer in a 73 mol% 2-EHA/24 

mol% AA mixture;   a) co-polymer (after exposure to 100 Gy of Co-60 gamma radiation at 

a dose rate of 13 Gy·min
-1

) represented by the pink line; b) 2.7 mol% Fe ionomer in a 73 

mol% 2-EHA/24 mol% AA mixture represented by the blue line. 
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Abstract 

Radiation-induced synthesis of colloidal silver nanoparticles (Ag-NPs) using chitosan (CTS) as a 

stabilizer and free radical scavenger is feasible and satisfiable for green method. The conversion dose 

(Ag
+
 into Ag

0
) was determined by UV-Vis spectroscopy and Ag-NPs size was characterized by 

transmission electron microscopy (TEM). The effect of pH and molecular weight (Mw) of CTS on 

diameter and size distribution of Ag-NPs was investigated. The obtained results showed that CTS with 

higher Mw has better stability for colloidal Ag-NPs. The average diameter of Ag-NPs was of 5  16 

nm with narrow size distribution. The colloidal Ag-NPs prepared from Ag
+
/CTS solution with pH 

adjustment (pH~6) have smaller size (7 nm) compared to that (15 nm) from Ag
+
/CTS solution without 

pH (~3) adjustment. 

1. Introduction 

During the last decades, developments of surface microscopy, materials science, 

biochemistry, physical chemistry and computational engineering have converged to provide 

remarkable capabilities for understanding, fabricating and manipulating structures at the 

atomic level. The rapid evolution of this new science and the opportunities for application 

promise that nanotechnology will become one of the dominant technologies of the 21
st
 

century [1]. The study on synthesis of metal nanoparticles is of interest in both research and 

technology. Among metal nanoparticles, silver nanoparticles (Ag-NPs) have attracted 

considerable interest because of their novel properties and their potential application [2, 3].  

Different methods have been used for the synthesis of Ag-NPs from Ag
+
 solution such as 

chemical [4], electrochemical [5], photochemical reduction [6], ultrasonic spray pyrolysis [7], 

gamma and electron beam irradiation [3, 8],.. . Method for preparing Ag-NPs by exposure to 

ionizing rays provides several advantages such as the manufacturing process carries out at 

room temperature, the sizes and size distribution of the particles are easily control and purely 

colloidal Ag-NPs can be obtained. In addition, mass production at reasonable cost is possible 

[2, 3, 9]. It is well known that Ag
+
 in solution could be reduced by -rays to Ag atoms while 

they would agglomerate if there is no protective substance. Hence an effective stabilizer is the 

key factor to fabricate densely dispersed Ag-NPs by irradiation method [10]. Several 

polymers having functional groups such as -NH2, -COOH and -OH with high affinity for Ag 

atoms [2] to stabilize Ag-NPs such as PVA [11], PVP [3, 5], alginate [9], CM-Chitosan [12], 

chitosan and oligochitosan [10, 13, 14] and so on have been used for synthesis of Ag-NPs. 
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Fig. 1. The molecular structure of CTS with deacetylation degree of about 70%. 

Chitosan (CTS), a natural polysaccharide with excellent biodegradable, biocompatible, 

nontoxicity and adsorption characteristics is a renewable polymer [15]. Owing to the 

interaction with –NH2 groups of CTS chain (Figure 1), the Ag-NPs are enveloped by CTS 

fragments and so the nanoparticles could be kept from agglomeration during irradiation 

reduction process [10, 15]. Using CTS as free radical scavenger and stabilizer for colloidal 

Ag-NPs prepared by -irradiation is appropriate to green method which should be evaluated 

from three aspects: the solvent, the reducing and the stabilizing agent [10, 14, 15]. In addition, 

Ag-NPs stabilized by CTS are positive charge enrichment in surface so that antimicrobial 

property is significantly improved [16]. Therefore, preparation of Ag-NPs/CTS by -

irradiation was carried out in this work. The effect of pH and molecular weight of CTS on 

characteristics of Ag-NPs/CTS was thoroughly investigated.  

