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1. INTRODUCTION 

The preservation of cultural heritage (CH) is essential for 
safeguarding the historical and cultural identity of nations [1]–[4]. 
In the scenario of CH artifacts, books and paper-based materials 
are particularly vulnerable to biodeterioration produced by fungi, 
moulds, bacteria, insect pests, and lichens. These biological 
agents can lead to significant physical and chemical damage, 
accelerating the degradation of historical documents while also 
posing health risks to conservators and archivists. Due to their 
organic nature, paper-based materials require conservation 
techniques that can effectively eliminate biodeteriogens while 
preserving the integrity of the artifacts [5], [6]. 

In this context, gamma irradiation has emerged as a valuable 
tool for CH preservation due to its ability to inactivate nucleic 
acids, making it effective for the eradication of insects and 
microorganisms [7]–[10]. Unlike chemical fumigation methods, 
which may leave harmful residues, or alternative non-invasive 
treatments, such as freezing or anoxic conditions, which have 
limitations in microbial eradication, gamma irradiation provides 
a more comprehensive decontamination approach [8], [11]–[14]. 
Among ionizing radiation techniques, gamma irradiation offers 
significant advantages, including deep penetration capability, 
uniform treatment of complex and multi-component objects, 
and the ability to process large volumes of materials at ambient 
temperature. For these overall advantages, this method has been 
widely adopted since the 1960s and has received international 
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validation from institutions such as the International Atomic 
Energy Agency (IAEA). As evaluated by these specialized 
organizations, the suggested dose range is (8 ± 2) kGy for the 
conservation of CH artifacts [12], [14], [15].  

Despite its effectiveness, gamma irradiation can induce 
secondary effects on treated materials, potentially altering their 
chemical composition, structural integrity, or visual appearance 

[16]–[19]. These secondary effects can be categorized as direct 
(occurring during irradiation and dependent on the absorbed 
dose) and indirect (developing post-irradiation due to free radical 
reactions). Notable material changes may include modifications 
in molecular structure (such as crosslinking or bond 
degradation), shifts in moisture interaction, and macroscopic 
alterations in mechanical and optical properties, such as 
discoloration [1], [20]–[21]. These effects are especially 
pronounced in new paper samples, such as reference new 
Whatman paper produced from highly purified cotton linters 
(chemical pulp) and containing no additives, fillers, or sizing 
agents. This type of new paper exhibits increased oxidation and 
depolymerization in response to higher absorbed doses. In 
contrast, already-oxidized aged books show minimal changes in 
both oxidation level and degree of depolymerization. This 
behaviour can be explained by considering that the number of 
sites available for oxidation induced by gamma rays is higher for 
Whatman paper than for naturally oxidized old papers. In 
particular, in our recent study [22], we investigated the specific 
secondary effects induced on different types of paper, such as a 
new reference model paper (already studied in our previous 
works [1], [23], [24]) and two old books provided by the National 
and University Library of Zagreb (Croatia). This goal was 
achieved through the integration of non-destructive and 
minimally invasive techniques, including micro-Raman and 
infrared spectroscopy, viscosimetric measurements, and 
colorimetric analysis (CIE). 

The results obtained in that study highlighted key differences 
in how new and old paper samples respond to gamma irradiation, 
prompting further investigation into the secondary effects of 
gamma rays on historical paper materials. Given these 
considerations, the analytical techniques used in the present work 
are designed to complement those employed previously, with a 
dual objective: to assess the efficacy of gamma irradiation for 
cultural heritage preservation, and to establish practical, 
standardized protocols for broader application by professionals 
in the field. 

In the context of cultural heritage conservation, there is an 
urgent need to develop analytical approaches that are not only 
accurate and reliable but also non-destructive—or, at most, 
minimally invasive. The fragile nature and irreplaceable value of 
historical artifacts demand methodologies that safeguard their 
physical and chemical integrity while providing insightful 
diagnostic information [25]. Therefore, the development of 
simple, user-friendly, and replicable protocols is essential to 
support conservators, restorers, and heritage scientists in their 
routine work. 

