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Abstract

Wooden cultural heritage encompasses a wide variety of
ancient artifacts made of wood such as furnishings, coffins,
musical instruments, architectural structures, handicrafts,
and shipwrecks. The conservation of these objects is crucial
because of their historical, artistic, and cultural value. This
article presents a bibliometric analysis of scientific publica-
tions related to nanotechnology applied to the conservation
of wooden cultural heritage. The objective is to provide an
overview of the field through a bibliometric approach, identify
the main research topics, analyze scientific production indica-
tors, and outline future research directions. The methodology
involved the following stages: (1) conducting a search for pub-
lications in the Web of Science database, (2) reviewing and
filtering the retrieved documents, and (3) analyzing the data
using the Bibliometrix software. As a result, it was found that
publications have focused on the utilization of various nano-
materials for the restoration, deacidification, and consolidation
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of waterlogged wooden objects, primarily shipwrecks. Italy
and China are the leading countries in this research, while the
Journal of Cultural Heritage is the most important publication
in the field. Furthermore, the multidisciplinary nature of the
research is evident. It is concluded that, although progress in
this field has been significant, it is necessary to broaden the
focus to other types of objects beyond the waterlogged wooden
artifacts in order to enrich future research.

Keywords: ancient wood, archaeological wood, cultural heritage, nanotech-
nology, wooden cultural heritage.

Resumen

El patrimonio cultural de madera es el conjunto de objetos anti-
guos fabricados con este material, tales como muebles, atatudes,
instrumentos musicales, estructuras arquitecténicas, artesanias
y restos de embarcaciones naufragadas. Estos objetos deben
conservarse debido a su enorme valor histérico, artistico y cul-
tural. En este articulo se presenta un analisis bibliométrico de
las publicaciones cientificas sobre nanotecnologia aplicada a la
conservacion del patrimonio cultural de madera. El objetivo es
ofrecer un panorama de este campo de estudio mediante un
enfoque bibliométrico, identificar las principales areas de inves-
tigacion, analizar los indicadores de produccion cientifica y es-
bozar futuras lineas de investigacion. La metodologia utilizada,
comprendio las siguientes etapas: (1) busqueda de publicaciones
en la base de datos de Web of Science, (2) revision y filtrado
de los documentos localizados, y (3) anéalisis de datos mediante
el software Bibliometrix. Como resultado, se encontr6é que las
publicaciones se han centrado en el uso de diversos nanomate-
riales para la restauracion, desacidificacién y consolidacién de
objetos de madera que han estado bajo el agua, principalmente
restos de barcos naufragados. Italia y China lideran estas inves-
tigaciones, mientras que el Journal of Cultural Heritage es la
revista méas importante en este campo. Ademas, se destaca la
naturaleza multidisciplinaria de las investigaciones. Se concluye
que, aunque los avances en este campo han sido relevantes, es
necesario ampliar el enfoque a otro tipo de objetos, mas alla de
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los restos de embarcaciones, para enriquecer las investigaciones
futuras.

Palabras clave: madera antigua, madera arqueologica, patrimonio cultural,
nanotecnologia, patrimonio cultural de madera.

1. Introduction

Cultural heritage is defined as the set of goods, traditions, and artistic
expressions inherited from previous generations that are preserved and
protected in the present to be transmitted to future generations [[|. This
heritage encompasses both tangible and intangible elements [2]. Tangible
heritage includes physical artifacts, such as archaeological relics, muse-
um pieces, ancient buildings, paintings, and sculptures [3|. Intangible
heritage, on the other hand, refers to the customs, traditions, and prac-
tices that shape the identity of peoples and nations [4].

Tangible heritage can be manufactured from many different materi-
als, including wood. Cultural artifacts made of this material are col-
lectively known as wooden cultural heritage. It is divided into three
broad categories: movable, immovable, and underwater [5]. Movable
heritage comprises wooden artifacts that can be relocated, including
antique furniture, musical instruments, coffins, sculptures, and masks
[6]. Immovable heritage refers to wooden objects that are fixed in place
and cannot be moved without losing their meaning and context, such
as architectural and structural elements in ancient buildings and tem-
ples [7]. Finally, underwater heritage encompasses shipwrecks and other
wooden objects that have been submerged for extended periods [g].

