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FOREWORD
The preservation of world cultural heritage is a key issue for maintaining national identity, and
understanding the exchanges among civilizations throughout history. Preserving cultural heritage
play an important part in maintaining cultural diversity in today’s era of globalization. However,
cultural heritage (CH) artefacts based on paper, textiles or wood are prone to biological attack
under improper conservation conditions. Degradation by insects and microorganisms such as
fungi and bacteria constitute a major threat against their long-term preservation. The industrial
application of ionizing radiation for sterilization of medical and surgical products, and food
preservation is now well established. Radiation technology also presents a powerful technique
for the disinfection of cultural artefacts as paper, textile and wood. Applications of ionizing
radiation for the disinfection of CH artefacts have been successfully demonstrated in recent years
with participation of museums and libraries. This environmentally friendly technology ensures
the integrity and the preservation of the objects. The wider use of this technique requires
conclusively establishing and convincing the stakeholders that irradiation does not lead to
unacceptable changes in the functional or decorative properties of the artefact and its authenticity
not compromised. Recognizing this important need, IAEA in 2015 has initiated a new CRP
entitled “Developing Radiation Treatment Methodologies and New Resin Formulations for
Consolidation and Preservation of Archived Materials and Cultural Heritage Artefacts” with a
view to establish synergies and links among radiation technologists engaged in such applications.
The CRP will particularly focus on evaluating the effect of irradiation on functional properties of
base materials of artefact, minor constituents, post irradiation effects and developing appropriate
irradiation procedures enabling wider use of the technology. The 1st RCM of the CRP was held
during 28 September - 2 October 2015 at IAEA Headquarters Vienna, Austria where the
participants reviewed the relevant work being carried out in their respective institutions, as well
as discussed and adopted the work plan for the next period. This meeting report comprehends the
relevant information in a concise way in the Summary part while full details are presented in the
individual reports of the participants.
The IAEA wishes to thank all participants for their valuable contributions. The IAEA officer
responsible for this publication was Sunil Sabharwal of the Division of Physical and Chemical
Sciences.
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EXECUTIVE SUMMARY
1st RCM on
DEVELOPING RADIATION TREATMENT METHODOLOGIES AND NEW RESIN
FORMULATIONS FOR CONSOLIDATION AND PRESERVATION OF ARCHIVED
MATERIALS AND CULTURAL HERITAGE ARTEFACTS

1. INTRODUCTION
The preservation of world cultural heritage is a key issue for maintaining national identity, and
understanding the exchanges among civilizations throughout history. Cultural heritage artefacts
are made up of materials varying from simple mono-components to complex structures
integrating inorganic and organic materials. Many of artefacts such as easel and panel paintings,
wooden sculptures, library materials, prints, textiles are based on natural organic materials which
are prone to biological attack under improper environmental conditions. Degradation by insects
and microorganisms such as fungi and bacteria constitute a major threat against the long-term
preservation of World-CH (WCH). The success and consolidation of the application of ionizing
radiation in sterilization of medical, surgical products and food irradiation presents a powerful
technique for the disinfection of cultural artefacts as paper, textile and wood. This
environmentally friendly technology ensures the integrity and the preservation of the objects. In
recent years, collaboration of radiation processing facilities with appropriate configuration for
the treatment of cultural heritage with institutions such as museums, archives, libraries,
archaeological institutions and conservation workshops, has allowed the use of this technology
for treating large quantities of deteriorated products that required emergency intervention or had
a complex structure that limited the use of conventional techniques. The wider use of this
technique will depend upon effectively demonstrating that irradiation does not lead to
unacceptable changes in the functional or decorative properties of the artefact as well does not
compromise with the authenticity of the artefact. This CRP has been initiated to focus on
evaluating the effect of irradiation on functional properties of base materials of artefact, minor
constituents, post irradiation effects and developing appropriate irradiation procedures enabling
wider use of the technology.
2. CRP OVERALL OBJECTIVES
Wider acceptance and use of radiation processing techniques for conservation and consolidation
of Cultural Heritage Artefacts.
2.1 SPECIFIC RESEARCH OBJECTIVES
1. Understand the effect of specific irradiation conditions on the functional properties of base
materials present in cultural artefacts to establish appropriate irradiation conditions for treating
CH artefacts.
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2. Develop new radiation curable resins with enhanced compatibility with cultural heritage
artefacts and at low radiation doses
3. Establish appropriate procedures for irradiation of artefacts, including dose mapping, dose
limit ratio and simulation techniques to predict dose uniformity during the irradiation process.
2.2 OUTCOMES
Improved conservation methods using radiation processing techniques for conservation and
consolidation of cultural heritage artefacts.
2.3 EXPECTED RESEARCH OUTPUTS
1. Scientific data on the effect on various materials typically used in artefacts under simulated
conditions of irradiation,
2. Appropriate procedures and technical requirements including optimal radiation doses for the
radiation treatment of CH objects including archived materials.
3. Formulations of new resins and methodologies for consolidation of CH artefacts,
4. Availability of improved dosimetry methods including simulation techniques.
3. CURRENT STATUS OF R&D WORK IN INDIVIDUAL INSTITUTIONS
Bangladesh
The culture of Bangladesh is a composite of various music, drama, art, folklore languages and
literature, philosophy and religion, festivals as well as in a distinct cuisine and culinary tradition.
The aim of the study is to preserve paper-based archived material for a long period of time using
ionizing radiation/nuclear technique. To conduct this research, note-pad samples were selected as
tentative archived material. Four sets of samples were prepared and irradiated at a series of
radiation doses e.g. 0, 2.0, 4.0, 6.0, 8.0, 10.0 and 14.0 kGy at a dose rate of 12.8 kGy/h from
panaromic Batch type 80 kCi 60Co source. After irradiation different quality parameters such as
microbiological (Total Viable Bacterial Count, Total Fungal Count), mechanical (Tensile
Strength, Percent of Elongation at Break and Elastic Modulus) and color properties (L-value, avalue and b-value) of one set of samples were assessed to observe the immediate effect of
ionizing radiation on this material and rest of the sample sets were stored for further analysis at a
long interval. Results showed that the total bacterial count of unirradiated (control) paper were
4.0X102 cfu/g and radiattion dose of 2.0 kGy was enough to eliminate the microbial load
completely. Among mechanical properties, TS of unirradiated sample was 16.23 MPa and it was
gradually increased as the dose increased and finally reached 18.99 MPa at a dose of 14 kGy
causing the TS-change above significant level (p < 0.05). Though changes of EB due to
irradiation was insignificant, EM increased as the radiation dose increased gradually. EM of non
irradiated sample was 381.85N/m2 and it started changing significantly from 6.0 kGy and finally
reaches upto 477.03 N/m2 at 14.0 kGy. Results showed that L-value of colour parameter changed
very slightly though a and b-value changed significantly from 6.0 kGy. From these findings it
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can be inferred that a dose of 4 kGy can be used to conserve the cultural heritage including
valuable paper-based archived materials.
Brazil
Over the last thirteen years, the Multipurpose Gamma Irradiation Facility at the Nuclear and
Energy Research Institute - IPEN/Brazil has been a leader researching and applying gamma
radiation to preserve cultural heritage objects in South America. Brazilian weather conditions
affect directly tangible materials causing deterioration getting worse by insects and fungi attack.
In this sense, gamma radiation provide from the cobalt-60 is an excellent alternative tool to the
traditional preservation process mainly because its biocidal action. More than twenty institutions
related to conservation or preservation activities such as National Museums and conservations
Institutions, conservators-restorers, curators, etc. have been benefited for this technique and
currently most of them maintain institutional partnerships. Constitutive materials including
paper, paintings, photographs, films, parchments, leather, textiles, wood, bones, etc. have been
processed by gamma radiation with excellent results always respecting the limits of each
material. The Multipurpose Gamma Irradiation Facility can operate with small quantity or size
material as also large scale processing. Depending of the size of the objects (e.g. furniture)
variation or distributions dose in the irradiated product is unavoidable. For this reason,
optimizations and in some cases simulations of the irradiation process are necessary and several
research related are been developed using PMMA and alanine dosimetry systems. Most of these
cultural heritage objects need to be irradiated using the stationary method to control the dose
distribution and manipulated by hand. A two-side irradiation method was developed to process
large objects when is not possible to obtain dosimetry measurements inside the material. The
electron resonance paramagnetic has been applied to study free radicals formed in cellulose
materials. This fact is very important because always the stability of the proprieties along the
time worried the conservators. With absorbed doses near to 20 kGy, the cellulose free radicals
remain only for 40 days increasing the credibility of this technique. Currently are been developed
studies with paper contaminated with pesticides (e.g. DDT, Benzene Hexachloride BHC)
focusing the degradation by gamma radiation of pesticides remaining inside the paper. Also,
films with different chemical compositions attacked by fungi are been researched by electronic
microscopy and X-ray diffraction and transmission techniques.
Croatia
The only irradiation facility in Croatia capable of providing irradiation services to interested
parties including conservators and restorers, is the panoramic 60Co gamma irradiation facility of
the Radiation Chemistry and Dosimetry Laboratory (RCDL) of the Ruđer Bošković Institute
(RBI) in Zagreb. Over the past twenty years protection and conservation of cultural heritage
objects by irradiation has been successfully carried out in Croatia. Wooden CH objects in almost
95% cases are treated for desinsection with a dose of 2 kGy. In radiation treatment and
particularly for cultural heritage (CH) object treatment, the lowest dose necessary to provide
conservation should be chosen to avoid unwanted side effects on the material. The goal is to
reduce bioburden to acceptable level, not to attain sterility. The goal of this CRP project is
assessment of optimal doses for radiation treatment of fungal bioburden on CH objects.
In decision making on the appropriate dose for control of microbiological contamination by
radiation treatment of CH objects several factors have to be taken into account:
 radiation sensitivity of the contaminating microorganisms and
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 the composition, the state and the age of the materials of the object.
However, the literature does not offer a larger overview on how to address complex situation of
CH objects constituting of different and aged materials in relation to various bioburdens.
Because of that there is a large need for systematic approach to data concerning radiation
treatment of CH artefacts. The goals of the proposed coordinated research project are to address
those needs by initiating research using appropriate model materials and experimental
techniques. The results gathered by the project in cooperation with Department of Microbiology
of the Faculty of Pharmacy and Biochemistry should present a base for formation of database of
response of various CH materials combined with response of common microorganisms to
radiation treatment and serve as a guideline to restores, curators and personnel of radiation
facilities in deciding on the best dose for a particular case.
Cuba
Gamma irradiation technique can be successfully applied for plague disinfection and
consolidation of CH artifacts and archived materials. At the same time, its preservation can be
consolidated developing new curable polymeric resin compatible with the wood, textile and
paper materials.
In Cuba, the first preliminary studies were carried out with the employment of gamma radiations
to eliminate fungi and bacteria in the first part of the 90 years, in the CEADEN was irradiated
filmic material to eliminate fungi and in the Food Irradiation Facility were irradiated different
icons for their decontamination.
The proposed project has the following objectives:

The identification of the insect pest and the understanding of their function and activity in
the biodegradation processes.

To compare the dosimetric experimental results with the Monte-Carlo modeling for dose
optimization depending on the geometry of irradiated CH artifacts in the irradiation facility at the
CEADEN.

To select the adequate absorbed dose for the pest control.

To study effect of intense gamma radiation on decorative properties of CH artifacts based
on paper, textiles and wood materials.

To development functional polymeric resins with gamma radiation techniques in the
restoration of works of art and archive documents.

Egypt
Polymers nano-composite sciences provide us each day with updated contributions enriching
the consolidation methodology of ancient materials. This study aims to evaluate the use of crosslinked chitosan (CCTS) coated Ag-loading nano-SeO2 composite (CCTS–SLS) in the
consolidation of a Funeral Shroud from the Egyptian Museum of Cairo. In this study, new linen
textile samples were artificially aged to simulate the ancient ones. The new accelerated aged
linen textile samples simulated to the ancient one were infested with active strains of fungi and
bacteria, which were isolated from the ancient shroud. Both the ancient fibers and the newly
prepared linen samples were consolidated with cross-linked chitosan (CCTS) coated Ag-loading
nano-SeO2 composite (CCTS–SLS) and chitosan biopolymer. Various methods and instruments
were used to investigate both the treated and untreated samples. The structures of (CCTS–SLS)
were characterized by field emission scanning electron microscope (FESEM). The change of the
colors (ΔL, Δa, and Δb), tensile strength and elongation of the untreated and treated linen
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samples after ageing were assessed. Consolidated and non-consolidated ancient fibers and
accelerated linen samples were examined using atomic force microscopy (AFM), scanning
electron microscopy (SEM) and scanning tunneling microscopy (STM) and Fourier transform–
infra-red spectroscopy (FT–IR) and have been elementally analyzed using inductively coupled
plasma (ICP). The consolidated samples were appraised via dynamic thermal analysis (DMTA).
The results show that the antibacterial activity of (CCTS–SLS) was affected by the mass ratio of
selenium dioxide to chitosan, and by the cross-linking time. The antibacterial activity against
Staphlococcus aureus sp. strains was studied. Samples treated with (CCTS–SLS) showed
excellent properties in comparison to chitosan treated samples. Genetic efficacy of nano CCTS–
SLS is different from normal-sized chitosan. The application of cross-linked chitosan (CCTS)
coated Ag-loading nano-SeO2 composite (CCTS–SLS) to the consolidation of the ancient shroud
showed good bacterial resistance, enriching the long-term durability of the ancient linen.
France
The application of gamma irradiation for disinfestation and consolidation of cultural heritage
artefacts was carried out at ARC-Nucléart for more than forty years. At early 70’s, the
monomer methyl methacrylate was selected for the consolidation of the ancient parquet (18th
century) from the former city hall of Grenoble. In 1977, the emblematic disinfection of the
Ramses II mummy was undertaken in France by application of a 18 kGy dose.
The research and testing of consolidation of degraded historical artefact (wooden sculpture and
furniture) as well as wet archeological wood had conducted to the use of thermoset polyester
styrene resin. In the same time, cooperation with dedicated cultural heritage laboratories
focused on effect of gamma radiation on materials such as paper, leather, polychromies, etc.
In order to establish guidelines for cultural heritage stakeholders, our studies and research still
continue in the two directions:
•

Effects of irradiation on cultural heritage materials

•

Evolution of the “Nucléart” process (styrene polyester radiocuring for consolidation)

In the CRP framework, we aim to:

Improving the knowledge of behavior of cultural heritage material such as pigments,
dyes, binders, varnish, glue, lacquers under gamma radiation at disinfection doses.
Characterization will include functional properties (macroscopic behavior) and more
fundamentals ones (microstructural behavior). The results have to be compared with the doses
used in real routine treatment.

Until now, we used irreversible styrene polyester radiocurable resin for consolidation of
very degraded wooden artefact. The idea is to find styrene free and reversible resin which will
be able to be implemented instead of styrene polyester. A second aim is to consolidate partially
the wooden structure instead of a total filling of the porosity of degraded wood.

WORKING MATERIAL
Iran-Islamic Republic of
Preserving cultural and historic heritage like paintings, architectural monuments, textiles and
other ancient crafts is the duty of a nation that cares about its history. Antiquities that are based
on canvas are subject to different injuries like pest attack, rodents; decay caused by moisture and
fungal infestation under improper conservation conditions. Prevention and control of microbial
contamination is one of the important issues in the maintenance of historical art objects [1].
Given the value of these works some effective and non-destructive methods should be used for
treatment. Of the various preservation methods, irradiation is successfully demonstrated to be
effective to microbial decontamination of cultural heritage. The absence of toxic or radioactive
residues is among the advantages of this method [2]. The side effect of this procedure is caused
by the reaction of gamma rays with material that may change the physicochemical properties of
the substance.
Starting the CRP project for the first step “Microbiological analysis of an infected oil painting to
characterize and quantify the infestation”, a historical oil painting belonging to Ghajar period
was chosen and the feasibility of its radiation decontamination was evaluated [2].
The ancient oil painting over canvas entitled Ashura events by Shah-Abdollah Abdolrahman
Ramezan in Ghahvekhanei style belonging to 1848 A.C (XIXth century), Ghajar period in
dimensions of 3.03m x 1.60 m was selected T from Museum of Fine Arts of White Palace (Melal
museum) of Sa d-abad Palace. Sampling was done from 31 points of 2cm x 2cm of the
suspected and discolored points of the painting including front, back and the areas between
canvas and substrate. Since the fungi are the major artworks life threatening, common fungi of
the painting were evaluated: of the front Penicillium and of the back and between canvas and the
frame, Aspergillus and Bioriabasiana were main fungal contaminations.
The radiation resistance of fungi which is demonstrated with D10 value was determined by
graphing fungi populations after the applied series of gamma radiation doses. Then with
regarding the fungal contamination in surface unit, the dose required to reduce the population of
fungi to Sterility Assurance Level (SAL) was calculated.
Considering the SAL of 10-2, according to greatest D10 value of detected fungi (0.51 kGy for
Bioriabasiana) and mentioned equation, the minimum gamma ray dose of 1 kGy is required for
disinfection.
With the possibility of adverse environmental conditions in case of humidity occur in storage
places, the maximum dose of 3kGy was considered for the eventual contaminations. The
recommended dose is enough for the probable contamination of 8000cfu/cm2. The study of
radiation effects on the used color materials has to be done in future.
Italy
The activities regarding irradiation application in the Cultural Heritage field are focused on two
different aspects: i) conservation and preservation - bio-deteriogens (microfungi, chewing
insects) eradication in archived materials (cellulose-based paper, inks, photographic paper); ii)
consolidation and protection - degraded wooden and stone porous artefacts consolidation, by
means of radiation induced in situ polymerization of acrylic co-polymers.
From this viewpoint, the CRP Project aims to:
 evaluate the effects of well defined irradiation conditions (dose and dose rate,
environmental atmosphere, pre-treatment of the cultural heritage object) in term of often
irreversible physical-chemical modifications induced by ionizing radiation on treated
materials during and after the end of irradiation (side- and post-effects, respectively);
perform accelerated ageing tests to investigate the influence of different parameters
(humidity, temperature, atmosphere) on artefacts features submitted to irradiation;
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 define the destructive and non-destructive characterization methodologies applied for the
conservation and preservation of archives materials and for the consolidation and
protection of porous artefacts;
 achieve the statement of well defined irradiation condition (in term of irradiation dose
and dose rate, environmental atmosphere, pre-treatment of the cultural heritage object)
and the standardization of shared guidelines regarding irradiation procedures and
characterization methodologies, in order to guarantee the safeguard of the treated
artefacts and a reliable diffusion of ionizing radiation technology.
Specific scientific objectives are:
i) Conservation and preservation:
- biological investigation of cellulose-based materials irradiated in air or inert gas
atmosphere;
- side-effects evaluation on archived materials irradiated at different irradiation
conditions (dose, dose rate, atmosphere)
ii) Consolidation and protection:
- gamma induced co-polymerization of synthetic compounds and new resins formulation;
- evaluation of the optimal irradiation conditions (dose, dose rate, atmosphere) and
physical-chemical characterizations of the obtained products (FTIR, UV-VIS, ESR,
NMR, PL, DP).
Poland
The scope of this research is to investigate the influence of electron beam irradiation used for
microbiological decontamination process on cultural heritage paper-based objects. Changes in
chemical composition, mechanical, thermal and physical properties of different sorts of paper
treated with electron beam before and after the radiation process will be studied with SEM, EDS,
EPR, TGA, DSC, FT-IR methods. This complex analysis helps to determine proper process
condition for different sorts of materials as well as gives possibility to evaluate the possible
effect of radiation on the materials. The very important objective of the project is research which
will form basis for understanding effect of specific irradiation conditions on functional properties
of CH artefacts and establish appropriate irradiation methodologies. This action is also aimed to
promote the irradiation decontamination of cultural heritage object among librarians’ and
archivists’ and increase public confidence. Appropriate procedures and technical requirements
including optimal radiation doses for the radiation treatment of CH objects will be developed.
The following years of project realization will concentrate on implementation of elaborated
procedure.
Portugal
Our recent work has been focus on the development and optimization of new, modified and/or
functionalized polymeric and hybrid materials, using radiation processing techniques.
Concerning polymeric materials we may refer the development of i) chitosan based copolymeric
membranes, biocompatible and microbiologically safe, that can be used simultaneously as
wound dressing and as support in transdermal drug release systems “ready to use”, combining
matrix modification, γ irradiation and microbiological safety in one experimental step; ii) PVA
supported crosslinked resin membranes to be used in biodiesel production (pervaporation
membrane reactors) and iii) PE based copolymeric materials, mechanically stable, hydrophilic
and biocompatible, that can be used for biomedical and fine-chemistry industrial applications.
Research in hybrid materials has been centered mainly on the development and optimization of
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an alternative method, by gamma irradiation, for the preparation of polydimethylsiloxanetetraethylorthosilicate (PDMS-TEOS) for bone reparation/consolidation or as a part of bone
cements composition. At this point we intend to prepare Ormosils with biocide content, by
ionizing radiation techniques, which could be used alone or as additives to the existent composite
materials used in mosaic conservation. Important properties such as: transparency, flexibility and
nanostructured, robustness, water-repellent and anti-reflexive properties, environment-resistance
as so application reveribility must be conjugated.
The specific objectives are:
1. Physico-chemical characterization and bioburden evaluation of Roman mosaics and respective
binding mortars (in situ sampling);
2. Evaluation/optimization of preparation conditions to obtain hybrids with biocide activity by
ionizing radiation (PDMS precursors, composition ratios, biocide content, irradiation parameters,
final application/use form);
3. Evaluation of the biocide activity of the prepared materials;
4. Optimization of materials application procedures for mosaics and mortars consolidation (aging
and mechanical tests in replicas);
5. In situ application of materials and methodologies developed;
6. Elaboration of an instructive manual guide and respective dissemination.
Romania
The aim of this project is to improve the methodology for disinfestation of artefacts by gamma
irradiation and widen the acceptance of the treatment. The methodology will be based on the
irradiation parameters and a set of non-destructive physical-chemical tests that can highlight
changes induced by gamma irradiation in the functional and decorative properties of artefacts as
well as microbiological tests that assess the efficiency of the treatment.
Regarding the effects of ionizing radiation on the properties of most common materials (wood,
paper, mineral pigments) used in artefacts, 10 kGy may be considered as a threshold dose below
which mechanical and optical properties of these materials are not significantly affected. Still
there are few papers describing the effects of irradiation on the base materials such as leather,
parchment, textile fibres or decorative materials such as modern pigments or binders (especially
organic synthetic pigments and binders developed from the end of 19th century) which can be
originally constituents of the artefacts or added in the restoration process. Thus, reliable data can
be added in order to widen the acceptance of disinfestations by gamma radiation treatment.
Another issue is the stability of free radicals induced by irradiation and their effect on postirradiation stability of sensitive materials such as paper. Ideally, these effects are investigated by
non-destructive techniques.
In the frame of this project we expect to improve the methodology by:
- obtaining maximum acceptable doses for CH materials not previously investigated and/or CH
items containing composite materials;
- evaluate the potential for (long-term) irradiation effects induced by trapped free radicals in
crystalline structures;
- establishing standard procedures for a set of non-destructive techniques that can put into
evidence changes that may be induced by gamma irradiation in the properties of CH artefact.
Tunisia
The Laboratory of Dosimetry of Ionizing Radiation (LDRI) of the National Center for Nuclear
Sciences and Technologies (CNSTN), Tunisia, has more than 10 year of relative experience in
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the field of radiation processing of art object containing different kind of material (glass, textile,
Wood) In this context we propose firstly to share our knowledge in the field with our partner
member of the CRP. In the other hand we plan to dress data base including the different kind of
material which we can uncounted in art object, to test their behavior after irradiation at different
doses. Thus data of the samples analyses me be used as the first level in simulation of the
radiation processing of art object. After that and based on the previous experiences on art object
done by the LDRI or the other member of the project we can carried out the appropriate
procedures for the irradiation of art object.
Turkey
In this project, in order to try to bring about both strengthening and deacidification, unfragile
paper, cellulosic papers will impregnate with aqueous solutions of monomers such as acrylic
acid and methacrylic acid at different concentrations and then the impregnated cellulosic papers
will irradiate at different irradiation doses by gamma rays or electron beam. After irradiation, the
chemical, mechanical and surface properties of polymer loaded papers will determined by using
different techniques. The different amounts of nanocrystalline cellulose will add to monomer
solutions and the chemical, mechanical and surface properties of polymer loaded papers which
contain nanocrystalline cellulose will determined. We will develop and evaluate the modern
materials and techniques in the preservation/consolidation of cellulosic papers. Since the
purchase of the monomers such as acrylic acid, methacrylic acid and especially purchase of
nanocrystallline cellulose was late, firstly, we worked on the impregnation of some hydrophobic
monomers to cellulose for having hydrophobic property. In this work, impregnation of vapors of
methylmethacrylate
(MMA),
ethylacrylate,
n-butylacrylate,
butylmethacrylate,
2ethylhexylacrylate, dodecylmethacrylate to cellulose and method for the irradiation of the
cellulose which impregnated different hydrophobic monomers was investigated. The gravimetric
yield was calculated at different irradiation doses and impregnation times. Their FTIR spectra of
the treated cellulose and untreated celluloses were recorded and compared. The gravimetric yield
determined in the above systems was observed as very low with the irradiation dose. Secondly,
to investigate the effect of some binder or fillers such as sodium borate (B) to cellulose, two
types of woods were impregnated with 2-hydroxyethyl methacrylate (HEMA), HEMA/MMA
(1/1 by volume) and HEMA/MMA/B (1.0 % sodium borate) and irradiated. We investigated
whether the interior properties of selected wood samples are enhanced and their mechanical
properties, and water repellence.
Our aims
-To try to bring about both strengthening and deacidification,
-To impregnate unfragile paper, cellulosic papers with aqueous solutions of monomers such as
acrylic acid and methacrylic acid at different concentrations
-To irradiate the impregnated cellulosic papers at different irradiation doses by gamma rays or
electron beam
-To determined the chemical, mechanical and surface properties of polymer loaded papers by
using different techniques
-To add the different amounts of nanocrystalline cellulose to monomer solutions
-To determine the chemical, mechanical and surface properties of polymer loaded papers which
contain nanocrystalline cellulose
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-To develop and evaluate the modern materials and techniques in the preservation/consolidation
of cellulosic papers.
Ukraine
The use of ionizing radiation for preservation of cultural heritage artefacts is modern technology
that has found wide use worldwide. To perform treatment successfully absorbed dose by cultural
heritage doesn’t should be greater than some maximum value (Dmax) and less than some
minimum value (Dmin). These values are defined experimentally. As for cultural heritage
artefacts it is very difficult if not impossible to determine process parameters of irradiation
treatment. The use of software toolkits on the base of Monte-Carlo method can help to determine
these parameters.
During the execution of the 1st phase of scientific research the Monte-Carlo simulation toolkit
GEANT4 was chosen (Linux version). Main reasons of such choice were: GEANT4 utilize highlevel programming language (C++), has multithreading mode, there are exists techniques to
import CAD-files into code. The last reason has a great importance because very often cultural
heritage artefacts have a complicated geometry.
CADMesh was chosen as the technique which allows importing CAD-files into GEANT4 based
code as tessellated objects. For simplification and repairing CAD-files MeshLab was used.
After irradiation treatment consideration, following conclusions were made.
1) Process technological parameters which should be input into code:
a) Irradiation chamber. Geometry of irradiation chamber and its composition.
b) Treated objects. Geometry of treated object and its composition. Position of treated
object relative to irradiation source and irradiation chamber. Special attention should be
paid if treated object are moving.
c) Irradiation source. The type, activity, position, energy, geometry, spatial distribution of
irradiation source.
d) Detectors. Location, dimension, composition and type of detectors.
e) The physical processes.
2) Сalculated parameters are following:
a) Dmin;
b) Dmax;
c) Time of treatment;
d) Dose map.
3) The physical processes which are should be included: radioactive decay, photoelectric
effect, Compton effect, Pair production, Rayleigh scattering, ionization, Bremsstrahlung,
multiple scattering and following particles: electrons and positrons in addition to gamma
rays.
GEANT4 based code was developed. Preliminary calculations were made.
5. FUTURE R&D WORK PLAN
Bangladesh


First year: Optimizing dose on the basis of microbiological analysis, mechanical
strength, colour and thermal methods (TGA and DSC) of old archived paper documents
to standardize the method.
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Second year: Continue the work plan of first year and making bilateral agreement with
the national archived authority and explore possibility of applying the technology to
preserve the old documents of national importance.
Third year: Applying the optimum doses to disinfect the archived materials, post
irradiation conservation of the recovered documents. Extending the technology to
preserve the museum objects of cultural importance.

Brazil





Evaluate the effect of the radiation processing in functional properties of base materials
of artefacts such as textiles, varnishes, paper, films, wood and pigments under specific
irradiation conditions using EPR, colorimetric techniques, scan microscopy electronic,
spectrometry, and X-ray transmission and diffraction techniques.
Perform dose mapping and dose distribution studies in simulated samples using PMMA
and alanine dosimetry systems to confirm calculations and computer simulations.
Analyze the effect of the degradation of selected pesticides remaining in paper
collections using ionizing radiation.

