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Abstract. Results of studies on the radiation-chemical transfor-
mations of cellulose, its ethers, and some other polysaccharides
(xylan, starch, dextran, chitin, chitosan, and heparin) are dis-
cussed. Ionising radiation causes the degradation of these com-
pounds accompanied by decomposition of the pyranose ring and
formation of compounds with carbonyl and carboxy groups, as
well as formation of hydrogen, carbon dioxide, and carbon
monoxide. The efficiency of degradation increases considerably
with temperature and depends on the structure of the polysac-
charide and the nature of its substituents. A mechanism of the
radiation-chemical transformations of cellulose and other poly-
saccharides is suggested. The prospects of using radiation-chem-
ical methods for processing of cellulose and other polysaccharides
in industry and agriculture are considered. The bibliography
includes 213 references.

I. Introduction

Cellulose is the most widespread natural polymer, the main
component of plants. Products based on cellulose are widely
used in everyday life. In many technological processes, cellulose
undergoes radiation treatment. They include: sterilisation of
cellulose-based dressings; degradation of plant raw materials
aimed at the intensification of industrial hydrolysis of raw
materials and production of foodstuff, forage, and technical
products (alcohols, furfural, etc.); preliminary treatment of cellu-
lose for subsequent production of its various derivatives (nitrates,
xanthates, etc.), and a number of other processes.

The prospects for the successful adoption of radiation tech-
nology for preliminary cellulose treatment stem from the possi-
bility of replacing ecologically hazardous chemical steps by pure
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treatment with ionising radiation, reduction of the number of
technological stages, and decrease in energy consumption. These
factors encourage the studies in the field of radiation chemistry of
cellulose and related compounds, in particular, on the elucidation
of the detailed mechanism of radiation-induced chemical trans-
formations. Furthermore, depending on the area of cellulose
application, opposite problems are targeted: on the one hand,
increase in the radiation stability of cellulose, and on the other
hand, intensification of its degradation.

Preliminary destructive treatment of cellulose by ionising
radiation may turn out to be particularly important for the
industrial production of viscose and nitrate esters. The manufac-
ture of these compounds generally includes a preliminary stage of
cellulose treatment in order to decrease its molecular mass.
Radiation treatment can eliminate this stage or simplify it consid-
erably. In addition, radiation-induced degradation of cellulose-
containing plant materials favours their subsequent acid hydrol-
ysis, which is particularly important for the intensification of
industry based on hydrolysis. It has also to be taken into
consideration that cellulose and a number of other polysacchar-
ides (chitin, starch, etc.) are the constituents of biological struc-
tures. Therefore, systems based on these polysaccharides are
rather convenient models for studying the effect of radiation on
biological structures.

We discussed the problems of the radiation chemistry of
cellulose in a previous review! in which the results published
before 1984 were systematised. Since that time, new experimental
results on the mechanism of cellulose radiation-induced degrada-
tion have been obtained. This mechanism has the form of a local
explosion of the pyranose ring in the polymeric chain, which
results in its scission with formation of diverse products. To date,
quantitative relationships for the radiation-chemical yields of
degradation and major products™ have been determined and
ways for intensifying the degradation of cellulose and plant

T The radiation-chemical yields refer to 100 eV of energy absorbed. For
example, the yield of degradation is the number of bonds cleaved per
100 eV of energy absorbed, the yield of gaseous products is the number of
gas molecules per 100 eV of energy absorbed, the yield of the oxidised
groups is the number of these groups per 100 eV of energy absorbed, etc.
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materials by combined ionising radiation and thermal treatment
as well as by mechanical treatment (grinding) have been estab-
lished. The present review includes data on the radiation-induced
degradation and chemical transformations of other polysacchar-
ides (starch, xylan, chitin, etc.), which make it possible to reveal
general regularities of the interaction of ionising radiation with
this important class of natural compounds.

I1. Random degradation of polymers

The main result of the action of ionising radiation on cellulose (as
well as on other polysaccharides) is scission of the polymeric
chain, i.e. the degradation changing the physicochemical proper-
ties of the polymer (structural state, mechanical strength, solubil-
ity in different media, reactivity, ezc.).!

Let us consider degradation in which a macromolecule under-
goes random scission without cross-linking.2—> It will be shown
below that this process predominates on irradiation of cellulose
and other polysaccharides.

The degradation of polymers is described using the statistical
method. If the initial molecular-mass distribution (MMD) of the
polymer is the most probable one and the chain scission occurs
randomly, the MMD will be maintained with a decrease in the
average molecular mass of the fragments. The following equation
relating the number of scissions (S) per initial polymeric molecule
to the number-average (P,) and weight-average (P,) degrees of
polymerisation is valid

=, M

where P) and P are the starting number-average and weight-
average degrees of polymerisation, respectively. For the most
probable distribution, Py, = 2P,,.

The number of scissions can also be calculated from the
radiation-chemical yield of degradation according to the follow-
ing equation:

DPimG°
=N, (2)
A

where D is the absorbed dose, eV; m is the molecular mass of a
polymer monomeric unit (which equals 162 for cellulose); and Na
is the Avogadro number.

Combining Eqns (1) and (2) we obtain the dependence of the
number-average (or weight-average) degree of polymerisation on
the absorbed dose of ionising radiation

1 1 G&mD
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Thus, the quantitative determination of the efficiency of
radiation-chemical degradation of cellulose expressed through
the yield G° is reduced to finding the dependence of P, or Py, on
the absorbed dose according to Eqn (3).

Experimental determination of the number-average degree of
polymerisation Py of cellulose is carried out rarely. This is usually
performed using osmometry, which gives a considerable error. In
practice, the degree of polymerisation of cellulose is most com-
monly determined by measuring the viscosity of its dilute solu-
tions. The empirical Mark—Kuhn—Houwink equation, which
relates the characteristic viscosity of a solution [#] to the viscos-
ity-average degree of polymerisation Py, is valid in this case:

[n] = KPY. “4)

For a given polymer, the K and o coefficients are constants
provided the measurement conditions and solvents are the same.
The dependence of P, on P, is given by the equation 3

Py = Pif(e + DI(ax + D]V= = Pk, (5)

where I'(«+ 1) is the gamma-function of « and k& is a coefficient.
Depending on the shape of the polymer macromolecule in
solution and the character of the solvent effect, the value of 1/a
varies from 0.6 to 1.0, which corresponds to a variation of the term
in brackets in Eqn (5) just from 1.82 to 2.0.> Thus, one can
determine the yield of polymer degradation G° from the exper-
imental values of P, using the equation
1 1 G'mD
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where the k coefficient takes account of the actual ratio of P, and
P, determined from Eqn (5).

In determination of the radiation-chemical yield of cellulose
degradation, one makes certain assumptions on the character of
its molecular-mass distribution and the random chain scission;
also, one takes into consideration the use of different experimental
methods for the measurement of its molecular mass with different
inherent errors. The degradation of cellulose has been dealt with in
a number of studies.® 2* The yields of degradation have a
considerable scatter from 1.8—2.0 (see Refs 6 and 7) to 25 (see
Ref. 8). Let us consider in more detail the effect of the main factors
on the determination of the radiation-chemical yield of cellulose
degradation.

Molecular-mass distribution factor. Equations (3) and (6) were
obtained for the most probable molecular-mass distribution.
However, this is generally not the case for the MMD of the
original celluloses. One cannot state a priori that radiation-
induced degradation results in the most probable distribution.
Therefore, it is necessary to follow the changes of cellulose MMD
during irradiation and to find the relationship between P, and P,.
If the MMD differs from the most probable one, the k coefficient
in Eqn (6) should differ from the value corresponding to the most
probable distribution (~2). However, it was assumed ground-
lessly that P, = P,.%7.9-1417-19 The radiation-chemical yield
was generally close to 3.

This approach is based on the assumption on the monodis-
persive MMD and its retention during the irradiation, i.e. it is
assumed that the radiation-induced cleavage of polymer chain
bonds is not random. Then it should follow that the yield of
degradation is underestimated considerably. If this process is
random and the cellulose MMD is nonuniform before the
irradiation, it will tend to reach uniformity during the irradiation.
It will be shown below that the ratio Py ~ 2P, is established in the
case of uniform MMD. Therefore, the yield of degradation should
be twice as high as that measured under the assumption that
P, = P,.

Assuming a random character of cellulose degradation, it is
easy to show that with virtually any initial MMD, the most
probable distribution is reached during the irradiation. The dose
required for this may vary from 30 to 80 kGy depending on the
initial MMD. For the first time, this conclusion seems to have
been confirmed experimentally by Kusama et al.?° It was shown
that during y-irradiation of cotton cellulose whose initial MMD
was close to the monodisperse one (P,/P, = 1.26), the most
probable distribution was reached at an absorbed dose of
30-50 kGy (Py/Pn,=2.04+0.1). Hence, when the molecular
mass of cellulose is determined by viscosimetry, the use of
Eqn (6) for the description of degradation is justified at doses
exceeding the above value.

Chemical stability of irradiated cellulose in different solvents. In
early studies, the viscosity of cellulose was measured mostly in
aqueous solutions of copper complexes with ammonia or
ethylenediamine.®7-9~12.14.16.21-24 Iy some cases, the radiation-
chemical yields of degradation differed considerably. As to the
yield of carbonyl groups, it was unreasonably high (e.g., 58 in
Ref. 22). This fact may be regarded as an indication of the chain
character of degradation. However, it became clear later that
cellulose in the presence of bivalent copper underwent sponta-
neous oxidative alkaline degradation. This process was initiated
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by the existing terminal carbonyl groups,? whose concentration
in cellulose increases significantly after irradiation. Therefore, one
has to consider critically the results obtained without taking
account of the possible spontaneous alkaline degradation of
cellulose in the solvents specified above.

A quantitative estimate of possible errors resulting from the
use of alkaline solutions of copper complexes with ammonia or
ethylenediamine for the analysis of cellulose was made in by
Sakurada et al.'3 As shown in later studies, the optimum solvent
for cellulose is cadoxen, i.e. an aqueous solution containing
cadmium oxide and ethylenediamine.?*~28 In this solvent, cellu-
lose undergoes no noticeable spontaneous degradation. It was
extensively used in studies of the radiation-induced degradation of
cellulose. In some cases, cellulose was nitrated first, and the
viscosity of the resulting nitrates was then measured in ace-
tone.!3: 1520 Al these methods made it possible to avoid the errors
caused by the chemical degradation of irradiated cellulose during
the preparation of its dilute solutions.

ITI. Radiation-chemical degradation of cellulose

The radiation-chemical degradation of cellulose of different
origins in different solvents has been studied.!®20-2% 30 Changes
in the degree of polymerisation of cotton cellulose upon y-irradi-
ation as measured by viscosimetry in cadoxen were shown to be a
function of the absorbed dose.?®

Dose /kGy 0 5 10 32 170 480 680 800 1680
p, 2537 827 723 314 138 32 30 28 14

It is seen that the degree of polymerisation decreases with an
increase in the dose, i.e. cellulose undergoes degradation. It was
noted ?° that the crystallinity index remains virtually unchanged at
all absorbed doses and equals 73%. The amount of the fraction
soluble in ethanol increases from 10.3% in non-irradiated cellu-
lose to 43.7% at an absorbed dose of 1680 kGy. Figure 1 presents
the dependence of 1/Py—1/P% on the absorbed dose. Unless
specified otherwise, it was dry cellulose that was subject to
y-irradiation in vacuo or in an inert gas. The cellulose was dried
at 105 °C over P»Os.

The characteristic viscosity of cotton cellulose has been
measured in a solution of copper —ethylenediamine complex.!¢
Freshly prepared solutions were used, and the possible sponta-
neous alkaline degradation of cellulose was taken into account. In
another study,? the sulfite cellulose with an initial degree of
polymerisation of 920 was used; the characteristic viscosity was
measured in cadoxen solutions. Finally, Kusama et al.?° studied
Mexican cotton with an initial degree of polymerisation of 3265,
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Figure 1. Dependence of 1/P,—1/PY in cellulose on the absorbed dose;
(1—4) data from Refs 29, 16, 30, and 20, respectively.

whose characteristic viscosity was measured in acetone following
nitration of the irradiated material.

