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A B S T R A C T

Active research is currently being done on the development of efficient surface modifications and functionali-zation of natural fibres aiming to improve 
biocomposites performances. Electron beam and gamma (γ) radiation treatments have been widely used to treat various lignocellulosic biomass with the aim of 
improving their accessibility to solvents and reagents for their subsequent chemical modification and processing, or for en-hancing cellulose enzymatic hydrolysis for 
the production of ethanol and 2nd generation biofuels. The relevance of ionizing radiation treatments for the modification of natural fibres and their biocomposites is 
addressed in this review. They can indeed generate radicals or functional groups available for grafting functionalized molecules of interest on natural fibres. The 
effect of ionizing radiations on the structure of lignocellulosic substrates, and more particularly natural fibres, is discussed. The impact of composite and fibre 
irradiation on biocomposites prop-erties is detailed. The last part of the review presents insights on advantages of radiation-grafting as an in-novative strategy to 
functionalize natural fibres and improve functional properties of biocomposites. The in-dustrial feasibility and costs of radiation induced modifications are also 
discussed. Based on literature, it appears that ionizing radiation methods used in suitable and controlled conditions are relevant over other physical and chemical 
methods developed for the surface modification and functionalization of bio-reinforcements in com-posite applications.

1. Introduction

Nowadays, natural fibres are considered as a promising alternative
to synthetic fibres, such as glass, in composite applications (Deyholos
and Potter, 2014; Faruk et al., 2012). Biocomposites reinforced with
lignocellulosic or protein fibres have some advantages over glass fibre
based composites, thanks to their biobased and renewable origin and
biodegradability, low cost, low density, low abrasiveness and good
damping performances. Natural fibres also exhibit high specific me-
chanical properties (i.e. mechanical properties to fibre density ratio),
even if their ultimate performances still remain lower than those of
glass fibres. Besides, the low thermal stability of natural fibres limits
their use in composite applications to polymer matrices having low
processing temperatures.

In particular, mechanical properties of biocomposites suffer from
the low mechanical interlocks and physico-chemical interactions at the
fibre/matrix interface. The quality of the interfacial adhesion is pri-
marily related to the differences in surface energy and polarity between

matrix and fibres, the fibre surface topography, as well as the avail-
ability of reactive functional groups at the fibre surface and the possible
presence of weakly bonded components on the fibres. Other parameters
can be considered as the presence of moisture into natural fibres or
their intrinsic porosity which may act as weak points within their mi-
crostructure or at the fibre/matrix interface. In this respect, glass fibre-
based composites, for which fibre sizing intended to improve fibre/
matrix adhesion was widely developed over the last decades, generally
exhibit much higher mechanical performances.

Strategies to improve the adhesion between natural fibres and ma-
trix are focused in particular to the surface modification of natural fi-
bres. Because the nature of lignocellulosic substrates is totally different
from that of glass fibres, the sizing formulations used for the latter
cannot be directly applied for the former. Thereby, active research is
currently being done on the development of efficient surface mod-
ifications and functionalization of natural fibres aiming to improve the
performances of biocomposites. Hydrophobic treatments are also con-
sidered to control the water uptake of these fibres in composite and
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2. Molecular and cell wall structure of natural fibres

Natural fibres usually refer to lignocellulosic biomass such as wood
fibres and other plant cells from fruit, grass, leaf, seed, and stem. Their
chemical composition varies within the different parts of the plant,
from one plant to another, according to soil and climate conditions, and
maturity of the cells. When considering the dry matter, the pre-
dominant chemical components are carbohydrates (sugar-based poly-
mers: holocellulose « cellulose and hemicelluloses » and pectins) in
combination with a complex polymer of aromatic alcohols named
lignin, and in lower amounts, extractives (e.g. fatty acids, fatty alcohols,
free sterols, ferulic acid esters, waxes, sterol, and other aromatic com-
pounds), starch, proteins and inorganic components (e.g. silicon, cal-
cium, potassium, zinc, iron, aluminum, boron, etc.) (Bismarck et al.,
2002; Brosse et al., 2012; Gutierrez et al., 2008; Misra et al., 1993; Yan
et al., 2014). Cellulose is the most abundant biopolymer on the planet,
representing more than half of the Earth's biomass. It is indeed esti-
mated that nature produces between 1010 and 1011 tons of cellulose
annually, which constitutes at least 50% of the plant mass (Hon, 1994).
Cellulose is a linear homopolymer of chemical formula C6H10O5. The
macromolecular chains are composed of anhydroglucose units (AGU)
linked together by β-(1,4)-glycosidic bonds, and are associated through
intra and inter-molecular hydrogen bonds and organized in crystalline
elementary fibrils of about 3.5 nm in diameter and microfibrils of
4–35 nm in diameter according to cellulose sources (Klemm et al.,
2005). Degree of polymerization (DP) of native cellulose from various
origins varies from 1000 to 30,000 with a large polydispersity, and
from 200 to 3000 after extraction (Heinze et al., 2012; Klemm et al.,
1998; Krässig, 1993). Cellulose substrates may contain as much as 70%
of highly ordered crystalline regions (Atchison, 1983; O’Sullivan,
1997), whose main lattice forms are either type I for native cellulose or
type II for regenerated cellulose. Thanks to its well-organized structure,
cellulose provides strength, stiffness and structural stability to natural
fibres. The hemicellulose fraction of natural fibres consists in branched

heteropolysaccharides, mainly xylans, mannans and xyloglucans, con-
taining 5 (C5H10O5) and 6 (C6H12O6) carbon sugars: D-xylopyranose, D-
glucopyranose, D-galactopyranose, L-arabinofuranose, D-mannopyr-
anose, and D-glucopyranosyluronic acid with minor amounts of other
sugars. Hemicelluloses, in their native state, are low molecular weight
branched polymers which are non-crystallizable but still contribute to
the structural organization of the plant cells as a matrix component
(Pettersen, 1984). Pectins are complex high-molecular-weight acidic
polysaccharides whose chain backbone is rich in galacturonic acid with
different degree of methyl esterification. The most common pectic
polysaccharides present in natural fibres are linear homogalacturonans
and branched rhamnogalacturonans (RG type I, RG type II). They act as
adhesives in the middle lamellae between plant cells and contribute to
the mechanical strength of the cell walls (Jarvis, 1984; Morvan et al.,
2003). Non-wood fibres (e.g. bast fibres) have significant amount of
pectins in their structure. Lignin is a three-dimensional phenylpropa-
noid heterogeneous, amorphous and highly cross-linked macromolecule
that represents the second most abundant natural polymeric material
on earth. Despite extensive investigations, the complex and irregular
structure of lignin is not completely understood (Argyropoulos and
Menachem, 1998; El Hage et al., 2010a,b; Fengel and Wegener, 1989).
Lignin structure varies within different plant species and is usually
composed of three basic building blocks of guaiacyl, syringyl, and
p–hydroxyphenyl moieties, although other aromatic type units also
exist in many different types of plants (Sjöström, 1981). Lignin is
considered as a cell wall adhesive that also acts as an encrusting com-
ponent between cellulose microfibrils, like the matrix constituents
mainly composed of hemicelluloses and pectins (Morvan et al., 2003).
Chemical compositions of some selected natural fibres are given in
Table 1.

In general, the cell wall morphology of natural fibres (Fig. 1) is
made of an outer layer, the primary (P) wall (0.1–0.5 μm thick), and
concentric inner layers constituting the secondary (S1) and (S2) walls
(0.1–0.3 μm and 1–10 μm thick, respectively), where the different
chemical components detailed above are distributed and organized,
thereby forming a complex, tri-dimensional bio-assembly (Klemm et al.,
1998; Klemm et al., 2005; Krässig, 1993). In these different layers and
walls, cellulose microfibrils are oriented along the fibre axis and holded
together due to cooperative function of hemicelluloses, lignin and
pectins that act as matrix and adhesive components (Sjöström, 1981).
These fibrillar cells, also called elementary fibres, are gathered in fibre
bundles into wood and grass, and within the stem, fruit or leaf of annual
plants, or can be eventually already individualized as is in the case of
cotton fibres. A combined method using visible photomicrograph, as-
sociated with a 3-D mid-infrared transmission, allowed to localize the
distribution of the different cellulosic and non-cellulosic components
across flax stem sections (Morvan et al., 2003), and showed that stem
surface (epidermal region) is composed mainly of pectins and waxes.
Underneath the epidermis, the internal zone rich in bast fibres, where
cellulose is predominant, showed substantial amounts of pectins and
acetylated non-cellulosic polysaccharides accumulated in the primary
wall and cell junction that act as adhesives in the cohesion of flax fibre
bundles. Aromatic components (e.g. lignins) and non-cellulosic poly-
saccharides appeared to be more concentrated in the core tissues of flax
stems. These observations thus show that natural fibres can undergo
wide variations in biochemical composition according to their locali-
zation within higher plants.