In this framework, the studies presented here aim to 
contribute significantly to this goal by integrating a suite of non-
destructive techniques, such as micro-Raman spectroscopy, 
Fourier Transform Infrared spectroscopy in Attenuated Total 
Reflectance (FTIR-ATR) mode, and Electron Paramagnetic 
Resonance (EPR) spectroscopy, along with thermogravimetric 
methods such as Thermogravimetric Analysis (TGA) and 
Derivative Thermogravimetry (DTG), to monitor changes in the 
structural, morphological, chemical, and radical profiles of aged 

paper following gamma irradiation. By comparing samples from 
historical books preserved at the National and University Library 
of Zagreb, the research sheds light on how compositional 
differences influence the response of paper to gamma treatment. 

Irradiation tests were conducted at a dose rate of 1500 Gy/h, 
a value previously shown to be effective for microbial 
decontamination without causing detrimental effects to the 
paper matrix. The overall approach adopted in this work is 
designed to support the establishment of safe, effective, and 
reproducible irradiation protocols that can be confidently applied 
by CH operators worldwide. 

In this context, the distinctive value of this work lies not only 
in validating the safety of irradiation on these materials, but also 
in contributing to the development of practical, replicable 
protocols that could serve as guidelines for the broader 
application to paper-based cultural heritage artifacts of different 
ages and compositions.  

The findings of this study contribute to the development of 
best-practice protocols for gamma irradiation in CH 
conservation. In particular, a crucial task is the settling of 
reproducible analytical workflows to monitor its impact on 
delicate substrates. By providing reliable scientific data on 
irradiation-induced changes, this research supports the broader 
adoption of gamma technology in the field, ensuring both the 
effectiveness and safety of decontamination treatments while 
preserving the integrity of historical paper artifacts. Moreover, 
the proposed methodology highlights the potential for adapting 
irradiation and analytical techniques for the conservation of 
entire CH objects, paving the way for more advanced and 
systematic preservation strategies. 

2. MATERIALS AND METHODS 

2.1. Samples preparation 

For the analysis and irradiation tests described in this paper, 
two books from the Croatian National and University Library 
(NUL) in Zagreb were used: Monistische Sonntagspredigten by 
Wilhelm Ostwald (1911) and Die Elemente der Metaphysik by 
Dr. Paul Deussen (1890). The samples are labelled as "O" for 
Ostwald’s book, and "D" for Deussen’s book. A photograph 
showing the appearance of these books is reported in Figure 1. 

To obtain samples as homogeneous as possible, square pieces 
of 2 cm × 2 cm were cut from unprinted areas of the central 
pages of the books. To avoid any misleading interpretation of the 
results, the same samples were systematically analysed before and 
after irradiation by all applied techniques. For each book, three 
replicate samples were prepared and analysed. 

 

Figure 1. Photo showing the appearance of (a) O and (b) D books.  
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2.2. Gamma irradiation tests 

The irradiation tests were performed at the Calliope gamma 
irradiation facility (ENEA Casaccia R.C., Rome, Italy) equipped 
with a 60Co (mean energy of 1.25 MeV) radioisotopic source 
array [26]. The samples were irradiated in air, at room 
temperature and humidity conditions, at an absorbed dose of 
8 kGy at a dose rate of around 1.5 kGy/h. The absorbed dose 
and dose rate values are referred to water. The dose rate was 
experimentally determined at the dosimetric laboratory of the 
Calliope facility, using Fricke and alanine-EPR dosimetric 
systems. 

2.3. Characterization techniques 

To evaluate the possible radiation-induced effects on the 
morphological and molecular structural features of paper, optical 
microscope images and Raman spectra of the samples were 
collected using a micro-Raman spectrometer (Horiba XploRA 
Plus). The images were captured through a microscope with a 
10X objective. Raman spectra were recorded under 785 nm laser 
excitation, with a laser power of 50 mW and a diffraction grating 
of 1200 gr/mm, with one accumulation at an objective 
magnification of 100X. Prior to analysis, Raman spectra were 
background-subtracted and smoothed. To ensure both the 
reproducibility and repeatability of the deconvolution procedure 

used for the calculation of the 𝑅𝐼, the following protocol was 
applied: baseline subtraction at specific points (250, 550, 850, 
1200, 1500, and 1750 cm-1), normalization of the spectrum 
between 0 and 1 with respect to the most intense signal, 
smoothing with a 5-point algorithm to reduce spectral noise, and 
finally deconvolution using Lorentzian line functions for the 
peaks highlighted in the Raman spectra. 