At doses above ~ 50 kGy, all experimental data from these
works 16-20.29.30 fit on a linear plot, which passes through the
origin. Hence, Eqn (6) actually gives a good quantitative descrip-
tion of the dependence of the degree of polymerisation on the
absorbed dose for celluloses from various sources. It turned out to
be insignificant in practice what solvent was used for the determi-
nation of the characteristic viscosity of dilute cellulose solutions
and what kind of cellulose was used. A detailed analysis of data for
doses below 50 kGy showed some deviations of the (1/Py—1/
P%)— D dependence from linearity, which is due to nonuniform
MMD of the starting celluloses and to the fact that the most
probabile distribution is reached at doses above 50 kGy.

Thus, the validity of Eqn (6) confirms the random character of
degradation and the attainment of the most probable molecular-
mass distribution. When determining the radiation-chemical yield
of degradation, one has to take into account the relationship
between the viscosity-average and number-average degrees of
polymerisation as a function of the « factor involved in Eqn (5).
For cadoxen, the o factor is 0.94 (see Refs 26—28), and the
corresponding relationship is Py = 1.96P,. For a copper—ethyl-
enediamine complex solution, the o factor is considered to be 0.9
(see Ref. 16), and P, = 1.9P,. Finally, for solutions of nitro-
cellulose in acetone, the o factor is considered to be 1 (see Ref. 20),
and P, = 2P,. Taking the errors inherent in the viscosimetric
method into account, one has grounds to assume that the follow-
ing relationships are valid for all of the solvents mentioned:
P, =2P, and P, = Py,. Hence, the k coefficient in Eqn (6) may
be considered to be ~ 2. Given the slope of the linear plotin Fig. 1,
one can find the yield of cellulose degradation from Eqn (6); it
equals 6.0 £ 1.0. In Refs 16, 20, and 30, whose experimental data
we used for the determination of the degradation yield, it was
assumed that P, = P,. The yield determined under this assump-
tion was about two times smaller than that determined by us.

It was noted '? that the yield of degradation of various kinds of
cellulose materials changed from 7.6 to 3.1 with an increase in the
absorbed dose from 12 to 120 kGy. The yields were calculated
assuming that P, = P,. This dependence of the yield on the dose
can be explained as follows. At small doses, uniform MMD is not
established yet, hence it is improper to use Eqn (6) for calculation
of the yield. At large doses, uniform MMD is reached, so it is
necessary to bear in mind that P, = 2P, In this case, we find that
the yield of degradation is 6.2, i.e. it agrees with the value
determined above.

The viscosimetric method in copper —ammonia solutions was
used to measure the degradation yields, which were found to be 4.5
(Ref. 24) and 5.0 (Refs 3 and 21), account being taken of the
partial degradation of cellulose. The actual dependences of P, and
P, on the characteristic viscosity according to Eqns (4) and (5)
were used in these calculations. The P, values of nitrocelluloses
were determined by the osmometric method, and the degradation
yields were calculated to be 3.3 (Ref. 13) and 2.9 (Ref. 15). These
low yields might be due to the low accuracy of the method used
and the small absorbed doses at which the uniform MMD was not
achieved.

The discrepancies between the literature data for the radia-
tion-chemical yields of cellulose degradation are explained by
different interpretations of viscosimetric data for the molecular
mass determination and by differences in the absorbed doses.
Given a random pattern of radiation-induced degradation, it is
only at a certain absorbed dose that the most probable distribu-
tion is reached, where Py, = 2P,. In this case, Eqn (6) can be used
for the yield determination. Analysis of experimental data from
numerous works shows that, taking account of the factors
specified above, the yields are very similar and are equal to
6.0+ 1.0.

Cellulose materials differ markedly in their initial molecular
masses and in the MMD.3! 34 For instance, the weight-average
degree of polymerisation (Py,) changes from several thousand for
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cotton linter to ~400 for viscose fibres.?* As a rule, the MMD
differs noticeably from the most probable distribution, and the
non-uniformity factor U = Py,/P, for the majority of natural and
industrial celluloses varies over the range 1.2—3.0.33

Let us evaluate the effect of the MMD non-uniformity factor
of the starting cellulose on the dependence of 1/ P, on the absorbed
dose assuming a random degradation pattern. At absorbed doses
D, where the most probable distribution is reached, the following
equation is valid:

1 Gmp. U

P, 102Nk  2PY°

where U° = P%/P°.

According to this equation, the radiation-chemical yield of
degradation can be calculated from the slope of the plot of 1/Py
versus the absorbed dose, while the intercept with the y-axis allows
one to determine U°. This approach was used in a study of the
radiation-induced degradation of wood and cotton cellulose.?’
The yield of degradation was 5.6 for both celluloses. The calcu-
lated U° value was in good agreement with the measured one.

Fractionation was used3%>3° to determine the MMDs of
various types of intact and irradiated celluloses, and the values
of Py, and P, were calculated. The integral MMD curves prior to
and after irradiation are shown in Fig. 2. After irradiation, the
integral MMD curve becomes considerably narrower and is
shifted toward smaller P,. For example, the major part of
macromolecules in non-irradiated cellulose has P, values in the
region from 600 to 1500, whereas after irradiation to the absorbed
dose of 40 kGy, more than 90% of the macromolecules have P,
from 250 to 400. The percentage of the a-fraction measured by the
solubility of cellulose in a 17.5% alkali solution decreases as the
absorbed dose increases, hence the content of a low-molecular-
weight fraction having enhanced solubility increases. The results
of mathematical treatment of the integral MMD curves are
presented in Table 1. It is seen that both the number-average
and weight-average degrees of polymerisation decrease as the dose
increases, while the non-uniformity factor increases after irradi-
ation to reach the value of ~2, which corresponds to the most
probable distribution. The pattern of U variation is similar to that
found by Kusama et al.?® who used gel permeation chromatog-
raphy. The most probable MMD was observed?® at somewhat
smaller doses. This difference is probably due to the fact that the
fractionation of irradiated celluloses results in a loss of some
portion of the low-molecular-weight fraction, which in turn
affects the Py/Py ratio.

Content (%)
100 -
2 1
50 +
0 1 1
500 1000 1500 Py,
Figure 2. Integral MMD curves for cotton cellulose.?>3¢ (1) before

irradiation, (2) after irradiation; the absorbed dose was 40 kGy.

Thus, the experimental data from many studies on cellulose
degradation are described satisfactorily by equations derived
assuming a random cleavage of the polymeric chain. As a result
of irradiation, the most probable MMD is attained. The average

Table 1. Molecular-weight characteristics of celluloses exposed to y-irra-
diation.?%3¢

Dose /kGy P, Py P, P/ Py
Wood cellulose
0 974 987 700 1.41
50 302 300 195 1.55
100 196 197 96 2.05
150 150 185 87 2.13
Cotton cellulose
0 1220 1160 1060 1.1
40 330 340 240 1.4
100 190 182 124 2.0

radiation-chemical yield of degradation is generally 6.0 & 1.0. This
yield is virtually independent of the dose rate of y-irradiation or
accelerated electrons, on the initial degree of polymerisation, and
on whether the irradiation was carried out in a vacuum, in an inert
gas, or in air. The absence of a noticeable effect of air on the
degradation efficiency is most probably due to the dense crystal-
line packing of cellulose, which hinders the diffusion of oxygen to
the reaction centres. Oxygen has only a slight effect on the
formation of carbonyl and carboxy groups, which should be due
to the partial radiation-induced oxidation of the surface layer of
the material. Special studies showed that the presence of moisture
has a slight inhibiting effect on the cellulose degradation.°

The degradation of cellulose is well described by Eqn (6) up to
an absorbed dose of ~200 kGy. At higher doses, 1/P,—1/P°
tends to a steady value. Since

11 1 /(P oS
P, PY PY\P, -

v

where S is the number of bonds cleaved in one macromolecule, the
rate of accumulation of cleaved bonds decreases, i.e. the efficiency
of degradation decreases. This phenomenon, which is rather
common for radiation-chemical processes, results from the accu-
mulation of radiolysis products with an increase in the absorbed
dose; these products then accept the energy of the ionising
radiation. For cellulose, this phenomenon may be due to the fact
that the cleavage of bonds in macromolecules is accompanied by
the formation and accumulation of radicals stable at room
temperature and new functional groups. Compounds with car-
bonyl and carboxy groups are, along with radicals, efficient
acceptors of electrons and excited species formed upon irradia-
tion. Therefore, the accumulation of these compounds during
radiolysis hinders subsequent degradation of cellulose. In fact, the
degradation of cellulose-based materials containing carboxy
groups (monocarboxylcellulose) is much slower.3” It should be
noted that up to very large absorbed doses (> 1000 kGy), the
degradation of cellulose can be described by an empirical equation
similar to Eqn (6) in which the value of D has an exponent ¢ equal
to 0.83 (see Refs 16 and 19) or 0.73 (see Ref. 12).

IV. Products of radiation-chemical
transformations of cellulose

The action of ionising radiation on cellulose results in profound
chemical transformations and produces carbonyl and carboxy
groups at the sites of bond cleavage and gases, namely, Ha, CO»,
and CO.%-42 The dependences presented in Fig. 3 demonstrate
the change in the content of >C=0 and —COOH groups in the
y-irradiation of cotton cellulose at room temperature. The yields
of formation of these groups are 6.5+ 0.5 and 1.8 +0.2, respec-
tively. Hence, the process of cellulose degradation is accompanied
by preferential formation of compounds with carbonyl groups.
The yields presented here are in good agreement with the values
found by Imamura et al.'® The yields of formation of the carboxy
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Figure 3. Dependence of the accumulation of carbonyl («) and carboxy
(b) groups in cellulose on the absorbed dose.*?

group 10-12.22,23,43-46 rapge from 0.9 to 1.4. Commercial brands
of cellulose differ in the content of carbonyl and carboxy groups.
However, this does not affect markedly the yields of these groups
under y-irradiation. Irradiation of cellulose increases their content
in comparison with the initial concentrations (Table 2). To
decrease the degree of polymerisation of commercial celluloses
to ~300—-400, which is an optimum value for their conversion
into viscose, nitrate esters, and other products, an irradiation dose
of ~50 kGy is required. Such an absorbed dose produces
~3 mmol of carbonyl groups and 1 mmol of carboxy groups
per 100 g of cellulose.

Table 2. Initial concentrations and radiation-chemical yields of oxidised
groups upon y-irradiation of cellulose.?3-3¢

Cellulose Concentration Yield
/mmol per 100 g /mmol per 100 eV
—CHO —COOH —CHO —COOH
Sulfite wood 0.13 0.24 6.0 2.0
Sulfite wood, 0.53 3.16 5.4 1.8
high viscosity
Cotton 0.10 0.45 5.9 2.5

In the initial stage of y-irradiation, the dependence of the
accumulation of carbonyl and carboxy groups in cellulose on the
absorbed dose is linear (see Fig. 3). At greater doses, the concen-
tration (c¢) of these groups increases with the absorbed dose
according to the equation

c¢= BD?,

i.e. it obeys the same law as the degradation of cellulose at similar
doses. The B coefficient is 6.8 x10~7 and 1.8x10~7
mol (g kGy)~! for carbonyl and carboxy groups, respectively.!®
The g exponent was found to be ~0.5 for both groups. In a
discussion of data by Blouin and Arthur!? for the accumulation of
carboxy groups,'? the ¢ exponent was determined to be 0.69.
Obviously, as in the case of degradation, the existence of a limiting
concentration of functional groups in cellulose is explained by
their involvement in radiation-chemical transformations.

