OPTIMIZATION OF PAPER CHARACTERIZATION
PROCEDURES FOR CULTURAL HERITAGE

RT/2024/2/ENEA

ENEN

ITALIAN NATIONAL AGENCY FOR NEW TECHNOLOGIES,
ENERGY AND SUSTAINABLE ECONOMIC DEVELOPMENT




R. CARCIONE, I. DI SARCINA, G. FERRARA,
J. SCIFO, A. VERNA, AND A. CEMMI

Fusion and Technology for Nuclear Safety
and Security Department

Innovative Nuclear Systems Laboratory
Casaccia Research Centre, Rome - ltaly

B. D'ORSI

Sapienza University, Roma

OPTIMIZATION OF PAPER CHARACTERIZATION
PROCEDURES FOR CULTURAL HERITAGE

RT/2024/2/ENEA

ENEN

ITALIAN NATIONAL AGENCY FOR NEW TECHNOLOGIES,
ENERGY AND SUSTAINABLE ECONOMIC DEVELOPMENT



| rapporti tecnici sono scaricabili in formato pdf dal sito web ENEA alla pagina www.enea.it

| contenuti tecnico-scientifici dei rapporti tecnici dell’'ENEA rispecchiano
I'opinione degli autori e non necessariamente quella dell’Agenzia

The technical and scientific contents of these reports express the opinion
of the authors but not necessarily the opinion of ENEA.



OPTIMIZATION OF PAPER CHARACTERIZATION PROCEDURES FOR CULTURAL HERITAGE

B. D'Orsi, R. Carcione, |. Di Sarcina, G. Ferrara, J. Scifo, A. Verna and A. Cemmi

Abstract

Conservation and preservation of Cultural Heritage is of paramount importance to maintain the na-
tional identity. lonizing radiation treatments are worldwide applied for conservation of artworks
made from materials of organic origin (paper, wood, parchment, etc.) but in Italy they are not fully
accepted probably due to the incorrect knowledge of the radiation induced effects on the artifacts.
In this regard, the investigation of these secondary effects and of their minimization plays a key
role. In this report, established procedures for the physico-chemical characterization of paper, be-
fore.

Key words: gamma irradiation, paper, Cultural Heritage conservation, characterization techniques.

OTTIMIZZAZIONE DELLE PROCEDURE DI CARATTERIZZAZIONE DELLA CARTA PER APPLICA-
ZIONI NEL CAMPO DEI BENI CULTURALI

Riassunto

La conservazione dei Beni Culturali & di importanza fondamentale per sostenere |'identita nazionale.
Trattamenti con le radiazioni ionizzanti vengono utilizzati in tutto il mondo per la conservazione di
opere d'arte costituite da materiali di origine naturale (carta, legno, pergamena) ma in Italia non sono
ancora accettati del tutto, probabilmente a causa della non corretta conoscenza degli effetti indotti
dalla radiazione sul manufatto. Da questo punto di vista, lo studio approfondito di questi effetti se-
condari e delle condizioni di irraggiamento che permettono di minimizzarli riveste un ruolo centrale.
In questo report sono descritte procedure convalidate di caratterizzazione fisico chimica della carta,
prima e dopo irraggiamento, con diverse tecniche sperimentali.

Parole chiave: irraggiamento gamma, carta, Beni Culturali, trattamenti di conservazione, tecniche di
caratterizzazione.
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Introduction

The conservation of Cultural Heritage (CH) is of great importance considering the lItalian
artistic, cultural and historic heritage. Radiation processing can be applied to perform
preservation treatments in CH and they are widely used in several countries since they
represent a powerful technique for the disinfection and disinfestation of natural origin
artifacts (such as paper, wood, textiles, parchment).

