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ABSTRACT

The accurate identification of polymeric materials used in Cultural Heritage is crucial for ensuring their
preservation. Their inherent variability makes the identification and characterization a complex endeavor.
Consequently, it is vital to improve identification methods and to deepen the understanding of plastic
degradation. A comprehensive approach incorporating reliable reference standards is essential for the
precise diagnosis of their state of conservation and to support appropriate intervention strategies and
criteria. Furthermore, facilitating the dissemination of these data for practical application within the sci-
entific and professional community is fundamental.
The primary objective of this study is to translate the aforementioned knowledge into a readily accessible
resource in the form of a reference database providing a framework for the identification and conserva-
tion of polymeric heritage items and artistic production and assisting in the study of existing products
on the market.
This research systematically analyses 50 widely used materials processed under the same conditions
provided by The ResinKit™. The polymers were characterized using a range of analytical methods, in-
cluding optical microscopy, spectrocolorimetry, Fourier Transform Infrared Spectroscopy Attenuated Total
Reflectance (ATR-FTIR), and Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS). The samples
were then subjected to artificial aging under controlled conditions of radiation (Xenon-Arc chamber for
1080 h), temperature and humidity (Climate test chambers for 840 h). The evaluation of the results was
undertaken by repeating the series of previous tests and comparing them with the pre-aging analytical
data.
The final step was to integrate all the results into a freely accessible online database that compiles all the
information providing controlled reference standards for analyses of cultural artifacts and commercially
available polymeric materials, thereby facilitating research in laboratories dedicated to the study of these
materials within the context of fine arts and heritage conservation.
This paper analyses, as a case study, key heritage polymer families: polyvinyl chlorides (PVCs) and cellu-
lose acetates (CAs).

© 2026 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

degrade, influenced by their chemical makeup, additives, process-
ing, and environmental interactions [3]. Given diverse processing

The mid-20th century’s rise of macromolecular chemistry facili-
tated polymeric material use in cultural heritage and contemporary
art [1]. However, these materials, not initially designed for such
applications, can cause adverse effects [2]. Synthetic polymers may
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and additive techniques, long-term behavior information is often
lacking [1,4,5]. Thus, composition, properties, stability, and com-
patibility investigations are crucial for conservation [6].

A considerable number of studies on this topic have emerged in
recent decades [7-10]. Research initiatives like POPART [11] a and
POLYEVART [5,12] address polymer instability, fostering new mate-
rial development. Online libraries, such as the Spectral Database of
The Infrared and Raman User Group (IRUG), only provide spectral
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references, though aged material data is limited. Despite advance-
ments, material identification remains challenging due to insuffi-
cient reference patterns, hindering result interpretation and long-
term behavior comprehension [13].

Cultural heritage material complexity demands robust reference
patterns, as computer matching programs struggle with complex
or degraded samples, lacking spectral library models. This high-
lights the ongoing need for improved reference databases and an-
alytical techniques to ensure effective conservation strategies [14].

Given the diversity of polymers, there is a need for accessi-
ble collections of materials processed under controlled conditions,
which can serve as reference patterns for conservation laboratories
and which contain multiple compilation data with relevant and
structured information on their evolution and degradation over
time.

In this article, as a demonstration of the practical application,
the results of two families of polymers quite relevant within the
cultural heritage, CAs and PVCs, are presented. Both are fragile in
the medium and long term, so must be preserved in the best pos-
sible condition [15-17].

PVC is a widely used, affordable, and versatile polymer found in
multiple heritage contexts, including artifacts like sculptures, toys
and furniture [1], protective materials like photographic supports
[5,18], and audiovisual media such as vinyl records and magnetic
tapes [19]. Cellulose acetates and other mixed esters with butyrate
and propionate, are semi-synthetic polymers that have been also
used for years in industrial, commercial and artistic products. They
have been used as film supportand constitute the basis of historical
audiovisual heritage and form the physical stock of original tapes
[20,21].

The selection of these polymers was determined by the ob-
served significance of their degradation pathways-encompassing
both physical and chemical properties during artificial aging-which
provides practically applicable information regarding material evo-
lution for conservators, restorers, and artists.