The gaseous products of cellulose radiolysis were studied by
several authors.??23-47-30 The yields of hydrogen, carbon diox-
ide, and carbon monoxide measured in a vacuum in the y-irradi-
ation of cellulose were 1.3, 1.6, and 0.8, respectively.??23 Carbon
dioxide predominates in the products of radiation-chemical trans-
formations of cellulose. A systematic study of gas formation in the
irradiation of cellulose in vacuum has been carried out.*%-42 Linear
dependences of the H,, CO,, and CO accumulation on the
absorbed dose were found up to doses of ~300 kGy. The yields
determined from these linear plots were 3.2 (H»), 6.0 (COy), and

0.9 (CO). In addition to the gases mentioned, a trace amount of
methane was also detected. The reported yields and ratio of the
gases formed agree with other data.*’

Because of the high molecular mass of macromolecules of
cellulose and other polysaccharides, the use of traditional ana-
lytical methods such as chromatography and mass spectrometry
for the determination of the final products of their radiation-
chemical transformations is virtually impossible. It was
noted*$31-52 that irradiated cellulose contains water-soluble and
water-insoluble fractions. Components that dissolve well in etha-
nol can be isolated from the water-soluble fraction. They include
cellobiose, glucose, arabinose, glyoxal, 2-oxogluconic acid, and a
number of other acids.*® Hydrolysis of the water-soluble fraction
results in xylose, arabinose, glucuronic and formic acids, and
malondialdehyde.#3~4553  The following radiation-chemical
yields were determined for some of these compounds: 48.7 +2.4
for glucose, 10.1+2.0 for xylose, 2.3 +0.2 for formic acid, and
0.016 for malondialdehyde.** The formation of pentosans upon
irradiation of cellulose was also reported.!®

V. The nature of radical products in cellulose

There are plenty of data on free radicals formed under the action
of ionising radiation on cellulose.>*~%* However, the generally
accepted concept of their nature has been settled only after a series
of publications.®>~% Figure 4 shows the ESR spectra of several
types of cellulose (absolutely dry, moistened with H»O, and
moistened with D,0) y-irradiated at 77 K. All of the irradiated
samples are blue (the dry cellulose is weakly coloured, while the
colour of moist samples is rather intense) and decolourise upon
illumination. This is accompanied by disappearance of narrow
singlet signals of ~1.0-1.2 mT (in the case of H>O) or 0.3—
0.5 mT (D>0O) widths in the central part of ESR spectra of
moistened celluloses. In the spectrum of dry cellulose, the signal
intensity is much lower, and photobleaching does not change
noticeably the ESR spectrum. These singlets are due to captured
electrons.®6-70

Figure 4. ESR spectra of cellulose y-irradiated at 77 K;7° (a) absolutely
dry cellulose; (b) moistened with H,O (40%); (c) moistened with D,O
(40%).

After photoannealing of the captured electrons by visible
light, the ESR spectra of dry and moistened celluloses become
identical with the spectrum shown in Fig. 4a. The latter is a
superposition of a triplet signal, in which the intensity ratio of the
components is 1:2:1 and the splitting is 3.0 £ 0.2 mT, with a
doublet signal with 2.6 £0.1 mT splitting (Fig. 4a shows the
hyperfine structure of ESR signals of the radicals). The triplet and
doublet signals are due to radicals in which the unpaired electron
interacts with B-protons, viz. with one proton to form a doublet
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and with two protons to form a triplet. The doublet signal can
belong only to the radical formed upon abstraction of a hydrogen
atom from the C(1) atom of the glucopyranose ring, while the
triplet signal can be identified with any radical containing an
unpaired electron at positions C(2), C(3), or C(4). Such interpre-
tation of ESR spectra of irradiated cellulose has been suggested in
a series of publications.%5—%

Subsequent analysis of the radical centre conformations made
it possible to draw a fundamental conclusion that the radicals with
doublet and triplet hyperfine structures (HFS) are terminal and
appear due to the cleavage of the glucosidic bond in the polymeric
chain of cellulose.”®

Let us discuss this approach in more detail. The monomer
units of cellulose consist of pyranose rings in the chair conforma-
tion with axial hydrogen atoms.

The polymer and its fragments are characterised by high rigidity,
which restricts considerably the conformational transitions.

In valence-saturated organic compounds, the carbon atom
has four sp3-hybrid orbitals. Cleavage of one C—H bond results
in sp?>-hybridisation, while the unpaired electron in the radical
centre occupies a 2p. orbital perpendicular to the plane of the three
sp>-orbitals. In this arrangement, it interacts efficiently with the
B-protons. It is obvious that such radical centres at positions
C(1) and C(4) of the pyranose ring cannot be obtained without
cleavage of the polymeric chain of cellulose. The HFS coupling
constants indicate that terminal radicals are formed. This con-
clusion is supported by calculations of HFS constants for “‘cellu-
lose” radicals carried out with the assumption of complete
sp>-hybridisation.”® Figure 5 shows a projection of a radical
fragment.

H R

Figure S. Frontal projection of the C, —Cp radical fragment. X, Y, Z,
and R are substituents. The angle 6 between the axis of the 2p, orbital of
the unpaired electron and the projection of the C,—H on the plane
perpendicular to the C,—Cg bond characterises the conformation of the
radical centre.

The dependence of the HFS coupling constant for B-protons,
ay, on the angle of rotation around the C,—Cg bond is expressed
by the equation’!

any = Qppscos?0 ,

where Qp is a constant equal to 5.86 mT for alkyl-substituted
radicals,”? and p, is a coefficient that takes into account the
change in the spin density of the unpaired electron at the a-carbon
atom caused by substituents. In radicals of the X —C—Y type, the
value of p, is calculated by the formula 73

pa = (1=Ax)(1-Ay)(1—Az).

The Ax, Ay, and Az values show the fraction of spin density
withdrawn by the X, Y, and Z substituents, respectively. The
coupling constants of radical centres in cellulose were calculated
with the use of data for substituents that best match the actual
ones in the radicals in question. It was found that the calculated
constants (2.72 mT for the triplet and 3.04 mT for the doublet) fit

those observed experimentally (2.6 and 3.0 mT, respectively) if
one assumes that the 6 angle for the axial B-hydrogen atoms with
respect to the C(1) and C(4) atoms is 30 °. This value agrees with
that expected for the actual structure of the radical centres where
they are localised at these positions of the pyranose ring at the
ends of the polymeric chain.

Calculations for the radical centres at positions C(2) and C(3)
with the expected triplet structures can be carried out less
accurately due to the absence of data on the electronegativity of
the closest substituents. Nevertheless, it is believed that the
coupling constants for them (triplets) would also be close to the
experimental value of 2.6 mT. Therefore, it cannot be ruled out
that radicals with an unpaired electron at the C(2) or C(3) atoms
also appear on irradiation of cellulose. However, the fact that the
C(1)-H and C(4)—H bonds are the weakest makes them most
susceptible to hydrogen abstraction.

The conclusion on the formation of radicals at these positions
of the pyranose ring due to the polymeric chain cleavage is in good
agreement with data on chain degradation and formation of
products of radiation-chemical transformations. Moreover, con-
sidering the rigid structure of cellulose, sp>-hybridisation could be
formed only due to the cleavage of the glucosidic bonds. Other-
wise, due to the strong dependence of ayy on the angle 0, one could
expect a considerable deviation of the HFS coupling constants
from those found experimentally. Thus, the radical states in
irradiated cellulose are localised in the terminal fragments of the
polymeric chain.

CH,OH CH,OH
(0] O
~—0—OH Y_0oH HO—<OH O
1 OH 2 OH

An estimate 7 shows that the yields of radicals 1 and 2 are
approximately the same, i.e. the radiation-induced cleavage of the
C(1)—H and C(4) —H bonds occurs with about the same proba-
bility even at the liquid nitrogen temperature.

When a considerable amount of water (up to 50 mass%) was
present in cellulose samples, an ESR signal was found in the
temperature range corresponding to unfreezing of the vibration-
rotational mobility of the pyranose ring fragments. This signalis a
triplet (2.5—2.7 mT splitting) of quadruplets (0.5—0.7 mT split-
ting).” It belongs to the radical 2, whose ESR spectrum displays
the hyperfine coupling on y-protons at C(6) and C(2) due to the
narrowing of the triplet signal components.

As mentioned above, y-irradiation of cellulose at the liquid
nitrogen temperature results in the formation of trapped electrons
with low yield; which cause the blue colour of the samples.®®- 6770
The colour intensity increases with the humidity of the samples. If
heavy water is used, the ESR signal of trapped electrons becomes
much narrower, and its intensity increases (Fig. 4 b,c). The reason
is that the stabilisation of electrons occurs in intermolecular traps
in the field of oriented dipoles of water molecules.”> The ESR
signal of trapped electrons is an envelope of unresolved HFS due
to the coupling of an unpaired electron with the closest protons
(deuterons in the case of heavy water). The magnetic moment of
the deuteron is ca. three times smaller than that of the proton,
hence the HFS constant decreases, and narrowing of the ESR
signal occurs.

The stabilisation of electrons occurs most efficiently in
hydrated cellulose, which contains much more water than natural
and industrial celluloses. Due to the transparency of the material,
it was possible to record the optical spectrum of the trapped
electrons. It is a single wide band with a maximum at 540 nm and a
half-height width of ~ 1.3 €V,% which are close to the parameters
of optical spectra of trapped electrons in glassy polyatomic
alcohols 7~ 78 and in concentrated aqueous solutions of carbohyd-
rates.”®-80 However, even in hydrated cellulose, the yield of
electrons was estimated to be only ~0.3. In cotton and industrial
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celluloses, this yield is even smaller, specifically only a few per cent
of the overall yield of radicals. Thus, the stabilisation of electrons
preferentially occurs in the water microphase. Efficient stabilisa-
tion takes place if a system has a glassy (amorphous) struc-
ture.”* 8! It may therefore be believed that the water present in
cellulose exists in the glassy state when it is frozen.

The presence of moisture and ammonia in cellulose accelerates
the thermal decay of radicals after vy-irradiation at
77 K.22:35-58.63.68 Most probably, this is due to the plasticising
effect of the admixtures that weaken the intermolecular bonds in
the polymer.%® It was noted 7° that radicals in which the unpaired
electron is located at position C(1) (the doublet signal in the ESR
spectrum) have the lowest thermal stability. In dry cellulose, such
radicals gradually disappear at temperatures above 233 K. The
disappearance of doublet and triplet signals occurs at 320—370 K,
and a new doublet signal with a 1.4 4+0.1 mT splitting becomes
distinct in the ESR spectrum. Such a coupling constant is
characteristic of allylic-type radicals in which the unpaired elec-
tron forms a conjugated structure with m-electrons of a double
bond.®? Radicals of this type are formed in the dehydration of
polyatomic alcohols,®3 3% mono- and poly-saccharides® accord-
ing to the reaction

H

.

I .
R!'—C—C—R? —> R!—C—CH—R? + Hx0.

I
HO OH 0

Obviously, dehydration of radicals in the irradiated cellulose
(Scheme 1) is also the main process in thermal transformations.

CHzOH Scheme 1
O
HO—XOH O —>
—H>O
OH
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— O O—r = HO \ O—
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Because of the distortion of the pyranose ring conformation
and the decrease in the spin density p,, hyperfine coupling with
B-protons is not detected (ag < 0.8 mT). Admixtures of lignin in
the irradiated cellulose can cause a new signal to appear in the
ESR spectrum (a symmetrical singlet with a width of ~1.0 mT).%7
No RO’-type radicals have been detected in the irradiated
cellulose.”

The irradiation of cellulose at room temperature produces the
same radicals as the irradiation at the liquid nitrogen temperature
does. However, the concentration ratio of different radicals
changes somewhat (the proportion of more thermally stable
radicals with a triplet HFS increases). The yield of radicals is
~3.0—-4.0. The yield increases approximately twofold if the
irradiation is carried out at room temperature.®® The kinetics of
the accumulation %3 and thermal decay %8 of radicals as a function
of the accumulated dose were considered. The observed poly-
chromatic kinetics of radical decay is caused by the physical non-

uniformity of the polymeric matrix. Therefore, the chemically
identical processes occurring in the matrix have different rate
constants of their limiting steps, i.e. a distribution of rate
constants over the activation energy exists. The diffusion mobility
of macroradicals increases by several orders when a polymer is
plasticised with water. The elementary act of their diffusion
apparently includes the migration of the pyranose unit, in which
the radical is localised, relative to other polymer units. The
presence of water weakens the bonds between the polymer chain
segments.

VI. Mechanism of radiation-chemical
transformations of cellulose

The first step of action of an ionising radiation on a material, e.g.,
on cellulose (RH), is reduced to ionisation of its components

RH ~~> RH* +e~.

The Coulomb interaction of the electrons kicked out by
irradiation and the parent positive ions after their thermalisation
leads eventually to their recombination

RH* + e~ —> RH*.

This process is favoured considerably by a crystal-like and
rigid structure of the polymer. The recombination of opposite
charges formed in the physical step of the interaction of the
irradiation with cellulose predominates, as follows from the
extremely low yield of stabilised electrons, which does not exceed
5% of the overall yield of radicals after y-irradiation at 77 K.7°
Recombination is probably preceded by charge migration, which
is completed on defects of the crystal structure (mainly in
amorphous regions). As a result, excited fragments of the polymer
are formed. These fragments decompose with preferential cleav-
age of the C(1) — H and C(4) — H bonds of the glucopyranose ring

RH* — R’ + H.