Bismarck et al. (2002) proved that surface characteristics of natural
fibres vary according to fibre extraction and separation processes. As
observed by scanning electron microscopy (SEM), BET-adsorption and
ξ-potential measurements, extraction processes affect the surface mor-
phology and the specific surface area of fibres as well as their surface
physical chemistry. In particular, the hydrophilic character of natural
fibres is related to the amount of waxes on their surface. Lower waxes
content leads to higher hydrophilicity and to higher water sorption
(Kuehn et al., 1986). Furthermore, the content and the nature of surface

textile applications. Among many other chemical and physical treat-
ment methods (Belgacem and Gandini, 2005; Faruk et al., 2012; Kalia 
et al., 2009), electron beam (e-beam) and gamma (γ) radiation treat-
ments have been widely used to treat various lignocellulosic biomass 
with the aim of improving their accessibility to solvents and reagents 
for their subsequent chemical modification and processing, or for en-
hancing cellulose enzymatic hydrolysis for the production of ethanol 
and 2nd generation biofuel (Arthur, 1971; Driscoll et al., 2009; Fischer 
et al., 1985; Klemm et al., 1998; Loow et al., 2016). Irradiation can also 
be used to modify natural fibres, and generate radicals or functional 
groups available for grafting functionalized molecules of interest. 
Nevertheless, it is well known since several decades that ionizing ra-
diations can degrade cellulosic substrates, at relatively low ionizing 
doses. Therefore, the relevance of these ionizing radiation methods for 
the modification of natural fibres is questionable (Belgacem and 
Gandini, 2005).

In this review, we recall briefly the main molecular and micro-
structural features of natural fibres. The influence of ionizing radiations 
on lignocellulosic substrates, and more particularly on natural fibres at 
the different scales of their structure, is discussed according to the main 
characteristics and influencing parameters (dose, atmosphere, 
moisture…) of both e-beam and γ-radiations. Then, the impact of pre-
irradiation of fibres or matrix and of post-irradiation of biocomposites is 
also detailed. Indeed, it is important to identify the effective role of 
fibre irradiation when radiation-induced changes or radiation-grafting 
are considered to improve the interfacial interactions between natural 
fibres and matrices. Insights on advantages of radiation-grafting as an 
innovative strategy to functionalize natural fibres and improve fibre/
matrix interactions in biocomposites are exposed. The last part of the 
review propose a discussion on the industrial feasibility and costs of 
radiation induced modifications.



components depend on the natural fibre considered. Marques et al.
(2010) have analysed by gas chromatography − mass spectrometry the
lipophilic extractives of four natural fibre types (flax, hemp, sisal,
abaca). Extraction was carried out by acetone using Soxhlet during 8 h.
Several lipophilic components were identified: fatty alcohols, fatty
acids, alkanes, aldehydes, steroids, free and conjugated sterols, tri-
terpenoids and ester waxes. Molecular weights of these components can
be relatively high: for example, ester waxes containing 50 carbon atoms
were identified for flax fibre. Great differences were observed between
the different fibre types. Hence, the concentration of fatty acids content
was 552 mg per 100 g for flax versus 9 mg per 100 g for sisal or abaca.
Extractives total content is also significantly higher for flax.

Considering the complex hierarchical and layered structure of nat-
ural fibres, irradiation should affect the surface as well as the bulk of
the fibres at the different scales of their structure, from the micro-
structural down to the macromolecular level. As will be discussed, e-
beam and gamma irradiation are thus responsible for significant mod-
ifications in the surface physical chemistry, the thermal and the me-
chanical behaviour of natural fibres.

3. Effect of irradiation on the molecular structure, microstructure
and physical properties of natural fibres

3.1. Intra and inter-molecular changes in cellulose and non-cellulosic
components

The effect of irradiation has been studied on various lignocellulosic
substrates with the aim of improving accessibility to solvents, chemical
reagents or enzymes, and hence increasing cellulose dissolution capa-
city for its subsequent processing or the extent of cellulose enzymatic
hydrolysis for the production of ethanol and 2nd generation biofuels
(Arthur, 1971; Driscoll et al., 2009; Fischer et al., 1985; Klemm et al.,
1998; Loow et al., 2016). In all the studies, a strong decrease of the
molecular weight of cellulose has been reported depending on the ra-
diation dose and energy. Takács et al. (1999) observed a 70% drop of
the DP for cotton fibres γ-irradiated at 15 kGy with a further gradual
decrease for higher radiation doses. Similar results were obtained by
Bouchard et al. (Bouchard et al., 2006). The authors measured a de-
crease of 70% of the DP for cotton fibres irradiated by electron-beam at
20 kGy followed by a slow decrease up to 240 kGy. The chain scission
number was also found to be proportional to the radiation dose. In the

Natural fibre
type

%wt cellulose %wt
hemicellulose

%wt lignin %wt pectins %wt fat/
wax

%wt ash references

Hardwood 38–51 17–31 21–31 – – – Sjöstrom (1993)
Softwood 33–41 20–29 27–32 – – – Sjöstrom (1993)
Flax 60–81 14–21 2–5 0.9–3.8 1.3–1.7 1.5 Müssig et al. (2010)
Hemp 57–92 6–22 2.8–13 0.8–2.5 0.7–0.8 0.7–3 Müssig et al. (2010)
Jute 51–84 12–24 5–14 0.2–4.5 0.4–0.8 0.5–2 Müssig et al. (2010)
Ramie 68–87 3–17 0.2–1 1.7–2.1 0.3 0.3–1.2 Müssig et al. (2010); Thakur et al. (1999)
Miscanthus 37–45 18–36 20–26 – 1–2 2–6 Brosse et al. (2010); El Hage et al.

(2010a,b); Montane et al. (1998); Sørensen
et al. (2008)

Bamboo 26–43 15–30 21–31 – – 0.9–2.8 Müssig et al. (2010); Wahab et al. (2013)
Piassava 29 26 45–48 – – – Ferreira et al. (2014); John and

Anandjiwala, (2008)
Kenaf 36–72 20–23 8–19 2–5 – – Müssig et al. (2010); Lilholt and Lawther

(2000)
Sisal 43–88 10–15 4–14 0.5–10 0.2–2 0.1–0.5 Müssig et al. (2010); Varghese et al. (1994)
Henequen 60–78 4–28 8–13 3–4 0.5 – Han et al. (2006a); Müssig et al. (2010)
Banana 50–68 6–30 5–18 3–5 10–11 1.2 Joseph et al. (2002); Müssig et al. (2010)
Cotton 82–96 2–6 0–1.6 0–7 0.6 0.8–2 Müssig et al. (2010); Lilholt and Lawther

(2000)
Silk Two proteins: light chains (hundreds

amino-acids), heavy chains (thousands
amino-acids)

Müssig et al. (2010); Shubhra et al. (2010)

Fig. 1. Cell wall structure of a cotton fibre (a) and
wood fibre (b), with: cuticle (rich in pectins and
waxes), lumen, middle lamella (mainly lignin), pri-
mary wall, S1-secondary wall, S2-secondary wall
(main body), tertiary wall, wart layer. For each wall,
the thickness and the microfibrillar orientation are
drawn according to (Klemm et al., 1998; Krässig,
1993; Warwicker et al., 1996).

Table 1
Biochemical composition of some selected natural fibres.



pulps increases linearly until 25 kGy to rise then more slowly at higher
doses due to radiolytic saturation effects. These free radicals can be
either formed in the less ordered and more accessible regions or trapped
in crystalline regions, thus influencing their lifetime and reactivity.
After irradiation, the number of free radicals decreases rapidly during
the first hours after irradiation, then to remain constant at approxi-
mately 20–25% of the initial concentration, long-lived free radicals
being mostly localized in crystalline regions (Fig. 3). Even after one
month’ storage, radicals are still detected in irradiated cellulose from
cotton fabrics (Takács et al., 2005). The formation and the lifetime of
free radicals decrease with increasing moisture content in the cellulose
substrates due to their interaction with water, especially in the less
ordered regions more accessible to water molecules (Arthur, 1971;
Fischer and Goldberg, 1987; Iller et al., 2002). Moreover, the presence
of oxygen during irradiation enhances cellulose degradation, probably
due to the reaction of oxygen with radicals formed at the atom C-5 that
induces the AGU ring cleavage (Arthur, 1971). While not changing the
degradation processes, temperature also have a significant effect on the
decomposition yield of cellulose, especially above 100 °C, because it
favours the transfer of radicals formed upon irradiation to neighbouring
cellulose chains (Ponomarev and Ershov, 2014).

As cellulose degradation occurs with increasing irradiation doses,
Arthur (1971) and Takács et al. (1999) suggested that the decrease in
DP should also result in an enhanced molecular mobility of cellulose
chains. This higher molecular mobility is favourable to conformational
changes and responsible for increased inter-molecular hydrogen
bonding between the cellulose chains, as well as inter-chain crosslinks
through neighbouring radicals. Such phenomenon was supported by
Fourier transform infrared spectroscopic (FTIR) measurements on
cotton fibres that showed a shift and a strengthening of the absorbance
of OH groups to higher wavenumber (3200–3300 cm−1), indicating an
increase of intermolecular hydrogen bonds at the expense of in-
tramolecular hydrogen bonds (Takács et al., 1999; Tóth, Borsa, &
Takács, 2003). A reduction in the height of the peak assigned to in-
tramolecular hydrogen bonds (3044 cm−1) was also reported for irra-
diated jute fibres (Khan et al., 2006). Based on these observations,
Takács and co-workers (Borsa et al., 2003; Foldváry et al., 2003; Takács
et al., 1999, 2000; Tóth et al., 2003) investigated the role of cellulose
accessibility on radiation-induced changes through the influence of
dissolution, swelling and chemical modification of cotton fibres on post-
irradiated or pre-irradiated samples. Cotton fibres were dissolved in
Cuen (cupriethylenediamine) then post-irradiated at increasing radia-
tion doses. It was shown that the degradation is greatly enhanced when
cellulose is irradiated in the solution state as compared to the solid state
(Takács et al., 1999). Besides, it was observed that carboxymethylationFig. 2. Relative cellulose DP versus radiation dose for various cellulose substrates.