2. Research aim

The present work proposes a systematic study of polymeric ma-
terials that have undergone similar injection molding processing
without colorants. The primary objective is the creation of a prac-
tical, freely accessible online reference database for the study of
the long-term behavior of polymeric materials used in the fields of
conservation, restoration and artistic production, thus facilitate the
study of existing products on the market.

The proposed methodology is meticulously designed for the
heritage sector, founded on the analysis of fundamental physical
and chemical properties to characterize and predict the long-term
behavior of polymers. This approach is achieved by selecting low-
variability polymer standard references (ResinKit™) and focusing
on key properties, such as color, that are specifically chosen for
their critical relevance to conservation-restoration. The resulting
data, including deterioration patterns and stability reference stan-
dards, are crucial for practical heritage application and are made
available to a wide range of professionals within the field. This in-
formation ultimately guides the selection of compatible materials
and the establishment of optimal preventive and corrective con-
servation strategies.

3. Materials and methods

The methodology employed comprises several steps, starting
with the material selection. It is founded on the comparison of
a range of key physical and chemical properties before and after
the artificial aging in different conditions of temperature, relative
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humidity (RH) and radiation. This enables the characterization and
prediction of the long-term behavior of polymers [22].
The methodology is constituted by the following steps (Fig. 1):

3.1. Material selection

A total of 50 polymers supplied by The ResinKit ™
(Woonsocket, RI, USA) were subjected to a systematic analysis (see
Table S1). These polymers were processed through injection mold-
ing without colorants.

They are materials employed in artistic endeavors, including the
creation of artistic works, as well as associated elements such as
exhibition stands, packaging, conservation and restoration materi-
als, etc., showing thermoplastic or elastomers behavior. This is a
representative compilation of polymeric materials that have been
used as reference standards in various research projects in cultural
heritage [27,28].

The samples studied were obtained from the chips included in
ResinKit, which were cut into 4.5 x 1.5 cm plates and rods of 2 cm
length and 2 mm diameter. After analyzing the kit, the accurate
allocation and labelling indicated by the manufacturer was con-
firmed.

3.2. Property selection

3.2.1. Physical properties: analytical techniques and equipment

This study has addressed the physical characterization of the
materials through a range of methods, including morphological
study, dimensional analysis, gravimetry, thermal properties and
color analysis (Fig. 2). Mass changes were determined using an
A&D Company, Limited ER-120A precision balance, Cal-100.0002.
Dimensional variables (length, width and thickness) were obtained
using a Qfun mod. BWKO007 digital caliper with an accuracy of
+0.02 mm. Three measurements were made for each sample. The
morphological examination was performed with a Leica MZ125
binocular microscope equipped with a Leica DC150 digital cam-
era, and the macrophotographs were taken with a Nikon D3100
digital SLR camera in a light box. Thermal properties were ob-
tained with a TA Instrument SDT-Q600 simultaneous thermogravi-
metric analysis/differential scanning calorimetry (TGA-DSC) equip-
ment was used, applying a heating ramp of 10 °C/min from room
temperature to 650 °C in an N, atmosphere and a platinum sample
holder.

Color is a physical property susceptible to degradation pro-
cesses in polymers and indicative of structural transformations in
the material [3,17]. Color measurements were performed using a
Konica Minolta CM-2600d spectrophotometer with a wavelength
range of 400 nm-700 nm and a 10 nm interval. The instrument
utilized a D65 standard illuminant (daylight with a color tempera-
ture of 6504 K) and the CIE 196410° standard observer. The optical
geometry used was diffuse illumination/8° viewing (d/8) reflection.
Measurements were carried out with the specular component in-
cluded (SCI) and excluded (SCE), using a measuring area diameter
of 3 mm. All colorimetric parameters were defined in CIE L*a*b*
coordinates. Thresholds were established in accordance with inter-
national recommendations for the evaluation of color differences
[23]. To ensure reproducibility, five color measurements are taken
at specific points on each specimen using a template to guaran-
tee the consistency of the measured area. The final reported value
is the average of these five data points. For accelerated Xenon-Arc
artificial aging, measurements are exclusively performed on the ir-
radiated surface.