The hydrogen atoms formed abstract hydrogen from other
carbon atoms at the corresponding positions

RH+H — R+ H>.

The resulting R" radicals are unstable. Because their structures
are strained, they decompose with the cleavage of the glucosidic
bond to give radicals 1 and 2 and with scission of the glucopyr-
anose ring (Scheme 2).

In our opinion, the available data do not make it possible to
infer the detailed mechanism of intermediate reactions. Probably,
a substantial role in the radiation-induced decomposition of
cellulose belongs to the excited states. The scission of the gluco-
pyranose ring results in CO, (or CO) and polymeric compounds
containing terminal carbonyl or carboxy groups. Some possible
ways for the chemical transformation of irradiated cellulose have
been reviewed in detail.!

According to the general scheme suggested for the radiation-
chemical transformations of cellulose, the following ratio of yields
of the main products should be expected:

ZGH2 = (G4 ~ GrcHO =~ GCO2 + Gco ,

where G4 is the degradation yield.

In fact, this ratio is fulfilled well in the y-irradiation of
celluloses at room temperature. This can be regarded as a
confirmation of the general scheme suggested for the initial step
of the radiation-induced degradation of cellulose. The yield of
carbonyl groups is quite close to the degradation yield and the
yield of carbon dioxide, i.e. each act of cleavage of the polymeric
chain is accompanied by the formation of one CO, molecule and
one carbonyl group.

It was found“%4? that the degradation of cellulose in the
y-irradiation at the liquid nitrogen temperature is described by the
same equations as at room temperature. However, the degrada-
tion yield decreases from 6.0 to 3.4. The yields of carbonyl and
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— Radiolysis products (RCHO, RCOOH, CO,, CO etc.)

carboxy groups decrease from 6.5 and 1.8 to 3.3 and 1.3,
respectively, while the yield of carbon dioxide decreases from 6.0
to 3.1. The yield of molecular hydrogen is about the same as that at
room temperature.

Since the yield of hydrogen is used as a measure of the
efficiency of radiation-induced cleavage of the C—H bonds in
the polymer, it can be concluded that this process is not affected
considerably by a decrease in temperature. The formation of CO»
shows that deep radiation-chemical transformations of cellulose
occur which lead to decomposition of the glucopyranose ring. The
decrease in the CO; yield indicates that this process is hampered as
the temperature is decreased. It should be emphasised that the gas
analysis*%-42 has been carried out after the temperature was
increased to 210 or 300 K. This was done in order to ascertain
the role of radicals in the formation of CO; since the primary
radicals partially disappear only at temperatures above 233 K.

The yields of gases were found to be independent of the
temperature used for the determination of the gaseous products.
Hence, the formation of CO;, does not result from secondary
reactions of radicals. Most likely, it is formed even at the liquid
nitrogen temperature through decomposition of the glucopyra-
nose ring in a single process, which involves the formation of
radicals and cleavage of the glucosidic bond. This also occurs with
the same ratio of yields of the main products
(G4 ~ Gco, ~ Greno) determined for the irradiation at room
temperature and confirming that the acts of degradation and
formation of carbon dioxide and carbonyl groups occur simulta-
neously. The decrease in the yields of cellulose degradation on
passing from room temperature to liquid nitrogen temperature is
probably due to the hindrance of intramolecular mobility at lower
temperatures causing a decrease in the efficiency of degradation of
the pyranose ring.

We have already mentioned the difficulties inherent in the
determination of the yield of cellulose degradation by viscosim-
etry. This yield is calculated with a number of assumptions, such
as the Gaussian distribution of molecular masses, the known
dependence of viscosity on the degree of polymerisation, account
of chemical reactions in the dissolution of cellulose, etc. Therefore,
it is necessary to measure this most important characteristic of the
efficiency of radiation-chemical transformation of the polymer by
additional, independent methods. The formation of CO, and CO
in the irradiated cellulose suggests that scission of the glucose
fragment occurs. The overall yield of CO; and CO determines the
yield of polymer degradation by this mechanism. Within the
experimental error, the yield of gases coincides with the degrada-
tion yield found by viscosimetry. On the one hand, this confirms
that the degradation of cellulose mainly involves the degradation
of the glucose unit, and, on the other hand, this justifies the
applicability of the viscosimetric method for characterisation of
cellulose degradation.

The mechanism of formation and chemical transformations of
radicals in cellulose can be determined more accurately by using
the data available for similar processes in cellobiose.8¢ Cellobiose

is a structural element of cellulose and is used in studies of model
reactions of hydrogen atoms with carbohydrates and polysac-
charides. 87-8% Analysis of these reactions indicates that degrada-
tion of polysaccharides can involve not only the glucosidic bond,
but also the C— O bond in the pyranose ring. Pentoses (arabinose,
xylose, etc.) were found among the hydrolysis products of
radiation-chemical transformations of cellulose.**~4% 52 The sug-
gested radiolysis scheme shows that they are formed through
removal of one carbon atom as CO, and CO from the glucose
fragment. Deeper degradation of the glucopyranose ring gives low-
molecular-weight products (formaldehyde, formic acid, malondial-
dehyde, and others). Deoxy- and deoxyoxo-sugars (hexoses) are
probably formed through disproportionation of the radicals 1 and
2.

VII. Degradation of cellulose in plant tissues

Preliminary irradiation of plant raw materials (e.g., wood)
changes its properties substantially: it increases the solubility in
various media of the constituent cellulose, and, most importantly,
enhances its ability to undergo acid hydrolysis.®?~% It is natural to
relate the latter property to the degradation of cellulose in plant
tissues, which contain 60% —80% of cellulose. Studies of the effect
of irradiation on the physicochemical state of a lignin—carbohy-
drate complex from plant materials have confirmed this conclu-
sion. They also demonstrated that the efficiency of cellulose
degradation in situ is much lower than that in the pure
state.”” =% This is due to the presence of lignin in plant tissues,
which protects cellulose from the radiation-induced degradation.

Systematic studies of the degradation of cellulose within plant
tissues have been carried out for aspen wood.!'%0-101 It was found
that the yield of cellulose degradation in situ is actually about half
that of cellulose isolated from this source and subjected to
irradiation. However, this comparison is insufficient to draw a
final conclusion on the effect of lignin on the efficiency of
radiation-induced degradation of cellulose in plant tissues,
because the approach used!'%%- 101 for the yield determination did
not take into account the possible additional hydrolytic degrada-
tion of cellulose during its isolation from the plant material. The
degree of such degradation is the larger the higher the absorbed
dose.

The hydrolytic degradation of cellulose in acidic media
depends on the content of carbonyl and carboxy groups, which
affect the hydrolysis rate. Therefore, cellulose degradation was
studied in the course of its one-step delignification 92 carried out
according to Seifert.!93 The latter method involves treatment of a
plant material with a solution containing acetylacetone, dioxane,
and aqueous hydrochloric acid. It was shown that the dependence
of 1/Py on the duration of treatment with the delignifying solution
is described by a first-order equation.!% 105 The rate constants of
hydrolysis calculated from the slope of the 1/P,—7 plot increase
with the absorbed dose (Table 3). Extrapolation of the kinetic
straight line to the ordinate axis (i.e. to T = 0) makes it possible to
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determine the degree of cellulose polymerisation in the plant tissue
after irradiation, but before its isolation by the delignification
process. As noted above, the latter process leads to additional
hydrolysis of cellulose. The P, values obtained are listed in
Table 3. The dependence of 1/ P, on the absorbed dose is described
well by Eqn (6). The degradation yield of aspen wood cellulose
was calculated to be 1.8 4 0.2, i.e. one-third that for pure cellulose.
The yield of CO; in the radiolysis of aspen wood, which can be
related to the degradation of the constituent cellulose, is ~2.0.
Hence, like in the irradiation of pure cellulose, aspen wood
decomposition also involves the degradation of glucopyranose
rings.

Table 3. Change in viscosity-average degree of polymerisation of cellulose
isolated from irradiated wood on the duration of delignification.!0?

Dose kGy Degree of polymerisation at t /min
30 40 50 60
0 360 350 340 330
50 200 180 165 150
100 160 150 140 120
150 135 120 110 100

Thus, cellulose irradiated in situ is decomposed to a much
lesser extent than pure cellulose due to the protective effect of
lignin. This effect is probably due to the transfer of the excitation
energy from the cellulose complex to lignin. Lignin contains
complex aromatic groups, which are known!9%107 to act as
protectors in the radiolysis in a mixture with other organic
compounds.

The protective effect of lignin in the radiation-induced degra-
dation of cellulose as a component of wood is detected when
analysing the quantitative and qualitative composition of radicals
at 77 and 300 K. It was shown that the same cellulose radicals 1
and 2 are formed as from pure cellulose, along with a lignin-type
radical. The latter is observed in the ESR spectrum as a narrow
symmetrical singlet with a g-factor 2.003 and a width
1.040.1 mT.!0! It was assumed that this is a phenoxyl radical
formed upon cleavage of the ether lignin—carbohydrate bond.
Analysis of the ESR spectrum of this radical in the 2-mm region
confirmed the above assignment.” At absorbed doses < 60 kGy,
the signal of the lignin radical predominates in the ESR spectrum,
although the content of carbohydrates (cellulose and hemicellu-
lose) is ~70% of the plant tissue weight. The yield of formation of
cellulose radicals upon y-irradiation of aspen wood at 77 K was
found to be 0.8. In pure cellulose, this yield is 2.7. The yield of
lignin radicals is 1.7.

Thus, the efficiency of in situ degradation of cellulose changes
noticeably over a wide temperature range in which the plant tissue
is irradiated; this can be explained by the protective effect of lignin
present in it.

VIII. Radiation-thermal degradation of cellulose

Cellulose processing, primarily the manufacture of esters (viscose,
nitrates, efc.), is preceded by a stage of its preliminary degradation
in order to achieve the required average molecular mass and the
optimum MMD. This is commonly done by hydrolysis or thermal
treatment. Acidic or alkaline hydrolysis of cellulose makes it
possible to achieve this goal. However, the disadvantages of this
method (it is laborious, involves inevitable and considerable losses
of material, and requires chemicals hazardous to the environment)
necessitate the search for alternative ways for decreasing the
molecular mass of cellulose. Thermolysis of the polymer also
results in its degradation. The degree of polymerisation achievable
by this method is limited to ~200-250. Subsequent treatment
leads only to pyrolysis with the formation of gaseous products,

levoglucosan, and resins.!%8- 19 Comparison of the above methods
with radiation-induced degradation shows the attractiveness of
the latter for industrial application. Such treatment of cellulose
results in its deep and bulk-uniform degradation to the required
and controlled molecular masses without using chemical reagents
and without considerable decomposition. Combination of the
radiation and thermal treatments makes it possible to decrease the
energy consumption for cellulose degradation.

The radiation-induced degradation of cellulose is accelerated
markedly with temperature.’® The decrease in the degree of
polymerisation in the y-irradiation is more significant the higher
the temperature. The dependence of P, on the absorbed dose is
well described in the coordinates of Eqn (6). Figure 6 demon-
strates the dependence of the calculated yields of degradation on
temperature in the Arrhenius equation coordinates; Table 4 lists
the yields of degradation and the yields of the carbonyl and
carboxy groups in the temperature range from 303 to 463 K. It is
seen that two temperature ranges of the radiation-induced degra-
dation of cellulose exist: <380 K, where the yields do not change
much, and >380 K, where the yields increase markedly with
temperature. It should be noted specially that the contribution of
thermal degradation in the y-irradiation was taken into account in
the calculation of the yields, although it is insignificant.
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Figure 6. Dependence of the yield of cellulose degradation (bonds per
100 eV of absorbed energy) on temperature in the Arrhenius equation
coordinates.?®

The activation energy determined in the second temperature
range is 23.441.6 kJ mol~!. It is most probable that the
activation energy corresponds to the diffusion of radicals in the
polymer. An increase in temperature initiates the transfer of the
radical state to the nearest polymeric chain and causes its
degradation. This explanation is based on the fact that the
activation energy measured corresponds to the energy of con-
formational vibrations of the glucopyranose ring.!%° One can see
from Table 4 that the degradation yield coincides with the yield of
formation of carbonyl groups. It was also found3® that the

Table 4. Yields of products upon radiation-thermal degradation of
cellulose.®

T /K Ga Gcho Gcoon
303 5.1 54 1.8
363 6.0 5.8 1.8
393 7.4 7.1 1.8
413 10.7 11.1 1.9
423 11.4 - -

433 16.8 17.1 2.3
443 18.1 - -

463 27.7 26.0 33
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radiation-induced degradation at high temperatures is accompa-
nied by the formation of hydrogen and carbon dioxide. The yield
of the latter is about two times higher.