2. Experimental 

2.1.Materials 

Analytical grade AgNO3, lactic acid and NaOH were purchased from Shanghai Chemical 

Reagent Co., China. Deionized water was pure products of Merck, Germany. CTS with 

deacetylation degree of about 70% and mass average molecular weight (Mw) from 3.5 to 

460kDa was prepared at VINAGAMMA Center, Ho Chi Minh City. 

2.2.Methods 

A stock solution of 1.5% (w/v) CTS was prepared by dissolving CTS in 1% (v/v) lactic acid 

solution  and stored overnight. Then the pH of CTS solution (pH 3) was adjusted to about 6 

by NaOH 2M. CTS solution after mixing with AgNO3 to final concentration of 5 mM Ag
+
 

and 1% CTS. The Ag
+
/CTS solution was poured in glass tubes and deaerated by bubbling 

with N2 for 15min. The -irradiation was carried out on a Co
60

 irradiator with dose rate of 

1.3kGy/h under ambient conditions at VINAGAMMA Center, Ho Chi Minh City. Uv-vis 

spectra of Ag-NPs solution which was diluted by water to 0.1mM calculated as Ag
+
 

concentration were recorded on an UV-2401PC, Shimadzu, Japan. The size of Ag-NPs thus 

prepared was characterized by TEM images on a JEM 1010, JEOL, Japan, operating at 80kV 

and statistically calculated using Photoshop software [3].  

3. Results 

CTS has been used as an effective reducing/stabilizing agent for preparation of Ag-NPs or 

Au-NPs by chemical method [4, 15] and as a stabilizing/scavenging agent by ionizing 

irradiation method [10, 13, 14]. So in all these experiments, the external agent to scavenge 
OH free radical which arising from radiolysis of water is not employed. According to Chen et 

al. [10], stabilization of CTS for Ag-NPs is due to their interaction with –NH2 groups of CTS 
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chain and the Ag-NPs are enveloped by CTS fragments. Concurrently, in aqueous solution the 

–NH2 groups of CTS are protonated to –NH
+

3 and so the Ag-NPs could be kept from 

agglomerating through static repulsions. However, the radical OH can oxidize nascent 

metallic Ag to Ag
+
 ion that impacting on the formation of Ag-NPs. Fortunately, CTS can be 

scavenging for OH via hydrogen abstraction and the newly formed CTS radical that itself can 

also reduce Ag
+
 to Ag

0
 as described by Long et al. [14]. 

3.1.Effect of pH 

The max value of colloidal Ag-NPs depends on the size of Ag-NPs. As the size of Ag-NPs 

increases the max will shift toward longer wavelengths [2-4]. The results in Table 1 showed 

that the max of Ag-NPs was of 419.5nm for pH~3 and 403.5nm for pH~6 corresponding to 

the particle size of 15.0nm and 7.3nm. In addition, the size distribution of Ag-NPs prepared in 

pH~6 was narrower than that in pH 3 (Figure 2). The reason for that may be explained as 

follows, the reduction reaction of Ag
+
 into Ag

0
 could be unfavorable for the formation of 

small Ag-NPs in acidic medium with higher H
+
 concentration. Moreover, Sun et al. [15] also 

concluded that CTS chains were broken in acidic aqueous solution that might partially reduce 

stabilizing activity of CTS for metallic particles. Recently, several studies on preparation of 

Ag-NPs by -irradiation in CTS solution were performed [10, 14, 17], but the effect of pH has 

not been investigated yet. However, the effect of pH for other stabilizers have been carried 

out. For instance, Huang et al. reported that pH 12.4 was an ideal condition for preparation 

Ag-NPs in carboxyl methyl CTS solution [12]. The results of Ramnani et al. [2] indicated that 

neutral and acid media (pH 2-4) were desired for synthesis of Ag clusters on SiO2. Thus, the 

effect of pH plays an important role in the formation of small size of Ag-NPs and optimal pH 

values may be varried upon stabilizer agents. Based on our results, it inferred that the nearly 

neutral medium (pH~6) of CTS solution is suitable for preparation of Ag-NPs with small size. 

