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Abstract: The analysis of historical materials is an essential component of cultural heritage conser-
vation. Protein was one of the most important and pervasive organic substances in ancient human
societies. Through the qualitative and quantitative examination of protein-based materials, it is
possible to clarify their source and functions of substances in cultural heritages, investigate the
manufacturing technology of cultural heritage, and identify their deterioration mechanism. On the
basis of these analyses, corresponding measurements are therefore feasible. Currently, mass spectrom-
etry, chromatography, spectroscopy, nuclear magnetic, proteomics, and immunoassay are used to
analyse protein materials. Proteomics techniques and enzyme-linked immunosorbent assay (ELISA)
technology are two of the most common methods for detecting ancient proteins. This article discusses
the evolution of protein component detection in ancient materials, as well as the implementation of
proteomics and ELISA techniques for the analysis of proteins. In addition, the characteristics of these
two techniques were contrasted in order to propose the most recent analytical techniques and the
direction of future research.

Keywords: cultural heritage conservation; protein; proteomics; enzyme-linked immunosorbent
assay (ELISA)

1. Introduction

In the conservation of cultural heritage and archaeological excavations, the materials,
and especially the key components, such as the binder of murals and paintings and the
organic components of building mortars, are not only closely related to human production
life, material life, spiritual life, and all aspects of social life, but they also serve as significant
carriers of historical information. In addition, they are the focus of research on traditional
building techniques, the prevention and control of the deterioration of cultural relic materi-
als, the elucidation of the physical and chemical causes of material deterioration, and the
development of future protective measures based on analysis and testing [1].

Proteins are one of the most significant components of cultural heritage artefacts and
are frequently employed as essential additives [2–4]. Additionally, proteins can be used
to restore and reinforce cultural heritage artefacts [5–7]. It is difficult to analyze protein-
containing cultural heritage artefacts due to the limited number of available samples or
the low protein content of the samples. Moreover, after prolonged exposure to multiple
environmental factors, proteins encounter a variety of issues, including ageing, degradation,
and contamination [8,9]. The earliest research on protein detection in artefacts of cultural
heritage dates back to the 1950s [10]. Archaeologists used mass spectrometry (MS) to
detect amino acids, the building blocks of proteins, in archaeological and paleontological
artefacts [11]. Since the 1980s, physical chemistry techniques such as mass spectrometry,
chromatography, and spectroscopy have been utilised extensively in the field of cultural
heritage research and conservation. However, these methods have the disadvantage of
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requiring a large number of samples, making it challenging to distinguish the complex
protein components in cultural heritage objects and lacking species specificity [12]. In
recent years, with the development of biotechnology, bioinformatics technology, and MS,
proteomics techniques and enzyme-linked immunosorbent assay (ELISA) techniques have
been increasingly applied to the study of proteins in cultural relics materials, and these two
techniques offer high sensitivity and low detection limits [13].

In addition to discussing the evolution of protein analysis in the field of cultural
patrimony, this article will describe two cutting-edge techniques: proteomics and ELISA
technology. Additionally, a general overview of the challenges and prospective directions
of protein identification in cultural heritage materials will be presented.

2. The Role of Protein Analysis in the Protection of Cultural Heritage
2.1. Types of Cultural Heritage Containing Protein

Based on their composition, cultural relic materials can be classified as organic or
inorganic. Both categories of ancestry share a substantial number of protein components
(Table 1). For example, gum is required to enhance the writing effect on biological cultural
heritage objects because the paper has numerous pores between the fibres, which easily
generates a halo in the ink and affects writing and painting. The utilised adhesive is derived
from either plants or animals and contains either soy protein or collagen [14–16]. The
lacquer of lacquerware cultural heritage artefacts contains glycoproteins [17]. Also present
in bone cultural heritage artefacts is collagen [18]. A significant number of organic cultural
heritage objects are natural macromolecular proteins. Silk protein, for example, is the
primary component of silk [19], whereas collagen and keratin are the primary components
of leather and fur cultural heritage objects [6,18].

Table 1. Types of cultural heritage artifacts and proteins contained therein.

Cultural Heritage Material
Composition Cultural Heritage Category Protein Containing Part Protein Type

Organic

Paper Glue in paper or silk Collagen;
Soybean protein

Textile;
Fur

Silk products;
Wool fabric

Silk protein;
Keratin

Lacquerware;
Woodware;

Bambooware
Lacquer artifacts Glycoprotein

Leather Leather products;
Parchment Collagen

Carcass
Mummified corpse;

Wax corpse;
Wet corpse;

Collagen

Bone; antler Animal bones, teeth, and
horns Collagen

Inorganic

Ceramics;
bricks Pottery adhesive

Collagen;
Ovalbumin;

Casein

Painted murals Colored drawing;
Mortar

Collagen;
Ovalbumin;

Casein

Proteins are frequently utilized as a binder in the production and restoration of in-
organic cultural heritage objects, such as in the bonding of ceramic masonry artifacts,
the strengthening of building materials, and the fixation of pigments in painted cultural
heritage objects [2,12]. These cement-based building materials may be found easily and are
commonly employed at historical and archaeological sites around the globe. Chinese archi-
tectural cement, murals, ancient architectural paintings, and pottery paintings frequently
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use animal glue, egg whites, and other materials as binders; these materials were later
examined and found to contain collagen, ovalbumin, and other materials [2,3]. When creat-
ing dry murals and tempera paintings in the West, egg whites and milk were frequently
utilized. Ovalbumin and casein have also been detected [12,20].

2.2. Characteristics of Protein-Containing Cultural Relics Materials

Physical, chemical, and biological elements in the environment can cause proteins in
cultural relic materials to age and degrade. The breakdown of hydrogen and peptide bonds
and the disruption of internal protein structures, which result in protein fragmentation, are
induced by external stimuli or enzymatic action. For further analysis, protein fragmentation
presents difficulties. Protein translational modifications (PTMs), which also cause protein
fragmentation, modify the structure of proteins and alter their chemical and biological
properties. The characteristics of peptides and proteins are impacted by these structural
changes in significant chemical and biological ways. As a result, modifications to the side
chains of some proteins can also be used as markers for the degradation of proteins as they
age. One biomarker of protein degradation and age, for instance, is protein deamidation in
cultural relic materials. The spontaneous nonenzymatic deamidation of glutaminyl and as-
paraginyl residues has been shown to alter the structure of proteins and peptides [21,22]. In
addition to causing protein breakdown, these PTMs also make it challenging to distinguish
between the various protein species found in cultural relic materials.

For instance, silk protein makes up the majority of silk. It is influenced by elements
such as pH, microbes, oxygen, ultraviolet light, temperature, and humidity because it
is a naturally occurring macromolecular protein. Silk cultural relic materials age and
deteriorate as a result, losing their original form and luster and turning yellowish, brittle,
or even carbonized [13,19]. This is caused by the degradation of the proteins’ heavy chain
and light chain, P25 chain, crystalline area, and non-crystalline region. Collagen that
has been gelatinized and either been tanned or not is typically what makes up leather
cultural relic materials. The acids, alkalis, and salts in the water breakdown the protein
in the leather when leather cultural relic items are in a humid environment, such as when
submerged in groundwater for a prolonged period of time; hence, the state is frequently
quite fragile [23,24]. The morphology of leather coils, deterioration worsens, collagen and
fat gradually breakdown, and leather volume diminishes, becoming thinner and more
brittle over time, according to examinations of the ageing pattern of leather cultural relic
materials [24].

A low temperature is ideal for preserving proteins since it slows down their aging and
breakdown. In these circumstances, collagen molecules fold into a chain area, preventing
protease attack and delaying protein decomposition. It has been demonstrated that collagen
solutions hydrolyze at their lowest rates when the pH is between 5–7 [16]. The protein
components that exist in low temperatures, have pH levels that are mildly alkaline to
neutral, and are in airtight circumstances are therefore easier to preserve and analyze as
residues because well-preserved collagen is also found in enclosed bone samples.

2.3. The Significance of Protein Analysis for the Protection of Cultural Relics Materials

First, protein analysis can aid in understanding the function of the protein in materials
used to create cultural relics. For instance, egg white mortar, which is frequently used in
construction and building decorating, can be used to track how a substance changes over
time by looking for protein components in the mortar. According to research, egg whites can
help to aerate, bind, sterilize, and waterproof the mortar. The interfacial activity of protein
molecules and hydrated products, as well as the regulatory function of biomineralization,
are related to the mechanism of these effects [2,3,7].

Second, protein analysis can show how the artifact was made. For instance, protein
analysis enables the actual condition of the cultural relic materials to be compared with
the records to validate the authenticity of the records. Some relics contain a preserved
production formula detailing the components and production process. Vasily Yakovlevich
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Struve wrote documents by hand from 1793 to 1864. In 2021, Pankin et al. [25] studied the
dried film used for the paper connection and discovered that its constituents were gelatine
and fish glue. This outcome is in line with the typical ingredients used in dry film making
that were listed in a 19th-century encyclopedia.

In addition, protein analysis can also show how proteins age and degrade in materials
from cultural relics. Collagen, for instance, is a key ingredient in leather cultural relic
materials. Collagen is highly vulnerable to severe distortion, fracture, and interweaving
caused by high temperatures, according to an analysis of the proteins in leather cultural relic
materials. Chemical forces also break the hydrogen bonds and peptide chains of collagen,
making leather cultural relic materials tougher, more fragile, and even fully ruined.

Finally, resource and approach for associated restoration and conservation activities,
protein component analysis is useful. In the case of leather cultural relic materials, for
instance, the degree of deterioration of the leather is assessed starting from the retention
status and distribution law of the polypeptides of collagen degradation products, and a new
protection method is proposed: treating degraded leather with a mixture of glutaraldehyde
and tannins can strengthen the inter- and intramolecular hydrogen bond and covalently
cross-linked collagen molecules to achieve reinforcement [26]. Protein component analysis
can also eliminate any remaining protein clumps and offer a solution without harming the
cultural heritage artifact [27]. For the first time, Paul Banks removed remaining gelatine
from paper in 1969 using collagenase, a highly specialized protease [28]. Since the egg
white varnish coating on the 16th-century painting was insoluble in organic solvents and
mechanical removal might have irreparably ruined the original work, the enzyme removal
procedure was employed while repainting the damaged area [29]. In recent years, biological
purification and collagenase protease treatment have been employed successfully to remove
the thick gauze bound with animal glue that was used to protect murals during World War
II [30]. Different proteases may break down various kinds of proteins, so suitable proteases
must be chosen in accordance with the findings of the protein analysis.

2.4. Protein Detection Method in Cultural Relics Materials

The small number of samples available for the analysis of proteins-containing cultural
relic materials, the low protein content of those samples, and the difficulties in isolating
proteins that are affected by aging and degradation make this approach difficult to use.
Moreover, the majority of protein samples are mixtures. As a result, precise detection
of protein components in mixtures is also required, in addition to efficient and sensitive
approaches that can evaluate small volumes of samples [31]. Although chromatography,
spectroscopy, and other technologies have been employed for protein detection, the chro-
matographic technology’s pre-treatment process is complicated, necessitates a large number
of samples, and has a high sample loss rate [32]. Furthermore, the signals produced by
the spectrum in samples of cultural relic materials are subject to interference from other
substances, which makes it difficult to recognize proteins, and the majority of ancient
protein materials lack standard spectra, which makes it challenging to identify species [33].

Proteomics and ELISA are two recently created cutting-edge protein analysis tech-
nologies. Both approaches are very sensitive, specific, and capable of detecting proteins in
complicated mixtures. Both have been widely employed [8,13,34].

3. Proteomics Technology

In 1994, Marc Wilkins, a student at Maquaire University in Australia, coined the
term proteome. It refers to all proteins that are expressed by the genes of cells or tissues
under specific conditions [34]. various protein expressions at various stages, locations, and
environments contribute to the complexity of the proteome, making the protein group
extremely complex. Proteomics is the study of the functions, structures, and interactions
of all proteins expressed by genes using protein separation, mass spectrometry (MS), and
biological information technologies [35,36].
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Expression proteomics, which examines the qualitative and quantitative expression of
proteins in cells, organs, or organisms, is the most fundamental research in proteomics [37].
Figure 1 depicts the principal processes as protein extraction and separation, MS analysis,
and retrieval of biological information databases [38]. Select a suitable method for protein
extraction from the sample, and then separate the extracted proteins. In the separation
procedure, HPLC can be used for independent separation, or HPLC–MS can be used in
series [39]. The specifics will be provided in Section 3.1.
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MS analysis is the cornerstone of proteomics technology, and it consists of two distinct
techniques. The top-down method analyses multiple complete proteins in a mélange,
including large segment proteins, modified proteins, and peptides. The steps are as follows:
First, the proteins are separated by reversed-phase liquid chromatography, and then, after
ionisation and dissociation, they are analysed. This method is applicable to both sequence
analysis and analysis of post-translational modifications. Sequence coverage is substantial,
and sample preparation is relatively straightforward. However, there are some physical and
technical challenges associated with using this method to analyse cultural relic materials.
On the one hand, proteins in cultural relic materials are typically aged and degraded, and
it is challenging to extract and purify complete proteins from these materials. On the
other hand, mass spectrometry cannot detect aged proteins sensitively [39]. Second, the
bottom-up method, also known as the shotgun method, employs a protease such as trypsin
to cleave the protein backbone at specific amino acids to generate peptides, which are
then analysed by mass spectrometry to derive amino acid sequence information [40]. This
technique is suitable for the analysis of complex samples and has a high throughput [8].
Consequently, this technique is presently the most prevalent and mature method for
protein identification, particularly in the analysis of ancient proteins. Depending on the
testing requirements, various MS options can be selected or used in series due to the rapid
development of instruments [38,41]. The ionisation sources of a mass spectrometer are
primarily of two types: electric spray ionisation (ESI) and matrix assisted laser desorption
ionisation (MALDI). These two soft ionisation techniques enable the analysis of large
molecular weight molecules and proteins with post-translational modifications. Both
MALDI and ESI have advantages and disadvantages and can be selected based on the
sample’s characteristics and the type of information needed. In addition to the ion source,
the mass spectrometer consists of a mass analyzer, a detector, and a device for processing
data. The mass analyzer is an essential component of the mass spectrometer, which sorts
particles according to their mass-to-charge ratios (m/z). In Section 3.2, the functions and
selection of the mass spectrometer will be discussed.
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The detected original data can then be compared to the database to identify proteins.
After digestion, each protein yields a unique set of peptides; the molecular weights of these
peptides constitute the peptide fingerprint profile (PMF) of this protein. Using matrix-
assisted laser desorption ionization–time-of-flight MS (MALDI-TOF-MS), for instance, we
can detect the relative molecular weight of peptide segments, acquire the PMF, and then
identify protein species by comparing the PMFS to a standard database. Alternatively,
ESI-MS can be used to determine the amino acid sequences of various peptide segments.
For protein identification, bioinformatics techniques can be used to compare the amino acid
sequence analysis results with the amino acid sequences in the protein database. Using
various data processing software and module analysis techniques, it is possible to detect the
protein species present in a sample [42,43]. Or, tandem mass spectrometry (MS/MS or MS2),
which couples two or more mass analyzers via additional reaction stages, can be utilised.
Before accessing the mass spectrometer for examination, proteins must be enzymatically
cleaved into peptide segments. After enzyme digestion, the mass of the peptide segment
is determined by primary mass spectrometry, and significant high-abundance peptide
fragments are assessed by secondary mass spectrometry. After colliding with a high flow
rate of inert gas, secondary mass spectrometry dissociates peptide segments, resulting in
smaller peptide fragment ions. A detector analyses the fragment ions to determine the
amino acid sequence of the peptide segment. MS/MS can obtain accurate and high-quality
data from abundant peptide fragment ions, enhancing the reliability of subsequent database
retrieval and enabling the detection of trace proteins in mixtures.