The conservation of these objects is vital because of their historical, ar-
tistic, and cultural significance. Moreover, studying them helps uncover
the techniques used in their creation and provides valuable insights
into their meaning, importance, and the historical context in which
they were produced [9]. Nevertheless, their conservation is a challenge,
since wood is a material that is highly susceptible to deterioration due
to both biotic and abiotic factors [10].

Abiotic factors include temperature, solar radiation, humidity, wind and at-
mospheric pollutants, which can cause cracking, warping and discoloration
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in wood, especially in weather-exposed items such as architectural ele-
ments [5]. Biotic factors encompass insects and microorganisms that fa-
cilitate the decomposition and structural weakening of wood. Insects of
the orders Coleoptera (beetles), Blattodea (cockroaches and termites)
and Hymenoptera (ants, bees, and wasps) attack dry wood or wood
with low moisture content [11]. In conditions of elevated humidity,
such as in waterlogged environments, microbial growth is accelerated.
Bacteria, including representatives of the class Flavobacteria, the ge-
nus Cytophaga, and the species Clostridium zylanolyticum, can cause
damage to wood through mechanisms such as erosion, tunneling, and
cavitation [12]. Fungi, particularly species of the genus Aspergillus, are
also detrimental, leading to aesthetic alterations, discoloration, surface
stains, and structural weakening [13].

In response to the deterioration of wooden cultural heritage, scientif-
ic research has led to the development of a variety of techniques and
treatments aimed at its protection and preservation. These include hy-
drophobic coatings that repel humidity [14], consolidants that improve
mechanical resistance [[15], biocides that inhibit the growth of fungi
and bacteria [16], and flame retardants that protect objects in case
of fire [17,18].

Many of these advances have proven effective, but they still have
limitations. An illustrative example is polyethylene glycol (PEG), a
consolidant widely used in wood preservation. Despite its advantag-
es, including low cost, stability and ease of removal, PEG has the
disadvantage of increasing the weight of objects and darkening their
surface, which negatively affects their aesthetics [19]. Additionally,
PEG and other consolidants such as melamine-formaldehyde resins
and acrylate or methacrylate copolymers are obtained from petroleum,
which is increasingly viewed unfavorably in the context of sustaina-
bility [10]. This highlights the need to develop more environmentally
friendly consolidants.

In view of these limitations, new approaches have been explored, in-
cluding the application of nanotechnology, a discipline that studies and
manipulates materials at the nanometer scale (1 to 100 nm) [20]. At
this scale, the physical, chemical, and biological properties of matter
are modified, resulting in novel behaviors that cannot be observed at
the macroscale [21,22]. The distinctive attributes of nanomaterials have
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positioned nanotechnology as a crucial tool in the domain of cultural
heritage research [23]. Its applications in this area comprise advanced
analytical techniques, such as surface-enhanced Raman spectroscopy,
atomic force microscopy, and nanoparticle voltammetry, all of which
facilitate the study and diagnosis of cultural heritage at the nanoscale
[24]. In addition, nanomaterials are employed for the cleaning, restora-
tion, and conservation of cultural objects [25-29|.

The application of nanotechnology in the conservation of wooden cul-
tural heritage is a relatively novel field of research. Consequently, it is
necessary to analyze existing research in order to identify advances,
trends and potential areas for future research. A valuable tool for this
purpose is bibliometric analysis, a technique that allows processing
and studying bibliographic data from scientific publications in order
to locate the most relevant literature, detect research trends, evaluate
the performance of researchers and journals, and, in general, map the
accumulated scientific knowledge in a given field [30-B82].

There are many bibliometric studies in the field of cultural heritage,
covering a wide range of topics ranging from conservation treatments
to heritage and climate change [33-39]. However, bibliometric stud-
ies on the application of nanotechnology to wooden cultural heritage
are scarce [40].

The objective of this paper is to provide an overview of nanotechnology
research for the conservation of wooden cultural heritage through a
bibliometric analysis. This approach identifies the main research topics,
leading authors, institutions and countries, and collaboration networks.
Together, these factors provide a detailed picture of scientific activi-
ty in this field.

1.1. Materials and Methods

The search for publications for the bibliometric analysis was conducted
using the PRISMA 2020 methodology, which enables the identification
of scientific literature in a systematic, transparent, and reproducible
manner [41]. The PRISMA 2020 methodology comprises three funda-
mental stages: identification, screening, and inclusion of documents.

