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Abstract

Cellulose has been integral to a range of essential applications throughout history and
remains relevant today. This research highlights an important topic: the study of cellulose-
based and wood-derived supports in works by Portuguese artists from the twentieth
century. Such an investigation is valuable for conservation and heritage science, as materi-
als such as cardboard, plywood, hardboard, and particleboard are common in modern and
contemporary artworks but are often not thoroughly characterized or discussed. Micro-
infrared spectroscopy, when combined with reference materials, offers a promising means
of identifying and analyzing these supports. The study focuses on works by Portuguese
artists from 1915 to 1986. Applying principal component analysis to infrared data in the
1000-1200 cm ™! range enabled us to distinguish among the artists. For Pomar, Rodrigo,
Vespeira, Calvet, and Hatherly, using hardboard in this range appears most suitable. For
Salazar, Teles, and Pinheiro, particleboard is the optimal choice. Beech and eucalyptus
plywood are preferable for Pires Vieira and Carlos Botelho. The effort to connect material
knowledge with sustainable conservation practices is commendable. The research also aims
to relate cellulose-based supports adhering to the European Union’s Sustainable Develop-
ment Goals, fostering more sustainable and meaningful approaches to cultural preservation.

Keywords: conservation; hardboard; plywood; Portuguese artists; cellulose and lignin

1. Introduction
1.1. Preamble

Throughout history, Egyptians made papyrus and linen from cellulose [1,2], and Arab
civilization also employed this material for paper production [3]. In the Middle Ages, linen
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and cotton played a vital role in daily life [4-7]. This highlights the lasting importance of
cellulose, which remains essential in many key applications today.

This paper addresses a significant topic relevant to conservation science, technical art
history, and preventive conservation. It emphasizes cellulose-based supports in Portuguese
twentieth-century artworks, which is especially important due to their prevalence in
modern art and the limited research available on them. Consequently, this work has
the potential to greatly enhance understanding of modern painting supports. Our focus
is on the analysis of cellulose-based samples from Portuguese artists (1915-1986) using
micro-infrared spectroscopy (microFTIR). This collection showcases engineered wood
fiber products like plywood, particleboard, and hardboard. Plywood consists of thin
wood veneers bonded together, often using lower-quality wood and waste materials.
Using certified or recycled wood along with bio-based resins boosts sustainability, and
its durability reduces environmental impact over time. Particleboard is made from wood
particles that are mechanically pressed and glued together. Since natural lignin offers
limited adhesion, incorporating recycled or sustainably sourced wood with eco-friendly
resins can enhance the bonding sustainability. Hardboard is made through a wet process
using bark-free wood residues. These are chipped and defibrated in water, activating lignin
as the main binder. The fiber slurry is spread on a surface, water drains off, and a wet mat
forms, which is then hot-pressed. Lignin’s thermoplastic nature bonds the fibers, creating
a strong, smooth panel. Treatments like thermal tempering, sanding, resin impregnation,
or water-resistant coatings can further improve strength, moisture resistance, and surface
quality. Additional information on the production of hardboard in Portugal is available in
Supplementary Material Section S1.

1.2. Novel Approaches and Other Relevant Conclusions for Cellulose-Based Composites

This section reviews key aspects of preparing cellulose-based composites and high-
lights emerging methods that emphasize their effects. We specifically focus on studies
employing infrared spectroscopy. In Section 1.3, we examine the primary components of
cellulose-based wood products and particleboard.

Nicole E. Zander and her team examined composites made from recycled cardboard
and wood flour using solid-state shear pulverization. Their goal was to enhance recy-
cled polypropylene by incorporating cellulose waste, aiming to develop a sustainable
material suitable for extrusion-based 3D printing. They used Fourier transform infrared
spectroscopy and thermogravimetric analysis to qualitatively assess the filler content in the
3D-printed samples. Findings showed that recycled polymer composites had a higher filler
content in the printed parts compared to virgin polymers, as confirmed by thermogravi-
metric analysis [8].

The study by Mojgan Nejad, Tuo Wang, and their colleagues provides an in-depth
evaluation of the development and structural analysis of eco-friendly phenolic resins,
emphasizing lignin as a sustainable alternative to phenol. Infrared spectroscopy is crucial
for detecting functional group modifications and monitoring chemical reactions. Their
findings show that the infrared spectra of formaldehyde and glyoxal resins displayed
consistent shifts, confirming the formation of methylene linkages [9].