With the gradual development of MS technology and the improvement of protein
databases, proteomics technology has begun to be applied to the protein analysis of cultural
relic materials; for instance, protein analysis was used to identify protein cements in
paintings [44] in the early 2000s. The approach has been implemented in the field of
archaeology, for example in the identification of animal remains and the analysis of animal
and plant products. In proteomics research on cultural relic materials, protein extraction
technology determines the efficacy of detection due to the rarity and value of the relics.

3.1. Protein Extraction

How to extract trace quantities of proteins is the first issue that must be resolved for
protein identification in materials from cultural relics. Noemi Proietti used SDS-PAGE to
separate and analyse the protein components in paper samples from the Camerino Fabriano
region [45] in 2020, comparing the protein recovered from the samples to cellulose that
had been treated with animal gelatin. The presence of a band with the same molecular
weight as the standard sample indicated the presence of animal gelatin. RP-HPLC was
then utilised to analyse the separated proteins. Regarding the RP-HPLC outcomes, both
analysed samples exhibit chromatographic peaks with UV spectra indicative of protein
material. The results indicate that the paintings contain animal gelatin. However, such
procedures typically require a large number of samples, and the resulting information
regarding species is frequently unclear. In an effort to reduce the weight of the sample, Car-
oline Tokarski [46] utilised an extraction technique that breaks down proteins from cultural
relics into peptide compounds in 2006. Different extraction solutions (HCl, HCOOH, NH3,
NaOH) and conditions under ultrasonic immersion, mortar grinding, and resin grinding
were investigated, as were the extraction techniques for protein-cemented materials in
Renaissance art paintings. The finest extraction results were obtained by grinding the
grinding resin in an aqueous solution of 1% trifluoroacetic acid and performing a multi-step
ultrasonic bath, according to the authors. The protein extraction efficacy was then evalu-
ated using matrix-assisted laser desorption ionization–time-of-flight mass spectrometry
(MALDI–TOF MS). Enzymatic hydrolysis of the extracted protein yields a peptide mixture,
which is subsequently analysed and identified using nano-liquid chromatography (nano-
LC), nano-electrospray ionisation (nano-ESI), quadrupole time-of-flight mass spectrometry
(Q-q-TOF-MS), and mass spectrometry (MS). The results demonstrated that the method
only required 10 g of samples to identify the binder in the painting as ovalbumin. This
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method employs a small sample size and does not hydrolyze the protein into amino acids
during extraction, preserving more information about the genus and species.

Similarly, the extraction of proteins from cultural relics should be as minimally invasive
as feasible; therefore, a microwave combined protease extraction method for digestion on
the surface of cultural relics has been developed. In 2009, Gabriella Leo et al. [47] used
microwave-assisted trypsin to extract protein from the pigment layer of a 13th-century
Italian cathedral dome fresco, and then used nano-LC-MS/MS and ESI to detect the
extracted peptide segments. It was discovered that the binder was milk. Using this method
to extract proteins will not harm cultural artefacts and is appropriate for samples with trace
quantities, ageing, and degradation.

Recently, a novel hydrogel protein extraction material comprised of trypsin and chy-
motrypsin has been utilised in the analysis of cultural relic protein materials. Calvano et al. [48]
directly coated the surface of an oil painting and analysed the peptides obtained after en-
zymatic hydrolysis using MALDI–TOF/TOF. They obtained a large number of casein,
rabbit collagen, and egg yolk immunoglobulin peptide peaks, which increased protein
coverage. It was discovered that bovine adhesive, eggs, and milk were used as binders
when studying Italian statues painted in the 16th century using this technology. Using
hydrogel to extract proteins prevents injury to the pigment layer; additionally, compared
to samples treated with trypsin, more and shorter peptide fragments are obtained, which
facilitates the identification of proteins based on the analysis of peptide fragments.

Ethyl-vinyl acetate (EVA) films are used to extract proteins from artefacts by coating
the surface of cultural relic materials with moisture for 15–30 min. As follows is how EVA
film is prepared: Vinyl acetate, strong anion, and strong cation exchange resin are fused
and compressed to form a 150–200 m-thick film. This technology enables for the extraction
of precious cultural relic materials in situ without damaging them. In addition, it leaves
no residue on the surface of the artefacts. However, the preparation procedure is complex
and requires specialised equipment, making it difficult to promote its current use. In 2017,
Zilberstein et al. [49] utilised this method to conduct a proteomic analysis of the remnants
on the margins of the manuscript of the renowned writer Mikhail Bulgakov. Proteins on
the paper may be adsorbed by saliva or perspiration and left at the page’s edge. Following
the extraction of the EVA film, the protein is eluted, reduced, alkylated, and digested with
trypsin. Proteins like periostein, N-acetyl--glucosaminidase, and norepinephrine were
identified using liquid chromatography–tandem mass spectrometry (LC–MS/MS). All of
these are biomarkers of kidney disease, proving that the author died from this condition.

3.2. Mass Spectrometry Analysis

Core to proteomics technology is the qualitative and quantitative analysis of extracted
proteins by mass spectrometry. Chromatography and spectroscopy are the most comprehen-
sive methods of protein analysis. Chromatographic techniques include gas chromatography
(GC) [50], high-performance liquid chromatography (HPLC), and pyrolysis-gas chromatog-
raphy (Py-GC), among others. Fluorescence spectroscopy [51], Fourier transform infrared
spectroscopy (FTIR) [52], and laser Raman spectroscopy [53] are spectroscopic techniques.
However, the disadvantages of chromatographic and spectroscopic techniques include their
susceptibility to interference from other inorganic substances, their inability to characterise
a single protein in mixtures of multiple proteins, and the similar amino acid compositions
of proteins derived from different biological sources. Consequently, the chromatographic
and spectroscopic techniques listed above are typically incapable of identifying species and
are inconvenient for detecting protein mixtures.

With the continuous development of MS technology, proteomics research applica-
tions are expanding in both scope and depth. MS can detect amino acid sequences, post-
translational modifications, and the molecular weight of peptides and proteins with preci-
sion. MS has become the most significant identification technology in proteomics [9,42,54,55]
because of its high sensitivity, accuracy, and ease of automation. Triple quadrupoles,
time-of-flight (TOF), and Orbitraps are the most prevalent types of mass analyzers. Triple
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quadrupoles have limited resolution, but their advantages are sensitivity and speed. TOF’s
ultra-high resolution and precision are more conducive to the identification of undiscovered
species in complex situations. In addition, their selection is of superior quality. Due to
the fact that MALDI generates molecules with a high mass-to-charge ratio (m/z), they
are frequently employed in tandem with MALDI. Orbitraps have the highest resolution
and mass accuracy and are coupled with ESI/nano-ESI due to their ability to resolve
the numerous charge states. Each mass analyzer has distinct precision, sensitivity, and
resolution, and can be chosen based on the detection needs [56]. MALDI-TOF-MS is able
to obtain the relative molecular weights of numerous enzymatic peptide fragments and
PMFS. It is suitable for large-scale rapid detection and is resistant to salt, detergents, and
high-concentration buffer solutions. This technology has the following limitations: the
peak expression of the obtained protein is frequently similar or overlapping; the number
of different proteins cannot be determined; it has relatively low reproducibility and sepa-
ration; it lacks stringing capability, thereby limiting further qualitative capabilities; and it
requires precision instruments with high maintenance costs [57,58]. ESI-MS can be utilised
to sequence peptides and determine the amino acid sequences of various peptides. Its
benefits include broad solvent applicability, high ionisation efficiency, low sample volume
requirement, and broad mass range [59]. Several disadvantages include: Capillaries can
easily obstruct when detecting higher concentrations of samples or samples containing
impurities; only highly volatile buffers (such as ammonium acetate) can be used; separate
ESIs will interfere with random peaks when analysing the mixture; and the spectrum is
too chaotic. QMS is appropriate for bottom-up methodologies, and its benefits include a
simple structure, low cost, simple maintenance, high quantitative capability and sensitivity,
and a wider linear range. There is no tandem polarity capability, insufficient qualitative
capability, low resolution of fragment ions, and sluggish speed among the disadvantages.

MALDI-TOF-MS is capable of identifying not only individual proteins, but also com-
posites and biomolecules. Due to the frequent presence of protein compounds derived from
various biological sources (eggs, animal glue, milk, etc.) in cultural relics, MALDI-TOF-MS
is employed for differentiation. For instance, mortar samples collected in 2009 from the
Romanesque rotunda of Saint Catherine in Znojmo (Czech Republic) were analysed using
MALDI–TOF MS. It can distinguish commonly used proteins (casein, collagen, egg protein)
as additives and is used to determine mixtures and biological macromolecules. The results
revealed the presence of two proteins in the mortar sample [60]: casein and collagen.

ESI-MS can generate ions with multiple charges, and molecules with a high molecular
weight typically possess multiple charges. The distribution of charge states can precisely
quantify molecular mass, thereby simultaneously providing accurate molecular mass and
structural information. Therefore, it can be used for the analysis of organic macromolecules.
Yoko Taniguchi [61] examined the Bamiyan Wall Paintings’ binders in 2022. Using ESI-
MS/MS for protein analysis, researchers detected type I collagen in cattle, which is distinct
from collagen from swine and horses, as well as type III collagen from cattle. This not only
validates the previous species detection results, but also suggests that the material used
is bovine skin as opposed to bovine bone because the abundance of this protein in bones
and tendons is significantly higher than in skin. Consequently, ESI-MS detection allows
for the retrieval of more information regarding the protein materials used in cultural relics,
leading to more in-depth findings.

The QMS technique has higher ion and protein fractions and is both rapid and sensitive.
Stepanka Kuckova [62] analysed four distinct protein additives (animal glue, blood, egg,
and milk) added to aged mortar samples using LC-ESI-Q-TOF MS. LC-ESI-Q-TOF MS was
able to identify milk additives that could not be identified by MALDI-TOF MS, as it was
able to identify more specific peptides in the peptide mixture.

Several mass spectrometry techniques can be used in series to detect peptides with
various physical and chemical properties in order to improve the ability to detect proteins
in cultural relic materials. Proteins can be extracted from low-volume samples without the
need for protein hydrolysis. Using a combination of MALDI-TOF-MS, LC-MS/MS, and
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LTQ-Orbitrap, Tripkovic T. et al. [63] identified 19th-century Eastern Orthodox paintings
in 2015. Various methods were used to identify distinct peptides of the same protein in
this investigation. Using LC-MS/MS with an ESI-LTQ-Orbitrap, less abundant proteins
were identified compared to MALDI-TOF MS/MS. Since only a few peptides elute at
once, chromatographic separation in front of the ESI source enabled the identification
of multiple proteins. MALDI-TOF MS/MS has higher throughput and shorter analysis
periods, whereas HPLC-ESI-LTQ-Orbitrap provides more detailed results and detects
proteins at lower concentrations. This combination of ionisation techniques allowed for
overlap and compensation.

3.3. Biological Information Database Retrieval

The third essential component of proteomics technology is bioinformatics research, the
most important phase of which is the creation of a database. Researchers can identify the
source species of the protein by comparing the MS data obtained after the aforementioned
analyses with the database data. Completeness and breadth of the database are essential for
confirming the labelled peptides and identifying species. If ancient samples lack sequence
information in the database or if the sequence information is incomplete, modern samples
can be used as a reference. In 2007, Kuckova et al. [62] compiled a database of modern
samples of commonly used binders (egg yolks, egg whites, casein, milk, curds, whey,
gelatine, and various types of animal glue); then, the programme Mass-2.0-alpha4 simulated
the decomposition of the aforementioned substances and compared this to the amino acid
sequence of a single protein in a database (such as ExPASy). The outcomes matched. The
peptide mixture obtained from a few micrograms of pigment layers from Edvard Munch
paintings was then analysed using MALDI–TOF MS, which revealed that eggs were the
binder. Dallongeville et al. [64] utilised proteomics techniques based on Fourier transform
ion cyclotron resonance MS (FTICR-MS), nano-LC, nano-ESI, high-resolution MS (HR/MS),
and MS/MS to identify sequence information that was not in the protein database in 2011.
Animal gels from several species (bovine, rabbits, and fish) that are commercially available
were analysed, and the specific peptides of fifteen species of cattle, three species of rabbit,
and three species of fish were identified.

Subsequent analyses revealed that the complex simulation materials consisted of lead
white, animal adhesive, and linseed oil; the source species of the animal glue species was
also identified. Last but not least, the technology was successfully applied to a 50 g gold-
plated sample of a church from the 18th century, demonstrating that the adhesive glue used
for plaster brackets and gold foil was bovine glue. Azémard et al. [65] utilised electrospray
quadrupole time-of-flight (ESI-Q-TOF) MS in conjunction with ultra-performance liquid
chromatography-MS (UHPLC-MS) and LC–MS/MS to identify the species of ancient fibres
in Xinjiang in 2019. Due to the arid climate of the Tarim Basin, where the sample is located,
the area is ideal for preserving animal fibres. The difference in keratin deamidation rates
between ancient and contemporary samples is negligible. By analysing the keratin-specific
peptides of ancient samples from this region for species differentiation, the proteomic
database of extinct species can be expanded. The results showed that goats, sheep, and
cattle were the primary sources of fibre for textiles. In 2021, Dubrovskii et al. [66] proposed
a broadband collision-induced dissociation (bbCID) model, which was used to acquire
characteristic peptides of ovalbumin and collagen for database construction. After testing
the samples with HPLC-MS and nano-LC-MS, the protein was identified by comparing it
to the database. This method was used to analyse building samples from the 19th century.
Collagen was identified as the primary component using six characteristic peptides. This
technology can test samples with multiple layers, and there is no need to re-prepare samples
for subsequent analyses.