In the identification stage, the bibliographic databases to be consult-
ed are selected, and the search criteria are defined. There are three
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main bibliographic databases that are widely used in academia: Google
Scholar, Scopus, and Web of Science (WoS). Among these, Google
Scholar has the broadest coverage, with approximately 389 million re-
cords [42], followed by Scopus with over 100 million documents [43], and
WoS, which contains around 97 million records in its Core Collection
[44]. However, Google Scholar’s metadata is of poor quality and difficult
to extract, which greatly restricts its application in bibliometric studies
[45]. Another disadvantage of Google Scholar is that its indexing sys-
tem is automated, which leads to problems such as duplicate records,
incorrect bibliographic information, and the inclusion of non-academic
documents [46]. For these reasons, Google Scholar was excluded as a
source of information in this study.

On the other hand, Scopus and WoS are considered the most prestig-
ious databases in the scientific field, as they only index journals and
documents that meet rigorous editorial standards [47]|. Also, both offer
high-quality metadata suitable for bibliometric analysis [48|. Although
both databases are widely used, there is no consensus in the scientif-
ic community as to which is better; therefore, the choice depends on
the specific objectives and needs of each research project [49]. In this
study, we opted for WoS due to its better representation of nanotech-
nology literature. WoS has a subject category called ‘Nanoscience &
Nanotechnology’, whereas Scopus does not have a similar subject area.
Furthermore, WoS has been the database of choice in several bibliomet-
ric studies related to nanotechnology [0-60].

We conducted an advanced search in the WoS Core Collection database
using the following terms: T'S=(nano* AND wood* AND (heritage OR
cultural OR historical OR archaeolog® OR ancient®* OR antiquit* OR
artwork™ OR artifact™ OR relic*)). The asterisk (*) that accompanies
each term enables the expansion of the search to include words that
share the same root. For instance, the term nano* retrieves results for
nanotechnology, nanomaterials, nanoparticles, nanostructures, and so
forth. The term “nano*” has been used successfully in other bibliometric
studies related to nanotechnology [58,61,62|. The term “wood™” yields
results for both “wood” and “wooden,” which are both common terms in
the literature on the subject. The remaining terms refer to cultural her-
itage. Although “cultural” and “heritage” are the most obvious terms,
not all publications include them. Therefore, additional terms referring



46 Roberto Soto-Vazquez, Edgar Zdyago Lau

to more specific expressions of cultural heritage were added, such as
historical objects, ancient artifacts, artworks, and archaeological relics.
Since “nano®” and “wood*” are central terms in this field of research,
they were combined with the Boolean operator “AND” to ensure that
both terms appear in all publications. Terms referring to cultural herit-
age were combined using the Boolean operator OR to indicate that at
least one of these terms must be included in the search.

No restrictions were placed on the type of documents in order to cover
all possible publications: articles, reviews, books, chapters, conference
proceedings, etc. Additionally, no temporal, spatial, or linguistic re-
strictions were imposed, broadening the scope of the search to include
documents from any year, any country, and in any language. The search
in WoS was conducted in September 2024 and yielded 248 documents.

The second stage of the PRISMA 2020 methodology is screening, in
which the identified documents are reviewed to exclude those that do
not meet the research criteria, and the relevant documents are rigor-
ously selected. This stage is crucial because searches in bibliographic
databases are not completely accurate and may yield irrelevant results
due to indexing errors, inconsistencies in terminology, or limitations in
the search strategy [63).

We screened the 248 documents identified by carefully reading their
titles, abstracts, and keywords. This allowed us to exclude documents
that were not directly related to the research topic. In this regard, the
search strategy we used in WoS is prone to generating irrelevant results,
since the “T'S” field tag tracks search terms not only in titles, abstracts,
and authors’ keywords, but also in keywords plus, which are words and
phrases collected from article references. Keywords plus broaden the
scope of the search by including cited literature, but they have the dis-
advantage of not always accurately reflecting the actual content of the
documents [64]. In our research, this resulted in the retrieval of articles
on wood heritage conservation treatments that did not involve nano-
technology. This occurred because some documents included references
to work on nanotechnology without directly addressing the subject.
Likewise, other articles were identified that addressed the application of
nanotechnology in wood protection, albeit from a general perspective
and without explicit reference to cultural heritage. It should be not-
ed that treatments intended for the conservation of cultural heritage
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must meet additional requirements besides protecting wood: preserva-
tion of the aesthetic and historical appearance of objects, reversibility
of treatment, ease of application, durability, and low toxicity [65,66].
Therefore, not all nanotechnology studies applied to wood protection
are relevant to this research.