Fig. 3. Decay of free radicals in different types of cellulose pulps irradiated with 10 MeV
electron beam. Reproduced from Iller et al. (2002), Fig. 1 with permission from Elsevier.

same study, the effect of electron-beam irradiation on kraft softwood 
and hardwood pulps, containing hemicelluloses, was investigated. No 
significant deviation in the cellulose chain scission number was found 
when comparing the different cellulose substrates. Based on these re-
sults, the authors assumed that radiation-induced cellulose chain scis-
sion is independent of the fibre origin and composition or the pulping 
process. Comparing the chain scission number of cellulose per unit of 
irradiation dosage obtained from weight-average and z-average DPs, 
the authors did not find significant differences, indicating that radia-
tion-induced cellulose chain scission is a totally random process. Fur-
thermore, Bouchard et al. (2006) observed that the decrease in DP at a 
constant dosage was higher for lower electron beam energy (at the level 
of energy tested, 4.5 and 10 MeV). They postulated that different beam 
energies may cascade into different mixtures of X-rays and secondary 
electrons as it hits cellulosic substrates, which should have an influence 
on the number of radicals formed and the resulting number of cellulose 
chain scissions. Similar results regarding the drop of cellulose DP were 
also found by Iller et al. (2002) and Stupińska et al. (2007) when 
studying the effect of electron-beam irradiation on several textile and 
kraft wood pulps, and by Driscoll et al. (2009) for micro-crystalline 
cellulose (MCC). Besides, it must be noticed that Iller et al. (2002) and 
Han et al. (Han et al., 2007) observed a significant decrease of the 
amount of α-cellulose (high-molecular-weight cellulose) with in-
creasing radiation dose for wood pulps and kenaf fibres, respectively. 
Summarizing, a drastic decrease of the DP was observed even at low 
radiation dose whatever the cellulose substrate and the type of irra-
diation used, i.e. γ or electron-beam. As shown on Fig. 2, based on all 
the studies cited above, a radiation dose of 25 kGy is sufficient to de-
crease the relative cellulose DP (ratio of the DP after radiation treat-
ment to the initial DP0 of cellulosic substrates) by three for all the 
studied cellulose substrates, which corresponds to an average chain 
scission number of 2.3 per cellulose chain. It should be pointed that 
studies on cellulose DP measurements after irradiation for natural fibres 
other than wood pulps and cotton fibres are scarce in literature. This is 
mostly due to the complex structures and larger amount of non-cellu-
losic components in natural fibres that make difficult the isolation of 
cellulose and the measurement of its DP.

The main mechanism involved in radiation-induced cellulose de-
gradation is the formation of free radicals at the atoms C-1 and C-4 of 
the AGU that initiate glycosidic bonds cleavage and the degradation of 
cellulose by random chain scission (Arthur, 1971; Klemm et al., 1998). 
Cross-linking could also be observed especially at low radiation dose, 
i.e. lower than 10 kGy (Pruzinec et al., 1981). Based on electron 
paramagnetic resonance spectroscopy (ESR) experiments on irradiated 
textile and kraft pulps, Iller et al. (2002) confirmed the correlation 
between the irradiation dose, the concentration of free radicals formed 
in the cellulose substrates and the resulting decrease in DP. These ex-
periments also showed that the free radicals concentration in wood



concentration increased almost linearly by a factor 1.4 per 100 kGy
between 50 kGy and 240 kGy. This was in accordance with the study of
Muto et al. (1995), in which only cotton showed the formation of
carboxyl groups, in contrast with kraft hardwood pulp and abaca.
Bouchard et al. (2006) postulated that the presence of hemicelluloses in
kraft wood pulps may inhibit the formation of carboxyl groups during
irradiation but no explanation was given on the chemical mechanisms
involved.

Non-cellulosic components, i.e. hemicelluloses, pectins and lignin,
located within the cell wall structure and in between elementary fibres,
and waxes present at the fibre surface, are also significantly affected by
irradiation as well as their respective interactions within the fibre
structure. Nevertheless, it is worth mentioning that there is much less
literature available on this topic. Studying the effect of irradiation on
giant reed and Chinese silvergrass at high doses (i.e. 400–1200 kGy), Li
et al. (2016) found that hemicelluloses degrade much faster than cel-
lulose while the degradation rate of lignin was the smallest among the
three components. Shin et al. investigated the interest of e-beam irra-
diation to isolate cellulosic fibres from kenaf (Shin et al., 2012). They
found that the treatment of raw kenaf bast fibre at high radiation doses
(300 kGy) favours the subsequent extraction of lignin and hemi-
cellulose by water cooking and bleaching processes, attesting for the
partial degradation of lignin and hemicellulose and modifications of
their interactions with cellulose. As concern hemicelluloses, degrada-
tion mechanisms are similar to cellulose. They are expected to occur
through a fast depolymerisation by the cleavage of glycosidic bonds and
a partial splitting off of xylan branches. Li et al. (2016) also showed that
degradation under irradiation of hemicelluloses from giant reed and
Chinese silvergrass results in the released of water-soluble sugars such
as arabinose, glucuronic acid and galacturonic acids depending on plant
species.

Fischer and Goldberg (1987) reviewed the potential effect of irra-
diation on beech wood components. As discussed by the authors, ra-
diation-induced changes in lignin are initiated preferentially by phe-
noxy radicals and proceed through oxidative mechanisms that cause
condensation but also depolymerisation of lignin. Depending of lig-
nocellulosic substrates, lignin degradation leads to the formation of
aromatic compounds such as aromatic aldehydes and acids, phenolics
and fatty acids (Hendriks and Zeeman, 2009). As an example, Li et al.
(2016) showed the great influence of gamma irradiation on the for-
mation of vanillic aldehyde for giant reed and Chinese silvergrass while
no significant change in the amount of p-coumaric acid was measured.
Moreover, Fischer and Goldberg (1987) reported the potential forma-
tion of complexes between lignin and carbohydrates during irradiation.
While studying the effect of electron beam irradiation on starch-lignin
films, Lepifre et al. (2004) also assumed the formation of covalent
bonds between lignin and starch as well as the self-cross-linking of
lignin during irradiation, resulting in an increased hydrophobicity of
the films. Based on DP measurements after irradiation of isolated and
non-isolated holocellulose from redwood, Smith and Mixer (1959)
suggested that aromatic compounds in lignin and other wood ex-
tractives can play a protective role on the radiolysis of cellulose. Indeed,

Fig. 4. (a) Carbonyl group concentration
(meq/kg) and (b) relative carboxylic acid
group concentration as a function of elec-
tron beam irradiation dosage for CO (cotton
chromatographic filter), HW (bleached
hardwood kraft pulp) and SW (bleached
softwood kraft pulp). Reproduced from
Bouchard et al. (2006), Figs. 5 and 7 with
permission from Springer.

of cotton fibres led to a higher number of chain cleavages during irra-
diation (Borsa et al., 2003). Cotton fibres were also swelled in aqueous 
solutions of sodium hydroxide (NaOH) and tetramethylammonium 
hydroxide (TMAH), respectively. After neutralization and drying, the 
pre-swelled fibres were irradiated at 3 and 10 kGy. In these conditions, 
a limited decrease of the DP was measured for pre-swelled fibres as 
compared to unswollen ones after irradiation at 10 kGy. This was ex-
plained by the increased molecular mobility in the amorphous regions 
brought by the swelling treatments, which favour cross-linking upon 
irradiation and restrained the decrease in DP. This phenomenon was 
more pronounced for the TMAH treatment due to its better swelling 
ability (Tóth et al., 2003). Conversely, the pre-irradiation of cotton fi-
bres and their subsequent treatment in NaOH or TMAH solutions 
(Foldváry et al., 2003; Takács et al., 2000) were responsible for a sig-
nificant weight loss of the samples due to partial dissolution of the 
degraded cellulose chains. These results thus show that the use of 
swelling treatments or chemical modifications to enhance cellulose 
accessibility and chain mobility can promote the interlinkage between 
the cellulose chains during irradiation, through inter-molecular hy-
drogen bonding and cross-linking. In specific conditions, chain scission 
and cross-linking mechanisms can coexist and act antagonistically on 
the measured variations in DP. It must be noticed that this particular 
phenomenon should occur at relatively low radiation dose (< 10 kGy)
(Arthur, 1971; Pruzinec et al., 1981) and for moderately swollen fibres. 
Fibres placed in a highly swollen or dissolved state and subjected to 
radiation, degrade drastically. Moreover, the radiation yield of cellulose 
depolymerisation is much higher than the yield of intermolecular 
bonding formation (Arthur, 1971).