Nicolas Brosse and colleagues show that current methods for recycling wood waste
remain ineffective [10]. This research examined steam explosion as a way to remove urea-
formaldehyde resin and produce clean fibers from medium-density particleboard (MDF).
The team used near-infrared spectroscopy (NIRS), confocal laser scanning microscopy,
and scanning electron microscopy (SEM) [10]. Principal component analysis (PCA) of
NIRS data revealed clusters associated with nitrogen content and processing conditions.
These findings suggest flexible, eco-friendly options for valorizing MDF waste. The study
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emphasizes the need to select MDF treatments based on reuse goals. Cascading recycling
of wood waste is becoming more important. With increasing global MDF use over decades,
steam explosion treatment might outperform hot water treatment by removing 83% of
resin, allowing quick fiber breakdown, and reducing water consumption by one-third. The
optimal treatment depends on the recycling pathway. PCA of NIRS spectra effectively
distinguishes waste MDF from recovered fibers. These innovations could promote more
sustainable MDF recycling methods [10].

1.3. The Relevance of Cellulose-Based Woods

These materials became more important in twentieth-century art, but we must also
consider potential conservation issues or identification challenges they may present. While
cardboard is not technically classified as a wood-based panel like MDF, plywood, or
particleboard, it is still considered a lignocellulosic material because it primarily consists
of plant fibers derived from wood. Typically, plywood, particleboard, and hardboard are
categorized as wood-based panels or engineered wood products. We start with wood
composites, then move on to lignin, and finally examine cellulose. Table 1 shows the
ATR spectra of wood composites [11]. The authors highlight that infrared spectroscopy,
when combined with multivariate data analysis, can effectively characterize the entire
manufacturing process of wood-based fibers and particleboards, starting from raw forest
materials. They used European beech and grand fir as innovative raw materials for wood
panels and verified that the boards complied with European standards [11].

Lignin is a promising resource for producing renewable chemicals, materials, and
energy [12]. Its complex and variable chemical structure, however, makes analysis challeng-
ing, requiring diverse analytical methods. This study demonstrates that ATR-FTIR analysis
combined with principal component analysis (PCA) significantly improves the consistency
of lignin measurements across labs, while also reducing time, costs, and equipment needs.
We foresee this approach being widely useful in industry and academia. For example,
as the lignin market grows, pulp mills and biorefineries will need to provide customers
with detailed structural data on their lignin streams and uphold strict quality standards to
ensure product consistency. Additionally, lignin is the second most common plant polymer,
making up about 20—40% of wood [13]. In Table 1, we present the actual wavenumbers
obtained from the infrared spectra. The author’s assignment work relies on G-DHP, with &
representing the ring mode in Wilson/Varsanyi notation [13].

Table 1. Infrared bands for wood composites by ATR and of lignin in wavenumbers (cm~') by
microFTIR. Obtained from works by Andrea Polle et al. [11] and Notburga Gierlinger [13].

Wood Composites/cm—1

3336
2938
2882

1738
1649

1593

Assignments Lignin/cm—1 Assignments
O-H stretch 3358 O-H stretch and. C-H stretch of
aromatic ring
C-H stretch of methylene 3002 C-H stretch of OCHj3
2936 Symmetric C-H stretch of OCHj3
Antisymmetric stretch of CH,OH
Symmetric C-H stretch of
2876 CH,OH
2842 Symmetric C-H stretch of OCHj3
C=0 stretch n.a.
O-Hand C-O n.a.
aromatic vibration and C-O 1588 Ring stretch ®8b of G-rings and

P8a of S-rings
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Table 1. Cont.

Wood Composites/cm~1 Assignments Lignin/cm~1 Assignments
1549 -CO-NH- n.a
1505 aromatic vibration, C-O 1518 Ring stretch ©19b Of. G-rings and
®19a of S-rings
1460 C-H, CHj3 and CH, 1478 C-H bending of OCH3 and CH,
1451 C-H bending of OCH3 and CH,
1424 aromatic vibration, C-H 1427 Ring stretch 19a of G-rings and
®19b of S-rings
Ring stretch ®14 of 4-OH-G-rings
. and S-rings
1372 C-H in cellulose 1363 Ring stretch @20%1 of 550
structures
1328 S plus G ring condensed n.a.
1318 C-Hand C-O n.a.
gg; -0 lignin and methoxy };Zg Ring bend ®7a of G-rings
1223 Ring bend ®13 of G-rings
C—C stretch of coniferyl aldehyde
1157 C-O-C cellulose 1139 C-H bend ®18b, 15 of G-rings
CH bend ®18a of 5-50 structures
C—C stretch of C8 and Cy
1032 s aromatic C-H and C-O 1090 €O stretch of rSngfhoxy groups of
structures
1049 C-O stretch of methoxy groups of
1031 G-rings
983
C-H wagging of C=C of coniferyl
962 aldehyde and alcohol
In-phase ring bend $7a of 5-50
structures
897 glycosidic linkages, C-H 894 C-H out-of-plane bend $11 of
842 G-rings