Considering the above, we excluded the following items: (1) documents
that addressed the conservation of wooden heritage but not from a
nanotechnology perspective, and (2) documents that dealt with the
protection of wood using nanotechnology but did not specifically refer
to cultural heritage. As a result, 143 documents were discarded.

The third and final stage of the PRISMA 2020 methodology is in-
clusion, in which relevant documents are selected for the study. The
final number of documents included in our work was 105. There is no
universally established minimum sample size for bibliometric analyses.
Rogers, Szomszor and Adams [67] show that samples of several hun-
dred or thousand publications yield reliable results. However, these
same authors acknowledge that large sets of documents are not always
available, especially when analyzing emerging or little-explored topics
in the scientific literature [67]. In this context, Glénzel and Moed |68|
point out that a sample size of 100 documents may be sufficient for ana-
lyzing certain statistical properties and producing satisfactory results.
In the present study, the number of documents obtained (n=105) is
small because the topic of nanotechnology applied to the conservation
of wooden cultural heritage has received little coverage in the scientific
literature. Nevertheless, this sample size falls within the limits reported
in the literature 68|, making the bibliometric analysis possible.

Figure 1. presents a flowchart that illustrates in detail the entire pro-
cess of searching for and selecting documents.
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Ficure 1. Flowchart illustrating the search and selection pro-
cess for publications on nanotechnology applied to the conservation
of wooden heritage, following the PRISMA 2020 methodology

The bibliometric analysis was carried out using Bibliometrix, a soft-
ware developed in R language and specifically designed for bibliometric
research [69]. The versions used were Bibliometrix 5.0.1 and R 4.5.1.
Microsoft Excel 2021 also was used for the graphical representation
of some results.

First, the metadata of the documents were downloaded from WoS in plain
text format. Subsequently, the metadata were imported into Bibliometrix,
where it was automatically structured into a metadata matrix. Each row
of this matrix corresponded to a document, and each column corresponded
to a bibliographic variable, such as author, year of publication, institution-
al affiliation, country, source, keywords and cited references.

The analysis protocol included the following stages: (1) descriptive
bibliometric analysis to identify the main indicators of the document
set, (2) identification of the most prolific authors, institutions, and
countries, (3) analysis of the most relevant sources in the field, (4)
analysis of collaboration networks between authors, (5) review of the
most cited documents, and (6) exploration of content and subject areas
using word clouds.
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1.2. Results and Discussion

The bibliometric analysis revealed that there are 105 documents indexed
in WoS on nanotechnology applied to the conservation of wooden cul-
tural heritage, published between 2005 and 2024. Research into wooden
heritage dates back several decades, with the earliest publications ap-
pearing in 1976 [] However, it was not until 2005 that nanotechnol-
ogy began to appear in publications on this subject. Nanotechnology is
a relatively new field that emerged at the end of the 20th century and
began to gain traction in the 2000s [@,@] This explains why the first
publications on nanotechnology applied to wooden heritage appeared
in 2005. The continued publication of studies on this topic until 2024
indicates its ongoing relevance.

shows the general bibliometric information for the set of doc-
uments. These documents include original research articles, reviews,
and proceedings articles, from 63 bibliographic sources. A total of 424
authors participated, with an average of 5.47 co-authors per document
and 35.24% international collaboration.

Description Results

MAIN INFORMATION ABOUT DATA

Timespan 2005:2024
Sources (journals, conference proceedings, books, etc.) 63
Documents 105
Annual growth rate % 11.57
Document average age 6.14
Average citations per document 25.58
References 4415
DOCUMENT CONTENTS

Keywords plus 381
Author keywords 360
AUTHORS

Authors 424
Authors of single-authored documents 3

AUTHORS COLLABORATION

Single-authored documents 3

Continue
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Description Results