Aside the cleavage between the AGU units and the modification of 
the intra and inter-hydrogen bonds network, irradiation also induces 
cleavages within the pyranose ring with generation of radicals at C-2, C-
3 and C-4 positions (Dubey et al., 2004). This results in the release of 
gaseous products such as water, hydrogen, carbon monoxide and 
carbon dioxide. The subsequent oxidative degradation of cellulose leads 
to the formation of carbonyl groups (C]O) and carboxyl groups 
(COOH) in cellulose substrates, especially in open air and high tem-
perature conditions (Arthur, 1971; Ponomarev and Ershov, 2014). 
Based on FTIR experiments, it has been shown that the relative absor-
bance of the band related to carbonyl groups (∼1740 cm−1) increases 
linearly with the radiation dose for gamma irradiated cotton fibres 
(Takács et al., 2000). Based on the oximation of carbonyl groups and 
the determination of the nitrogen content by the Kjeldahl method, 
Bouchard et al. (2006) quantified the carbonyl content in kraft wood 
pulps and cotton fibres as a function of e-beam irradiation dose 
(Fig. 4a). The authors also found a linear correlation with a significant 
increase of the relative carbonyl concentration of about 5 times per 100 
kGy, independently of the cellulose substrate and the level of energy 
tested. Bouchard et al. (2006) also investigated the variation in the 
relative carboxyl group concentration in kraft wood pulps and cotton 
fibres by the methylene blue sorption procedure (Fig. 4b). The authors 
did not find significant increase of carboxylic group for kraft wood 
pulps, whereas in cotton fibres, the relative carboxyl group



henequen and kenaf fibres (Arthur, 1971; Foldváry et al., 2003; Han
et al., 2008; Klemm et al., 1998; Takács et al., 2000), unless reaching
high radiation doses of several hundred kGy. All these results demon-
strate a substantial preservation of the crystalline structure despite the
drastic decrease of the DP during irradiation. The increased molecular
mobility and inter-molecular interactions of cellulose chains favouring
the re-organization of amorphous regions, as well as the removal of
non-crystalline components present in natural fibres may counter-
balance the degradation effect in crystalline regions during irradiation
(Arthur, 1971; Choi et al., 2009; Klemm et al., 1998; Li et al., 2016).

Significant morphological changes and damages have also been
reported after irradiation of natural fibres. Evidences of cell walls and
middle lamellae degradation in wood and henequen fibres were re-
vealed by SEM observations (Choi et al., 2009; Fischer et al., 1985; Han
et al., 2006b; Han and Choi, 2010). In particular, a removal of the outer
primary (P) wall and the inner secondary (S3) wall of henequen fibres
was observed at relatively low radiation doses (30 kGy). Besides, small
molecules such as pectins, low DP hemicelluloses, waxes and impurities
are easily degraded and removed from the fibre surface even at low
radiation doses (10 kGy). This leads to modifications in the porous
structure, the total pore volume and especially the volume of small
pores being significantly increased. Fischer et al. (1985) measured by
mercury porosimetry an increase of 6% of the total pore volume for
wood fibres accompanied by an increase of 11% of the volume occupied
by small pores comprised between 15 and 760 nm. Similar results were
found by Han and Choi (2010) and Choi et al. (2009) with the forma-
tion of many small pores of 40–100 nm measured by mercury por-
osimetry and N2 adsorption in henequen fibres irradiated at 30 kGy. In
these studies, variations in the total micropore (< 2 nm) and macro-
pore (> 50 nm) volume were observed according to irradiation doses
but no monotonic trend could be drawn. These modifications in the
porous structure related to the removal of surface components from the
fibres, i.e. waxes, impurities, pectins and P wall, at low irradiation dose
were accompanied by a significant increase of the surface area and
roughness. A maximum surface area of 18.9 m2/g measured by mercury
porosimetry was reached at 30 kGy (Choi et al., 2009). This was cor-
related with an increase in root mean square (rms) roughness up to 268
rms at 30 kGy as measured by atomic force microscopy (AFM) due to
the presence of small pores, and the exposure at the fibre surface of well
textured microfibrillar structures from the secondary S wall (Han and
Choi, 2010) (Fig. 5). At high irradiation doses (200–500 kGy), striations
and cracks as well as the appearance of large pores are observed (Choi
et al., 2009; Han et al., 2006b; Han and Choi, 2010; Takács et al., 1999,
2000). These morphological changes are associated with a decrease of
the total surface area and roughness (Choi et al., 2009; Han et al.,
2006b) which can be related to the strong degradation of the exposed
secondary wall layers, the enlargement of micropores and the creation
of numerous meso and macropores. It should be mentioned that pure
cellulose substrates such as MCC also exhibit variations in specific
surface area according to irradiation doses. Based on the congo red dye
adsorption method, Driscoll et al. (2009) measured an increase of the
specific surface area of MCC from 274 m2/g to 318 m2/g at 1000 kGy.
Considering the simplest and non-layered microstructure of such cel-
lulose substrate, only a regular increase of the specific surface area was

Fig. 5. 3D AFM Images (20 μm × 20 μm) of henequen irradiated by electron beam with different doses (0 kGy, 30 kGy, 200 kGy). Adapted from Han and Choi (2010), Fig. 4 with
permission from Formatex Research Center.

the presence of lignin and extractives reduced significantly the average 
number of chain scissions from 2.4 to 1.5 at 65 kGy and from 4.4 to 2.9 
at 185 kGy.

Modifications of pectins during irradiation are much studied in food 
science because of their key role on tissue softening of fruits and ve-
getables. This softening effect appears to be strongly related to the 
degradation of pectins which are mostly present within the primary 
wall and the middle lamella of fruit cell walls (d’Amour et al., 1993; 
Kovács and Keresztes, 2002). In particular, d’Amour et al. (1993) 
showed that the irradiation of strawberries at 4 kGy resulted in a sig-
nificant hydrolysis of the unbranched polygalacturonic acid fractions 
constituting the backbone chains of pectins, while branched pectins 
with their neutral sugar side-chains were less affected by irradiation. 
According to the authors, branched pectic substances, preferentially 
present in the primary wall, may be less vulnerable to depolymerisation 
with free radicals due to their embedment in the cellulose and hemi-
cellulose network. Extensive degradation of pectins during irradiation 
was also reported in the middle lamella of apples (Kovács and 
Keresztes, 2002). One can expect that similar degradation phenomena 
would occur for pectins from plant cell walls, thus affecting the struc-
ture of the primary wall in natural fibres, as well as the middle lamella 
between the elementary fibres, rich in pectic substances.

Surface analysis by X-ray photoelectron spectroscopy (XPS) of ir-
radiated henequen fibres also revealed that waxes and impurities pre-
sent at the fibre surface are easily degraded and removed by ionizing 
radiation even at low radiation doses (Han et al., 2006a). Considering 
the presence of aliphatic chains with unsaturated carbon bonds in these 
substances, these molecules might also react with cellulose, lignin or 
other carbohydrates to form crosslinks under irradiation. To our 
knowledge, this phenomenon was not reported yet in literature.

3.2. Microstructural and surface changes in natural fibres

The degradation processes and molecular changes described in the 
previous section are responsible for microstructural and chemical 
modifications in the bulk of natural fibres, i.e. cellulose crystallinity, 
porosity and cell wall microstructure, and at their surface, i.e. damages 
and roughness, specific surface area and surface functional groups.

Several research works investigated the effect of irradiation on 
cellulose crystallinity for various substrates. Khan et al. (2006) studied 
the effect of gamma irradiation on jute fibres and found a decreased 
intensity of the crystalline peaks from the 110 lattice plane 
(2θ = 10–18°) and the 200 lattice plane (2θ = 18–30°) and a sig-
nificant decrease of the crystallinity index from 42% to 31% at 
100 kGy. Studying the effect of e-beam irradiation on henequen fibres, 
Choi et al. (2009) also found a decreased intensity of the crystalline 
peak at 2θ = 22° at high radiation dose up to 500 kGy. It was also 
pointed out by Driscoll et al. (2009) that the crystallinity of MCC can be 
strongly affected by high irradiation doses. The initial crystallinity 
index of MCC at 87% was decreased to 65% and 45% after irradiation at 
100 kGy and 1000 kGy, respectively. On the other hand, several studies 
also reported no significant effect of irradiation on the crystalline 
structure of cellulose with no shift of the crystalline peaks, no cellulose 
I/cellulose II transition and a conservation of crystallinity for cotton,



2007). The main decomposition step corresponding to cellulose de-
gradation occurring between 315 °C and 400 °c is also affected by ir-
radiation. Khan et al. (2006) observed a linear shift of the decomposi-
tion peak from 373 °C to 365 °C for jute fibres irradiated up to 100 kGy.
Similar results were found for irradiated henequen and kenaf fibres
with a decrease of the decomposition temperature from 362 °C to
347 °C at 500 kGy and from 360 °C to 346 °C at 500 kGy, respectively
(Han et al., 2006b, 2007). An increase of the decomposed fractions in
the range 200–360 °C was also measured for henequen and kenaf fibres
(Han et al., 2006b, 2007). These early and enlarged thermal degrada-
tions were explained by the presence of lower molecular weight com-
pounds (Han et al., 2006b) and the partial degradation of the crystalline
regions (Khan et al., 2006) that makes the irradiated fibres more sen-
sitive to thermal degradation.