Gamma radiation treatments show several and indisputable advantages over classical
conservation procedures because of the high penetration power of this kind of radiation that
allows to treat large and multi-material objects of different sizes in a short time. Nevertheless,
ionizing radiation conservation processing is still not fully accepted by the italian CH
community, due to the often incorrect knowledge of the physico-chemical modifications
(secondary effects) induced by radiation on the treated materials [1]. For this reason, it is
crucial to provide reliable and specific results, obtained by different techniques widely
accepted and recognized, describing the secondary effects occurrence.

Paper is one of the most common and fragile CH materials and it is characterized by high
variability in terms of composition and conservation state. Moreover, since the possible
changes induced by gamma radiation applied for conservation treatment (low absorbed
dose range, < 10 kGy) are often slightly detectable, it is really important to follow specific
and reliable data analysis procedures to avoid misinterpretation of the experimental results.
For these reasons, the aim of this technical report is to define the optimization of the
procedures used for paper characterization in CH field.

Microscopic and macroscopic changes caused by gamma radiation on paper can be
evaluated by characterization techniques performed before and after irradiation. In
particular, gamma radiation can induce the formation of new chemical bonds (crosslinking)
or the breaking of the polymeric network (depolymerization) of cellulose, depending on the
absorbed dose [2]. Besides, a huge number of free radicals, responsible of long-lasting post-
irradiation changes, are produced into the cellulose network.

Finally, a key role is played by the oxygen present in the air and by the environmental
humidity. During the irradiation, oxygen can diffuse in the bulk of the objects, causing the
formation of oxygen-containing very energetic radicals which are able to react with the
surrounding molecules, inducing oxidation and degradation in the thickness of material
permeated by oxygen (oxidative degradation) [3]-[5]. The oxidation of cellulose is mainly

related to the formation of carbonyl groups (C= O) responsible of different effects, such as
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color changes (yellowing or even browning) and/or network modifications. Whether
oxidation increases, a reduction of the polymerization degree (DP) or eventually mechanical
properties modification and consequent paper embrittlement could be observed [6]-[8] with
the dose increase.

The investigation of the above-described gamma radiation-induced effects on cellulose-
based materials can be carried out by using several experimental techniques.

In this report, an optimization of the characterization procedures of paper by means of
Fourier Transform Infrared (FTIR) spectroscopy, Electron Spin Resonance (ESR)
spectroscopy, viscosity measurements and colorimetric measurements is described. The
choice of experimental techniques for the characterization of the samples before and after
irradiation has tried to privilege the availability and ease-to-use of methods not invasive and
not destructive as much as possible. The experimental activities described in the present
report were performed at the Calliope gamma irradiation facility (ENEA Casaccia R.C.,

Rome, Italy).

1 Materials

This report is focused on the optimization of the characterization procedures of paper since
cellulose-containing substrates, such as paper and wood, are very commonly used in
several CH artworks (ancient books, documents, archived materials, wooden statues, etc.).
In particular, these procedures have been applied to Whatman paper, used as new
reference material since it is composed of high quality cotton fibers and has a cellulose

content >98%, and to an ancient book.

1.1 Reference paper

Whatman paper No. 1 (thickness = 0.20 mm, Carlo Erba, Italy) [9], consists of pure cellulose,
a polysaccharide composed of a linear polymer, based on B-D-glucose monomers linked
together by means of (3-1,4-glycosidic bond, giving long chains and partially ordered
structures [2], [10]. The cellulose network is characterized by the presence of intra- and
inter-molecular hydrogen bonds systems (Fig. 1).



Glucose single unit Intramolecular Hydrogen Bonds

B-1,4-glycosidic bond

Figure 1 - Cellulose network with intra- (dashed lines) and inter- molecular hydrogen bonds (wrinkle lines).
Inset: structure of a cellulose chain.