Co-authors per document 5.47
International co-authorships % 35.24
DOCUMENT TYPES

Article 88
Review 10
Proceedings paper 7

TABLE 1. Main bibliometric characteristics of publications on
nanotechnology applied to the conservation of wooden herit-
age, indexed in WoS database for the period 2005-202/

shows the ten countries with the highest number of publi-
cations, based on the affiliations of corresponding authors. Italy and
China are particularly prominent, which can be attributed to their po-
sition at the top of the list of countries with the most World Heritage
Sites [@] This distinction has likely driven substantial research efforts
in both nations, specifically focused on the protection and conservation
of their cultural heritage.
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Ficure 2. Countries with the highest scientific production in the field
of nanotechnology applied to the conservation of wooden heritage. The
graph shows the authors’ countries of affiliation and the correspond-
ing number of publications indexed in WoS for the period 2005-2024

presents the journals with the highest number of articles. It can
be seen that these belong to areas such as heritage science, materials
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science, chemistry and nanotechnology, reflecting the multidisciplinary
nature of the research. The most notable publication is the Journal of
Cultural Heritage, which addresses issues pertaining to heritage conser-
vation from a scientific and multidisciplinary perspective []

Journal Subject area Articles
Journal of Cultural Heritage Heritage science 11
Materials Materials science 5
International Biodeterioration € Biological and agricultural sciences
Biodegradation

ACS Applied Materials & Interfaces | Materials science

Applied Physics A: Materials Sci- Materials science
ence & Processing

Forests Biological and agricultural sciences

International Journal of Conserva- | Heritage science

tion Science 3
Molecules Chemistry 3
Pure and Applied Chemistry Chemistry 3
ACS Applied Nano Materials Nanotechnology 2

TABLE 2. Academic journals with the highest number of arti-
cles on nanotechnology applied to the conservation of wood-
en heritage, according to WoS data for the period 2005-2024

presents the ten most prolific authors according to the number
of documents published and local citations. As can be observed, the ma-
jority of these authors are affiliated with academic institutions in Italy,
including the University of Florence, the University of Palermo, and the
University of Trieste. Additionally, there are researchers from the United
Kingdom who are affiliated with the Mary Rose Trust and the University
of Kent. The Mary Rose Trust is the entity responsible for the conser-
vation of the Mary Rose, an English warship that sank in 1545 and was
subsequently recovered from the seabed in 1982 [@] The significance
of this discovery has prompted extensive research on the ship, which
explains why authors affiliated with the Mary Rose Trust are included
in this ranking.

It is important to note that the relevance of authors is not only measured
by the number of articles published, but also by the impact of their work
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in the scientific community. This impact can be measured by local
citations, i.e. the number of times a document is cited by other arti-
cles belonging to the same collection, which in this case is composed
of the 105 articles analyzed in the study. shows that three
researchers from the University of Florence (Piero Baglioni, Rodorico
Giorgi and David Chelazzi) stand out in terms of both number of
publications and local citations.

Affiliations Countries Documents L oes !
citations

University of

Piero Baglioni | Florence Ttaly 12 7

Rodorico Gi- University of

orgi Florence Italy 12 74
University of Italy

David Chelazzi | Florence 9 54

Giuseppe Ca- University of Ttaly

vallaro Palermo 7 36

Giuseppe La- University of Italy

zzara Palermo 7 36

Eleanor Scho- The Mary Rose | United King-

field Trust dom 7 22

Alan V Chad- | University of United King-

wick Kent dom 6 22
The Mary Rose | United King-

A. Mark Jones | Trust dom 5 22
University of Italy

Stefana Milioto | Palermo 5 26
University of Ttaly

Filippo Parisi Triest 5 26

TABLE 3. Authors with the highest number of publications on na-
notechnology applied to the conservation of wooden heritage, in-
dexed in the WoS database for the period 2005-202/

In addition to identifying the most prominent authors, it is essential to
analyze the relationships between them, as this allows us to understand
how knowledge is produced through collaboration networks.
is a collaboration network between the main authors and illustrates
how they are related and grouped according to their co-authorship.
Each node represents an author, and its size is proportional to its influ-
ence. The lines connecting the nodes represent collaborations and their
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thickness reflects the number of co-authorships. The different colors
allow us to identify clusters or groups of authors who collaborate regu-
larly. The green cluster is dominated by researchers from the University
of Florence, the orange cluster by researchers from the University of
Palermo, and the purple cluster by English researchers affiliated with
the Mary Rose Trust and the University of Kent. Two smaller clusters
of Chinese researchers are visible on the left of Figure 3| The blue clus-
ter corresponds to Nanjing Forestry University, while the red cluster
corresponds to the Chinese Academy of Forestry. This network reveals
a tendency for authors to collaborate mainly with researchers from
their own countries and institutions.
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Ficure 3. Collaborative network of authors publishing on nanotechnology
applied to the conservation of wooden heritage, based on WoS-indexed
publications from 2005 to 2024. The nodes represent authors and the