3.2.2. Chemical composition: analytical techniques and equipment
The chemical composition of the polymeric matrix and addi-
tives has been studied by ATR-FTIR and Py-GC-MS (Fig. 2). The



R.C. Asensio, M.M. Benito, M.P. Estébanez et al.

Journal of Cultural Heritage 77 (2026) 439-452

<‘

Methodology (material selection and characterization) }

Material selection

Characterization of initial samples

Morphological study
Physical features
Composition

Thermal properties
Physical properties (Color)

Selection of 50 polymers samples, processed under the same conditions provided by The ResinKit TM.

Accelerated aging tests

Xenon-Arc Aging Protocol

Climate (RH/T)-Aging Protocol

Results comparison

Characterization of aged samples

Morphological study
Physical features
Composition

Physical properties (Color)

Fig. 1. Methodology overview.

combination of both techniques provides information of chemical
composition and molecular structure of the polymer [24].

The ATR-FTIR measurements were obtained using a Thermo
Nicolet 380 instrument associated equipped with a DTGS/KBr de-
tector and an attenuated total reflection diamond crystal accessory.
Spectra were recorded in the mid-infrared (4000 and 400 cm™!)
with a 4 cm~! resolution and 32 scans.

Py-GC-MS analysis was performed using an Agilent Technolo-
gies 7890A Gas Chromatographer interfaced with an EGA/PY-
3030D Multi-Shot Pyrolyzer and an Agilent Technologies 5975C
Mass Spectrometer.

Pyrolysis was carried out in double shot (DS) mode (Py-GC/MS)
at 600 °C. To help with the identification of volatile compounds
such as plasticizers, a thermal desorption (TD) step was performed
prior to pyrolysis. This involved increasing the temperature from
50 °C to 300 °C at a rate of 50 °C/min over a period of 6 min.
The pyrolyzer interface temperature was set at 290 °C. The DS
method is superior as it enhances sensitivity and resolution for
complex polymer formulations by eliminating the co-elution of ad-
ditives and polymer pyrolyzates common in traditional single-shot
analysis.

The volatile products were introduced at GC via the Front
Multi-Mode (MM) Inlet, which was maintained at 300 °C and
operated in split mode with a 100:1 split ratio. Separation was
achieved on an Agilent UA5-30m column (30 m x 250 pm x
0.25 pum) film thickness with 5 % Phenyl Methyl Polysiloxane.
Helium was used as the carrier gas at a constant flow rate of
1 ml/min. The GC oven program was temperature ramp started at
40 °C (2 min), rise to 320 °C at 20 °C/min and maintained 15 min
at 320 °C.

The mass spectrometer was operated in Electron lonization (EI)
mode at 70 eV energy. The MS temperatures were set as follows:
MS transfer line (interface) 290° C and the ion source 230 °C,
and quadrupole at 150 °C. Mass spectra were acquired in full scan
mode from 29.0 to 550.0 m/z.

The mass spectral (MS) libraries used for polymer and addi-
tive identification were the PYGC-MS18B and ADD-MS16B (Frontier
Laboratories).

3.3. Artificial aging

To evaluate and predict the long-term behavior of the sam-
ples, accelerated artificial aging tests were carried out in climatic
chambers. Electromagnetic radiation (Xenon-Arc) and the combi-
nation of relative humidity (RH) and temperature (T) were chosen
as the representative variables for use in polymer artificial aging
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tests [25]. To this end, two identical series of samples were pre-
pared. The samples were arranged regularly on a foam board cov-
ered with a sheet of Melinex® polyester to prevent any interaction
between the samples and the support.

The protocols, depicted in Tables S2a and S2b, were designed in
accordance with the directives stipulated by the UNE-EN ISO 4892-
2 and ISO 9142:2003 that are appropriate for their use in research
on the conservation field [26,27].

A Suntest XLS+33 Xenon-Arc solar simulation chamber with
three air-cooled Xenon-Arc lamps with irradiance control was
used. It has a window filter that eliminates UV radiation below
approximately 320 nm, to simulate exposure through 3 mm thick
glass (museums indoor). Five light cycles of 300-400 nm were ap-
plied with a total accumulated irradiation of 1080 h plus 168 h in
darkness, and temperature conditions of 60 °C and an irradiance of
60 W/m2.