FTIR spectra in transmittance mode were recorded in the 
range of 4000–500 cm-1 using a Spectrum 100 Perkin-Elmer 
FTIR spectrometer. Each measurement consisted of 8 scans with 
a scan resolution of 1 cm-1. The spectra were analysed in the 
range of 1800–1485 cm-1, where the most significant peaks from 
oxidized carbon functional groups are located. To investigate 
possible oxidation processes induced by gamma rays on the 
paper samples, the spectra were deconvolved using multiple 
Gaussian functions. The maximum full width at half height 
(FWHH) of the Gaussian bands was approximately 150 cm-1, 
particularly for the band associated with adsorbed water. The 
quality of the deconvolutions was confirmed by the high 
correlation values obtained, with R² consistently greater than 
0.993. For each sample, three independent spectra were 
recorded, and the mean values of the investigated parameters 
(peak areas) were used. Background (air) subtraction and baseline 
correction were performed prior to analysis.  

Thermogravimetric Analysis (TGA-DTG) was carried out 
using a TA Instruments Discovery TGA 55. Round-shaped 
cellulose samples (of 5 mm diameter) were placed in platinum 

crucibles and heated from 50 °C to 600 °C under a nitrogen 

atmosphere (flow rate: 40 mL/min). The heating rate was fixed 

at 10 °C/min. Three runs were conducted for each sample, under 
the same experimental conditions. The obtained 
thermogravimetric parameters (Tdecomposition and residual weight) 
were averaged, and standard errors were calculated. 

EPR spectra were obtained by using an EPR Bruker e-scan 
spectrometer 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. For this analysis, the samples were 
positioned within a conventional quartz tube. To this purpose, 
the books’ samples were further cut to obtain 1.5 cm × 0.5 cm 

to guarantee homogeneous exposition to the magnetic field. All 
the spectra and the EPR data were normalized to the sample 
mass.  

For each sample type and irradiation condition, three 
independent replicates were produced and tested. On each 
replicate, measurements were performed both in the central area 
and on the outer regions along the longer edge of the paper strip, 
in order to account for potential heterogeneity. In particular, 
micro-Raman spectroscopy allowed us to acquire spectra exactly 
at the same spot where microscope images were recorded, 
ensuring precise spatial correspondence. FTIR analysis, while 
probing slightly larger areas than Raman, was carried out in the 
same regions of the samples where optical images and Raman 
spectra were acquired, thus ensuring comparability across 
techniques. The error bars shown in the figures, expressed as 
standard deviations, are calculated based on measurements 
performed on these three distinct samples for each condition. All 
the characterization measurements were conducted in air 
immediately after irradiation for all samples. 

3. RESULTS AND DISCUSSION 

To verify whether within each volume the conservation state 
is consistent across different pages, preliminary analyses were 
carried out on unirradiated samples taken from the beginning, 
middle, and end of each book. The preliminary results indicated 
that the level of degradation and oxidation was substantially the 
same throughout the examined sections, with only minimal 
variations. This demonstrates that, despite the overall poor 
conservation conditions, the deterioration processes affected the 
books in a fairly homogeneous manner, making the selected 
sampling points representative of the whole volume. 
Comprehensive information on the pre-irradiation 
characterization of the writing supports in the D and O books is 
provided in previous publications [22], [25]. Figure 2 shows 
representative optical microscope images of unprinted areas of 
Ostwald and Deussen book pages (O and D samples) before and 
after irradiation at an absorbed dose of 8 kGy. 