Croatia
In this CRP project special focus will be:
1. The gamma irradiation resistance of fungal species that are usually encountered on CH
artefacts and assessment of the doses necessary for reduction of the contamination to an
acceptable level: the effect of the dose rate and temperature;
2. The effects of irradiation on the properties of materials encountered in CH artefacts
(like paintings in need of treatment). Model material including those that are used as decorations
and for protection with properties as similar to that of real CH objects as possible will be
selected.
- To identify radiation induced effects using appropriate experimental techniques high
doses will be applied.
- Model materials will be inoculated with fungi common to CH objects and bioburden
analyzed after irradiation. The sensitivity of radiation treated materials to repeated
attack by fungi will be assessed.
First year
Preparation of model systems. Model systems will be made of the base materials and coated
with coatings and binders typical for CH artefacts. The samples will be inoculated with particular
fungal species including primary (Aspergillus and Penicillium species), secondary
(Cladosporium and Alternaria species) as well as tertiary colonizers (Chaetomium and Fusarium
species) (Faculty of Pharmacy and Biochemistry, Zagreb).
Irradiation of the model systems. After the irradiation treatment plate count method will be
applied to determine the number of viable fungi and proper irradiation doses that eliminate fungi,
respectively. The model systems will be treated with a range of radiation doses common for CH
artefacts treatment and greater doses for identification of radiation effects. Special consideration
will be given to treatment of the systems at various dose rates. The dosimetry will be performed
with the ECB dosimeter. Since the radioactivity of 60Co source is going to be changed the new
dose mapping need to be performed and verified by ECB vs. Alanin.
Impact of gamma radiation on physico-chemical properties of selected base materials common
in paintings after irradiation and during selected post-irradiation period will be determined using
appropriate experimental techniques (FTIR, DSC, ESR, TGA, SEM).
An overview of the required minimal doses for radiation treatment of the most common and
specific microorganisms found on CH artefacts, accompanied by a database of the
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microorganisms common for that type of CH will be prepared based on the evaluation of results
obtained in the model systems.
Second and Third year
Continue the work plan of first year and initiate research in other model material. Particularly
studied will be radiation effects on the materials added to the objects for decoration (i.e.
pigments, minerals, glass, etc.) or for protection (i.e. resins, varnishes, waxes, etc.). Such
materials are often very sensitive to irradiation which results in change of their aesthetic
properties. It is very important to establish the exact irradiation doses that such materials can
endure without changing their appearance, since these doses could be the ones determining the
maximum dose that can be applied to an object. Colorimetric testing will be performed on all
samples at all doses as the first test of the appearance change. For additional characterization the
following experimental techniques will be used: FTIR, DSC, ESR, UV/Vis, thermoluminescence
(TL) and other available techniques for specific measurements of physico-chemical properties of
the given base material if needed. The post-irradiation effect will be determined with special
consideration directed to the stability of base materials and especially on various coatings types.
The post-irradiation effect will be determined with special consideration directed to the stability
of base materials and especially on various coatings types.
Cuba


To contact the CH specialists in order to identify the archived materials and objects
demanding gamma radiation treatment for its preservation.
 To use the Monte-Carlo simulation, Fricke dosimeters and other high dose dosimeters in
the dose mapping of the gamma facility installed at the CEADEN.
 Study of microscopic effect of intense gamma radiation on decorative properties of CH
artifacts based on paper, textiles and wood materials.
 To determine the adequate absorbed dose for the pest control.
 To develop curable resin formulation using simulated samples for the preservation of
archived materials cultural heritage artifacts.
And to demonstrate in our conditions that the gamma radiations can be applied to a great
quantity of archived materials and artworks without causing damage in the material and the
transmission of the information is preserved.
Egypt







Effect of specific irradiation conditions on functional properties of CH artefacts like dose
rate, total doses etc, will be studied using scoured, unbleached carbonic-inked linen fabric
as a simulated material for the studied ancient materials
Evaluating the effect of irradiation on functional properties of base materials of artefact,
minor constituents, post irradiation effects and developing appropriate irradiation
procedures enabling wider use of the technology will be considered.
Characterization and properties of the obtained materials will be made using different tools
such as XRD, TEM, SEM, UV, FTIR, DSC, TGA and, mechanical behavior.
Research on modified consolidant for ancient artefacts containing cellulose compound
such as wood , textiles and manuscripts will be done .The work will aim to consider a
rescue for ancient carbonized materials such as papyri and textile wrappings as it could
retain their lost cellulosic formation and increase their durability to survive using new
organic resins prepared by radiation.
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France
First year: mechanical behavior of binders and glue at different doses. Color change and
spectroscopic FTIR analysis of the irradiated materials will be followed with respect of dose.
First try of impregnation with selected alternative resin will be done.
Second year: Study of effect of gamma irradiation on dyed textile will be undertaken. If new
selected resin is appropriate, it could be tested on degraded real historical or archeological item.
Third year: Assessment of methodology and implementation of the results in operational scale.
IRAN-Islamic Republic of
1st year:
1. Study the fungi bioburden of a selected ancient oil painting and evaluation the dose
required according obtained biological data
2. Sampling from different materials of the painting and study the effect of gamma
irradiation on the infected samples of the painting after irradiation to varying dose of
radiation.
3. Infrared Spectroscopy and colorimetric assays on samples before and after irradiation
2nd year:
1. Determination the kind and type of colours used in the painting
2. Choosing a similar painting in case of age , the type of color and size
3. Irradiation with optimal dose, conduct dosimetery for uniformity irradiation
3rd year:
Study the post irradiation changes in samples of the painting
1. Accelerating tests and evaluation the effect of age in post irradiation changes in chemical
structure of substances in samples, if possible.
2. Principals of ancient paintings irradiation should be discuss to develop appropriate
protocol
Italy
First year:
Task 1: Biological investigations of dose rate and ambient irradiation condition (air and inert
gas) effects on the typical microrganisms present on archived materials. Samples will be
irradiated at the doses demonstrated to be effective for disinfesting and reducing
considerably microbial load (2-3kGy).
Task 2: Study on the instantaneous and post-irradiation effect (side-effects) on paper irradiated
by gamma radiation using chemical and spectroscopic techniques (PL, FTIR, UV-VIS,
ESR, DP).
Task 3: Study on the gamma radiation induced co-polymerization of acrylic polymers to achieve
formulation compatible with CH artefacts. Definition of the optimal curing dose and
evaluation of the irradiation parameters (dose rate, irradiation atmosphere). Further
studies will be carried out on the starting monomer solutions to achieve a more complete
characterization of the materials. Real case application on reference wooden sample:
impregnation and curing processes optimization.
Second year:
Task 1: Development of new composition of consolidating agents. Investigation of the
irradiation parameters on polymerization process.
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Task 2: Side-effects evaluation on new consolidating agents carried out by different analyses
(optical measurements, PL, FTIR, ESR, 13C and 1H NMR, DP, mechanical tests).
Third year:
Task 1: Production and characterization of new polymeric consolidants by gamma radiation with
emphasis on reversibility and environmental concerns related to WCH artefacts.
Task 2: Standardization of irradiation procedures and methodologies for treatment and
consolidation of WCH artefacts.
Task 3: Compilation of detailed report.
Poland
The programme of work to be performed in the 1st year of the CRP :
1. Optimization of product and process parameters for treatment of a variety of papers
simulating the composition and storage conditions of archived materials.
2. Microbiological investigations of simulated samples before and after the irradiation
treatment.
3. Studies of morphological, chemical and mechanical testing of treated substrates to
evaluate effect on functional characteristics.
4. Conducting aging and/or post irradiation long term storage effect on the properties of the
materials.
Portugal
Specific tasks to be done in 1st year are:
Task 1- Physico-chemical characterization of Roman mosaics and binding mortars;
Task 2- Bioburden evaluation of mosaics and binding mortars;
Task 3- Preparation of hybrid materials with biocide content by ionizing radiation. Optimization
of the preparation protocol;
Task 4- Hybrid materials characterization.
2nd and 3rd year:
Task 5- In lab tests: Aging studies and optimization of materials application procedures (in
collaboration with Monographic Museum and Ruins of Coninbriga);
Task 6- In situ tests of hybrid materials and application of methodologies developed (in
collaboration with Monographic Museum and Ruins of Coninbriga);
Task 7- Elaboration of instructional manual guide for materials application and use (in
collaboration with Monographic Museum and Ruins of Coninbriga).
Romania
Work plan for the first year
1.1 Determine Dmax for reference materials not previously investigated
select materials; characterize them before irradiation by non-destructive (Colorimetry, FTIR/Raman) and destructive (mechanical tests, EPR, thermal analysis, calorimetry); irradiate them
at a “screening” dose, higher than 10 kGy; characterize irradiated materials;
2.1 Study the post-irradiation effects of free radicals on paper
characterize before irradiation pure cellulose (Whatman) paper, copy paper and naturally aged
paper by EPR, Colorimetry, and FT-IR/Raman; irradiate paper at doses up to 10 kGy;
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characterize irradiated paper immediately after irradiation and over time until free radicals
population become stable (the decay of EPR signal intensity become insignificant);
Work plan for the second year
1.2 Determine Dmax for reference materials not previously investigated
select materials that showed significant structural and appearance changes after irradiation and
irradiate them at lower doses in order to assess maximum acceptable dose
2.2 Study the post-irradiation effects of free radicals on paper
assess the influence of unstable free radicals by comparing the results obtained immediately after
irradiation with that obtained when free radicals population became stable
Work plan for the third year
3.1 Correlate data obtained by non-destructive techniques with those obtained by destructive
techniques
3.2 On the base of correlations, select the most appropriate non-destructive technique(s) that can
be used to characterize a category of CH artefacts before and after irradiation treatment
Tunisia
- Selection of material mostly encountered in art object (in collaboration with the other member)
- Irradiation at different radiation doses
- Irradiation at different condition of irradiation as temperature, light, Humidity, Dose rate…
- Analysis of irradiated material using EPR, FTIR, UV-Vis, MEB
- Application of an artificial aging phenomenon on the selected material such as humidity and
light
- Analyze of the tested material using specified technical
- Comparison between Irradiation and artificial aging, does the irradiation contribute to the
distortion of the object
- Irradiation of artificially aged material at appropriate condition
- Analyze using specified technique
-Formulation of the appropriate procedure for irradiation of art object
Turkey
1. The identification of actual archival samples cellulosic papers used in the preparation of
archives
2. The impregnation of cellulose papers with aqueous solutions of acrylic acid and methacrylic
acid monomers. Monomer solutions with different concentrations will be tested.
3. Irradiation of impregnated papers with gamma rays and if possible by electron beams.
4. Chemical, mechanical, and surface property testing of polymer loaded papers.
5. Repeating of 1-3 by adding different amounts of nanocrystalline cellulose to monomer
solutions.
6. Testing of polymer/nanocrystalline cellulose loaded papers.
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Ukraine
1st year research plan:
1. Development of Monte-Carlo method based software for numerically calculation of cultural
heritage artefacts treatment process parameters
a. Definition of criteria for selecting Monte-Carlo software toolkit for numerical simulation of
cultural heritage artefacts.
b. Selection of Monte-Carlo software toolkit based on demand of item 1.a.
c. Selection of the irradiation process technological parameters (such as activity of irradiation
source, geometry of irradiation chamber, decrease of source activity over time, composition and
density of treated objects, etc.) which influence on cultural heritage artefacts treatment process.
d. Selection of parameters (such as Dmin, Dmax, treatment time, etc.) which should be
simulated.
e. Development of software extension for selected in item D.1.b Monte-Carlo software toolkit
to numerically simulate parameters (selected in item D.1.d) versus technological parameters
selected in item 1.c.
2. Collection data concerning to irradiation room and radioactive sources and related to treated
objects.
a. Development of database containing data concerning irradiation room and radioactive
sources (room geometry, source activity and etc.).
b. Development of database containing data (density, chemical composition, etc.) related to
treated objects.
3. Carrying out of numerical experiments to calculate parameters selected in item 1.d versus
technological parameters selected in item 1.c.
a. Debugging, testing of software developed in item 1.e.
b. Validation results of numerical calculation with available practical ones.
c. Carrying out of numerical experiments to calculate parameters selected in item 1.d versus
technological parameters (selected in item 1.c).
5. CONCLUSIONS
1. Based on data presented, the classification of artefacts in different classes based on their
chemical nature and functional form is too much advisable. Each artefact is a new case and it is
dangerous to apply general irradiation processing methodologies.
2. Structural changes in materials due to radiation processing are not usually associated in a
understandable way with the macro-properties easy to check (e.g. mechanical) by all partners in
the conservation process (conservator and artefact owner). The lack of information penalizes the
acceptance of ionizing radiation techniques in the conservation and preservation of CH area.
3. There are not sufficient data comparing Co-60 and e-beam irradiation effects in materials
founded in CH artefacts. It is necessary more research regarding this issue considering different
conditions of irradiation and the most adequate techniques of analysis.
4. It is of great importance to associate good dose mapping procedures with Monte Carlo
simulation studies in order to improve the confidence in the irradiation process, namely
regarding the final dose applied to the artefacts.
5. Regarding cellulose based materials, mainly paper, it was observed a considerable dispersion
of values associated with respective minimum efficient and safety range of doses of
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decontamination. This situation should be associated with the initial bioburden, to the state of the
artefact and to the intended treatment. If not well argued correctly this situation could lead to a
manifest insecurity and to a possible discredit of the real capacities of ionizing radiation
techniques for conservation and preservation purposes.
6. Compatibility, integrability and reversibility of consolidative materials must be a main subject
choosing the final material formulation. The use of good and green practices for preparation,
application and removal procedures must be priority. This process must be complemented taken
attention to the use of the lowest amount of consolidation material as so to avoid the use of
materials with high curing temperatures in order to reduce secondary damages effects in the
artefacts.
6. RECOMMENDATIONS
1. Irradiations facilities involved in this CRP should assure good and confident dosimetric
procedures. However inter-comparison is desirable. IAEA could help in this process by
supporting initial contacts between CRP partners and independent institutions (e.g. NIST)
and the inherent logistic expenses.
2. Looking for an effective process of knowledge transfer and acceptance of radiation
processing techniques by all stakeholders involved in the conservation and preservation
of CH artefacts, would be desirable and of great importance and advantageous if IAEA
could promote/sponsor a scientific meeting in the specific area of this CRP.
3. It would be advantageous and of great importance for the improvement and credibility of
the work to be performed in the aim of this CRP that IAEA could improve the budget in
the following two years of this CRP, in order to facilitate the acquisition of some
essential scientific equipment and for practical training interchange of the partner
members.
4. It is recommended that IAEA hosts a database regarding radio-resistance of the
commonly associated bio-contaminants involved in CH degradation processes.
5. It is convenient that CRP partners exchange and/or obtain advices between them related
with special cases of CH conservation/preservation processes.
6. Establishment of technological parameters supported by Monte Carlo simulation are
desirable for the prediction of the treatment and the improvement of the irradiation
process control (e.g. final dose applied to artefacts, etc).
7. Comparisation studies regarding Co-60 vs. e-beam effect in materials typically used in
artefacts should be undertaken to assess the effect on functional properties of these
materials.
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Table 1: Summary of tangible materials used in cultural heritage
artefacts collections
Easel paintings
(on canvas, wood
panel, stone,
metal)

List of
cultural
heritage
artefacts
collections

Parchments,
vell+A60ums

Leather

Canvas,
textiles,
tapestries

Basketwork

Furniture

Decorative art
objects
(composites)

Musical
instruments

Wooden
elements
of
constructe
d
structures
(buildings,
ships…)

Archaeolog
ical
waterlogge
d wooden
artefacts

Inks

Wooden (dry)
statues (raw)

Wooden (dry)
statues
(gilded)

Wooden (dry)
statues
(poychrome+
A49)

Porous stone
statues

Non porous
stone statues

Porous stone
(or brick)
elements of
constructed
structures

Plaster,
staff,
stucco
objects

Ceramics

Glass,
enamels,
gems, pearls

Metal objects

Composite
ethnographic
collections
(organic &
non organic
materials)

Bone, horn,
tortoiseshell

Natural
history
collections

Mummies

Photographs, films
,classical silver
halide emulsion
layers on paper,
cellulose acetate
substrate, PET
substrate

Competitive,
alternative or
complementa
ry techniques

Paper,
drawings,
manuscripts,
prints, books

Other

Preservation

Gamma (or Xray or
brehmstrahlun
g) irradiation

Electron
irradiation

Anoxia

Ethylene
oxide

Others
(freezing,
plasma,micr
owaves,
laser)

Consolidation

Nucleart
process

PEG
impregnation

PPG
impregnati
on

Sucrose
impregnatio
n

Lyophilisati
on (freeze
drying)
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Criteria to be
taken in
account

Paraloid
(solvent)

Others
Acceptance
by the
cultural
heritage
community
(curators,
conservator
s-restorers,
registers)

Reversibility

Single object /
mass
treatment

Cost

Duration
of the
treatment

Availability
of the
facility

Side-effects

a - Decrease in
mechanical
resistance,
tearing or
unfolding
resistance

b - Alteration
or unbonding
of coatings
(varnishes,
gilding,
polychromies)

cModificati
on of
colours
(darkening
or
bleaching)

DNA: lost
of
information
/modificati
on (e.g.
mummie,
mammut)

Accepted
quantitativ
e limits for
a single
material
treatment
(ex : Dmin
/ Dmax for
irradiation

Potential
alteration of
future
dating
measureme
nts (TLD,
OSLD, 14C
liquid
scintillation
, 14C
AMS…)

Maximum time
delay between
discovery and
treatment (e.g.
waterlogged
wood)

Existence of
robust tests of
quality of
treatment
(homogeneity,
penetration
depth…)

Existence of
accepted good
practices or
standards

Others
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Table 2: Summary of radiation sources and analytical
methodologies to be utilized
Source of Radiation
Gamma
ray

E-Beam

Others

Analytical tools
Chemical

Physichal - Micro-bi Computer Dosimetry
Mechanical ology
Modeling Labs.

☺

☺

☺

☺

☺

☺

☺

Cuba

☺

☺

Egypt

☺

France

Bangladesh

☺

Brazil

☺

Croatia

☺

☺
☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

☺

Iran

☺

☺

Italy

☺

☺

☺

☺

Poland

☺

☺

☺

☺

Portugal

☺

☺

☺

☺

☺

☺

Romania

☺

☺

☺

☺

☺

Tunisia

☺

☺

☺

☺

Turkey

☺

☺

☺

Ukraine

☺

☺

☺

☺

☺
☺

☺
☺

☺
☺

☺

☺

☺

☺

☺
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Table 3: Summary of work plan of studies cultural heritage artefacts
Cultural Heritage Materials and Objectives
Preservation using ionizing radiation techniques
Paper, drawings,
manuscripts, prints,
books, cellulosed
based

Bangladesh

☺

Brazil

☺

Canvas,
textiles,
tapestries,
parchments

Wood, sculptures, Leather
Composites,
Photographs, films,
furniture, musical
ethnographic and classical silver halide
instruments,
natural history
emulsion layers on
archeological
collections
paper, cellulose acetate
watterlogged
substrate, PET substrate
wooden,

☺

☺

☺

☺

☺

☺

France

☺

☺

Iran

☺

Croatia
Cuba

☺

Egypt

☺

Italy

☺

Poland

☺

☺

☺

Ukraine

Wood

☺
☺

☺

☺

☺
☺

Textiles

☺

☺
☺

☺

☺

☺

Stone/ Ceramics

☺

☺
☺

☺

☺

☺

☺

☺

Tunisia
Turkey

Paper

☺

Portugal
Romania

Consolidation/Impregnation
Others: stone, ceramic,
glass, enamels, stucco,
plaster, bone, horn

☺

☺

☺

☺

☺

☺

☺
☺

☺

Others
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Table 4: Summary of Work plan for CRP at a glance
Activities
Fundamental
and New analytical

Feasibility
studies

Technology Demonstration/
dissemination

Bangladesh

☺

☺

☺

Brazil

☺

☺

☺

Croatia

☺

☺

☺

Cuba

☺

☺

☺

Egypt

☺

☺

☺

France

☺

☺

☺

Iran

☺

☺

☺

Italy

☺

☺

☺

Poland

☺

☺

☺

Portugal

☺

☺

☺

Romania

☺

☺

☺

Tunisia

☺

☺

☺

Turkey

☺

☺

☺

Ukraine

☺

☺

☺

Technology Deployment
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Table 5: Summary of Collaborations
Ba
ng

Banglades
h
Brazil
Croatia
Cuba
Egypt

Bra

Cro

Cub

Egy

Fra

Ira

A,D

A,D

A,D

A,D

A,D

A,D

A,D

A,D

A,D

A,D

A,D

A,D

D,SE,C
S

A,D,
EB

A,D

A,D

A,D,
T,CS

A,D

A,D,
T,CS

A,D,
EB

A,D

A,D,C
S

A,D

A,D,EB

D,SE,C
S

A,D

A,D

A,D

A,D,M,
T,CS

A,D

A,D

A,D,
CS

A,D,M

A,D

A,D,M,
CS

D,T ,SE,
CS

A,D

A,D

A,D

A,D

A,D

A,D

A,D

A,D

A,D

D,T,SE,
CS

A,D

A,D

A,D

A,D

A,D

A,D

A,D

A,D

D,SE,C
S

A,D

A,D,C
S

A,D

A,D,
CS

A,D,C
S

A,D

A,D

A,D

A,D

A,D

A,D,M

A,D

A,D,M

D,SE,C
S

A,D

A,C
S

A,T,C
S

A,D

A,T,CS

D,SE,C
S

A,D,
EB

A,D

A,D

A,D,EB

D,SE,C
S

A,CS

A,CS

A,D,CS

D,SE,C
S

A,D

A,D

D,SE,C
S

A,D

D,T,SE,
CS

France
Iran
Italy
Poland

Ita

Pol

Por

Portugal
Romania
Tunisia
Turkey
Ukraine
Chemical, physical, mechanical assays= A, Dosimetry= D, Electron Beam CH research =EB
Microbiological Assays =M, Training=TG, Simulation Studies =SE, Complementary Studies: CS
__ = Established Collaborations,__ = Future Collaborations

Rom

Tun

Tur

Ukr

D,SE,C
S

D,SE,C
S
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DISINFECTION OF ARCHIEVED MATERIALS AND CULTURAL HERITAGE
ARTEFACTS BY RADIATION PROCESSING TECHNOLOGIES
MD KAMRUZZAMAN PRAMANIK, MD FIROZ MORTUZA, ABDUL BATHEN MIAH
AND MD KHORSHED ALAM
Institute of Food and Radiation Biology
Atomic Energy Research Establishment
Bangladesh Atomic Energy Commission
Dhaka, Bangladesh
Abstract:
The culture of Bangladesh is a composite of various music, drama, art, folklore languages and
literature, philosophy and religion, festivals as well as in a distinct cuisine and culinary tradition.
The aim of the study is to preserve paper-based archived material for a long period of time using
ionizing radiation/nuclear technique. To conduct this research, note-pad samples were selected as
tentative archived material. Four sets of samples were prepared and irradiated at a series of
radiation doses e.g. 0, 2.0, 4.0, 6.0, 8.0, 10.0 and 14.0 kGy at a dose rate of 12.8 kGy/h from
panaromic Batch type 80 kCi 60Co source. After irradiation different quality parameters such as
microbiological (Total Viable Bacterial Count, Total Fungal Count), mechanical (Tensile
Strength, Percent of Elongation at Break and Elastic Modulus) and color properties (L-value, avalue and b-value) of one set of samples were assessed to observe the immediate effect of
ionizing radiation on this material and rest of the sample sets were stored for further analysis at a
long interval. Results showed that the total bacterial count of unirradiated (control) paper were
4.0X102 cfu/g and radiattion dose of 2.0 kGy was enough to eliminate the microbial load
completely. Among mechanical properties, TS of unirradiated sample was 16.23 MPa and it was
gradually increased as the dose increased and finally reached 18.99 MPa at a dose of 14 kGy
causing the TS-change above significant level (p < 0.05). Though changes of EB due to
irradiation was insignificant, EM increased as the radiation dose increased gradually. EM of non
irradiated sample was 381.85N/m2 and it started changing significantly from 6.0 kGy and finally
reaches upto 477.03 N/m2 at 14.0 kGy. Results showed that L-value of colour parameter changed
very slightly though a and b-value changed significantly from 6.0 kGy. From these findings it
can be inferred that this nuclear technology might be used to conserve the cultural heritage
including valuable paper-based archived materials.
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1.

Introduction:

Conservation of different national/world cultural heritage is very important task to represent the
national identity and to know the cultural practice in past time. Many of the cultural heritages are
made of paper, wood or textiles which are cellulose/protein-based that are prone to be attacked
by cellulolytic/ proteolytic molds and bacteria under favorable conditions. Besides deterioration
of the materials there is also a risk for occupational health as they can cause infection (mycoses)
and allergic reaction and mycotoxicosis. Few decades back, ethylene oxide (EO) was used to
disinfect these archived materials with some drawbacks e.g., toxicity, slow releasing of EO from
treated material, significant residue etc. Moreover, it has been reported that EO-treated object
become more prone to reinfestation. Recently, gamma radiation from cobalt-60 source has been
reported to be applied to disinfect those types of materials and good result has been obtained
applying a limited dose of radiation i.e, 10-15.0 kGy, though very high doses (>60 kGy) caused
significant changes e.g., conferred yellowish colour to papers . However, the wider application
of this nuclear technique requires extensive research which will ensure the quality of irradiated
archived and heritage material without any undesirable changes in their decorative and
functional properties. Every nation has its own national cultural heritages which denotes its
nation identity and helps to understand the exchanges among civilization throughout their
history. Therefore, importance for preservation of these heritages has become a key issue. Like
other countries, Bangladesh has also many national heritages that are made of paper, textile,
wood, leather, parchment, fur, silk etc which are prone to cellulolytic or proteolytic fungal and
bacterial attack. Moreover, humidity percentage of this country also favours biological attack on
those items. Therefore, conservation of items for long time is of great importance and is also
very essential to conserve our heritages including document Archives.
Paper and paper products are mainly degraded due to internal and external causes. Internal cause
of degradation can reside in the paper itself that is the composition of the paper e.g. wood lignin,
alum, rosin, chlorine. External degradation can be mechanical, environmental, chemical or
biological. There are three environmental factors that affect the conservation of paper e.g.
humidity, temperature and light. An excess of moisture softens the size and leads to the
formation of acids derived from salts and other products used in the manufacture of paper or ink.
Sudden and frequent changes in temperature and humidity subject paper to great strains that may
rupture its fabric. Most patent destroyers of paper are rodents, insects and microorganisms.
Microorganisms (fungi and bacteria) soften paper in the areas they invade, break up the surface
sizing, and release pigments in the course of their metabolic cycle. Choi et al [4] found that
radiation treatment disinfects the Korean traditional paper Hanji efficiently without changing its
properties and that this treatment could be used to prevent the damage of Korean ancient
archives by molds and fungi.
In our Institute of Food and Radiation Biology, we have cobalt-60 gamma irradiator with the
capacity of 90 kCi which can be used to disinfect these cultural heritage and archived materials.
Therefore, using this facility, there is a scope to carry out some research work for increasing
longevity of these items and develop suitable radiation processing technique (e.g., with respect to
radiation processing or dose selection) for longtime preservation of these items without losing
their fundamental and decorative properties.
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The objective of the present study is to develop a suitable method for disinfection of archived
materials and cultural heritage artifacts for their conservation using nuclear technique.
Considerations for the study will be focused on microbiological bioburden and mechanical
properties of the treated objects.
2.

Materials and Methods:

Old paper documents were used from the Institute of Food and Radiation Biology, Atomic
Energy Research Establishment, Savar, Dhaka, Bangladesh. Paper sheets of thickness (0.09-0.1
mm), were cutted in 10.0 x 1.0 cm sze, packed in polyethylene pouches and sealed before
radiation treatment. Analysis of all irradiated and unirradiated samples were carried out for
mechanical (Tensile strength, Elongation at break), Colour (LAB) and microbiological
parameters. All tests were analysed in fives.

2.1 Irradiation of samples
Doses were applied to the samples at room temperature from the Co-60 gamma irradiator source
(Located at Atomic Energy Research Establishment, Institute of Food and Radiation Biology,
Dhaka, Bangladesh) by calibrating with dose and time basis on central distance from source to
sample where these were placed. Irradiation in the dose range of 0, 2, 4, 6, 8, 10 and 14 kGy
were applied to the packaged paper samples at dose rate 12.8 kGy/h from panaromic Batch type
80 kCi 60Co source (BRIT, INDIA). Irradiaton dose was measured using ceric-cerous dosimetry
system (Manual of Food Irradiation Dosimetry 1977, ISO/ASTM 51205-09).

2.2. Mechanical Properties
Tensile Strength (TS) and percent of Elongation at break (Eb) of the papers were measured by
ASTM methods [1]. The load capacity was 500 N, efficiency was within ±1%. The crosshead
speed was 2 mm/min. Gauze length was 40 mm. The Tensile strength (TS), percent of
Elongation at break (EB%) and elastic modulus (EM) were measured by the Following
equations.

Tensile Strength (TS, MPa) 

Load
Thickness  Width

Percent Elongation at Break (EB, % ) 

Young' s Modulus (EM, N/m 2 ) 

Stress
Strain

Elongation at Rupture 100
Initial gage length

WORKING MATERIAL
2.3. Colour Measurement:
Color Measurements were carried out by Chromameter CR 400 of Konica Minolta Inc (Japan)
and reported in simple Lab format. Colour measurements were recorded as L*, a* and b*
(L*=lightness (white L=100 to black L=0); a*=ranging from red (+) to green (-), positive a is red
and negative is green; b*= yellow (+) to blue (-); positive b is yellow and negative b is blue).
2.4. Microbiological Analysis:
For microbiological analysis, the polyethylene pouches were cut and samples were dispensed
aseptically to sterilized normal saline (0.89% sodium chloride solution). The total viable aerobic
plate count was determined by standard plate count on Difco nutrient agar using decimal dilution
technique followed by pour plating, incubated for 24h at 37°C and expressed as colony forming
unit per gram (cfu/g) [2]. Total mold counts were determined using Potato Dextrose Agar with
incubation at 30°C for 48 hours.
2.5. Statistical Analysis:
For each measurement, five samples for each treatment were tested. Statistical analysis was
carried out by MS Excel. Student’s T- tests were performed to assess whether the means of
irradiated samples were statistically different from that of non-irradiated samples. Differences
between means were considered to be significant when p < 0.05 assuming unequal variance.
3.

Results and Discussion:

Total Bacterial Count (TBC) and Total Fungal Count (TFC) were determined to observe the
overall microbial load in notepad samples. Results showed that TBC in non-irradiated sample
was 4.0×102 cfu/gm and irradiation with our minimum selected dose i.e., 2.0 kGy was sufficient
to completely eliminate the bacterial count (Fig. 1). Fungal count was found nil in both treated
and non-treated samples. Since only the dose of 2.0 kGy completely destroyed all living
microbial cells, spore forming microorganisms was supposed to be absent in the samples posing
the less risk of deterioration.

FIG. 1. Radiation sensitivity of associated microflora of the paper sheets.
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Some mechanical properties of the notepad samples were analyzed to determine whether
any unwanted/undesired changes occurred in the sample as an effect of radiation. Tensile
Strength (TS) increased gradually as the radiation dose increased. Initial TS of control
sample was 196.23 MPa and after irradiation with 2.0, 4.0, 6.0, 8.0, 10.0 and 14.0 kGy
(Fig. 2), TS increased to 16.91, 17.41, 17.76, 17.82 and 18.99 MPa, respectively.
Treatment with the dose of 10.0 kGy started rendering a change in TS value above the
significant level (P<0.05). Percent of Elongation at Break (EB) was not changed
significantly due to radiation treatment at any doses. Elastic Modulus (EM) increased
gradually as the radiation dose increased. Initial EM of the control sample was 381.85
N/m2 and radiation treatment with the doses of 2.0, 4.0, 6.0, 8.0, 10.0 and 14.0 kGy
changed the EM to 386.64, 408.22, 416.96, 447.45, 464.06 and 477.03 N/m2 respectively.
Statistical analysis showed that the EM value began to change significantly with the dose
4.0 kGy.

FIG. 2. Tensile strength, percent of elongation at break and elastic modulus of the
irradiated paper sheets.

Different colour properties (L, a and b-value as described in material and method section)
were also examined in the irradiated sample and compared with that of control sample.
Though the L-value slightly decreased with increasing the radiation dose, there is no
significant changes occurred throughout the radiation treatments (Fig. 3). The initial Lvalue of control sample was 74.56. After irradiation with 2.0, 4.0, 6.0, 8.0, 10.0 and 14.0
kGy, L-value decreased to 73.52, 72.82, 72.65, 72.91, 72.89 and 72.87 respectively.
However a and b-value also decreased gradually as the radiation dose increased and no
significant changes occurred up to the radiation dose of 4.0 kGy.
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FIG. 3. Hunters color values of paper sheets after gamma irradiation at different doses.
L means lightness, a means redness, and b means yellowness.