The climate artificial aging process (RH/T) was conducted in a
Vétsch Neurteck climatic chamber model VCL 4010. Five cycles of
168 h were carried out with variable relative humidity levels rang-
ing from 90 % to 30 % and temperature settings between 23 °C and
55 °C.

3.4. Comparative study

Samples subjected to artificial aging cycles under the estab-
lished conditions, were then studied with the same techniques de-
fined in the characterizations study. Intermediate measurements
were made at the end of each cycle (designated ty for the initial
state and C1-5 for the number of each cycle) except Py-GC-MS
since it is a destructive analysis technique. It is important to note
that, in the case of accelerated artificial aging by Xenon-Arc, mea-
surements were always carried out on the irradiated side.

Finally, a comparative study of the results obtained during ac-
celerated artificial aging and the initial characterization data at
time zero is performed.

4. Results and discussion

All data collected during the experimental phase is collated
and organized (Fig. 2) in an online database, which is freely ac-
cessible. This format enables straightforward access to the data
through simple searches. The database has been designed with an
intuitive, clear and user-friendly interface to appeal to a diverse
range of users. However, emphasis has been placed on ensuring
the database is rigorous and appropriate for its use among heritage
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Fig. 2. Graphical representation of the results showed in the database according to the property under study and the selected technique.

professionals and scientists. The database is available since January
2025: https://proyecto-resinkit.labmat-ucm.com/.

Two case studies are considered to understand the practical use
of the database. In the following, the analysis procedure (identi-
fication and artificial aging) and the results of two distinct poly-
meric families: PVCs and CAs, are presented and discussed. In both
families, the most evident alterations of the materials were ob-
served under Xenon-Arc radiation. These conditions will be the
primary focus of the ensuing discourse.

4.1. PVCs
4.1.1. Identification

The PVC samples studied here were obtained from two ResinKit
chips, which are referred to using the manufacturer’s designations:
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29 PVC-Flexible and 30 PVC-Rigid. According to the manufacturer,
these samples possess analogous polymeric matrices and differ in
their elastic properties.

The ATR-FTIR spectra show, in both cases, the most significant
bands of PVCs related to the chlorinated polymeric chains as well
as bands corresponding to the plasticizers and additives added dur-
ing the manufacturing process (Figure S1 and Table S3).

Bands attributable to aliphatic C-H groups were observed, cor-
responding to stretching vibrations in the range of 2925-2856
cm~! and at 741 cm™!, as well as wagging vibrations around 1425
and 1273 cm~'. Additional bands associated with CH, groups were
identified, corresponding to symmetric and asymmetric stretching
vibrations in the 2925-2856 cm™' region and to bending vibrations
near 1425 cm~'. Furthermore, contributions due to C-Cl stretching
vibrations were detected in the range of 690-607 cm~"'. Both poly-
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Fig. 3. Pyrograms of the materials and most probable mass/charge (m/z) ions found at time zero: a) PVC-Flexible b) PVC-Rigid.

mers show a sharp band at 3675 cm~! which can be attributed to
the OH groups of the water of crystallization of kaolinite added as
filler.

The FTIR-ATR spectrum reveals the presence of absorption
bands attributable to plasticizing additives such as phthalates. A
distinct band at 1722 cm~' corresponds to the symmetric and
asymmetric stretching vibrations of the C=0 group. Additionally,
bands observed at 1122 and 1070 cm~' are associated with the
stretching vibrations of the C-O bond. Furthermore, the presence
of an absorption band corresponding to the C=C stretching of the
aromatic ring is also evident. These bands exhibit greater inten-
sity and clarity in the PVC-Flexible sample compared to the PVC-
Rigid, which can be attributed to the higher content of phthalic
acid-derived plasticizers present in what the manufacturer refers
to as flexible PVC, as opposed to the rigid formulation.

Fig. 3 displays the obtained pyrograms and the identified prod-
ucts. While HCI, benzenes, toluenes, and naphthalenes were identi-
fied in both PVC samples, the PVC-Flexible spectrum also exhibited
several prominent peaks. These peaks were also observed in the TD
chromatograph, and correspond to plasticizer compounds, includ-
ing phthalates (such as Di-'isononyl’ phthalate (DINP) and Bis (2-
ethylhexyl) phthalate (DEHP)) and phosphates, specifically triph-
enyl phosphate (TPP), which is additionally known to function as
a flame retardant.