Cellulose can be evaluated on Supplementary Material Section S3, Table S1, and
Figure S2. Variations in the infrared spectra of lignin residue samples were noticed, in-
fluenced by biomass type (wheat straw, corn stover, or poplar) and pretreatment severity.
These differences were especially evident in the absorbance bands at 1267 and 1032 cm ™!,
in contrast to the strong band near 1120 cm~!. Using estimates of carbon, hydrogen, and
oxygen, and correcting for cellulose content, the average chemical formula of lignin is
CoH102034. This formula exhibits minor fluctuations depending on the biomass source

and processing conditions, with a range from CoHg 50, g to CoH111034 [14,15].

1.4. Portuguese Artists’ Use of Cellulose Supports in Their Works

The conservation and technical analysis of painting supports, especially in twentieth-
century artworks, starts by addressing particular conservation challenges. Identify-
ing cellulose-based supports can aid in promoting environmentally sustainable conser-
vation techniques. This study explores a collection of paintings on wood-derivative
supports housed at the National Museum of Contemporary Art (Museu Nacional de
Arte Contemporanea, MNAC), as shown in Figures 1 and 2. It features Portuguese
artists from the 20th century, including Amadeo de Souza-Cardoso (1887-1918), Carlos
Botelho (1899-1982), Abel Salazar (1889-1946), Joaquim Rodrigo (1912-1997), Candido
Teles (1921-1999), Marcelino Vespeira (1925-2002), Jilio Pomar (1926-2018), Ana Hatherly
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(1929-2015), Jorge Pinheiro (1931-), and Pires Vieira (1950-) [16]—Tables S1 and S2. Al-
though their artistic paths differ, they all use supports made of cellulose fibers, such as
hardboard, plywood, and particleboard. For Amadeo de Souza-Cardoso, mounting was
likely done on pressed cardboard. The collection of artworks, reference materials, and
sampling points can be accessed through Supplementary Material Section S2, Table S1; Sup-
plementary Material Section S2, Figure S1 and Table 52; Supplementary Material Section S4,
Figures 54-S8.

This selection enables analysis of cost-effective lignocellulosic materials, enhancing
resource efficiency and sustainability in line with the EU’s Sustainable Development Goals.
Recognizing cellulose-based supports also promotes sustainable conservation practices.
More detailed information, including timeline and materials, is available in the Supplemen-
tary Material (Section S2).

(c) (d)

Figure 1. (a) Sadness, Head by Amadeo de Souza-Cardoso (1915), cardboard; (b) Portrait of Berta
Mendes by Carlos Botelho (1932), plywood; (c) Reaper by Jalio Pomar (1945), hardboard; (d) Reapers by
Candido Teles (1974), particleboard. Photography by Susana Duarte.
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Figure 2. Original paintings: (a) Sadness, Head (Tristezas, Cabeca) by Amadeo de Souza-Cardoso
(1915); (b) Portrait of Berta Mendes (Retrato de Berta Mendes) by Carlos Botelho (1932); (c) Reaper
(Gadanheiro) by Julio Pomar (1945); (d) Reapers (Ceifeiras) by Candido Teles (1974). Photography:
Susana Duarte.

2. Materials and Methods
2.1. Sample Description

The study analyzed micro-samples taken from painting supports made of wood-
based panels, such as plywood, particleboard, and hardboard, from the twentieth-century
collection of the National Museum of Contemporary Art (Museu Nacional de Arte Contem-
poranea, MNAC). The reference materials based on hardboard, plywood, and particleboard
are modern materials. Micro-samples of contemporary wood-based panels served as refer-
ences for analysis. Further reference micro-samples of cardboard, cellulose-based paper,
and wood flour were also included, see Supplementary Material Section S3.

https:/ /doi.org/10.3390/app16136556
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A portable X-ray fluorescence device was used to examine the artwork samples, aiding
material identification and comparison of results, see Supplementary Material Section S5.
These on-site analyses were conducted in a museum setting, using a non-invasive method
that aligns with best practices in cultural heritage research.