From the overall findings it was deduced that ionizing radiation treatment of archived
material not only destroyed the harmful deteriorating microorganisms but also improve
some desirable mechanical properties along with a negligible compensation in colour
properties. A radiation dose of 4.0 kGy is the recommended as minimum dose for
preservation of paper-based archived materials.
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Abstract
Over the last thirteen years, the Multipurpose Gamma Irradiation Facility at the Nuclear and Energy Research
Institute - IPEN/Brazil has been a leader researching and applying gamma radiation to preserve cultural heritage
objects in South America. Brazilian weather conditions affect directly tangible materials causing deterioration
getting worse by insects and fungi attack. In this sense, gamma radiation provide from the cobalt-60 is an excellent
alternative tool to the traditional preservation process mainly because it’s biocidal action. More than twenty
institutions related to conservation or preservation activities such as National Museums and conservations
Institutions, conservators-restorers, curators, etc. have been benefited for this technique and currently most of them
maintain institutional partnerships. Constitutive materials including paper, paintings, photographs, films,
parchments, leather, textiles, wood, bones, etc. have been processed by gamma radiation with excellent results
always respecting the limits of each material. The Multipurpose Gamma Irradiation Facility can operate with small
quantity or size material as also large scale processing. Depending of the size of the objects (e.g. furniture)
variation or distributions dose in the irradiated product is unavoidable. For this reason, optimizations and in
some cases simulations of the irradiation process are necessary and several research related are been
developed using PMMA and alanine dosimetry systems. Most of these cultural heritage objects need to be
irradiated using the stationary method to control the dose distribution and manipulated by hand. A two-side
irradiation method was developed to process large objects when is not possible to obtain dosimetry
measurements inside the material. The electron resonance paramagnetic has been applied to study free
radicals formed in cellulose materials. This fact is very important because always the stability of the
proprieties along the time worried the conservators. With absorbed doses near to 20 kGy, the cellulose free
radicals remain only for 40 days increasing the credibility of this technique. Currently are been developed
studies with paper contaminated with pesticides (e.g. DDT, Benzene Hexachloride BHC) focusing the
degradation by gamma radiation of pesticides remaining inside the paper. Also, films with different chemical
compositions attacked by fungi are been researched by electronic microscopy, spectrometry and X-ray
diffraction and transmission techniques.

1. OBJECTIVE OF THE RESEARCH
Evaluate the effect of the radiation processing in functional properties of base materials of artefacts such
as textiles, varnishes, paper, films, wood and pigments under specific irradiation conditions using EPR,
colorimetric techniques, scan microscopy electronic, spectrometry, and X-ray transmission and
diffraction techniques.
Perform dose mapping and dose distribution studies in simulated samples using PMMA and alanine
dosimetry systems to confirm calculations and computer simulations.
Analyze the effect of the degradation of selected pesticides remaining in paper collections using ionizing
radiation.
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2. INTRODUCTION

The climate of Brazil comprises a wide range of weather conditions across a large area and
varied topography, but most of the country is tropical. High temperature and humidity levels
have been favored the growth of mold and other fungi in artworks and books. Another big
problem found in the conservation of cultural heritage is related to xylophagous insects specially
termites and wood-boring beetle.
In 1978, the Brazilian Radiation Company –Embrarad started operating of the first commercial
gamma irradiation facility in the country primarily for sterilization of medical supplies. This
facility allowed basic research and development on irradiation processing for several kinds of
products in partnership with the Nuclear and Energy Research Institute – IPEN-CNEN-SP [1].
Later in 1999, the Brazilian Sterilization Company – CBE began to provide radiation processing
services using modern irradiation facilities as well. In 2002, was started the construction of the
Multipurpose Gamma Irradiation Facility at IPEN-CNEN-SP and in 2004 operations began.
Since 2007, large scale radiation processing has being performed only by a biggest commercial
company CBE-Embrarad that merged into one the two companies mentioned early.
In general, the irradiation of cultural artifacts in Brazil started in 1996 with basic research but only in
two thousand decade related activities were intensified to the present day.
The Radiation Technology Center – CTR at IPEN-CNEN-SP has applying the radiation technology to
modify materials and aiming disinfestation, disinfection and sterilization of many kind of materials
among these cultural objects (paper, wood, leather, textiles, etc.)

3. MATERIAL AND METHODS
3.1. Brazilian gamma irradiation facilities
Into the private sector, Johnson & Johnson company has a traditional Nordion irradiator with 1500 kCi
primarily used for own medical supplies. CBE-Embrarad has the biggest commercial Cobalt-60 gamma
irradiation facilities in Brazil operating three units located in the cities of Cotia and Jarinu at

countryside of the São Paulo state. The Cotia facility has two traditional Nordion irradiators with
installed activity of 2000 kCi and 3000 kCi each and the Jarinu facility has a modern Brazilian
technology irradiator with 5000 kCi. The CBE-Embrarad facilities can handle 20000 m3 of
medical supplies or 40000 tons of different products per month.
Governmental institutions also make use of the benefits of the radiation processing. The Nuclear
Technology Development Center – CDTN-CNEN operates a small size Nordion irradiator with
60 kCi used basically for research. The Agriculture Nuclear Energy Center – CENA-USP is
building a Nordion irradiator for 3000 kCi.
3.2. Multipurpose Gamma Irradiation Facility – IPEN-CNEN
Over the last years, the Multipurpose Gamma Irradiation Facility at the Nuclear and Energy Research
Institute – IPEN located inside the campus of the São Paulo University –USP has developed activities
basically following two lines, providing services and research supporting. In the services field has been
performed routine activities processing several kind of materials to disinfestation, disinfection and
sterilization. Among these materials can be mentioned disposable medical supplies, human tissues for
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transplantation, hydroxyapatite coating for dental implants, cultural objects (paintings, sculptures, etc.),
books, food, feed pellets and wood shavings for bioteries, quartz stones, etc. The Radiopharmacy Center
of IPEN and many other important institutions inside and outside of the University of São Paulo have
been benefited. In relation to research support, several materials have been processed to modify
physicochemical properties usually finding correlations between the applied dose and some property
capable to be modified by the gamma radiation.
Numerous scientific experiments related to post-graduate programs of the University of São Paulo and
many other institutions were conducted by this facility with positive results, and some of them were
patented and obtained product innovations. The relative success of these activities is also due to the
research and development of suitable irradiation and dosimetry methods for every situation.

Fig. 1 - Characteristics of the Multipurpose Gamma Irradiation Facility – IPEN-CNEN
This facility can operate with 1000 kCi of Cobalt-60 classified as Category IV (IAEA-SSG-8). The
relevant facility characteristics are showed in Fig.1. The Cobalt-60 source pencils are loaded into
predetermined positions into source modules and distributed these modules over two source racks of the
gamma irradiator [2]. The sources are contained in a water-filled storage pool when the irradiator is not
operating. A pneumatic system controls the rack movements. A sliding door (120 ton) allows entering to
the irradiation chamber if necessary. The facility can be operated in continuous mode or in stationary
mode. In the continuous mode, the product containers (aluminum tote boxes) are moved around the
sources using a mechanical transport system. A rotating door releases simultaneously input and output
product. In the stationary mode, the radiation sources (racks) are moved into the irradiation chamber after
the product has been arranged there for irradiation. The facility can deliver dose rates upto 12 kGy/h
depending on parameters such as geometry, density product etc. The Multipurpose Gamma Irradiation
Facility can process about 0.1 ton of product per hour where the minimum dose requirement is 25
kGy (sterilization of health care product). If the required dose is 10 kGy (disinfection), the
throughput would increase to about 0.3 ton/h. Processing dose, that is, the dose needed to achieve
a desired effect in the product and this needs to be identified two dose limits: the lower dose limit
sets the minimum dose that is required to achieve the desired sterility level of the product, and the
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upper dose limit is set to ensure that radiation will not adversely affect the quality of the product.
The ratio of the upper dose limit to the lower dose limit is referred as dose limit ratio (DLR).
Variation of the absorbed dose in the irradiated product is unavoidable. Then, the dose uniformity
ratio (DUR), which is the ratio of the maximum dose in a product container to the minimum dose in
the container, needs to be applied. This ratio increases with the density of the product as well as
with the size of the container. So, the measured dose uniformity ratio must be smaller than the dose limit
ratio given for the product (DUR<DLR) [3,15]. Most of cultural artifacts are irradiated using the
stationary mode because it allows accurate dose distribution. The variation of dose along the depth can be
reduced by irradiating the product from more than one side, either by rotating the product container
during irradiation or moving the product container around the radiation source.
Every irradiation process is controlled using PMMA Harwell dosimeters distributed around and inside the
product to assure the absorbed dose [4]. A dosimetric measurements laboratory prepares dosimetry
reports for each batch or processed material. Currently, Harwell Radspin alanine dosimetry system using
paramagnetic resonance spectrometry is been implemented. This laboratory has a traceability system and
has been approved by intercomparison doses exercises with institutions of other countries inside IAEAARCAL project.
3.3. Disinfestation and disinfection using gamma rays
The ionizing radiation is widely used to eliminate insects, fungi and bacteria. Basically, desired results
depend on the applied or the processing dose (Gray). The biological effects of gamma rays in living cells
are well known and these depending on the radiosensitivity, exposition time, total dose, dose rate, etc.
Insects can be exterminated using relatively low doses 0.5- 3.0 kGy [5,6] but as previously explained
variation of the distribution dose (DUR>1) means a standard deviation of the absorbed dose. For this
reason is very important to ensure the minimal processing dose inside the material. For example, if the
processing dose was 2.0±1.0 kGy, some portions of the material could have received 1.0 kGy and other 3
kGy. This behavior becomes more important with higher doses because gamma radiation can deteriorate
matter, particularly cellulose compounds with cumulative effects modifying chemical bonds and others
properties. Irradiation conditions such as temperature and humidity can affect also the required dose.
Lethal doses to eliminate fungi are significantly higher than those used for insects. Doses below 10kGy
can be effective to disinfection of molds and other fungi. Several fungi species in paper are eliminated
with 6.0-8.0 kGy. Again, due to temperature and humidity conditions higher doses can be necessary [7,8].
The disinfestation and disinfection by gamma radiation are curative process and many actions should be
taken to avoid recontamination.
3.4. Trends on research and development using gamma radiation for cultural artefacts in brazil
3.4.1.

Paper Gamma Irradiations

The applicability of the gamma radiation for treatment of fungi in paper was studied using a Gammacell
unit (research irradiator). Samples of sulphite paper from 1925, glazed paper from 1942 and art paper
from 1992 (Fig. 2) naturally contaminated with fungi were studied and irradiated with gamma doses
between 2.0-20.0 kGy (dose rate of 4.73 kGy/h) [8].
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FIG. 2 – Sample of fungi affected paper [7]
The samples were incubated then the fungi species and the number of bacteria/fungi colonies in function
of dose were analyzed and identified (Table 1).
TABLE 1- MICROORGANISMS ISOLATED FROM NATURALLY CONTAMINATED
AUTHENTIC PAPER AFTER IRRADIATION WITH INCREASING DOSES OF GAMMA
RADIATION [8]
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The effect of pretreatments using temperature and humidity: drying in an oven at 50±2°C, moistening in
an oven at 50±2°C and 95% RH and drying at room temperature, aiming to reduce the dose of gamma
radiation applied for disinfection was also studied as shown in Table 2.
TABLE 2- MICROORGANISMS ISOLATED FROM NATURALLY INFECTED PAPER AND PRETREATED AT DIFFERENT TEMPERATURE AND RELATIVE HUMIDITY AND IRRADIATED
WITH INCREASING DOSES OF GAMMA RADIATION [8]

a

Glazed paper from the book Quimica General 1930.
Pre-treatments: A) regular laboratory room conditions; B) drying in oven at 50°C, for 24 h;
c
heating in moist oven at 95% RH, 50°C, for 24 h. c Number of fungus and bacterium colonies that
developed in 15 samples of paper plated in PDA culture medium.
b

The results observed clearly show that as in other countries, the library materials are naturally
contaminated by fungi and bacteria. The microorganisms isolated in the Brazilian conditions belong, in
general, to the same species mentioned by many authors in the specialized literature in different countries.
The plentiful development of microorganisms depends on favorable environmental conditions, especially
the absolute substrate moisture, the ambient relative humidity, temperature, etc.; otherwise, the
microorganisms remain dormant. After reaching dormancy, microorganisms such as A. niger acquire
higher resistance to gamma radiation at doses of 20 kGy. The radiosensitivity of this group of fungus is
known to be 6 kGy in the initial developmental phase, according to Horakova & Mart-inek. Petushkova
observed in earlier studies those bacteria have high resistance to gamma radiation. The results of
irradiation on bibliographic material naturally contaminated, and previously subjected to high humidity
and temperature, indicate that there is a stimulus to the germination of dormant fungus spores and
consequently a reduction on the lethal doses. The bacteria, however, find favorable conditions for their
multiplication in high humidity ambient and are resistant to radiation. In relation to the mechanical
proprieties, oldest paper showed lower level of changes in the mechanical proprieties including with
doses of 15-20 kGy [8].
Another studies were conducted to analyse the effects of gamma radiation on pure cellulose matrix were
studied. Paper sheets for this study were prepared in the laboratory, using bleached eucalyptus pulp as
raw material. Mechanical properties such as tensile strength, zero span tensile strength (Pulmac
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equipment) and tearing resistance as well as appearance properties like diffuse blue reflectance factor—
ISO brightness and Colour by CIEL*,a*,b* system (Elrepho 3300–Datacolor equipment) were analyzed
[9]. The irradiation process was carried out by a Gammacell unit using 3,6,9,12 and 15 kGy.

FIG. 3 – Mechanical properties vs. radiation doses [9]

There was a decrease in the tensile, tear and zero span indexes at 12 kGy radiation dose. This was greater
for the zero span tensile index, which means that the resistance of the fiber was more affected than the
resistance of the paper sheet. The tensile strength is related to the paper ability to endure tension
conditions. The tensile strength depends on the resistance of the fibers and the network formed by them,
while the zero span tensile strength depends on only the fibers resistance. Both tests are important once
the tensile strength is useful to measure the effect of the irradiation over the fibers and network and the
zero span tensile strength sees the effect only over the fibers (Fig. 3) [9].
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FIG. 4 – Appearance properties vs. radiation doses [9]
.
Although decreasing continuously, the brightness showed a significant decrease from 9 kGy radiation
dose and the color parameter b* was the one that showed more variation from 9 kGy and higher radiation
dose (Fig. 4). Brightness, measured at 457 nm, was designed primarily as a test to determine the
effectiveness of bleaching cellulose pulps, but it is also well suited for measuring the aging of paper, since
the change in the paper color on aging or degradation is greatest in the blue and violet regions of the
spectrum. Color, as brightness, is affected by aging and degradation. The method used to measure the
color, CIE L*, a*, b* system, consists of a grey axis L, a yellow–blue axis and a green–red axis in a threedimensional color system. The variation observed in brightness and b* shows a yellowing of the sheet,
but not significant to be observed by human eyes.
The variations observed for the studied properties were considered no significant on the paper resistance
or appearance. The examined properties in this study were those usually employed for paper
characterization. Complementary studies must be done to better understand the effect of irradiation on
paper.
3.5. Wood Gamma Irradiations
Brazilian woods Cedrella fissilis (cedro rosa), Ocotea porosa (imbuia), Pinnus patula and Pinnus
cunninghamia widely used in building and fabrication of art objects were studied as parft o a M.Sc.IPEN/USP dissertation [10,11]. The irradiation process was carried out in the Multipurpose Gamma
Irradiation Facility at IPEN/CNEN. Samples were irradiated with 25, 50 and 100 kGy. Physicalmechanical properties as moisture, density, retratibility, compressive strength, Young’s modulus,
hardness and shear strength were determined. Table 3 shows the mean results for compressive strength
tests.
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TABLE 3- AVERAGE VALUES OF TENSILE STRENGTH AT BREAK FOR IRRADIATED AND
NON-IRRADIATED IMBUIA AND CEDRO-ROSA SAMPLES [10].

Similar mechanical behavior in different irradiation doses were applied to the samples of “imbuia” and
“cedro-rosa”, although the latter can be considered softer than the former. The variability on properties of
different wood species is due to the growing and physiology of the trees, their biological classification
and to some micro and macro aspects. At 25 kGy, irradiated samples showed an increasing of 2% on the
tensile strength at break average values when compared to the non-irradiated “imbuia” samples.
Moreover, the same results were observed to “cedro-rosa” irradiated samples. By this way, neither higher
dose (100 kGy) or lower dose (25 kGy) in the studied dose range has meaningfully modified the
mechanical properties of the studied wood species. Thermal proprieties were evaluated using
thermogravimetric (TG) and differential scanning calorimetric (DSC) tests. TG results are showed in Fig.
5.

FIG. 5 – TG curves for non-irradiated and irradiate wood samples [12]
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The curves of mass variation as a function of temperature allow the quantitative determination of the
main components present in the samples. TG curves for all wood species basically consisted of two steps,
where in the first one is probably due to de-polymerization and later combustion of cellulose.
Specifically, it can also be highlighted that, up to 130 ºC, the mass loss due to moisture and highly
volatile matters in the samples is around 9%. Around 250 ºC, thermal oxidation of crystalline and
amorphous components of cellulose take place. At 330 Cº, the wood had a mass loss around 64%
suggesting the presence of a low molecular weight fragment, cleavage of glucosidal groups, and
breakdown of anhydroglucose units in cellulose. At the temperature range from 330 to 440 ºC, the
oxidation of lignin has occurred presenting a mass loss of 20%. The results above are similar and
corroborated by other authors, when analyzed other wood species. It can also be observed that TG curves
from non-irradiated and irradiated wood samples do not differ very much from each other, reflecting that
gamma radiation does not promote meaningful changes on thermal stability of the samples [12]. The
applied gamma radiation range dose does not promote significant alterations on mechanical and thermal
behaviour of the studied wood samples. In other words, gamma rays can be used for decontamination and
disinfestation purposes without damaging the art work artefacts even if the treated material is once more
exposed to radiation source, i.e. due to a re-infestation by bio deteriorating agents
3.6. Pigments and other material used in paintings
A restored Peruvian painting from the 17th century contaminated with fungi was irradiated using gamma
rays by a commercial facility. The radiation processing effects in the original painting and the restoration
materials were studied. Identified fungi species were Aspergillus sp and Penicillium sp. The samples were
irradiated with 6, 10 and 25 kGy [13].
TABLE 4- PIGMENT COLOR COMPARISON BY GRAY SCALE METHOD [13]

The comparisons of all pigments paint color before and after irradiation are expressed as numbers in the
‘‘grey scale’’, which are presented in Table 4. In this scale, number 1 means a great color modification
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and number 5 means no modification. The data show that there is no significant changing in the color of
all samples as a function of the radiation, even after been submitted to dose of 25 kGy.
The analyzed polymers used in restoration processes were: (a) micro-crystalline wax, (b) Paraloid B72
(acrylic resin) from Rhom and Haas; BEVA 371 from AdamFan adhesive developed specifically for
restoration purposes which contains, (c) A-C Copolymer 400 (VAC c.15%) from Allied Chemical, (d)
Larapol K-80 (ketone resin) from BASF, (e) Elvax 150 (VAC c.33%) from DuPont, (f) Cellolyn 21
(phthalate ester of abietyl alcohol) from Hercules, and (g) Paraffin oil free 651C m.p. (Berger, 1976;
Horie, 1996).

FIG. 6 – Thermogravimetric curves-TG and differential calorimetric curves- DSC for the polymeric
materials: curves a to g before irradiation ; curves a’ to g’ after irradiation [13].

Interactions of the ionizing radiation with the polymeric materials may cause crosslinking and
degradation of the chain, what modify the important chemical and physical parameters as thermal
stability, glass transition temperature, crystallization and melting point of thermoplastic polymers. Fig. 6
shows the thermal behavior of the polymers used in the restoration process of the original picture. Every
sample is represented by two curves concerning to the non-irradiated samples (a to g) and the sample
irradiated with dose of 25 kGy (a’ to g’). TG curves show the thermal decomposition of the polymeric
material by its weight loss as a function of temperature. After the irradiation process, these properties
continued to be analyzed and no significant modifications were observed.
By comparing the DSC curves of the polymers before and after irradiation it can be observed that the
radiation doses applied do not affect the properties of the materials studied. Therefore, the curves b and b’
show the glass transition of the acrylic resin at the temperature of 631C. Therefore, there is no evidence
of cross-linking promoted by the radiation. The curves c/c’, d/d’, e/e’ and g/g0’show the endothermic
melting peaks of the corresponding samples that were not changed after the irradiation. The samples
represented by the curves a/a’ and f/f’ show neither through transitions of enthalpy or through specific
heat variations in the conditions and over the range of temperature investigated [13].
The results obtained until now allowed concluding that the irradiation of the picture with dose of 6 kGy
will not damage the restored painting immediately, from the point of view of pigments and polymers
themselves. No significant color modification could be detected in these processes. In addition, the

WORKING MATERIAL
highest radiation dose applied (25 kGy) does not cause permanent modifications in the physical and
chemical structure of the investigated polymers.
Six years later, the painting showed fungi infection. The painting was processed by the Multipurpose
Gamma Irradiation Facility –IPEN/CNEN. Colorimetry (L*, a*, b* color space) and Thermal Analysis
technics such as thermogravimetry - TG and differential scanning calorimetriy –DSC were applied again.
Then, 9kGy were necessary to eliminate the fungi totalizing 15 kGy [14].

4. RESULTS AND DISCUSSION
Some selected well succeeded cases studied the last years processed at the Multipurpose Gamma
Irradiation Facility and partner laboratories are presented.
4.1. Institute of Brazilian Studies –IEB: “Banco Santos” bankrupt's assets
In 2005, a São Paulo Federal Court collection was affected by a flooding caused by intense rainfall. The
collection consisted of the bankrupt's assets of an old banking institution named “Banco Santos”:
commercial documents, prints, woodcuts and “Cordel” literature manuscripts. In 2006, São Paulo Federal
Court sent to IEB part of the collection to restoration and recovery. The material was severely attacked by
insects, molds and other fungi. Almost 3000 prints, 4000 infected woodcuts and other documents were
packed inside plastic bags. After drying operations the IEB staff prepared the materials to be processed in
the Multipurpose Gamma Irradiation Facility at IPEN-CNEN. It was made an identification, classification
and packing of the different materials before irradiation treatment (Fig. 7). The disinfestation dose was
0.5 – 1.0 kGy. Paper was irradiated with 5 kGy for all purposes. The dose for fungi in wood objects was
10 kGy. After the irradiation processing, the materials were restored by the IEB staff. Today the “Banco
Santos” collection is part of the IEB and available for the scientific research community.

FIG. 7 - “Banco Santos” bankrupt's assets: paper & wood conservation
4.2. Brazilian Society of Japanese Culture (Bunkyo): Paintings insect control
The Brazilian Society of Japanese Culture – SBCJ or Bunkyo represents the Japanese–Brazilian
community and promotes the preservation and dissemination of Japanese culture in Brazil. The SBCJ is
responsible for the Historical Museum of Japanese Immigration to Brazil. Xylophagous insects were
detected in paintings of the collection of the museum. The paintings were treated by the Multipurpose
Gamma Irradiation Facility at IPEN-CNEN (Fig. 8). The average dose to insect treatment was 0.8-1.0
kGy.
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FIG. 8 - Brazilian Society of Japanese Culture (Bunkyo): Paintings insect control
4.3. Public Archive of the State of Sao Paulo: São Luiz de Paraitinga flooding
In 2010, São Luiz de Paraitinga, a touristic colonial city was affected by a river flooding caused by
weather conditions. Archives containing significant data of public buildings as well as identity records,
retirement process, contracts, etc. were destroyed or nearly to. The Public Archive of the State of São
Paulo (APESP) established a partnership with the National Center for Industrial Learning (SENAI) to
rescue and recovery the damage archives. Part of the affected archives was treated by traditionally
recovery process such as drying, interleaving, cleaning, etc. Considerable amount of documents were
infected by fungi mainly inappropriate storage and drying process neglected. Traditionally recovery
methods failed including after drying. The material was processed by the Gamma Irradiation Facility at
IPEN-CNEN with average dose of 8- 10 kGy (Fig. 9).

FIG. 9 - Public Archive of the State of Sao Paulo: São Luiz de Paraitinga flooding
4.4. Afro Brazil Museum: control of insect pests and fungi in cultural artefacts
The Afro Brazil Museum is dedicated to the history, art and ethnological research, preservation and
exhibition of objects related to the afro culture in Brazil. The museum maintains a collection of
approximately 4000 works, including paintings, sculptures, prints, photographs, documents and
ethnological pieces of Brazilian and foreign authors, produced between the fifteenth century and the
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present day. Since 2007, the Multipurpose Gamma Irradiation Facility at the IPEN/CNEN has offered
support to solve problems related to insect and fungi control in cultural artifacts. Today the irradiation
activities are carried out through an institutional partnership. Sculptures, swords, masks, wood objects,
leather clothes, etc. from several cultures infested by Xylophagous insects and molds were processed
using gamma radiation (Fig. 10). The average processing dose was around 1-3 kGy and 8-10 kGy to
insects and fungi respectively. Approximately 10 m3 of books infected with fungi were irradiated using an
average dose around 8-10 kGy.

FIG. 10 - Afro Brazil Museum: control of insect pests and fungi in cultural artifacts
4.5. Giorgio de Chirico: fungal infection treatment of wood shipping containers
Many famous paintings of the Italian artist Giorgio di Chirico were exhibited at the Art Museum of Sao
Paulo (MASP)/Brazil in 2012: “O sentimento da arquitetura”. Large paintings are usually shipped and
storage between countries using specific wood containers. A fungal infection inside the wood shipping
containers was detected by the Institute of Technological Research (IPT). Several attempts to control the
infection were done unsuccessfully while fungi threatened the packed paintings. Finally the containers
were irradiated at Multipurpose Gamma Irradiation Facility-IPEN/CNEN with 18 kGy (Fig. 11).

FIG. 11 - Giorgio de Chirico: fungal infection treatment of wood shipping containers
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4.6. Archives of the Secretary of the State of Sao Paulo for Education: paper contaminated with sewer
water
In 2011, archives containing significant personal data of the Secretary of the State of Sao Paulo for
Education were contaminated with sewer water. Flooding was a consequence of pipe breakages. The
drying operations were performed with the damage documents. A temporally storage place was select to
avoid additional problems. The Basic Sanitation State Company of the State of Sao Paulo- SABESP
proposes solutions to disinfection including gamma radiation. The material was packed using plastic
boxes (Fig. 12). The processing was carried out by Multipurpose Gama Irradiation Facility at
IPEN/CNEN. The processing average dose was around 15 kGy. The recovery documents will be
digitalized and storage with adequate conditions.

FIG. 12 - Archives of the Secretary of the State of Sao Paulo for Education : paper contaminated with
sewer water
4.7. Lina Bo & P.M. Bardi Institute: cultural objects and paper conservation
The Glass House is a cultural place and museum containing a significant archive with 17000 photographs,
7000 architectonical designs and books, besides valuable art pieces collection and furniture. Poor
maintenance and storage conditions (ex. humidity) allowed the Xylophagous insects –termites- and molds
attack. A large termite infestation and fungi contamination were detected by the Institute of Technological
Research (IPT). IPT carried out several attempts most of them unsuccessfully to control the insects
including anoxic atmosphere treatment for almost four years. Finally the contaminated objects and books
were delivered and processed at the Multipurpose Irradiation Facility at IPEN/CNEN (Fig. 13). The
disinfestation dose was around 2.0-3.0 kGy. Books were disinfected with 8.0-10.0 kGy. The institute
implemented a control humidity system and other actions to prevent the recontamination.
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FIG. 13 - Lina Bo & P.M. Bardi Institute: cultural objects and paper conservation
4.8. Modern Art Museum – MAM: insect control
The collection of Modern Art Museum – MAM is formed by 5000 modern art works by the most
expressive Brazilian artists. In many occasions, the Multipurpose Gamma Irradiation Facility at the
IPEN/CNEN has offered support to solve problems related to insect control through an institutional
partnership in paintings, wood, synthetic materials, etc.(Fig. 14). The disinfestation dose was around 2.03.0 kGy.

FIG. 14 - Modern Art Museum – MAM: insect control
4.9. Mario de Andrade Public Library – insect and fungi control
The Mario de Andrade Public Library (BMA) is the biggest and one of the most important research center
in São Paulo. More than 7 million of documents (books, journals, maps, photographs, etc.) are available
for research. BMA is located at the Sao Paulo downtown. Between 2007 and 2011 renovation works
affecting the mean building (22 floors) of the BMA were done. The renovation works included new air
ventilation and humidity control systems. In 2012, a report of the Institute of Technological Research
(IPT) put in evidence fungi infections in 15 floors affecting approximately 18000 volumes and other
items. Wood-boring insects also were found inside the affected volumes. BMA hired a restoration
company to apply the anoxic atmosphere treatment. In 2013, the restoration company started to use the
Gama Irradiation Facility at IPEN/CNEN services. The books were double packed using plastic bags and
triplex carton boxes. The average dose was around 10.0 kGy. Approximately have been processed 20.0
m3 until today. The service is routinely performed (Fig. 15).
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FIG. 15 - Mario de Andrade Public Library – insect and fungi control
4.10. São Paulo University – USP: disinfestation and disinfection of books
The Sao Paulo University – USP is the largest Brazilian university with approximately 90,000 enrolled
students and the country's most prestigious educational institution. More than 25% of scientific papers
published by Brazilian researchers in high quality conferences and journals are produced at the USP. It
has eleven campi, the main is the University City, with an area of 7,443,770 m². Xylophagous insects and
fungi infections were found in the collections of the Institute of Chemistry, the School of Communication
& Arts (ECA), Brasiliana-USP, SIBi-USP and others. Part of these collections had been treated by the
anoxic atmosphere to insects elimination but later was detected the incidence of fungi. Then the books
were packed into triplex boxes and sent to the Gamma Irradiation Facility at IPEN-CNEN (Fig. 16).
Approximately have been processed 30 m3. The average processing dose was around 8-10 KGy.
Remarkable applications are been developed by SIBi-USP and Brasiliana-USP libraries: “A Digital
Library for all”. In particular many rare books are been digitalizing after the irradiation process as well
the “Cervantina” collection.
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FIG. 16 - São Paulo University – USP: disinfestation and disinfection of books
4.11. Incunables Private Collection – control of insects and fungi
Incunables or incunabula are books printed before 1501 in Europe. Mr. Juan Repucci is the owner of a
private collection of incunables, covering fields such as wine and viniculture. He owns approximately
5000 ancient books. This collection was attacked by several pests including molds and other fungi.
SENAI -National Center for Industrial Learning - support and address the problem to IPEN. Fungi
species were very resistant at traditionally control treatments. The collection was irradiated at the
Multipurpose Irradiation at Facility IPEN /CNEN with 2 kGy and 10 kGy for insects and fungi
respectively (Fig. 18). Cleaning and related additional services were performed by a commercial book
restoration company.