3.4. Characteristics of Proteomics Technology

Proteomics technology is a high-sensitivity, high-resolution, and high-throughput
detection technology that enables the analysis and detection of a dozen complex samples
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simultaneously; it can detect with only a few micrograms of samples, and numerous
sampling methods that do not require the destruction of cultural relic materials have been
developed. In addition, the detection limit is low, the tested samples can be repeatedly
applied to other detection methods, making it appropriate for samples of valuable cultural
relic materials, and the distinction between protein-derived animals can be accurate to
the species level. However, the primary disadvantage of this technology is that samples
typically require complex pre-treatment procedures, such as separation, purification, and
hydrolysis in inorganic solutions, which reduces the amount of information pertaining
to biological sources. In addition, the intricate pre-treatment procedure increases the
likelihood of sample loss and contamination. Complex instruments impose stringent
requirements on experimental platforms and operators. They are only appropriate for
professional scientific research institutions and cannot be analysed and examined by various
cultural relic material preservation units.

4. ELISA Technology
4.1. The Concept of Enzyme-Linked Immunosorbent Assay

ELISA is a labelled immunoassay technique that combines the specific binding reaction
of antigen–antibody with the color-rendering reaction of enzymes and catalytic substrate
to enhance sensitivity [3] by amplifying the signal. In a published article promoting the
establishment and development of ELISA [67], Swedish researchers Engvall and Perlmann
first proposed the use of ELISA for the quantitative detection of antibodies during the
1970s. The substrate is added after the enzyme is labelled on the antibody, the antigen is
immunologically bound to the enzyme-labeled antibody, and then the antigen is specifically
bound to the enzyme-labeled antibody. The product of the colour reaction between the
substrate and the enzyme is coloured. The colour intensity of the product correlates
positively with the quantity of antigen or antibody in the test substance. Using an enzyme
marker, the absorbance of the product at a particular wavelength can be measured, and
the antigen or antibody can be quantitatively analysed. An antigen is a molecule that can
stimulate an organism’s immune system, and an antibody is a glycoprotein that can bind to
an antigen in a specific manner. Proteins can be used as an antigen to generate antibodies,
and for immune experiments to generate specific antibodies, only the protein must be
extracted and purified.

The direct method, double antibody sandwich method, indirect method, and competi-
tion method are typical ELISA detection techniques used for protein analysis of cultural
relic materials [68] (Figure 2). The direct method involves adsorbing the antigen onto a
solid-phase carrier, incubating it at an appropriate temperature and relative humidity, and
then washing away any unbound antigens and impurities. To bind other unbound sites on
the solid-phase carrier, a high concentration of nonspecific proteins and enzyme-labeled
specific antibodies are added. At an optimal temperature and relative humidity, the antigen
and antibody react completely, and the sample is then rinsed to remove unreacted anti-
bodies. Finally, the chromogenic substrate is added, and within a certain amount of time,
the enzyme-catalyzed colour develops. The experimental operation requirements for the
labelling reaction of antibodies are high; each antigen detected by the direct method must
be labelled with a specific antibody that interacts with it, resulting in a high cost of detection.
Using the sandwich method, a known antibody is affixed to the surface of a solid-phase
carrier, followed by the test sample. If the sample contains an antigen, specific binding will
occur; then, an enzyme-labeled antibody is added to produce an antibody–antigen–enzyme-
labeled antibody “sandwich” structure. After the addition of the substrate, the antigen in
the sample is detected and analysed using a color-generating reaction. Double antibody
sandwiching is a common technique for detecting macromolecular antigens [69]. However,
when using the double antibody sandwich method to detect each antigen, the specific
antibody that reflects that antigen must be labelled; when combined with indirect methods,
each antigen requires two antibodies, making the double antibody sandwich method more
expensive. The indirect technique can be used to detect antigens. The principle is to adsorb
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the antigen to be tested onto the solid phase, followed by the addition of specific antibodies
and enzyme-labeled antibodies. Alternately, after the antigen has been adsorbed in the
solid phase, the antibody to be examined and the enzyme-labeled antibody are successively
added. In the indirect method, the colour intensity is directly proportional to the concentra-
tions of the coated antigen and the primary antibody. The binding between the first and
second antibodies is based on the principle that cross-reactions can occur between distinct
subclasses of the same antibody. Therefore, specific antibodies can be applied directly to
ELISA without being labelled, preserving the high activity of the specific antibody, reducing
the number of experimental steps, and saving time and money. Consequently, indirect
methods are the most popular. It is also the most popular method for detecting proteins in
cultural relics [70]. The competition method is distinguished by the interaction between
the antigen being tested and the enzyme-labeled antigen and the solid-phase antibody. The
more the enzyme-labelled antigen binds to the solid-phase antibody, and the darker the
colour, the lower the antigen concentration in the test sample. The intensity of the colour of
the competitive solution is directly proportional to the antigen concentration in the mixed
solution and inversely proportional to the antigen concentration on the solid carrier. This
method is primarily used to determine small-molecule hapten [71–73].
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4.2. Application of Early ELISA in Protein Detection of Cultural Relics Materials

Since the introduction of ELISA technology, it has been widely used for the detection
of viruses, antibiotics, heavy metal ions, disease-related proteins, residues, etc., due to
its high sensitivity, easy and rapid operation, the small amount of sample required, low
cross-reactivity, and high specificity. The development of ELISA technology has also piqued
the interest of archaeologists, who have started applying it to the detection of proteins in
materials from cultural relics. Earlier studies on the application of ELISA in archaeology
were numerous. In 1990, for instance, ELISA was used to detect albumin protein in ancient
corpses and animal remains [74]. It was also used to determine that the pigment deposits
of the Chumash Indians in the United States consisted of both animal and human blood.
Cattabeo [75] utilised ELISA to analyse ancient human bone extracts in 1992. Albumin was
discovered in 23 of the 31 skeletons, whereas only one skeleton contained IgG. Therefore, it
has been demonstrated that albumin is a significantly superior target molecule for long-
term survival in ancient bones. The results demonstrated that there is no cross-reaction
between human and animal materials when using ELISA to detect albumin in bones,
and that as little as 10 ng of protein is detectable, thereby expanding the possibilities for
bone archaeology. In 2002, Schweitzer [76] used ELISA to identify immunologically active
polypeptides in 100,000 to 300,000-year-old fossilised skulls. This demonstrates that ELISA
is sensitive enough to detect proteins that are extremely aged.
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4.3. ELISA Detection of Proteins in Cultural Relics Materials in a Complex Environment

With the ongoing development and enhancement of ELISA, a large number of research
results for protein analysis and detection in materials from cultural relics have emerged,
and the sensitivity and specificity of detection have improved continuously. In the protein
processing method, ELISA employs the trypsin and other prior procedures of aged proteins
so that the protein’s antigen determinant is exposed and can react with antibodies. This
method detects ageing and denatured proteins in cultural relic materials without the need
for a complex protein separation and purification procedure [45]. Protein components that
must be detected in cultural relic materials frequently exist in complex environments and
are difficult to separate; for instance, protein-cemented materials in mural layers are fre-
quently mixed with inorganic materials, and cations of lead, copper, calcium, and iron are
present in pigment layers. When amino acid analysis is performed using mass spectrometry,
it will interfere with the derivatization process and alter the results [77]. In the presence
of impurities, such as inorganic materials, active cations, and organic polymers, ELISA is
superior to other detection methods for identifying proteins in cultural relic materials. In
2010, Palmieri et al. [78] analysed proteins in samples of cultural relics materials containing
inorganic matrices using ELISA. After testing samples of 13th-century murals, it was deter-
mined that casein could still be detected in common mural substrates, such as carbonated
stucco or gypsum, with a detection limit as low as 1 nanogram, indicating that these inor-
ganic matrices will not affect the detection ability and sensitivity of ELISA. Similarly, the
use of ELISA technology for determining the age of protein binders in pigments containing
distinct metal ions will not affect the test results. In 2015, Lee et al. [77] modified the colour
portrayal of Alkaline Phosphatase (AP), a commonly used enzyme in ELISA, to horseradish
peroxidase (HRP), which is more sensitive than AP and has a greater magnification range.
Animal cements containing pigments such as lead white and ultramarine are mined for
proteins. The ELISA signal remains unaffected, and the protein type can still be identified.
Similarly, a sample was extracted from a 12th- to 13th-century Peruvian feather robe. The
ELISA results revealed that the sample’s adhesive was arabino-galactose gum, not animal
glue as was previously believed. Type I collagen was detected in paper samples obtained
from 19th-century to early 20th-century watercolour paintings. Ultimately, type I collagen
and ovalbumin were discovered in tempera paintings on canvas from the 14th century.
These results demonstrate that ELISA is capable of detecting various classes of proteins
containing distinct metal ions.

4.4. ELISA Detection of Trace Samples

ELISA can detect and identify proteins in cultural relic materials that are stored in
adverse environments, severely damaged, ageing, or even completely denatured, as well as
those that are difficult to distinguish visually. It can also differentiate between protein types,
determine their biological origin [79] and detect and identify even trace concentrations
of proteins. Liu [80] used indirect ELISA and indirect competitive ELISA to detect and
identify samples of wool and leather from cultural relics. Cowhide was identified as
the variety of leather found in samples from dry regions of ancient Xinjiang. The ELISA
indirect detection threshold for keratin was 10 ng/mL. Additionally, the collagen type I
in the three ancient leather samples was identified, and the results of various proportions
were obtained, thereby completing the species identification. Wu [81] laboured in 2017 to
detect lacquer in samples of cultural relic material. Due to the complex composition of
the remaining samples, which were contaminated and contained only trace quantities, the
FTIR and Py-GC/MS results for lacquer phenol were insufficient. The glycoproteins in
the dried lacquer films were analysed using ELISA, and the results were applied to eight
samples collected from six remnants or ancient structures in different Chinese cities. This
study’s detection limit reached 106 g/mL, and muddy samples were also analysed. In 2021,
Weng [82] used ELISA to analyse samples of Chinese building mortars from 4300 years ago
(approximately 2300 BC) to determine if they contained traces of commonly used binders,
such as glutinous rice, tung oil, sugar, and animal adhesive. The results indicated that
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the samples contained components of animal adhesive. ELISA was able to detect protein
components in old, exceedingly low-content mortars.

5. The Combination of ELISA and Other Technologies

There have been an increasing number of techniques in recent years to enhance ELISA’s
detection effectiveness by fusing it with other technologies. In 2016, Liu [83] employed im-
munofluorescence microscopy (IFM) and ELISA to pinpoint the precise location of protein
binders in the mural layer of the Xumi mountain caves and determine their composition.
Animal glue and egg whites, two frequent sticky ingredients found in ancient Chinese
paints, were found. IFM can characterise the structure distribution information of each
layer of binder materials because it is a multi-layer structure that is challenging to mechani-
cally peel off, and ELISA combined with IFM has high detection sensitivity. The protein
components in it can still be detected and classified when the cemented material is mixed
with the pigment.

Immune-labeled magnetic beads can bind protein more effectively and withstand
interference from impurities when used in conjunction with ELISA. The magnetic beads
are appropriate for use at archaeological sites and can be mass-produced as well. Zhang
Wei [84] created an ELISA assay for the detection of silk protein in 2020 using immune-
labeled magnetic beads. Silk protein was used to adsorb immune-labeled magnetic beads,
and following adsorption, the silk protein was eluted for indirect ELISA testing. Testing
of soil samples from the Qingtai site in Zhengzhou, which had evidence of probable silk
breakdown, revealed the presence of silk protein there. Because immune-labeled magnetic
beads have good durability, this approach offers higher sensitivity than standard ELISA. Its
portability and strong anti-interference ability make it suited for trace protein identification
in ancient sites. Table 2 provides a summary of the detection methods and outcomes for
samples of historical proteins.

Table 2. Detection techniques and results of ancient protein samples.

Sample Country of
Sample Time Detection Method Detected Protein

Proteomics

Cementitious Materials in Renaissance
Art Painting [46] Italy 2006 MALDI-TOF, nano-LC,

nano-ESI, Q-q-TOF-MS, MS Ovalbumin

17th Century Painings [62] Norway 2007 MALDI-TOF MS Egg protein
Cathedral dome painting binder [47] Italy 2009 nano-LC-MS/MS; ESI Casein

Mortar sample for Romanesque
rotunda [60] Czech Republic 2009 MALDI-TOF-MS

Casein;
Collagen;

Egg protein

18th century church binder [64] France 2011 FTICR-MS, nano-LC,
nano-ESI, HR MS, MS/MS Bovine collagen

Orthodox paintings [63] Serbia 2015 LTQ-Orbitra, MALDI-TOF
MS/MS Yolk protein

The manuscript of the famous writer
Mikhail Bulgakov [49] Russia 2017 LC-MS/MS

Periostein;
acetyl-β-glucosaminidase;

Norepinephrine

Ancient fibers [65] China 2019 ESI-Q-TOF, UHPLC-MS,
LC-MS/MS

Goat keratin;
Sheep keratin;
Sovine keratin

Handmade Papers (13th–15th century)
[45] Italy 2020 SDS-PAGE Collagen

Handmade Papers (13th–15th century)
[45] Italy 2020 SDS-PAGE Collagen

Painted statues [48] Italy 2020 MALDI-TOF/TOF
Casein;

Rabbit collagen;
Egg yolk immunoglobulin

19th-century buildings [66] Russia 2021 HPLC–MS, nano-LC–MS Collagen

Wall Paintings [61] Afghanistan 2022 ESI-MS/MS Type I collagen
Type III collagen
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Table 2. Cont.

Sample Country of
Sample Time Detection Method Detected Protein

ELISA

13th Century Murals [78] Italy 2010 ELISA Casein
Peruvian feather robe from the

12th–13th centuries [77] Peru 2015 ELISA Arabino-galactose gum

Watercolor paintings from the 19th
century to the early 20th century [76] America 2015 ELISA Type I collagen

14th-century tempera paintings [77] Italy 2015 ELISA Type I collagen;
Ovalbumin

Wool and leather [80] China 2016 ELISA Type I collagen;
Keratin

Murals binders [83] China 2016 ELISA, IFM Egg protein; Collagen
Dried lacquer films [81] China 2017 ELISA Glycoproteins

Soil samples [84] China 2020 IMB, ELISA Silk protein
Building mortars 4300 years ago [82] China 2021 ELISA Collagen

Combination
of the two
methods

Painted wood panels from the 13th
century [85] China 2018 ToF-SIMS, Dot-ELISA

Casein;
Rabbit collagen;

Egg protein

Silks [13] China 2019 LC–MS/MS, ELISA Sericin;
Silk fibroin

Silk residues [86] China 2021 IMB, ELISA, LC−MS/MS Silk protein

5.1. Characteristics of Enzyme-Linked Immunosorbent Assay

The minimal sample purity requirements, straightforward sample pre-treatment,
limited number of experimental procedures, lack of need for complicated instruments, ease
of operation, and low cost of ELISA all contribute to its high sensitivity and low sample
volume requirement. Therefore, it is appropriate for the initial classification of different
cultural relic elements at archaeological sites that contain proteins. It is also appropriate
for the quick and simple identification of cultural heritage artefacts with mixed proteins
since protein detection is selective and non-target proteins have less of an impact on target
proteins. It can be widely employed by cultural and insurance sites with various situations
because it has few criteria for experiment instruments and laboratory workers. Because
it is impossible to distinguish between distinct species of animals belonging to the same
genus, ELISA can only accurately identify the species source of proteins at the genus level.
Additionally, because ELISA cannot detect many substances simultaneously, molecules
with related structures may react with one another.