2.2. Microscopy

The micro-sampling was conducted under a Leica MZ16 stereomicroscope equipped
with a Leica ICD digital camera and a fiber-optic light Leica system (Leica KI 1500 LCD,
Leica Microsystems GmbH, Wetzlar, Germany). A set of 10x ocular lenses and objectives,
ranging from 0.71 x to 11.5x magnification, provided a total resolution of 7.1x to 115x.

The micro-samples are collected under the microscope using the following micro-tools
from Ted Pella® (Redding, CA, USA): a micro chisel n°13603 attached to a micro graver
oval n°13611.

2.3. Micro-Infrared Spectroscopy

Infrared analyses were performed using a Nicolet Nexus spectrophotometer coupled
to a Continuum microscope (15x objective) with an MCT-A detector. The spectra were
collected in transmission mode from 4000 to 650 cm™!, in 50 pm? areas, which were

1 and

subsequently converted to absorption; data acquisition was performed at 8 cm™
128 scans, using a Thermo diamond anvil compression cell. CO, may occasionally appear
in the absorption spectra around 2400-2300 cm !, but it was removed from the spectra
unless the sample was in an upright position. The microFTIR device was manufactured
by Thermo Nicolet in the USA (Waltham, MA, USA) and installed by Unicam Sistemas
Analiticos Lda (Algés, Portugal).

For each reference material, three spectra were taken, and at least two measurements
were made. The spectra with the best signal-to-noise ratio were chosen (see Supplementary
Material Sections S3 and 54).

For the artists, the support was analyzed and at least two points were acquired in

50 um? areas, and the best spectra were selected (below 2).

2.4. Chemometrics

In Orange Data Mining, the infrared spectra were initially preprocessed using the
“Normalize Spectra” option to minimize variability due to intensity differences among
samples. Spectral variables were then chosen using the “Select Columns” widget, focusing
on the fingerprint region from 1600 to 650 cm ! (247 variables). Before conducting principal
component analysis (PCA), samples were selected using the “Select Rows” widget. Finally,
PCA was performed on the processed dataset using the default mean-centering method.

PCA was employed to extract complex information that univariate methods struggle
to obtain. Using PCA results and assuming that signals can be linearly reconstructed from
principal components, we compared the samples and visualized the differences, facilitating
initial clustering and replicate analysis. The primary aim was to assess how similar the
reconstructed infrared spectra are and to evaluate the consistency of the signals.

2.5. Portable X-Ray Fluorescence

In this study, analyses were initially carried out using portable X-ray fluorescence
(pXREF), allowing in situ measurements and minimizing physical intervention on the art-
works. The use of pXRF is consistent with sustainable and responsible research practices in
the field of cultural heritage, in line with the principles promoted by the European Union’s
Sustainable Development Goals.

The portable XRF system consisted of an X-ray generator (Mini-X, Rh target, 50 kV,
200 pA max., Amptek Inc., Bedford, MA, USA) coupled with a silicon PIN detector (XR-
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100CR, 7 mm? detection area, 500 pm thickness, and a 12.5 um Be window, Amptek Inc,,
Bedford, MA, USA). The angle between the incident and emitted beams was fixed at 90°,
to reduce background contributions due to Compton scattering. The energy resolution
of the system was 190 eV at 5.9 keV. Spectra were acquired using PocketMCA software,
with the X-ray generator operated at 40 kV and 40 uA and an acquisition time of 120 s
per measurement.

For more information on this spectrum, see Supplementary Material Section S5.

3. Results
3.1. Cellulose-Based Materials in Portuguese Artists

In this section, we analyze samples using micro-infrared spectroscopy (microFTIR),
as described in Sections 2.2 and 2.3. There are two main areas: the O-H region
(4000-3000 cm ') and the fingerprint region (1700-1000 cm~!). These are where the
strongest signals appear. However, in the O-H region, the low signal-to-noise ratio makes
analysis more difficult. The fingerprint region, with medium-to-low intensities, is also very
interesting to exploit and contains lignin. In this fingerprint region, peak variations are
complex, so we used principal component analysis (PCA) to better distinguish these areas
(1600650 cm~1). We will now discuss each artist individually, Figures 3 and 4.