FIG. 17 - Incunables Private Collection – control of insects and fungi
4.12. Sacred Art Sculptures : insect control
Sacred art sculptures infested by Xylophagous insects were irradiated by the Multipurpose Gamma
Irradiation Facility at IPEN-CNEN (Fig. 20). These services are conducted for private restorers. The
average processing dose applied was 1.0-2.0 kGy.
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FIG. 18 – Sacred art sculptures

5. CONCLUSIONS
Over the last years, radiation processing of cultural artifacts has been applied with considerable success in
Brazil. In particular, disinfestation and disinfection of paper and wood using gamma radiation have
shown high efficiency levels. The Multipurpose Gamma Irradiation Facility at IPEN-CNEN operates
inside the campus of the São Paulo University-USP facilitating contact with librarians, conservators,
museologists, etc. Usually, institutions working with conservation and preservation of cultural artifacts,
addressed users to IPEN when traditionally methods fail. After the Workshop “Preservation of paper and
cultural objects: The use of ionizing radiation”, 2012 sponsored by IAEA, the activities related to
disinfestation and disinfections had increased around 300%. Then, increasing the frequency of workshops
and meetings on radiation processing in cooperation with other institutions acting within conservation
field is extremely important helping to fortify the relationships between radiation technicians and the
conservators. The inclusion of the subject of radiation processing in traditionally conservation meetings it
is also important. The work conducted by the Multipurpose Gamma Irradiation Facility at IPEN-CNEN
has been recognized not only by local universities and research institutions but also at the national level;
however the different side-effects of radiation have to be studied. Brazil has twelve electron beam
facilities with energies of 0.3-10 MeV allowing research and applications for cultural heritage but no
publication exist on the subject yet. Implementation of consolidations processes using ionizing radiation
can be an alternative for the Brazilian conservators. Optimization of the irradiation process is very
important in relation to the dose distribution with large materials that have high sensibility to radiation.
Additionally, high processing throughput of commercial gamma irradiators can be used to process large
affected book collections very easily.
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Abstract: In decision making on the appropriate dose for control of microbiological contamination by radiation treatment of
cultural heritage objects several factors have to be taken into account: radiation sensitivity of the contaminating microorganisms
and the composition, the state and the age of the materials of the object. However, the literature does not offer a larger overview
on how to address complex situation of cultural heritage (CH) objects constituting of different and aged materials in relation to
various bioburdens. Because of that there is a large need for systematic approach to data concerning radiation treatment of CH
artefacts. The goals of the proposed coordinated research project are to address those needs by initiating research using
appropriate model materials and experimental techniques. The goals can be achieved only in cooperation of adequate research
institutions so the scientists of the Radiation Chemistry and Dosimetry Laboratory (RCDL) of the Ruđer Bošković Institute (RBI)
and Department of Microbiology, Faculty of Pharmacy and Biochemistry, University of Zagreb propose this coordinated
research project. The results gathered by the project should present a base for formation of database of response of various CH
materials combined with response of common microorganisms to radiation treatment and serve as a guideline to restores, curators
and personnel of radiation facilities in deciding on the best dose for a particular case.

I.

Institutions from Croatia involved in the project
1. RUĐER BOŠKOVIĆ INSTITUTE
Radiation Chemistry and Dosimetry Laboratory (RCDL)
2. Faculty of Pharmacy and Biochemistry, University of Zagreb
1. RUĐER BOŠKOVIĆ INSTITUTE (RBI)
Ruđer Bošković Institute in Zagreb is the largest scientific research institute in Croatia. RBI is a
public institution founded over 60 years ago.
At the RBI over 500 scientists and post-graduate students are involved in fundamental and
applied research in physics, chemistry, biochemistry, molecular biology and medicine,
environmental and marine science, informatics, electronics, and materials science.
Radiation Chemistry and Dosimetry Laboratory (RCDL),
Division of materials chemistry
The study of physico-chemical effects of ionizing radiations in matter forms the subject of basic
and applied research of the Laboratory covering research in:
˗ Radiation chemistry;
˗ Radiation protection and radiation dosimetry;
˗ Radiation processing;
The main equipment is a batch type panoramic gamma irradiator (activity about 25 kCi 60Co)
which has been designed by the RCDL staff, its periodical upgrading having been assisted by the
IAEA. It is the only facility of its kind in Croatia and the region. The irradiator is suitable for a
variety of applications, from medium dose range used in radiobiology to high doses used in
radiation processing and radiation chemistry. The capacity of the irradiator chamber is 4 - 6 m3
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of material per batch. There is no conveyor to transport goods into and out of irradiation chamber
giving maximum flexibility with respect to the dimensions and weight of objects. Radiation field
mapping was performed by the ethanol-chlorobenzene (ECB) dosimetry system, which had been
developed in the Laboratory (ISO/ASTM 51538).

FIG. 1. Irradiation facility at the RBI

Radiation processing activities include:
- research of microbiological and physical-chemical aspects of radiation treatment of materials;
- providing irradiation services on a commercial basis for sterilization, pasteurization and
decontamination of medical supplies, pharmaceuticals, foods, cosmetics and toiletries,
packaging, etc.,
- desinsection and decontamination of cultural heritage artefacts.
Considering radiation treatment of cultural heritage more than 10,000 wooden sculptures, parts
of altars, furniture, tools, musical instruments and other wooden, paper, straw, textile and leather
items were irradiated in more than 30 years of activity. Almost 95% of all treated objects were
subject to desinsection. Most often individual CH objects are treated, but periodically entire
museum collection were treated simultaneously to avoid cross-contamination. Presently, about
20 m3 heritage objects are treated annually.
2. FACULTY OF PHARMACY AND BIOCHEMISTRY, UNIVERSITY OF ZAGREB
The Faculty of Pharmacy and Biochemistry is the only faculty in Croatia dedicated entirely to
teaching and research in pharmacy and medical biochemistry. The main aim of the Faculty is to
promote science, to provide students with first-class education in the field of pharmacy and
medical biochemistry, and to improve the health through education of contemporary health
professionals working in the healthcare system, public health sector and research institutions.
Department of microbiology
The Department provides teaching of courses concerning microbiology, parasitology and
epidemiology at graduate and post-graduate level.
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Scientific research at the Department of microbiology is focused on studies of mycotoxins and
modulation of fungal virulence. Department maintains the Collection of Microbial Species
(bacteria, yeasts, molds, dermatophytes) from environmental and clinical sources.

II.

The current status of the work going on in the RBI
The panoramic 60Co gamma irradiation facility of the RCDL of the RBI in Zagreb was
established in 1963 primarily for scientific purposes. The RCDL staff maintained the facility
continuously and acquired competences to further improve it. After a significant upgrade of the
60
Co source activity in 1983 pilot plant level was achieved so it became possible to perform
sterilization, decontamination and disinfestation of larger quantities of various materials. This
included irradiation treatments of CH objects for preventive and curative purposes. The
recommended doses for disinsection (0.5 to 2.0 kGy), for control of fungi and molds (5 to 10
kGy) and bacteria (15 - 20 kGy) are fine tuned depending on the materials that constitute the
object and its state. The decision is made by irradiation facility staff, in cooperation with
restorers and other specialists.
The long lasting experience of the RCDL in radiation treatment for the preservation of cultural
heritage (CH) objects has been presented in publications, at conferences and educational
workshops [1 - 10].

1. National cooperation
For a successful application of the irradiation treatment to CH objects the cooperation between
the RBI and various national instituions for conservation and restoration like the Croatian
Conservation Institute (CCI), Department of Restoration of the Academy of Fine Arts,
University of Zagreb, is essential. Both international and national cooperation activities in the
field are intensified since 2005.
RCDL and the Croatian Conservation Institute (CCI) have formal Cooperation Agreement from
April 2006. Instrument: Memorandum of Understanding between the Ministry of Science,
Ministry of Culture, RBI and CCI.
The cooperation with the CCI grew in time to become most intense during the actions for the
salvation of numerous polychromic sculptures and other objects damaged during the war in
Croatia (1991-1995) [11]. The treatment of a larger part of CH objects gamma irradiated at the
RBI facility (more than 5000 wooden sculptures, parts of altars, furniture, tools, other wooden,
paper, straw, textile, leather items, etc.) was a result of cooperation with the CCI. Consequently,
the irradiation of all artefacts within the cooperation between the RBI and CCI are recorded in
the CCI database BREUH (Base of Croatian Artifacts Recorded for Restoration) [12].
The RCDL cooperates also with Conservation and Restoration Department of the Museum of
Contemporary Art (MSU); Central Laboratory for Conservation and Restoration of Archives,
Croatian State Archives; Etnographic Museum, Zagreb; Technical Museum, Zagreb; Museum of
the Serbian Orthodox Church in Croatia, Zagreb; Museum of Cetinska Krajina, Sinj, ect.
A sucesfful cooperation between the Croatian State Archives and three RBI laboratories which
are dealing with nuclear methods for CH preservation resulted in the project: Identification,
characterization and conservation of The Book of Statutes of the town of Dubrovnik from 1272.
The book is a 15th c. transcript on parchment with wood/leather covers, partially heavily
damaged by insects and mechanical stresses. The works focus on the identification and
characterization of pigments and metals by PIXE, 14C dating, and irradiation disinfection of book
covers.
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National cooperation of the RCDL also include National and University Library in Zagreb, a
number of Zagreb museums (Museum of Arts and Crafts, Musem of Contemporary Art,
Ethnographic Museum, Croatian History Museum, Mimara Museum) and many museums and
galleries out of Zagreb. The object from the large collection of accesories for smoking is shown
in Figure 2. The nargileh was irradiated at 2 kGy and the dose rate at 2,4 Gy/s. The irradiation of
the CH objects from the Museum of Arts and Crafts motivated us to expand the investigation of
the use of irradiation for the conservation treatment of the sensitive, unconventional materials
used in the field of modern and contemporary art (synthetic plastic materials, food, animal,
leather, etc.).

FIG.2. Nargileh from the Museum of Arts and Crafts ( consists of wood, leather, velvet, bone,
and nacre; 19th c)
Textile artifacts are mostly of smaller dimensions and control of insects therein could be
effectively achieved by 1 kGy, i.e. at a more favorable ratio of the maximum to the minimum
dose. Successful examples for CH irradiation include:
•
liturgical textiles from the Franciscan monastery in Slavonski Brod, dating from the 19th
and 20th c. [5], [13];
•
historic church textiles which are no more in use, but are stored in a special depot for
preventive maintenance (Textile collection of the CCI, Ludbreg) [5], [7];
•
garments of the tilters of Sinj, part of the collection of costumes, accessories and
weapons of the Alka equestrian knightly annual contests, which have been running for 300 years
[5], [14].
2. International cooperations
The RBI, CCI and the Academy of Fine Arts in Zagreb have a long term international
cooperation with the International Atomic Energy Agency (IAEA). After RER 1006 (2005-2008)
and RER 8015 (2009-2011) regional projects the cooperation was continued through the project
RER 0034 (2011-2014): Enhancing the Characterization, Preservation and Protection of Cultural
Heritage Artefacts. All participating parties have been active in respective Project activities, as
evident from the Activity Reports [15], [16].
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The cooperation between the RCDL and the Institute of Isotopes of the Hungarian Academy of
Science took place 2010-2011 under the Agreement of Scientific and Technical Cooperation
between Croatian Academy of Sciences and Arts and Hungarian Academy of Science, on the
subject: Nuclear Techniques for the Characterization and Preservation of Cultural Heritage
Artefacts. So far several informal consultations were held.
Informal bilateral cooperation between Croatia and Slovenia involve RCDL and Restoration
Centre, Institute for the Protection of Cultural Heritage of Slovenia, Ljubljana, begun in 2011.
The subject of cooperation, Irradiation Method in the Preservation of Historic Museum Textiles,
is a part of the Slovenian national project Microbiological and Structural Investigations of
Biologically Damaged Textiles from Slovenian Museums. Several scientific papers are being
prepared for publication as a result of this cooperation. recently the Regional museum PtujOrmož, Slovenia joined the cooperation in research and application of radiation disinsection of
textile and wooden objects (Figure 3).

FIG.3. Organ from the Regional museum Ptuj-Ormož, Slovenia from18th c.

II. Research related to cultural heritage irradiation
In radiation treatment and particularly for CH object treatment, the lowest dose necessary to
provide conservation should be chosen to avoid unwanted side effects on the material. The goal
is to reduce bioburden to acceptable level, not to attain sterility. To be able to decide on optimal
dose material type of CH object is of primary importance but its state like age and contamination
have to be taken into account. In order to meet the high standards of conservators and restores all
effects of dose to be applied should be assessed for a particular heritage object.
The susceptibility of natural textile fibers to biological damage is a serious problem in the
protection of textile cultural heritage (CH) objects. Insects, fungi, molds and bacteria inhabit
those objects, feed on it and cause chemical changes like changes in oxidation states,
depolymerization of natural polymers that most textile fibers consist of. Discoloration,
deterioration of mechanical properties and even full decomposition are common outcomes of
biodeterioration [17].Textile items, mostly of ethnological significance, were efficiently
disinfected by irradiation with less than 2 kGy dose [18]. However, the application of higher
doses for the control of fungi needs to be justified by investigating the effects of irradiation on
textile fibers. In cooperation with Institute for the Protection of Cultural Heritage, Restoration
Centre, Ljubljana, Slovenia we have performed an experiments with the model samples of three
textile materials: cotton, flax and wool were prepared and inoculated with six different fungal
species, which had been previously isolated from textile objects in several Slovenian museums.
The results of inoculated and of inoculated and irradiated samples were compared to the results
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of the non-inoculated unirradiated materials. Microbiological analyses showed that no fungal
species survived the dose of 5 kGy and that dose did not cause physical changes to materials.
However, further investigations are needed to determine changes caused by doses higher than 5
kGy, as well as long term postirradiation effects. Nevertheless, it is safe to say that doses up to 1
kGy, accepted by conservation specialists, can be considered safe for desinsection and the
prevention of biodeterioratin of historic and modern textiles.
Very recently the Regional museum Ptuj-Ormož, Slovenia sent a request for radiation
decontamination of a real sample, a silk fabric from an archaeological finding from the
Dominican Monastery, Ptuj, Slovenia, dating back from 17th century AD (Figure 4). Results of
ongoing research in archaeological silk will be published soon [19].

FIG.4. Samples of archaeological silk: a waistcoat with sewn tape
In an attempt to decontaminate fungi from wool Kavkler [20] detected increased hydrolytic
processes at dose of 5 kGy but not at higher dose of 10 kGy, likely due to radiation inhibition of
proteolytic enzymes. In an effort to recognize possible radiation induced defects, model samples
of silk, cotton, linen and wool were irradiated to a high dose of 120 kGy in contact with air and a
part of the model samples were heat- or UV -aged before exposure to γ-irradiation [18].
A painting should be considered as a complex system with a lot of interfaces. Therefore, in the
process of its protection, the interdisciplinary approach is necessary where, besides
microbiological analysis, the impact of irradiation on the painting’s components must be studied.
Recently, we demonstrated the necessity of an interdisciplinary scientific approach, present
successful radiation disinsection, and propose condition for radiation disinfection as a good
choice to solve the problem of mold contamination of the original artwork, the oil painting “St.
Florian” from the treasury of the parish Church of the Assumption of the Blessed Virgin Mary in
Kloštar Ivanić, by autors Izaija Gasser and assistant (Figure 3).
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FIG.3: Painting on canvas „St. Florian”; Dating: around 1750; Author: Izaija Gasser and
assistant
Dimensions: 245 x 114 cm; Location: treasury of the parish Church of Assumption of the
Blessed Virgin Mary in Kloštar Ivanić; Technique: oil on canvas. Photos: CCI Archives
“St. Florian” painting was irradiated on demand of the Croatian Conservation Institute with
nominal dose for desinsection of 2 kGy, at a dose rate of 20 mGy/s and chamber temperature
15°C [21]. Microbiological analysis was performed and the molds were isolated before and ten
days after irradiation treatments. Ten days after irradiation treatment, the presence of the genus
Penicilium from the section Aspergilloides was determined on the painting, indicating either an
inadequate assessment of preliminary microbiological condition or subsequent contamination
with molds.
The dose of 2 kGy which was sufficient for insect eradication caused only the reduction of mold
contamination on the painting. To solve the problem of mold infection by irradiation it is
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necessary to undertake an additional treatment. According to the radio-resistivity data available
in the literature, disinfection of this type of mold could be achieved with a dose in the range from
6 to10 kGy. The additional dose of 6 to 8 kGy was recommended for effective radiation
disinfestation of the painting.
III.

Proposed future work

Scientific background: The radiation method in restoration and preservation of cultural heritage
objects is increasingly accepted because of its numerous advantages [22].
However:
The main problem in radiation treatment of CH objects is that the guidelines for the radiation
doses originate from the research and the experiences gained in radiation processing of medical
equipment and pharmaceuticals, where microbiological requirements are different and radiation
stable materials are in advance selected, not to mention that the problem of object's age is nonexistent.
 Many restores and curators are still concerned with the risks of adverse effects particularly on
aesthetic qualities of the radiation treated objects and the concern increases if higher doses are
needed like for fungi control. Depending on radiation sensitivity of fungi 2 - 10 kGy is needed
for fungal decontamination but lower dose can ensure satisfactory reduction of bio-burden.
However, for CH artefacts consisting of sensitive natural polymers, such as paper, textile and
leather, it is crucial to apply the minimal dose which is still effective against biodeteriorating
agents but does not affect the physical and chemical properties of the object. When deciding on
the appropriate dose it has to be taken into account that biodeterioration produces similar effects
and on much greater scale sometimes even threatening the very existence of the CH object.
 Further problem is that various irradiation facilities have different approach to that problem
and have to rely on their own experience since not much has been researched in the field of
radiation treatment of CH, even less has been published. Case studies are generally found
scattered in the literature [23, 24, 25, 26, 27].
 In decision making on the appropriate dose for CH treatment the main factors – radiation
sensitivity of the contaminating microorganisms, the composition, the state and the age of the
materials of the object have to be taken into account while keeping in mind that the goal is to
control contamination and not to obtain full sterility. Such approach is far removed from the
radiation processing of medical equipment and pharmaceuticals. However, the literature does
not offer a larger overview on how to address complex situation of CH objects constituting of
different and aged materials in relation to various bioburdens.
Because of that there is a large need for systematic approach to data concerning radiation
treatment of CH artefacts.
Goal of the project:
Assessment of optimal doses for radiation treatment of fungal bioburden on CH objects.
Main parameters will be simultaneously taken into account:
- resistance of common fungi to gamma irradiation,
- radiation effects on the materials of CH objects,
- the optimal level of reduction of bioburden.
Special focus:
1. Gamma irradiation resistance of fungal species that are usually encountered on CH artefacts
and assessment of the doses necessary for reduction of the contamination to an acceptable level.
2. The effects of irradiation on the properties of materials encountered in CH artefacts

WORKING MATERIAL
(like paintings in need of treatment). Model material including those that are used as decorations
and for protection with properties as similar to that of real CH objects as possible will be
selected. To identify radiation induced effects using appropriate experimental techniques high
doses will be applied. Model materials will be inoculated with fungi common to CH objects and
bioburden analyzed after irradiation. The sensitivity of radiation treated materials to repeated
attack by fungi will be assessed.
Combination of the two focuses will be used to start a database on response of microorganisms,
desired effects of the treatment and its possible adverse effects.
Methods and techniques: In order to establish proper doses needed for treatment of CH objects
will be performed:
 The model systems preparation.
Model systems will be made of the base materials and coated with coatings and binders typical
for CH artefacts. The samples will be inoculated with particular fungal species including primary
(Aspergillus and Penicillium species), secondary (Cladosporium and Alternaria species) as well
as tertiary colonizers (Chaetomium and Fusarium species). After the irradiation treatment plate
count method will be applied to determine the number of viable fungi and proper irradiation
doses that eliminate fungi, respectively. The model systems will be treated with a range of
radiation doses common for CH artefacts treatment and greater doses for identification of
radiation effects. Special consideration will be given to treatment of the systems at dose rates.
The dosimetry will be performed with the ECB dosimeter. (ISO/ASTM 51538).
 Impact of gamma radiation on physico-chemical properties of selected base materials
common in paintings after irradiation and during selected post-irradiation period:
Colorimetric testings will be performed on all samples at all doses as the first test of the
appearance change. For additional characterization appropriate experimental techniques will be
used: for measurements of specific physico-chemical properties of a given material if needed.
 Post-irradiation effect will be determined with special consideration directed to the stability
of base materials and especially on various coatings types.
IV. Expected outputs - how this research will contribute to CRP
 to gather a database of materials as well as of microorganisms that are most commonly found
on objects of CH that are brought for irradiation treatment as part of their restoration.
 a systematic overview of the required minimal doses for radiation treatment of the most
common and specific microorganisms found on CH artefacts, accompanied by a database of the
microorganisms common for that type of CH.
We consider that all results obtained from this proposed CRP project could be used as a valuable
guideline for appropriate irradiation treatment by radiation specialists and conservators when
they meet problems of biologically contaminated cultural or art artefacts. The results gathered
may present a base for formation of database of response of various CH materials combined with
response of common microorganisms to radiation treatment. Such database should in future be
increased and used both by restorers and curators and irradiation facility personnel in decision
making on irradiation treatment of cultural heritage objects as a part of their restoration.
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PLAGUE DISINFECTION AND POLYMERIC RESIN CURING FOR
PRESERVATION OF ARCHIVED MATERIALS AND CH ARTIFACTS USING C060 GAMMA TREATMENT
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Center of Technological Application and Nuclear Development (CEADEN)
La Habana, Cuba.
Abstract

Cultural heritage artifacts made of paper, wood and textiles are rare and delicate, so
dismantling these for studying or preservation purposes is undesirable. Even, that combination
of materials was very common on the objects conserved from Spanish colonization of the
Americas. Its historical relevance is only compared to the archived documents as a key for
understanding our history. In Cuba, due to the tropical humidity is really difficult to create the
appropriate conservation conditions in order to avoid the biological attack on CH objects.
Gamma irradiation technique can be successfully applied for plague disinfection and
consolidation of CH artifacts and archived materials. At the same time, its preservation can be
consolidated developing new curable polymeric resin compatible with the wood, textile and
paper materials.
Looking for time and cost effective solutions, gamma radiation processing on archived
materials and CH artifacts will be simulated using Monte Carlo codes. Specifically, the
microscopic effect of intense gamma radiation over paper, textile and wood materials, will be
studied associated with the experimental dose mapping and the absorbed dose value.
Our irradiation procedure and curable resin formulation should combine the most desired
features of gamma radiation treatment with the functional requirements and rules of
decorative properties preservation.
Our irradiation procedure and curable resin formulation should combine the most desired
features of gamma radiation treatment with the functional requirements and rules of
decorative properties preservation. Besides, it to demonstrate in our conditions that the
gamma radiations can be applied to a great quantity of archived materials and artworks
without causing damage in the material and the transmission of the information is preserved.
1. INTRODUCTION
According to Allsopp et al., biodeterioration can be defined as “any undesirable change in a
material brought about by the vital activities of organisms” [1]. All types of historic artifacts
can be damaged by bacteria, fungi and lichens as well as insect pests because of their
biodeteriorative potential.
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Heterotrophic microorganisms and organisms can find a good source of nutrition in the
organic components of paints on archived documents, textiles and wood. But, the damages are
more serious when there are favorable environmental conditions, and such conditions are
often found in museum rooms or in deposits without any control of the humidity and
temperature.
The biodeterioration phenomena observed on materials of cultural heritage are determined by
several factors: (1) the chemical composition and nature of the material itself, (2) the climate
and exposure of the object, (3) the manner and frequency of surface cleaning and
housekeeping in museums. [2].
To take account the positive effect that the gamma radiations have of eliminating the
microorganisms present in some materials, like it has been demonstrated in the sterilization
process of medical device to commercial scale, another of their possible applications more
novel is the decontamination and pest control of work of arts. The application of gamma
radiation in the preservation of the work of arts and archeological artifacts began in 1970, in
France [3].
Gamma rays are a form of electromagnetic radiation. They are extensively used for sterilizing
micro flora and killing insects, especially on organic materials such as paper and wood. A
dose of 500 Gy is required to kill larvae and to prevent the emergence of adult insects.
Despite its penetration power, gamma irradiation does not induce any secondary radioactivity,
does not damage oil and tempera polychromes, leaves no hazardous residues and penetrates
completely into the objects. Moreover, a large quantity of materials can be treated at one time.
Paper is much more sensitive than wood to the effects of gamma radiation. Repeated
treatments are not recommended because the effects are cumulative.
In the case of the pest control a dose sub lethal is applied that produce them alterations so
serious in its vital functions and produce them the death in few hours. With regard to the fungi
and their spores are necessary high dose.
But in some laboratories it could be observed that these radiations have degradation effects on
the composition of the constituent material of the paper, mainly the cellulose. Such
consequences motivated the realization of laboratory tests using diverse paper samples to
evaluate the physical, chemical and biological properties before and after being irradiated.
The irradiated material suffered decrease of its physical resistance and the surface takes a
yellow coloration, due to the rupture of the cellulose chains and oxidation. Such changes were
in direct relationship with the applied radiation dose [4].
On the other hand, it taking in consideration the following concept of Conserve: To conserve,
therefore, it is to keep the physical and functional properties of the documents, with
independence of the support, with the objective of achieving the execution of their purpose:
the transmission of the information [5]. For reason is necessary to obtain one adequate dose
value that eliminate the bacteria, fungi, lichens and insect pests and not damage the artworks.
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2. RESEARCH PROPOSAL

In Cuba, the first preliminary studies were carried out with the employment of gamma
radiations to eliminate fungi and bacteria in the first part of the 90 years, in the CEADEN was
irradiated filmic material to eliminate fungi and in the Food Irradiation Facility were
irradiated different icons for their decontamination.
The proposed project it focuses on the identification of the insect pest and the understanding
of their function and activity in the biodegradation processes.
The vulnerability of paper, wood and textiles to the microbial attack and the main
biodegradation microorganisms, depending on the conservation conditions, will be studied in
order to select the gamma treatment requirements.
The 60Co gamma laboratory facilities installed at the CEADEN will be characterized using
Fricke dosimeters and other high dose dosimeters for dose mapping. The experimental results
will be compared with the Monte-Carlo modeling for dose optimization depending on the
geometry of irradiated CH artifacts.
The main challenge of this project is the exact and detailed high dose mapping of gamma
irradiation facilities of the CEADEN in order to study the degradation effects on artwork
composition during its disinfection and conservation. The extrapolation of the obtained
gamma treatment Protocol to the semi industrial irradiation plant (100 kC) will be possible
using Monte Carlo simulation code fitted by high dose measurements.
The microscopic effect of intense gamma radiation on decorative properties of CH artifacts
based on paper, textiles and wood materials will be studied in order to homologate the gamma
treatment protocols.
An additional contribution of this project will be the combination of functional polymeric
resins arising from the recent developments in our Institution with gamma radiation
techniques in the restoration of works of art and archive documents. The research activity will
be focused on the development of manageable methodologies, based on stable polymeric
structures and gamma doses with a low impact on the chemical composition of CH materials.
The main tasks include the protocol homogenization extended to the scale of industrial
radiation facility.
To demonstrate in our conditions that the gamma radiations can be applied to a great quantity
of archived materials and artworks without causing damage in the material and the
transmission of the information is preserved.
The proposed project has the following objectives
 The identification of the insect pest and the understanding of their function and activity in
the biodegradation processes.
 To compare the dosimetric experimental results with the Monte-Carlo modeling for dose
optimization depending on the geometry of irradiated CH artifacts in the irradiation
facility at the CEADEN.
 To select the adequate absorbed dose for the pest control.
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 To study effect of intense gamma radiation on decorative properties of CH artifacts based
on paper, textiles and wood materials.
 To development functional polymeric resins with gamma radiation techniques in the
restoration of works of art and archive documents.
3. PROPOSED WORK PLAN
 To contact the CH specialists in order to identify the archived materials and objects
demanding gamma radiation treatment for its preservation.
 To use the Monte-Carlo simulation, Fricke dosimeters and other high dose dosimeters in
the dose mapping of the gamma facility installed at the CEADEN.
 Study of microscopic effect of intense gamma radiation on decorative properties of CH
artifacts based on paper, textiles and wood materials.
 To determine the adequate absorbed dose for the pest control.
 To select the polymeric material to be employed in the curable resin formulation for the
preservation of archived materials cultural heritage artifacts.
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ABSTRACT

The application of gamma irradiation for disinfection and consolidation of cultural heritage
artefacts is implemented in many countries during these last forty years. Insect eradication and
disinfection against fungi, molds, are the most usual treatments for sculptures, furniture,
ethnographic artefacts, etc…, while consolidation of degraded artefacts by radiation-curing
monomers or resins are more limited in some countries due to historical reasons. Artefacts to be
treated are received from museums, conservators or restoration workshops, and a dialogue
existed between the scientists of irradiation and the cultural heritage authorities. As in the field
of radiation processing of polymers, the behavior of the cultural heritage materials under
irradiation vary following their nature and origin, and especially, for instance transparent
minerals and paper are very sensitive to irradiation. It was therefore fundamental to study the
effects of gamma irradiation on various materials of cultural heritage at the irradiation doses for
insect eradication and for fungi disinfection.
Not only at national levels in some countries, these studies were carried out during these last
years in the frame of IAEA Technical Cooperation projects, and lastly through the impulsion of
the IAEA Division of Physical and Chemical Sciences –Radioisotope Products and Radiation
Technology Section. The objective of this international cooperation was to edit Guidelines for
the use of irradiation technology in the cultural heritage conservation, indicating clearly the pro
and cons of this technology, in order to achieve the required mutual comprehension and
confidence between the conservators/curators and the irradiation scientists.
This document is expected to be edited by IAEA in a very near future, and to be the base results
for developing, in the frame of a new Coordinated Research Project, radiation treatment
methodologies for disinfection of cultural heritage artefacts, as well as for formulations of new
resins for consolidation of degraded materials.
This presentation focuses to make an overview on the effects of gamma irradiation on materials
such as cellulosic ones (wood, paper, textiles), pigments, dyes, varnishes, binders in polychromic
layers, leather, parchment, and DNA in the case of mummy disinfection. Latest monomer or
resin formulations for consolidation under gamma irradiation are presented, with the aim to
improving the deontology and safety aspects in the process.
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1. INTRODUCTION
The intended biocide effect of irradiation may be accompanied by modification of chemical composition
of the artefact that was disinfected. The treatment is acceptable if it does not lead to unacceptable
alteration of aesthetical and/or functional properties of the artefact. Evaluation of secondary effects is
essential as it is in the case of pharmaceuticals.
Most important secondary effects are related to the changes in the basic polymers of organic artefacts:
cellulose, lignin, proteins. They will be evaluated for all organic materials that might be subject of
irradiation as wood, paper, leather and textiles.
Other secondary effects are related to modification in the crystalline pattern of materials. It is the case of
gemstones for example and also some mineral components.