The most intense peak corresponds to DEHP, and it is, con-
versely, the only one detected in the PVC-Rigid. Its content can
reach, according to the literature, 30-50 % by weight [28,29]. Ph-
thalic acid esters, once prevailing plasticizers due to their low cost
and effectiveness, are now significantly restricted due to their neg-
ative impacts on human health and the environment [28].

4.1.2. Artificial aging

Artificial aging with Xenon-arc radiation revealed a different
behavior of both materials (Figs. 4 and 5). At a macroscopic level,
the PVC-Rigid is progressively altered until it was severely de-
graded at the end of the experiment. Both mass and dimension
decrease in parallel, with deterioration accelerating from cycle 2
(C2) (Fig. 4a). Approximately 6 % of the total weight and 3 % of
the length were lost. The loss of mass and dimensions can be at-
tributed to the exudation or evaporation of the plasticizer.

This process is accompanied by a gradual color change that ac-
celerates in the final three cycles to a total darkening of the surface

(Fig. 4b), which translates into a progressive and marked increase
in the slope of the variation of the yellowing index (AEqy) with a
maximum after cycle 3 (Fig. 4b). This color change is further evi-
denced in the CIE L*a*b* diagram (Fig. 4d) with a highly saturated
orange hue that transitions to browns with minimal chroma from
the third cycle onwards. At this point, the color variation (AEgg)
stabilizes, and the most notable change is the loss of luminosity
L*, approaching values close to black at the end of the artificial ag-
ing test. These variations can be attributed to oxidation and dehy-
drochlorination processes and the creation of polyene groups with
conjugated bonds that absorb at different wavelengths [29]. Dehy-
drochlorination is an autocatalytic reaction; that is, if the hydrogen
chloride produced is not removed from the PVC environment, de-
hydrochlorination continues at an accelerated rate [30].

In the case of PVC-Flexible, in the initial stages, the material’s
opacity increases, but no yellowing or substantial variation in mass
and length is observed (Fig. 4a). The material’s characteristics re-
main relatively stable until the third cycle, at which point degra-
dation occurs abruptly, accompanied by acute yellowing (Figs. 4b
and c). This change is also macroscopically perceptible (Fig. 5).
Subsequently, there is an intense darkening in the periods C4 and
C5, accompanied by a decrease in luminosity to levels similar to
those observed in PVC-Rigid (Fig. 4c). Simultaneously, a decrease
in weight and a rapid dimensional distortion is observed with a
reduction of 14 % of its mass and a contraction of 6 %, which is
almost double that of PVC-Rigid (Fig. 4a).

It is difficult to determine the individual effects of the poly-
meric matrix and the plasticizers on the stability of the mate-
rial, given the feedback and synergistic reactions they produce.
The existing literature indicates that the PVC matrix is more sen-
sitive to thermal decomposition than plasticizers [31] and at room
temperature the latter reduce the rate of dehydrochlorination of
PVC [32].

It can be hypothesized that the presence of plasticizers in PVC-
Flexible has temporarily mitigated the alterations by inhibiting
the growth of polyene sequences. For example, the ester groups
of plasticizers dissolve the labile groups of the polymeric chain
responsible for instability, thereby preventing the formation of
double bonds [32]. However, when this capacity is lost by be-
ing exuded or removed from the sample, degradation begins very
quickly. This could explain the behavior of PVC-Rigid with a much
smaller proportion and variety of plasticizers than PVC-Flexible.
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Fig. 5. Macro and microphotographs (x2.5) of samples PVC-Flexible and PVC-Rigid. Artificial aging-time variation under Xenon-arc radiation.

This can be seen very well both in the pyrogram and in the ther-
mal desorption chromatogram (latter not shown but comparable to
the former), where the simplicity of the PVC-Rigid chromatograms
strikes against the complexity and breadth of plasticizer-related
peaks from the PVC-Flexible.