lines indicate collaborations based on co-authorship of articles. The colors

distinguish groups of authors who frequently collaborate with each other

Figure 4 illustrates the research institutions with the highest number
of published documents. The University of Florence occupies the top
position. As previously mentioned, this is the place of origin of some of
the most prominent authors in the field. Nanjing Forestry University
(China) and the University of Palermo (Italy) are ranked second and
third, respectively.
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University of Florence
Nanjing Forestry University
University of Palermo

Lodz University of Technology
Chinese Academy of Forestry

University of Kent

Institutions

University of Bucharest

Polytechnic University of Turin

National University of Science and
Technology Politehnica Buchares

University of Oslo

=]
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10 15 20
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o
w
(=]

Fiqurke 4. Institutions with the highest number of WoS-
indexed publications on nanotechnology applied to the con-
servation of wooden heritage for the period 2005-2024

shows the ten most cited articles. Half of them are litera-
ture reviews, while the rest are original research articles. Among the
reviews, some articles deal with the use of nanomaterials in herit-
age conservation in general | |, while others focus specifically on
wood heritage conservation [78,79]. With regard to the original re-
search articles, these examine a variety of applications of nanomateri-
als in wood heritage conservation: titanium nanoparticles for inhibiting
fungal growth [@], calcium hydroxide nanoparticles for deacidification
[@], halloysite nanotubes for consolidating waterlogged wood [@,@],
and Ti3C2Tx nanosheets as flame retardants [84).

Title Journal Article type .TOtial References
citations
Soft and hard nanoma- | Soft Matter | Review 169 [@]
terials for restoration article
and conservation of
cultural heritage
Functionalising wood by | Journal of Review 165 (78]
nanosol application Materials article
Chemistry
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25

Total

Title Journal Article type oy References
citations
Colloid and Materials Langmuir Review 126 [@]
Science for the Con- article
servation of Cultural
Heritage: Cleaning,
Consolidation, and
Deacidification
Preventing fungal International | Original 116 [@]
growth in wood by tita- | Biodeteriora- | research
nium dioxide nanopar- | tion & Bio- article
ticles degradation
Nanoparticles of Calci- | Langmuir Original 112 81
um Hydroxide for Wood research
Conservation. The article
Deacidification of the
Vasa Warship
Pickering Emulsions ACS Applied | Original 89 [@]
Based on Wax and Hal- | Materials & research
loysite Nanotubes: An Interfaces article
Ecofriendly Protocol for
the Treatment of Arche-
ological Woods
Nanolimes: from synthe- | Pure and Review 86 [@]
sis to application Applied article
Chemistry
Novel Ti3C2Tx MX- Journal of Original 80 [@]
ene/epoxy intumescent | Applied Poly- | research
fire-retardant coatings mer Science article
for ancient wooden ar-
chitectures
Recent developments Progress in Review 76 [@]
in the conservation of Materials article
materials properties of | Science
historical wood
Halloysite Nanotubes ACS Applied | Original 74 [@]
Loaded with Calcium Materials & research
Hydroxide: Alkaline Interfaces article

Fillers for the Deacidi-
fication of Waterlogged
Archeological Woods

TABLE 4. Most cited articles on nanotechnology applied to the con-
servation of wooden heritage, indexed in WoS from 2005 to 2024

To analyze the content of publications, we use word clouds, which
provide a visual representation of the most relevant terms. In these
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clouds, the size of each word indicates its frequency (the larger the word,
the more times it appears in the documents), allowing us to identify the
dominant topics.

shows a word cloud generated from the authors’ keywords in
the documents. It can be seen that the most prominent term is water-
logged archaeological wood, indicating that this is the most studied
topic. It is also evident that the conservation treatments involve a
variety of nanomaterials that are used for restoration, deacidification,
and consolidation.