Several studies reported the effect of irradiation on the mechanical
behaviour of natural fibres. Khan et al. (2006) observed a strong de-
crease of the tensile strength, elongation at break and work done at
rupture (22%, 16% and 38%, respectively) for jute fibres with in-
creasing gamma irradiation doses up to 50 kGy. In contrast, Takács
et al. (2005) have observed that the tensile strength of cotton-cellulose
is almost unchanged after irradiation at doses 10–40 kGy, while degree
of polymerization drops from 1680 to 230. Barbosa et al. (2012) found
that at 50 kGy the strength of buriti fibres can be even increased
whereas at higher irradiation doses, i.e. 250 kGy and 500 kGy, a drastic
decrease of fibre strength was observed. This was attributed to struc-
tural damages within the cell walls and a totally brittle fracture was
evidenced by SEM observations. Studying the thermomechanical
properties of irradiated henequen fibre bundles by dynamic mechanical
analysis, Han et al. (2006a) measured a decrease of the storage modulus
over a wide temperature range (−20 °C to 240 °C) with increasing ir-
radiation doses. At 200 °C, the authors also noticed an early breakage of
the fibres irradiated at 200 kGy. Arthur (Arthur, 1971) reported a re-
lationship between the number of chain breaks per cellulose molecule
and the breaking strength of random fibrous cellulose substrates. The
breaking strength was found to be constant up to 15–20 chain breaks
per molecule, while above 50–60 chain breaks, no significant strength
remained. Bouchard et al. (2006) established a linear relationship be-
tween the zero-span tensile strength (related to average fibre strength)
of irradiated cotton paper and the chain scission number irrespective of
the electron beam energy (Fig. 6a). As already mentioned, they also
found a linear relationship between the irradiation dose and the chain
scission number. These results thus suggest that the cotton paper
strength loss consecutive to irradiation is proportional to the number of
breakdown in cellulose chains as well as the radiation dose. Similar
results were found by Muto et al. (1995) for cotton, abaca and bleached
kraft hardwood handsheets and by Khan et al. (2006) for jute fibres.
The authors also assumed that the loss of mechanical properties of jute
fibres was caused by the radiation-induced chain scissions. Unlike the
work of Bouchard et al. (2006) conducted on cotton paper, Khan et al.
(2006) showed that the decrease in the mechanical properties of jute
fibres is non-linear, and can be well fitted by a modified Arrhenius
equation, attesting that jute fibre degradation during irradiation occurs
through a first-order reaction process (Fig. 6b). Besides, it should be
mentioned that few studies reported that crosslinking and the extent of
intermolecular bonding occurring at low irradiation doses can lead to a
slight increase of the breaking strength (Arthur, 1971) and the crease
resistance (Takács et al., 1999) of cotton fibres.

3.4. Concluding remarks on radiation-induced modifications in natural
fibres

Changes in natural fibres upon irradiation primarily proceed
through depolymerisation, crosslinking, inter-molecular bonding and
oxidation mechanisms that are intimately related to the irradiation
conditions. These phenomena have a strong impact on the micro-
structure and surface properties of natural fibres, and greatly influence

observed in this case.
These morphological modifications are accompanied by changes in 

the functional groups present at the fibre surface, caused by the irra-
diation of surface components and their oxidation and/or their re-
moval. Although chemical surface modifications induced by physical 
treatments such as plasma or corona have been well investigated 
(Belgacem et al., 1995; Belgacem and Gandini, 2005), much less is 
known about the effect of irradiation on the surface chemistry of nat-
ural fibres. Considering their complex biochemical and microstructural 
organization and the fact that the radiation-induced degradation occurs 
in the bulk of the fibres, but also through a layer-by-layer degradation 
process, the surface chemistry of the fibres should undergo large var-
iations according to irradiation conditions and the fibre origins and 
characteristics. Han et al. (2006a) studied by XPS the surface mod-
ifications occurring during irradiation of henequen fibres. They ob-
served a decrease of hydrophobic carbon atoms and an increase of more 
hydrophilic carbon atoms and oxygen atoms on the surface of henequen 
fibres irradiated in the range 30 kGy to 500 kGy. This was explained by 
the removal of waxes and impurities from the fibre surface at low ir-
radiation doses and by the formation of O-containing functional groups 
on the fibre surfaces. Radiation-induced surface changes deserve to be 
further studied, especially at low irradiation doses for which significant 
but controllable surface modifications occur.

3.3. Impact on physico-chemical, thermal and mechanical properties of 
natural fibres

The radiation-induced molecular, microstructural and surface 
changes detailed above are responsible for significant modifications in 
the surface physico-chemistry, and the thermal and mechanical prop-
erties of natural fibres.

The hydrophobic/hydrophilic character undergoes significant var-
iations according to the irradiation doses and the fibre characteristics. 
This has a direct effect on the water retention capacity of cellulosic fibre 
substrates. For rich-cellulose fibres such as cotton linters, it has been 
shown that the water retention value (WRV) increased from 41% to 
64% after e-beam irradiation at 1500 kGy, and to 57% after gamma-
irradiation at 250 kGy (Klemm et al., 1998). The removal of weakly 
bonded components such as impurities and waxes present in raw nat-
ural fibres is also responsible for the formation of O-containing func-
tional groups at their surface (Han et al., 2006a), which increases their 
hydrophilic character. Nevertheless, at low irradiation doses, the 
aforementioned crosslinking phenomenon can be responsible for a de-
crease of the water vapour sorption and water retention values (Borsa 
et al., 2003). Besides, improved hydrophobicity may also be achieved if 
lignin-carbohydrate complexes are formed by crosslinking upon irra-
diation (Lepifre et al., 2004). The effect of irradiation on the hydro-
phobic/hydrophilic character of natural fibres and its consequence on 
their water absorption and retention capacity thus depend on compe-
titive phenomena that are intimately related to the irradiation condi-
tions and fibre characteristics. At low irradiation doses, the removal of 
hydrophobic components from the fibre surface, responsible for an in-
crease of hydrophilicity and water absorption, can be counterbalanced 
by cross-linking of some carbohydrate or lignin components which limit 
in turn the water absorption within the fibre structure. At high doses, 
the picture is simpler since the extensive degradation and depolymer-
isation undergone by the fibres offer a more accessible structure which 
increases undoubtedly their water absorption capacity. The variations 
in the porous structure and specific surface area described in the pre-
vious sections also play an important role in the water sorption prop-
erties.

The thermal stability of natural fibres is moderately affected by ir-
radiation. The first thermal degradation step of kenaf and henequen 
fibres, occurring at 280–320 °C and assigned to hemicelluloses and 
short chain molecules, was less marked due to the prior degradation of 
all or part of these components upon irradiation (Han et al., 2006b,



their physical properties. Based on observations and characterizations
reported in literature, Fig. 7 proposes a sum up of the main molecular,
microstructural and surface changes occurring at low and high irra-
diation doses, and their consequences on fibre physical properties. It is
worth mentioning that at low radiation doses (< 30 kGy), natural fibres
undergo limited degradation, while tailored surface properties in terms
of physico-chemistry and topography can be obtained by controlling
the radiation conditions according to cellulose substrates. As will be
discussed in the following sections, these radiation-induced modifica-
tions also have a strong influence on the behaviour of natural fibre

reinforced biocomposites, hence giving new insights for the control of
their properties.

4. Effect of irradiation on the properties of natural fibre reinforced
biocomposites

Mechanical properties of natural fibres reinforced composites are
significantly lower than those of their counterparts containing glass
fibres (Faruk et al., 2014; Paramasivan and Abdul Kalam, 1974), de-
spite natural fibres exhibit interesting mechanical performances (Faruk

Fig. 6. (a) Linear relationship between Z-
span strength and chain scission number for
cotton paper irradiated at two level of
electron energy (4.5 and 10 MeV) and (b)
Relative mechanical properties of jute fibers
plotted as a function of radiation dose
(samples irradiated in air at 1.0 kGy/h).
Reprinted from (a) Bouchard et al. (2006),
Fig. 4 with permission from Springer and (b)
from Khan et al. (2006), Fig. 1, Copyright
(2017) American Chemical Society.

Fig. 7. Sum up of the main chemical and structural changes occurring upon irradiation of natural fibres from the supramolecular structure to the fibre surface, and the effect on their
physical properties.



considered. For example, tensile strength increases up to 100 kGy and
decreases for higher doses. On the contrary, modulus for 10% elonga-
tion is maximum for 150 kGy. More surprisingly, the effect of radiation
dose also depends on the fibre loading (between 6 and 24 wt%) and on
the use of a bonding agent (hexamethylenetetramine). Khan et al. have
also observed an increase in mechanical properties and barrier prop-
erties of poly(caprolactone) PCL composites containing 2–10 wt% of
nanocrystalline cellulose (NCC) after γ-irradiation (10 kGy). These
changes were assigned mainly to PCL crosslinking since the variation in
properties was more significant for pure PCL. The authors assume that
NCC may hinder the crosslinking of PCL (Khan et al., 2013).

Nevertheless, it is often difficult to ascertain the respective con-
tributions of the matrix, the natural fibre modifications or the fibre-
matrix interface. Qualitative SEM observations are often performed to
conclude about the enhancement in interfacial adhesion consecutive to
irradiation. For example, Shubhra and Alam (2011) have noted that the
mechanical properties of PP/silk fibres can be improved by γ-irradia-
tion, contrarily to those of PP/glass fibres (no change observed in the
dose range studied− 0–10 kGy). The authors explained these results by
the formation of new bonds between PP and silk fibres due to active
sites generated by γ-irradiation.

4.2. Incorporation of pre-irradiated natural fibres in biocomposites

Several studies have investigated the effect of pre-irradiation of
natural fibres on the properties of composite materials. Biocomposites
based on various matrices with pre-irradiated natural fibres have been
extensively studied by Seong Ok Han’s team (Choi et al., 2009; Han
et al., 2006a,b, 2007, 2008). Better performances were observed for
specific radiation doses and the authors attempted to explain these
results by fibre modifications induced by irradiation treatment. As
discussed, irradiation leads to many chemical and morphological
changes at the surface as well as in the bulk of the fibres, and it is quite
difficult to ascribe composite performances to one specific modifica-
tion. Obviously, fibre surface properties, especially chemical composi-
tion and roughness at the fibre surface, should play a key role in the
fibre-matrix adhesion through chemical bonding and mechanical in-
terlocking.