The ATR-FTIR spectra after artificial aging, showed that Xenon-
Arc radiation produces significant variations in both materials,
starting from the first cycle. These variations became discernible
from the third cycle and intensify at the end until completely blur-
ring the characteristic spectrum of PVC.
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B t0
PVC Rigid Xen-Arc

As it is seen in Fig. 6, within the wavenumber range between
3000 and 2800 cm~!, the stretching vibration bands of the C-H
bond corresponding to the CH-Cl groups (2956 cm~!) and CH,
(2956-2856 cm~!) cannot be detected. Additionally, the bands
of C-H bonds (1425,1378-1273 cm~!) become broad, hindering
clear distinction. All these changes confirm the degradation pro-
cess of the polymeric chains as previously outlined. Furthermore,
the emergence of a broad band around 1600 cm~! is observed,
which corresponds to the stretching vibration of the conjugated
double bonds that form within the main chain as a consequence
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Fig. 6. ATR-FTIR spectra observed in the initial, intermediate (C3) and final(C5) stages of artificial aging experiment under Xenon-Arc radiation. a) PVC-Flexible. b) PVC-Rigid.

of its degradation. This effect occurs from cycle 3 in PVC-Rigid and
in cycle 5 in PVC-Flexible, in agreement with the different behavior
of the physical properties observed and indicating an earlier dete-
rioration of PVC-Rigid.

Alternatively, a decrease and shift towards lower wavelengths
of the band associated with the carbonyl group (C=0) (1722 cm™!)
and those of the C-O groups (1122 and 1073 cm~!) is observed,
which indicates the loss of plasticizer during the artificial aging
process. In addition, the appearance of a broad band near the C=0
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region suggests the formation of multiple functional groups, in-
cluding acids and ketones [29].

Conversely, the spectra of the two PVC materials are similar af-
ter artificial aging, which indicates that degradation in both cases
has occurred via a comparable mechanism.

The chemical changes associated with the processes of photo-
oxidation and degradation of PVC cause variations in color, mass
and dimension, as evidenced by the colorimetric measurements
and the morphological-physical study.
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In relation to the artificial aging process in conditions of hu-
midity and temperature (see Figures S2-S3-S4), no variations are
observed in the dimensional or gravimetric parameters. However,
some changes in the ATR-FTIR spectra are observed, especially in
the fingerprint region, indicating the beginning of their degrada-
tion. At a macroscopic level, this translates into yellowing that is
reflected in the color variation graphs. In PVC-Rigid these alter-
ations are more pronounced, though less significant than those ob-
served in samples exposed to radiation.

4.2. Cellulose acetates

4.2.1. Identification

The samples studied come from the ResinKit Chips: 11 Cellulose
Acetate (CA), 12 Cellulose Acetate Propionate (CAP) and 13 Cellu-
lose Acetate Butyrate (CAB).

The ATR- FTIR spectra of the three samples are very simi-
lar (Figure S5), with the main differences in the regions of CH,
stretching (3000 - 2840 cm~!) and bending (1365 cm~!) and C-0-
C stretching (1160-1039 cm~1) [33]. The observed spectral charac-
teristics are attributable to the incorporation of esterifying acids
with a higher number of carbon atoms [33], such as butyric or
propanoic acid, and, to a lesser extent, to the contribution of plas-
ticizers.

The stretching vibration of the carbonyl group (C=0) appears
around 1738 cm™! in the three acetates. Meanwhile, symmetric
and asymmetric vibrations of the C-O-C bond are observed around
1160 and 1030 cm~! respectively, with a minor shift of the asym-
metric vibration in CAP towards higher wavelengths (1060 cm~1).
Furthermore, the most significant differences appear in the area of
the asymmetric tension (C-C-0O) of the ester. CA has an intense
band around 1214 cm~1, CAB presents a characteristic double peak
at 1225-1159 cm~!, and CAP shows a very strong band at 1158
cm~!. However, the band corresponding to the 1200 cm~! region
is barely perceptible and appears as a shoulder [33,34].

In contrast, the vibration bands of CH stretching at 3000-2850
cm~! are discernible in both CAP and CAB, though they are less
pronounced in CA. Regarding the CH bending vibrations around
1365 cm~! observed in mixed acetates, these bands exhibit greater
width and the potential to divide into multiple bands, as evidenced
in CAP [35].