The comparison between Figure 2a–b denotes that the 
samples before irradiation exhibit dissimilar coloration and 
morphology, due to the different chemical composition of the 

 

Figure 2. Optical microscope images of the books’ unprinted areas at 
magnitude 10X for (a) O and (b) D samples before irradiation (O - 0 kGy and 
D - 0 kGy), and for (c) O and (d) D samples after (O - 8 kGy and D - 8 kGy) 
irradiation. 
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papery samples [27]. As demonstrated in our previous study [23], 
the paper used to produce D book is predominantly constituted 
by cellulose, while the paper employed for the fabrication of O 
book is composed by a consistent amount of lignin phases. On 
these bases, the compact morphology for O samples (Figure 2a) 
is ascribed to well-organized structures typical of paper with high 
lignin content [28], while D samples texture (Figure 2b) is 
constituted by fibrillar entities, typical of cellulose chains. 
Regardless of the different chemical compositions, Figure 2c–d 
shows no significant changes in either samples’ morphology after 
irradiation. This finding confirms that irradiation under the 
adopted conditions not only preserves the macroscopic integrity 
of the materials but also produces no noteworthy effects on the 
texture of the analysed paper at microscopic level. This stability 
ensures that the topographical characteristics of the paper remain 
unaltered, reinforcing the suitability of irradiation as a safe 
preservation method for historical documents and archival 
materials. 

Information on the effects produced by gamma irradiation on 
the structural features of the paper samples are obtained by 
Raman spectroscopy analysis. Representative deconvolved 
Raman spectra of the early 20th-century books’ paper before and 
after irradiation are shown in Figure 3. 

In accordance with the morphological analysis, Figure 3 
shows that the Raman spectra acquired on D samples exhibit 
signals ascribable only to cellulose and hemicellulose chains, 
while the representative Raman spectrum of O samples clearly 
exhibits further peaks related to lignin phases [29]–[38]. The 
spectra show no signals attributable to fillers, foreign fibres, or 
metallic impurities, suggesting the lack of a significant number of 
crystalline phases of additional substances within the paper 
matrices.   

As regards the signals attribution, the bands below 900 cm-1 
are generally attributed to deformation and torsional vibrations 
of CCC, CCO, COC, OCO, and COH skeletal modes [37], [39], 
[40]. In particular, the peak at around 380 cm-1 is related to the 
cellulose rings’ bending modes and is generally recognized as the 
cellulose fingerprint signal. The peaks at around 900, 1050, 1100, 
and 1160 cm-1 are related to the cellulose network band, CO 
stretching (νCO), βCOC glycosidic bonds, and CC stretching 
modes of cellulose and hemicellulose units, respectively [37], 
[39], [40]. Signals at around 990, 1280, and 1400 cm-1 are assigned 
to CH2 vibrations, while the peaks at 1330, 1380, and 1440 cm-1 
are attributed to the synergistic contribution of 
HCC/HCO/HOC/CH2 modes. The signals at around 1600 cm-

1 in the spectra of O samples are assigned to the vibrations of 
C=C bonds in lignin chains. 

In agreement with other studies [37], [39], [40], the relative 

integrated intensities values (𝑅𝐼) between the cellulose 
fingerprint line and the βCOC band are a helpful tool to evaluate 
and compare the molecular structural order of the cellulose units 
contained within the investigated paper matrices. Therefore, the 

𝑅𝐼 parameter for the paper samples before and after irradiation 
was calculated according to equation (1): 

𝑅𝐼 =  
𝐼cellulose fingerprint

𝐼βCOC

 , (1) 

 

where 𝐼cellulose fingerprint and 𝐼βCOC are the integrated intensity 

values of the cellulose fingerprint line at 380 cm-1 and βCOC 
glycosidic bonds band at 1100 cm-1, respectively. Table 1 shows 

𝑅𝐼 values for each type of paper sample before and after 
irradiation. 

 As reported in Table 1, the RI values derived for O and D 
samples before irradiation suggest a difference in the structural 
organization of the cellulose units within the two paper matrices. 
In particular, the lower RI value observed for O samples suggests 
a reduced molecular order, which can be attributed to poor paper 
quality and high lignin content. Specifically, the lignin phase 
reasonably disrupts the cellulose crystalline network, leading to a 
less ordered structure for O with respect to D samples, which 
plausibly contain a higher proportion of purified cellulose and 
exhibit greater molecular entanglement. 