1.2 Ancient paper

Papery and archived CH are characterized by an extremely wide variability in term of
composition. Itis possible to find papers that contain additives such as lignin, sugar, calcium
carbonate, glues, whiteners that present different properties with respect to Whatman. In
particular, lignin units are easily identifiable by spectroscopic techniques since they contain
double C=C bonds. Furthermore, old books can be damaged by bad storage conditions and
may present microbial growth which can cause a deterioration of the paper physico-chemical
properties such as DP drop or color inhomogeneity. Therefore, especially for some kind of
analysis the optimization of the measurement procedure of ancient paper is needed. In
Figure 2, the photos of the back cover (Fig 2a) and of the central pages (Fig. 2b) of an old

book (1890) analyzed for this report are shown.

Figure 2 — Back cover (a) and central pages (b) of an old book (1890).



2 Methods
The paper samples are characterized by means of different experimental techniques (as
described in the following paragraphs) before and after gamma irradiation to evaluate the

changes induced by the radiation treatment.

2.1 Calliope gamma irradiation facility
The Calliope gamma irradiation facility is a pool-type facility equipped with a ¢°Co radio-
isotopic source array in a large volume (7.0x6.0x3.9 m) shielded cell [11]. The source rack

is composed of 25 8°Co source rods (with an active area of 41x90 cm) placed in a planar

geometry (Fig. 3).

Figure 3 - a) Calliope source rack in the pool and b) source rack within the irradiation cell (picture acquired

by remote camera).

The maximum licensed activity for the Calliope plant is 3.7 -10'° Bq (100 kCi) and,
positioning a sample at different distances with respect to the source rack, within the
irradiation cell, it is possible to perform irradiation at different dose rate values; in particular,
the maximum available dose rate is currently 6.2 kGy/h (December 2023). The steel
platform, shown in Fig. 3b, is installed to perform irradiation at high dose rate values. It is
also possible to perform irradiation tests in different environmental conditions. A dosimetric

laboratory and a characterization laboratory are also available at the Calliope facility.

2.2 Characterization techniques

The paper characterization procedure described in this technical report is performed by the

following experimental techniques.
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2.2.1 Micro-Raman imaging

Raman spectroscopy provides information about the molecular structure of samples. A
micro-Raman spectrometer combines Raman spectroscopy with optical microscopy,
allowing for the analysis of localized areas of a sample. A XploRA Plus micro-Raman
spectrometer (Fig. 4) by HORIBA was employed to obtain optical microscope images and

Raman spectra of samples.

J

The Raman spectroscope uses a 785 nm laser that enables to perform Raman spectra in
the range 100 — 3200 cm™. The instrument is endowed with a true confocal microscope that
allows transmission or reflection illumination to perform high quality 2D and 3D imaging with
5x, 10x and 100x objectives.

The HORIBA XploRA PLUS Raman instrument sample holder allows the analysis of
materials with dimensions scalable from few microns up to macroscopic objects. Being a
non-destructive technique, the micro-Raman analysis can be carried out directly on book

samples.

2.2.2 FTIR/FTIR-ATR spectroscopy

FTIR spectroscopy is useful to investigate the chemical composition and the oxidation states
variation of samples. This technique uses the interaction between infrared light and matter
and allows to obtain the frequencies of light that are absorbed by the sample to identify and
guantify different chemical species [12]. Spectrum 100 FT-IR spectrometer by Perkin-Elmer
was used for this study. This spectrometer allows measurements in the range 400-7000 cm”
Land in the dark, in air or in inert gas atmosphere and can be equipped with a gold integrating
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sphere. The FTIR spectrometer can be used in transmission and attenuated total reflectance

(ATR) configuration as shown in Figure 5.

Figure 5 - Spectrum 100 FT-IR spectrometer by Perkin-Elmer with a) transmission and b) ATR accessory.

2.2.3 ESR spectrometry

ESR spectroscopy is useful to investigate the behavior of free radical species. The ESR
spectra are the first derivative of the physical signal (absorption of photons which allows the
transition of the unpaired electron of a molecule from an energy state to another [13]). The
ESR signal is proportional to the free radicals number presents in the samples. In this study,
ESR spectra were obtained by using an ESR Bruker e-scan spectrometer (Fig. 6) operating
in the X-band with a frequency of 9.4 GHz, microwave power of 0.14 mW and magnetic field
in the range 3390-3580 G.