These facts indicate that the radiation-induced degradation of
cellulose at temperatures above 380 K occurs by a chain mecha-
nism, which is initiated by radicals formed upon irradiation. The
ratio of the yields of the main products is the same as that in the
irradiation under ordinary conditions. This indicates the similar-
ity of processes of radiation-induced degradation occurring in
different temperature ranges that are accompanied by degrada-
tion of glucopyranose rings with evolution of carbon dioxide and
formation of compounds with carbonyl groups.

IX. Degradation of cellulose upon sequential
irradiation and thermal treatment

Takeshi and Shosaki ''? were the first to observe that degradation
of cellulose exposed to y-irradiation and thermal treatment
depends considerably on the ordering of these processes. After
irradiation or thermal treatment, the degree of polymerisation of
cellulose decreases, while the amount of reducing sugar obtained
on its acid hydrolysis increases (Table 5). In the heating—irradi-
ation mode, the increase in the amount of reducing sugar is
approximately the sum of the increments corresponding to each
of the effects. When treatment is carried out in the irradiation—
heating mode, a different picture is observed: the increase in the
amount of reducing sugar is markedly greater than that expected
for the additive degradation processes. A similar situation was
observed when analysing the changes in the number of chain
scissions (). It was found that the total number of bond scissions
(Syr) in a macromolecule upon consecutive y-irradiation of

cellulose (Sy) and heating (S7) can be represented as fol-
lows:40. 111113

SyTz S«/- + ST"F ﬁD,

where f is a coefficient which takes account of the increase in the
cellulose thermal degradation and D is the absorbed dose. It was
also shown that the result of thermal treatment followed by
irradiation is additive, i.e. the number of chain scissions observed
(Syr) equals the sum of scissions obtained separately, i.e. S, and Sz.

Figure 7 shows plots of the number of bond scissions in wood
cellulose as a function of the absorbed dose for different modes of
irradiation and thermal treatment. In all cases, the dependence of
1/Py on the absorbed dose is described by the simple Eqn (6). The
slopes of straight lines / and 2 characterising the efficiency of
degradation are the same, which confirms the above fact that
preliminary thermal treatment does not affect the efficiency of
subsequent radiation-induced degradation. On the other hand,
the higher slope for consecutive radiation and thermal treatment
corresponds to the more efficient polymer degradation. The f

Table 5. Viscosity-average degrees of polymerisation (Py) and amount of
reducing sugar in cellulose after different types of treatment.!'!°

Treatment Py PV/P?, -1 Total Increase in
sugar? sugar
content ?
Without treatment 408 — 130 —
Irradiation 71 4.7 167 37
(100 kGy)
Heating 190 1.1 155 25
(473 K, 1 h)
Heating and 62 5.6 184 54
irradiation
Irradiation and 43 8.5 311 181
heating

4In mg of sugar per 1 g of cellulose.

0 1 1
40 D [kGy

Figure 7. Dependence of the number of bond scissions (S) in wood
cellulose on the absorbed dose;!'? (1) radiation treatment; (2) successive
thermal and radiation treatment; (3) successive radiation and thermal
treatment. In all cases, the thermal treatment was carried out at 463 K for
3 h to reach a steady state.

factor is determined from the difference between the slopes of
dependences of 1/Py vs. the absorbed dose for each temperature. It
is equal to 0.4x10-2, 2.0x 10~2, and 3.8 x 10— scissions per
1 kGy at 423, 443, and 463 K, respectively.*0- 112

Hence, the efficiency of degradation of irradiated cellulose
increases with temperature. Enhancement of degradation in the
irradiation — heating mode probably results from the formation of
defects such as weakened bonds, reactive groups, and radicals in
cellulose upon irradiation. On heating, these defects activate
scission of the polymeric chain. The Arrhenius-type dependence
of the f§ factor on temperature made it possible to determine the
activation energy, which is about 96 kJ mol—!. This value corre-
sponds to the activation energy of super-slow transmolecular
motion of the cellulose macromolecule on its thermal treatment.%®

Thus, combination of irradiation and heating can lead to
much deeper degradation of cellulose than that resulting from
irradiation or thermal treatment separately. The most energeti-
cally favourable mode is the simultaneous action of irradiation
and heat or successive irradiation and heating. It was shown 14115
that electron accelerators can be used to implement successfully
the destructive treatment of cellulose without the application of
additional heating devices. Because of the very poor heat transfer
properties of cellulose materials, their intense radiation-induced
heating occurs on irradiation with accelerated electrons with dose
intensity >0.4 kGy s—!. Under convective heat exchange con-
ditions, the temperature increased nonuniformly across the depth
and reached 430 K, thus providing an efficient degradation mode.
Under these conditions, radiolysis products formed in cellulose
impregnated with iron salts efficiently reduce the metal ions to
produce pyrophoric compounds.!6-117

X. Radiation-chemical transformations of
polysaccharides

In addition to cellulose, plant materials include other polysac-
charides, such as starch and xylan. A number of physicochemical
properties and the biological role of cellulose and chitin are
similar. Like cellulose, chitin is among the most abundant natural
polymers. It constitutes the basis of the outside skeleton (cuticle)
of insects, crustaceans, and other Arthropoda, and is a substitute
of cellulose in lower plants (e.g., in fungi). Deacetylation of chitin
gives chitosan. In recent years, the radiation-chemical transfor-
mations of the above polysaccharides have been studied inten-
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sively. Below, we discuss the results of the relevant studies and
compare these with the data for cellulose.

1. Radiation-chemical transformations of xylans

The study of xylans has received much less attention than that of
cellulose.!'8-123 Tt was reported '8~ 120 that irradiation of xylan
results in transformations that decrease the viscosity of its
solutions and give products with carbonyl and carboxy groups.
The degradation of xylans and the nature of the resultant radicals
and final products have been studied systematically.!?!~123
4-0O-Methylglucuronoxylan isolated from beech holocellulose by
extraction with 10% alkali was used. This compound contains
4-0-methyl-D-glucuronic acid residues glycosidically linked at
position O(2) of about every eighths xylose unit.

The ESR spectra of xylan y-irradiated at 77 K 12! are shown in
Fig. 8 for different absorbed doses. It is seen that the shape of the
spectrum changes as the dose increases, which indicates that
several types of radicals are formed, which accumulate at different
rates. In the initial stage, a narrow singlet signal of trapped
electrons predominates. At higher absorbed doses, two signals
predominate in the spectrum: a triplet with 2.6 mT splitting and a
doublet with 3.0 mT splitting, i.e. almost the same signals as those
observed in irradiated cellulose. The doublet signal can belong
only to the radical formed on abstraction of the hydrogen atom
from position C(1) followed by cleavage of the glycosidic bond.
The triplet signal can belong to any of the radicals formed upon
abstraction of hydrogen from positions C(2), C(3), or C(4).
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For positions C(2) and C(3), both B-protons are equivalent,
which explains the observed structure of the ESR signal. When the
radical state is localised at C(4), the two B-protons at C(5) are
nonequivalent. The coupling constants with one of the B-protons
at C(5) and with the B-proton at C(3) are approximately the same,
while that with the other B-proton at C(5) is much smaller. In this
case, a triplet ESR signal can be expected, and its components can
be further sub-splitted into doublets due to the weaker coupling
with one of the B-protons at C(5). However, considering that the
C(1)—H and C(4) — H bonds are the weakest, it may be assumed
that the formation of radicals in y-irradiated xylan is due to the
localisation of the unpaired electron at positions C(1) and C(4)
and cleavage of the glycosidic bond. Hence, radicals of the same
type as in the case of cellulose are formed.

Theoretical analysis of the ESR spectra!?! agrees with this
interpretation. The spin densities for radicals with localisation of

Figure 8. ESR spectra of xylan y-irradiated at 77 K.!2! Absorbed dose
/kGy: (1) 10; (2) 30; (3) 240.

the unpaired electron at positions C(1) and C(4) are 0.696 and
0.619, and the coupling constants are 3.04 and 2.72 mT, respec-
tively. The role of the glucuronic acid residue was found to be
insignificant and not to affect significantly the nature of radicals
formed. The radicals are accumulated linearly up to an absorbed
dose of 300 kGy. The overall yield of radicals measured in this
range is ~4.0.
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Figure 9. Gel-permeation chromatograms of xylan;!2? (/) original sam-
ple; absorbed dose /kGy: (2) 50; (3) 125.

The irradiation of xylan is accompanied by its intense degra-
dation.!?> 123 Figure 9 shows the gel-filtration curves of xylans y-
irradiated to different doses (the molecular-mass characteristics
were monitored with a refractometer). It is seen that the peak
height decreases, while the distribution curve broadens. Table 6
lists the experimental molecular masses M, and the calculated
number-average M, and weight-average M, molecular masses.
The decrease in the molecular mass with an increase in the
absorbed dose is the consequence of the radiation-induced degra-
dation of the polysaccharide. This fact was pointed out by Beinart
et al.,"'® who also observed a noticeable decrease in the viscosity-
average degree of polymerisation of glucuronoxylan after y-
irradiation and an increase in its solubility in water. In fact, the
content of a water-soluble fraction in xylan increased from 35.7%
to 54.5% at an absorbed dose 125 kGy (see Table 6). The
degradation of xylan occurs in a random way, which follows
from the change in the M,,/M, ratio from 1.53 in the starting
sample to 1.9 after irradiation to a 125 kGy dose. The latter ratio
is close to 2.0, which corresponds to the most probable molecular-
mass distribution of polymers. As indicated above, such MMD
can result from random scissions of an infinite polymeric chain.
This allows the use of Eqn (6) for the determination of the
degradation yield. In fact, the dose dependence of 1/M,, (or 1/Py)
predicted by this equation is linear in the high dose region, and the
calculated degradation yield is 8 + 1.

It was also found that xylan, like cellulose, produces hydrogen
and carbon dioxide, whose radiation-chemical yields are 2.8 and
4.4.122.123 The presence of carbon dioxide indicates that the
formation of radicals actually does not occur directly upon
cleavage of the glycosidic bond but involves rupture of the

Table 6. Molecular-weight characteristics and solubility of irradiated
xylan.!23

Dose Extraction 10—3M,, 10—3M, 10—3M, MM,
/kGy with water (%)

0 35.7 22.1 14.4 21.8 1.53
12.5 40.7 20.1 12.6 19.8 1.59
25 51.2 18.5 11.2 18.2 1.65
50 49.6 16.0 9.4 15.8 1.70
87.5 49.1 12.7 7.2 12.5 1.76

125 54.5 12.2 6.6 12.0 1.90
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pyranose ring resulting in the formation of a carbon dioxide
molecule. Hence, the mechanisms of radiation-induced degrada-
tion of xylan and cellulose are fairly similar.

2. Radiation-chemical transformations of chitin and chitosan
Chitin is a polysaccharide built of 1,4-linked 2-acetamido-2-
deoxy-p-D-glucose moieties. It can be regarded as cellulose in
which the OH groups at C(2) are replaced by acetamido groups.
Deacetylation of chitin produces chitosan. The difficulty of study-
ing the radiation-chemical transformations of chitin is due to its
extraordinary chemical stability: y-irradiation of chitin with even
rather high doses does not cause a noticeable change in the IR
spectra and is not accompanied by a decrease in the adsorption
properties toward metal ions from aqueous solutions.!?*~127 The
conclusion made as to the high radiation stability can hardly be
considered proven because of the inadequacy of the methods used
in the study. These methods are too insensitive to determine the
destructive role of the ionising radiation. Moreover, the applica-
tion of such methods to cellulose would lead to the same
conclusions, since chemical changes are reflected in IR spectra at
much higher doses where the number of new chemical bonds is
comparable to that present in the material. In fact, the pattern and
intensity of IR absorption spectra of cellulose is retained during its
irradiation up to an absorbed dose of 1000 kGy, but the
conclusion as to its high radiation stability cannot be made on
this basis.??

