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Abstract 
Radiation-crosslinking mechanism of polysaccharide derivatives such as carboxymethyl cellulose (CMC), 
carboxymethyl chitosan (CMCts) is not clarified yet. Radicals in CMC formed by reaction with OH radical were 
studied by ESR in order to elucidate the radiation-crosslinking mechanism of CMC. ESR spectra implied that 
radicals were created on carboxymethyl groups linked to C2, C3 and C6 of glucose unit in CMC. The radicals of 
CMCts were also created on carboxymethyl groups linked to C3 and C6 of glusamine unit. For application of 
carboxymethyl cellulose (CMC) to a super water-adsorbent, gel fraction should be adjusted to the range of 50%. 
It was found that gel fraction of CMC could be control by the irradiation temperature of CMC aqueous paste-like 
state.  
Poly(L-lactic acid)(PLLA) could be crosslinked when it was irradiated with coexistence of crosslinker, triallyl 
isocyanurate. However, the crosslinked PLLA is thermally deformed under the stress at 70 °C. The thermo 
mechanical stability of PLLA was further improved by the adding SiO2 and the post heating at 90 °C. The 
storage modulus of the treated PLLA showed about 100 times higher than that of only crosslinked PLLA. The 
improved materials was applied to demonstration lens of eyewear. 
 
1. OBJECTIVES OF THE RESEARCH 
Development of natural polymers including a polymer synthesized from fermented products has 
considerable attention from the viewpoint of carbon neutral in which carbon is recycled through the 
plant growth. The radiation processing, especially crosslinking, of natural polymers is regarded as 
unique technique to improve their physical, chemical, mechanical and thermal properties. 
Our objective focuses on the development of new functional materials by means of this crosslinking 
technique which can modify natural polymers. As natural polymers, the polysaccharide derivatives and 
aliphatic polyester were selected. It is expected from this research project that crosslinked natural 
polymers are widely applied in the fields of industry, medicine, agriculture and so on. 
 
2. INTRODUCTION 
Japan Atomic Energy Agency (JAEA) was organized by consolidating of Japan Atomic Energy 
Research Institute and Japan Nuclear Cycle Development Institute in Oct. 2005. JAEA has 11 sites of 
research institutes in Japan. Takasaki site, JAEA carried out application R&D of radiation processing 
using of facilities such as gamma-ray irradiation, electron beam accelerator, and ion accelerators. Two 
divisions, environment and industrial materials research division and radiation-applied biology 
division, of quantum beam science directorate are located in Takasaki site. Environmental Polymer 
group in environment and industrial materials research division applied to this CRP in the research 
subject of "Modification of natural polymers by radiation-induced crosslinking for versatile 
applications". Environmental polymer group has researched radiation processing of polymer to apply 
the resulting materials to the fields of environmental preservation. Two major techniques for our 
research are crosslinking and graft polymerization which induced by high energy irradiation. In this 
CRP, the crosslinking of natural polymers which are degraded by irradiation has been investigated to 
explore new application field as shown in Figure 1. Furthermore, the properties of crosslinked natural 
polymer will be refined for technical transfer to end users. The polysaccharide derivatives and 
aliphatic polyester were selected as natural polymers. The following sections deals with crosslinking 
of carboxymethylated cellulose, starch, chitin and chitosan as polysaccharide derivatives and 
poly(lactic acid) as aliphatic polyester. 
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FIG. R&D in environmental polymer group, Takasaki site, JAEA. 

3. CROSSLINKING OF CHEMICALLY MODIFIED POLYSACCHARIDES  

3.1. Identification of CMC radical produced by reaction with OH radical  
In general, OH radical, which is one of main water radiolysis products and very oxidative species, is 
said to induce crosslinking reaction of polymer aqueous solution. The purpose of this study is to 
understand the radiation-crosslinking mechanism of CMC at a high concentrated aqueous solution. 
Identification of CMC radical produced by reaction with OH radical was introduced. CMC radical in 
an aqueous solution was observed directly by ESR method using photolysis of hydrogen peroxide as 
shown in Figure 2. The ESR spectra have a large doublet split and small triplet split like [Triplet x 
Doublet]. However, some species seemed to be overlapped on ESR spectra, because right-and-left 
triplet spectra are not equiform. Compared with some radicals, which have analogical structure to 
CMC, about hyperfine coupling constant, [Triplet x Doublet], assigned as radical on carboxymethyl 
group linked to C6, and [Doublet], assigned as radical on carboxymethyl group linked to C2 or C3, 
were isolated from ESR spectra of experimental results as shown in Figure 3. In conclusion, these 
spectra were identified as radicals located on secondary carbon of carboxymethyl groups[1,2].  
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FIG. 2. ESR method using photolysis of hydrogen peroxide. 