Figure 6 - ESR Bruker e-scan spectrometer.
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2.2.4 Rheometric analysis

A rheometer is used to measure viscosimetric properties of liquid or fluid samples. For paper
samples, the procedure described in the 1ISO:5351:2012 standard regulation can be followed
[14]. In this work, viscosimetric analysis was used to obtain polymerization degree (DP)
values which are related to mechanical properties of paper samples, that are very important
in CH conservation. Viscosity measurements were carried out with a TA Instrument AR 2000

rheometer (Fig. 7a), at room temperature, equipped with two parallel plates (Fig. 7b).

Figure 7 - TA Instrument AR 2000 rheometer (a) equipped with two parallel plates (b).

The first fixed plate, where the sample is placed in solution [14], is mounted at the base of
the instrument and the second rotating one is connected to the top of the rheometer. The
viscosity n of a material is defined as its resistance to deform when it is subjected to a stress

and it is given by the ratio:
n=>[Pa-s] (1)

where T is the shear stress and y is the shear rate [15].

2.2.5 Colorimetry

Colorimetric measurements enable to quantify and describe the human perception of colors
by replacing subjective responses with an objective numerical system. In this study, the
colorimetric analysis was performed by a PCE-CSM 8 colorimeter by PCE Instruments

(Fig. 8) endowed with a 3.5" touch screen display.
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Figure 8 — PCE-CSM 8 colorimeter.

The colors evaluation method is based on the use of the CIE 1931 System of Colorimetry,
defined by the International Commission on lllumination (Commission Internationale
d’Eclairage: CIE) in 1931 [16]. Each visible color has a non-negative coordinates in the 3D
XYZ color space. The colorimeter allows to show the color in different color spaces. In this
report, the CIE 1931 xyY and the CIELAB color space are used. The CIELAB color space
allows to identify the color by the chromaticity coordinates L*, a* and b* [17], [18].
Furthermore, it is possible to define the parameter AE* which gives information about color
differences (defined as Euclidian distances in CIELAB [19]) among the analyzed samples to
evaluate color changes due to irradiation. In particular, if AE* < 3 the color difference is not
visually appreciable, if 3 < AE* < 6 the difference is appreciable but acceptable while if
AE* > 6 it is not acceptable [20].

3 Optimization of procedures

The samples preparation and the optimized measurements procedures are described in the
following.
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3.1 Paper samples

A new Whatman paper sheet and central pages of the old book were cut to obtain the
samples used for the characterization with the above-described experimental techniques.
The main goal of the reported characterization is to evaluate the gamma radiation-induced
changes in the samples and to find the irradiation parameters that minimize these changes.
Therefore, the first step consists of defining the irradiation conditions (dose and dose rate)
to be used for the treatment. Then, a set of samples for each established irradiation condition
is prepared. In this way, each set of samples is irradiated at certain conditions and its
features can hence be analyzed over time (useful e.g. for ESR analysis). An additional
samples set is prepared but not irradiated and used as reference. Each set is composed of
one paper sample of about 20 mm x 30 mm for Micro-Raman, FTIR and colorimetric
measurements, one strip of about 15 mm for ESR measurements and one 12 mg sample
for viscosity measurements.

The irradiation and the characterization measurements were performed at the Calliope
gamma irradiation facility and laboratory, keeping the samples in air and at room

temperature.

3.2 Micro-Raman analysis

For the Raman analysis protocol, the procedure for the acquisition of the images by the
microscope and of the spectra were optimized.