5.2. Combined Use of Proteomics and ELISA

Proteomics and ELISA have increasingly been used in research in recent years to
analyse proteins. Proteomics approaches have high throughput and accuracy benefits, and
the evaluated samples can be reused for ELISA testing. Low sample purity requirements,
easy operation without complicated equipment, low cost, and little influence of non-target
proteins on the results are all characteristics of ELISA. The composition and source of the
sample can be correctly recognised by combining the benefits of the two analysis techniques
(Table 3). In order to characterise the organic adhesives employed in painted wood panels
from the 13th century, two techniques were applied in 2018: time of flight secondary ion
mass spectrometry (ToF-SIMS) and Dot-ELISA [85]. While ELISA has great specificity and
sensitivity and can perform a single identification of proteins in trace samples, ToF-SIMS
offers high spatial resolution and high surface sensitivity. The outcomes of both techniques
demonstrated the existence of a rabbit glue and milk mixture in the paint layer of the
sample while ruling out the usage of eggs. Proteins can be qualitatively analysed and their
species identified using immunoassay and proteomics techniques.
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Table 3. Comparison of characteristics of two detection methods.

Proteomics ELISA

Sample weight µg, non-destructive sampling mg
Pre-treatment process complex simple

Number of samples for single test more less
Instrument precision simple

Operating procedure complex simple
Inspection cost high cost low cost

Sample recovery recyclable non-recyclable
Limit of detection 1015 (mol/L) 109 (mol/L)

Species identification precision species genus
Whether or not false negative yes no

Sericin and silk fibroin were successfully identified as marker proteins in 2019 by
Chen [13] using LC-MS/MS to identify silkworm cocoon protein. The heavy chain of
the mulberry silk protein’s distinctive peptides were tested as haptens, while the tussah
cocoon’s silk protein was used as a full antigen. Through animal immunology, specific anti-
bodies to various silks were developed, and distinct species’ silk proteins were successfully
identified. In 2021, Zheng et al. [86] created a technique for quick enrichment and detec-
tion of silk residues based on immune-labeled magnetic beads and ELISA. The detection
threshold was at 5.12 ng/mL. After that, they employed LC-MS/MS to further validate the
findings. The study demonstrates that the composition and source of silk residues may be
precisely determined by combining immunological and proteomic approaches.

5.3. Expectation

Proteomics technology and ELISA have gradually been used to analyse the proteins
in cultural relic materials in recent years. This has not only satiated the demands for low
destructiveness, high resolution, high throughput, and high sensitivity, but also revealed
information about the biological sources of proteins. To increase the effectiveness of protein
extraction, proteomics technology must further optimise the extraction process. Addition-
ally, it is impossible to compare many significant spectra with the database. To identify
the iconic proteins and create a more comprehensive database of the proteins found in
cultural relic materials, it is important to examine the proteins in additional samples of
cultural relic materials. The accuracy and specificity of biological source identification will
keep rising thanks to the ongoing development of bioinformatics, databases, and analysis
software. The future of this field lies on combining conventional ELISA technology with
new technologies for extraction and detection. For instance, ELISA with immune-labeled
magnetic beads can be used to detect minute quantities of proteins. ELISA and other
sensors can also be used to create biosensors, such as electrochemical immunosensors.
These techniques enable successful qualitative and quantitative studies, they are simple
to use, they can be automatically recognised, they can achieve higher sensitivity, and they
can identify proteins in a larger range of materials used to create cultural relics. Addi-
tionally, because protein is reversible, has strong biocompatibility, and the non-changing
morphology, content, and qualities of cultural relic materials, it has steadily been employed
as a bioremediation material in the restoration and reinforcement of such materials. In
the future, this could develop into an improved repair and protection strategy for cultural
heritage items. Finally, the methods for analysing protein in materials from cultural relics
will considerably improve with the advancement of protein analysis technology.
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Abstract: Herein, a nano calcium sulfate hemihydrate suspension in an alcohol solvent was prepared
and explored as a novel protectant for fragile oracle bones. The consolidation method involved first
introducing the suspension and then adding water into the bones. Through this method, cohesive
calcium sulfate dihydrate formed in the bones and can act as a reinforcing material. The protective
effect was studied by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX), Fourier transform infrared spectroscopy (FTIR), X-ray diffractometry (XRD), hardness, poros-
ity, and color difference determination. The results showed that such consolidation increased the
strength of the bone samples significantly, and only slightly changed the appearance and porosity of
the bone samples, indicating a good prospect for applying nano calcium sulfate hemihydrate in the
conservation of indoor fragile bone relics.

Keywords: consolidating agent; bone relics; nano suspension; calcium sulfate hemihydrate

1. Introduction

Oracle bones are animal bones that were used in the divination events of ancient
China [1]. This type of bone divination dated back to as early as the late-Neolithic Age
and flourished in the Shang Dynasty [2,3]. Inscriptions on the bones are believed to be
the earliest Chinese characters and thus oracle bones are important for study on the early
civilization of ancient China [4]. Unfortunately, the excavated oracle bones are often fragile
as a result of the special processing procedure in divination and the long burial time of
the bones [5]. Calcination is necessary in the preparation of oracle bones, the process
in which the organic materials including collagen and fat in the bones are burnt out [6].
Additionally, some inorganic minerals such as calcium carbonate and carboxyapatite are
partly dissolved during the long burial time [7]. The loss of the total organic matter and
part of the inorganic minerals as described above leads to the decreased bulk density
and mechanic strength of the oracle bones. Consolidation treatment on the bones is thus
necessary for their preservation.

For a long time, organic materials such as paraffine, acrylic, and silicone resins have
been the most widely used consolidating agents. They can work as glues and confer
strength to weak bones once again. However, these organic consolidants are not sufficient
in terms of weatherability and are apt to aging under photo damage, atmospheric oxidation,
and microbial erosion [8]. After aging, their protective function decreases sharply, and
negative consequences such as yellowing, embrittlement, and shrinkage occur, leading to
the “preservation damage” of bone objects [9].
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Due to their good weatherability, inorganic protective materials have been tested as
alternatives. Calcium hydroxide was studied as a reinforcement material in archeological
bones by Natali I. et al. [10]. After its introduction into the bone sample, it can react with
carbon dioxide in the air and produce an adhesive aragonite. North A. et al. [11] studied
the effect of ammonium hydrogen phosphate, which can react with calcite in the bone
matrix and produce hydroxyapatite, thereby increasing the cohesiveness of the friable
bones. Hydroxyapatite colloid was used directly as a consolidating agent of archeological
ivories by Gong W. et al. [12] as it can be deposited on the surface of the ivories and form
a strengthening layer. Recently, Liu Y. et al. [13] successively introduced a nano calcium
hydroxide suspension and a solution of ammonium sulfate into bones, which could form
calcium sulfate dihydrate and consolidate bone relics. Calcium sulfate dihydrate, also
known as gypsum, has long been widely used in the repair of museum collections such as in
pottery, porcelain, bones, and even metal wares [14–16]. It is stable enough and can hardly
be aged in the museum environment. Calcium sulfate dihydrate can even be selectively
cleared away by the scavenging agent of barium carbonate [17], making it a potential
reversible protective material. However, the strategy of using calcium hydroxide and
ammonium sulfate as the precursors of calcium sulfate dihydrate in a previous study [13]
is challenging in practical applications. First, the distribution of calcium hydroxide and
ammonium sulfate in the bone substrate is not uniform, which is also the case of the
resulting gypsum product and its consolidation effect. Second, the irritant ammonia gas
will be generated during the treatment process, which is an undesirable by-product during
the reaction between calcium hydroxide and ammonium sulfate.

Hence, in this paper, a suspension of nano calcium sulfate hemihydrate in an alcohol
solvent was prepared and explored as a novel consolidating agent for oracle bones under
an indoor environment. The suspension liquid was introduced into the bone samples by
surface permeability and then hydrated into an adhesive calcium sulfate dihydrate, which
is illustrated in Figure 1. Due to the formation of the calcium sulfate dihydrate, the pores
and cracks in the weathering bone samples were filled and the integrity of the samples
was reestablished. The consolidation effect was evaluated by scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffractometry (XRD), hardness,
porosity, and color difference determination.
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2. Experimental

Analytical grade reagents of calcium chloride (CaCl2), 2-propanol (C3H8O), and sulfu-
ric acid (H2SO4) were purchased from Sinopharm Group Co. Ltd., Shanghai, China. The
suspension of nano calcium sulfate hemihydrate (CSH) in an alcohol solvent was prepared
as follows. Anhydrous calcium chloride and sulfuric acid (90%) were first dissolved in
ethylene glycol to yield a solution at concentration of 0.5 mol/L, respectively. Then, these
two solutions were mixed equally to prepare the precipitate of CSH. After centrifugation
and washing, the precipitate was re-dispersed in 2-propanol to produce a suspension with
a concentration of 10 g/L.

The artificial oracle bones were prepared according to one of our previous studies [13].
The cow bones (1.0 cm × 1.0 cm × 2.0 cm) were calcined at 650 ◦C, soaked in a 4.5%
solution of hydrochloric acid, washed with pure water, and finally dried naturally. Due
to the loss of all of the organic collagens and part of the inorganic minerals, the artificially
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weathered bones are extremely similar to the archeological bones in terms of their chemical
composition and physical properties.

The consolidation process of the bone samples is as follows. First, the suspension liquid
of nano CSH was introduced into the bone samples by surface permeability. Then, the nano
CSH was hydrated into calcium sulfate dihydrate (CSD) under a constant humidity of 85%.
With the formation of CSD, additional cohesion was obtained and the weak bones were
strengthened. The porosity and bulk density of the samples were determined by Picnometer
Accupyc II 1240-Micromeritics (Centro di Geotecnologie, University of Siena, Siena, Italy).
The mechanical strength of the samples was evaluated by a micro-hardness tester (HD-
3000L, Shenzhen Wallok Testing Equipment Technology Co., Ltd., Shenzhen, China). The
appearance change (∆E) of the samples was evaluated by a reflectance spectrophotometer
(WSC-S, D65 illuminant, 8◦/d optical geometry, XiangYi Instrument (Xiangtan) Co., Ltd.,
Xiangtan City, China). The addition amount of nano CSH was 5–10% of the mass of the
bone samples.

Scanning electron microscopy (SEM, FEI SIRION-100, 5.0 kV of accelerating voltage
and 8.0 mm of working distance, Hillsboro, OR, USA) with energy-dispersive X-ray spec-
troscopy (EDX), Fourier transform infrared spectroscopy (FTIR, Nicolet 560, 4000–450 cm−1

range), and X-ray diffractometry (XRD, AXS D8 ADVANCE, Cu Ka radiation, scan range
2θ = 10–80◦, Bruker, Billerica, MA, USA) were used to analyze the structure and composi-
tion of the samples. These analyses were performed on samples treated with 7% nano CSH.

The kinetic stability of the suspension liquid of nano CSH was evaluated by the
absorbance measure at 300 nm using an ultraviolet/visible spectrophotometer (Varian Cary
100, SpectraLab Scientific Inc., Markham, ON, Canada).

3. Results and Discussion

The prepared calcium sulfate hemihydrate (CSH) suspension in 2-propanol is shown
in Figure 2, which has a kind of milky liquid appearance. The micro-morphology and
elemental composition of the CSH particles in the suspension are shown in Figure 3. The
particles were stumpy and the size distribution roughly fits a Gaussian distribution with a
range of 80–600 nm and the center distribution was about 200 nm (Figure 3b inset). This
size scale is smaller compared to some of the previous studies, in which the particle sizes
were usually bigger than 400 nm [18,19], and this smaller particle size is beneficial for
good permeability. The particles are composed of O, S, and Ca elements from the EDX
results. The phase composition of these particles was further confirmed by the XRD results
in Figure 4. In the past, α-CSH and β-CSH were believed to be hardly distinguished by
XRD spectra. However, according to recently published research [20], the peak position
around 2θ = 30◦ shows a slight difference for the two kinds of CSH phases: the one for
α-CSH is located at around 2θ = 29.80◦, while this peak position for β-CSH is around
2θ = 29.70◦. Therefore, the nano CSH particles presented here can be identified as the α

type of the CSH from the aforementioned peak position located at 2θ = 29.81◦. Additionally,
the morphology of the CSH particles was also highly similar to that of the α-CSH observed
by other researchers [21].
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The suspension stability of CSH in 2-propanol was evaluated by absorbance measure-
ments and the results are shown in Table 1. The absorbance was nearly constant during the
test time, indicating a high kinetic stability of the suspension, which is due to both the small
size of the CSH particles and the high steric hindrance of 2-propanol. As shown in Figure 2,
2-propanol absorbs on the surface of the CSH particles and forms an organic shield, which
prevents agglomeration of the particles and setting of the suspension liquid [22]. This high
stability of the nano materials in organic solvents has also been confirmed by previous
studies, which is much better than in water (absorbance decreased to about 25% after
6 h) [23,24]. Stability is critical for a CSH suspension in practical applications, since it con-
tributes to a deeper penetration of CSH into the open pores and cracks of the weathering
bones to be consolidated.

Table 1. The kinetic stability of the CSH suspension.