 

 
FIG.. 3. ESR spectra of CMC solution. 

 

3.2. Control of gel fraction of carboxymethyl cellulose (CMC)  
For application of carboxymethyl cellulose (CMC) to a super water-adsorbent, gel fraction should be 
adjusted to the range of 50%. The gel content was estimated by weighing insoluble part of the 
crosslinked CMC gel after immersion in water for 48 h at room temperature. As shown in Figure 4, the 
gel fraction of the samples represented to the crosslinking density increased with radiation dose and 
became to lower temperature. Gel fraction seems to saturate at dose higher than 20 kGy. Both 
polymers crosslinking reaction was the most efficient (the highest gel content) at lower 
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temperature. It was found that gel fraction of CMC could be control by the irradiation temperature of 
CMC aqueous paste-like state[3].  
 

 

 
FIG.. 4. Gel content of CMC at γ-irradiated at various temperature. 

 
4. CROSSLINKING OF POLY(LACTIC ACID) (PLA) AND ITS APPLICATION 
Poly(L-lactic acid) (PLLA) is a transparent and hard plastic and is produced by either polymerization 
of L-lactic acid obtained by a fermentation method or ring-opening polymerization of L-lactide (cyclic 
dimmer) in the presence of catalyst. The raw materials are renewable resources such as sugar or corn 
starch. Therefore, PLLA is one of the most attractive materials because of the most promising 
candidates as a replacement of petrochemical products. It is expected that the PLLA can be applied to 
demonstration or dummy lens of eyeglasses as a replacement of one made from poly(methyl 
methacrylate) (PMMA). However, PLLA briefly deformed at temperature higher than its glass 
transition temperature (Tg) of approximately 55 ºC, because of the bulk in cargo ship heated up to 
about 70 ºC when eyeglasses products sent overseas. Radiation-induced crosslinking is an effective 
tool for improvement of heat stability of polymer materials. Therefore, this technique was applied to 
produce PLLA required high thermal stability. The PLLA is, however degradable type polymer by 
ionizing radiation[4]. We found that triallyl isocyanurate (TAIC) has been proved as an effective 
crosslinker for PLLA to improve above-mentioned this property[5,6]. In this application to optical lens, 
it is not enough to improve the thermal deformation of PLLA under stressing at 70 ºC. Composition 
with inorganic compounds and crystallization by heat-processing are used to improve the heat stability 
of thermoplastics. In this study, the radiation-induced crosslinking of PLLA / silicone dioxide (SiO2) 
composite with TAIC and the post-processing of the crosslinked PLLA composite by heating were 
further investigated on the viewpoint of thermal deformation. 
 
PLLA (trade name: LACEA® H100), TAIC and SiO2 powder (trade name: NS-P) used in this study 
were kindly contributed from Mitsui Chemicals, Inc., Nippon Kasei Chemical, Co., Ltd, and Tosoh 
Silica Co., Japan, respectively. PLLA and the additive were mixed in a laboplastomill (Toyo Seiki 
Seisaku-sho, Ltd) at mixing speed of 20 rpm at 180 °C for 10 min. The PLLA / SiO2 composite films, 
1 mm thick, were prepared by hot-pressing at 180 ºC for 5 min and then irradiated by EB accelerator 
with dose range from 10 kGy to 100 kGy. The gel content was estimated by weighing insoluble part of 
the crosslinked PLLA composite film after immersion in chloroform for 48 h at room temperature. The 
thermal and dynamic rheological properties of crosslinked PLLA composite films were measured by 
Q-100 differential scanning calorimeter (DSC) and ARES-RFS III rheometer (TA instruments Inc.). 
 
The crosslinking structures are formed in irradiated PLLA / SiO2 composite films with TAIC. As 
shown in Figure 5, the gel fraction of the composite films represented to the crosslinking density 
increased with TAIC content and radiation dose. Gel fraction seems to saturate at dose higher than 50 
kGy. DSC measurements of crosslinked samples irradiated at 50 kGy show typical crosslinking in 
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PLLA / 10 % SiO2 composite mixed with more than 5 % TAIC. Neither crystallization peak nor 
melting peak of PLLA crystals can be observed in DSC of PLLA / SiO2 / TAIC composite irradiated at 
dose higher than 50 kGy like non-irradiated one.  
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FIG. 5. Gel fraction of crosslinked PLLA composite films with TAIC and SiO2  

by EB-irradiation at various dose. 