The presence of additives such as triphenyl phosphate and ph-
thalates is indicated by the presence of other smaller bands located
at 1599-1589 cm~! (C=C stretching aromatic ring), 1460 (CH bend-
ing) and 900 cm~'(CH bending/ aromatic ring) [34].

The analysis by Py-GC-MS (Fig. 7) confirms the different acety-
lated esters of cellulose and the presence of plasticizers.

The peaks corresponding to the short-chain organic acids,
which are produced from the pyrolytic decomposition of the side
chains of the polymer: acetate, butyrate and propionate, and which
define each ester, appear at short retention times (between two
and six minutes) and are poorly resolved. The peaks of the plasti-
cizers, by contrast, appear after nine minutes and are more intense
and well-defined, since these compounds evaporate easily and do
not normally decompose at pyrolysis temperatures [34]. The pres-
ence of DEHP has been identified in all cases and DEP in CA and
CAP (in the latter, in traces amount only visible in the TD chro-
matograph,). Furthermore, trace quantities of TPP have been de-
tected in CAB and CA, bis (2-ethylhexyl) azelate in CAB and bis
(2-ethylhexyl) adipate in CA.

4.2.2. Artificial aging

It should be noted that cellulose acetates are particularly sen-
sitive to humidity. In environmental conditions with high RH-T,
the phenomenon known as “vinegar syndrome” occurs. This phe-
nomenon involves the deacetylation by hydrolysis of the polymeric
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Pyrograms of the materials and most probable mass/charge (m/z) ions found
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chain, resulting in the release of acetic acid and subsequent rever-
sion to cellulose [34,36,37]. However, during the artificial aging test
with the RH-T conditions employed in this study, the materials ex-
hibited no substantial response. Instead, they remain unaltered or
presented less alteration compared to the artificial aging test with
radiation.

Artificial aging with Xenon-Arc radiation has produced, in the
three materials, dimensional oscillations, loss of mechanical in-
tegrity and changes in the visual appearance (Figs. 8, 9).

A loss of mass between 5 and 10 % is evident in the three ac-
etates from cycle 2, exhibiting CA the smallest variation. Addition-
ally, a contraction of the samples is observed, gradually, and more
pronounced in CAP. The reduction of these two magnitudes could
be associated with the loss of the plasticizer by evaporation.

The migration and evaporation of plasticizers have also been
demonstrated to result in their friability [38,39]. This phenomenon
has been corroborated through experimental observation, which
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has revealed an increase in the rigidity and fragility of the sam-
ples. The loss of mechanical resistance has been observed to cause
CAP to fracture in C3 and CAB in C5. In contrast, CA does not frac-
ture after artificial aging, although a pattern of striae or channels
is evident. In the case of CAB, the presence of bubbles containing
crystals has also been noted (Fig. 9).

If we assume the reduction of mass is entirely attributable to
the loss of plasticizer, in the case of CAP it would correspond to
practically all the plasticizer present, given the percentages nor-
mally used in its manufacture (10-15 %). On the contrary, the
degradation of CA retains a greater amount of plasticizer, since it
usually has a higher initial percentage (10-35 %) [40].

The presence of TPP may be a risk factor to its recrystallization
[41] However, in this case it is the polymer that did not present
this component, the CAB, the most affected during artificial aging,
possibly because this plasticizer is less volatile than other phtha-
lates such as DEP [36]. On the other hand, the di-n-hexyl adipate
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Fig. 9. Macro and microphotographs (x2.5) of samples CA, CAB and CAP artificial aging-time variation under Xenon-arc radiation.

present in CAB is characterized by its resistance to water and non-
volatility [33,42], which may have mitigated the loss of mass and
contraction of this material.

In relation to the occurrence of yellowing in CA, this parame-
ter remains stable with a slight increase as the exposure time in-
creases. At the end of the first cycle, an increase in AEy is already
evident in CAP, which subsequently stabilizes in C3. Conversely,
CAB remains unaltered until the third cycle, when visible yellowing
begins, resulting in a significant increase in the slope of the curve,
particularly in the last artificial aging cycle (Fig. 8b).