TABLE 1. OPTICAL DENSITY (OD), MAXIMUM ABSORPTION WAVELENGTH (MAX) AND 

DIAMETER (D) OF COLLOIDAL AG-NPS/CTS (120 KDA) AT DOSE 16 KGY 

Samples OD max (nm) d (nm) 

pH 3 

pH 6 

0.97 

1.06 

419.5 

403.5 

15.0  5.4 

7.3  1.4 

 

 

Fig. 2. TEM images and histograms of size distribution of Ag-NPs/CTS with different pH. 

pH~6 

0 

10 

20 

30 

40 

50 

2 10 18 26 34 42 
d, nm 

F
re

q
u
en

cy
, 

%
 

d: 7.3  1.4 

pH~3 

0 

5 

10 

15 

20 

25 

2 
d, nm 

F
re

q
u
en

cy
, 

%
 

18 34 50 

d: 15.0  5.4 



 

169 

3.2.Effect of CTS molecular weight 

 

Fig. 3. Typical UV-Vis spectra irradiated of Ag
+
/CTS (120 kDa) solution with doses (A) and 

UV-Vis spectra of Ag-NPs/CTS solution with different Mw at conversion dose (B) 

As known from Mie theory for the optical absorption bands of small metal particles, the size 

and amount of nanoparticles affect both the absorption wavelength and the intensity of the 

plasmon absorption band [11, 12]. Generally, colloidal metal nanoparticles solution with 

small sizes and high content of particles will have high intensity at maximum absorption band 

and max shifts to shorter wavelength. The results in Figure 3A showed that OD values of 

irradiated Ag
+
 solutions were increased up to a maximum at dose of 16 kGy for solution of 

Ag
+ 

5mM/CTS 1%. This dose is defined as conversion doses to reduce Ag
+
 into metallic 

silver completely [3, 8]. 

TABLE 2. THE CHARACTERISTICS OF COLLOIDAL AG-NPS STABILIZED BY CTS WITH 

DIFFERENT MW 

Samples OD max (nm) d (nm)
 
 

CTS  3.5kDa 

CTS   60kDa 

CTS 120kDa 

CTS 460kDa 

0.82 

1.03 

1.06 

1.20 

410.5 

409.5 

403.5 

399.5 

15.5  1.6 

8.4  1.3 

7.3  1.4 

5.0  1.7 

The influence of molecular weight of CTS on characteristics of colloidal Ag-NPs was 

manifested in Table 2. All the max values of colloidal Ag-NPs appeared in the range of 

399nm - 410nm, that is the specific surface plasmon resonance band of Ag-NPs [9, 12, 17]. It 

was also obvious in Table 2 that the higher the Mw of CTS, the shorter the max (Figure 3B) 

and the smaller the particles size of Ag-NPs. The exact mechanism of this process is still not 

clear. However, we might suggest that the cumbersomeness of CTS with high Mw could 

enhance the anti-agglomeration among Ag clusters that contributes to the formation of small 

Ag-NPs. Similar results were reported by Du et al. [3] for PVPK 90 (1,100kDa) and PVPK 30 

(50kDa) in the synthesis of Ag-NPs by -irradiation. Yin et al. [5] also concluded that PVP 

with a short polyvinyl chain was unfavorable for the electrochemical synthesis of Ag-NPs. 

Temegire and Joshi [11] prepared Ag-NPs by -irradiation using PVA as stabilizer, the 

A B 
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particles size obtained was of 18.6, 19.4 and 21.4 nm for PVA 125kDa, PVA 30kDa and PVA 

14kDa, respectively. In addition, results of Huang et al. [12] confirmed that the diameter of 

Ag-NPs prepared by UV irradiation in carboxyl methyl CTS (0.8kDa) was larger than that in 

carboxyl methyl CTS (31kDa).  

4. Conclusions  

Colloidal Ag-NPs were synthesized by -irradiation using CTS a stabilizer and free radical 

scavenger. Results revealed that pH~6 was suitable for preparation of Ag-NPs with small size 

(~7 nm). The particles size obtained was in the range of 16 - 5 nm for Mw of CTS from 3.5 to 

460kDa. The -irradiation might be useful tool for mass production of Ag-NPs/CTS for 

application in different fields, especially in biomedicine. 
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