2. EFFECTS OF GAMMA IRRADIATION ON CULTURAL HERITAGE MATERIALS

Lignocellulose and cellulose materials including textiles
It can be concluded that for ligno-cellulose materials, insects can be eliminated at a dose of 0.5 – 2 kGy
while mould can be eliminated using a dose of maximum 10 kGy, or even better an average dose of 8 ± 2
kGy. As most of the research described was carried out using new cellulosic materials, it has to be
considered that contaminated ligno-cellulose materials are already severe deteriorated as can be found in
the work of Havermans (TNO Netherlands). An average dose of 8 ± 2 kGy therefore is not significantly
affecting the artefacts structure and could be used without fear of loss of the artefact. One of the key
arguments is based on the fact that deterioration is not a linear effect. Naturally aged and materials
deteriorated by mould are already in a poor or severe condition and have deteriorated cellulose.
Irradiation do contributes to further deterioration, but at a minor and acceptable level at the dose given
above [1-16].
Similarly for textiles, it is suggested that the highest practical level of gamma radiation exposure should
not exceed 10 kGy for cotton, silk and wool [17-21].
We have to keep in mind that doing nothing may results into serious loss of unique material as mould
may continuously deteriorate ligno-cellulose materials.

Pigment and dyed items
The assessment of possible colour changes produced by irradiation was made on paints –
pigments and binder blends. No specific colour was substantially changed up to rather high dose
– 36 kGy [22]. The pigments’ behavior at irradiation is similar to that of opaque gems as lapis
lazuli and turquoise.
One has to be careful with dyed artefacts. If low insect eradication doses are surely not dangerous, recent
works have report a notable discoloration from red to yellow of henna dyed cotton, ranging from delta E
around 5 to 10 between 5 and 25 kGy. However, one must record that some dyes are reported to change
colour in the same order of magnitude with the alternative anoxia disinfestations method, which in turn is
only efficient for insect eradication [23-26].

Varnishes and binders
The behaviour of varnishes under irradiation may be more complex as they are transparent layers.
Depending on their thickness, it may be feared that colour centres in the varnishes will be activated and
become perceptible. Among different varnishes and binders that have been tested, only gum Arabic has
shown a noteworthy dependence on irradiation, reaching for instance a colour difference of 2.48
CIEL*a*b* units at 20 kGy when applied thickly (12 layers – 110 µm). The same binder applied more
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thinly shows no really detectable change (delta E=1.50 for 6 layers – 30 μm at the same dose). The same
results, i.e., no visible effects, were obtained in a study in 2012, involving gum Arabic with animal glue
and egg yolk irradiated at doses up to 25 kGy [27].
Furthermore, a possible structural weakness in ground layers, binders or varnishes after irradiation must
also be considered. However, such behaviour is not expected to appear before several tens of kGy, which
is well over the doses we are interested in. Only an Italian study in the 70’s revealed that fresh rabbit glue
lost some adhesive power at 10 kGy [28]. No other subsequent problem has been reported for the many
materials treated, or in experiments carried out in laboratories.
Another family of materials has to be investigated in terms of irradiation effects: natural or synthetic
materials used as varnishes or adhesives/consolidants in restoration-conservation. Most of these
constituents have been designed to be highly stable, and they are with regard to biocide doses. No loss of
their mechanical functions has been reported after irradiation in the case of adhesives, sealants, mastic
coatings, consolidants or other filling materials. A significant case of colour change, however, was
detected with a special filling coating: white Modostuc®. Tests on other materials commonly used in
conservation such as Paraloid® B72 and Plextol® B500 resin, Toupret® fillier and Lefranc &
Bourgeois® synthetic “gesso” did not reveal any colour problem. Retouching colours such as acrylic
Liquitex® also demonstrate excellent stability after irradiation. Interestingly enough, the reversibility of
four conservation products (Paraloid B72, ketone-N resin Laropal® K80, polyvinyl acetate Mowilith® 30
and Polyethylene Glycol) has been confirmed after irradiation with doses of up to 50 kGy [29].
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FIG. 1 An example of colour changes of some binders and varnishes in function of gamma ray
doses.
Glasses and gemstones
Under irradiation at doses of even less than 1 kGy (insect eradication dose), glasses [30,31] and
gemstones [32] may undergo partially reversible changes in colour, due to modifications in optical
absorption after the creation of colour centres. A colour centre involves one electron missing from a
normally occupied position, leading to a “hole colour centre”. Colour centres are activated to give colour
to transparent colourless gems such as natural white topaz [33], but huge irradiation doses are needed
[34]. Glass usually becomes dark brown after irradiation at sterilization dose levels. The results of colour
change measurements after irradiation of some transparent materials (glass, silica, quartz and fluorite) are
presented in Fig.2
On the other hand, coloured opaque materials are rarely affected by irradiation. Opaque gems such as
lapis lazuli, jasper, jade, turquoise and tiger’s eye can be irradiated at 10 kGy without any modification.
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Leather, fur and parchment
There are few scientific papers focused on leather and parchment irradiation decontamination. The
situation is explained by the fact that leather, fur and parchment do not contain enough water for the
development of microorganisms. Also there are a small number of insects that are feeding with leather
and parchment. However, leather in book bindings, especially in wood - leather book bindings, it is
sometimes a collateral victim of insects eating glue and/or wood and therefore also deteriorate the leather
book binding.
On the other hand studies were focused on irradiation of pure collagen because of its use for medical
purposes. Pure collagen proved to be very resistant towards irradiation. Collagen sponges (medical
product used in wound treatment) are sterilized by irradiation at doses between 25 and 50 kGy. The same
sterilization process and doses are used for allogeneic tissue grafts kept sterile in tissue banks [35,36].
At the favourable conclusions obtained by studying the irradiation of pure collagen, some papers
dedicated to leather and parchment were added. Here have been also used irradiation doses far beyond
those necessary for decontamination. The two experiment groups offered complementary information. It
was studied the irradiation modification of collagen solubility, crystalline phase by X-ray diffraction, also
the shrinking temperature and mechanical properties of leather and parchment. In 1988 Chahine and
Vilmont presented a pertinent review on all above given information [37]. In conformity with more recent
achievements, there is a direct relation between the leather degradation and the shrinking temperature
[38]. Extractible monomers measurement, including tannins, is among other accepted methods of
degradation evaluation [39]. Attempting to identify new relevant methods for investigation secondary
effects at leather irradiation (10-25 kGy), FT-IR spectrometry by ATR was used [40]. In another recent
paper, irradiation effects on the colour and texture of parchment were evaluated (doses: 10 to 30 kGy). A
texture analyser was used to determine hardness and springiness. The colour modification was evaluated
with an electronic colorimeter [41].
Based on the above described studies, it has to be concluded that the functional properties of leather and
parchment, including the aesthetic properties, are insignificantly affected by decontamination at doses up
to 10 kGy.

Mummies and taxidermy specimen
Mummies are dead human or animal bodies whose soft tissues have been preserved from
decomposition thanks to conditions that prevent normal biodegradation. This may be intentional,
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for instance due to the use of chemicals, or natural, because of extreme conditions, frost, very
low humidity or lack of air, as in the case of mummies found in bogs. Such conditions, however,
are usually fragile. Biodegradation can quickly resume if the equilibrium is broken. Irradiation is
one way to stop further infestation. However, as it has no preventive effect, conservation will
need to find ways of establishing a new equilibrium to prevent further active contamination.
Furthermore, gamma irradiation has been recognized as a benchmark for disinfection since the
mummy of Ramses II was treated in this way [42]. An extensive study was conducted before this
mummy received gamma treatment, involving many laboratories and using more than a hundred
samples from other mummies. The characteristics of many components were studied after
irradiation, such as hair, skin, muscle, bone, teeth and even other organs such as the liver, kidney
and heart. Two less prestigious “study” mummies were also wholly irradiated. Mechanical and
chemical controls were carried out directly on fragments of strips and hair belonging to the
mummy of Ramses II. All these studies concluded that the 18 kGy gamma ray dose treatment
was efficient would not modify any components of the mummy. It should be noted, however,
that the effects of irradiation on conserving genetic information was not considered at that time.
Nowadays, it was concluded that irradiated DNA material still contain the original DNA
information. It may therefore be accepted that gamma irradiation at fungicide and up to
bactericide doses is a treatment suited to mummies. But these conclusions can also be extended
to many other areas for example disinfection of archaeological bones and naturalized furry
animals.
Even taxidermic feather specimens have been treated successfully. After more than 40 years of
experience in France, the only problem ever encountered concerned a tortoiseshell specimen that
browned slightly after irradiation. However, care must be taken in particular with disinfection
doses of the order of 10 kGy and more, because the resins used in taxidermy and other sizing or
filling materials used in both modern and older processes may, paradoxically, be more sensitive
than animal components.
The last, but definitively decisive, considerations must concern the conditions that conservators
are able to achieve around the mummies or specimens. Such fragile items must only be irradiated
with the aim of stopping a proven infestation. And as this will not modify the appetite of
invasive organisms for such attractive artefacts, preventive conservation is finally the only issue
after the current infestation has been stopped by curative irradiation.

3.FORMULATION OF RADIATION -CURING MONOMERS AND RESINS FOR THE
CONSOLIDATION OF DEGRADED MATERIALS OF CULTURAL HERITAGE
Due time and or storage environment, cultural artefacts are subjected to deterioration resulting
frequently in difficulties to handle these materials. A well-known result is enhanced brittleness
of paper manuscripts. Another example is the softening of wood by waterlogging. Once brittle
materials may crumble easily they cannot be consulted anymore and even may become lost
forever. This section describes the irradiation application of heritage materials for consolidation.
The main application is based on the use of radiation-curing resins.
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Paper and textiles
As mentioned above, paper and also textile materials may become brittle and extremely fragile
due time. The process of degradation depends not only on the storage environment, but also on
the making process. Methods for strengthening of paper and textiles have been developed
successfully, however not with the application of irradiation technology. However, one
development is known from the late 1980s which can be seen as being comparable with the main
application as given above. At the British Library a paper strengthening research program was
carried out with a so called graft polymerization process. However, it was not developed beyond
its experimental stage [43].
So far known, for both paper and textile, there are no known processes to improve the strength of
these materials using irradiation technology.

Consolidation of wooden artefacts by radiation-curing resins
The consolidation in the whole volume of porous materials such as wood or concrete was
implemented during the sixties worldwide (USA, Japan and Europe) by using the process
impregnating these materials by acrylic and vinyl monomers under pressure, and then their insitu polymerization or solidifying by gamma irradiation [44]. Wood plastic composites were
developed in that period for the main industrial application which was flooring in public areas.
Very hard surfaces were obtained because the resin fills completely the wooden vessels, giving a
densified wood which is much less sensitive to relative humidity. Application in the field of
cultural heritage was initiated in the seventies in Europe in France and in the Czech Republic. In
1970, the Grenoble laboratory took the challenge to consolidate the 19th century mosaic parquet
from the ancient Grenoble city hall by dismantling the wooden panels which were impregnated
by the monomer methyl-methacrylate. During the late seventies, the consolidation of very
degraded wooden artefacts was carried out by using more appropriated radiation-curing resin
based on unsaturated polyester and styrene. This latter was also implemented in conservation of
waterlogged archaeological artefacts which require additional liquid phase exchange steps with
the solvent acetone [45-49]. At present there is one laboratory in Europe able to implement the
consolidation treatment which is located in Grenoble, France.

Monomers and resins
Radiation polymerization being initiated by free radicals, monomers and resins which can be
cured by this process must have in their chemical structure double bonds carbon-carbon or
unsaturated bonds enough reactive such as acrylic, methacrylic, vinylic or unsaturated sites in
polyester oligomers. The most current acrylic monomer used is methyl-methacrylate (MMA)
which polymerizes to give the thermoplastic polymer polymethyl-methacrylate, Plexiglas, with a
shrinkage in volume of about 20%. Besides its advantage of very low viscosity for good
penetration in porous materials, MMA presents two main disadvantages in our application: very
high volatility resulting in product loss on surface area, and sensitivity to oxygen inhibition of
the radiation-curing in air resulting in sticky or uncompleted cured surface layers.
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FIG. 3. The chemical structure formula of the monomer of MMA

Less volatile acrylic monomers such as hydroxy-ethyl or hydroxy-propyl methacrylates were
tested for wood or mineral object consolidation. These monomers are much less volatile than
methyl-methacrylate, are more compatible with the cellulosic components of wood, but research
need to be enhanced in order to overcome the problem of surface oxygen inhibition when
irradiation in air.
Standard unsaturated polyester resins are currently used in composite material industry (boats,
containers) and are composed of the monomer styrene (mass ratio from 30 - 50% in the resin)
and the unsaturated polyester pre-polymer. They are much more viscous (at least one hundred
times, oil consistency) and polymerize to form a three dimensional network through the
crosslinking of the polyester chains by the styrene radicals (thermoset type resins). With a
shrinkage in volume reduced to 10%, the polyester resin gives after curing an insoluble hard
material even at the surface. For this last reason, the polyester resin with chemical nature such as
iso-phthalic (recommended for durability) or tetrahydro-phthalic types are being used
successfully for more than thirty years.
Some of the trade names of unsaturated polyester resins in Europe are Norsodyne®, Ludopal®,
Palatal®, Synolyte®, Atlac®, and in North America Norpol®.
Polymerization under gamma irradiation
Acrylic monomer and unsaturated polyester resin are polymerized by a free radical mechanism
by irradiation (gamma rays, electron-beam) or also by addition of chemical catalysts such as
peroxides (conventional process in composite industry). By irradiation, the resin is free from any
chemical additives (peroxides, accelerators) because the gamma rays initiate the free radicals
necessary for the first step of polymerization, and that at room temperature. The second step is
the propagation of the chain of polymers always under irradiation, the ‘gel effect’ with heat
build-up, and the last one, termination, is the formation of the solid polymer after total reaction
of the free radicals in presence. Thanks to the fact that the polymerization reaction rate is
proportional to the irradiation dose rate, i.e., the intensity of the radiation, one can control the
heat build-up during curing by varying or lowering the dose rate, the highest being usually
around 1-2 kGy/h. The total dose for complete polymerization of the resin is in the range of 2030 kGy.
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Impregnation of wooden artefacts and irradiation
The resin impregnation of degraded wooden artefacts in dry condition is carried out in steel tanks
suitable for vacuum and pressure applications. Inside the adapted tank, the artefact must be
wedged on its support to avoid the floating in the resin bath, and then low vacuum is set up
(around 1 mm Hg) during some hours to extract the air from the wood pores. Liquid resin fills
then the tank by vacuum suction until the complete immersion of the artefact in the resin bath. In
order to ensure the diffusion of the resin in the core of the artefact, nitrogen pressure is
afterwards applied in the tank, in the range of 1 to 3 bars following the decay state of the wood,
during some hours for thin artefacts to more than 24 hours for large size ones. At the end of
impregnation, the excess resin is flowed back to the storage tank for further use. This feature is
one of the main advantages of the irradiation process: the resin, without any catalyst as
mentioned previously, can be reused and stored for long period at room temperature. Back to
atmospheric pressure, the artefact is left to drain inside the tank until no more flowing of resin
from the object. Out of the tank, the object is cleaned with textile to absorb any resin residue on
the surface and then is wrapped entirely with textile and plastic film prior to irradiation.
In the Grenoble irradiation chamber, the artefact is placed at 10 cm from the panel cobalt 60
source to start the in-situ resin polymerization after putting thin thermocouples inside the object
to monitor the temperature which must not exceed 50 - 60 °C. The other advantage of radiationcuring is the temperature control by varying the dose rate, for instance increasing the distance
between the artefact and the panel source will result in lowering the wood temperature. This
parameter is important for the behavior of the artefact in terms of dimensional variations of the
surface area or its internal structure. Thanks to the penetrating power of the gamma rays, the
polymerization is performed at each point on and inside the object, resulting in a homogeneous
and complete reaction. During the first 48 hours of irradiation, cleaning of the surface with
textile and the styrene monomer, putting new wrapping textile, are crucial for the wood aspect
without the minimum of residual resin on it or glossy surfaces. The two faces of the artefact are
exposed to the sources for the homogeneity of the absorbed irradiation dose which is around 30 40 kGy after many days of treatment. This dose range is not harmful for the wood structure.
Finally, the consolidated artefact is placed in a ventilated chamber during many weeks to
eliminate any residual styrene monomer trapped in the object.
The quantity of resin absorbed by the wood increases its weight correspondingly and gives it a
composite wood/polymer structure. The material obtained is hard throughout it bulk and its
mechanical strength is considerably increased. This gives greater resistance to abrasion and
friction at the surface and improves solidity and resistance to shocks. The densified wood is also
unaffected by temperature variations and hardly sensitive to changes in climatic conditions when
it is displayed or manipulated indoors. Impregnation darkens slightly the colour of wood,
depending on its species (broad-leaved species darken more than conifers).
Regarding polychromic sculptures, serious care must be put in testing the interaction or not of
pigment layers with the monomer or resin. The method is obviously avoided if any dissolution of
pigment by the resin is detected. In some cases, protection of the pigment layer could be realized
by wax application prior to impregnation.
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Undoubtedly, this process, using insoluble cross-linked polymer and its maximum resin content,
is at the opposite of conventional application of diluted solutions of polymers which are
theoretically reversible and film forming in the wood structure. Nevertheless, it should be
considered as a useful method for the preservation of heavily degraded artefact, the “last chance
method”.
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Abstract
In this study, gamma radiation as a method for fungal decontamination of a historical oil painting
was evaluated. For this purpose, an oil painting over canvas belonging to the Ghajar period with
Ghahvekhanei style which was stored in a stock room in Museum of Fine Art of White Palace of
Sa d-abad Palaces was selected. Sampling of suspected and discolored points on the surface and
backside of the artwork was done. The total counts of fungi of the whole painting were
estimated. The minimum and maximum dose of gamma ray required for decontamination of
painting was calculated according to radiation resistance of detected fungi. The study of
radiation effects on the color materials used has to be done in future.
1.INTRODUCTION
Preserving cultural and historic heritage like paintings, architectural monuments, textiles and
other ancient crafts is the duty of a nation that cares about its history. Antiquities that are based
on canvas are subject to different injuries like pest attack, rodents; decay caused by moisture and
fungal infestation under improper conservation conditions. Prevention and control of microbial
contamination is one of the important issues in the maintenance of historical art objects.
Microorganisms and mainly fungi are the major artworks life threatening. Quite often the lists of
microorganisms isolated from a damaged painting are limited to one group of microorganisms
(fungi, bacteria, or algae) and rarely include all the microorganisms present [1]. Given the value
of these works some effective and non-destructive methods should be used for treatment.
Nowadays various physical and chemical methods are used to deal with these damaging agents.
But only a few of them are quite effective or don't have side effects on the user or the object. The
researchers are looking to develop non-chemical and safe alternatives to cope with the
microbial biodeterioration agents. Of the various preservation methods, irradiation is
successfully demonstrated to be effective to microbial decontamination of cultural heritage. The
absence of toxic or radioactive residues is among the advantages of this method [2]. The side
effect of this procedure is caused by the reaction of gamma rays with material that may change
the physicochemical properties of the substance. This change is a function of applied dose. The
first paper on radiation application in biological decontamination belongs to disinfection of
books which was published in 1960 [3]. Then a report on pest decontamination of woods was
published in 1970 [4]. Unfortunately in connection with the effect of gamma rays on historical

WORKING MATERIAL
paintings, there are few papers in which the change of color is measured visually [5] or just
colors have been studied as an experimental model [1, 6]. Starting the CRP project for the first
step “Microbiological analysis of an infected oil painting to characterize and quantify the
infestation”, a historical oil painting belonging to Ghajar period was chosen and the feasibility of
its radiation decontamination was evaluated. Since quantification and identification of fungal
bioburden are important tools for calculation of the gamma ray dose required to disinfect the
objects, this report objectives is an estimation of the bioburden radiation resistance. Chemical
properties of canvas and applied pigments by Infrared Spectroscopy are to be considered in next
reports.
2. STATUS REVIEW OF WORK DONE
Selection of painting
The ancient oil painting(FIG.1) over canvas entitled Ashura events by Shah-Abdollah
Abdolrahman Ramezan in Ghahvekhanei style belonging to 1848 A.C (XIXth century), Ghajar
period in dimensions of 3.03m x 1.60 m was selected. The artwork was stored in a stock in
Museum of Fine Arts of White Palace (Melal museum) of Sa d-abad Palace. It was arrived at the
museum without framework, rolled up, torn in some points, with a significant lost of the support
(canvas) and of the painting layer. It had some improper patches and it was repainted in some
areas. This painting was restored according to the appropriated procedures and materials.

FIG.1. The selected artwork of 19th century
Characterization and quantification of fungal contamination
Sampling was done from 31 points of 2cm x 2cm of the suspected and discolored points of the
painting including front, back and the areas between canvas and substrate. Sampling was in
duplicate directly by wet sterile swab then surface cultured on Sabouraud Dextrose Agar (SDA)
plates and indirectly in sterile saline which was then tube shake and cultured on the same
medium. Growth of fungi was determined after 8-12 days incubation in 29°C. Total fungi
contamination per cm2 of the painting was calculated according to the total sampling area and
total fungi count on the plates. Classification was based on cell wall and overall morphological
properties like hyphae or pseudohyphae, septa, spore size and shape.
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Common fungi of the front were consisted of Penicillium and of the back and between canvas
and the frame were consisted of Aspergillus and Bioriabasiana(TABLE 1).

TABLE 1. ISOLATED FUNGI BY PLACE OF SAMPLING AND THEIR RADIATION
RESISTANCE
Fungi

Front of the
painting (cfu)

Back and
between
canvas and
frame (cfu)

Total (front
and back)
(cfu)

D10(kGy)

D(kGy)

Aspergillus

6

20

26

0.35

0.63

Penicillium

15

1

16

0.41

0.75

Absidia

5

12

17

0.30

0.55

Aureobasidium

2

-

2

-

-

Bioriabasiana

-

20

20

0.51

0.92

Total

28

53

81

Investigation of fungal resistance to gamma ray
To determine the radiation resistance of fungi which is demonstrated with D10 value, duplicate
plates of 15 ml Potato Dextrose Agar(PDA) containing equal number of each fungus colonies on
surface were exposed to 1, 3,5,7 kGy gamma rays in Gamma cell GC220 with dose rate of 3.52
Gy/s calibrated with fricke dosimeters.
Whole irradiated agars containing fungi were suspended in 85ml distilled water. One ml from the
serial dilution was pour plated in PDA with pH 6.8. The number of grown fungi was counted
after 21 days incubation in 25°C [7].
Determination the required dose for disinfection
D10 value (decimal reduction value) was determined by graphing fungi populations after the
series of radiation dose applied (FIG. 2).
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FIG 2. Survival curve of four common fungal contamination of ancient oil painting to gamma
rays
According to equation D10 = -1 (1/slope), the negative inverse of the slope was equivalent to the
D10 value which indicates the organism's resistance to radiation. The calculated D10 value of
identified fungi is indicated in TABLE 1.
The dose required to reduce the population of fungi to Sterility Assurance Level(SAL) was
calculated by the equation: D10=d/(log10 N0 - log10 N1) where D stands for radiation dose applied,
log10 N0 stands for fungi population prior to irradiation, log10 N1 which means fungi population
after irradiation and N1 stands for SAL.
With regarding to total area of sampling (124 cm2) and enumerated fungal contamination (81
cfu), fungal contamination in surface unit was estimated (0.65 cfu/cm2).
Considering the SAL of 10-2, according to greatest D10 value of detected fungi (0.51 kGy for
Bioriabasiana) and mentioned equation, the minimum gamma ray dose of 1 kGy is required for
disinfection.
With the possibility of adverse environmental conditions in case of humidity occur in storage
places, the maximum dose of 3kGy was considered for the eventual contaminations. The
recommended dose is enough for the probable contamination of 8000cfu/cm2.
Conclusion so far
The results obtained until now are just estimations of fungal contamination of an ancient painting
since enumeration of total fungi of the painting was not possible. The identified fungal D10
values were compatible with published papers [8]. The calculation of dose required for
decontamination of the painting is the minimum gamma ray dose recommended for the painting
decontamination.
The painting material components including pigments and canvas should be determined in next
steps in order to ascertain that they are not nourishing environment for recontamination and also
to find out the material resistance to gamma irradiation.
Since irradiation is not a residual method and there are not stable storage conditions in stock
rooms or museum halls, a complementary way to prevent recontamination should be used for
irradiated paintings [9].
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3.PROPOSED FUTURE WORK:
Considering the objectives of the CRP F23032 next steps have to be done:
 Study the effect of gamma irradiation on the infected samplings from the painting after
irradiation to varying dose of radiation.
Proposed analysis for this part should be as followed:
 Sampling from different materials of the painting and preparation for chemical tests
 Infrared Spectroscopy and colorimetric assays before and after irradiation
 Study the post irradiation changes in samples of the painting.
 Conduct dosimetery exercise to uniformly irradiate the painting
For the last two steps the following tests are proposed:
 Choosing a similar painting in case of age , the type of color and size
 Irradiation with optimal dose, conduct dosimetery for uniformity irradiation
 Accelerating tests and evaluation the effect of age in post irradiation changes in chemical
structure of substances in samples, if possible.
 Develop appropriate protocol for irradiation and consolidation of the painting.
 Principals of ancient paintings irradiation should be discuss here.
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Abstract
Despite much work has been done in the application of ionizing radiation (gamma rays) in Cultural
Heritage, it is still necessary to increase knowledge on the advantages and limitations of nuclear
technology for this kind of application. Besides, the statement of well defined irradiation condition (in
term of irradiation dose and dose rate, environmental atmosphere, pre-treatment of the cultural heritage
object) and the proposal of shared guidelines is extremely desirable. From this viewpoint, the evaluation
of the often irreversible physical-chemical modification induced by ionizing radiation on treated
materials, namely “side-effects”, represents an important goal to guarantee the safeguard of the treated
artefacts and a reliable diffusion of this technology. The ENEA activities performed at the gamma
irradiation Calliope plant were focused on two different aspects: i) conservation and preservation: biodeteriogens eradication in archived materials; ii) consolidation and protection: degraded wooden and
stone porous artefacts consolidation. As regards the conservation aspect, the radiation technology can
replace the traditionally used toxic or carcinogenic methods, eliminating the associated health problems
and environmental pollution. Impregnation of porous cultural artefact with a diluted solution of new
formulation consolidant precursors followed by radiation induced in situ polymerization represents a very
promising solution to achieve actual bulk strengthening.