The difficulties of studying the degradation of chitin are
associated primarily with the selection of an appropriate solvent
for this compound and determination of the viscosimetric proper-
ties as a function of the absorbed dose. The molecular mass of
chitin was determined from the characteristic viscosity in a
solution in N,N-dimethylacetamide containing 5% lithium chlor-
ide 2% according to the procedure suggested by Terboevich et
al.'?® Chitin samples from various sources were studied. During
the irradiation, the molecular masses of chitins decreased, and the
content of the amino and carboxy groups increased (Table 7). The
dependence of 1/P, on the absorbed dose predicted by Eqn (6) for
random degradation was obeyed well (Fig. 10). The radiation-
chemical yields of degradation of chitins obtained from crab and
krill shells were almost the same (1.8 +0.2), while the yield for

Table 7. Changes in molecular mass and functional composition of chitin
from various sources exposed to y-irradiation.!2®

Dose /kGy Amino groups Carboxy groups P,
/10=%mol g—! /10=¢mol g—!
Chitin from crab shells
0 2.2 3.6 806
25 23.8 — 600
50 353 — 567
137 29.8 26.7 247
181 — — 152
275 25.7 24.3 140
550 — — 100
Chitin from shrimp shells
0 3.8 4.0 1356
25 10.4 14.7 977
50 63.3 11.4 937
137 39.1 40.0 455
275 33.4 38.0 247
550 — — 144
Chitin from krill shells
0 4.7 — 720
25 22.8 13.4 470
50 21.7 43.6 442
137 — 35.6 288
275 18.4 — 144
550 - — 84
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Figure 10. Dependence of the 1/Py— 1/P8 difference in chitin on the
absorbed dose;!?® chitin source: (/) crab shells; (2) krill shells; (3) shrimp
shells.

chitin from shrimp shells was 1.1 +0.1. It is seen that the yields of
degradation decrease markedly on going from cellulose to chitin.
Up to high absorbed doses, degradation occurred without changes
in the crystalline structure and without violation of the intermo-
lecular packing, as was shown by X-ray diffraction analysis.!?$
Similar dependences were reported for irradiated cellu-
lose,29- 130, 131

The irradiation of chitin leads to its deacetylation, which
results in free primary amino groups and acetic acid; the degra-
dation of the polymer produces compounds with carboxy groups.
Table 7 presents the concentrations of the amino groups and the
total concentrations of the carboxy groups. The radiation-chem-
ical yields of these groups in chitins from various sources are 9 £ 2.
The yield of chitin degradation is rather low (1.1—1.8); this fact
allows one to assume that the major part of carboxy groups
determined by chemical analysis is due to acetic acid. This may be
regarded as an indication that the free amino groups and the
carboxy groups (acetic acid) are mainly formed as a result of
deacetylation upon y-irradiation. At high absorbed doses, the
chitin shows the tendency to undergo deamination and decarbox-
ylation. Hydrogen and carbon dioxide are the major gaseous
products of chitin radiolysis. Their yields for chitin from crab
shells at an absorbed dose of 150 kGy are ~1.14+0.3 and
~1.4+0.4, respectively (which are considerably smaller than
those found for cellulose radiolysis, viz., 3.2 and 6.0, respectively).

The radiation-chemical transformations of deacetylated chitin
(chitosan), which is now widely used in various fields of industry,
agriculture, and medicine, are perhaps of particular interest.!3?
Chitosan undergoes degradation under irradiation, both in aque-
ous solutions and in the dry state.!33 134 However, the quantitative
estimation of the degradation efficiency has not been made. This
problem has been studied for chitosan with degree of deacetyla-
tion 85%.13% Viscosimetric analysis was carried out in aqueous
2% acetic acid containing 0.2 M AcONa according to the pub-
lished procedure.!?® The radiation-chemical yield of chitosan
degradation was found to be 4.2 £ 0.3, which is markedly higher
than that for chitin and lower than that for cellulose. The yields of
hydrogen and carbon dioxide were 1.3 and 1.5, respectively. The
irradiation of chitosan results in its partial deamination. For
example, at an absorbed dose 600 kGy, the content of amino
groups decreases by ~4%, which corresponds to a radiation-
chemical yield of deamination of ~ 3.

The nature of radical products of low-temperature radiolysis
of chitin and chitosan is the same as in the case of cellulose. Both in
chitin 1?8 and in chitosan,'3® terminal radicals appear with local-
isation of the unpaired electron at C(1) and C(4). These radicals
appear in the ESR spectra as a doublet with a ~3.0 mT splitting
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and a triplet with 2.6 mT splitting. The ESR spectra of chitin have
some specific features, namely, the doublet components have a
slight additional splitting. This splitting can be caused by an
anisotropy of the hyperfine structure due to the amino group
adjacent to the C(1) position or by overlapping with another
doublet signal with a higher HFS coupling constant (~2.9 mT).
The latter may be due to the different positions of pyranose rings
in the crystal structure of chitin (two nonequivalent positions)
resulting in a slight nonequivalence of the two radical centres. The
radiation-chemical yields of radicals in the y-irradiation of chitin
and chitosan at the liquid nitrogen temperature are 2.3 (see
Ref. 128) and 3.0 (see Ref. 135), respectively.

Of interest are specific features of thermal transformations of
radicals in chitin. It was found!?® that a decrease in their
concentration starts from ~200 K. The radical at C(1) is more
stable than that at C(4). Furthermore, as the primary radicals
disappear (even at room temperature), an ESR signal appears as a
quartet with a 1:3:3:1 intensity ratio of the components and a
~1.4 mT splitting between them. This signal can be assigned
rather definitely to the GIcNHC(OH)CH3 radical, where Glc is
the glucose residue. The quartet structure of the signal of this
radical is due to splitting of the unpaired electron with three
protons of the CH3 group. The parameters of the ESR signal of
the NH,C(OH)CHj radical formed upon y-irradiation of acet-
amide 137 are similar to those of the radical indicated above.

Calculations show that the presence of the amino group at
C(2) in chitin and chitosan instead of the hydroxy group in
cellulose scarcely affects the coupling constant of the doublet
signal. For cellulose, the triplet ESR signal might be due to the
localisation of the radical centre not only at C(4) but also at C(2),
which is not the case for chitin and chitosan. If the radical were
localised at C(2), the HFS of the signal would be different due to
coupling of the unpaired electron with the nitrogen nucleus
(nuclear spin 1). Thus, the conclusion that terminal radicals are
preferentially formed at the C(1) and C(4) atoms in the irradiation
of polysaccharides appears to be well substantiated.

The similarity of the nature of radicals formed upon y-irradi-
ation of chitin, chitosan, and cellulose indicates that the initial
processes of their radiation-chemical transformations are similar.
However, the yields of scission of the polymeric chain in chitin
(1.1-1.8) and chitosan (4.2) are much lower than those in
cellulose (~6.0). The yields of gaseous products are also much
lower. The predominating process is the deacetylation of chitin
leading to the formation of free primary amino groups and acetic
acid, as well as the deamination in the case of chitosan. In a general
form, the formation of acetic acid under y-irradiation of chitin can
be represented as hydrolytic deacetylation

GIcNHCOCH3 + H,O —> GIcNH, + CH3;COOH.

In fact, agreement between the yields of the formation of
amino and carboxy groups has been found.!?® In addition, ESR
studies indicate that the deacetylation mechanism involves the
following transformations of radicals at C(1):

CH>OH
\O OHO —0OH —>
NHCOCH3
CH,OH CH,OH
— O \@2: or O@*OH
NHCOHCHj3 NHCOHCH3

These transformations may involve both intra- and inter-
molecular hydrogen shift. Subsequent reactions of the
GIcNHC(OH)CH3; radicals result in chitin deacetylation. The
considerably higher yield of deacetylation products in comparison

with the yield of radicals and degradation yield can be explained
by the chain character of the process (Scheme 3).

\E;H: \E; Scheme 3
NHCOHCH; NHCOCHj3
CH,OH CH,OH
— 0@7011 + CH;COOH + o@ N
NHCOHCH;

The reason why the origin of chitin affects the nature of the
radicals formed and the degradation efficiency remains unclear.
This may be due to the different structures of the materials
themselves.

Thus, the replacement of the OH groups in cellulose with the
NH; (chitosan) or NHCOCHj3; groups (chitin) increases markedly
the radiation stability of materials against degradation. Along
with degradation, deamination (in the case of chitosan) and
deacetylation (in the case of chitin) occur in these polysaccharides.

3. Radiation-chemical transformations of starch and dextran
Like cellulose, starch consists of d-glucose residues linked by
1,4-0- rather than B-glucosidic bonds. Cellulose is a cellobiose-
type and starch is a maltose-type polysaccharide. The interest in
the study of radiation-chemical transformations of starch is
partially caused by the wide use of irradiation for sterilisation of
food. It was found !38~ 144 that the action of y-irradiation on starch
from different sources (from waxy and amilose corn, potatoes,
manioc, rice, beans, wheat, and other plant products) results in the
accumulation of carbonyl groups,'3® organic acids,'3° and hydro-
gen peroxide 40 and is accompanied by degradation.!!~144 The
accumulation of new functional groups depends on the source of
the starch; this is explained by differences in its structure. The
acidity increased during storage of the samples, whereas the
content of hydrogen peroxide decreased. The content of water-
soluble dextrins increased linearly with the absorbed dose. The
moisture present in starch inhibited the formation of dextrins and
reducing groups. Unfortunately, the authors of the works cited
did not report quantitative data on the efficiency of radiation-
chemical degradation of starch (i.e., the yields).

According to the degradation mechanism common for poly-
saccharides, it may be believed that a degradation act is accom-
panied by the cleavage of a pyranose ring to produce one carbon
dioxide molecule and a carbonyl-containing compound. There-
fore, the yields of these products can also, to some degree, serve as
an indication of the efficiency of the polysaccharide degradation.
In fact, this rule was valid for all of the polysaccharides consid-
ered. It was found for potato starch'4’ that, in addition to
hydrogen, whose yield is 4.5 molecules per 100 eV of the energy
adsorbed, CO; and CO are formed in 5.5 and 1.5 yields, respec-
tively, while the yield of carbonyl groups is 6.5.14¢ It is also worthy
of note that the yields of reducing compounds upon the radiolysis
of various starches also do not exceed 6—10.147-148 Therefore,
taking into account the possible errors in the chemical analysis of
products of the radiation-chemical transformations of starch, it
can be assumed that the yield of its degradation is within 5—7. The
yields of gaseous products that formed upon y-irradiation of
potato starch were also measured.'*® The resulting
G(H2)/[G(CO,) + G(CO)] ratio was approximately the same as
that found by Ershov and Isakova.'*> However, the absolute
yields were by about an order of magnitude lower (0.5 for H», 0.5
for CO,, and 0.2 for CO). They did not correlate with the yields of
carbonyl and carboxy groups (6.5 and 5.0, respectively) measured
in the same study, which also characterise the efficiency of the
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radiation-chemical degradation of starch. It should be noted that
this low yield of hydrogen is generally untypical for irradiation of
saturated compounds.'#® An unusual (oscillating) dependence of
the formation of products of radiolysis of potato starch and
dextran on the absorbed dose was observed.!#¢ It was also found
that the presence of moisture in starch resulted in an almost
30-fold increase in the hydrogen yield, while the yields of other
gases remained the same. It is unlikely that this fact can be reduced
only to the specific radiolytic behaviour of water structured by
polysaccharides.

The radicals formed upon the action of radiation on starch at
the liquid nitrogen temperature have the same nature as those in
other polysaccharides: they are terminal with localisation of the
unpaired electron at positions C(1) and C(4) of the pyranose
ring.'44 145 Therefore, there is reason to assume that the nature of
the linkage between the glucose residues (a-linkage in the case of
starch and PB-linkage in the case of cellulose) does not affect
markedly the mechanism or the efficiency of bond cleavage.