Absorbance

4000 3500 3000 2500 2000 1500 1000650
Wavenumber (cm™)

Figure 3. Infrared spectra of Portuguese artists, Amadeo (1915), Abel Salazar (1930), Botelho (1932),
Pomar (1945), Joaquim Rodrigo (1955). The absorbance for each artist is described next, from top to
bottom: 0-2, 0-1.5, 0-2.4, 0-1.3, 0-0.9.
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T T T T T T

Marcelino Vespeira

Carlos Calvet

e 1

Joaquim Rodrigo (1963)

Pires Vieira

N YW

Jorge Pinheiro

NM\M

Candido Teles

Absorbance

Ana Hatherly

4000 3500 3000 Wavenumber (cm') 1500 1000

Figure 4. Infrared spectra for Portuguese artists, Marcelino Vespeira (1956), Calvet (1959), Joaquim
Rodrigo (1963), Pires Vieira (1969), Jorge Pinheiro (1969), Candido Teles (1974), and Ana Hatherly
(1986). The absorbance for each artist is next described, from top to bottom, 0-1.4, 0-0.4, 0-0.8, 0-0.64,
0-0.84, 0-0.84, 0-1.4.

For Amadeo de Souza-Cardoso, the best match is cardboard. Lignin is also present in
the fingerprint region.

For Abel Salazar, the best match is wood flour, and possibly some plywood or hardboard.

For Carlos Botelho, we identified poly(vinyl acetate), which was more difficult to
access. However, in Table 2, we obtained infrared spectra between 1700 and 650 cm— L
suggesting that plywood made from beach or eucalyptus could be a suitable option.

Julio Pomar’s ideal match might be a particleboard or hardboard. Lignin is also
detected in the fingerprint region.

For Joaquim Rodrigo, due to the new components in the fingerprint area—such as
high levels of calcium carbonate—we focused our analysis on the cellulose region, Table 3.
Joaquim Rodrigo frequently used calcium carbonate in his works.

https:/ /doi.org/10.3390/app16136556
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Table 2. Infrared bands for Portuguese artists, Amadeo (1915), Salazar (1930), Botelho (1932), Pomar
(1945), Rodrigo (1955). In the O-H region, the noise is higher. In the 1700-650 cm ™1 fingerprint region,
each reference shows different peak patterns. Strong and weak bands.

Amadeo Salazar Botelho Pomar Rodrigo Assignments

- 3396 s - 3348.3 s - O-H base on cellulose
- 2933 w - 2904 w - C-H

- - 17352 w - - fingerprint region
16353 w 1643 w 1649.1 w 1660.1 w - fingerprint region
15972 w 1595.6 w 1594.2 w 15971 w - fingerprint region

- 1505.2 w 1503.5 w 1510.8 w - fingerprint region

- 1460.8 w 1460.4 w 14529 w - fingerprint region
1427 w 14222 w 1423.7 w 1426.4 w - fingerprint region
1372 w 13722 w 1372.5 w 13719 w - fingerprint region
1320 w 1328.05 w 1326.6 w 1316.9 w - fingerprint region
1256.6 w 1264.16 w 12424 w 1270.3 w - fingerprint region

- 12284 w 12284 w

1161.8 s 1157.7 s 1159.99 s 1160.1 s 1157.5 s cellulose-based region
1110.4 s 1118.56 s 11104 s 1109.95 s - cellulose-based region
1059.1 s 1053.68 s 1050.3 s 1060.6 s 1066.6 s cellulose-based region
1038.2 s - - 1037.03 1035.2 cellulose-based region
899.53 w 897.83 w 898.5 w 897.3 w -

Table 3. Infrared bands for Portuguese artists, Marcelino Vespeira (1956), Carlos Calvet (1959),
Joaquim Rodrigo (1963), Pires Vieira (1969), Jorge Pinheiro (1969), Candido Teles (1974), Ana Hatherly
(1986). In the O-H region, the noise is higher. In the 1700-650 cm~! fingerprint region, each reference
shows different peak patterns. Strong and weak bands.