Pictures of samples were acquired with a 10x objective microscope. The Raman spectra
were recorded with 10x and 100x objective magnifications in the spectral range 200 - 3000
cm with a 785 nm laser excitation, 50mW laser power and a diffraction grating of 1200
gr/mm. Before the analysis, Raman spectra were background subtracted and smoothed.
The HORIBA’s XploRA PLUS confocal microscope can operate in both transmission and
reflection modes. To adapt the protocol to remarkably thick paper samples, the images were
acquired by using only reflected illumination. Figure 9 shows the optical microscope images
collected on a reference Whatman paper sample with a 5x, 10x and 100x objective. The
illumination was set at 100% for the images taken at 5x, while the pictures at 10x and 100x

were acquired at the illumination at 70%.
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Figure 9 - Whatman paper optical images acquired with (a) 5 (b) 10 and (c) 100x objective.

As shown in Figure 9a, the dark images taken at 5x objective and the reflected illumination
at 100% do not allow to clearly visualize the paper’s texture. On the contrary, the pictures
recorded at 10x (Fig. 9b) by setting the illumination at 70% disclose the cellulose fibrillar
entities on the paper surface. The images at 100x (Fig. 9c) do not give information on the
texture of the paper, however, are useful to obtain details of the fibrillar structures.

On these bases, the microscope image acquisition was optimized by setting the objective at
10x. In Figure 10, the optical microscope images acquired on a reference Whatman paper
sample with the illumination at 40%, 50%, 60%, 70%, 80% and 90%, are shown.

(a) (b)

Figure 10 - Optical microscope images acquired on a reference Whatman paper sample with the illumination
at (a) 40%, (b) 50%, (c) 60%, (d) 70%, (e) 80% and (f) 90%.
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From Figure 10, it is evident that illumination is a crucial parameter for images acquisition
quality: in particular, an illumination lower than 70% produces rather dark images.
Conversely, illumination at 80% and 90% is significantly bright, determining the losing of
details. Given such considerations, the optimized conditions to acquire the best optical
microscope images are 10x objective with a reflected illumination of 70%.

To optimize the parameters for the spectral acquisition, Raman signals were recorded in the
range 200 — 3000 cm™ at different objective magnification. In Figure 11, the Raman spectra
acquired on reference Whatman paper samples at the magnification of 10x and 100x are

shown.
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Figure 11 - Raman spectra acquired on reference Whatman paper samples at the magnification of 10x and

100x.

As shown in Figure 11, with both the magnification values, the Raman spectra exhibit the
typical signals ascribable to cellulose. In the range 200 - 700 cm™ the peaks assignable to
the cellulose skeletal modes [21] are located, while the range 800 - 1700 cm contains the
signals ascribed to the cellulose network band, the B-glycosidic BCOC vibrations and the
HCC/HCO/HOC/6CH2 modes [22]-[31]. Furthermore, the bands corresponding to the CH

stretching vibrations are located around 2900 cm™.
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Although the cellulose signals are distinguishable in both spectra shown in Figure 11, it must
be considered that the Raman spectral acquisition with 10x objective produces a worse
signal/noise ratio reasonably due to light scattering phenomena. In contrast, acquisition with
100x objective produces a rather smooth spectrum where the cellulose signals in the range
800 - 1700 cm are sharp and well-defined.

Furthermore, Raman spectra acquired with 100x objective allow to investigate ancient and
new paper samples, independently on the content of additives such as lignin. Considering
that the lignin phase in paper produces Raman signals around 1600 cm™, the further
experiments are conducted by analyzing the region between 800 and 1700 cm™ by using
the objective magnification of 100x. Raman spectra are background subtracted and
deconvolved by Lorentz line functions to derive peaks parameters such as position,
amplitude and integrated intensity. In Figure 12, representative deconvolved Raman spectra
of an aged paper sample containing lignin components and of a reference Whatman paper

are shown.
h c=c(l)
" cellulose Bcoc(e/n)  \ce/mcomocssch, f\
- network  v€O. pcoc(h 8CHy/HCO [|
" peocth) Mo |

- CH vCO |

)W

Normalized Intensity (a. u.)