The most studied waterlogged wooden objects are shipwrecks, such as
the Chretienne C (2nd century BC ship), the Vasa (Swedish warship
wrecked in 1628), the Xiaobaijiao No. 1 (Chinese ship of the peri-
od 1821-1850) and the Mary Rose (British warship wrecked in 1545).
Conservation treatments for these objects include deacidification with
strontium carbonate nanoparticles [85], consolidation with lignin nan-
oparticles, bacterial nanocellulose and cellulose nanocrystals [@], and
surface protection with halloysite nanotubes [,]

calcium hydroxide nanoparticles

nano materials WALBH0086U WOOH o oonosiie

cellulese nanocrystals [cnc)
nanonaricie”. MICIOSCONY nanotubes

nanomateriais leacidificationencies

coatings Ilanllcomll_osltes hin:l%lﬂaigragion
i eterioration
mﬁ'ﬁiﬁﬁ“ﬁalcnaeﬂlﬂglcal woodiungi

waterlogged archaeological wood

restoratinn woo“ celluloseconservation
halloysite ' b @ Panesiver
waeazeysemilaNOPArticles ousidaton
__cmesepnanntecrhnnlnoytimber
historical ohjects 48

¥ |l vivy "2 I lignin naneparticles
varaloid 72 nan ojndentationmicromechanical nronerty
woot preservation
polychrome wootden coffin

Ficure 5. Word cloud illustrating the most frequent topics in WoS-
indezed publications on nanotechnology applied to the conservation of
wooden heritage from 2005 to 2024. The visualization was generated in
Bibliometriz using the following parameters: (1) method: frequency of oc-
currence; (2) field: authors’ keywords; (8) mazimum number of words: 50

The focus of research on shipwrecks is due to the fact that leading
countries in the field, such as China, Italy, and other European coun-
tries, have a significant naval heritage. However, this trend highlights
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the need to expand research to other artifact types and regions of
the world. For example, Latin America is rich in wooden cultural
heritage due to its historical development. On the one hand, there
are numerous wooden objects associated with pre-Hispanic civiliza-
tions, such as bows, arrows, spears, and handicrafts. On the other
hand, the colonial period, under Spanish rule, left an important leg-
acy of wooden objects, including church altarpieces, religious sculp-
tures and antique furniture. This offers new opportunities to extend
research to the wooden cultural heritage of Latin America and other
regions of the world.

Figure 6 depicts a second word cloud corresponding to the WoS the-
matic categories to which the articles belong. This allows us to iden-
tify the different areas of knowledge involved in the field. The most
prominent category is materials science multidisciplinary, which re-
flects the fact that heritage conservation has evolved in recent dec-
ades from a manual activity to a highly technological and scientific
endeavor, employing analytical techniques that are widely used in
materials science [87]. Other thematic categories represented in the
cloud include nanoscience and nanotechnology, spectroscopy, archae-
ology, applied physics, analytical chemistry, and geosciences, among
others. This confirms the multidisciplinary nature of research in this
field, as also evidenced by the thematic diversity of the leading jour-
nals listed in [Table 2| Multidisciplinarity is a crucial aspect of the
scientific study of cultural heritage. However, it also gives rise to a
number of challenges, including communication difficulties between
professionals from different areas, incompatibility of approaches, and
the discrepancy between scientific and humanistic objectives [8§].

nanescience & nangtec}
chemistry physical
Spectroscopy — ==
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Y Polymer science
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....................
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FiGure 6. Word cloud illustrating the most frequent thematic areas in
WoS-indexed publications on nanotechnology applied to the conservation
of wooden heritage from 2005 to 2024. The visualization was generated in
Bibliometriz using the following parameters: (1) method: frequency of oc-
currence; (2) field: subject categories; (3) maximum number of words: 50
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shows the main topics that have dominated research over
time. It can be seen that in just two decades, the thematic diversity of
publications has increased considerably, reflecting a growing interest
among the scientific community. This growth is due to the advantages
nanotechnology offers over traditional conservation treatments. Due
to their extremely small size, nanomaterials can penetrate wood more
deeply and uniformly, promoting more effective interaction with its mi-
crostructure and achieving better conservation results [89)].
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Ficure 7. Ewvolution of the main topics addressed in WoS-indexed publi-

cations on nanotechnology applied to wooden heritage from 2005 to 2024.
The graph was created in Ezxcel using data processed in Bibliometriz with
the following parameters: (1) field: all keywords; (2) occurrences: per year

As shows, one of the topics addressed in the first publications,
which appeared in 2005, was wood degradation. Among the most fre-
quent and aggressive forms of degradation is biodeterioration. In this
regard, titanium dioxide-based nanocompounds have antifungal proper-
ties that allow them to combat this type of deterioration [@] Another
pioneering topic was the study of cellulose, a constituent of wood that
has inspired the development of new nanomaterials such as nanocellu-
lose. This nanomaterial combines the inherent properties of cellulose,
namely its renewability, biocompatibility, and biodegradability, with
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additional properties arising from its nanostructured form, including
high strength and rigidity, large surface area, enhanced chemical reac-
tivity, and good thermal stability [91]. These characteristics give nano-
cellulose potential applications in the conservation of cultural artefacts
made from wood and paper [92].