Vespeira Calvet * Rodrigo Vieira Pinheiro Teles Hatherly Assignments
3356.9 s 3346 s 3345.1s 3388.5s 3386.3 s 3368.3 s 3362 s O-H from cellulose
2903.7 w 29222 w 29189 w 29194 w 29342 w 2928.4 w 29324 w C-H
- 1716.3 w 1727.6 w 1729.4 w 1725w 1708.9 w fingerprint region
1652.1w  1647-1616  1662.2 w - 1657.1 w 1657.25 w - fingerprint region
15971 w - 1596.35 w 1595.5 w 1622.8 w - 1607.8 w fingerprint region
1510.5 w 1508.6 w 15104 w 1503.2 w 1510.6 w 1509.9 w 1510.94 w fingerprint region
1459.1 w 1453.6 w 14549 w 14619 w 14559 w 1451.8 w 1452.5 w fingerprint region
1426 w 1420 w 1426 w 1424.6 w 1424.1 w 14245 w 1425.6 w fingerprint region
1372 w 1374.7 w 13714 w 13722 w 13729 w 1373.5 w 1371.6 w fingerprint region
1317 w 1320.8 w 1316.6 w 1329.6 w 1319.16 w 1318.8 w 1316.3 w fingerprint region
1269.6 w 1268.10 w 1270.3 w - 1265.73 w 1266.9 w 1268.65 w fingerprint region
1226.3 w 1238.2 w 1226.3 w - 1233.6
1160.4 s 1159.8 s 1159.8 s 1157 s - 1157 s 1158.1 s cellulose region
1110s - 1110.3 s 1116.4 s 11099 s - 1109.5s cellulose region
1060.8 s 1061.1s 1060.9 s 1060.7 s 1061.5 s 1062.6 s 1061.7 s cellulose region
1037.06 1036 s 1037 s - 1038.16 s - 1036 cellulose region
8975w 899.53 w 897.08 w 898.2 w 897.06 w 8974w 897.3 w

* This is the artist we studied in 2008.

We believe that hardboard is the most suitable match for Marcelino Vespeira. Lignin is
also present in the fingerprint region.

Carlos Calvet’s infrared spectrum is best matched with cardboard or particleboard.
Lignin is also present in the fingerprint region, and oxidation may be occurring there.

Joaquim Rodrigo’s infrared spectrum most likely matches a hardboard. Lignin is also
found in the fingerprint region.

For Pires Vieira’s match likely includes partially oxidized new elements in the finger-
print region and could align well with plywood or hardboard.

https:/ /doi.org/10.3390/app16136556
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For Jorge Pinheiro, the infrared spectrum is a suitable match for particleboard or
hardboard. However, some oxidation products are found in the fingerprint region.

For Candido Teles, we acquired clear spectra showing the presence of particleboard.

For Ana Hatherly, we obtained clear spectra showing the presence of hardboard
or particleboard.

Overall, we observed several differences in the fingerprint region among all Por-
tuguese artists, Figures 3 and 4. In the following sections, we will examine woods and
particleboards to support our interpretation of this data.

Figure 5 presents the obtained results for different EDXRF point analyses performed
on the support of Pires Vieira’s (1969) painting, where the presence of Ba, Sr, Zn, Fe, Ti,
and Ca is evident. Nevertheless, these signals are coming from the painted surface of the
artwork—painting + preparation layer, merely being attenuated in the support, as can be
seen in Figure 6 with the spot analysis of thepainted layer.

—— support
support
—— support
— support
support

10,000,

scatering peaks

Counts

10 T T T T T T
0 10 20 30

Energy / keV

Figure 5. EDXRF spectra obtained from the support of Pires Vieira’s (1969) painting.

: e —— red paint
1 — red paint
] - red paint
10,0004
E scatering peaks
1 o
» 1,0004
c ]
=] ]
0o ]
(@) J
100;
E
10 T T b T J T T
0 10 20 30

Energy / keV

Figure 6. EDXRF spectra obtained from the painted surface of Pires Vieira’s (1969) painting.
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Similar behavior was observed for the other paintings where, due to the penetration
of the radiation, all layers of the paintings were probed and not just the cellulose-based
support. For this reason, pXRF data is presented as contextual complimentary information
rather than a direct method for characterization of organic supports. For more information
on this spectrum, see Supplementary Material Section S5.

3.2. Infrared Spectra for Plywood, Cardboard, Hardboard and Particleboard

We will start by analyzing the infrared spectra in the region between 1700 and
1000 cm ™. In this region, the peaks for plywood beech are at 1114.12 and 1050.00 cm~?; for
plywood eucalyptus at 1112.6 and 1055.52 cm~L; for hardboard at 1113.6 and 1059.1 cm™1;
and particleboard at 1108.99 and 1060.27 cm~!. We also detected a peak for particleboard
at 1037.6 cm~!. In the fingerprint region, the peaks assigned in Table 4 and Figure 7 show
different intensities and assignments. In the first region of the spectra, the O-H region,
the peaks for plywood, beech, and eucalyptus are similar (3398 and 3396 cm '), but for
hardboard it is between 3380 and 3387 cm ! and for particleboard, it is at 3364 cm 1.

Table 4. Infrared bands for plywood (beech and eucalyptus), hardboard, and particleboard. In
the O-H region, the noise is higher. In the 1700-650 cm ! fingerprint region, each reference shows
different peak patterns. Strong and weak bands.