A systematic analysis of the products of radiation-chemical
degradation of corn starch in the presence of oxygen was carried
out.’® It was shown that the main products include oxo com-
pounds and water; carboxy and aldehyde groups are also accu-
mulated in about an order of magnitude smaller yields. The
efficient radiation-chemical oxidation of starch is explained by
the involvement of peroxide radicals in the reaction. The latter are
formed due to trapping of oxygen molecules by radicals formed in
the irradiation. Low-molecular-weight dicarboxylic acids are
found among the products of starch radiolysis at high absorbed
doses (up to 1000 kGy): tartaric (42.4%), citric (33.5%), malic
(16.4%), succinic (4.6%), lactic (1.8%), and fumaric acids (1.3%).
The formation of a dicarboxylic acid molecule implies the inser-
tion of two additional oxygen atoms into a monomeric unit, which
presumes the formation and subsequent transformation of two
peroxide radicals. The possibility of a chain mechanism of the
reaction is not ruled out.!® The suggested schemes of the
formation of dicarboxylic acids take into account that the isomer-
isation and dehydration of a polysaccharide occur at high rates
and that the reaction of radicals with an oxygen molecule is by an
order of magnitude faster than recombination.

The dextran chain comprises mainly a-1,6-glucosidic units. It
also contains branches, [mainly at C(3)] built of mono- and
disaccharides. Early studies '>' =157 of radiation-chemical trans-
formations of dextrans were carried out for aqueous solutions.
The possibility of decreasing the molecular mass of this poly-
saccharide was studied with the aim of using it as plasma
extender.'5! A stronger decrease in characteristic viscosity was
noted for solutions than for the solid polymer. This indicated the
degradation of dextran in which radical products of water
radiolysis played the decisive role. Thus, irradiation turns out to
be an efficient tool for directed decreasing the molecular masses,
making it possible to lower them by a factor of tens and hundreds.

It was found that in the radiolysis of dry dextran 132155 the
molecular mass and viscosity decrease, the rate of cleavage of
molecular chains depending on the molecular mass. The degrada-
tion was accompanied by narrowing of MMD,!3%- 157 and radia-
tion-chemical modification.

Different polysaccharides differ in the degree of crystallinity
and in the content of bound water. These factors can affect
markedly the direction and efficiency of their radiation-chemical
degradation. These factors can be revealed with sufficient reli-
ability only in rare cases. However, their important role is
obvious. In this respect, a study by Petrov et al.'3? that dealt
with the radiolysis of potato starch deserves special attention.
Starch granules contain linear amylose molecules along with
branched amylopectin. The crystallinity index of potato starch is
only ~20%. The adsorbed water in it is distributed nonuniformly
among the units and is mainly located in structural channels and
cavities of amorphous regions of amylopectin. A study of frac-
tions of irradiated potato starch by gel-permeation chromatog-
raphy showed that amylopectin is the component which is

destroyed preferentially. At a dose of 200 kGy, the content of
amylopectin is 15% (as compared to 75% for the native starch),
while that at a dose of 600 kGy is only 2%. The considerable
increase in the reducing power of fractions along with the decrease
in their molecular masses'3’ confirm the formation of low-
molecular-weight aldehydes and acids in the radiation-chemical
transformations of amylopectin.

The effect of the structural factor on the radiation-chemical
degradation and chemical transformations of native polysacchar-
ides, which differed considerably in their degree of crystallinity
and in the content of bound water, was studied under normal
conditions and in a wide range of absorbed doses.'>® Cellulose,
potato starch, amylopectin, and dextran were studied. Dextran
macromolecules do not form a crystalline phase but exist as
disordered coils with high density in the centre and low density
at the periphery. The yields of reducing compounds and carboxy
groups reach ~32 and ~ 14, respectively, for dextran, as com-
pared to 4—7 and 35 for other polysaccharides. The yields are
determined by the density and type of distribution of amorphous
regions, which provide free access of water and oxygen to the
macroradicals and access of the H" and "OH radicals formed due
to water decomposition to one or another carbon atom of the
glucopyranose ring. The considerable yields of radiolysis products
in dextran may indicate a chain mechanism of its radiation-
oxidative decomposition.

The paper cited 158 also reports very low degradation yields of
starch and dextran, namely, 0.3 and 1.0, respectively. These values
disagree with the much higher yields of CO, and CO formation
and the yields of reducing compounds and carboxy groups.
Therefore, the conclusion is made about the possibility that these
compounds are formed without the decomposition of the pyr-
anose ring. However, this seeming contradiction is explained by
the inapplicability of the approach used to describe degradation,
which is valid only for linear polymers with the most probable
MMD and random chain scission. This circumstance was noted
even in early studies of the degradation of these polysaccharides in
aqueous solutions. Native starch and dextran have very wide and
nonuniform MMD, and the different nature of bonds in these
branched polysaccharides does not presume a priori their equal
proneness to radiation-induced degradation.

Numerous studies dealt with the action of radiation on
aqueous solutions of such polysaccharides as agar-agar, alginic
acids, pectins, glycogen, and some others. The results of these
studies and the mechanism of the radiation-chemical transforma-
tions have been considered in sufficient detail by Bovey? and
Kochetkov er al.'® It was shown that degradation accompanied
by a decrease in the molecular mass of the polymer is the
dominating process.

4. Radiation-chemical transformations of heparin

Heparin is a natural acidic polysaccharide. It is a nonbranched
heteropolysaccharide built mainly of two types of sulfated dis-
accharide residues linked through 1,4-a-glucosidic bonds. The
structural formula of the repeating tetrameric unit of heparin can
be written in the form:

COONa CH,0SO3Na COONa CH,0SO3Na

AP P

OSO3Na  NHSO3Na NHSO3;Na

Several studies were devoted to the radiolysis of heparin
solutions.'®0~165 The degradation of macromolecular chains is
the main radiolysis process. Specific features of the degradation of
a dry polymer were studied by Kudryavtsev et al.'% for the
sodium salt of heparin in the form of a powder with a starting
viscosity-average molecular weight (My) of 10,325 as an example.
The reciprocal of M, varied linearly with an increase in the
absorbed dose according to Eqn (6); the calculated degradation
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yield was 3.1+ 0.4. This is about half the degradation yields for
cellulose, dextran, and starch. It can be concluded that the
presence of sulfamino and sulfo groups in heparin, like the
presence of acetamido groups in chitin, increases the resistance
of the polysaccharide against radiation-induced degradation.
Irradiation resulted in partial desulfation of heparin. Analysis of
ESR spectra '90-199 showed that radicals of the same types as
those commonly observed in polysaccharides were present in
irradiated heparin. These radicals appeared upon cleavage of
glycosidic bonds, and their unpaired electrons are localised at
positions C(1) and C(4). Chromatography of gaseous products
did not detect carbon dioxide. It was concluded!%® that the
radiolysis of heparin does not involve the degradation of the
pyranose ring. However, it is hardly possible to agree with this
conclusion. The observed formation of terminal radicals could not
occur without rupture of the pyranose ring. Most likely, the
sensitivity of the chromatographic method was insufficient to
measure the concentration of CO, when using a small amount of
the starting material. The yield of molecular hydrogen (~0.6 for
dried heparin and 0.9 for non-dried heparin) was also low, which is
difficult to explain.

It should be noted that the radiation-induced degradation of
heparin is a convenient method for controlled variation of its
molecular mass and for directed change of its properties.

XI. Radiation-chemical degradation of ethers and
esters of cellulose and other polysaccharides

It is known?? that the presence of aromatic groups (benzyl,
benzoyl, naphthoyl, efc.) in cotton cellulose increases consider-
ably the tensile strength of fibres exposed to ionising radiation.
Taking into consideration the decrease in the strength of cellulose
materials upon degradation, it may be assumed that aromatic
groups in cellulose favour a decrease in the degradation yield. It is
also known 106197 that aromatic molecules are efficient energy
acceptors.

Deactivation of excited states occurs with high probability
without cleavage of chemical bonds.

The results of studies of the effect of irradiation on cellulose
ethers and esters show that they also undergo degradation,
although to a smaller extent.!”?~ 183 The efficiency of polymeric
chain scission is determined by the nature of the substituent and
the degree of substitution. The following cellulose derivatives have
been studied:!7> 18! hydroxyethylcellulose (HEC), sodium salt of
carboxymethylcellulose (Na-CMOQO), allyloxyethylcellulose
(AOEQ), allyloxycarbonylmethylcellulose (ACMC), and (meth-
acryloyl)carboxymethylcellulose (MCMC). Samples with various
degrees of substitution by allyl (j,) and methacryloyl (jm) groups
(the number of groups per 100 anhydroglucose units) were used in
the experiments. It was found that the solubilities of the ethers
(ether-esters) before and after y-irradiation differ greatly. For

Table 8. Change in the viscosity-average degree of polymerisation (Py) of
cellulose ethers (esters) as a function of the absorbed dose.!”>

Cellulose Degree of polymerisation for absorbed dose /kGy
derivative
0 10 20 40 60 80 100
HEC 1995 - 1485 1187 908 617 565
Na-CMC 460 - 220 206 164 169 147
ACMC 359 213 185 196 — 157 140
(Ja=3)
MCMC 348 219 224 219 — 160 —
(m=4)

example, HEC, Na-CMC, ACMC (j,=5) and MCMC (jm, = 4)
remain water-soluble at any absorbed dose (up to 120 kGy).
However, AOEC (j, = 4), AOEC (j, = 30), and ACMC (j, = 40)
lose solubility even at a dose 10 kGy. This shows unambiguously
that degradation processes dominate in derivatives of the first
group, while cross-linking of polymeric chains resulting in the
formation of a three-dimensional structure dominate in the
second group. Table 8 demonstrates the dependence of the degree
of polymerisation of various cellulose ethers and esters on the
absorbed dose. It was found 7 that the dependence for Na-CMC
is described well by Eqn (6). The degradation yield is almost the
same within the experimental error and equals 2.5+ 0.5. This is
consistent with the value of 2.8 calculated by us on the basis of
other data.'8? The yield for HEC is 1.5 £ 0.2. Thus, the presence of
functional groups in ethers determines their much lower degrada-
tion yield in comparison with cellulose.

Analysis for carboxy and peroxide groups and double bonds
showed 7> that their content is primarily determined by the nature
of substituent in the ether. For instance, no formation of double
bonds or peroxide and carboxy groups is observed in HEC, unlike
in the other ethers. According to IR spectroscopic data, only
accumulation of carbonyl groups occurs with an increase in the
absorbed dose. On the other hand, in AOEC with j, = 4 and
especially with j, = 30, the number of double bonds decreases,
while peroxide and carboxy groups are accumulated. These
changes are probably caused by the addition of hydrogen atoms
(formed due to radiation-induced cleavage of C —H bonds) to the
allyl group followed by chemical transformations (Scheme 4).

The suggested scheme of radiation-chemical transformations
makes it possible to explain the inverse character of changes in the
concentrations of double bonds and peroxide groups observed for
allylic derivatives of cellulose.

In Na-CMC, as well as in ACMC with j, = 5 and 40, the
number of carboxy groups decreases. In addition, a decrease in the
number of double bonds and accumulation of peroxide groups is
observed in the latter two samples. The process in MCMC with

Jm = 4 occurs similarly, the differences being that peroxide groups

OH OH OH
Scheme 4
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OH H OH 0 OH
0 —0— 0 —0— 0 —0—
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OH 00~
_O .
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OH o0—
o) o
—O0 CHzOCH2C<
. OH ] OH
0 —0— OH
CH20(CH2)2—O—(F—CH2CH3 —0 o
=
OOH L 5 OH + CH3CH2C<
0 —0— OH
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are detected only at a dose of 120 kGy and that the change in the
number of double bonds is less distinct.
Cross-linking of allyl ethers and methacryloyl esters occurs
through double bonds (Scheme 5).
OH Scheme 5

—0O
OH
o—0—
CH,O(CH»),OCHCH,CH;
OH
—0O
H
0 —0—
CH>0O(CH»),OCH>,CH=CH»

OH OH
—0 —O0
— H H
o —0— oO—0—
CH20(CH2)2OC|HCH2CH3

CH3CH2_(;O(CH2)QOH2C

This process depends on the concentration of double bonds in
the macromolecule and on the mobility of groups containing these
bonds, i.e. on various steric factors. The probability of cross-
linking of macromolecules increases with an increase in concen-
tration of double bonds in the starting ether and with an increase
in the length of the substituent, which is characteristic of AOEC
where the reactive double bond is located at the end of a grafted
chain of ethylene oxide units. Therefore, AOEC forms a three-
dimensional insoluble structure at a lower content of allyl groups
than ACMC.