In 2006, publications related to wood deacidification began to appear.
Acidic compounds generated during wood degradation cause the loss
of cellulose, weaken internal fibers and increase fragility [93]. In this
regard, nanoparticles of alkaline compounds, such as calcium hydroxide
and magnesium hydroxide, have proven effective in deacidifying wood
and improving its mechanical strength [76,81].

Figure 7 does not show topics corresponding to the years 2007 and
2008. This does not imply an absence of publications during that pe-
riod. In fact, there were publications in those years, but they did not
focus on the most frequent topics. This is why those years appear emp-
ty in the graph.

Another prevalent topic in publications is the conservation of the
Vasa, a Swedish ship that sank in the 17th century and whose remains
were recovered in the latter half of the 20th century [81]. As can be
seen in Figure 7/ the Vasa and waterlogged archaeological wood have
been important research topics for years. One of the most serious
problems facing this type of heritage is wood acidification. In this con-
text, Broda and Hill [19] conducted an exhaustive literature review on
existing treatments for the conservation of waterlogged wood. They
noted that some deacidification methods had been tested on the Vasa
ship, including the application of wet carbonate or bicarbonate poul-
tices and ammonia treatments; however, these approaches yielded poor
results. In contrast, the use of magnesium and calcium nanoparticles
has demonstrated more promising results [19]|. This case illustrates how
nanotechnology can solve problems that traditional approaches cannot
always effectively address.

According to Figure 7, other topics that have emerged in recent years
are consolidation and coatings. Significant advances have been made
in this area, such as halloysite nanotubes for the consolidation of wa-
ter-damaged wood [83| and coatings based on nano-oxides that act as
fire retardants [94].
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Taken together, these advances demonstrate that nanotechnology is a
useful and promising tool for the conservation of wooden heritage, as it
can lead to the development of more effective and durable treatments.
Therefore, it is essential to continue promoting research in this field.

Conclusions

This bibliometric study provided an overview of the scientific develop-
ments in the field of nanotechnology applied to the study and conser-
vation of wooden cultural heritage. It showed the main research topics,
leading authors and institutions, collaboration networks, and possible
directions for future research.

The data concerning authors, countries, and institutions revealed that
Italy and China were the most prominent contributors to scientific
output. With respect to research topics, there was a notable inter-
est in the study and preservation of waterlogged wood objects, par-
ticularly shipwrecks. Nanotechnological developments in this context
include the use of nanoparticles and nanocomposites of various ma-
terials for the restoration, deacidification, and consolidation of wood.

Given that research has been mainly focused on the study of ship-
wrecks from European countries, it would be advisable to extend future
research to other types of objects and other regions of the world, which
would enrich the knowledge in this field.

One limitation of this study is the exclusive use of WoS as a source
of information, which resulted in the omission of publications not in-
dexed in that database. Nevertheless, WoS is one of the most prestig-
ious and internationally recognized databases. Therefore, it is feasible
to assume that the most relevant publications in the field are indexed in
WoS, providing a reasonably accurate representation of the state of na-
notechnology applied to the conservation of wooden cultural heritage.

Another limitation is that the analysis focused solely on scientific
publications, without considering other relevant types of documents
such as patents. Patents are legal documents intended to protect tech-
nological inventions and contain very detailed technical and scientific



Nanotechnology for the conservation of wooden cultural heritage 61

descriptions, making them a valuable source for analyzing technological
development in a specific field. Several studies have demonstrated the
efficacy of patents in complementing conventional bibliometric analyses
[95-98]. Future studies could perform patentometric analyses on nano-
technology applied to the conservation of wooden heritage to expand
and deepen the results of this research.

Finally, the multidisciplinary nature of research provides ample oppor-
tunities for scientists from different academic backgrounds to collabo-
rate in the study and conservation of the wooden cultural heritage.
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