Time (Hour) 0 1 2 3 4 5 6

Absorbance (%) 100 98 96.5 95 94.5 94.2 92
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The morphology changes of the bone samples before and after treatment by the CSH
suspension liquid are presented in Figure 5. As displayed in Figure 5a, the artificial oracle
bone was coarse, porous, and loose due to the loss of the organic and inorganic components
during the burning and subsequent burial process [25]. The suspension liquid of the
nano CSH in 2-propanol was introduced into the bone sample by surface impregnation.
After treatment, the open pores and fissures of the sample were patched up and the
micro-structure seemed to be denser and flatter, as shown in Figure 5b. However, the
particles of CSH were completely independent of each other at this time and can only
serve as fillers. After the successive hydration treatment, further changes can be observed
in Figure 5c,d. The separate CSH particles integrated together and a new board-like
continuous structure was formed. This is mainly due to the dissolution–precipitation
mechanism for the hydration of CSH [26]. As the hydration proceeds, the CSH is dissolved
and then reorganizes to crystalline CSD [27]. In general, the typical morphology of the CSD
is needle-like. However, its growth and morphology can be affected by the underlying
matrix [10]. Here, we obtained a CSD with a board-like continuous structure, which may
be related to the hydroxyapatite component of the bone samples.
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To investigate the possible mechanism of the morphology above, the composition
of the bone samples was monitored during the consolidating process by FTIR and XRD
analysis. The PO4

3− bands (1090, 1018, 961, 606, 561 cm−1) and the –OH bands (3555,
1633 cm−1) in a in Figure 6 were from the bone sample, which was mainly composed of
hydroxyapatite [28]. After introduction of nano CSH particles in the bone sample, the
SO4

2− bands (1141 and 666 cm−1) and typical O–H band at 3612 cm−1 appear in b in
Figure 6 and they are assigned to the calcium sulphate hemihydrate [26]. After further
hydration treatment, the typical O–H band of calcium sulfate hemihydrate at 3612 cm−1

disappeared and the typical O–H bands of calcium sulfate dihydrate at 3405 and 1688 cm−1

appeared (c in Figure 6), indicating the transformation from calcium sulfate hemihydrate to
calcium sulfate dihydrate [29]. From the results of the XRD in a in Figure 7, hydroxyapatite
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(2θ = 25.9◦, 28.9◦, 31.7◦, 34.1◦, 39.8◦, 46.7◦, 49.5◦, 53.2◦) was the main component of the
artificial weathering bone, which is consistent with that of archeological bones. After
impregnation treatment, both calcium sulfate hemihydrate (2θ = 14.82◦, 25.74◦, 29.81◦, and
31.86◦) and hydroxyapatite were detected in b in Figure 7. The hydroxyapatite came from
the bone sample itself. Calcium sulfate hemihydrate obviously comes from the suspension
liquid of CSH, which is introduced during the impregnation treatment. After further
hydration treatment, the diffraction peaks of calcium sulfate hemihydrate (2θ = 14.82◦,
25.74◦, 29.81◦ and 31.86◦) disappeared and those for calcium sulfate dihydrate (2θ = 11.78◦,
20.86◦, 23.54◦, and 29.26◦) [30] appeared, as shown in c in Figure 7. Therefore, the specific
appearance in Figure 5c is in fact the morphology of calcium sulfate dihydrate, which is
the reaction product between calcium sulfate hemihydrate and water during the hydration
procedure. Overall, the FTIR and the XRD results were in agreement with each other.
Meanwhile, they also showed high consistency with the morphology changes displayed in
Figure 5.
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The sectional structures of the bone samples were also observed by SEM and the
results are shown in Figure 8. Before the consolidation treatment, the bone sample was
rough and loose in appearance (Figure 8a). After the consolidation treatment, the bone
sample became even and compact (Figure 8b). This means that the pores and cracks in
the bone substrate had been filled by the calcium sulfate consolidant, which was proven
further by the elemental distribution results of EDX. Sulfur was found throughout the cross
section of the bone sample in Figure 8b (inset), showing a sufficient permeability of the CSH
suspension. Similarly, the suspension of nano calcium hydroxide in the alcohol solvent also
presented very good properties and was used in the conservation of the bone relics [10].
The small size of the nano inorganic consolidants plays an important role in these cases.
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The porosity, density, strength, and appearance changes were also investigated to
assess the consolidation effect. After treatment, the porosity of the bone samples was
reduced (Figure 9), while its density increased (Figure 10), confirming that the open pores
and cracks of the bone samples were filled and the bone samples became denser. Generally,
reduced porosity and increased density as a result of the reinforcement has been proven
by many studies [31–33]. Surface hardness is adopted in the strength evaluation because
of the inhomogeneity of the bone samples [34]. This index often refers to the deformation
or damage resistance of the surface of an object. According to Figure 11, the hardness of
the samples significantly increased after the consolidation treatment. This is obviously
a result of the formation of CSD. After the hydration treatment, the particles of CSH
were dissolved and furthered integrated together to form a continuous phase of the CSD
phase [35]. Meanwhile, a strong connection was also established between the bone matrix
and the produced CSD phase. Thus, the newly generated CSD phase can work as both
a filling and reinforcing agent of weak bones. The change in appearance is one of the
necessary evaluation indices for protective coating materials or methods used on cultural
heritage [36]. It is commonly conducted by the determination of color difference. Generally,
the threshold of color difference is 5.0 in the conservation of cultural heritage [37]. The color
difference of the bone samples in the present study varied between 2.9 and 3.2 (Figure 12),
which are all below 5.0, so are acceptable [38].
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Abstract: A coating system integrating three distinct chemistries was developed to protect materials
used in monuments and construction. Initial curing is achieved using a UV-initiated thiol-ene reaction
to form a non-impressionable/non-sticky surface. Second, amine/epoxy reactions form a firm surface
adhesion and give mechanical strength through consolidation. Third, alkoxysilane sol-gel curing
integrates the siloxane network while adding thermal stability, hydrophobicity, and a hardened
surface. The final design utilizes a photoacid generator to increase the reaction speed of the second
and third curing steps. The coating can be applied by spray, dip, or wipe on methods and exhibits a
rapid non-impressionable surface (as fast as 10 min) that resists graffiti and environmental conditions,
and is used and stored as a single-component system with a pot life exceeding six months. A series
of experiments were used to determine the coating properties and durability, including field testing
and accelerated weathering.

Keywords: tri-cure; coating; monument preservation; rapid cure; no mix; long pot life

1. Introduction

Monuments are objects or places established for cultural or historical significance
meant as reminders to future generations of lost individuals, outstanding accomplishments,
or important events across the world. Commonly, these gravesites, statues, sculptures,
buildings, and locations are constructed using various types of stones and metals to ensure
the durability of the intended meaning. Many renowned ancient monuments such as
Newgrange and the Great Sphinx of Giza have survived for thousands of years to the
modern-day due to their stone construction; however, they have lost much of their original
detail due to erosion of their sandstone and limestone components [1,2]. In the United States,
many monuments are constructed to remember lost loved ones [3,4], events [5], honor great
people [6,7], and even denote property boundaries [8]. The cost of these structures has
a great range depending on the scale, from thousands of dollars for gravestones [3,4] to
millions for national monuments [5–7], where private and/or public funding often pay for
the cost.

With the expense required for installation, these entities must be adequately protected
from environmental damage. There are three main erosion issues that monuments must
persist through. First, acid rain can deteriorate the stone surfaces through dissolution (stone
dissolved), or chemically alter surfaces through reactions with sulfur dioxide, forming
discoloration and weakening the structure. Both of these processes are most detrimental to
calcium-containing stones [9–11]. Oxidation is the second issue that affects metals, causing
them to form metal oxides on the surface, weakening structural integrity, and causing
discoloration, an example being The Statue of Liberty [9]. The third issue comes from
fouling, when biological growth, such as lichens or mosses, produce acid on the stone’s
surface, causing local erosion [9,12,13]. When choosing how to protect monuments best, all
three issues should be considered.
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Historically, the preferred conservation method has been to use a series of surface
coatings [9,10]. Many different systems have been adopted from use in other industrial
applications due to their success (i.e., floor or automotive coatings) [14–16]. Organic poly-
mers like epoxy resins, acrylates, and fluoropolymers have been used for this purpose due
to their hydrophobic and protective capabilities, but they fall short in some areas when
used individually [9,10,13,14,17,18]. While epoxies offer excellent surface penetration and
mechanical strength, they are susceptible to photoinduced oxidation, discoloration, biologi-
cal surface growth, are two-component systems, and have short working times [9,13,14].
Bisphenol A (dian) and cycloaliphatic epoxy systems are especially known to discolor and
undergo oxidation over time [13]. Acrylics often offer surface reinforcement, are photo-
stable, and may have anti-fouling capabilities, but they tend to be hard to remove and take
a long time to cure [9,13,14]. Fluoropolymers provide a highly hydrophobic surface with
photostability, but the hydrophobicity can make them difficult to handle, incompatible with
many surfaces and environmentally unfavorable [14,18,19]. Despite this, there are numer-
ous perfluoro compounds, both linear chains and cyclics such as perfluoropyridyls, which
have increased the compatibility of these molecules with polymeric systems including
siloxane networks [20,21]. The usage of these perfluoro groups have given R-alkoxysilane
systems contact angles consistently measuring between 80–105◦ depending on the R-group
chain length and branching [18,22].

Other coatings have used polysiloxanes for their photo and thermal stability and suc-
cess in other industrial applications, but over time they degrade through
hydrolysis [9,10,15,16,18,22–27]. Alkoxysilanes, methoxy and ethoxy, have been success-
fully employed in the consolidation of limestone and marble, forming surface bonding
networks [28]. These networks have a low thermal conductivity and have been imple-
mented to reduce thermal gains and stress on substrates by integration into infrared
reflective coatings [28]. Sol-gel systems (i.e., R-alkoxysilanes) have also shown considerable
success in preventing oxidative processes on metal surfaces [15,16,18,25]. One frequently
used alkoxysilane system is tetraethoxysilane (TEOS), however the polymerization of this
system is relatively slow and often requires the addition of a catalyst. Many acids and bases
have been used to increase the reaction rates, but most achieve curing times exceeding
10 h [9,23]. These silicon-based systems are of particular interest as the components can be
obtained through green chemical sources such as rice hull ash [29–31]. While each system
has its benefits; the cons lead to difficulty in their application for long-term protection.

Some coatings have been designed to overcome the aforementioned limitations by
integrating organics and inorganics into a hybrid system [14,22,27]. The use of organic
functionalized alkoxysilanes to achieve traits of both systems, including epoxy and fluoro-
carbon chains, has been successful in some cases [14,18,20–22]. Siloxane modifiability has
allowed for easier integration of specific capabilities, such as hydrophobicity or antifouling
for coating systems to reduce biological growth [32,33]. Others have integrated alternative
networking side chains to reduce the stress of shrinkage that occurs in both organic and
inorganic polymers such as thiol and alkene or alkynes [17]. Many protective systems
have integrated photo curing methods to increase reactivity while reducing the direct
introduction of acids and bases to the substrate. To do this, photo initiators are used to
induce polymerization of components upon exposure to a specific wavelength of light
through radical formation or photo induced acid generation [34]. By relying on light to start
the curing process, these systems may eliminate the need to store components separately.
Nature has created several methods to add hydrophobicity and insulative properties to
plants, including the use of waxy layers and microscopic texturing. The integration of
surface roughness with synthetic coatings has shown promise in generating biomimetic
materials with hydrophobic and oleophobic properties [35,36]. Alternatively, surface modi-
fication through spacing or nanoparticle additives with diameters under 0.1 microns has
shown an increase in water contact angles through surface roughness, increasing overall
hydrophobicity [37–40]. Integration of these various methods have created unique hybrid
systems with a combination of their desired individual characteristics.
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Ideal protective systems would offer a rapid cure, long-life, surface hardness, versatile
application methods/conditions, exhibit hydrophobicity, and resist photodegradation and
acid rain. This article focuses on the development and characterization of a tri-cure hybrid
organo-silicon coating system for primary use on porous substrates and subsequent appli-
cation on non-porous materials. Sol-gel processes are used to form an oxidative resistant,
thermal, and photostable siloxane network backbone, with functionalized side chains that
undergo alternative curing processes. This design integrates a thiol and vinyl photoinitiated
cure (thiol-ene) to rapidly form a hard surface and relieve network stress on the overall
system while adding extra photostability. Next, epoxy, amine, and fluorocarbon side chains
increased surface adhesion and penetration, mechanical strength, and hydrophobicity
(lower surface energy). The overall network exhibits favorable qualities of each coating
type while reducing the drawbacks frequently seen in their separate usage.

2. Experimental Methods
2.1. Materials
2.1.1. Materials for Formulations and Testing

All chemicals were obtained through reputable commercial sources and used without
further purification unless otherwise noted in the methods section. Hexane and sodium chloride
were obtained from VWR International. Calcium chloride dihydrate, dichloromethane, glacial
acetic acid, magnesium chloride, nitric acid, sodium hydroxide, sulfuric acid, and 1-Butanol
were purchased through Fisher Chemicals (Hampton, NH, USA). 3-aminopropyltriethoxysilane,
(3-glycidoxypropyl)trimethoxysilane, 3-mercaptopropyltrimethoxysilane, (tridecafluoro-1,1,2,2-
tetrahydrooctyl)triethoxysilane, and vinyltriethoxysilane were obtained through Gelest
Inc. Isopropyl alcohol and methanol were purchased through EMD Millipore Corpora-
tion. 1,3-divinyltetramethyldisiloxane, poly(ethylene glycol) 400, and tetrahydrofuran
were obtained through Sigma-Aldrich and triethoxy(1H,1H,2H,2H-nonafluorohexyl)silane
from AmBeed. Diphenyliodonium hexafluorophosphate and tetrabutylammonium fluo-
ride, 1 M in THF, came from Acros Organics, and Omnirad 819 from IGM Resins USA, Inc.
(Charlotte, NC, USA). 1,2-Bis(triethoxysilyl)ethane was obtained from Accela and methyltri-
ethoxysilane through Alfa Aesar. Octamethylcyclotetrasiloxane and 2,4,6,8-tetramethyl, 2,4,6,8-
tetravinylcyclotetrasiloxane were purchased from TCI. Ethanol (200 proof) was purchased
from Pharmco. A Vivosun Handheld Garden, Pump Pressure Sprayer, was purchased
through Amazon Inc. (Seattle, WA, USA). A 10 µm syringe from Hamilton Company
(Franklin, MA, USA.) Great Value distilled white vinegar, 5%, was locally purchased from
Walmart Stores. Mixed vinylsilsesquioxane cages (T8, T10, T12) were synthesized accord-
ing to Sulaiman et al. [41]. Siloxane depolymerization solution was made according to
Rupasinghe et al. [42].