800 900 1000 1100 1200 1300 1400 1500 1600 1700
Raman shift (cm™)

Figure 12 — Deconvolved Raman spectra of a) an aged paper sample containing lignin components and of
b) Whatman paper.
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As shown in Figure 12, both the spectra clearly show the signals ascribed to the cellulose
phase. In addition, the Raman spectrum of the paper samples containing lignin (Fig. 12a)
shows further peaks at around 1600 and 1650 cm™ assigned to the C=C bonds in lignin

units. In Table 1, the peak position and assignment for each signal are reported.

Table 1 — Peak position and assignment for the Raman signals.

Peak position (cm™) Assignment
900 Cellulose network band
960 CH ring vibrations
995 CH ring vibrations
1030 vCO bending modes
1052 vCO bending modes
1100 COC stretching of Bglycosidic bonds in cellulose © chains
1120 COC stretching of Bglycosidic bonds in cellulose © and
hemicellulose (h) chains
1150 HCH asymmetric stretching
1340 CH (wagging), HCC, HOC, COH (rocking) bending
1380 CH (wagging), HCC, HOC, COH (rocking) bending
1430 HCH bending
1480 HOC bending and 6CH2 scissors modes
1600 C=C
1640 Cc=C

The peaks parameters are valid tools to evaluate the conservation state and quality of
papers:

(1) the cellulose network band at around 900 cm™, probably related with the lateral size of
crystallites, is broad and less intensive as the size of cellulose crystallites are reduced in
dimensions [32];

(2) the ratio between the BCOC and 8CH2/HCO indicate different degrees of water
accessibility within the cellulose matrix;

(3) the ratio between the lignin C=C peak at 1600 cm* and the BCOC allows to evaluate
and compare the lignin content in different types of paper samples.

Raman spectral analysis, optimized as described, is a promising tool to characterize several
paper samples features. In particular, the optimized procedure is useful to evaluate the
effects produced by the irradiation tests on the structural features of both new and aged

paper CH samples.
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3.2 FTIR-ATR spectra

The FTIR spectra of the samples were acquired in transmission and ATR configuration. A
typical FTIR spectrum of Whatman paper in transmission (ATR) in the range
400-4000 cm is reported in Figure 13a (Fig. 13b).
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Figure 13 — FTIR spectrum of Whatman paper in the range 400 — 4000 cm™ in a) transmission and b) ATR
configuration.

To perform the analysis of each spectrum, the background (air) was subtracted and a
correction of the baseline was done in the range 1830-1540 cm*. A fundamental parameter
for the evaluation of paper oxidation state is the C=0 peak area. For this reason, FTIR
spectra were investigated in the range 1870-1525 cm (Fig. 14) where the peaks
corresponding to the bending mode of the adsorbed water molecules (1670 — 1630 cm™)
and to the C=0 stretching mode (1750 — 1710 cm?) are present [2], [33]-[35].
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Figure 14 — FTIR spectra of Whatman paper in the range 1870-1525 cmin a) transmission and b) ATR

configuration.

From Figure 13 and Figure 14 it is evident that FTIR spectra acquired in transmission mode
(Fig. 13a) are saturated in the regions below 1350 cm™ and above 2800 cm™ and thus the
ATR spectra (Fig. 13b), for this kind of samples, are more useful for a general overview of
the chemical bonds of the sample. Furthermore, ATR spectra allow the investigation of the
OH band (3000-3600 cm™). Contrarily, in the range 1870-1525 cm, the FTIR
measurements in transmission (Fig. 14a) allows to evaluate the single contributions of the
two bands corresponding to the C=0O peak and to the adsorbed water peak hardly
distinguishable in the ATR spectra (Fig. 14b). The FTIR spectra in transmission mode were
thus chosen to check the oxidation state of paper samples.

To estimate the C=0 peak area, that is partially overlapped with the peak corresponding to
the adsorbed water, a multiple gaussian fit followed by a deconvolution was performed as

reported for a Whatman paper sample in Figure 15.
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Figure 15 — FTIR spectrum of Whatman paper in the range 1850 — 1530 cm. The black line represents the
experimental data, the red line is the best double gaussian fit, the dashed blue line is the contribution of the
C=0 peak and the dashed green line is the one of the adsorbed water peak.