Haydaruzzaman et al. (2009) have compared three different path-
ways to treat PP/50 wt% jute fabrics composites by irradiation so as to
discriminate interfacial coupling effects. PP and/or jute fabrics were
pre-irradiated in presence of oxygen before manufacturing the com-
posites. Gamma-radiation doses ranged from 0 to 10 kGy. Higher me-
chanical properties were obtained when both PP and jute were pre-
irradiated. On the contrary, lower performances were observed when
only PP was irradiated. Slightly better results were reached with pre-
irradiation of jute fabrics only. Reactions between radicals on PP and
jute were proposed to explain these results through a better bonding
between both phases. Nevertheless, the authors did not check if free
radicals generated during pre-irradiation were still active during man-
ufacturing. Long-life radicals have already been found in PP (Rivaton
et al., 2004) and can react during further processing steps (Sonnier
et al., 2010). As discussed in the previous sections, long-life radicals are
also trapped in natural fibres and might become reactive during man-
ufacturing.

Sgriccia et al. (2008) have compared epoxy/kenaf and epoxy/hemp
composites. They assigned the lower flexural modulus of the latter to
the greater presence of waxes at the surface of hemp fibres. Kenaf fibres
exhibit higher content of cellulose and lignin at their surface, leading to
better adhesion (hydroxyl groups of cellulose and lignin may react with
epoxide groups in the epoxy resin). The atomic [O]/[C] ratio at the
surface of fibres as measured by XPS allowed confirming differences in
chemical composition at the surface of hemp and kenaf, i.e. the [O]/[C]
ratio was 0.45 for kenaf fibres versus only 0.27 for hemp fibres because
of the higher amount of waxes. Han et al. (2006a) have pre-irradiated
henequen fibres by electron beam and prepared PBS-based composites

et al., 2012; Kozlowski and Wladyka-Przybylak, 2008). Indeed, specific 
Young’s modulus of some natural fibres (hemp, flax) is higher than glass 
fibres (Kozlowski and Wladyka-Przybylak, 2008). The limited perfor-
mances of biocomposites are in particular attributed to the poor in-
terfacial adhesion between polar fibres and non- (or less-) polar 
polymer matrices. Nevertheless, there are some interesting exceptions. 
Joseph et al. (2002) have compared phenol formaldehyde composites 
reinforced with banana fibres or glass fibres. The average moduli of 
banana and glass fibres are respectively 12 and 65 GPa. In the whole, 
mechanical (tensile, flexural and impact) properties are higher with 
glass fibres, particularly when the fibre loading exceeds 30 wt%. 
However, the authors note that the interfacial shear strength (measured 
using single fibre pull out test) is much higher for the composites re-
inforced with banana fibre (44 MPa versus 7 MPa for glass fibres). Xu 
et al. (2012) have studied poly(lactic acid) PLA composites reinforced 
by ramie fibres. They found that ramie fibres provide very effective 
improvement of tensile properties, comparable to glass fibres at the 
same loading. These interesting performances are ascribed to various 
phenomena: strong alignment of ramie fibres during injection 
moulding, high crystallinity of PLA due to heterogeneous nucleation by 
fibres and naturally occurring interactions between fibres and PLA 
chains. These examples show that many parameters must be considered 
to assess the performances of biocomposites, and interfacial shear 
strength between natural fibres and matrix is not necessarily the weak 
point of biocomposites.

In the following, the influence of radiation on natural fibres re-
inforced composites is reviewed. We focused specifically on lig-
nocellulosic fibres reinforced composites. However, when needed, re-
ferences to proteinic (silk) or organic synthetic (aramid) fibres are also 
discussed. Reviews about the surface modification of natural fibres to 
improve properties of biocomposites have rarely mentioned ionizing 
irradiation as suitable method (Faruk et al., 2012; Kalia et al., 2009; Li 
et al., 2000; Mishra et al., 2004; NabiSaheb and Jog, 1999). Never-
theless several researchers have investigated the potential use of e-
beam and gamma irradiation on biocomposites, either to improve the 
fibre-matrix adhesion and the mechanical properties, or to study the 
radiative ageing of these composite materials (Phiriyawirut et al., 2008; 
Shubhra et al., 2010; Varghese et al., 1994). Different strategies were 
tested either by the direct irradiation of the biocomposites or by the 
prior irradiation of the matrix and/or the natural fibres before their 
compounding.

4.1. Direct irradiation of natural fibre reinforced composites

In general, the direct irradiation of biocomposites leads to a slight 
improvement of mechanical properties at relatively low radiation doses. 
Polypropylene (PP)/jute composites exhibit optimum impact strength, 
tensile and bending modulus and strength after γ-irradiation at 5 kGy 
(Haydaruzzaman et al., 2009; Mina et al., 2013). Same observations 
were made for PP/NR/(proteinic) silk and PP/silk composites with an 
optimal γ-irradiation dose of 2.5 and 5 kGy, respectively (Shubhra 
et al., 2010; Shubhra and Alam, 2011). The thermal stability of PP/
sisal, measured from the activation energy of anaerobic pyrolysis, also 
showed an optimum value for relatively low γ-radiation dose (25 kGy)
(Albano et al., 2001). Ferreira et al. (2014) have found that mechanical 
(tensile and impact) properties of High Density Polyethylene (HDPE)/
piassava fibre 70–30 w/w are improved after e-beam irradiation even at 
high irradiation dose (200 kGy), maybe because crosslinking is pro-
minent in HDPE. Same observations were made by Palm et al. (2015, 
2016) with increases of modulus, ultimate strength and hardness, after 
irradiation of PE-based wood plastic composites (WPCs) up to 250 kGy. 
The authors assumed that crosslinking of polyethylene dominated the 
degradation of cellulosic wood fibres inherent to irradiation, thus ex-
plaining the improved mechanical performances of irradiated WPCs. 
Varghese et al. (1994) observed that changes in natural rubber/sisal 
composites after γ-irradiation depend on the mechanical property



containing 40 wt% of henequen fibres. Surface analysis of fibre was
carried out by XPS. A microbonding test using a single fibre embedded
into a crystallized PBS microdroplet was also performed to evaluate the
interfacial adhesion between PBS and henequen fibres through the
measurement of the interfacial shear strength (IFSS). IFSS values show
two optima, for e-beam irradiation doses of 10 and 200 kGy despite the
continuous decrease of the fibre storage modulus when radiation dose
increases. Moreover, from SEM observations of composites’ fracture
surfaces, the authors noted that fibre pull-out is less marked for hene-
quen fibres pre-irradiated at these specific doses. The higher IFSS values
were quite well correlated to low [O]/[C] ratios at the henequen fibre
surface, thus corresponding to more hydrophobic surfaces (Fig. 8). As
discussed in the previous sections, the evolution of the surface hydro-
phobicity upon irradiation is related to many phenomena occurring
according to the radiation dose: removal of waxes and impurities, for-
mation of oxygen-containing functional groups, and alteration of these
groups at higher doses, crosslinking between cellulose structures (ra-
ther at low doses), but also strong modifications of the fibre mor-
phology at high doses. All these chemical and morphological changes
are susceptible to have an influence on the fibre–matrix adhesion. Be-
sides, it must be also noticed that the correlation between [O]/[C] ratio
and IFSS is not perfect (see for example values at 0 and 30 kGy).

Another interesting study concerns aramid fabrics/epoxy resin
composites (Zhang et al., 2007). Aramid fibres are synthetic but still
organic fibres. Therefore, γ-radiation was also used to modify and im-
prove thermal and mechanical properties of the composites. The con-
tent of resin in the composites was assessed close to 38 wt%. The in-
terlaminar shear strength (ILSS) increased up to a strong radiation dose
of 600 kGy. The mechanical properties of the fibres were not degraded
at this dose but the surface oxygen content was enhanced (the ratio
[O]/[C] increased from 0.20 to 0.25 approximately), improving the
wetting and bonding of fibres by the resin. Moreover, the fibre surface
roughness was also enhanced by radiation, allowing better mechanical
interlocking between aramid fabrics and the resin. The irradiation at-
mosphere had negligible influence: the ILSS increased by 17.7% when
irradiation was carried out under nitrogen and 15.8% under air. Other
authors have also made the same observations with natural fibres re-
inforced PP composites. Jute fibres topography turns from smooth to
rough with lot of fractures after 10 kGy irradiation, allowing a better
mechanical bonding with PP matrix (Haydaruzzaman et al., 2009).
Choi et al. (2009) have attempted to measure the pore structure of
henequen fibres to explain the improved mechanical properties of ir-
radiated henequen fibres/PP composites. The fibre content was 30%
and radiation doses were ranged from 10 to 500 kGy using an e-beam
accelerator. The optimum mechanical properties (tensile strength and
Izod impact strength) were found for a low radiation dose of 10 kGy.

The authors showed that low irradiation doses removed pectin, wax,
lignin and the primary P wall of the fibres, hence creating many small
pores. These small pores promote a better mechanical interlocking with
the matrix. At higher doses (> 10 kGy), radiation induced enlargement
of small pores and the formation of mesopores and micropores, weak-
ening in turn the mechanical properties. Nevertheless, the relation be-
tween mechanical performances of composites and porous structure of
fibres was not fully evidenced. Indeed, the fibres themselves were also
degraded by irradiation which modifies their mechanical properties and
affects composite performances.