2.1.2. Substrate Materials

All materials were obtained and coated as is unless otherwise noted in the substrate
preparation section. Marble tiles (shaped to ~8.5 cm × 10 cm rectangles, primarily calcite
and dolomite, ~0.3%–2.0% porosity) were purchased from Home Depot Inc. (Atlanta, GA,
USA) [43,44]. Granite monuments (~30 cm × 60 cm × 10 cm, primarily quartz and feldspar,
0.1%–2.0% porosity) were a gift from Detroit Memorial Park Cemetery [45,46]. Glass
microscope slides (1.2 mm, 25.4 mm × 76.2 mm, silica) were obtained from United Scientific
Supplies, Inc. (Libertyville, IL, USA) Bricks (9.5 cm × 21 cm × 7.5 cm, primarily silica
alumina and iron) and wood blocks (untreated pine) were donated by Furgal Contracting
Company, Warren, MI, USA. Steel samples and posts (non-galvanized steel) were donated
by Nucor Marion Inc., Marion, OH, USA. Microflex powder-free nitrile gloves (XL, nitrile
butadiene rubber) were obtained from Ansell Healthcare Products LLC (Iselin, NJ, USA).
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2.2. Formulations
2.2.1. Substrate Preparation

Unless otherwise noted, samples described in the results and discussion used the sub-
strates listed in Section 2.1.2. and were prepared as detailed below. To remove existing films
or coatings, stone surfaces were stripped using 120 grit sandpaper (Ryobi 4” × 36” belt sander).
Marble samples were shaped into ~8.5 cm × 10 cm rectangles during sanding and resur-
faced after testing results were achieved for recoating/testing. Stone and glass samples
were rinsed with distilled water, dried, sprayed with 0.1 M nitric acid, allowed to dry, then
rinsed to imitate accelerated exposure to acid rain. Stainless steel surfaces were sandblasted
to expose the raw surface and used as-is. Brick samples were scrubbed clean with a brush
and water and then dried for several weeks. Wood blocks and nitrile gloves were used
as received.

2.2.2. Synthesis of the Coating

General coating formulations were made as a one-pot system by volume percentage.
Solids were calculated as a mass-volume percentage to yield a final formula. Components
of each formulation were added to a 500 mL bottle and the resulting solution was then
vortexed and used immediately or stored in a dark location at room temperature up to
1 year prior to use. For all applications, the bottle was shaken and vortexed immediately
prior to usage. Ratios within the range depicted in Table 1 were used for all formulations,
exceeding the best thirteen described in detail throughout this manuscript.

Table 1. Ranges explored and included in the final set of working formulations. Minimum and
maximum volume percentages are given. Omnirad 819 and diphenyliodonium hexafluorophosphate
are solids and were calculated by % m/V.

Reagent Volume Percentages Min Max

3-Glycidyloxypropyltrimethoxysilane 7 30
3-Aminopropyltriethoxysilane 6 30

Triethoxy(1H,1H,2H,2H-nonafluorohexyl) silane 0 12
(Tridecafluoro-1,1,2,2-tetrahydrooctyl)triethoxysilane 0 10

(3-Mercaptopropyl)-trimethoxysilane 0 18
Omnirad 819 0.2 1

Vinyltriethoxysilane 0 18
2,4,6,8-Tetramethyl, 2,4,6,8-tetravinylcyclotetrasiloxane 0 4

1,3-Divinyltetramethyldisiloxane 0 5
Vinyl Terminated Silsesquioxanes (mixed cages) 0 2

D4 Octamethylcyclotetrasiloxane 0 10
Methyltriethoxysilane 0 2

1,2-Bis(triethoxysilyl)ethane 0 7
Tetrabutylammonium fluoride, 1 M in THF 0 2
Diphenyliodonium hexafluorophosphate 0 8

H2O 0 2
Poly(ethylene glycol) 400 0 2

Glacial Acetic Acid 0 2
Methanol 0 70
Ethanol 0 70

Isopropanol 0 70
1-Butanol 0 50

2.2.3. Coating Application

Indoor methods: Three application methods were used. Samples were sprayed until
the surface appeared damp, dipped into the solution, and then allowed to dry while
hung/suspended, or wiped on using tissue and the solution. Upon coating, samples were
exposed to UV A light (18.7 mW, 200-Watt Mercury Arc Lamp with 320–390 nm filter,
OmniCure Series 1500, Excelitas Technologies, Lumen Dynamics Group Inc., Mississauga,
ON, Canada) for two minutes and allowed to sit for thirty minutes. For wood samples,
each end was dipped into solution for 30 s twice, alternating ends, and then exposed to UV
A for two minutes (total of four minutes). Lamp output measurements were obtained using
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a PM100D Energy Meter Console (Thorlabs, Newton, NJ, USA) equipped with an S121C
standard photodiode power sensor (Si, 400–1100 nm, 500 mW, Thorlabs, Newton, NJ, USA).

Outdoor methods: Samples were spray-coated outside under sunny conditions with a
UV index above 7 (>175 mW/m2/s), temperature over 21 ◦C, and a clear forecast for 12 h
after application. The application should be made in a back-and-forth sweeping motion
like aerosol paint usage (SI-Gif S8). For small samples, disposable perfume bottles were
used, applying approximately 1.2 mL of solution on an 8.5 cm × 10 cm marble surface
(1 mL for 70.8 cm2). For large samples, a handheld pressure sprayer was used applying the
coating at an average rate of 4 mL/second at 20 pumps (40 mL/10 s).

2.3. Analytical Methods

Replication of tests was carried out where applicable using marble and glass substrates.
Larger sample testing methods had limited replication due to the size and amount of
substrate available. Limited sample sets utilized control surfaces to offer a comparison.

2.3.1. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Attenuated total reflection (ATR) methods were used, and spectra were collected using
OMNIC Spectra (Thermo Scientific, Waltham, MA, USA, 2017). Spectra were obtained
on a Thermo Scientific ATR-FTIR (Nicolet iS5 Fourier Transform Infrared Spectrometer
iD7 Attenuated Total Reflection, SN:ASB1817610). Liquid samples were placed on a ZnSe
crystal, and the cured samples were obtained by coating a glass slide and placing the coated
side down on the detector post-cure. The cured sample was obtained by coating a glass
slide and placing the coated side down on a ZnSe crystal, and the liquid sample was placed
directly on the ZnSe crystal and scanned. Time lapse FTIR was obtained by coating a glass
slide and taking measurements in succession, where the time start at the initial exposure
to UV light, and T 3 min was one min post exposure. Coating was scraped off monument
samples and placed directly onto the ZnSe crystal for analysis. All samples were scanned
from 4000 to 400 cm−1 for 16 scans with 0.121 cm−1 data spacing.

2.3.2. Thermal Gravimetric Analysis (TGA)

Thermal stabilities of samples were measured with a Hitachi STA7200 Thermal Anal-
ysis System (SN:19112035C1-01) using Software for NEXTA (Hitachi High-Tech Science
Corporation, Tokyo, Japan, 2018, 2019). 3.11, 4.44, and 9.60 mg samples were placed into a
ceramic crucible and heated at a rate of 10 ◦C per minute from 25 to 1000 ◦C and an airflow
of 60 mL/min. Coating was applied to glass slides, removed by a razor post cure (2 days),
and then dried in a vacuum oven at 45 ◦C for 24 h under 25 mmHg to remove any solvent
prior to thermal stability testing. Material was then loaded into an Alumina pan and placed
in the TGA for analysis.

2.3.3. Laser-Based Elemental Analysis

Elemental composition percentages were obtained using a Keyence VHX-7000 series
Digital Microscope (Keyence Corporation of America, Broadview Heights, OH, USA)
equipped with a Keyence Laser-based Elemental Analyzer EA-300 series. Microscope slides
were coated, cured, and placed on the microscope stage. A class 1, 355 nm laser with
10 µm spot size was utilized for Laser-induced breakdown spectroscopy in an ambient
environment.

2.3.4. Scanning Electron Microscopy (SEM)

Samples were prepared by mounting them to metal pegs with an adhesive strip, and
then applying a conductive layer to the surface using a Hummer VI-A Sputter Coater
(gold/palladium mix). Mounted samples were placed inside the instrument and images
were obtained using a Hitachi S-2700 Scanning Electron Microscope (Hitachi, Tokyo, Japan).
Series of images were obtained using 50–1000× magnification with working distances
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ranging from 13–25, 15–20 KV, and an aperture of 3 or 4. The coating was applied to different
materials, and images of the coated and uncoated areas were taken using the same settings.

2.3.5. Pencil Hardness Assessment

Hardness tests were performed using an Elcometer 501 pencil hardness tester ac-
cording to the manufacturer’s instructions (7.5 Newtons, Elcometer Instruments Ltd.,
Manchester, UK). Coated glass and marble samples were assessed in increasing hardness.
Results were confirmed by testing three different areas for each sample. Uncoated marble
and glass samples were measured as standards.

2.3.6. Quantified Abrasion Resistance

Coated marble samples were weighed, sandpaper was placed on the surface with a
weight (50.004 g, 1.43 kPa) on top, and the paper was passed across the surface (100 times).
Samples were then blown clean (45 psi airflow) and reweighed. This was done in series
using smooth (400 grit) and then rough (220 grit). Then the samples were sandblasted
(30 s, 45 psi) and reweighed to calculate. The mass lost was calculated between each test
and the observations made.

2.3.7. Coating Surface Analysis

Initial coating thickness measurements and topographic mapping was obtained using a
Keyence VK-X1000 Series 3D Laser Confocal Microscope (Keyence Corporation of America,
Broadview Heights, OH, USA). Coated marble and steel samples were used for direct
imaging with the confocal microscope. Average coating thicknesses were obtained using an
Alpha-Step IQ Surface Profiler (KLA Tencor, Milpitas, CA, USA). Glass slides were prepared
using the dip-coat method, and five measurements were taken in opposite directions
over the interface totaling ten thicknesses from which an average was obtained. Step
height analysis was taken with a stylus force between 24.2–25.7 mg, 2000 µm scan length,
50 µm/s scan speed, 50 Hz sampling rate, 40 s scan time, 400 µm/23.8 pm sensor range,
center bias adjustment, 1 µm resolution, contact speed of 5, and required radius of 5.0 µm.

2.3.8. Submersion Tests

One coated stone sample per formulation was submerged in various solutions for 24 h,
1 cycle, to investigate water and pH stability. Tested samples were exposed sequentially to
distilled water, tap water, synthetic acid rain, and 0.1 M NaOH solutions were used with
drying, and observations made in between exposures. Synthetic rain was made using 1 L
of distilled water with a soda stream carbonated water system until a pH of 5 was achieved.
Next, while stirring, five drops of nitric acid were added, and then sulfuric acid was added
dropwise until a pH similar to acid rain (4.31) was achieved. After removal and drying,
samples were inspected for delamination, cracking, and discoloration.

2.3.9. Chemical Resistance

Pieces of the cured coating were placed on a watch glass then submerged in var-
ious solvents for 24 h to check for reactivity and solubility. Tetrahydrofuran, hexane,
dichloromethane, acetone, methanol, ethanol, isopropanol, 0.1 M nitric acid, 0.1 M sodium
hydroxide, and water were used. Additional coating pieces were placed in a vial with the
siloxane depolymerization solution [42] and allowed to stir in the solution for one month.

2.3.10. Graffiti Resistance

Two tests were conducted to investigate the effects of common vandalism tools on
the final product. First, a line was drawn on samples using a Sharpie (Newell Brands).
Then, tissue was used to wipe the permanent marker off the surface gently. Second, spray
paint (Painters touch 2× Ultracover paint+primer, Rust-Oleum, Vernon Hills, IL, USA)
was applied to the surface and allowed to dry. Then tissue was used to remove the paint.
Sharpie testing was repeated twice on each sample analyzed for this method. Half-coated
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glass slides were used as a direct standard/sample comparison of the sharpie testing.
Marble was not used as a standard as it absorbed the marker and paint is known to be
difficult to remove from stone. No standard was used for spray paint.

2.3.11. Static Contact Angle Measurements

Water was added dropwise (~10 µL) via syringe to surfaces, and images were obtained
using a Zeiss Stemi 2000-C light microscope (Carl Zeiss Meditec Inc., Dublin, CA, USA)
with an AxioCam ERc5s camera. Contact angle analysis was performed using ImageJ
software (1.53e, National Institutes of Health, Bethesda, MD, USA) and the manual points
procedure through the contact angles plug-in. Values were derived by taking the mean of
the right and left angles and reported with the standard deviation. Three measurements
were made for each sample and most symmetrical images were used. Standard static
contact angles were obtained for raw substrates which did not absorb the droplet.

2.3.12. Rust Resistance

A rusting solution was used to accelerate the occurrence of oxidation, and this
was made by diluting 350 mL of white vinegar to 1 L with distilled water and adding
3.048 g NaCl.

Steel samples were dip-coated, and two testing methods were carried out. Two
samples were hung and sprayed with the solution on both sides daily for one week, and
one signpost sample was submerged in the solution for two weeks exposing the same length
of coated and uncoated sample to the solution. Both methods consisted of half-coated
samples which were used as a direct standard/sample comparison of the oxidative testing.

2.3.13. Hardwater Resistance

Imitation hard water was produced by adding 1.4729 g NaCl, 2.8143 g CaCl2·2H2O,
and 5.0883 g MgCl2 to 250 mL of distilled water. This solution was applied dropwise to
glass slides (half coated, dip-coat method) on both areas. Two heating methods were used.
A heating gun was used to rapidly dry the solution and leave the salt residues, and then a
clean tissue was used to wipe the residue off the surfaces. An oven was set to 45 ◦C, and
the glass slide was baked for 24 h and once cooled, a tissue was used to wipe the residue
off the surfaces. Both were observed for staining, smearing, and adhesion.

2.3.14. Environmental Stability Testing

Indoor methods: Marble samples were placed in an oven at 45 ◦C for 24 h, allowed
to cool for 24 h, and then heated again for two cycles to investigate heat resistance. Sam-
ples were set in a freezer at −19 ◦C for 24 h then allowed to warm to room tempera-
ture; this was repeated after submerging samples in water for 24 h to imitate mixed rain
and snow weather.

Outdoor methods: Samples were prepared outdoors, and the initial weather condi-
tions [47] were recorded, including temperature, forecast, the chance of precipitation, wind,
humidity, dewpoint, atmospheric pressure, UV index [48,49], air quality, ozone, nitrogen
dioxide, sulfur dioxide, carbon monoxide, and particulate (µg/m3). Weather data were
recorded daily for the lifetime of the samples and will continue as long as they remain intact.
Instances, where data was not recorded the day of, were noted, and historical records were
used. Any unique phenomenon was noted, including regional wildfires, flooding, and
nearby activities like construction which may alter the air quality of the test site.

2.3.15. Color Difference Analysis

Two images were selected of monument 1 from before coating and after 1 year had
elapsed from application. These were auto white balanced in Adobe Photoshop 2022
(Version 23.1.1, Adobe Inc., San Jose, CA, USA) then the same region was magnified and
selected on both to be analyzed for color details through the software. No other alterations
were carried out on the selected images. The data was compared using the CIE76 [50]
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analytical method to produce an estimated change in color based on the CIELAB color
space which corelates to alterations in the tint of an image. Values were assessed based on
information in the literature.