Plywood Plywood Hardboard  Particleboard Assignments

Beech Eucalyptus

3398 s 3396 s 3380-3387 s 3364 s O-H cellulose
29325 w 2930.35 w 2935 w 2916.9 w C-H
17359 w 1729.56 w 1733.38 w - fingerprint region
1649.6 w - - 1654.26 w fingerprint region
1584.1 w 1596.56 w 1594.24 w 1546.4 w fingerprint region
1503.5 w 1503.7 w 1503.4 w 1511.16 w fingerprint region
1460.7 w 1458.85 w 1460.4 w 1454.95 w fingerprint region
14234 w 1423.73 w 1424.46 w 1425.32 w fingerprint region
1373.6 w 1369.20 w 13723 w 1371.85 w fingerprint region
1328.04 w 1329.18 w 1328.85 w 13183 w fingerprint region
1241.24 w 1233.26 w 1238.93 w 1265.2 w fingerprint region
1157.16 s 1158.07 s 1159.6 s 1159.4 s cellulose region
1114.12 s 11126 s 1113.57 s 1108.99 s cellulose region
1050.00 s 1055.52 s 1059.09 s 1060.27 s cellulose region

- - - 1037.6 cellulose region

898.94 w 896.30 w 898.46 w 8972w

The hardboard, cardboard, and particleboard may be associated with the region 1200
and 1000 cm~!, which may be a good fit for artists such as Amadeo de Souza-Cardoso,
Julio Pomar, Joaquim Rodrigo, Marcelino Vespeira, Carlos Calvet, Jorge Pinheiro, Candido
Teles, and Ana Hatherly, Table 4 and Figure 7.

For Abel Salazar and Carlos Botelho, plywood composed of beech and eucalyptus
within the 1200-1000 cm ! range is not a perfect match, but it could be a more suitable
option. Regarding Pires Vieira, it could match well with plywood or hardboard, according
to Table 4 and Figure 7.

3.3. Infrared Spectra of Woods from Pine, Brown, Oak, and Beech

The infrared spectra of woods such as chestnut and oak in both the fingerprint and
cellulose regions exhibit some similarities, although the peaks in the fingerprint region
vary in intensity; see Table 5 and Figure 8 for details. For additional information, see
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Supplementary Material Sections S3 and S4. The wood pine also displays similarities, as
shown in Table 5, although the wood beech presents minor variations in both regions.

Absorbance

4000 3500 3000 2500 2000 1500 1000650

Wavenumber (cm™)

Figure 7. Infrared spectra and absorbance for plywood beech (0-1.44), plywood eucalyptus (0-0.94),
hardboard (0-0.9) and particleboard (0-1.8).

Table 5. Infrared bands for wood of pine, chestnut, oak, and beech. In the O-H region, the noise is
higher. In the 1700-650 cm ™ fingerprint region, each reference shows different peak patterns. Strong
and weak bands.

Pine Chestnut Oak Beech Assignments
3380's 3380's 3399.2 s 3390's O-H from
cellulose
2896.9 w 2933.16 w 29344 w 2923.83 w C-H
1735.37 w 1736.36 w 17349 w 1732.45 w fingerprint region
1643.7 w 1649.48 w - 1642.34 w fingerprint region
1594.2 w 1594.39 w 1595.7 w 1604.08 w fingerprint region
1503 w 1503.85 w 1505.1 w 1509.81 w fingerprint region
1460.6 w 1460.65 w 1460.4 w 1453.46 w fingerprint region
14235 w 1423.67 w 14234 w 1424.06 w fingerprint region
13742 w 1373.17 w 13725 w 1371.88 w fingerprint region
1328 w 1329.00 w 13289 w 1318.71 w fingerprint region
1243.45 w 1240.26 w 1237.86 w 1266.27 w fingerprint region
1157.26 5 1157 s 1158 s 1157.56 s cellulose region
- 1112.75s 11199 - cellulose region
1053.95 s 1053.73 s 1052.2 s 1061.34 s cellulose region
- - - 1038.65 s cellulose region
898.9 w 898.78 w 898.8 w 897.69 w
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Figure 8. Infrared spectra and absorbance for woods of pine (0-1.5), chestnut (0-1.6), oak (0-0.6) and
beech (0-1.5).

We have analyzed these references considering their potential relevance to our studies
of the artists.