1. INTRODUCTION
Nowadays, ionizing radiations are being employed in a wide number of applications of great
importance for both the scientific and industrial communities. Radiation processing are used in
many sectors such as sterilization, polymer cross-linking (tapes, tubes, cables, ), food
hygienization, tyre belt vulcanization, etc. In the context of the peaceful use of nuclear and
radiation technologies, nuclear techniques, with special emphasis on gamma radiation treatment,
are suggested for the characterization and preservation of Cultural Heritage artefacts including
insects eradication, microorganisms disinfection and consolidation of degraded materials with
radiation-curing resins [1]. Safeguarding the world cultural heritage is an important task for the
whole community since evidences of the past have to be maintained in the present and restored
for the benefits of future generations.
As cultural heritage objects are frequently unique and non-replaceable, scientific researches
devoted to the application of different technologies for the characterization and preservation of
cultural heritage are worldwide of great interest [2]. In the last decades, it was demonstrated that
nuclear techniques are exceptionally suitable not only for non-destructive characterization of
cultural heritage artefacts, but also in support of their conservation and restoration, as well as for
their preservation through the use of radiation treatment.
The physical properties of electromagnetic radiation (i.e. gamma rays from 60Co source) allow
them to penetrate materials with extremely harmful effect on living organisms. By the
irreversible denaturation or cleavage of nucleic acids, organisms and microrganisms, present on
the surface and in the bulk of the irradiated objects, are simultaneously and indiscriminately
devitalized [3]. The attack of microrganisms and/or insects, the so-called “bio-deteriogens
agents”, can indeed cause a rapid, disastrous and often irreversible damages to cultural
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materials containing cellulose, starchy material, albumen, glue, vegetable proteins, dyestuffs,
pigments, dispersing agents, and other additives that provide food sources for the infesting
organisms.
The importance of bio-deterioration is underlined by the high frequency of the most harmful
natural calamities occurrence (i.e. floods, earthquakes) that can affect books and archives,
inducing infection and damaging a great amount of them. Moreover, bio-deteriogens can cause
severe health problems for restorers, archivists or librarians.
Consolidation and surface protection of degraded wooden or stone artefacts (i.e. porous
materials) represent one of the most interesting challenges in the cultural heritage [4]. As known,
many different atmospheric and biological agents, such as humidity, temperature leaps,
biological growth or chemical attack, induce severe and somewhat irreversible degradation
phenomena on these kind of materials.
Regarding stone artefacts and architectural structures, the main degradation effect consists in a
sensible loss of their mechanical properties, increasing their fragility by mortar pulverization or
causing great modification of surface aesthetical features. On the other side, ancient wooden
cultural objects undergo many different chemical and physical changes, due to the biodegradable
nature of the material itself. In this perspective, the use of high-penetrating ionizing radiation
such as gamma rays is extremely suitable to induce in situ polymerization of synthetic
consolidating agents.
By gamma radiation it is possible to:
- remove bio-deteriorating agents
- stop the ongoing destructive process
- restore the object of cultural value.
Other important advantages that can be mentioned are:
- physical method due to which no toxic or radioactive residues remain in treated item
or environment
- due to the high penetration power of gamma radiation, large amount of biodeteriorated objects can be quickly treated (probably the only method in case of
emergency).
Despite much work has been done, it is still necessary to increase knowledge on the advantages
and limitations of nuclear technology for cultural heritage application. Besides, the statement of
well defined irradiation condition (in term of irradiation dose and dose rate, environmental
atmosphere, pre-treatment of the cultural heritage object) and the proposal of shared guidelines
are extremely desirable.
The evaluation of the often irreversible physical-chemical modifications induced by ionizing
radiation on treated materials, namely side-effects, represents an important goal to guarantee the
safeguard of the treated artefacts. One of the main obstacle to the diffusion of nuclear technology
is effectively the negative effect that ionizing radiation such as gamma rays can induces in the
polymeric materials (i.e. paper, wood, resins) [5-7]. This effect consists in the de-polymerization
of the polymeric network, proportional to the absorbed radiation. It occurs either directly on the
macromolecule intermolecular bonds, either indirectly through a chemical effect mediated by
free radicals that could cause post-irradiation changes. The direct effect causes simultaneously a
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three-dimensional cross-linking and the breaking of the chains (i.e. bond β-glycosidic cleavage
on cellulose, basic constituent of paper and wooden artefacts), measurable as a modification of
the polymerization degree (DP), always proportional to the absorbed radiation dose [8].
Although both these processes occur at the same time, reticulation is prevailing at low absorbed
doses while degradation (i.e. bonds rupture) becomes significant with the increase of the
irradiation dose. Finally, while cross-linking improves the mechanical properties of materials,
the chains breaking acts on the contrary with dominant effect over around 10kGy [9].
Free radicals, very unstable and energetic short-life species (10-3 seconds), are responsible of
post-irradiation effects also in the long term period, since they can be trapped in the electrostatic
cages of material structure. Throughout the indirect action of radiation induced free radicals, a
key role is played by the oxygen present in the air during irradiation due to the oxidative
degradation phenomenon. The presence of this gas allows the formation of oxygen-containing
very energetic radicals (such as peroxides, hydro-peroxides, superoxides, etc.) that easily react
with the surrounding molecules. In this way, radicalic reactions are induced with a consequent
and often macroscopic degradation of the material.
Since this process is related to the oxygen diffusion rate inside the material, it is clear that
considering the same absorbed dose value, the longer the exposure time (low dose rate), the
greater the resulting damages [10]. However, since the production of free radicals is proportional
to the radiation dose, it is possible to minimize the oxygen degradation operating at dose rate as
high as possible (but compatible with the treated material) or performing the irradiation tests in
inert atmosphere or in vacuum [11].
Considering the doses suggested for treatment of disinfestation, it was demonstrated that the
radical degradation effects in these conditions are insignificant [1].
Side-effect evaluation can be carried out identifying one or several physical, chemical or
structural parameters that can be directly measured after appropriate methodic procedures
definition. For this purpose, many destructive or non-destructive techniques are employed to
characterize the radiation damage on the treated materials[3].
Finally, it is demonstrated that is extremely useful to perform accelerated ageing tests to
investigate the combined effect of irradiation and of other parameters (such as humidity, thermal
cycles, aggressive atmosphere) simulating the drastic environmental conditions to which the
artefacts are subjected during particular natural calamities.
1.1 Aims of the study
The aim of our activities will be focused on the irradiation procedure definition for:
a) conservation and preservation: mass treatment of deteriorated books and documents,
stored in libraries and archives, for their recovery from the most important biodeteriorating agents;
b) consolidation and protection: porous cultural artefacts treatment by ionizing radiation in
situ polymerization of resin compounds.
Material characterizations will be carried out to determine the effect of ionizing radiation on the
cultural objects, using different irradiation parameters and procedures [3].
1.2 Conservation and preservation
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Libraries, archives and museum materials, made of both organic and inorganic materials of
natural and synthetic origin, are easily subject to biodeterioration.
For years, new methods have been sought for the recovery of materials suffering from various
forms of bio-deterioration and many requirements have to be fulfilled by these technologies:
effectiveness against all infesting organisms, high efficacy degree, harmless for operators and
environmental safe, absence of side-effects beyond those considered acceptable and inevitably in
almost any treatment process, and no alteration of the intrinsic feature characteristics of the
treated material [12].
Up today, decontamination of bio-deteriorated material especially related to mass treatments, is
usually performed with ethylene oxide (ETO) but this fumigation treatment, basing on the last
results of more in-depth research about its harmful effects either for human health [13],
environment as well as in some case even for cultural heritage itself [3], has been banned in
many Countries and probably its use will no longer be allowed in the future for such purposes.
In particular, it has been established that despite repeated changes of air performed on fumigated
materials, it is impossible to remove completely the volatilized ETO residues. Studies comparing
the relative capacity of different materials to off-gas residual ethylene, demonstrated that
photographic film (plastic materials in general) show a level of release slower than other
supports [14, 15], remaining harmful to those who handle them. Likewise it was also noted that
residues remain on new card printing, wood fragments, cardboard and leather [16].
Alternative methods instead of chemical substances, are presently being investigated and
evaluated. For example, ionizing radiations have the advantage of a higher penetrating power
allowing to treat considerable amounts of damaged materials in a reasonable short times and
leaving restored objects free from contaminants. Such as ethylene oxide, gamma rays are able to
devitalize simultaneously and indiscriminately macro/microrganisms present on the surface and
in the bulk of the irradiated objects.
The international scientific community shows a clear convergence of interest about the need of
studies to evaluate the effects of ionizing radiation on the physical-chemical properties of the
irradiated objects, since the evaluation of the often irreversible induced modifications represents
an important goal to guarantee the safeguard of the treated artefacts.
The effectiveness of ionizing radiation on bio-deteriogen organisms has been further confirmed
[17, 18] as well as the need to further study on the radio-induced effects [19]. Moreover
scientific data on the possible negative effects on paper substratum reported in the literature, are
often in contrast about mechanical modification at doses up to 10 kGy [3]. Therefore it is
necessary to deepen knowledge on the applications of nuclear technology for cultural heritage
even if, on the basis of physical and microbiological obtained results, a dose of treatment ranging
from 5 to 7 kGy has been recommended to obtain a significant reduction of the microbial load,
with minimum negative effect on the paper substrate [20]. More recently, the use of lower
radiation doses (4-6 kGy), which ensure disinfestation treatment and good reduction of the
microbial load, is proposed by an Argentine team [21]. It should be stressed indeed that if
combined with a thermo-hygrometric control of conservation environments, radiation
technologies allow to set their efficacy with doses lower than those required for sterilization,
since books and documents after the radiation treatment are usually kept and used in not
sterilized conditions [22].
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1.3 Consolidation and protection
The main goal of consolidation treatments is the preservation and protection of original artefact,
making them suitable for future exhibition or use. Usually, the natural or synthetic consolidating
agent, in liquid form, penetrates inside the porous material and, becoming solid, imparts an
increase strength to the artefact [23-25]. Depending on the seriousness of the artworks
deterioration, partial or complete impregnation with consolidants (usually polymeric
compounds) could be necessary.
Several features influence the choice of the most suitable consolidant. First of all, reduced
molecular size precursors (i.e. monomers or oligomers) allow a more deep diffusion inside the
porous materials ensuring a consequent bulk strengthening. Besides, the consolidating solution
must not damage the material itself: shrinkage or swelling during treatment, volume or surface
deformation, use of too much stiff or easy to degrade agent might be absolutely avoided [26].
Moreover, in case of employment of synthetic resins, the increase of temperature inside the
cultural object produced during the exothermal solidification process (curing), has to be
minimized [27]. Finally, long lasting consolidation effect together with insignificant changes
from the aesthetic point of view are required and the use of nontoxic solvent and a sort of
reversible process are highly desirables [1, 28].
Ionizing radiation represents a really appropriate method to obtain monomers polymerization
without modification from the chemical (no addictives) and physical (no temperature increase)
point of view. Furthermore, the high penetration power of gamma rays allows a bulk
polymerization with a production of very homogeneous product [1].
Many wood and stone consolidation activities were carried out worldwide since the sixties,
obtaining very good results. During the late seventies, the consolidation of many degraded
wooden artefacts was carried out by using more appropriated radiation-curing resins [29-31].
Finally, a very important aspect regarding the polymeric compounds is the possibility to
characterize their stability during time by accelerated ageing. The main factors causing agerelated degradation of polymer are: temperature, radiation dose rate and total dose, oxygen,
moisture, mechanical stress, ozone and contaminating chemicals [32, 1].
It should be emphasized that real employment conditions usually involve synergic effects
between two or more of these factors. In particular, ozone effects are only likely to be significant
in polymers containing high proportions of double bonds in the molecular chain. Moisture is
another potential ageing parameter that has not been adequately studied in its effects on
degradation. For many of the polymers, oxidation is the dominant ageing mechanism and is
initiated both thermally and by irradiation. In PVC, as example, both of these mechanisms can
result in embrittlement of the materials.
The most commonly accelerated ageing tests apply higher temperatures and/or dose rates than
those normally experienced by the material. Therefore, in many cases, such tests are carried out
by using sequential ageing, either thermal followed by radiation, or vice versa. In this sense, it
was for example demonstrated that the mechanical degradation of ethylene-propylene co-
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polymers is more severe in case of thermal ageing followed gamma irradiation, while in the
opposite case the degradation is practically similar to that due to only irradiation [33].
2. CALLIOPE GAMMA IRRADIATION FACILITY
The Calliope gamma irradiation facility (ENEA Casaccia R.C., Rome, Italy) in the last decades
has been deeply involved in research and industrial activities such as agricultural, radiation
processing on industrial materials (polymers and optical fibres) and on devices to be used in
hostile radiation environment (nuclear plants, aerospace experiments and High Energy Physics
experiments), scintillating materials (crystals and glasses) as detectors in High Energy and
Medium Energy Physics experiment, ionizing damage evaluation tests on electronic components.
The Calliope plant, built in 1967-68, is a pool-type irradiation facility equipped with a 60Co 
source in a high volume (763.9 m3) shielded cell: the emitted radiation consists of two 
photons of 1.173 and 1.332MeV emitted in coincidence, with a mean photon’s energy of
1.25MeV (FIG. 1). The maximum licensed activity for Calliope plant is 3.71015 Bq (100kCi)
and it is possible to perform at the same time irradiation tests with different irradiation
parameters (dose, dose rate ) [34].

a)
b)
FIG.1: Calliope irradiation facility: a) Cherenkov effect b) Steel platform covering the pool,
photographed through the yellow lead window of the Control Room

In radiation processing applications the measurement of dose during irradiation is of
fundamental significance. The absorbed dose needs to be measured and its reliable evaluation is
used to document the successful execution of the irradiation tests, whether or not the required
dose was delivered to the material within the given specification [35]. Due to this reason, the
Calliope facility is equipped with dosimetric laboratory, essential to obtain a precise measure of
the absorbed doses in materials during irradiation. Different types of dosimeteric methods are
used: Fricke absolute dosimetry (in the range of 20-400Gy), Red Perspex (in the range of 540kGy), thermoluminescent dosimetry (very low dose, < 20Gy) and EPR-alanine dosimeter
(about 500kGy) [34, 36]. A simulation of the dose profile inside the irradiation cell was
performed by Fluka code (FIG.2).
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In order to maintain a high quality standard in the irradiation procedure, a Calliope plant
dedicated software was set up. In this way, the planning and the management of the irradiation
test is carried out, allowing the daily dose rate value update, the irradiation time determination
and the absorbed dose calculation. The software also permits the filling of the irradiation and
dosimetric certification, related to each irradiation test carried out at the Calliope plant.

a)

b)

FIG.2: Top view x-y of the dose profile represented by color code (Gy/h) simulated by Fluka code: a) in
region near the source; b) inside the irradiation cell. Data are referred to 2015.

The characterization of the irradiation effects is performed at the Calliope laboratories, equipped
with several instruments for the evaluation of optical (UV-VIS and FTIR spectrophotometer,
luminescence measurements) and spectroscopic (ESR spectrometer, working in the temperature
range 77-298K and in different atmosphere such as O2, CO, N2, Ar) behaviour of materials under
irradiation [34]. Viscosity measurements for the determination of the polymerization degree are
carried out by a suitable viscometer.
In the biological and entomological laboratory the equipments allow to investigate the postirradiation effects on cellulose-based materials. In particular, it is possible to: a) verify the
gamma irradiation effects on microbiological load (bacteria and/or microfungi); b) assess the
gamma treated paper vulnerability evaluating microrganisms development and erosion caused by
chewing insects (Blaptica dubia).
3. RESEARCHES ON BIO-DETERIORATED ARCHIVED MATERIALS
In ENEA laboratories, gamma radiation has been used for different applications, often associated
to accelerated ageing or to modified atmosphere to verify the irradiation side-effects over time
on several materials (pure cellulose, permanent paper, inks [37-39]. Moreover, further
experimental trials were carried out to investigate whether, and up to which level, the chemical
and physical changes induced in paper (newspaper, magazine, permanent paper and cellulose) by
irradiation and/or ageing could negatively predispose this material, once treated, to the attack of
destructive insects and microscopic fungi, increasing their harmfulness [40-42]. The results of all
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testing activities lead to the assessment that the ionizing radiation treatment is extremely efficient
for the disinfestations against harmful insects and for disinfection against microfungi. Moreover
using the necessary dose for an efficient treatment (0.2-0.5kGy for insects; 3-8kGy for
microfungi), no significant harmful effect has occurred on the mechanical and physical
properties of pure cellulose and of paper, on printing inks, on the vulnerability of treated material
once subjected to infestation, as well as to infection due to bio-deteriorating agents [22]. In
addition, the results have demonstrated that damage caused by organisms is strictly related to the
state of degradation of cellulose that is proportional to the absorbed dose: the microbial
population decreases proportionally to the gamma rays dosage increase together with the
polimerization degree of cellulose molecule. This phenomenon was negligible at the
recommended treatment dosage (3-5kGy) and in any case it did not alter the essential mechanical
functional characteristics of the paper.
With the same intent, studies have been extended to photographic material (developing out paper
sensitized with gelatin-silver print. ILFORD-ILFOBROM 2.1 P) and results put in evidence that
no significant modifications both of the growth of microfungi (Penicillium chrysogenum) and of
the erosive action by chewing insects (Blaptica dubia) occur in the analyzed photographic paper
irradiated at 3kGy, with respect to non irradiated paper (FIG.1 and 2) [43, 44].

a)

b)

FIG. 1: P. chrysogenum colonies developed paper samples: a) not irradiated; b) irradiated at 3kGy [44].

a)

b)

FIG. 2. Damages by of Blaptica dubia feeding on photographic paper samples: a) not irradiated; b)
irradiated at 3kGy [43].
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Moreover other experimental trials have been carried out to verify if gamma rays could change
the fastness of different color dyes or pigment particles either suspended in the emulsion either
added directly from photographer (FIG.3) [45]. Results lead to conclude that the color fastness of
treated photographic prints are not influenced by gamma radiation till 10kGy. Same data have
been obtained on albumen, silver gelatin, collodion and aniline prints [46]. Any color change
would have rejected a priori radiation technology.
Ongoing activities are aimed to evaluate, by biological analysis, the dose rate and environmental
atmosphere influence on Whatman paper investigating whether and up to which degree, the
radioinduced effects can increase bio-deteriogens harmfulness on treated papers. At the same
time, irradiation side-effects and environmental influence on paper will be evaluated by chemical
and physical analyses.

a)
b)
FIG. 3. Photographic paper, black and white, silver salts, turn sepia and coloured by hand dating
from the 1920s: a) not irradiated; b) irradiated at 90kGy [45].

4. RESEARCHES ON POLYMERS UNDER GAMMA IRRADIATION
During the past decades, several activities regarding polymeric materials behavior under gamma
irradiation have been carried out in our laboratory [3]. The researches were focused on the
evaluation of the irradiation parameters (dose, dose rate, atmosphere), on the degradation process
(in presence of oxygen or not), on the post-irradiation effects and on accelerated ageing [1, 33,
47-50]. In particular, ESR spectroscopy was demonstrated to be extremely suitable for the
detection of free radical species induced by gamma rays and for their evolution after the end of
irradiation. The influence of temperature (in the range 77-333K) and of different atmosphere
(inert or oxygen-containing gases) was deeply investigated [51, 55]. Some experimental results
is reported in FIG.6.
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I)

II)

FIG.6: Ethylene-propylene rubber samples: I) ESR spectra of samples measured soon after irradiation at
100kGy (dose rate 0.3 Gy/s) in air (a) and in vacuum (b); II) relative ESR signal intensity vs storage time.
The samples were irradiated in vacuum at 100kGy (dose rate 0.3Gy/s). The sample holders were broken
and the samples exposed to air at different times. [52].

Interesting activities has been carried out on materials of cultural heritage interest, such as
cellulose-based paper and acrylic polymers, to investigate their chemical-physical properties
modification induced by gamma irradiation.
In paper structure, water plays a central role allowing the stabilization of the cellulose matrix and
determining most of its mechanical properties. Using gamma irradiation to induce paper ageing,
pure cellulose Whatman paper was characterized to get information about siting and dynamics of
water rearrangement when cross-linking and degradation of cellulose occur. By NMR 2D
technique a two-site (low- and high-mobility) residence model for water in the ultrastructure of
cellulose was demonstrated. When cross-linking and degradation of cellulose occur, a significant
fraction of water appears confined into low-mobility sites of the cellulose matrix. As the
cellulose damage grows more pronounced, the two-site structure turns into a single-site water
arrangement. In conclusion, using the NMR correlation maps, it is reasonably possible to obtain
information to assess the damages in the structure of cellulose and its the ageing state [56].
Further investigation regarded the evaluation of gamma irradiation side effects on paper
submitted to irradiation in the dose range 0-1000kGy, paying particular attention to the low
absorbed doses (up to 10kGy), of great interest for cultural heritage applications. The structural
modifications of cellulose, i.e. cross-linking and degradation processes, were studied by thermal
analyses (TG-DTG) and FTIR spectroscopy and allowed a complete characterization of the
cellulose-moisture interaction, as represented in FIG.8 [9].
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FIG.8: Representation of the moisture-cellulose interaction under gamma irradiation [9].

Ongoing activities are focused on the gamma irradiation in situ polymerization of methylacrylate
(MA) and ethyl methacrylate (EMA) monomeric solutions to obtain a co-polymer with similar
characteristics to those of one of the most used consolidating products (Paraloid B72) in cultural
heritage [57]. The optimization of the polymerization dose was carried out, verifying, by means
of 1H-NMR and FTIR-ATR measurements, the production of same chemical structure of sample
irradiated at 30kGy and of Paraloid B72 (FIG.9).
Finally, the data reported in FIG.10 show that the same polymeric structure was obtained at
absorbed dose of 30kGy and at different dose rates values.

Paraloid B72

30kGy
26kGy
15kGy
11kGy

a)

b)

FIG.9: a) 1H-NMR spectra of methylacrylate- ethyl methacrylate co-polymers at different absorbed doses
and of Paraloid B72; b)FTIR-ATR spectra of co-polymer irradiated at absorbed dose of 30kGy and of
Paraloid B72 [57].
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1.50 kGy/h
0.40 kGy/h
0.04 kGy/h

a)

b)

FIG.10: a) 1H-NMR and b)FTIR-ATR spectra of methylacrylate- ethyl methacrylate co-polymer obtained
at the same absorbed dose (30kGy) and at different dose rate values [57].

5. CONCLUSIONS
Ionizing radiations are demonstrated to be extremely suitable for applications in cultural
heritage, due to their effectiveness in bio-deteriogen eradication and in degraded porous
materials consolidation. Radiation techniques have specific and indisputable advantages over
classical procedures, such as no risk for the operators, no toxic residues and hence no risks for
curators, visitors or the environment. Although large amount of deteriorated objects can be
treated in a short time, when irradiation treatment is used it is necessary to take into account
decisive factors such as available alternative, the entity and the typology of the biological attack,
the urgency of intervention, the historical and commercial value of the material to be treated, the
quantity, the economic costs of the treatment. However, to a large-scale and reliable employment
of nuclear techniques for the conservation and consolidation of cultural heritage artefacts, an
optimization and codification of irradiation procedures and of the methodologies applied to
obtain a complete evaluation of the irradiation side- and post-irradiation effects are required. In
this perspective, the creation of networking and international cooperation is essential to share the
knowledge on cultural heritage radiation treatment and to promote the proposal of extremely
desirable guidelines and protocols.
In particular, the CRP Project in which our laboratory is involved is focused on the irradiation
procedure definition and on the irradiation side- and post-irradiation effects determination in
conservation/preservation (archived materials) and consolidation/protection (new resins in situ
polymerization on porous objects).
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Abstract
Protection of books, archives and artifacts from destruction caused by insects and microorganisms is one
of the main aims of the cultural heritage objects conservation. Moreover the microbiological burden is
harmful for the librarians’ and archivists’ health as well. In conservation practice, elimination of biocorrosion factors differs according to: type of historical objects, laboratory equipment, accessibility to
contaminated objects, methods of storing, size of contamination. Currently the most common method
used for decontamination of library and archival collections is ethylene oxide treatment, which is toxic to
human and natural environment. The promising alternative for this technique can be ionizing radiation.
Gamma irradiation has already been applied to the treatment of large volumes of books and archives as
well as wooden sculptures. The final outcome of the project will be development of improved
conservation methods using radiation processing techniques for conservation and higenization of cultural
heritage incunables, manuscripts, papers and books. Appropriate procedures and technical requirements
including optimal radiation doses for the electron beam treatment of CH objects will be developed.

1.INTRODUCTION
Paper has been the most important and the most popular information storage medium for two
thousand years. The technology of paper production has been changed over time. Paper is very
complex and interesting material whose structure depends on the method of manufacture and the
materials used as well. Paper consists mostly of cellulose fibers forming a three-dimensional
structure, whose molecules are linear polymers of β - D – glucopyranose monomers linked by β 1,4 –glycosidic bonds. In addition to cellulose, paper contains also hemicelluloses, lignin and
additives (binding materials, inorganic fillers, dyes, pigments, metal ions, etc.) in different
amounts, depending on the source of cellulose and on the purpose for use of the material,
respectively [1,2]. The cellulose-based paper undergoes unavoidable ageing processes that cause
mainly the degradation of cellulose, these phenomena involving acid substances and the moisture
present in the material (acid hydrolysis), oxidative agents and the atmospheric O2 (oxidation),
microorganisms (biodeterioration), or the light (photodegradation by UV radiation). All these
processes give synergistic effect leading to the changes in the crystallinity factor of cellulose and
a progressive shortening of the polymeric chains through de-polymerization with a catastrophic
loss of paper integrity [3,4].Cellulose is the main component of paper, but depending on the
origin and type of fabrication different amounts of lignin and hemicelluloses might also be
present in paper. Degradation of cellulose leads to bond scission that results in a loss of
mechanical properties of paper and unavoidable damage to valuable archive collections. This is
the reason why protection of books, archives and artifacts from destruction by harmful
microorganisms and improper storing conditions is one of the main aims of the preservation of
objects of cultural heritage. Moreover, the microbiological burden is also harmful to the health of
librarians and archivists. Currently, the most common method used to ensure that such materials
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are hygienic is treatment with ethylene oxide, which is toxic to humans and the natural
environment. Moreover, resistance of some microorganisms (Pyronema domesticum) to ethylene
oxide has been observed [5]. A promising alternative to this technique can be ionizing radiation.
Gamma irradiation has already been applied in the treatment of large volumes of books and
archives as well as wooden sculptures, but application of electron beam seems to have less
impact on paper structure due to short time of irradiation process. The pilot project on the use of
irradiation to disinfest archival materials began in 1980 when the medical archives of Johns
Hopkins University inherited a collection of documents from a public health officer named W.
Horsley Gantt [6]. Storage boxes of Gantt's papers were exposed to 4.5 kGy of gamma radiation
from a cobalt-60 source and 25 years after irradiation process no changes in paper integrity and
stability were observed. First large-scale application of ionizing radiation for the removal of
mold from a large number (150,000 to 200,000) of historic books took place at the Leipzig
University Library. The effects of gamma radiation were investigated. It was necessary to use
doses of 12.0 kGy to ensure success. The influence of the radiation on the optical (brightness,
yellowing) and mechanical (tear strength/Unger, bursting strength, folding endurance) properties
of the paper was minimal. Severely attacked historical books showed improved quality after
having undergone the described treatment. As a consequence of such good results, 600 books of
the Leipzig University Library were treated utilizing this radiation method [7]. In Croatia during
the past 15 years more than 5000 wooden sculptures, parts of altars, pieces of furniture, musical
instruments and other wooden, paper, textile and leather items were treated in the gamma
irradiation facility for preventive and curative purposes [8]. The activities of the two irradiation
facilities devoted to the treatment of heritage objects, the NucleArt Laboratory, Grenoble, and
the Conservation Radiation Facility of the Museum of Central Bohemia in Roztoky near Prague,
Czech Republic, have continued to lead the way over the past 30 years in the application of
irradiation for the protection of cultural objects [9]. In Romania larger study concerning radiation
decontamination of archives was initiated by “Horia Hulubei” National Institute for Physics and
Nuclear Engineering in cooperation with the Pulp and Paper Research Institute, “Alexandru
Darabont” Work Safety Institute and Braila Museum. These results were used for justification
the radiation dose range for the treatment of archive and will be used for the treatment of a
museum collection belonging to Braila Museum [10]. However, most of mentioned above
studies applied gamma irradiation. Electron beam irradiation is a faster process what can limit
post oxidation related effects of paper degradation. Decontamination of microbiologically
infected and damaged paper can also be an area for the new application of electron beam
irradiation, but this process needs to be investigated in detail.
2.MATERIALS AND METHODS
The aim of the presented work was to evaluate the changes in the properties of the different types
of paper: handmade paper from XVIII century, typing paper form XX century, contemporary
copy paper, contemporary newsprint paper.The samples were decontaminated with two methods:
electron beam irradiation and EtO treatments separately.
The samples were exposed to electron beam irradiation using a 10 MeV-10 kW linear electron
accelerator “Elektronika” at the Institute of Nuclear Chemistry and Technology in Warsaw. The
samples were irradiated with a dose of 12 kGy in the atmosphere of air. The dose was measured
using a graphite calorimeter. Electron energy was measured using a PVC dosimetric film and a
CD-07 Dose Reader.
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A mixture of 10 % EtO and 90 % carbon dioxide was applied to the paper samples
decontamination with EtO. EtO concentration after the treatment was below 1 mg/m3,
decontamination time - 36 h, EtO concentration during the process 460 mg/l, pressure 2880
mbar, temperature 30°C. Samples were humidified before the process.
Changes in the chemical properties of the paper were determined by measuring the pH using two
methods: measurements with a surface electrode according to TAPPI T 529 and determination of
the pH of paper cold extracts according to TAPPI T 509. The measurements of pH with a surface
electrode were carried out for five samples of each kind and the average results are reported. A
single drop of distilled water was placed on the surface of each paper sample and after 30
minutes the pH value became stable. The pH of paper cold extracts was measured at 25oC after
one hour. The results did not change with time.
The morphological examination of the paper samples was carried out using a DSM 942 Scanning
Electron Microscope (Zeiss Instrument, Leo, Germany). The samples were observed at a
magnification of 500 times.
The structural changes in the materials were examined with Fourier Transform Infrared
Spectroscopy with Attenuated Total Reflectance (FTIR-ATR) EQUINOX 55 (Brucker).
The thermal analysis of the paper samples was carried out with a Q500 Thermogravimetric
Analyzer (TA Instruments) from 30oC to 600oC at a heating rate of 10oC per minute, under a
constant flow (60 ml/min) of nitrogen gas. The weight loss and its first derivative were recorded
simultaneously as a function of temperature.
3.RESULTS AND DISCUSSION
The pH changes with an increase in the number of carboxyl groups in cellulose chains. The
results obtained using the two different methods are similar. There is no significant difference in
the pH of the samples before and after treatment (Table 1), so we can conclude that neither
irradiation with a dose of 12 kGy under applied conditions nor EtO treatment affects the
chemical properties of paper.
Table 1. pH changes of the samples of different kind of paper after EB treatment and after EtO
treatment
Method

Control

EtO

EB

Typing paper form XX century

4.45

4.42

4.41

Handmade paper from XVIII century

6.40

6.69

6.73

Contemporary newsprint paper

6.75

6.84

6.43

Contemporary copy paper

7.31

6.88

7.35

Sample
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The SEM images show that the paper samples are made of fibres of various dimensions and a lot
of fillers and adhesives between them (Fig.1). The technology of paper production has been
changing over time. Paper is very complex material whose structure depends on the method of
manufacture. Paper consists mostly of cellulose fibers forming a three-dimensional structure,
whose molecules are linear polymers of β-D–glucopyranose monomers linked by
β - 1,4 –glycosidic bonds. Paper, besides the cellulose, contains also hemicelluloses, lignin and
additives (binding materials, inorganic fillers, dyes, pigments, metal ions, etc.) in different
amounts, depending on the source of cellulose and on the purpose of use of the material. Study
of four different types of paper revealed their different structure depended on the composition
and production method. The longest and less destroyed fibers are observed in the SEM image of
handmade paper. In the image of copy paper, produced using cellulose and wood pulp, the fillers
such as kaolin can be observed. The most destroyed structure of fibers is observed for newsprint
paper where substrates are wood pulp and recycled fibers. No obvious modification in the
morphology of the paper samples was observed after irradiation as well as after EtO treatment.

a)

b)

c)
d)
Fig. 1. SEM images of the different types of paper: handmade paper from XVIII century
(a), typing paper form XX century (b), contemporary copy paper (c), contemporary
newsprint paper (d).
Some differences in paper samples composition were observed in FTIR spectra (fig. 2). Signal in
the range of 1600-1750 cm-1, related to the presence of cellulose oxidation products (C=O) [11],
is the strongest in the spectrum of newsprint paper. The band related to C-O-C stretching in
cellulose structure is observed at 1100 cm-1. The band at 1505 cm-1, attributed to C=C in phenyl
ring in lignin structure, is stronger in copy and newsprint paper than in machine and handmade
paper. Also band at 870 cm-1 in related to lignin content due to C-H in aromatic ring [12].
Electron beam irradiation as well as EtO treatment didn’t induced any changes detectable in
FTIR spectra.
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Fig. 2. FTIR-ATR spectra of different kind of paper and -cellulose.
The control samples and samples after the irradiation with electron beam as well as after EtO
treatment show similar thermal stability in air on heating, with the main step of weight loss at
250-350oC characterized by maximum rates at 315-363oC depending on kind of the paper
(Fig.3). Temperature of maximum weight loss is related to cellulose decomposition and it
decreased with increasing cellulose degradation degree. Residual weight (%) at 600 oC also
depends on the kind of the paper (~ 15-31 %). This value includes the amount of char –
unburned components like inorganic fillers and final decomposition products. Taking into
account onset temperature, temperature of the maximum in the weight loss rate and residual
weight electron beam treatment seems to cause smaller degradation of the paper samples than
EtO treatment.

a)
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b)

c)

d)
Fig. 3. TGA curves of the different types of paper: handmade paper from XVIII century
(a), typing paper form XX century (b), contemporary copy paper (c), contemporary
newsprint paper (d) before treatment and after electron beam irradiation as well as EtO
treatment.
4.CONCLUSIONS
Treatment with an electron beam is an effective and fast method of decontaminating books,
archives and library collections. The investigations of the chemical, thermal and morphological
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properties of different kind of paper carried out after treatment with an electron beam at a dose of
12 kGy and after decontamination with EtO confirmed that there were no obvious changes in
these properties for both of these decontamination processes, although smaller changes
compared to the control samples observed in thermogravimetric analysis for samples irradiated
with electron beam may suggest that this influence of this method on the paper properties is less
harmful than EtO fumigation.
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Abstract
The aim of this research project is to prepare new materials (Ormosils - Organically Modified Silicates)
by ionizing radiation techniques, which could be used alone or as additives to the existent composite
materials used in mosaic conservation. PDMS-silica Ormosils based gels, hydrogels or composites with
biocide content will be prepared by gamma irradiation looking for the conjugation of important properties
such as: transparency, flexibility and nanostructured, robustness, water-repellent and anti-reflective
properties, environment-resistance as so application reversibility. The development of an efficient and
expedient method of its application/use is also a priority as so the elaboration of an instructive manual
guide and respective dissemination.