3. Results and Discussion

The following sections will detail the rationale behind the coating development and
potential uses, including curing processes, the optimization of formulations, coating proce-
dures, characterization of formed coatings, and long-term stability testing. The thirteen
formulas disclosed are provided as examples from the development process which led to
the primary systems (10–13) which are discussed at a greater length below.

3.1. Curing Process and Design

The tri-cure system was developed using the three distinct chemistries shown in
Scheme 1, which allow for the formation of a series of interdigitated macromonomers upon
initiation. System composition was designed to integrate thiol-ene, epoxy/amine, and
fluorocarbon chemistries (as needed) all on an alkoxysilane sol-gellable backbone. The
thiol-ene reaction (macromonomer 1) is initiated by a photoreactive process to give rapid
surface curing which achieved a consistent non-impressionable/sticky, yet still soft and
relatively flowable surface within 30 min. To drive the initial thiol-ene cure, an Omnirad
819 photo initiator was used in the presence of either a UV-C mercury lamp (105 mW/cm2)
or sunlight for outdoor curing. This was initially optimized to occur within 10 min to
prevent debris from sticking to the coating; however, often this was too fast to enable proper
leveling and rearrangement in the coating. It was later found that a 30 min cure after 2 min
of irradiation time was a more balanced time frame to impart leveling and reduce debris
simultaneously.
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The amine-epoxy components are designed to provide further penetration into the
surface, add surface adhesion and mechanical strength to the coating as the secondary
curing process (macromonomer 2). Integrating alkoxysilanes with epoxy-amine systems
has been shown to greatly reduce discoloring and photodegradation [13]. Initially we
relied on catalyst free cure methods to drive the epoxy ring opening but found that it took
more than a few days for the amine-epoxy reaction to take place. Therefore, we added a
secondary photo-active catalyst to aid in acid-catalyzing this reaction and consequently the
final sol-gel polymerization to tie macromonomers 1 and 2 together. A photoacid generator
(PAG), diphenyliodonium hexafluorophosphate, was chosen as the catalyst since it can
interact with the alcohols used as diluents in the system to form protons on demand. This
also allowed for the same UV process to drive both the radical and acid cure processes
together.

The third cure process took the two macromonomers formed in the first two cure steps
and used the alkoxysilane components of those systems to couple everything together
in a sol-gel reaction process. This procedure typically occurs more slowly over time
(days to weeks) through environmental moisture cure processes and offers thermal and
photostability while unifying the polymer network. The byproduct of the alkoxysilane
reaction is a mixture of short chain alcohols, same as the solvents used, which hinders
any premature siloxane formation prior to evaporation and exposure to moisture. In later
formulations, the addition of a photoacid generator accelerated both the amine-epoxy
and the alkoxysilane curing processes to under several hours, much faster than most
traditional alkoxysilane coatings [23]. Other R-group functionalities on alkoxysilanes can
also be tied in here (i.e., perfluoroalkylalkoxysilanes) through the alkoxysilane cross linkage.
Fluorocarbon components were used in low ratios to increase the hydrophobicity and due
to their chemical and biological resistance. Amounts used with all fluorocarbon species
yielded similar contact angles (95–105◦) as those seen in 1H,1H,2H,2H-perfluorooctyl tri-
chlorosilane when used in an alkoxysilane system [22]. The combination of the above
components was investigated through various chemical and physical properties analysis
as detailed further below.

3.2. Chemical Characterization

Chemical analysis was carried out using ATR-FTIR and TGA to probe the curing.
A representative ATR-FTIR was taken for the solution and spray coated glass surfaces
of formula 10 to observe changes occurring during the curing process at time = 0 and
after 1 week (Figure 1). The solution spectra primarily show the presence and loss of
methanol and isopropanol by the O–H stretching at 3300 cm−1, C–H peaks at 2900 cm−1,
C–O stretching at 1085 cm−1, and C–O stretching 1033 cm−1, and O–H Bending at 950 cm−1

which are mostly absent from the cured sample. Additionally, the absence of 1◦ amine and
alcohol peaks in the final product suggests the reactivity of the secondary epoxy and amine
process occurred; however partial products may still be present in the system. S–H peaks
are absent around 2600 cm−1 or C=C–H peaks around 3000 cm−1 in the coated spectra,
suggesting minimal amounts of vinyl remain in the system, supporting that the thiol-ene
reaction reaches completeness. Furthermore, the peaks at 1012 and 875 cm−1 in the cured
spectra indicate the presence of a combination consisting of Si–O, C–O, and Si–O–C bonds
which would be expected of alkoxysilanes and partially reacted species, supporting the
occurrence of the tertiary sol-gel reaction expected to take place over a more extended
time period.
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of formula 10.

These findings are supported through a timelapse ATR-FTIR of formula 11, from 1 min
post cure (T3) until the surface was hard to the touch (T35). Within the first 5 min, there is a
loss of the O–H stretching at 3400 cm−1; and over time the Si–O band at ~1100 cm−1 gets
stronger, suggesting the formation of Si–O–Si bonds (Figure S1). After 209 days passed,
peaks were still observed around 3300 cm−1, 2930 cm−1, and 1010 cm−1 with notable peaks
at 1590 cm−1 and 1410 cm−1 suggesting the presence of amine and O–H groups in a sample
of formula 11 (Figure S2). Once monument 1 (formula 11) reached 365 days of field testing,
a small section of the head stone coating was removed by a razor blade and analyzed
with ATR-FTIR (Figure S3). This spectrum shows similar peaks as those seen previously,
however the indication of an amine peak at 1590 has shifted to 1650 cm−1. FTIR of formula
12 at 1 day and 178 days after application on a glass slide, and of a 282-day old outdoor
sample all exhibit similar peaks as those mentioned above; however, an additional amine
peak is observed around 1650 cm−1 in these samples (Figures S4–S6). This suggest the
presence of different amines as indicated to be likely in Scheme 1. Lastly, spectra were
obtained for formula 13 (Figure S7) which shows the presence of thiol at 2600 cm−1 in
addition to the peaks seen above.

Siloxane formation is further supported through TGA analysis (Figures S8–S13). When
allowed to fully cure prior to analysis (2 weeks), these coatings remain stable with a Td5%
of 308 ◦C, 275 ◦C, and 262 ◦C for formulas 10, 11, and 12, respectively, which is within the
anticipated range for siloxane network stability. After time elapsed some samples exhibited
slightly lower stabilities with shifts in their Td5% values to 254 ◦C (formula 11 at 209 days),
263 ◦C (formula 12 at 178 days), and 230 ◦C (formula 12 with 282 days of environmental
exposure). All three samples show an indication of moisture by a slow decline in mass up
to 100 ◦C with the outdoor sample showing the largest decrease in this region at 2% of the
sample, and a Td7% of 260 ◦C supporting this theory. Each of these samples indicate proper
formation of Si–O–Si bonds and relatively constant thermal stabilities over time.

Elemental weight percentages were obtained using a Keyence Laser-based Elemental
Analyzer EA-300 series. The laser-induced break down spectroscopy is performed under
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ambient atmosphere and can’t measure nitrogen, preventing confirmation of amine pres-
ence. Despite this the analysis gives reasonable weight percentages for formulas 11, 12, and
13 when considering the relative amounts of elements in each system without solvent and
the small sample area (10 µm diameter) (Table S1).

3.3. Formulation

Formulations were developed with several end-of-life goals in mind: (1) The solution
is made in a single container as a no-mix system, (2) the final formulations have a pot life
exceeding one year, (3) the solution can be applied as a spray-on coating, and (4) they have
potential recyclability. Each of these goals have been achieved to different extents with pot
lives of some coatings even achieving a year or more of dark stability.

Over 100 different formulations were developed, and all designs fell within the ranges
of the components given in Table 1; however, one series resulted in a desirable set of model
systems which will be addressed as formulas 1–13. These solutions are named in the order
of their development and were used for the analysis of the properties detailed in this article
(Table 2). Formulations were designed with rapid curing in mind and adjustments to
how quickly the coating dries can be made by using longer chain alcohols for the carrier
solvent, lengthening the time it takes for the network to settle/arrange on the surface. The
developed systems may be applied through spraying, dipping, or wiping, but they were
intentionally designed with pressurized pump-spray systems in mind for outdoor use.
The intended use for monument preservation led to most of the testing being focused on
sprayed-and-dipped applications utilizing marble/granite samples.

Table 2. The thirteen coating formulas resulting in the development of the final systems. All amounts
are given as v/V%’s with the exception of Omnirad 819 and diphenyliodonium hexafluorophosphate
which are given as m/V%’s.

Reagent %/Formula No. 1 2 3 4 5 6 7 8 9 10 11 12 13

3-Glycidyloxypropyl-
trimethoxysilane 28.0 13.8 13.8 13.8 13.7 14.1 12.7 13.3 13.7 13.7 8.2 13.7 13.6

3-Aminopropyl-
triethoxysilane 28.0 12.4 12.3 12.3 12.3 12.7 11.3 11.9 12.3 12.3 7.5 12.3 12.3

Triethoxy(1H,1H,2H,2H-
nonafluorohexyl) silane 5.5 2.8 2.7 2.7 2.7 - 10.5 2.6 2.7 2.7 1.6 - -

(Tridecafluoro-1,1,2,2-
tetrahydrooctyl)tri-

ethoxysilane
- - - - - - - - - - - 2.8 2.8

(3-Mercaptopropyl)-
trimethoxysilane 9.0 4.8 4.9 4.9 4.9 5.0 4.5 4.7 4.9 4.9 2.9 5.0 5.0

Vinyltriethoxysilane 9.0 5.6 5.6 5.6 5.6 5.7 5.1 5.4 5.6 5.6 3.3 5.6 5.5
Omnirad 819 0.5 0.3 0.6 0.4 0.7 0.7 0.5 0.5 0.5 0.6 0.3 0.5 0.8

D4 Octamethylcyclo-
tetrasiloxane 8.0 - - - - - - - - - - - -

Diphenyliodonium
hexafluorophosphate - - - - - - - 3.4 0.1 0.2 0.1 0.2 0.3

Methanol 12.0 60.3 60.2 60.3 - 61.8 55.4 58.2 60.1 - 36.1 18.1 18.1
Ethanol - - - - 60.1 - - - - - - - -

Isopropanol - - - - - - - - - 60.1 40.1 41.8 -
1-Butanol - - - - - - - - - - - - 41.7

Initial design began with a series of solutions containing various ratios of components
with relatively low solvent percentages (10%–15%) and octamethylcyclotetrasiloxane (D4)
as a non-reactive diluent to improve surface leveling. These were designed to investigate the
effects of altering the ratios of components pertaining to the different curing methods. This
was achieved by systematically increasing one set of components while decreasing another
over a range of volume percentages and repeating the process for multiple combinations of
adjustments (i.e., increasing thiol-ene/lowering adhesion, increasing adhesion/decreasing
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fluorocarbon). The resulting coatings were inspected for their hydrophobicity; systems
which did not delaminate after initial curing were chosen for further exploration, including
formula 1.

The next set of solutions were designed to investigate adjustments using formula 1
as a basis. From these samples it was decided to remove D4 as the system was intended
for spray application and this component added unnecessary cost and health risk to the
end-user. While adhesion was successful in these D4-free systems, delamination was still
occurring during the secondary and tertiary curing processes days later, and thus a series
of solutions were designed to see the effects of increasing the solvent ratio from <15% to
25%, 50%, and 70%. From these dilutions the delamination occurring upon hardening was
resolved, suggesting earlier systems were too thick. These thinner samples were coated on
glass to offer an even surface to compare static contact angles (see physical characterization).
Formula 2 was found to have the highest contact angle from the diluted solutions when
inspected on glass and became the new base formulation to build on.

When designing the various formulations, increased hydrophobicity and ensured long-
term survival to water exposure were tested. Included in these tests were the implantation
of different vinyl-containing compounds as crosslinkers, the potential for an increased
reaction rate through the addition of acetic acid to the solution, as well as modifications
to the surface by way of nanoparticle formations [38], both of which were unsuccessful.
Then the best samples were chosen from all previous formulations based on contact angles,
adhesion, and removability of permanent marker ink. Of these variations, it was deemed
an unnecessary expense to implement nanoparticles, addition of acetic acid lowered the
contact angle slightly, and most alternative crosslinkers delaminated. From these results,
formula 3 (Table 2) was chosen for further testing due to its optimal performance. However,
delamination was still observed in this system during the long-term exposure testing (see
physical characterization) where it was submersed in water for 24 h.

To resolve the delamination issues, several sets of this formula were investigated
with varying coating thicknesses, UV exposure times, alternative solvents, annealing, and
the addition of tetrabutylammonium fluoride (TBAF) as a co-catalyst aid in the sol-gel
process. From these tests it was determined that coating thicknesses (~ 2–10 µm) resulting
from applying approximately 1.2 mL of solution on an 8.5 cm × 10 cm marble surface
(1 mL for 70.8 cm2) eliminated delamination from curing and submersion testing. The
new application parameters resulted in formula 4, where the ratios remained relatively
the same as formula 3. Samples which implemented TBAF for the sol-gel process had
delamination and flaking issues upon curing, and thus were not pursued. Additionally,
these tests showed that increasing the cure time and annealing at 45 ◦C for 24 h resulted
in an increase in static contact angles over formula 3 which had 2 min of UV exposure
and cured at room temperature. While increasing hydrophobicity/contact angles was a
main priority, annealing and elongated cure times were not used during batch sampling
indoors, but showed promise for future outdoor applications. Ethanol was used as the
carrier solvent for formula 5 and, while it had similar graffiti resistance and contact angles,
it delaminated after water submersion testing where system 4 survived water, acid rain,
and base solution submersion testing and both utilized similar application parameters.

After water sourced delamination was resolved through the success seen in formula 4,
development focused on the effects of coating method and surface preparation to enhance
overall adhesion. Results suggested that application method (spray, wipe, or dip coated)
had little alteration on the resulting coating, however when comparing stone pretreated
with water, vinegar (5%), or 0.11 M Nitric Acid, an improved contact angle was seen in
the latter. The collective findings at this point suggested the use of a thinner coating is
necessary overall and nitric acid prepped surfaces (mimicking acid rain exposure) are ideal
for indoor stone applications.

Further investigation looked at the additive effect of the fluorocarbon species through
formulas 6 and 7 which confirmed its role in hydrophobicity. Minimal amounts of
triethoxy(1H,1H,2H,2H-nonafluorohexyl) silane were used due to the purchase cost, but
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removing it completely resulted in a decreased contact angle of 92.6◦ in formula 6. Test-
ing showed that increasing the amount used resulted in an increase from 97.1◦ (~3%) to
101.5◦ (~10%) in the observed contact angle between formulas 4 and 7, however, to ex-
plore ratios higher than this range was deemed an unnecessary cost. Similarly, a set of
samples were made without the thiol-ene components according to the same conditions.
The same samples delaminated, suggesting the thiol most likely relieves tension in the
alkoxysilane network.