In semi-crystalline thermoplastic composites containing fibres, the
formation of a transcrystalline layer can significantly influence the in-
terfacial shear transfer between fibres and matrix. The extent of the
transcrystalline zone depends on the nucleating ability of the fibres
towards the matrix, which is related to the topography and surface
chemical composition of lignocellulosic fibres. Borysiak (2010) has
studied PP/wood composites γ-irradiated up to 9000 kGy. Irradiation
leads to a decrease in cellulose content particularly for doses higher
than 120 kGy. This decrease results in a lower growth rate of the
transcrystalline layer and a higher half-time of crystallization (Fig. 9).
In another study, Borysiak (2013) showed that the transcrystallinity
extent can be modified by various chemical or radiation pre-treatments
on wood fibres. These treatments had a great influence on the me-
chanical properties of PP/wood composites, even if it is difficult to
discriminate the respective effects of transcrystallinity and intrinsic
mechanical properties of wood fibres. Indeed, high radiation doses are
needed to decrease the cellulose content and to prevent the tran-
scrystallinity but it also decreases significantly the mechanical prop-
erties of the fibres. Besides, the surface chemical composition, espe-
cially the cellulose surface content, can be a relevant parameter to
explain changes in mechanical properties when comparing composites
reinforced with different types of natural fibres.

Other parameters controlling the mechanical performances can be
listed. Intrinsic mechanical properties of natural fibres are important.
As exposed in the first part of this review, irradiation can induce drastic
deterioration of these properties. Nevertheless, it appears that intrinsic
fibre properties are not necessarily predominant and that the quality of
the interface is of primary importance. For example, as seen above (Han
et al., 2006a), e-beam irradiation leads to a decrease of henequen sto-
rage modulus, whereas best interfacial shear strength values were ob-
tained for high radiation dose (200 kGy). Improvement of composite
properties was also found when fibres were pre-irradiated at 200 kGy in
the case of PP/kenaf, PP/henequen, unsaturated polyester (UP)/kenaf,
UP/henequen (Han et al., 2006b, 2007, 2008). Obviously, composite
performances are also strongly dependent on fibre dispersion. Khan and
Khan reported that γ-irradiated jute fibres are better dispersed into PP

Fig. 8. Interfacial shear strength (IFSS) of PBS/henequen composites and [O]/[C] ratio at
the surface of henequen fibres versus the e-beam dose of fibre pre-irradiation (based on
data in Han et al., 2006a).

Fig. 9. Growth rate of the transcrystalline layer and half-time of crystallization according
to cellulose content for γ-irradiated PP/wood composites (based on data in Borysiak,
2010).



(macro) molecule to be grafted is then added. The grafting occurs
thanks to the radicals already formed on the fibre during irradiation
(Mohamed et al., 2013; Sharif et al., 2013); (ii) the second pathway is
known as the mutual grafting and can be used for “grafting-from”
method: the fibre is impregnated with the molecule and then irradiated,
leading to the grafting of the molecule on the fibre and its possible free
radical polymerization (Kaur et al., 2010; Kodama et al., 2014; Sonnier
et al., 2015). Desmet et al. (Desmet et al., 2011) consider that mutual
grafting is less detrimental for cellulose because solvent and monomer
can act as stabilizers during irradiation. Güven et al. (2016) suggested
that the use of mixed solvent as water/ethanol can generate highly
reactive OH radicals upon irradiation, resulting in the partial absorp-
tion of the radiation by the solvent mixture and protecting the biopo-
lymers constituting natural fibres from degradation. However, one
drawback of this method is the formation of homopolymer.

It is interesting to note that both methods allow reaching high de-
grees of grafting. Khan (2005) investigated the pre-irradiation method
and determined the influence of atmosphere on the grafting yield of
methyl methacrylate monomers onto jute fibres. They observed that the
grafting yield was higher when the irradiation was performed in air
rather than in nitrogen. This was explained by the conversion of some
short-lived radicals into peroxides through reaction with oxygen. These
long-lived peroxides can subsequently contribute to the grafting reac-
tion. Note that Takács et al. (2005) have detected long-lived radicals in
irradiated cellulose even after one-month’s storage. Therefore grafting
through pre-irradiation may be also partly due to these radicals and not
only to peroxides. Solpan et al. (2010) have compared pre-irradiation
and mutual grafting of 2-chloroacrylonitile on cellulose. They found
that mutual grafting allows reaching generally higher grafting level
than pre-irradiation method. Nevertheless, the pre-irradiation dose is a
very influent parameter, and a balance should be found since the
amount of created radicals could be too low at low radiation doses and
cellulose degradation can be induced at high radiation dose. Solpan
et al. (2010) determined an optimal dose around 18 kGy. At such a
dose, and with the same monomer concentration (5%), pre-irradiation
and mutual grafting lead to similar grafting yields (around 10%). Ta-
kacs’s team confirmed that the grafting yield is one order of magnitude
higher in the case of mutual grafting (Desmet et al., 2011; Takács et al.,
2007). They found optimal conditions for glycidyl methacrylate
grafting onto cellulose. Due to higher efficiency, mutual grafting can
occur at lower dose (avoiding cellulose degradation) with lower
monomer concentration (Desmet et al., 2011). Kaur et al. have also
observed that mutual grafting of acrylic acid on rayon fibres is the
highest for a moderate dose (around 1 kGy) (Kaur et al., 2010). At
higher doses, the grafted chains undergo chain scission leading to a
lower grafting yield. In the same study, the authors have compared
ionizing radiation route and a chemical method based on a ceric ion
redox system to graft acrylic acid onto cellulose. They concluded that
radiation method is more suitable than the chemical method. Indeed, a
slightly higher grafting yield was reached under milder reaction con-
ditions using a lower concentration of acrylic acid. The authors also
observed that the fibres grafted using radiation were more thermally
stable. Their initial decomposition temperature was increased by 30 °C
in comparison to the fibres grafted using the chemical method.

The presence of lignin appears to have a strong influence on grafting
efficiency. Several studies report that high degree of grafting can be
reached when using delignified fibres. Sharif et al. (2013) have mea-
sured the radiation-grafting of glycidyl methacrylate onto partially
delignified kenaf fibres. They found that the grafting level decreases
when the lignin content increases (Fig. 10). Mohamed et al. have also
confirmed these results when they attempted to graft 4-chloromethyl
styrene onto delignified kenaf fibres (Mohamed et al., 2013). However,
Ali Ayoub et al. have shown that lignin can be grafted by styrene
monomer at low doses (Ayoub et al., 2014). Styrene fraction in grafted
lignin reaches around 10% for radiation doses ranging between 5 and
50 kGy when the initial styrene content was fixed at 13%. It should be

matrix (Khan and Khan, 2009). On the contrary, untreated fibres tend 
to remain agglomerate into fibre bundles, and are unevenly distributed 
due to strong hydrogen bonds and interactions between elementary 
fibres.

Finally, water absorption by hydrophilic natural fibres can lead to 
interfacial delamination and drastic decrease of the mechanical prop-
erties of composites. Although pre-treatments of fibres by grafting 
suitable molecules allow limiting water absorption, irradiation by itself 
can also modify the ability of fibres and composites to absorb moisture 
(Sreekala and Thomas, 2003). Zaman et al. (Zaman et al., 2012) have 
studied PP/jute composites. PP and jute fibres were γ-irradiated with 
low doses (up to 10 kGy) before processing. Composites were prepared 
by stacking alternatively 4 layers of jute fibres and 5 layers of PP. The 
jute content was 45 wt%. Water uptake was measured by soaking 
composites in deionized water at room temperature during 30 days. The 
pre-irradiation allows reducing the water uptake from nearly 14–8%. 
Nevertheless, it is not clear if this improvement should be assigned to 
the jute fibres or PP modification through crosslinking or to a better 
interfacial adhesion between matrix and fibres. Haydaruzzaman et al.
(2009) have also observed that water uptake at room temperature of 
PP/jute composites decreases when PP and jute fibres are pre-irradiated 
at 5 kGy. Once again, the respective modifications of jute fibres and PP 
during irradiation as well as the possible interfacial grafting cannot be 
discriminated. Sreekala et al. (Sreekala et al., 2002) have surface-
treated oil palm fibres (including using γ-irradiation) before in-
corporation into a phenol formaldehyde resin. All treated fibres exhibit 
lower water uptake. Nevertheless, the composites containing these fi-
bres have a higher water uptake than the composite containing un-
treated fibres. Only mercerization leads to a lower water uptake. The 
authors explain this apparent contradiction by the fact that the water 
sorption in the composites does not only proceed through the matrix 
and fibre structure but also through the matrix-fibre interface. Most 
treatments led to more hydrophobic fibres, reduced fibre-matrix inter-
actions and then higher water sorption at the interface.

4.3. Is the ionizing radiation a suitable method to modify natural fibres and 
improve the performances of biocomposites?

Predominant chain cleavage of cellulose and non-cellulosic com-
ponents due to their high sensitivity towards ionizing radiations led 
some researchers to consider that radiation is not a suitable method to 
modify the surface of cellulose fibres (Belgacem and Gandini, 2005). 
Nevertheless, this conclusion can be nuanced and the relevance of ra-
diation grafting to modify natural fibres is questioned in this section.