4. Discussion and Principal Component Analysis

Since Amadeo’s painting was created in 1915, it was probably mounted on pressed
cardboard rather than hardboard, which only became common in the 1920s [16].

Visual analysis shows that the works by Carlos Botelho and Pires Vieira are mounted
on plywood, as evidenced by the visible wood layers at the edges, which confirms the
microFTIR results. The supports for Jilio Pomar, Joaquim Rodrigo, Marcelino Vespeira,
and Ana Hatherly seem to be made of hardboard, consistent with the analysis. Jorge
Pinheiro’s and Candido Teles’s paintings appear to be on particleboard, distinguished by
wood particles bonded with synthetic resins—unlike hardboard, where lignin acts as the
binder. For more information on the artists’ timeline, following Susana Duarte’s proposals,
please see Supplementary Material Section S2.

Principal component analysis, initially using reference materials such as cardboard,
hardboard, false parchment (a cellulose-based paper), particleboard, and plywood, was
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then employed to further distinguish between artists—Figure 9. We analyzed the finger-
print region between 1600 and 650 cm ™.

Pires Vieira
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Figure 9. Principal component analysis. Cardboard, hardboard, and false parchment is a cellulose-

-0.4

based paper, particleboard and plywood, as compared with the Portuguese artists.

Regarding the artists Julio Pomar, Joaquim Rodrigo, Marcelino Vespeira, and Ana
Hatherly, the hardboard appears to be a suitable choice. Similarly, for Abel Salazar, Candido
Teles and Jorge Pinheiro the best match is particleboard. For Pires Vieira and Carlos Botelho
the best match is plywood made from beech and eucalyptus is a closer match, Figure 9.

5. Conclusions

These topics are relevant and summarize the study’s main scientific findings. Mi-
croFTIR was very effective (1700-650 cm ™! fingerprint region), with principal component
analysis significantly helping to differentiate the artists (1600-650 cm~!). Artists like Jdlio
Pomar, Joaquim Rodrigo, Marcelino Vespeira, and Ana Hatherly tend to use hardboard.
In contrast, Abel Salazar, Candido Teles, and Jorge Pinheiro mostly prefer particleboard.
Beech and eucalyptus plywood are more comparable to Pires Vieira and Carlos Botelho, as
shown in Figure 9. The data gathered will support improvements in conservation methods.

This work aims to connect cellulose-based projects with the European Union’s Sustain-
able Development Goals, creating a more sustainable and meaningful way to preserve our
cultural heritage. By exploring eco-friendly options, we can genuinely make a difference in
tackling some of the industry’s biggest challenges. The incredible potential of EU initiatives,
such as the European Green Deal, the Circular Economy Action Plan, and the European
Industrial Strategy, offers exciting opportunities for meaningful positive change [17-20].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app16136556/s1, Figure S1: Micro-samples from Vieira, Teles,
Vespeira, Hatherly and Salazar; Figure S2: Infrared spectra of cellulose-based paper and wood flour,
obtained by us; Figure S3: Hardboard, plywood and particleboard; Figure S4: Oak wood; Figure S5:

https:/ /doi.org/10.3390/app16136556


https://www.mdpi.com/article/10.3390/app16136556/s1
https://www.mdpi.com/article/10.3390/app16136556/s1
https://doi.org/10.3390/app16136556

Appl. Sci. 2026, 16, 6556 16 0f 17

Pine wood; Figure S6: Chestnut wood; Figure S7: Beech wood; Figure S8: XRF data for Portrait
of Berta Mendes by Carlos Botelho (1932). All spectra are overwhelmed by the presence of Ba and
Pb likely belonging to the preparation layer; Figure S9: XRF data for Portrait of Berta Mendes by
Carlos Botelho (1932); Figure S10: XRF data for the support of Reapers by Candido Teles (1974);
Figure S11: XRF data for the painted regions of Reapers by Candido Teles (1974); Figure S12: XRF
data for the painted regions of Oil 97—Boat by Marcelino Vespeira (1956); Figure S13: XRF data for
the support of Oil 97—Boat by Marcelino Vespeira (1956); Table S1. Wood-based supports of paintings
by Portuguese artists: chronology and materials; Table S2: References from artists Amadeo, Botelho,
Pomar, Rodrigo and Pinheiro; Table S3: Infrared bands for cellulose-based paper, wood flour and
a hardboard reference using micro-infrared spectroscopy; Table S4: Infrared band assignments for
bleached hardwood kraft pulp (HW) and bleached softwood kraft pulp (SW) by ATR FTIR, details by
ref. [15] Zhiwen Chen et al.
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