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Introduction 

Problem of radiolysis of paper may be interesting 
from the point of view of old books, documents and 
other articles made from cellulose (bags, suitcases). 

Biodeterioration is one of the most signifi cant 
sources of paper degradation [1–3]. Librarian 
archives often are attacked by insects, fungi, acti-
nomycetes, and bacteria, when stored in improper 
conditions [4]. Numerous investigations report 
on different species of microorganisms identifi ed on 
paper fi les and books [5] that feed on cellulose and 
cause biological coating masking surface proper-
ties, increased leaching of additives and monomers 
that are used as nutrients, production of metabo-
lites, enzymatic attack, physical penetration and 
disruption, water accumulation, excretion of pig-
ments. The effect of biological aggressors is found 
to depend on environmental conditions, as well as 
on substrate composition [6]. Although that the 
librarian archives in tropical and subtropical regions 
are reported to be more susceptible to biological ag-
gressors, due to the high ambient temperature and 
relative humidity [7], the problems of biodeteriora-
tion of books and archive documents at temperate 
climate still remains and cannot be neglected. The 
negative effects of biological agents on papers in-
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clude not only cellulose degradation and damage but 
also can seriously jeopardize the health of librarians 
and restaurateurs, provoking allergies, respiratory 
diseases etc. Radiation processing technology has 
been proved to be effi cient method for insect eradica-
tion and disinfection of biodeteriorated books and 
documents [8–11]. Both gamma and electron beam 
(EB) irradiation have been successfully applied to 
inactivate biological aggressors on different materi-
als [12, 13]. Gamma irradiation is considered as an 
especially effi cient method for disinfestation due to 
its high penetration, reliability, lack of harmful resi-
dues and no need to use toxic chemical fumigants. 
EB processing was put forth as a very effective 
method for biological decontamination because it 
can produce ions, electrons and free radicals at any 
temperature in different materials [14]. It performs 
best when used on low-density, uniformly packaged 
products. EB irradiation was found to have smaller 
effect of oxidation and postradiation degradation 
of the irradiated material, compared to gamma ir-
radiation [15]. 

Although radiation processing for disinfestations 
of archives has advantages, this technique is not 
regularly well accepted and routinely used in many 
countries with industrial irradiators. The main hesi-
tations of librarians, restorators and conservators are 
provoked by the possible degradation effects of the 
ionizing radiation on the paper. Therefore, studies on 
the effects of ionizing radiation on library, archives 
from Sofi a University in Bulgaria were initiated. The 
biocide effects of the gamma irradiation on different 
microbial populations, found on biodeteriorated 
books were investigated. Paper samples, taken from 
different issues, published in the period from 1896 
to 1965 years were irradiated with 4, 10 and 20 kGy. 
The obtained results showed that 4 kGy have caused 
a signifi cant decrease of the total number of microor-
ganisms in all the paper samples. Similar data were 
obtained after 10 kGy. Only single actinomycetes 
strain survived the dose of 20 kGy [16]. 

One of the objectives of the work is to draw at-
tention to the possibility of using the DRS method 
in studying the effect of ionizing radiation on the 
paper. We wanted especially to show the way to study 
the possible chain degradation processes of paper 
(in the aging process). This problem is often raised 
by art conservators and not fully understood. Little 
is also quantitative data on the protective effect of 
lignin on the degradation process. 

The protective effect 

Unique for radiation chemistry are primary phe-
nomena. Absorption of ionizing radiation causes 
the detachment of electrons that travel to places of 
energetically preferential sites, for example, posi-
tive holes from previous ionizations or places where 
two chains are close to one another. The positive 
holes are also wandering along the chains, also to 
energetically preferable sites, other than those for 
electrons. Formation of excited states (as a result 
of electron capture by the hole) also takes place. All 

these phenomena, precedes the creation of a mac-
roradicals. Translation of reactive species plays an 
important role in protective phenomena, if aromatic 
compounds are present. In event of a paper is the 
addition of aromatic lignin. 

Materials 

Radiation resistance of manuscripts depends on the 
chemical composition of the paper (content: cel-
lulose and lignin). Studies were conducted on two 
kinds of paper: almost pure cellulose and newsprint 
with high lignin content. An attempt was made to 
assess the protective effect of addition of aromatic 
lignin. 

Irradiations 

Irradiations were done by EB and gamma radia-
tion for the purpose of comparison. Different dose 
rates and doses were applied. Used gamma radia-
tion sources were produced in India with dose rate 
7.0 kGy/h. The EB accelerator Elektronika 10/10 
was used, producing scanned beam of electrons of 
energy of 10 MeV and of 9 kW power with the pos-
sibility of changing the dose rate by controlling the 
speed of the conveyer. The dose rates in accelerator 
irradiations were 18 000 kGy/h. Samples were irradi-
ated in air, closed vessels with gas phase subjected to 
gas chromatographic analysis, at room temperature. 
The use of different dose rates allowed to describe 
the impact of diffusion of oxygen on degradation 
processes and consequently on the properties of 
processed papers. The sample was irradiated with 
doses of 5, 10, 20 and 50 kGy. Intentionally used 
were doses much higher than used for typical radia-
tion disinfection, in order to observe the process of 
postradiation oxidation.