Three independent measurements were performed by removing and replacing the sample
from the sample holder and the mean value of the analyzed parameter was used. The
spread og.-, of the C=0 peak area value for the three performed measurements was

calculated as:

__ areGmax—Aareamin
Oc=0 = 2 (2)

where area,,,, and area,,;, are the maximum and minimum C=0O peak area value
respectively of the set of measurements. The obtained value was about g.-, = 3.8%.

By performing the above-described analysis on both the irradiated and not irradiated
sample, it is possible to obtain the difference of the C=0 peaks area values (C=0 A-peak
area) before and after irradiation. The C=0 A-peak area was chosen to evaluate the paper

oxidation due to the irradiation treatment. The C=0 A-peak area error was calculated as:

_ before 2 after 2
UA—peak area — \/O-C:O + Oc=o

and it is op_peak area = 5%.
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The same procedure was performed to characterize the oxidation state of ancient paper. In
addition, the reported protocol is successful to evaluate the variation of the oxidation degree

of samples before and after gamma irradiation tests.

3.3 ESR spectra

To evaluate the quantity of free radicals created into the cellulose network after irradiation
and to study their behavior, ESR measurements were performed in the range 3400 — 3550
G. Both Whatman and ancient paper do not show an ESR signal before irradiation (no
radicals present). Gamma radiation exposure induces the formation of many kind of free
radicals on the cellulose network: some of them are characterized by a very long life time
(years) while others are unstable and may react with the surrounding molecules in a short
time. Therefore, it is crucial to perform the paper ESR measurements right after the
irradiation.

The ESR spectrum of paper after irradiation is the result of a superimposition of hardly
distinguishable and separable contributions (singlet, doublet, triplet), corresponding to

different radicalic species on the cellulose structure [36], [37], as shown for Whatman paper

in Figure 16.
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Figure 16 — ESR spectrum of Whatman paper after irradiation.
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Therefore, in this study, the maximum peak-to-peak height (often considered in the ESR
analysis and proportional to the free radicals number) cannot be used as single reliable
indicator of the radicals amount and the whole ESR spectrum is always processed and
analyzed. In particular, by integrating the ESR spectrum, the absorbance spectra were
obtained for each irradiated Whatman sample, as shown as an example in Figure 17.
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Figure 17 — Integral of the ESR spectrum of a Whatman sample after irradiation.

The area of the physical signal (absorbance spectrum) was then obtained and used as
parameter for the paper characterization. This value is proportional to the number of radicals
present in the samples and to the samples mass. Therefore, to compare signals from
different samples, all the ESR spectra were normalized to the sample mass before the data
analysis. In this ESR investigation, samples consist in strips of paper positioned into a
vertical quartz tube and then inserted into the microwave cavity. Quartz tubes are employed
in ESR spectroscopy because they do not have a signal. In particular, a quartz tube of 6 mm
diameter was used for this study. It is important that a paper strip is not larger than the cavity,
otherwise the induced radicals in part of the sample will be not effectively detected by the
instrument although the considered sample mass is that of the full strip. An optimization of
the measurement procedure was thus set up for the cavity of the ESR spectrometer used in

this study. An irradiated alanine pellet (a dosimeter with a stable ESR signal and a thickness
24



of about 2 mm) was positioned in a conventional quartz tube, many measurements were
acquired by placing the tube and thus the pellet at different heights z with respect to the top
of the spectrometer’s case. For each position of the tube, a spectrum of the alanine pellet
was acquired and analyzed, so characterizing the sensitivity of different portions of the
cavity. By plotting the area of the detected signals as a function of z (Fig. 18), the height at
which the signal is maximized was found and the length of the sample strip to be used was

chosen as the full width at half maximum of the obtained profile.
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Figure 18 — Alanine pellet ESR signal area as a function of the height z.