Independently of the paper matrices’ composition, the RI 
values remain rather unchanged for both samples after gamma 
irradiation. These results suggest that, regardless of the 
differences in chemical composition between the two paper 
types, the tested irradiation conditions induce no significant 
structural modifications within the detection limits of the 
method. This behaviour can be explained by considering that the 
cellulose phase of both ancient books has undergone natural 
degradation over time. Consequently, the impact of irradiation 
on their structural integrity is minimal, and any variations 
observed fall within the experimental error. These outcomes 
reinforce the idea that gamma treatment does not substantially 

 

Figure 3. Representative deconvolved Raman spectra of (a) O and (b) D 
books’ paper before (O-0kGy and D-0kGy samples) and after irradiation (O-
8kGy and D-8kGy samples). 

Table 1. 𝑅𝐼 values derived for each type of paper sample before and after 
irradiation. 

Sample Absorbed dose (kGy) RI 

O 
0 0.41 ± 0.08 

8 0.46 ± 0.07 

D 
0 0.65 ± 0.05 

8 0.62 ± 0.05 
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alter the molecular arrangement of old paper materials, making it 
a suitable decontamination method for historical documents. 

Additional insights into the chemical composition of the 
studied materials were obtained through FTIR-ATR analysis (see 
reference for details). The spectra of the O book revealed signals 
associated with both cellulose and lignin phases [41], [42], 
whereas the D book displayed only peaks corresponding to 
cellulose units, indicating the absence of lignin in its 
composition. To detail whether gamma radiation treatment 
modifies the oxidation level of the investigated paper samples, 
the FTIR spectra were analyzed in the range of 1800–1500 cm-1, 
in which cellulose oxidation bands are present [16], [41], [42]. In 
this spectral region, the signals assigned to adsorbed water, 
carbonylic (C=O) and carboxylic (COO-) moieties are detected 
[16]. The further peak at around 1510 cm-1 observed only in the 
spectra of O book is related to the C=C-C bonds in lignin phase 
[41], [42]. The representative deconvolved spectra of the samples 
before and after irradiation are reported in Figure 4. 

At a first glance, the deconvolved FTIR spectra in Figure 4a–
b appear unchanged after irradiation for both O and D books’ 
pages, suggesting that the adopted irradiation conditions produce 
no remarkable modifications in the chemical composition of 
either paper matrices. More in detail, the deconvolution analysis 
allowed for the quantification of C=O and COO group 
variations post-irradiation by examining peak areas. In particular, 

the parameters 𝛥(𝐶 = 𝑂)% and 𝛥(𝐶𝑂𝑂)% were calculated 
based on the difference in the peak areas of the respective groups 
(C=O and COO) before and after irradiation. For the O samples, 

both 𝛥(𝐶 = 𝑂)% and 𝛥(𝐶𝑂𝑂)% values are lower than 4 %. In 

contrast, the 𝛥(𝐶 = 𝑂)% values derived for the D samples 

exhibited an increment of 10 %, while the 𝛥(𝐶𝑂𝑂)% values 
remained constant after irradiation.  

These findings suggest that oxidation effects are neglectable 
for the O book irradiated at 8 kGy, whereas a slight increase in 
carboxyl groups is observed for the D artifact. This different 
behaviour can be plausibly attributed to the distinct chemical 
compositions of the paper matrices, a key factor influencing their 
response to oxidative degradation induced by irradiation in air. 
Specifically, the lignin phase in the O book behaves as a shield 
for cellulose, reducing the number of sites accessible for the 
carbonyl bonds formation during gamma irradiation [41], [43]. 

However, it is important to note that the unchanged 𝛥(𝐶𝑂𝑂)% 

values in both samples confirm that irradiation does not 
contribute to the formation of these functional groups, which are 
instead a result of pre-existing oxidation likely caused by the 
natural aging of the paper.  

To investigate the behaviour of the radical species induced 
by gamma exposure that are responsible of the post-irradiation 
processes, the EPR spectra (represented by the first derivative 
of the physical signal) were recorded for the samples before and 
after irradiation. The measurements performed right after the 
end of the irradiation tests for the two analysed samples before 
and after irradiation at 8 kGy absorbed are shown in Figure 5.  