ATR-FTIR spectra have revealed the chemical variations caused
during the artificial aging with Xenon-Arc radiation (Fig. 10). In the
three materials, an enhancement in the broad band corresponding
to the vibration of the OH groups around 3500 cm~! is discerned.
Likewise, an increase in the intensity of the band corresponding to
the carbonyl group (1731 cm~!) is distinguished accompanied by
the emergence of a pronounced shoulder on its right. The pres-
ence of this band indicates the formation of multiple functional
groups, which can be attributed to the degradation of the mate-
rial and the subsequent scission of the acetyl substituent groups
[33,43-45]. The intensity of the remaining ester bands (CO and
COC) also undergoes an increase.

The degradation mechanism of the ester side chain by hydrol-
ysis is, by far, the most significant [34]. Not only does depolymer-
ization change the polymeric matrix, but it also contributes to the
degradation and emission of other compounds used in the manu-
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facturing process such as plasticizers. This means that, at relatively
low temperatures, the loss or evaporation of the plasticizer can oc-
cur [46]. The loss of plasticizer therefore intensifies degradation
and artificial aging. [47]. Bands assigned to the plasticizer located
at 1589, 1460 and 900 cm~'due to TTP and phthalates, lose in-
tensity or are not detectable by ATR-FTIR after artificial aging. The
signals at 1460 cm~! in CAB and at 900 cm~! in CAP and CAB de-
crease, while no substantial variations are discernible in CA within
these regions. The band at 1590 cm~! is masked by the shoulder
that has formed at 1600 cm~! during artificial aging, and its evo-
lution cannot be deduced.

The findings suggest a relationship between the alterations in
color and the macroscopic deterioration of the material, as well
as the chemical degradation (predominantly chain breakage) and
physical (loss-migration of additives) changes in CA [48,49].

The impact of climate artificial aging with RH/T (Figure S5)
was found to be significantly less pronounced than that of radia-
tion. The acetates exhibited different behaviors, with CAB and CAP
demonstrating stability, exhibiting only minor chemical changes
and macroscopically imperceptible physical changes. This is likely
attributable to their reduced water absorption, due to their higher
hydrocarbon nature and the type and amount of plasticizer em-
ployed [50]. Conversely, CA exhibited a 7 % contraction and a 2 %
mass reduction, potentially attributable to evaporation of the plas-
ticizer and loss of elasticity, a hypothesis substantiated by the de-
cline in the 1598 and 1579 cm~! bands assigned to plasticizers in
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the final cycle [34]. By contrast, a decline in the intensity of the
signal in three bands at 1731 cm~! (C=0), 1278 cm~! (COC) and
1125 cm~! (CO), associated with the vibrations of the ester and
ether bonds, is also observed, suggesting partial de-esterification
by hydrolysis and alteration of the chain, indicating the onset of
degradation. The deacetylation of the molecule occurs by reaction
between water and an acetyl group, resulting in its substitution by
an hydroxyl group and the formation of acetic acid as a by-product
of decomposition [19,38,49].

5. Conclusions

The creation of a freely accessible online database represents
the main contribution and innovation of this work. This resource
compiles, systematizes, and makes available a large set of refer-
ence data on polymeric materials relevant to conservation, restora-
tion, and artistic production. Beyond serving as a repository, the
database allows for the visualization, comparison, and joint inter-
pretation of results, greatly facilitating the recognition and charac-
terization of polymers-especially those that have undergone degra-
dation or artificial aging. It thus provides an open, structured, and
accessible source of information that supports the interpretation of
complex data and the design of long-term preservation strategies.

The experimental methodology developed in this study, based
on the analysis of fundamental physical and chemical properties,
ensures the generation of consistent and comparable data for in-
clusion in the database. While not the most innovative aspect,
it has proven effective for characterizing materials and predicting
their long-term behavior. The study of PVCs and cellulose acetates
demonstrated that these materials are particularly sensitive to ar-
tificial aging under Xenon-Arc radiation compared to humidity-
temperature conditions, showing a general loss of plasticizers and
polymer chain degradation.

Overall, the database stands as a valuable and dynamic tool that
not only supports heritage conservation but also encourages future
research and the development of new, more compatible materials
and conservation strategies.
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