First, the grafting of molecules on natural fibres needs low radiation 
doses (few kGy). As previously discussed, cellulose degradation can 
remain limited in this range of radiation dose. Significant amounts of 
various molecules can be grafted on cellulose substrates with doses 
lower than 20 kGy: grafting yield is typically in the range 10–50%
(Khan, 2005; Kodama et al., 2014; Sharif et al., 2013; Sonnier et al., 
2015; Takács et al., 2005, 2007) or even more (> 100–200%) (Takács 
et al., 2005, 2007). In some cases, a significant grafting level can be 
reached even at lower doses (Kaur et al., 2010). Obviously grafting 
yield strongly depends on the molecule to be grafted (Takács et al., 
2005). Furthermore, Khan et al. have observed that the tensile strength 
and elongation at break of jute fibres show a limited decrease by 5 and 
10%, respectively, after 10 kGy of γ-radiation under air (and 10 and 
15% respectively after 20 kGy) (Khan et al., 2006). When interfacial 
strength is considered as the weak point within the composite, it can be 
interesting to improve the interfacial adhesion between fibres and 
matrix by radiation-grafting approaches, at the expense of a limited 
decrease of intrinsic mechanical properties of fibres.

There are two main routes to graft molecules or macromolecules 
onto a fibre using ionizing radiation (Roy et al., 2009): (i) the first 
pathway is called pre-irradiation and can be used for “grafting-to” 
method: the fibre is first irradiated and the solution containing the



noted that, in this study, mutual grafting was chosen while Sharif et al.
(2013) and Mohamed et al. (2013) used pre-irradiation method.

Second, radiation grafting is an easy way to fix a large amount of
molecules into natural fibres. Indeed, natural fibres are very porous and
susceptible to swelling. For these reasons, the dipping of natural fibres
into a solution containing functionalizing molecules can lead to the
huge penetration of molecules into the bulk. Subsequent irradiation
allows fixing and/or crosslinking these molecules to the fibres. Even if
the fibre/matrix interfacial shear strength generally needs a small
amount of compatibilizing agent at the fibre surface, other functional
properties can only be achieved with a high grafting level in the fibre
bulk. Hence, Sonnier et al. have prepared flame retarded flax fabrics by
radiation grafting of methyl vinyl phosphonate (MVP). Phosphorus
content within the fibres reached 3–4 wt% allowing self-extinguish-
ment of flax fabrics, even at low radiation dose (10 kGy) (Sonnier et al.,
2015). Flame retardancy of composites containing these fabrics was
also improved. It must be noted that grafting of phosphorus molecules
was needed to avoid their release in gaseous phase at too low tem-
peratures. Benke et al. have also pointed out the role of cellulose ac-
cessibility on the grafting yield. The accessibility depends on the cel-
lulosic substrate, the monomer to be grafted and the solvent (Benke
et al., 2007). Desmet et al. (2011) also consider that grafting may occur
mainly on the surface in case of mutual grafting while it may be more
homogeneous in the fibre bulk for pre-irradiation.

Ionizing radiation allows generating radicals onto the surface and in
the bulk of lignocellulosic substrates. But in the previously cited works,
the control of grafting and polymerization was rather poor. Hence, in
the study of Sonnier et al. (2015), the length of poly(methyl vinyl
phosphonate) MVP chains grafted to flax fibres has not been measured
but the distribution of chain length was probably highly scattered.
Nevertheless, it is possible to have an excellent control of grafting using
other methods initiated by irradiation. Indeed, in a series of papers,
Barsbay et al. have studied the grafting and polymerization of styrene
and sodium 4-styrenesulfonate from cellulose by radiation-induced
RAFT (reversible addition-fragmentation chain transfer) polymeriza-
tion (Barsbay et al., 2007; Barsbay and Güven, 2009; Barsbay et al.,
2009). γ-radiation generates radicals inducing initiation of the
monomer polymerization, which is well controlled by the RAFT tech-
nique. The molecular mass of grafted chains increases linearly with
monomer conversion and the polydispersity is narrow. As discussed by
Güven et al. (2016), when considering solvent-mediated graft copoly-
merisation, the solvent used in the grafting mixture is likely to enhance
the ease monomer diffusion, and hence reduce monomer consumption
and homopolymerisation.

As briefly exposed in this section, ionizing irradiation offers flex-
ibility and several advantages as a grafting method to functionalize
natural fibres and potentially improve functional properties of

biocomposites.

5. Industrial feasibility and costs of radiation induced
modifications

Currently, industrial processes for polymeric material improvement,
based on radiation chemistry, include: polymerization, grafting under
irradiation or post-irradiation, crosslinking, degradation, cyclization,
radiation resistance and preparation of composite materials (Drobny
2013; Ferry et al., 2016; IAEA, 2002, 2003, 2008, 2009, 2016;
Makuuchi 2012; Rouif, 2004; Sonnier et al., 2012). Four main tech-
nologies developed at the industrial scale enable to achieve such pro-
cesses:

- Low and medium energy electron beam (150 keV–5 MeV electron
accelerators),

- High energy electron beam (10 MeV) adapted to parcels,
- Gamma rays from Cobalt-60 (highly penetrating rays) for the
treatment of parcels, pallets, bobbins …

- X-Rays units also for the treatment of pallets.

In the seventies, radiation processing of polymeric materials was
essentially performed with electron accelerators of low or medium
energy, allowing only surface treatments and limited to a few milli-
meters of depth. This technology was particularly adapted to linear or
2-dimensionnal products (pipes, packaging film, textiles …). High-en-
ergy electron accelerators (10 MeV) and Gamma rays (strong capacity
of penetration of the radiation), whose implantations have expanded in
the eighties, and X-Rays facilities developed since 2000, allow the
treatment of larger products thicknesses of the size of a cardboard box
(several centimetres) up to a pallet (1 m). Thereby, these technologies
enable the radiation processing of moulded plastic parts, directly in
their packaging, and of complete bobbins or big bags (Fig. 11).

All these technologies continue to expand worldwide in different
technological and scientific research institutes, supported by (i) the
presence of almost 200 gamma implantations in the world (IAEA,
2004), (ii) the growing implantation of electron accelerators, as for
example: more than three hundred in Japan and almost 650 in North
America between 1970 and 1998 (Makuuchi and Cheng, 2012), and
more than four hundred in China since 2000 (Zhang, 2016), and (iii)
the recent development since 2001 of X-ray facilities dedicated to large
batches (about ten units now worldwide).

As discussed in paragraph 3, in the case of lignocellulosic substrates,
it is preferable to work in the dose range of 1–50 kGy, and more pre-
ferably not more than 30 kGy because of secondary reactions as bio-
polymers chain scissions that can drastically degrade the original
properties of natural fibres and resulting performances of their bio-
composites. In this range of dose, serial industrial treatment will be less
than 1 $/kg of radiated material, and in case of large delivered vo-
lumes, price of 0.3 $/kg of radiated material can be achieved. Such low
price levels are favourable to the economic feasibility of radiation
processing of natural fibres. Although radiation costs are dose depen-
dent, in the dose range< 30 kGy, prices are quite independent from
the dose, because they are mainly steered by invariable operational
costs.

6. Conclusions

In this review, the impact of irradiation on the properties of natural
fibres and their biocomposites was detailed. Changes in natural fibre
structure upon irradiation primarily occur through depolymerisation,
crosslinking, inter-molecular bonding and oxidation mechanisms that
are intimately related to the irradiation conditions. These phenomena
have a strong impact on the microstructure and surface properties of
natural fibres, and greatly influence their physical properties. At low
radiation doses (< 30 kGy), natural fibres undergo limited degradation

Fig. 10. Degree of glycidyl methacrylate grafting onto kenaf fibres versus lignin content
(based on data in Sharif et al., 2013).



with a good preservation of their thermal and mechanical properties,
while tunable surface properties in terms of physico-chemistry and to-
pography, can be obtained by controlling the radiation conditions ac-
cording to lignocellulosic substrates. At higher radiation doses, drastic
degradation of cellulose and non-cellulosic components as well as the
creation of large defects within the microstructure, strongly affects
thermal and mechanical properties of natural fibres. Higher hydro-
philicity is also observed.

The number of reports about the performances of composites re-
inforced by pre-irradiated natural fibres is rather limited. Irradiation
seems to be able to improve the interfacial adhesion between the fibres
and the matrix and to limit the water uptake of biocomposites.
Nevertheless, these improvements were achieved in some cases at re-
latively high doses, leading to numerous chain scissions in cellulose but
also other strong morphological modifications. In these conditions, the
intrinsic properties of the fibres are highly impacted, and hence their
role as reinforcement is doubtful.

On the other hand, low radiation doses can be acceptable without
leading detrimental modifications of fibres. Besides, such low doses are
efficient enough to graft molecules onto (and also in the bulk) of natural
fibres. Based on this review of literature, we assume that a narrow but
suitable range of irradiation doses allows radiation-grafting on natural
fibres while maintaining their overall integrity and physical properties.
Moreover, radiation-grafting offers some advantages over other che-
mical and physical treatment methods. In particular, high grafting yield
can be reached quickly without heating, which is of great interest for
natural fibres being thermally sensitive. Based on these facts, ionizing
radiation methods used in suitable and controlled conditions are re-
levant over other physical and chemical methods developed for the
surface modification and functionalization of bio-reinforcements in
composite applications.
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