As shown in Figure 5a and Figure 5b, a general increase in 
EPR signal intensity is observed for both types of paper samples 
following gamma irradiation. This trend is clearly attributable to 
the formation of free radicals within the paper matrices as a 
direct consequence of their interaction with gamma rays. 

A more detailed comparison of the two spectra highlights 
distinct differences between the O and D samples’ spectra, 
which reflect their divergent chemical compositions. In both 
cases, the positions of the EPR peaks are indicative of organic 
radicals, likely originating from the biomolecular components of 
the paper. However, assigning a specific radical species to each 
signal remains challenging. This occurs because EPR spectra of 
cellulose-based materials typically result from the superposition 
of multiple radical species, producing singlet, doublet, or triplet 
patterns that are difficult to deconvolute [20], [44]. In this 
context, it is worth noting that the O sample exhibits a more 
intense and complex EPR profile compared to the D sample. 
This behaviour can be attributed to the presence of lignin and 
other aromatic compounds in the O paper, which contribute 
additional radical signals. These lignin-associated radicals 
overlap with those derived from cellulose, enhancing the overall 
spectral intensity and complexity. In contrast, the D sample, 
being lignin-free, shows a simpler EPR spectrum dominated by 
cellulose-related radicals. 

A quantitative analysis of the EPR spectra was carried out by 
performing a double integration of the signal to determine the 
peak area. As shown in the histogram in Figure 5c, the EPR area 
derived before irradiation for sample D is around three times 
higher than that of sample O. This lower radical content in the 

 

Figure 4. Representative deconvolved FTIR spectra in the range of 1800–1500 
cm-1 for (a) O and (b) D books’ paper before (O-0kGy and D-0kGy samples) 
and after irradiation (O-8kGy and D-8kGy samples). 

 

Figure 5. EPR spectra (represented by the first derivative of the physical 
signal) for (a) O and (b) D samples before (dashed lines) and after (straight 
lines) irradiation; (c) EPR peaks’ area derived for O and D samples before and 
after irradiation. 
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O sample is likely due to the presence of lignin and aromatic 
structures that reduce the steady-state radical population. 

In addition, the histogram in Figure 5c highlights different 
trends in radical formation after irradiation. As shown in 
Figure 5c, the EPR signal for the O sample increases by a factor 
of six post-irradiation, whereas the signal for sample D increases 
only by a factor of three. This behaviour can be reasonably 
explained by a different interplay between the components of 
the paper and gamma radiation. In the O sample, the presence 
of lignin and other organic structures not only provides a degree 
of shielding to cellulose units against oxidative degradation but 
also contributes to radical formation within the paper matrix. 
Conversely, sample D, composed primarily of cellulose, 
experiences an increase in carbonyl (C=O) groups after 
irradiation, but the relative number of generated radicals is lower 
compared to the lignin-rich O sample. 

Further information on the thermal stability of the samples 
before and after irradiation was achieved by TG-DTG analysis. 
The TGA data of the paper samples from the two examined 
books are presented in Figure 6. Along with the TG curves 
(dotted), the derivatives of the weight loss curves (DTG, 
continuous lines) were also analysed to better identify the 
degradation temperatures. 

For all the samples, the initial part of the curve (up to around 
100 °C) is characterized by a small weight loss (~ 4 %) due to 
moisture bonded on the paper samples surfaces. The degradation 
of the sample occurs in the temperature range from 220–360 °C. 
More specifically, in the case of the O book paper, both the 
unirradiated (black curve) and irradiated (grey curve) samples 
show a gradual onset of degradation, progressing slowly and with 
a less steep slope. This behaviour is likely attributed to the 
heterogeneous composition of this paper matrix, which includes 
components such as lignin that degrade at temperatures different 
than those of cellulose, leading to a broader and less pronounced 
degradation curve. This characteristic is also reflected in the 
derivative curve, where the main degradation peak is less sharply 
defined. In particular, a noticeable shoulder appears at around 
260 °C, likely due to impurities and residual moieties, while 
another shoulder emerges at approximately 309 °C, at a 
temperature lower than the main degradation process (occurring 
at around 334 °C). Other degradation phenomena start at around 
450–500 °C. For the D book, both not irradiated (purple curve) 

and irradiated (violet curve) samples show a degradation onset at 
a higher temperature than the O book, however, with a much 
steeper degradation curve. In line with FTIR-ATR and Raman 
spectroscopy analyses, this finding is plausibly due to the 
homogeneous composition of D paper.  