1. INTRODUCTION
Ancient mosaics conservation is a well-defined field of study with a significant number of very
positive experiments to which the International Committee for the Conservation of Mosaics
(ICCM) has been, since 1977, the great promotor and major driver (http://www.iccm.ac.cy/).
Nevertheless, institutions dealing with large extensions of mosaics often have difficulty solving
problems in an effective and sustainable way [1,2]. Conservation practices tend to proceed on a
case-by-case basis [3], being observed a lack of consensual, effective and universal guidelines
for the positive solution of problems. This can be partially justified by the fact that the
effectiveness and sustainability of the procedures depends largely on the mosaics degradation
condition and on the respective environmental, biological and human frame [4,5].
This project originates on the need felt by portuguese national public archeological authorities
for the efficient preservation of Roman mosaics in important archeological sites such as
Conimbriga, in order to effectively preserve this important part of our cultural heritage and to
allow its fruition by the general public enhancing the interest of sites and monuments which
house them. Thus, the project aims to search for suitable answers related to interventions in
mosaics including the application of new methods (on a “easy-to-do” base) and
materials/products to mitigate and delay the weathering and bioactivity effects contributing as
possible to improve the know-how about mosaics conservation/preservation practices
(considered one of the crucial and costly elements in the overall process).
Ormosils consists of an organic compound chemically bonded to a silica network, which is
modified by the presence of a former [6]. Ormosils have been prepared at C 2TN/IST from
polydimethylsiloxane (PDMS) and tetraethylorthosilicate (TEOS) by gamma irradiation. The
obtained materials are colorless, transparent, flexible and nanostructured, consisting of
amorphous silica clusters linked to flexible PDMS polymer chains [7]. PDMS-silica Ormosils
have a wide range of applications as reported in literature (e.g.: improving the robustness of
limestones and also enhancing water-repellent properties; environment-resistant and crack-free
thick antireflective coatings) [8]. The hydrophilicity of PDMS methyl groups and the low
hydroxyl content in Ormosils were pointed as beneficial to radiation lifetimes. According to the
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above, Ormosils may clearly benefit mosaics conservation. Furthermore, one of the main issues
to assure the success of any process of consolidation/preservation is, after understanding the
causes of deterioration of mosaics and/or binding mortars, to assure the compatibility of both
materials, damage and applied consolidating material, ensuring the absence or a minimum
mechanical stress at the contact interface. Based in our experience this could be targeted with
Ormosils hybrids thanks to its chemical nature (silica based materials). Besides that they can be
tailored through ionizing radiation techniques [9,10], in a tentative to approach or reproduce
some of the pristine physico-chemical properties found in the mosaics and mortars.
At this point we intent to simultaneously prepare/optimize PDMS-Ormosils based materials with
biocide activity by ionizing radiation techniques and to develop an efficient and expedite method
of application to mosaics in situ. The innovation would be to investigate: a) the addition of the
prepared Ormosils hybrids to the composite materials used in mosaics conservation to provide
some flexibility and hydrofilicity; b) the addition of a suitable biocide component (e.g.:
graphene) to the hybrids composition to minimize the bioburden damage; c) the development of
a protective transparent anti-reflective film (surface cured) for application on the mosaics to
withstand UV with good functional properties for at least a five-year period.
The precursors that will be used for hybrid materials preparation will be: PDMS
(polydimethylsiloxane), TEOS (Tetraethylorthosilicate), PrZr (Zirconium propoxide), TiO2
(Titanium dioxide). Graphene (G), GO (graphene oxide) and GO-Ag (graphene oxide-silver) will
be introduced in the hybrid composition as biocide agents.
The host institution, Centro de Ciências e Tecnologias Nucleares (C2TN), a research unit of
Instituto Superior Técnico (IST), and the campus where it is inserted own an Ionizing Radiation
Facility (with an experimental source of cobalt-60 and a linear accelerator), and a Semiindustrial 60Co facility (unique in the country), as well as other laboratories and analytical
techniques that are vital to carry out the project. This is fully inserted in the C2TN
scientific/research strategy, in its Advanced Materials/Materials Science and Engineering
thematic strand.
Team members belong to the Group of Radiations, Elements and Isotopes (GREI), which have
been involved in related projects financied by national Foundation for Science and Technology
as well by IAEA, for instance:
- Protocol ITN/IPA (Portuguese Archaeological Institute) - Program B - Characterization of
Pre-Historic Metals and Metal Alloys (Ministry of Culture) - (2001-2006);
- POCTI/CTM/2002: “Hybrid Materials Prepared by Irradiation” - (2004-2008);
- REEQ/618/CTE/2005: “Centre for Isotopes and Trace Elements Research” –CISTER,
National Program for Scientific Hardware Renewal” (2006-2009);
- PTDC/CTM/101115/2008: “Hybrid materials for biomedical applications” - (2010-2013);
- PTDC/CTM-POL/114579/2009: “Preparation of Polymeric Materials Catalytically Actives on
Biodiesel Production, by Vegetable Oils Methanolysis” (2011-2014);
- RECI/AAG-TEC/0400/2012: “Application of Ionizing Radiation for a Sustainable
Environment (ARIAS)” – (2013-2015);
- IAEA POR/8/002: "Installation of a Cobalt-60 Pilot plant" (1985-1989);
- IAEA POR/1/009/G1: " Focused MeV Ion Beams for Microanalysis at the Portuguese
Nuclear Research Center" (1997-2000);
- IAEA-319-DE-22: “Improving quality and safety of minimally processed fruits and
vegetables by gamma irradiation” (2002-2005);
- IAEA-POR/8/010: “Implementation of wastewater treatment by radiation in Portugal” (20032007);
- IAEA - CRP F1.20.19: "Development of Nuclear Microprobe Techniques for the Quantitative
Analysis of Individual Microparticles"(2005-2008);
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- IAEA RER/80/17 “Enhancing Quality Control Methods and Procedures for Radiation
Technology” (2009-2011);
- IAEA Research Contract No: 17474 - "Survival and Inactivation Patterns of Viral Threat
Agents in the Environment: Assessment of Ionizing Radiation as Decontamination Tool"
(2012-2015);
- IAEA CRP 18202/RO: “Biodegradable polymer matrices obtained by ionizing radiation for
skin scaffolds” (2014-…).
These projects have provided essential knowledge and skills necessary for the development of
this proposal.
2. RELATED WORK PERFORMED
Our research team posses experience in distinct research areas such biological sciences,
radiomicrobiology, materials sciences, ionizing radiation processing, conservation sciences and
nuclear analytical techniques for elemental and isotopic determinations., constituting a
competent team in Environment, Cultural Heritage and Materials Science.
2.1. Macromolecular materials prepared by γ irradiation
2.1.1. Polymeric Materials
Chitosan/pHEMA membranes
Our recent work has been focus on the development of chitosan based copolymeric membranes,
biocompatible and microbiologically safe, that can be used simultaneously as wound dressing
and as support in transdermal drug release system. Chitosan is a polysaccharide of natural origin
that has been considered to be advantageous as a wound dressing material since it may by itself
accelerate and actively participated in the process of wound healing [11]. Natural
macromolecular materials such as chitosan are usually mechanically weak and often difficult to
process as membranes.
Among the various methods of modification used to improve chitosan properties and adequate it
to the intend application, graft copolymerization has been the most used. Grafting of chitosan
allows the formation of functional derivatives by covalent binding of a molecule onto the
chitosan backbone, in our study 2-hydroxyethyl methacrylate monomer was used [12-13].

HEMA

Chitosan

Chitosan-g-pHEMA

Fig. 1: Schematic representation of graft copolymerization of HEMA onto chitosan [12].

The result obtained was a transdermal drug delivery system “ready to use” combining matrix
modification by γ irradiation and microbiological safety in one experimental step.
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Fig. 2: Chitosan/pHEMA membranes: A) chitosan (pristine); B) chitosan/pHEMA
membranes impregnation (antibiotic); C) ready-to-use Chitosan/pHEMA membrane.

PVA supported crosslinked membranes
We have been working on the development of PVA (polyvinyl alchool) crosslinked membranes
to be used in biodiesel production. These membranes were prepared through γ irradiation and
tested as polymeric catalytic supports in pervaporation membrane reactors for biodiesel
production from old food oils. The functionalization of membranes to improve their native
catalytic behaviour was performed by γ irradiation . Results showed that PVA supported
crosslinked resin membranes are effective catalysts in the lauric acid esterification reaction,
showing very promising to be used in pervaporation membrane reactors for biodiesel production
[14].

Fig. 3: SEM micrographs of PVA supported crosslinked membranes obtained by γ irradiation [14].

PE-g-HEMA films and granules
Other area of research regarding the modification of polymeric materials by grafting
copolymerization through 60Co irradiation is the development of polyethylene (PE) based
copolymeric materials, mechanically stable, hydrophylic and biocompatible, that can be used for
biomedical and fine-chemistry industrial applications [15,16].

Fig. 4: PE-g-HEMA films and respective SEM micrograph revealing its porous structure.
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PE grafted with hydroxyethylmethacrylate (HEMA) was prepared in two different forms
(granules and films) by γ irradiation. The experimental protocol developed allow the preparation
and sterilization of the copolymer in one experimental step. PE-g-HEMA copolymers obtained
revealed to be a mechanically stable material with a 3D porous structure, rough surface, nonhemolytic (HI≤2,5%), hydrophylic (water uptake up to 95%). These characteristics grant PE-gHEMA as a material adequated for biomedical aplications (the surface adequated for biointeraction of adhesion and/or cell proliferation), and as a support for physical or chemical
immobilization of active bio-molecules (enzimes, drugs, thrombo resistant agents, …) [17,18].
2.1.2. Hybrid materials
Hybrid materials are a new family of amorphous solid materials in which the organic (polymer)
and inorganic compounds (metal, ceramic, other) are linked to form a non-crystalline network.
These type of materials allow the combination of the best properties of materials with different
nature (precursors) in a single stable and final material, which the properties can be tailored for
specific or even unique applications. Some of the most studied applications of hybrid materials
include: sensors and biosensors, optical materials, lasers, catalysts and photocatalysts,
biomaterials (orthopedic and dental bioactive cements), molecular imprinting materials, water
repellent coatings, corrosion resistant films, pressure-sensitive adhesives, intelligent membranes
and cosmetics [7,8,9].
Hybrid materials can be homogeneous (derived from monomers and miscible organic and
inorganic components) or heterogeneous systems (at least one of the components domains as a
dimension ranging from some Å to some nanometers) and their properties depend on the nature
and ratio of components, inner interfaces and respective molecular organization.
Depending on the nature and predominance of the interactions between the different components
of the hybrid material they can be classified as being of Class I (Van der Waals, hydrogen bonds,
electrostatic interactions) or of Class II (covalent or iono-covalent chemical bonds). A Class III
is also sometimes referred as being a mix of the other two major classes.
PDMS-TEOS
Our research concerning the preparation of hybrid materials has been focus on the development
and optimization of an alternative method for the preparation of polydimethylsiloxanetetraethylorthosilicate (PDMS-TEOS) hybrid materials for bone reparation/consolidation or as
part of bone cements composition, thanks to its bioactivity.

Despite usually prepared by the conventional sol-gel method, we have been using gamma
irradiation technique as a cleaner and efficient way to promote polymer chains crosslinking in
this hybrid material [19].

Fig. 5: Molecular structure of PDMS and TEOS.

The experimental protocols already developed allowed us to prepared homogeneous, transparent,
monolithic and flexible nano-structured hybrid materials. By control of the precursors
nature/concentration ratio, aditives and irradiation parameters it was possible to improve the
thermal stability of this materials (Tdeg= 450 ºC) and so its bioactivity.
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Fig. 6: PDMS-TEOS hybrid materials obtained by γ irradiation techniques.

2.3. Cultural heritage
2.3.1. Preservation of old art artefacts by radiation technologies (60Co and e-beam
irradiation)
Radiation technologies, 60Co and e-beam irradiation, have been used for the preservation of old
art artefacts namely for bio-decontamination purposes. Decontamination of an old wood
sculpture of Saint Joseph from an old private Church in Lisbon which was irradiated at a Dmin of
5 kGy in our 60Co facility as part of a curative and restoration process is shown in Fig. 7.

Fig. 7: Saint Joseph sculpture (wood). Curative treatment: Dmin=5 kGy (γ irrad.);
Restoration after irradiation.

In the aim of the Project RADIART, in collaboration with the National Museum of Tile, Lisbon,
portuguese tiles from the XVIII century were also gamma irradiated for microbial inactivation at
a Dmax <4 kGy. Its bioburden (N0 < 103 cfu/cm2), identified from being from two different
natures: bacterial at surface and fungi inner inside (aspergillus spp. and cladosporium spp.), was
responsible for green stains in the glaze of the tiles (Fig. 8). Irradiation process showed a
microbial efficiency upper than 70% [20].
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0 kGy

4 kGy

Fig. 8: Portuguese tiles from XVIII century before and after γ irradiation
(N0 < 103 cfu/cm2; Dmax <4 kGy; Microbial inactivation efficiency >70%)

In collaboration with the Archive of the University of Coimbra (AUC), Project Micro-Archive, it
was conducted a study in historical parchment documents regarding its decontamination and
preservation by ionizing radiation technologies. These documents are subjected to incremental
biodeterioration problems that have to be faced daily. This study had two parallel objectives: i)
to evaluate gamma radiation effects on the colour and texture of these documents in order to
estimate the maximum gamma radiation dose (Dmax) that could guarantee parchment documents’
decontamination treatment, whithout significant alteration of their physical properties; ii) to
assess bioburden and gamma radiation inactivation patterns in the parchment documents.
Regarding the first objective parchment samples were gamma and e-beam irradiated with doses
ranging from 10 to 30 kGy. The texture and colour of samples were assessed before and after the
irradiation procedure as so their hardness and springiness. Results indicated no significant effects
of radiation on the texture and colour of parchment in the range of studied doses [20].
A

B

C

Fig. 9: Parchment book irradiated for decontamination and restored.
(A - parchment book; B - inner part of the book; C - parchment samples positioned for e-beam irradiation).

The work related with the second objective revealed that the microbial population in tested
parchments was mainly constituted by bacteria (93% of gram-positive rods) and with a small
fungal contamination (Cladosporium cucumerinum, Penicillium and Aspergillus): bioburden
values lower than 5x103 cfu/cm2 for total microbiota and lower than 10 cfu/cm2 for fungal
propagules. Parchment samples were irradiated with doses ranging from 2 to 12 kGy.
Based on the inactivation efficiencies achieved for the natural microbiota of parchment and the
inactivation kinetics of C. cladosporioides (used as reference) the results suggest a dose of 5kGy
as a minimal decontamination dose for the analyzed parchment documents [21]. These results
are in accordance to the achieved minimal gamma radiation dose range (from 3 to 8kGy)
determined for the microfungal decontamination of paper by Magaudda (2004) [22].
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2.3.2. Characterization of art objects by microbeam techniques
With an external ion microbeam it is possible to analyze the elemental composition (in point,
line or areal maps modes) and perform structural studies of different objects, large or small,
using Ion Beam Analysis techniques in open air or helium atmosphere – i.e. without vacuum
conditions – and without the need of sampling or any special preparation.
Our research center has, since 2008, an external ion microbeam analytical end‐station at the ion
microprobe facility of the Ion Beam Laboratory (Laboratório de Feixe de Iões). Its availability
added a set of valuable analytical techniques for the study and conservation of Cultural Heritage.
Knowing the composition of an object is extremely important for the conservator‐restorer’s
work. It can also indicate, for example, if the constituent elements are consistent with the ones
used in the period to which the object is supposed to be. Furthermore, the trace element
concentration can indicate in some cases the provenance or relate it with other objects of the
same type. The possibility to analyze and identify corrosion products is also necessary in order to
better understand the mechanisms of degradation, which is essential for their preservation for the
present and future generations.Since its installation several different ancient objects have
analyzed: glass fragments from a Roman villa and religious gilt objects from the XVI‐XVIII
centuries, are a few examples of studies already performed which are well documented in the
work of Victoria Corrigidor et al (2011) [23,24].

Fig. 10: External ion microbeam experimental setup (for mercury gilding characterization of a reliquary (CMAG
1194 Collection)) and respective PIXE spectrum and fit from a homogeneous composition area.

3. OBJECTIVES AND WORK PLAN
In order to obtain PDMS-silica Ormosils materials with biocide activity which could be used
alone or as aditives to existent composite materials used in mosaic conservation/preservation
processes, our research team will carry out a systematic study over PDMS based gels, hydrogels
and composite materials prepared by ionizing radiation techniques, which specific tasks to be
done during the first year of this research project are:
Task 1- Physico-chemical characterization of Roman mosaics and binding mortars.
Objective: To allow the correct adjustment of the organic/inorganic hybrid materials composition
ratio in order to assure a good compatibility/integration as so similar mechanical properties
between the different materials.
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It involves: in situ observation, data collecting from local archeological authorities (if possible:
specimen compositions, mechanical properties, level of degradation, main concerns about
conservation, etc.) and sampling. Data from elemental, morphological and mechanical
characterization will be obtained by EDXRF, nuclear microprobe (PIXE, RBS, STIM), SEM,
PALS (porosity) and mechanical assays. Structural stability and chemical nature will be accessed
by DSC, TGA, FTIR and contact angle measurements techniques.
Task 2- Bioburden evaluation of mosaics and binding mortars.
The quantification of bioburden will be done by culture-based techniques. Phenotypic methods
and genotypic techniques using molecular biology methods will be used for the characterization
of samples microbiota.
Task 3- Preparation of hybrid materials with biocide content by ionizing radiation (60Co);
Optimization of the preparation protocol.
It includes: i) Selection of most suitable PDMS based precursors, composition ratios and biocide
content to obtain hybrid materials with adequate properties to be used effectively for mosaic and
mortars conservation/preservation processes. Hybrid materials will be prepared by direct method
of irradiation of the respective preecursors; ii) Optimization of irradiation parameters (range of
absorbed dose, samples irradiation environment and dose rate effect);
iii) Evaluation of
biocide activity of prepared materials using reference microbial strains and culture-based
techniques.
Synthesis procedure will be be done according to the following simplified scheme:

PrZr + TEOS + PDMS
(in PE or glass sealable containers)

Graphene
Graphene oxide
Graphene oxide-silver

Homogenization
+
Sealing in N2 atmosphere

 Gamma irradiation
-1

(DD= 10 kGyh )

Washing in PDMS solvent
- Tetrahydrofuran -

Solvent evaporation

(to remove free chains)

Task 4- Characterization of the prepared hybrid materials.
The prepared materials characterization will involve elemental, morphological, structural,
mechanical and physico-chemical properties. Data obtained from nuclear microprobe (PIXE,
RBS, STIM), EDXRF, SEM, PALS, FTIR, DSC, TGA, contact angle measurements and
mechanical assays will be considered for this purpose. Biocide activity will be evaluated using
reference microbial strains and culture-based techniques.
Further work will include:
Task 5- In lab tests: Aging studies and optimization of materials application procedures.
Optimization of developed materials application procedures for mosaics and mortars
consolidsation. Physico-chemical and mechanical tests will be performed in replicas including
simulated aging processes.
Task 6- In situ tests of hybrid materials and application of the developed methodologies.
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Task 7- Elaboration of manual guide.
This manual aims to be a reference guide for instruction and dissemination of the new materials
and respective methods of application developed.
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ABSTRACT
The aim of this project is to improve the methodology for disinfestation of artefacts by gamma
irradiation. The methodology will be based on the irradiation parameters and a set of nondestructive physical-chemical tests that can highlight changes induced by gamma irradiation in
the functional and decorative properties of artefacts as well as microbiological tests that assess
the efficiency of the treatment. Irradiation parameters to be set out are: minimum absorbed dose
(Dmin), maximum absorbed dose (Dmax), and dose uniformity ratio (DUR).
Regarding the effects of ionizing radiation on the properties of most common materials (wood,
paper, mineral pigments) used in artefacts, 10 kGy may be considered as a threshold dose below
which mechanical and optical properties of these materials are not significantly affected. Still
there are few data in literature about these effects on materials such as leather/parchment, textile
fibres, modern pigments / binders, on different age or degradation status. These effects can be
investigated by non-destructive techniques (such as Colorimetry, FT-IR/Raman). Another issue
is the stability of free radicals induced by irradiation and their effect on post-irradiation stability
of sensitive materials such as paper. Thus, we propose physical and chemical testing of materials
not previously investigated and study the kinetics of free radicals induced by gamma irradiation
in sensitive materials in order to re-assess maximum acceptable dose and to widen the
acceptance of disinfestation by gamma radiation treatment.
1. SCIENTIFIC BACKGROUND
Gamma radiation is used for disinfestations of cultural heritage (CH) artefacts that contain
materials which are a source of food for the species involved in biodegradation. No toxic or
radioactive residues remain in the treated object and large amounts of objects can be treated in a
fast manner and with low costs [1]. Despite of these advantages over other “classic” (physical or
chemical) decontamination methods, disinfestation of CH artefacts by gamma irradiation is not
yet the first choice in the field. Conservators’ reluctance in using it is mainly caused by the fact
that the literature does not describe exhaustively the effect of irradiation on the properties of
materials which compose these artefacts and there are no guidelines for the large scale
application of the method.
Ionizing radiation generates highly reactive free radicals which produce chemical and biological
effects that kill biodeteriogen agents (by breaking the DNA double helix, for example). Doses
used in disinfestation of CH artefacts range from 500 Gy (enough to kill larvae) to 10 kGy at
which fungi are inactivated [2]. At certain doses the radiation can produce unwanted effects on
the irradiated object. Although there are some discrepancies among published works on the
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effects of ionizing radiation on the properties of most common materials (wood, paper, mineral
pigments) encountered in CH artefacts, 10 kGy can be regarded as a threshold dose below which
the macroscopic or functional properties (mechanical, aesthetical) of these materials are not
significantly affected [3 - 10]. Still there are few papers describing the effects of irradiation on
the base materials such as leather, parchment, textile fibres or decorative materials such as
modern pigments or binders (especially organic synthetic pigments and binders developed from
the end of 19th century) which can be originally constituents of the artefacts or added in the
restoration process. Thus, reliable data can be added in order to widen the acceptance of
disinfestations by gamma radiation treatment. Ideally, these effects are investigated by nondestructive techniques.
2. SCIENTIFIC SCOPE OF THE PROJECT AND EXPECTED OUTPUTS
The overall objective of this project is to widen the acceptability of the radiation disinfestation
method. For this purpose we propose to improve the methodology for disinfestation of artefacts
by gamma irradiation and to obtain reliable data on the CH materials or mixture of materials not
previously investigated. The methodology will be based on the irradiation parameters (Dmin,
Dmax, and DUR), on non-destructive physical-chemical tests that can highlight changes induced
by gamma irradiation in the functional and decorative properties of artefacts and on
microbiological tests that assess the efficiency of the treatment.
Dmax is related to the radiation sensitivity of materials constituting the artefacts. We propose
non-destructive (Colorimetry, FT-IR, FT-Raman) and destructive (mechanical, EPR, thermal
analysis, calorimetry) tests on reference materials not or less previously investigated (base
materials such as leather, textile fibres, modern pigments and binders) at doses higher than 10
kGy to establish Dmax. In a similar manner with the investigation of the most common materials
(wood and paper), we will try to correlate data obtained by destructive tests with those obtained
by non-destructive tests, in order to set out the appropriateness of some non-destructive
techniques for the investigation of defects induced by gamma radiation in CH artefacts.
Among base materials used in CH artefacts, paper is the most sensitive to gamma irradiation.
There are great concerns regarding post-irradiation effects of free radicals. We propose a
combined EPR and Colorimetry-/FT-IR study on different types of paper: pure cellulose paper,
common paper from archives (that contains fillers and brightening agents) and naturally aged
paper. Considering yellowing an index for degradation (b* coordinate of CIE L*a*b* colour
space), we will compare its change over time with that of free radicals concentration in nonirradiated and irradiated paper at doses up to 10 kGy.
Dmin is related to the radioresistances of micro and macro organisms involved in the
biodeterioration processes. Although some of them are known, they can vary with the
environmental parameters and the life stage of organism, thus microbiological tests before and
after irradiation are needed in order to assess Dmin and efficiency of the treatment. A specific
objective of this project is to analyse several approaches for assesing the efficiency and
oportunity of the radiation treatment, relative to the specific materials, contaminants and dose
window of the irradiation treatment.
Related to the optimization of irradiation geometry, we propose to participate in validation of
MC simulations by dose mapping in dummy wooden artefacts of irregular shapes. By MC
simulations, zones of high dose gradient will be identified and characterized in terms of dose
distribution. MC simulations results will be validated by dose mapping in dummy artefacts.
Having MC simulations validated, gamma irradiation treatment of CH artefacts can be controlled
by few dosimeters placed in accessible zones of the artefacts.
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In the frame of this project we expect to improve the methodology for disinfestation of artefacts
by gamma irradiation by:
- obtaining maximum acceptable doses for CH materials not previously investigated and/or CH
items with mixed materials.
- establishing standard procedures for a set of non-destructive techniques that can put into
evidence changes that may be induced by gamma irradiation in the properties of CH artefacts.
- obtaining dosimetry data for the validation of MC simulations, by 3-D dose mapping in dummy
CH artefacts
- evaluation of the potential for (long-term) irradiation effects induced by trapped free radicals in
crystalline structures
- setting-out the microbiological testing approach for assessing the efficiency of the irradiation
treatment for each particular collection or set of CH items.
We expect to widen the acceptability of this disinfestation method by study the post-irradiation
effects of unstable free radicals on the properties of sensitive materials such as paper as well as
the effects of gamma irradiation on CH materials not previously investigated.
3. METHODS
For changes in the molecular structure of organic and inorganic materials there are available two
suitable vibrational spectroscopy techniques: Fourier Transform Infrared Spectroscopy (FTIR)
and Fourier Transform Raman Spectroscopy (FT Raman). FT-IR and FT-Raman, are
complementary techniques, which can be used together, for identification of materials (in
particular pigments), to describe complex mixtures and to reconstruct the sequence of pigment
layers. They can provide molecular and structural information about changes in organic and
inorganic materials. Inorganic pigments can be analyzed by Raman and varnishes, binders and
organic pigments can be analyzed by FTIR. Raman method is less sensitive for organic
materials.
Perceptions of colour being subjective and physiologically dependant, colour measuring
instruments (colorimeters and spectrophotometers) must be used to quantify the colour
differences. Colorimetry by means of Visible Reflectance Spectroscopy (Vis RS) can distinguish
changes in the appearance (colour and texture) of artefacts that cannot be seen by the eye.
A very precise technique to study free radicals, induced by irradiation and trapped in crystalline
structures, is Electron Paramagnetic Resonance Spectroscopy (EPR). EPR has the unique ability
to detect free radicals at concentrations of sub-μM, so it requires small samples (hundreds of
milligrams) that can be further analysed by other methods. A common issue is the stability of
free radicals induced by irradiation and their effect on post-irradiation stability of sensitive
materials such as paper. Yellowing effect is related to the degradation of paper. Yellowing (b*
coordinate or yellowness index, YI) can be evaluated by Colorimetry and correlated to the
intensity of EPR signal in order to assess post-irradiation effects of free radicals. In parallel, FTIR, as an independent technique, can reveal changes in molecular structure.
The study of the thermal decomposition of materials can be used for characterization of base CH
materials but also materials such as grounds, paints and linseed oil. One important aspect of the
thermoanalytical techniques (the thermogravimetry - TG, derivative thermogravimetry - DTG,
differential thermal analysis - DTA, differential scanning calorimetry - DSC, thermogravimetry
coupled with DSC - TG-DSC, etc.) is that, are needed few milligrams of sample and the results
are well averaged on this amount of samples. Thermogravimetry (TGA) gives information about
temperatures of oxidation and thermal decomposition, material composition, inorganic content.
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Dynamic scanning calorimetry (DSC) gives information on the heat of reaction, melting and
crystallisation temperature and glass transition temperature. Previous studies showed a linkage
between some TA parameters and mechanical properties or durability of certain materials (wood,
paper).
Because CH artefacts come in irregular shapes and/or multilayer structures, for large objects,
even in the case of high penetrating ionizing radiation (such as gamma rays from Co-60), it is
difficult to evaluate the uniformity of absorbed dose. Moreover, for most of them dose mapping
cannot be performed, thus Monte Carlo simulations and validation of simulations using dummy
materials are needed. MC simulations can highlight critical zones of high dose gradient which
are very difficult to be emphasized by means of dose mapping. Knowing the dose distribution in
these zones, irradiation process can be well controlled by using few dosimeters.
4. WORK PLAN
First year
1.1 Determine Dmax for reference materials not previously investigated
- select materials;
- characterize them before irradiation by non-destructive (Colorimetry, FT-IR/Raman) and
destructive (mechanical tests, EPR, thermal analysis, calorimetry);
- irradiate them at a “screening” dose, higher than 10 kGy;
- characterize irradiated materials.
2.1 Study the post-irradiation effects of free radicals on paper
- characterize before irradiation pure cellulose (Whatman) paper, copy paper and naturally aged
paper by EPR, Colorimetry, and FT-IR/Raman;
- irradiate paper at doses up to 10 kGy;
- characterize irradiated paper immediately after irradiation and over time until free radicals
population become stable (the decay of EPR signal intensity become insignificant);
Second year
1.2 Determine Dmax for reference materials not previously investigated
- select materials that showed significant structural and appearance changes after irradiation and
irradiate them at lower doses in order to assess maximum acceptable dose
2.2 Study the post-irradiation effects of free radicals on paper
- assess the influence of unstable free radicals by comparing the results obtained immediately
after irradiation with that obtained when free radicals population became stable
Third year
3.1 Establishing a methodology for non-destructive investigation of the effects induced by
gamma irradiation treatment
- correlate data obtained by non-destructive techniques with those obtained by destructive
techniques;
- on the base of correlations, select the most appropriate non-destructive technique(s) that can be
used to characterize a category of CH artefacts before and after irradiation treatment.
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Abstract
In this project, in order to try to bring about both strengthening and deacidification, unfragile paper,
cellulosic papers will impregnate with aqueous solutions of monomers such as acrylic acid and
methacrylic acid at different concentrations and then the impregnated cellulosic papers will irradiate at
different irradiation doses by gamma rays or electron beam. After irradiation, the chemical, mechanical
and surface properties of polymer loaded papers will determined by using different techniques. The
different amounts of nanocrystalline cellulose will add to monomer solutions and the chemical,
mechanical and surface properties of polymer loaded papers which contain nanocrystalline cellulose will
determined. It is proposed to develop and evaluate the modern materials and techniques in the
preservation/consolidation of cellulosic papers. Since the purchase of the monomers such as acrylic acid,
methacrylic acid and especially purchase of nanocrystallline cellulose was late, firstly, we worked on the
impregnation of some hydrophobic monomers to cellulose for having hydrophobic property. In this work,
impregnation of vapors of methylmethacrylate (MMA), ethylacrylate, n-butylacrylate, butylmethacrylate,
2-ethylhexylacrylate, dodecylmethacrylate to cellulose and method for the irradiation of the cellulose
which impregnated different hydrophobic monomers was investigated. The gravimetric yield was
calculated at different irradiation doses and impregnation times. Their FTIR spectra of the treated
cellulose and untreated celluloses were recorded and compared. The gravimetric yield determined in the
above systems was observed as very low with the irradiation dose. Secondly, to investigate the effect of
some binder or fillers such as sodium borate (B) to cellulose, two types of woods were impregnated with
2-hydroxyethyl methacrylate (HEMA), HEMA/MMA (1/1 by volume) and HEMA/MMA/B (1.0 %
sodium borate) and irradiated. We investigated whether the interior properties of selected wood samples
are enhanced and their mechanical properties, and water repellence.