Figure 6 show the temperature dependence of share storage modulus (G’) analyzed in the crosslinked 
PLLA / SiO2 composite films. Non-crosslinked PLLA becomes soft from about 55 °C where it is Tg, 
and then its G’ rapidly decreases until 70 °C. Even if it is crosslinked, it exhibits almost the same 
action. However, after composition with SiO2 and heating, its decrease level became less with SiO2 
added, although it slowly turned soft at about 55 °C. After it was crosslinked, PLLA / SiO2 composite 
heat-treated at 100 °C for half an hour exhibited the least change of G’. From the above results, it was 
found that thermal deformation could be controlled by adding inorganic substances and applying heat 
treatment. The post-heated crosslinked PLLA composite became more stable at higher temperature of 
70 ºC than Tg. The combination of composition with SiO2, radiation crosslinking and crystallization 
by post-heating caused significant improvement of heat stability of PLLA material[7]. 
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FIG. 6. Temperature dependence of share storage modulus (G’) of crosslinked PLLA films with 5 % TAIC by 

EB-irradiation at 50 kGy and post processed sample. (a) Unirradiated PLLA, (b) Crosslinked PLLA, (c) 
Crosslinked PLLA / 10 % SiO2, (d) Crosslinked PLLA / 10 % SiO2. post-heated at 100 ºC for 0.5 h. 

 
5. DEGARADATION OF MARINE POLYSACCHARIDES FOR PLANT GROWTH 
Radiation-induced degraded chitosan was applied to plant growth promoter for lawn grass, cyclamen, 
and vegetable such as dwarf pine needles by private company. 
 
6. PROPOSED PLAN 

Year 1st (2008): 
At the first stage of the development of functional materials based on biodegradable polymers using 
radiation processing, the irradiation processes are investigated for crosslinking of water-soluble 
polysaccharides and poly(lactic acid) (PLA), which are known as typical radiation-degradation 
polymers. In this research, carboxymethylcellulose (CMC), carboxymethylstarch (CMS), 
carboxymethylchitosan (CMCTS), carboxymethylchitin (CMCT) and hydroxylpropylcellulose (HPC) 
are used as water-soluble polysaccharides. By crosslinking of such polysaccharides, we develop 
hydrogels applicable to bedsore prevention mats, metal ion adsorbents and so on. Concerning PLA, its 
heat-resistance is improved for the application to thermally shrinkable tubes etc. 
Year 2nd (2009): 
 
To improve the characteristics of crosslinked biodegradable products, the crosslinking processes which 
can control the gel fraction are investigated. Super water-adsorbents are developed by controlling the 
gel fraction of polysaccharide-based hydrogels for the effective treatment of livestock excrements. The 
thermostability of PLA is further improved by controlling the gel fraction with additives and the post 
processing for the sake of fabricating optical materials based on PLA. 
Year 3rd (2010): 
 
To spread the application fields of crosslinked biodegradable polymers, advanced fabrication 
processes are developed, e.g., (1) polysaccharide blends are crosslinked and (2) polysaccharides are 
crosslinked with additives such as polymerizable monomers and crosslinkers. By using the former 
technique, the hydrogels having selective affinity against metal ion and those with controllable 
degradation period are produced. By adopting the latter technique, the mechanical strength and 
elongation of hydrogels are improved for their medical application. 

118 

Working Material

Working Document



REFERENCES 
 

[1] SAIKI, S., NAGASAWA, N., HIROKI, A., MORISHITA, N., TAMADA, M., MUROYA, Y., 
KUDO, H., KATSUMURA, Y., “ESR study on carboxymethyl chitosan radicals in an aqueous 
solution”, Radiat. Phys. Chem., in press. 

[2] SAIKI, S., NAGASAWA, N., HIROKI, A., MORISHITA, N., TAMADA, M., KUDO, H., 
KATSUMURA, Y., Radiat. Phys. Chem., in preparation. 

[3] NAGASAWA, N., HA, P.T.L., YAGI, T., TAMADA, M., “Radiation crosslinking of CMC at 
various condition”, Carbohydr. Polym., submitted. 

[4] NUGROHO, P., MITOMO, H., YOSHII, F., KUME, T., “Polymer degradation of poly(lactic acid) 
by γ-irradiation”, Polym. Degrad. Stab., 72, (2001) 337-343. 

[5] MITOMO, H., KANEDA, A., QUYNH, T.M., NAGASAWA, N., YOSHII, F., “Improvement of 
heat stability of poly(L-lactic acid) by radiation-induced crosslinking”, Polymer, 46 (2005) 
4695-4703. 

[6] NAGASAWA, N., KANEDA, A., KANAZAWA, S., YAGI, T., MITOMO, H., YOSHII, F., 
TAMADA, M., “Application of poly(lactic acid) modified by radiation crosslinking”, Nucl. Instr. 
Meth. in Phys. Res. B (2005) 611-616. 

[7] NAGASAWA, N., KASAI, N., YAGI, T., TAMADA, M., “Radiation-induced crosslinking and 
post-processing of poly(L-lactic acid) composite”, Radiat. Phys. Chem., submitted. 

119 

Working Material

Working Document