The ESR spectra of y-irradiated HEC and AOEC exhibit
mainly superpositions of the spectra of cellulose-type radicals.
The predominant signal in the spectra of Na-CMC, ACMC, and
MCMC is a triplet with 2.1 mT splitting, which overlaps with
additional signals of cellulose radicals. The presence of a triplet
signal indicates most likely that the radicals are localised on the
carboxymethyl group, which protects cellulose from degradation.

Thus, the introduction of allyl groups in HEC and CMC
affects substantially the chemical transformations that occur, on
the one hand, and does not affect the nature of the radicals
formed, on the other hand. This apparent contradiction may be
explained by that the formation of radicals due to the addition of
hydrogen atoms or other radicals to the allyl group is the reason
for the chain cross-linking of polymers. However, the concen-
tration of allyl radicals is either much lower than that of radicals
formed in hydroxyethyl and carboxymethyl derivatives of cellu-
lose (and allyl radicals are therefore not detected by ESR), or these
radicals are transformed into more stable ones, which are
observed in the ESR spectra.

In the case of cellulose nitrate, a decrease in molecular non-
uniformity upon y-irradiation is observed.!7%178 At a dose of
20 kGy, the polydispersity index (My,/M,) is 2.8 (c¢f. 8.3 for the
original sample).!”” The polydispersity index approaches the value
of 2, which corresponds to the most probable MMD, at high
degrees of degradation. The calculated radiation-chemical degra-
dation yield is 2.5, which is close to 1.8 found in another study.!”!
The decrease in molecular mass with simultaneous narrowing of
the MMD of cellulose nitrate leads to the conclusion that no
efficient cross-linking of macromolecules under y-radiolysis
occurs. An interesting feature of the radiolysis of cellulose nitrate
is that a signal of the NO, radical predominates in the ESR
spectrum obtained after radiolysis at 77 K. It can be concluded on
this basis that mobile electrons formed in the initial ionisation step
are mostly trapped by electrophilic nitro groups in the reaction

GIcONO; + e~ + HY —> GIcOH + NOs.

Annealing of cellulose nitrate results in the appearance in the
ESR spectrum of a triplet anisotropic signal stable up to 370 K
when the NO- radicals disappear completely. This signal was
assigned '7! to the terminal radical at C(1) of the pyranose ring. It
was assumed that the unpaired electron interacted with one a- and
one B-proton. The formation of a macroradical was explained by
the polymeric chain scission. However, as was shown later, 84 this
radical is formed due to the thermal degradation of cellulose
nitrate even without preliminary irradiation due to RNO; or
RNO,H radicals. These radicals are formed in the reaction

RH + NO> —> RNOj (or RNO,H') + H*.

The role of oxygen in the radiation-induced degradation of
cellulose nitrate macromolecules was found to be insignificant. It
is manifested in a post-effect, which is observed as a reaction of
macroradicals with an oxygen molecule to give peroxide radicals.

Cellulose acetate also undergoes degradation under y-irradi-
ation.!72-174,180.183 The yield for diacetate!”! was found to be
unexpectedly low (0.8), which indicates the high protective effect
of the acetyl groups against the polymeric chain scission. Benzyl
groups also possess high protective ability.

Unfortunately, there are only scant data on the radiation-
induced degradation of the ethers of other polysaccharides. Only
studies on the radiation-chemical transformations of allylchitosan
can be mentioned.'8!-185 As in the case of analogous cellulose
derivatives, the tendency of allylchitosan to cross-linking
increases with an increase in the degree of substitution. However,
this is also accompanied by polymeric chain degradation, which is
evident from the increase in the content of carboxy groups as the
absorbed dose increases.

Thus, cellulose ethers and esters, like cellulose itself, undergo
degradation. However, this process is less distinct due to the
protective action of substituents, which can serve as centres for
localisation of the excitation energy or primary radical-ion
radiolysis products.

XII. Conclusion

Analysis of data on radiation-chemical transformations of cellu-
lose and some other polysaccharides shows a similarity of the
mechanisms of the formation of the final radiolysis products.
Radiation-induced degradation is the process which determines
changes in the physicochemical properties of these compounds.
By itself, this is not a new fact, which was already known in the
1950s. The achievements of recent years include accurate quanti-
tative estimation of degradation yields, the finding that this
mechanism is common for many other polysaccharides, and the
elucidation of the nature of the primary radicals and of the
mechanism of polymeric chain scission and formation of the
main final products. Both in cellulose and in other polysacchar-
ides, ionising radiation causes preferential abstraction of hydro-
gen atoms from the C(1) and C(4) atoms of the pyranose ring,
rupture of the latter, and scission of the polymeric chain to
produce a carbon dioxide molecule and a carbonyl compound.
This mechanism implies approximately equal yields of the
main products (Ga~ Gco, ~ Greno)» Which is obeyed well for
almost all linear polysaccharides. The unusual degradation mech-
anism involving pyranose ring opening is due to the fact that
cellulose and other polysaccharides are polymers with chains
rigidly fixed by a system of hydrogen bonds. Under these
conditions, abstraction of hydrogen atoms from the C(1) and
C(4) atoms leads to the formation of metastable radical states in
which the stable conformation with sp?-hybridisation can be
formed only through cleavage of a glycosidic bond and rupture
of the adjacent pyranose ring. Thus, radiation-induced cleavage of
one C—H bond initiates subsequent explosion of a pyranose ring
and a cascade of splittings of other chemical bonds. This unusual
degradation mechanism is probably characteristic of not only
polysaccharides but also other polymers and compounds with
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rigidly fixed conformations in which the formation of metastable
radicals is initiated by some factor.

The degradation yields for cellulose, xylan, and starch are in
the range from 5 to 7 bonds per 100 eV of absorbed energy of the
ionising radiation. Taking the possible errors into account, it may
be believed that the degradation yields for these polysaccharides
are approximately equal. Starch, like cellulose, consists of D-glu-
cose residues. However, they are linked by 1,4-a-glycosidic bonds
in starch and by 1,4-B-glycosidic bonds in cellulose. This does not
affect noticeably the efficiency of the radiation-induced degrada-
tion. On going to chitin, which, unlike cellulose, contains the
CH3CONH group at position C(2) instead of the OH group, the
degradation yield decreases 4—5-fold, and deacetylation rather
than degradation becomes the dominating process. The same
effect is observed on replacing the OH group with an NH» group
in the case of chitosan. However, this conclusion is not indisput-
able. It cannot be ruled out that the enhanced radiation stability of
chitosan is also due to the presence of residual acetyl groups. The
problem is that it is practically impossible to deacetylate chitin
completely to prepare chitosan. The degree of deacetylation in
chitosan used by Ershov er al.'33 for the study of its radiation-
induced degradation was 85%. Probably, the presence of chitin
admixture in chitosan increases the radiation resistance of the
latter. The degradation efficiency of cellulose and chitosan ethers
decreases the more strongly the higher the degree of substitution.
In the case of unsaturated mixed ethers-esters, two competing
processes occur, namely, cross-linking at unsaturated bonds and
degradation; their ratio depends on the number of unsaturated
groups in the ether and on their structure.

One has to admit that the mechanism of radiation-chemical
transformations of cellulose and other polysaccharides has not yet
been studied sufficiently. This is hindered by difficulties in
chemical determination of the composition of the products (com-
pounds with carbonyl and carboxy groups, sugar isomers, etc.)
localised in the polymeric chain. Probably, studies of the trans-
formations occurring in them may involve the data obtained in
studies of the radiation-chemical transformations of simple sac-
charides that are the fragments of complex polysaccharides.

Radiolysis of monosaccharides has been studied much more
thoroughly.!> In particular, a number of interesting regularities
found for these compounds, which can also hold for polysacchar-
ides, deserve steady attention. For example, it has been shown that
irradiation of frozen aqueous solutions of monosaccharides results
in their epimerisation the nature of which is determined by the
structure of the original saccharide. The formation of isomeric
saccharides is attributed to reactions of electrons with radicals
localised in the matrix. Undoubtedly, this process can also play an
important role in the irradiation of polysaccharides in which the
mobility of carbohydrate radicals is limited and they themselves act
as acceptors of the electrons formed upon irradiation. It was also
found that simple aminosaccharides have low stability against
radiation.’>® For example, the radiation-chemical yield of decom-
position of glucosamine (a fragment of chitosan) is certainly an
evidence that chain processes occur. Acetylation of the amino
group decreases considerably the degradation yield. On the other
hand, methyl glycosides of both aminosaccharides, which do not
have an open glycosidic centre, have degradation yields typical of
usual monosaccharides without amino groups. Therefore, one can
agree with the authors of the monograph cited '* that on going to
biopolymers much higher radiation stability of these compounds
should be expected in comparison with the monosaccharide con-
stituents. The results of studies of radiation-chemical transforma-
tions of chitin, chitosan, and heparin discussed in the present review
confirm this important conclusion.

The ability of ionising radiation to cause cellulose degradation
is extensively used for the development of original techniques for
the isolation of cellulose from raw plant materials and for its
preliminary treatment for subsequent manufacture of various
products. It was shown 186=190 that irradiation of wood chips in
air to relatively small doses absorbed (5—20 kGy) increases their

stability in storage and increases the yield of cellulose in the sulfite
pulping of wood. It is promising to use irradiation for the
preparation of powdered cellulose and fillers from cotton
linter.'°1-192 The possibility of producing microcrystalline cellu-
lose by irradiating usual cellulose is being considered.!%?

Radiation pretreatment of high-molecular-weight, highly vis-
cous sulfite cellulose with very low reactivity to an absorbed dose
of 5—10 kGy changes its physicochemical properties and enhan-
ces the reactivity to such an extent that it becomes possible to use
this cellulose in the production of viscose fibres.!** Irradiation
makes it possible to decrease the amount of CS, required for
xanthation from 30% —40% to 10% —15% and to elaborate a
process for molding films from cellulose hydrate.!®> It was found
that irradiation affects strongly the rate of cellulose nitration and
the degree of substitution.3% 196:197 The content of bound nitrogen
increases from 12.9% to 13.5% as the absorbed dose increases from
0 to 40 kGy. Nitration of pre-irradiated cotton cellulose
(10—-40 kGy) results in esters with practically uniform MMD.
This improves considerably their physicomechanical parameters.
Optimum conditions for the radiation pretreatment of cellulose
from various sources using modern electron accelerators were
developed for the manufacture of nitrates.

Irradiation of plant raw materials decreases the content of
difficultly hydrolysable polysaccharides and increases the content
of readily hydrolysable ones.?®~ 190 The enhancement of hydro-
lysability occurs due to the radiation-induced degradation of
polysaccharides. The rate constants for polysaccharide hydrolysis
increase markedly with the dose. The adoption of radiation
technology can simplify the existing manufacture of valuable
technical compounds (ethanol, furfural, xylitol, and others) from
plant raw materials. Radiation pre-treatment of cellulose-con-
taining wood materials and agricultural waste (straw) facilitates
their subsequent high-temperature acid or enzymic hydrolysis to
give glucose. 98205

A promising field of the use of radiation technology is the
production of high-quality food additives from waste of plant
origin (primarily, the waste of agricultural production, i.e. straw,
corn cobs, etc.).?% It was found?°°-2%% that an increase in the
absorbed dose in these plant materials decreases the content of
indigestible cellulose and increases the fraction of polysaccharides
assimilable by ruminant animals. As a result of such a treatment, a
plant material acquires the properties of a high-quality food
additive (foraging sugar). Unfortunately, the radiation treatment
is still rather expensive.210-211

The radiation technology for the production of composite
materials from polymers and wood or compressed waste of
cellulose industry (see, e.g., Refs 212 and 213), which is rather
widespread, remains of current interest. The method involves
impregnation of these materials with a monomer or oligomers
(most commonly, methyl methacrylate is used) followed by ionising
radiation-induced polymerisation. The resulting materials are used
for the manufacture of high-quality parquet and other items.

The value of plant biomass, whose main components include
cellulose and other polysaccharides, as a reproducible source of
bound carbon for the industrial production of valuable technical,
forage and food products will increase with time. It can also be
believed that the role of radiation methods for the processing of
plant biomass aimed at extraction of cellulose and other poly-
saccharides from it and for imparting to them the required
properties will also increase.
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