Gas chromatography

Yields of hydrogen and absorption of oxygen were 
determined by gas chromatography. Gas chromato-
graph type GC 2014 by Shimadzu, with thermal 
conductivity detector, column packed with molecu-
lar sieves 5A was applied for analyses of gaseous 
products formed in samples submitted for the elec-
tron irradiation (hydrogen and carbon monoxide) as 
well as loss of oxygen in the atmosphere surrounding 
the sample in the irradiation vessel. The chromato-
graphic system was working at 100°C, the column 
was kept at 40°C and the detector at 120°C. The rate 
of fl ow of carrier gas was 10 ml/min. 

Diffuse refl ection spectroscopy 

One of advantages of DRS is the possibility to 
investigate polymers in any shape. The principle 
of measurement consists of directing the beam of 
analyzing light on the surface of the sample. Part 
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of light is refl ected back unchanged, but another 
is bent into the sample and after inside refl ections 
leaves the sample with spectral information about 
compounds formed as a result of irradiation and/or 
compounds present before and destroyed. In our 
investigations, the spectrophotometer JASCO V-670 
equipped with refl ection device was used. 

Paper aging 

An interesting question is whether the irradiation 
process starts the postradiation chain of oxidation 
of paper. For this purpose, measured were DRS 
after irradiation and aging of the paper. DRS spectra 
obtained relative to nonirradiated sample and the 
nonirradiated and aged. Samples were subjected to 
atmosphere for 24 months and then annealed at a 
temperature of 70°C for 196 hours. 

Results

Table 1 summarizes the values of radiation effi ciency 
of hydrogen evolution and oxygen uptake for dif-
ferent dose rates. Given are values of radiation ef-
fi ciency for a range of doses from 5 to 25 kGy. The 
radiation-emitted hydrogen quantity hardly changes 
with the power of the dose. In contrast, the volume 
of oxygen absorbed is signifi cantly increased with 
the reduction of the dose. The results show that the 
use of EB (high dose rate) reduces the effi ciency of 
oxidation. A similar effect was observed in the DRS 
spectra, which cannot be found in the article. It must 
be assumed that prolonged irradiation facilitates the 
diffusion of oxygen into the interior of the paper. 

With the dose of radiation is noted an increase 
in the bands corresponding to the products of oxi-
dation (Fig. 1). Several bands of absorption were 
identifi ed. The band around 210 nm is ascribed 

to peroxide groups. Bands at 295–320 nm are as-
cribed to CO groups at the end of chains (products 
of degradation) and peaks in the range of 245 are 
ascribed to carboxyl groups in the middle of polymer 
chains. The height of each peak (270 and 368 nm) 
increases almost linearly with the radiation dose 
absorbed (Fig. 2). 

Radiolysis of newsprint that contains lignin is 
much more diffi cult. Clearly, lower is the effi ciency 
of hydrogen evolution and yield of oxygen uptake 
(Table 1). Also DRS spectra bands corresponding 
to oxidation products are much less intense than for 
newsprint for almost pure cellulose (Fig. 3). Dem-
onstrates the protective effect of lignin radiolysis 
process paper. 

DRS spectra of paper obtained directly after irra-
diation and after irradiation and aging points to the 
greater degradation of the samples subjected to the 
irradiation treatment. Although for pure cellulose, 
the effect was visible, for newsprint, there was little 
effect (Fig. 4). 

Conclusions 

Both gas chromatography and DRS provide valu-
able information about the degradation of paper. 

Table 1. Values radiation effi ciency of hydrogen evolution and oxygen uptake for cellulose and cellulose + lignin, for 
different dose rate 

EB (18 000 kGy/h)  (7 kGy/h)

Celulose Celulose + lignine Celulose Celulose + lignine
GH2 [mol/J] 0.334 0.211 0.329 0.206
-GO2 [mol/J] 0.942 0.532 1.720 0.842
   EB: electron beam. 

Fig. 1. DRS spectra for different dose of gamma radiation. 
The samples were irradiated in air. 

Fig. 2. Height of the peaks in the spectrum of DRS for 
different length of the wave. 

Fig. 3. The protective effect of lignin in cellulose radiolysis.
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DRS was fi rst used to study the effects of ionizing 
radiation on the paper. 

It was confi rmed experimentally that it is much 
preferred from the viewpoint of degradation is to 
use high dose rate. In particular, if allowed by the 
extent of radiation, DRS is better than the use of 
EB of gamma radiation with low power. 

Using the DRS can assess the scale of the pro-
tective effect of lignin in cellulose radiolysis. The 
protective effect is observed both during irradiation 
and postradiation oxidation. The second is the ef-
fect of reducing the number of macroradicals at the 
primary stage radiolysis. 
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Fig. 4. Irradiation slightly accelerates the aging of the 
paper.