More details on degradation temperature and residual weight 
for O and D book samples, before and after irradiation at 8 kGy, 
are reported in Table 2.  

The mean values from multiple analyses suggest that the O 
samples irradiated at 8 kGy (O-8kGy samples) tend to show a 
slightly higher degradation temperature, implying that this rather 
low irradiation dose may have reinforced the paper’s structure. 
However, it is worth to point out that a clear conclusion cannot 
be drawn due to variability among the tested paper samples (data 
summarized in Table 2). The residual weight at 600 °C is 
approximately 33 % for the not irradiated and 32 % for the 
irradiated sample, corroborating that gamma irradiation up to 
8 kGy does not significantly affect the thermal stability of O 
paper.  

Conversely to O samples, the homogenous composition of D 
samples, predominantly composed by cellulose molecules, is 
reflected in the smaller error margins in temperature values and 
the nearly superimposable curves from different analysed 
samples (not shown). Regarding the effect of irradiation, as 
observed for O book, the irradiated D book samples show a 
slightly higher degradation temperature than the unirradiated 
counterparts, suggesting that irradiation may contribute to 
structural reinforcement. Given the lower error margins in this 
case, the increase in degradation temperature is considered 
significant. Additionally, the residual weight at 600 °C is higher 
than that of the O, approximately 37 %. 

These data are consistent with findings reported in reference 
[1], which showed that degradation of the polymeric structures 
occurs at irradiation doses higher than 10 kGy. 

4. CONCLUSIONS 

This study demonstrates the effectiveness of combining non-
destructive and minimally destructive techniques, such as micro-
Raman, FTIR-ATR, EPR spectroscopies, and TGA to evaluate 
the secondary effects of gamma irradiation on early 20th-century 
paper samples from historical books. The integrated, non-
destructive and minimally invasive analytical approach enables a 
comprehensive evaluation of morphological, structural, 
chemical, and thermal parameters, offering a reliable 
methodology for monitoring changes induced by irradiation. 

The results confirm that gamma irradiation at doses below 

10 kGy does not cause significant degradation in the physico-
chemical properties of naturally aged paper materials. This 
finding is crucial for validating gamma technology as a safe and 
effective option for the microbial decontamination of cultural 
heritage library artifacts, addressing longstanding concerns about 
the preservation of structural integrity during such treatments. 

 

Figure 6. TG (dotted) and DTG (continuous) curves of paper samples from the 
O book and from the D book before and after irradiation (8 kGy). 

Table 2. Degradation temperature and residual weight of samples of the O 
book and the D book, before and after irradiation at 8kGy. 

Sample 
Absorbed dose 

(kGy) 
Tdeg (°C) 

Residual weight 
(%) 

O 
0 334 ± 4 33.3 ± 0.3 

8 339 ± 3 32.2 ± 2.4 

D 
0 327.2 ± 0.3 38.0 ± 0.1 

8 335 ± 1 36 ± 4 
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Importantly, this work offers new insights and opens frontier 
perspectives in the field of CH conservation. By analysing real 
historical artifacts, the study provides valuable, application-
oriented data that more closely reflects the actual conditions 
encountered in heritage preservation contexts. 

In this way, the study goes beyond confirming the efficacy of 
gamma irradiation, providing instead a reproducible framework 
of analytical protocols that can support the development of 
standardized guidelines for the safe and practical preservation of 
delicate paper-based cultural heritage materials. This case-study-
based approach strengthens the scientific foundation for 
establishing standardized irradiation protocols and promotes the 
broader adoption of non-invasive diagnostics in the 
development of best practices for safeguarding library 
collections. Based on the results of this study, the next step will 
involve future studies to investigate the effects of the treatments 
on more fragile and biodeteriorated paper. 
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