As a result of the optimization procedure, a sample strip of about 15 mm is recommended.
An example of the difference of the ESR spectra normalized to the sample mass, obtained
with two strips of the same sample but of different lengths, is reported in Fig. 19.
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Figure 19 — ESR spectra of Whatman paper after irradiation, acquired for two strips of the same sample

having different length.

The error associated with the calculation of the signal area was calculated as the spread of

the signal area value on three repeated measurements. It is about ggsg area = 5%.
3.4 Viscosimetric analysis

To evaluate the viscosity variation of the paper before and after irradiation, the procedure
described in the 1SO:5351:2012 standard regulation was followed [14]. Three independent
measurements of 850 pl of cupriethylenediamine (CED) were performed before samples
measurements. Then, for each sample, 12 mg of paper were dissolved in 3.4 ml of
CED 0.5 M by mixing for three minutes the solution of paper sample and CED in a plastic
cuvette. Three different viscosity measurements (850 pl of solution each) were performed
and the average value was used for the calculations. Through the value of the viscosity of
the solvent nsovent and the viscosity of the cellulose containing solution (Mseiution). 1t Was

possible to obtain the relative viscosity nrel with the formula:

Nrel = Nsolution . (3)

Nsolvent

The choice of 12 mg as sample weight is linked to the table of 1ISO:5351:2012 standard
regulation Annex B [14] that reports the values of [n;,.:+] - p (Where p is the concentration of

cellulose in CED solution and n;,,¢- is the intrinsic viscosity) corresponding to different n,;. In
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detail, after numerous attempts with many sample mass values, it was found that 12 mg was
in agreement with the values of n,..; (n,; > 1) reported in the table of the Annex B.

The ;. value was thus calculated by dividing the obtained product [n;,:-]-p for the
concentration p. Afterwards, the DP was calculated by the Mark-Houwink-Sakurada
equation:

DP* =k * Niner 4)
where k and a are constants related to the solvent and the polymer type (for cellulose:
k =0.75 and a = 0.905) [38], [39].

The measurements uncertainty was obtained by the spread o,,;,. of three values of DP

calculated for the not irradiated sample and it was about o, = 3%.

3.5 Colorimetric analysis

The samples color was shown in the CIE 1931 xyY (reported in Figure 20 as example for

not irradiated Whatman paper) and in the CIELAB color space.
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Figure 20 — Whatman paper color before irradiation represented in the CIE 1931 xyY color space.

To obtain the color coordinates and the relative error, one measurement was performed at
the center of the sample and ten independent measurements were performed on different
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points of the sample. The spread ¢’/

col

of the AE*, corresponding to the color difference

between the center and other points of the sample of the reference paper, was about acrflf =
1%. Conversely, ancient papers are characterized by a high inhomogeneity of color (e.g. for
molds and fungi presence). Therefore, by measuring one point at the center of the sample
(marked as Reference in Fig. 21) and by repeating the colorimetric measurements on
different points (highlighted in Fig. 21) the spread associated with the AE* value was about

ancient — 0
Ocol = 30%.

Figure 21 — Ancient paper sample with colorimetric measurements points.

Therefore, the measurement before and after irradiation on ancient paper samples are
always performed on the same point of the sample. In this way, only the color variation
possibly caused by gamma radiation and not by the sample color inhomogeneity is

measured.

4 Conclusion

This report is focused on optimizing the characterization procedures of paper samples to
allow an evaluation of the effects induced by gamma radiation on Cultural Heritage artworks.
The techniques described are useful to characterize many microscopic and macroscopic
features of papery samples, enabling a comparison of the sample’s characteristics before
and after irradiation. Furthermore, the choice of these experimental techniques for the
characterization of the samples has tried to privilege the availability and ease-to-use of
methods not invasive and not destructive as much as possible, providing a valid and

reproducible procedure.
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