1. INTRODUCTION
Cellulose is an abundant raw material that forms the basis of an important segment of the textile,
paper and packaging industry. Although cellulose has good properties such as low density,
biodegradability and flexibility, it also has some undesirable ones such as low tensile strength,
high moisture transmission and low resistance against microbial contamination (1-3). Paper is
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highly susceptible to the fungal, bacterial or insect attack. Insects are also involved in the
damage of paper related to cellulose; others are feeding from glue, textile fibber, leather or other
materials from the books. The damages may vary from the erosion of surfaces, micro and
macrocavities, until the total degradation. By metabolic processes, biological agents are
producing different kind of acids, responsible for paper brittleness. Due to calamities, lack of
funding or care, large quantities of paper where improperly stored in archives, collections or
libraries. Radiation processing was not widely accepted by the conservators and restaurateurs
because of the well known radiolytic degradation of cellulose (4-6) but there is an increasing
interest to support the minimal intervention principle asked for the preservation of cultural
heritage (7-13).
Wood is one of the oldest materials used by people for making tools, utensils, shelter, ships and
vehicles because it can be easily worked with simple tools. Despite its’ various useful properties,
wood also possesses some disadvantages. The wooden materials are weak against environmental
attacks and mechanical shocks and don't possess dimensional as well as biological stabilities.
Thus, it is not surprising that people attempted to improve the durability of wood by various
means. The conservation of wooden objects is almost as old as its usage (14-17). The methods of
conservation include every kind of technical, physical and chemical process that prolongs the
period of use by increasing the resistance to the changes in the dimensions with moisture uptake,
to fire and to biological degradation. Treatment of wood by the polymerization of various
monomer systems contributes to dimensional stability and strength properties of wood. It is
possible to impregnate the wood with a monomer, and then polymerize or copolymerize it in situ
with a carrier monomer using a catalyst or radiation techniques (18-25). Boron compounds can
be used in wood industry as a wood preservative effective against degradation by both
microorganisms and fire. Boron compounds are considered to be very useful wood preservatives
capable of acting as both insecticides and fungicides which are widely recognized and accepted
to be effective and of low toxicity (18, 19). Boron mobility is another advantage in most
applications however natural solubility of boron limits use in exterior applications of borontreated wood. The aim of this study is to enhance the interior properties of selected wood
samples. It has been found that radiation processed samples impregnated with HEMA/MMA/B
mixtures showed significant improvements on their mechanical properties, fire resistance, and
water repellence.
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2. EXPERIMENTAL
A) The cellulose sample used in this work was a commercial sample, Whatman filter paper No.
1, Maidstone, UK, degree of polymerization, DP=2900, R.S.D.=1.6%. The cellulose strips were
cut into pieces (3.0x3.0 cm) and washed with ethanol; they were then immersed in an aqueous
solution (20 mL) of 10 wt % NaOH for 16 h at ambient temperature. The swollen cellulose
samples were repeatedly washed with absolute ethanol until neutrality. Ethanol in the cellulose
samples was evaporated by drying. Irradiation at 0.026 kGy/h dose rate was carried out by Co-60
Gamma Cell 220. Untreated cellulose and monomer(s) impregnated cellulose samples were
irradiated for specified time periods. After definite time the cellulose pieces were removed from
monomer(s), washed in a solvent and dried in a vacuum oven up to constant weight. Due to low
gravimetric yield and since there is no difference between untreated cellulose and monomer(s)
impregnated cellulose samples, the impregnation experiments were cancelled. The effect of some
parameters such as monomer concentration, irradiation dose on gravimetric yield was
investigated to increase the gravimetric yields.
B) In the other study, Methyl methacrylate (MMA), 2-hydroxyethyl methacrylate (HEMA)
monomers and monomer mixtures MMA/HEMA were used to conserve and consolidate Cedar
and Oak type woods. After impregnation, polymerisation/copolymerisation reactions were
accomplished by gamma irradiation. These systems, when used in combination with borates (B)
and other wood preservatives, were also found to have potential for improving preservative
performance, enhancing the properties of wood, and increasing biological resistance against
wood degrading fungi, insects and termites and increasing resistance of fire (19). Two types of
woods selected for conservation, namely oak and cedar were cut into 1.5x1.5x1.0 cm 3
dimensions and the untreated wood samples were immersed in water that were shaken for eight
weeks at room temperature using a shaker table to extract some natural wood extractives and
then all pieces were brought to constant weight in a vacuum oven kept at room temperature. The
HEMA, HEMA/MMA (1/1 by volume) and HEMA/MMA/B (1.0 % sodium borate) impregnated
wood samples were carefully weighed, wrapped in aluminum foils and irradiated with gamma
rays at a dose rate of 0.78 kGyh-1. Typical monomer loading curves were determined
gravimetrically (Figure 1,2).
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Figure 1 Conversion of monomer, monomer mixtures and monomer mixtures/borax into
homopolymer and copolymer with radiation in cedar. Monomer feed ratio of HEMA/MMA is
1/1 and 1% borax solution.
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Figure 2 Conversion of monomer, monomer mixtures and monomer mixtures/borax into
homopolymer and copolymer with radiation in oak. Monomer feed ratio of HEMA/MMA is 1/1
and 1% borax solution.

The ATR-FTIR spectra for all films were recorded. ATR-FTIR spectroscopy (Thermo Scientific
Nicolet iS10 FT-IR Spectrometer) technique was utilized for characterization of the packaging
films. ATR-FTIR spectra were collected in the 400–4000 cm-1 region with resolution 4 cm-1.
Perkin Elmer Pyris1 Thermogravimetric Analyser was used for determination of thermal
properties of untreated/treated and irradiated cedar/oak samples. Samples weighing 5-10 mg
were heated in dynamic nitrogen atmosphere from 20 oC to 800 oC at a heating rate of 10 oC min1

. Mechanical properties of films were determined by using a Zwick Z010 model Universal

Testing Instrument and screw grip module at room temperature. The changes of mechanical
properties as a function of irradiation dose were determined.
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3. RESULTS AND DISCUSSION
In order to understand the mechanical behavior of untreated and irradiated cedar/oak and
HEMA, HEMA/MMA, HEMA/MMA/B impregnated and irradiated cedar/oak samples, the
compressive strengths of the wood/(co)polymer composites and untreated and irradiated woods
were measured perpendicular to the fiber direction, since wood is a fibrous material and,
therefore, different results are obtained depending on the direction of the applied force. The
compressive strength depends on the chemical composition and the anatomic structure of the
wood, the irradiation dose, the types of polymer and copolymer used in the wood. Compressive
strengths (kg/cm2) – Dose (kGy) curves for untreated and irradiated cedar/oak and HEMA,
HEMA/MMA, HEMA/MMA/B impregnated cedar/oak during 6 and 24 hours, respectively, and
up to 20 kGy irradiated are shown in Figures 3, 4. Changes of compressive strength as a function
of irradiation dose related monomer loading agree with each other.

For oak samples,

compressive strength increased up to 5 kGy irradiation dose and then decreased but for untreated
and irradiated cedar/oak decreased. When we compared TGA results with mechanical
experiment results they are agree with each other.
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Figure 3 Compressive strengt of monomer, monomer mixtures and monomer mixtures/borax
impregnated cedar depending on the irradiation dose. Monomer feed ratio of HEMA/MMA is
1/1 and 1% borax solution. Compressive strength taken perpendicular to the fiber.
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Figure 4 Compressive strengt of monomer, monomer mixtures and monomer mixtures/borax
impregnated oak depending on the irradiation dose. Monomer feed ratio of HEMA/MMA is 1/1
and 1% borax solution. Compressive strength taken perpendicular to the fiber.
The comparison of the ATR-FTIR spectra of PHEMA, PMMA, P(HEMA/MMA),
P(HEMA/MMA/B), B and cedar/oak which contains those of these mixture and related
polymer/copolymer samples irradiated as a function of irradiation doses are shown in Figures 57. ATR-FTIR spectra of polymer/copolymer and cedar/oak samples which contain these
polymer/copolymer samples have the characteristic peaks. We can say that irradiation has
definite effect on these samples structure. The main absorption bands observed in the ATR-FTIR
mode are: the aliphatic C-H nonsymmetry stretching vibration at 2960 cm-1; the C=O stretching
vibration at 1710 cm-1; the C(O)-O stretching vibration of ester group at 1240 cm-1; the O-CH2
stretching vibration of ethylene at 970 cm-1.
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Figure 5 FTIR spectra of PHEMA, PMMA, P(HEMA/MMA), P(HEMA/MMA/Borax), Borax.
Monomer feed ratio of HEMA/MMA is 1/1 and 1% borax solution.

Figure 6 FTIR spectra of Cedar, Cedar-PHEMA, Cedar-P(HEMA/MMA), CedarP(HEMA/MMA/Borax). Monomer feed ratio of HEMA/MMA is 1/1 and 1% borax solution.
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Figure 7 : FTIR spectra of Oak, Oak-PHEMA, Oak-P(HEMA/MMA), OakP(HEMA/MMA/Borax). Monomer feed ratio of HEMA/MMA is 1/1 and 1% borax solution.
Figure 8 presents the thermogravimetric analysis weight loss results of untreated and irradiated
cedar/oak, PHEMA, PMMA, P(HEMA/MMA), P(HEMA/MMA/B), B samples, respectively.
The results obtained are not very easy to understand, probably because there are three different
polymers and copolymers. The 20 kGy irradiated HEMA, HEMA/MMA, HEMA/MMA/B
impregnated cedar/oak samples presented an increase in stability when compared with that of the
untreated and irradiated 20 kGy cedar/oak samples. The initial degradation temperatures of
cedar/oak composites are given in Table 1.
Table 1 The initial degradation temperatures of wood/plastic composites

The water uptake capacity (in wt.-%) was determined as the weight increase of the untreated and
irradiated cedar/oak and wood/(co)polymer composites immersed into distilled water (40 days)
in

relation

to

the

oak/P(HEMA/MMA/B)

dry

weight

of

the

wood.

For

cedar/P(HEMA/MMA/B)

and

composites have the lowest water uptake capacity. Cedar is a very

porous, its density is low. Since the quantity of polymer and copolymer in the cedar samples is
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very high, the water uptake capacity of untreated and irradiated cedar is also huge. Initial water
uptake capacity of untreated and irradiated cedar and oak decreased from 180 and 164 % to 40
and 32 % in the presence of P(HEMA/MMA/B), respectively.

Figure 8 Change of (%) weight loss with temperature for cedar, oak, PHEMA, PMMA,
P(HEMA/MMA), P(HEMA/MMA/Borax), Borax. Monomer feed ratio of HEMA/MMA is 1/1
and 1% borax solution.
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Figure 9 Water uptake capacity of Cedar, Cedar-PHEMA, Cedar-P(HEMA/MMA), CedarP(HEMA/MMA/Borax). Monomer feed ratio of HEMA/MMA is 1/1 and 1% borax solution.
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Figure 10 Water uptake capacity of Oak, Oak-PHEMA, Oak-P(HEMA/MMA), OakP(HEMA/MMA/Borax). Monomer feed ratio of HEMA/MMA is 1/1 and 1% borax solution.
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DETERMINATION OF THE PROCESS PARAMETERS OF ARCHIVED MATERIALS
AND CULTURAL HERITAGE ARTEFACTS IRRADIATION TREATMENT BY USING
MONTE-CARLO METHOD
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Abstract
The use of ionizing radiation for preservation of cultural heritage artefacts is modern technology that has found wide use
worldwide. To perform treatment successfully absorbed dose by cultural heritage doesn’t should be greater than some maximum
value (Dmax) and less than some minimum value (D min). These values are defined experimentally. As for cultural heritage
artefacts it is very difficult if not impossible to determine process parameters of irradiation treatment. The use of software toolkits
on the base of Monte-Carlo method can help to determine these parameters. This article describe first phase of software code
development for numerical simulation process parameters of archived materials and cultural heritage artefacts irradiation
treatment by using software toolkit based on Monte-Carlo method.

1. INTRODUCTION
Detailed knowledge of the absorbed dose, charges inside and others data concerning irradiated
objects is required for successful outcome of radiation treatment. In some cases it is difficult if
not impossible to determine radiation characteristics inside treated object. The computer
simulation will help to determine these characteristics. To do this general-purpose Monte-Carlo
simulation codes are usually used. Monte-Carlo method are widely used for numerical
simulation of the passage of ionizing radiation through the matter. There are a lot of packages for
simulation of the particle passage through the matter. To simulate process parameters of archived
materials and cultural heritage artefacts irradiation treatment by Monte-Carlo method the
package should satisfy the following main demands:
1. Possibility to input complex geometrical objects, preferably made by CAD software
(CATIA, Autodesk AutoCAD, 3D Max, Maya, Archicad, FreeCAD and etc.).
2. Utilization of high-level programming language.
3. Have a multithreading mode to speed up calculations.

2. COMPARISON OF MONTE-CARLO PACKAGES FOR NUMERICAL
SIMULATION OF THE PASSAGE OF IONIZING RADIATION THROUGH THE
MATTER.
We have considered and compared most widely used packages (FLUKA [1 ,2], Geant4 [3, 4],
MCNPX [5, 6], MARS15 [7, 8], PHITS [9, 10]. Results of comparison are given in Table 1.
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TABLE 1. Particle transport and interaction codes2
PROPERTIES

MCNPX

GEANT4

FLUKA

MARS

PHITS

CERN
IN2P3

JAEA

INFN

RIST

CERN
Lab. Affiliation

LANL

KEK

FNAL
INFN

SLAC

GSI
Chalmers
Univ.

TRIUMF
ESA
Programming
language

Fortran 90/C

C++

Multithreading

yes

yes
(only
no
Linux version)

Web Site

http://wwwap.fnal.gov/
https://geant4.
https://mcnpx.l
ttp://www.fluka. MARS/http: http://phits.jae
web.cern.ch/ge
anl.gov/
org/fluka.php
//wwwa.go.jp/
ant4/
ap.fnal.gov/
MARS/

Cost

Free

Free

Free

Free

Free

CAD3

STEP4

STEP

No

No

No

Particles

34

68

68

41

38

Charged
particles

CSDA

CSDA

CSDA

CSDA

CSDA

Energy loss

Bethe-Bloch

Bethe-Bloch

Bethe-Bloch

Bethe-Bloch Bethe-Bloch

Scatter

Rossi

Lewis

Moliere

Moliere

2

Fortran 77

On the base of [11]

3

CAD - Computer-Aided Design

4

STEP - Standard for the Exchange of Product model data

Fortran 95/C Fortran 77

no

no

Moliere
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Straggling

Vavilov

XTR5/Cherenko No
v

Urban

Custom

Custom

Vavilov

Yes

No/yes

No

No

Cont.
(ENDF)

Cont. (ENDF)

Baryons
Neutron
Low

Cont. (ENDF)

Cont. (ENDF)

High

Models

Models

Models

Models

Proton
Low
High
Other
Leptons
Electrons

ITS 3.0

EEDL, EADL

Custom

Custom

ITS 3.0

Muon

CSDA/decay

Models

Models

Models

CSDA/decay

Neutrino

Production

Production

Models

Models

Models

Other

Decay

Decay

Decay

Models

Models

Mesons

Models

Models

Models

Models

Models

Optical

No

Yes

Yes

No

No

x-ray/γ

ITS 3.0

ITS 3.0

Libraries
(IAEA)

Custom,EPDL9
7

Custom

Photonuclear

EPDL97,
EADL

Custom

No

CHIPS

PEANUT

Photons

CEM
Ions

5

CEM

VMDM

ISABEL

AAM

RQMD-2.4

LAQGSM
(2.6.D)

EDM

DPMJET-3

BLIC

XTR – X-ray Transition Radiation

LAQGSM

JQMD
JAMQMD >
3 GeV/u
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All revised packages have almost the same possibilities. Most popular are MNCPX and Geant4.
Both packages allow to use CAD files (through the STEP standard), have multithreading mode.
The main difference between these both packages is supported language. And only one of them
supported C++, the modern programming language. So, Monte Carlo radiation transport codes
GEANT4 was chosen for use in the framework of current CRP.

3. TECHNOLOGICAL PARAMETERS AND GEOMETRY INPUT METHOD
Process technological parameters which should be input into code:
1. Irradiation chamber. Geometry of irradiation chamber and its composition.
2. Treated objects. Geometry of treated object and its composition. Position of treated
object relative to irradiation source and irradiation chamber. Special attention should be
paid if treated object are moving.
3. Irradiation source. The type, activity, position, energy, geometry, spatial distribution of
irradiation source.
4. Detectors. Location, dimension, composition and type of detectors.
5. The physical processes.
Сalculated parameters are following:
1.
2.
3.
4.

Dmin;
Dmax;
Time of treatment;
Dose map.

If we look through the process technological parameters which should be input into code it is
obviously that geometry is common parameter. The geometry for Monte-Carlo simulations is
quite simple at the design and optimization stage. It reflects not a detailed, but a conceptual
layout of the setup. When the design is finished, the detailed engineering drawings are used for
manual creation of more precise geometry description. The last operation is very laborious and
can hardly be repeated several times.
There are several ways to input geometry into GEANT code:
1. Programmatically.
2. GDML [12] (Geometry Description Markup Language). The Geometry Description
Markup Language is an application-independent geometry description format based on
XML. It can be used as the primary geometry implementation language as well as it
provides a geometry data exchange format for the existing applications.
3. From text file [13].
4. Import CAD-files from CAD software (CATIA, Autocad, 3DS Max and etc.). This
variant has limited usage as it uses intermediate software.
Let us consider all variants.
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1. Programmatically. Geant4 provides a very rich library of basic geometrical shapes, often
referred to as primitives, plus the ability to define compound geometries via boolean
operations such as union, subtraction, and intersection. It is therefore capable of
supporting extremely complex physical geometries composed of simple primitives. It is
difficult to treat with complex geometry of objects. In spite of that GEANT4 allows to
create a wide diapason of shapes (from simple box to polygons and polyhedra) historical
objects are more complex and it is difficult to create them programmatically.
2. GDML. Based on XML. GDML can be written by hand. Almost the same as
programmatically. Can be used as exchange format between CAD-software and GDML.
Missing a user friendly interface to import in Geant4 a CAD geometry file. This feature
has a limited use because of there are a few software can do this and they are commercial
ones (FastRad, CAD2GDML, STEP-Tool).
3. From text file. Same as 1 and 2. Easier way for non-programmer.
4. Import CAD-files into involve usage of intermediate software. Most of them are
commercial. It should be noted that in frame of current CRP we deal with complicated
shapes of treated objects. Because of that one of the demands to software package for
simulation of particle passage through the matter was import CAD files into code. So, the
best way to input complex geometrical objects is to import them from CAD geometry
file.
Thereby, the best choice for geometry creation is import CAD-file. Most CAD systems
incorporate primitive volumes, but their definitions differ between programs and often do not
map onto the Geant4 primitives, making the conversion difficult at best. However, one can also
define a solid in Geant4 as a volume composed of surface facets (i.e. tesselated object). This
G4TessellatedSolid can be composed of either triangular or quadrangular facets and therefore
provides a mechanism for the programmatic importation of shapes and volumes defined in many
CAD systems. In addition to CAD programs, there are very many 3D modeling programs which
provide the user with convenient graphical user interfaces to create solid models. Usually aimed
at gaming or rendering engines, these could be useful as a front end for a graphical geometry
editor. Many output formats are supported, including tesselations. Furthermore, the use of
tesselated objects to define geometry provides a useful solution in cases where the objects are
intrinsically irregular, such as biological phantoms.
There are severals ways to input CAD files into GEANT4 code as tesselated objects:
1. InStep (former STL2GDML) by Solveering™ [14]. Trial version. Windows.
2. CADMesh - Tool based on the VCG Library to read STL files and import in Geant4[15].
3. FreeCAD-to-GDML[16, 17].
4. mesh2gdml [18]. Only mentions in internet and article. Software doesn’t available.
5. FastRad [19]. Commercial.
All these ways import the objects as tesselated. Main disadvantages of such variant that is there
are no way to assign several materials to different parts of object - only one. One of the easiest is
to use FastRad. But unfortunately, FastRad is commercial product. Trial version of FastRad is
available with truncated opportunities.
In our project CADMesh was chosen because this variant import CAD-file directly into Geant
without any intermediate procedures.
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The result of importing CAD-file into Geant4 code with the help of CADMesh is shown in
Figure 1b. The original of CAD-file with Zeus sculpture (Figure 1a) was taken from [20]. Initial
file consist of 152059 vertices and 304114 facets. The simplification of this object was made
with the help of MeshLab [21] without any significant visual changes. After simplification the
number of vertices is 4753, the number of facets is 9502. The size of this file was decreased by
factor slightly less than 10. In case of some errors in CAD-files the cloud service
(https://netfabb.azurewebsites.net/) was used for repairing.
In our simulation the irradiation room was imported from the CAD-file created in FreeCAD to
tesselated object. Its construction and dimension were taken from Horia Hulubei National
Institute for R&D in Physics and Nuclear Engineering (IFIN-HH, Bucharest - Magurele,
ROMANIA) labirint. The initial scheme of irradiation room and figures from the code are given
in Figure 2. FreeCAD [22] was used for such creation.

a)

b)

FIG. 1. a) Original image of sculpture; b) imported CAD-file of sculpture into developed GEANT4-based
software package

4. PHYSICAL PROCESSES
Gamma radiation treatment is widely used for cultural heritage treatment. So, first physical
process in our simulation is radioactive decay. And 60Co is usually used as source of gamma
rays. To input this physical process properly let’s briefly consider it.
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Radioactive decay is a physical process where an atomic nucleus of an unstable atom loses
energy by spontaneous emission of ionizing radiation. The process does not require external
influence on atoms.
In case of 60Co β--decay is occurs. During this process neutron emits an electron and antineutrino. Neutron is transformed into proton. Nuclei of 60Co converted into stable isotope nickel60 (60Ni) [23]. The activated nickel nucleus emits two gamma rays with energies of 1.17 and
1.33 MeV, hence the overall nuclear equation of the reaction is

60
60
27 Co→28 Ni

+ e− + ν + e + gamma rays.

Diagram of decay is shown in Figure 3.

The next, what should be considered is how gamma rays interact with the matter. It is important
for selection right physics processes for simulation purposes.
Gamma-ray photons interact with matter and cause ionization in at least three different ways:
1.
Photoelectric effect. Lower-energy photons interact mostly via the photoelectric effect, in
which the photon gives all of its energy to an electron, which then leaves the atom or molecule.
The photon disappears. The vacancy created is promptly filled by one of the orbital electron,
whose transition accompanied by the emission of characteristic soft electromagnetic radiation in
the X-rays, ultraviolet or visible regions of electromagnetic spectrum.
2. Compton effect. Intermediate-energy photons mostly interact through the Compton effect,
in which the photon and an electron essentially collide as particles. The photon continues its
movement in a new direction with reduced energy while the released electron goes off with the
remainder of the incoming energy (less the electron’s binding energy to the atom or molecule).
3. Pair production. The photon disappears and an electron-positron pair appears in its place.
Pair production is possible only for photons with energy in excess of 1.02 MeV. (However, near
1.02 MeV, the Compton effect still dominates.) These energetic electrons and positrons then
proceed as directly ionizing radiation.
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a)

b)

c)

FIG. 2. a) initial scheme of irradiation room; b), c) top and perspective views of imported CAD
files into Geant4 simulation toolkit

4. Rayleigh scattering. It is elastic scattering of electromagnetic radiation by particles. The
Rayleigh scattering does not change the state of material hence it is a parametric process.
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FIG. 3. Decay scheme of 60Co6

Figure 4 shows the regions in which each type of photon interaction dominates as a function of
photon energy and atomic number of absorber.

FIG. 4. Regions in which each type of photon interaction dominates as a function of photon
energy and atomic number of absorber

6

Scheme of decay was taken from https://en.wikipedia.org/wiki/Cobalt-60
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As electrons and positrons (beta-particles) can be produced due to gamma rays interaction with
the matter one should consider additionally the following physics processes: ionization (discrete
δ-ray emission), Bremsstrahlung, multiple scattering [25]
Thereby, after brief consideration of gamma interaction with the matter we should include in
simulation following abovementioned physical processes and following particles: electrons and
positrons in addition to gamma rays. Anti-neutrino will be neglected due to its huge mean free
path.
The proper code was developed on the base of GEANT4 toolkit. The preliminary calculations
were carried out (dummy gamma rays source was used in these calculations). Some results of
radiation treatment numerical simulation of the Zeus sculpture shown in Figure 1 are given in
Figure 5. The simulation parameters are following: activity - ; time of treatment - ; sculpture
dimensions - 340 mm x 247 mm x 110 mm, material of sculpture is white oak (density is 0.71
g/m3; chemical composition is following: C - 49.5%, O - 44.1%, H - 6.3%, N - 0.1%).

FIG. 5. Results of preliminary calculation of absorbed dose by wooden sculpture
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CONCLUSION
After consideration of possible software toolkits for simulation of ionizing radiation passage
through the matter GEANT4 was chosen. Operational system - Linux (as only Linux version of
GEANT4 has the multithreading mode). CADMesh was the choice of import CAD file into
GEANT4 based code. The FreeCAD was used to create radiation room design in CAD format of
file. For simplification of complicated CAD-files Meshlab was used.
The technological parameters which need to input into simulation were defined. The physics
processes and particles which take part in simulation were chosen. In the case of consideration
gamma ray for culture heritage treatment the following physics processes were included:
radioactive decay, photoelectric effect, Compton scattering, pair production, Rayleigh scattering,
ionization, Bremsstrahlung, multiple scattering.
GEANT4-based code for simulation of cultural heritage artefacts gamma treatment were
developed. Preliminary calculations of absorbed dose by wooden sculpture were carried out.
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WORKING MATERIAL

First Research Coordination Meeting of the
Coordinate Research Project on
Developing Radiation Treatment Methodologies and New Resin Formulations for
Consolidation and Preservation of Archived Materials and Cultural Heritage Artefacts
28 September - 2 October 2015.”
IAEA Headquarters Vienna, AUSTRIA
(M0E05 – Meeting Room - Building M)
AGENDA

Monday, 28 September 2015
Session I:

Introductory Session

10.00 - 10.30

Opening of the meeting by:
 Ms. M. Venkatesh (Director of Division of Physical and Chemical
Sciences)
 Mr. Mr Joao Alberto OSSO JUNIOR (Head, Radioisotope Products
and Radiation Technology Section )
 Mr Sunil Sabharwal(Scientific Secretary)
Scope and Objectives of the CRP and 1st RCM
Election of the Chairperson and reporter
Adoption of the agenda

10.30 – 11.00

Coffee break and administrative matters

Session II:

Participants’ Presentations **

11.00 – 11.40

Mr. Quoc-Khoi Tran – France
Studying the Effects of Gamma Irradiation on Cultural Heritage
Materials and Formulation of New Radiation-Curing Resins for
Consolidation of Degraded Wooden Artefacts

11.40 – 12.20

Ms. Stefania BACCARO - Italy
Radiation Processing for Bio-Deteriorated Archived Materials and
Consolidation of Porous Artefacts
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12.20 - 14.00

Lunch break

14.00 – 14.40

Mr. Md. Khorshed ALAM - Bangladesh
Use of Radiation Technology for the preservation and Consolidation of
Cultural Heritage Artefacts

14.40 – 15.20

Mr. Pablo Antonio VASQUEZ SALVADOR – Brazil
Radiation Processing for Preservation of Cultural Heritage Objects

15.20 – 16.00

Coffee Break

16.00 – 16.40

Ms. Branka MIHALIEVIC – Croatia
Assessment of Optimal Irradiation conditions for Gamma-Radiation
Treatment of Common Fungi on Selected Cultural Heritage Objects

16.40 – 17.20

Mr. Enrique Francisco PRIETO MIRANDA – Cuba
Plague Disinfection and Polymeric Resin Curing for Preservation of
Archived Materials and CH Artefacts Using CO-60 Gamma Treatment

Tuesday, 29 September 2015
Session II

Participants’ Presentations **

09.30 – 10.10

Ms. Noha Mohamed DEGHIEDY - Egypt
Consolidation and Preservation of Egyptian Cultural Heritage Artefacts
by Radiation treatment and/or New Resin Formulations

10.10 – 10.50

Ms. Dagmara SMIETANKO CHMIELEWSKA – Poland
Electron Beam for Preservation of Biodeteriorated Cultural Heritage
Paper-Based Objects

10.50 – 11.20

Coffee Break

11.20 – 12.00

Mr. Luis Miguel MOTA FERREIRA – Portugal
Hybrid Materials Prepared by Ionizing Radiation for Consolidation and
Preservation of Roman Mosaics

12.00 – 12.40

Mr. Constantin Daniel NEGUT – Romania
Improving the Gamma Radiation Treatment Methodology for
Disinfestation of Artefacts

12.40 – 14.00

Lunch break
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14.40 – 15.20

Mr. Arbi MEJRI – Tunisia
Appropriate Procedures and Technical Requirements Including Optimal
Radiation doses for the Radiation Treatment of CH Objects Based on
Scientific Data (from Previous Irradiation) and Simulation

15.20 – 15.50

Coffee break

15.50 – 16.30

Ms. Dilek SOLPAN – Turkey
Radiation Induced Grafting for the Preservation and Consolidation of
Cellulosic Archive Materials

16.30 – 17.10

Mr. Volodymyr Victorevich MORGUNOV – Ukraine
Determination of the Process Parameters of Archived Materials and
Cultural Heritage Artefacts Irradiation Treatment by Using Monte-Carlo
Method

Wednesday, 30 September 2015
Session III

Participants’ Discussion : ALL PARTICIPANTS

09.30 – 10.45

Discussion and Directions for Research and Development

10.45 – 11.15

Coffee break

11.15 – 12.30

Discussion and Directions for Research and Development

12.30 – 14.00

Lunch break

14.00 – 15.30

Discussion for Cooperative and Networking Activities

15.30 – 16.00

Coffee break

16.00 – 17.00

Discussion for Cooperative and Networking Activities

Thursday, 1 October 2015

Session IV

Finalizing Participants’ Work Plan and Preparation of Technical
Document;- ALL PARTICIPANTS

09.30- 11.00

Adjustment of participants work plans
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11.00 - 11.30

Coffee break

11.30 – 13.00

Adjustment of participants work plans

13.00 - 14.00

Lunch break

14.00 – 15.30

Preparation of a technical report : scope/contents/structure of the meeting
report/conclusions/recommendations
- Subgroup activities for writing report

15.30 - 16.00

Coffee break

16.00- 17.30

Subgroup activities for writing report

Friday, 2 October 2015

Session V:
Discussions of Final Draft of Technical Document
09.30 - 11.00

Review of the meeting report

11.00 - 11.30

Coffee break

11.30 – 13.00

Review and acceptance of the draft of the meeting report

13.00 –

Closing of the meeting
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