In an effort to increase the overall hydrophobicity and reaction rate, a photo acid
generator (diphenyliodonium hexafluorophosphate) was added in small amounts and the
effects on contact angle were compared through formulas 8 and 9. When used in high
concentrations, as with formula 8, the system was non-impressionable within 9 min and
lower amounts maintained the previously achieved 30-min surface hardness. Ultimately,
small amounts of the photo acid generator (PAG) were utilized, as adding too much
decreased the observed contact angle, where a higher concentration in formula 8, and lower
amount in formula 9 showed a sizeable difference (95.9◦ vs. 101.5◦). These systems were
used in the initial outdoor testing, but the solvent in the first samples of each evaporated
before curing could be achieved. In response, the formulas were diluted with isopropanol
where a diluted formula 8 is still in the field on a smaller marble sample at 371 days, as
of this writing. Variations of formula 9 were made using isopropanol as the sole solvent
(formula 10) and mixed with methanol (formula 11). Both systems were used for various
properties testing to explore the effects of altering the solvent.

The mixed solution 11 was used in the first upscale application on a granite headstone
(monument 1), which remains unaffected after 371 days of outdoor exposure at this time.
Two more systems were designed which used an alternative fluorocarbon, (tridecafluoro-
1,1,2,2-tetrahydrooctyl) triethoxysilane, which is longer and cheaper. The first (system
12) uses the isopropanol dilution and has comparative characteristics to formula 11. Al-
ternatively, formula 13 was designed to lengthen the working time of the solution and
used a dilution of butanol to increase the time it takes to achieve non-impressionability
from 30 min, with the aforementioned systems, to between 68 and 97 min depending upon
the application method and thickness. Collectively, formulae 6–13 have shown success in
application and testing, while the ideal systems for monument preservation are formulas
11–13 depending on the user’s needs for cost and working time. Formulas 11 and 12 were
utilized for the majority of the detailed characterization and properties testing described
below due to their initial results and large batch quantities since many tests required large
amounts of coating to perform (i.e., dip coating for oxidation testing).

3.4. Application and Substrates

A series of substrates were compared for these coatings including marble, granite,
brick, glass, steel, wood, and nitrile to demonstrate versatility, even though our initial goal
was for the field of monument preservation. Table 3 gives a list of coating formulations and
their applicable substrates with application methods. As discussed above three primary
application methods were used depending on substrate scope, including spray, wipe, or dip
coating. All 3 methods were successfully used for the marble and glass samples, whereas
dip coating was preferred for the steel or wood, and wipe-on for the nitrile samples. Further
analysis of these application methods and their performance in representative samples
is discussed throughout the manuscript for the different types of samples. Most of the
comprehensive testing was conducted using formulas 11–13 which represent the most
diverse substrate sampling.
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Table 3. Substrates and applications investigated for each of the formulas used. Each material is
noted what application methods were used in parenthesis as sprayed (S), dipped (D), and wiped (W).
Not all samples or methods listed were used in analysis or measurements.

Formula
No. Application Substrates and Methods

1 Marble (S) Glass (S) - - - - -
2 Marble (S) Glass (S) - - - - -
3 Marble (S) - - - - - -
4 Marble (S) - - - - - -
5 Marble (S) - - - - - -
6 Marble (S) Glass (S) - - - - -
7 Marble (S) Glass (S) - - - - -
8 Marble (S) Glass (S) - - - - -
9 Marble (S) Glass (S) - - - - -

10 Marble (S) Glass (S) - - - - -

11 Marble (S)
Glass

(S, D, W)

Granite
(S)

Brick (S)
Nitrile
(S, W)

Steel (S) -

12 Marble (S)
Glass

(S, D, W)

Granite
(S)

Brick (S)
Nitrile
(S, W)

Steel
(S, D, W)

Wood (D)

13 - Glass
(S, D)

- - - - -

3.5. Physical Characterization

Surface inspection was performed through SEM images to investigate how the coating
adheres to the various substrates and its general appearance/coverage. Initial pictures
focused on marble samples coated with formula 11. In both the 50× and 300× images, there
is a drastic difference in the surface once the solution settled into the grooves of the calcite
(marble), giving a much smoother appearance (Figure 2). Coated regions have a lower
resolution since the electron beam interacts with the transparent coating, resulting in a dark,
semi-opaque appearance of features which becomes more intense the thicker the coating
is. There is evidence of micron-sized protrusions in the 1000×, coated image, suggesting
a thin, secondary application may be necessary to protect the rough stone. The abrasive
removal of the top layer of stone using sandpaper is evident through the tracts seen in
Figure 2C, and the transition from the raw to the protected surface is easily distinguished.
Due to air pockets trapped under the coating, imaging a thicker surface resulted in fissures
forming in these areas upon exposure to high vacuum, which is seen in all porous or rough
surfaces imaged and is verified through imaging of a smooth substrate detailed later.
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Figure 2. SEM images at 300× (A) and 1000× (B) magnifications comparing the bare (1) and coated
(2) surfaces of a marble sample, primarily calcite, treated with formula 11. SEM image (C) of the
transitional region between surfaces at 50× magnification, the darker region has been coated.
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Later in the development process, a piece of the coated monument 1 (formula 11) was
chiseled out of lettering after 331 days, the extrusion inside of the R in “FORCE” (detailed
below and shown in Figures S28 and S29). This was used to take SEM images of the same
coating after long-term weathering to confirm the presence of and stability of the coating
on granite (quartz and feldspar) surfaces. As seen in Figure S14, the coating has formed a
complete layer notable by the observed smoothness and continuous color which includes
confirmed regions. Like what is observed in the other stones coated with formula 11, areas
where the coating formed an air pocket due to the porous nature of stone resulted in a
fissure after exposure to the high vacuum, serving as a verification of its presence after
331 days. Once monument 1 achieved 365 days of field testing, another extrusion was
removed from the R in “AIR” in a similar process. The SEM images of this sample show
similar confirmations as the sample taken at 331 days supporting its durability up to and
exceeding one year (Figure 3).
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Figure 3. SEM images at 100× (left) and 500× (right) magnifications of a granite (quartz and feldspar)
head stone 365 days after application of formula 11 outdoors and being left to weather. Yellow lines
indicate the region of focus in the magnified image on the right.

Images of the raw glass surface show spotting from oils, while the surface coated
with formula 11 has minimal distinctions. Glass microscope slides have no surface depres-
sions that air could be trapped in, eliminating the presence of fissures seen in the stone
micrographs. A region of the surface which had encased debris and formed a defect was
chosen as the remainder of the area was featureless, and both sides are smooth by nature
(Figure S15). The raw glass appears dirtier despite both sides being cleaned with dry air
prior to imaging.

An example stainless steel sample (histology blade) was inspected by SEM after being
dip-coated with formula 12, which includes an ultra-fine edge less than one micron thick
(Figure 4 and Figure S16). A slight bevel is visible on the coated surface where the system
closely encases the hone, but the overall edge remains well defined. Small indentations are
evident in the final magnification; however, there is no evidence of any system defects, and
the entirety of the blade edge remains smoother than the uncoated example. This suggests
that this system may be used to cover acute angles on the microscopic scale.
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Figure 4. Imaging of stainless-steel histology blades without the manufacturer’s coating. The hone
of the blade is compared at 1000× magnifications. The raw steel (left) and formula 12 dip-coated
sample (right) both exhibit a submicron edge.

Lastly, the surface interaction of a nitrile glove and wipe-on coating was investigated.
Detailed imaging shows how the formula 11 coating covers and fills in many depressions
on the surface (Figure S17). At 1000× magnification, a depression in the surface illustrates
how thin plates are formed through this application method. While the entire surface
is not covered, this may offer additional protection against chemicals that traditionally
penetrate nitrile gloves, since the coating exhibited no changes when exposed to some of
these reagents detailed below such as THF or DCM.

Examples of coating thickness were analyzed for sprayed and dipped samples. An
initial investigation of surface topography and coating thickness was carried out with a
Keyence 3D Laser Confocal Microscope and formula 1 applied to stone and steel substrates.
Topography mapping of the uncoated and coated sides of a single stone specimen shows a
more subtle and consistent surface across the region, which indicates settling of the coating
within the depressions of the surface (Figure S18). Coating deposition on a brick surface
supports this idea as the solution appears to coat the surface, filling in many imperfections,
and getting absorbed into the substrate (Figure S19). Film thickness was assessed using a
piece of stainless steel and measuring the distance between the upper and lower scanned
surfaces, giving an estimated thickness measurement of 13.19 µm (Figure 5). Next, ten
measurements were taken for Formulas 11 and 12 applied to glass slides and used to
calculate the average thickness (Table S2). Sprayed samples had an average thickness of
2.76 µm (11) and 10.28 µm (12) while the dip-coated sample had a thickness of 1.35 µm (12),
suggesting that this is the ideal application method for a thinner coating. Both measurement
methods suggest a similar thickness, however formula 11 is notably thinner even when
sprayed, due to the higher ratio of methanol used.

Coating stability was investigated through submersion tests detailed in the methods
section. Starting with formula 4, the systems using methanol as a solvent showed no
changes in the surface when submerged in water (pH 6.5), synthetic acid rain (pH 4.3),
and a sodium hydroxide (pH 12) solution for 24 h each. Prior to formula 4, delamination
was observed with water exposure. Chemical resistance was observed in formulas 8–12
when pieces of cured coating were also exposed to small amounts of THF, hexanes, DCM,
ethanol, isopropanol, 0.1 M nitric acid, 0.1 M sodium hydroxide, and acetone with no
change in sample size, shape, color, or condition. This stability against acetone is an
improvement upon many single cure epoxy coatings which it’s known to remove. When
exposed to a siloxane depolymerization solution containing a fluoride catalyst [42] for four
weeks, partial degradation was observed in a sample of formula 10, but the solid was still
partially intact, likely due to the thiol-ene and epoxy/amine cross-linking (Figure S20). The
overall chemical inertness is most likely due to a combination of the fluoropolymer and
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the orthogonal reactions which are susceptible to different chemicals and may shield each
other when bound together in a network.
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Figure 5. Film thickness analysis performed with a 3D Laser Confocal Microscope which scans the
coating surface and sublayer to approximate the difference in distance. Images are of a piece of
stainless steel coated with formula 1.

All coatings containing some quantity of fluorocarbon offered graffiti resistant surfaces.
Both Sharpie permanent marker and Rust-o-leum outdoor paint can be removed from
coated surfaces using a dry Kim-wipe and light force, leaving the coated surface unscathed
(Figures S21 and S22, Gif S1, Videos S1 and S2). Ease of removal is correlated with the
presence of the perfluoroalkyl silanes which may repel the solvent in the marker and
prevent proper adhesion of the paint to the surface. This has a wide range of implications
and is highly beneficial if the coating is used on monuments that are subject to vandalism.

Hydrophobicity was built into this system’s design mainly to prevent water sitting
on surfaces of outdoor structures from soaking into them. This was assessed through
the measurement of static contact angles. As mentioned above, the implementation of
fluorocarbons increased the overall hydrophobicity observed and was integrated into the
system for this reason. The range of contact angles observed in the different variations
of all formulas explored was larger than the ideal model system and its lineage (1–13)
of formation shown in Table 4; however, all coatings improved upon the contact angles
observed on the raw substrates. Coatings on marble had a range between 92.2◦ and 101.6◦

with many ideal samples measuring between 96◦ and 101◦ throughout the development of
the model system. To reduce any effects of surface roughness, some samples were tested
on glass microscope slides to ensure consistent comparisons. When applied to glass a
maximum contact angle of 105.5◦ and a minimum of 101.4◦ were found. The final coatings
(11–13) were tested on several different substrates to ascertain their effectiveness on other
materials. These results are reasonable when considering formula 12 and 13 which contain
~7% (post cure) of the perfluoroalkyl silane to the pure loading (100% post cure) of the
same fluorosilane on marble, glass, and wood which showed static contact angles of 155◦,
114◦, and 133◦, respectively [51]. A 93% reduction in the amount of this compound still
yielded 101◦, 101◦, and 131◦ on similar substrates. While hydrophobicity is ideal, using
high loads of fluorocompounds reduces the overall applicability of the network, especially
when there are no adhesive or crosslinking integrations in the system.
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Table 4. Average static contact angles of samples on different surfaces over the course of development.
Selected samples are part of the progression of the model systems development and were used in the
other analysis methods. Standard deviations are given in parenthesis.

Formula No. Average Contact
Angle on Marble

Average Contact
Angle on Glass

Average Contact
Angle on Brick

Average Contact
Angle on Steel

Average Contact
Angle on Wood

Uncoated 73.3◦ (±0.4) 45.8◦ (±0.5) Absorbed 58.8◦ (±5.3) Absorbed
1 94.9◦ (±0.8) 101.4◦ (±0.2) - - -
2 - 105◦ (±1.2) - - -
3 92.2◦ (±0.6) - - - -
4 97◦ (±1.1) - - - -
5 99◦ (±1.1) - - - -
6 93◦ (±1.6) - - - -
7 101.6◦ (±0.2) - - - -
8 96◦ (±1.1) - - - -
9 100.8◦ (±0.4) - - - -

10 96.9◦ (±0.5) - - - -
11 100.1◦ (±0.1) 105.5◦ (±0.4) 104◦ (±6.2) - -
12 101.5◦ (±0.1) 101.8◦ (±0.6) 129.1◦ (±0.2) 103.7◦ (±0.4) 131.7◦ (±0.4)
13 - 104.2◦ (±0.4) - - -

Brick and steel were investigated as they are used in monument construction and have
similar environmental erosion issues like stone. Since bricks are porous, contact angles
were taken before, post-cure, and several days after for coating formulas 11 and 12. The
non-coated surface completely absorbs water droplets within 30 s (Gif S2). For the first
brick formula 11, two days post-cure, it exhibited a contact angle of 103.9◦ after water
sat 10 min on the surface, and at 39 days outdoor, it measured at 94.4◦ after the coating
had worked its way further into the brick (Figure S23, Gif S3). A second brick was coated
and inspected four days post-cure, where the contact angle was measured after 10 min
had elapsed from deposition and achieved 129.1◦, an extremely high angle compared to
our other substrates (Figure S23, Gif S4). Stainless steel also showed drastic differences in
hydrophobicity after dip-coating with formula 12. The uncoated samples had initial contact
angles of 53.5◦ (1) and 58.8◦ (S1) on the raw surface, but once coated, measured at 103.5◦ (2)
and 103.7◦ (S2) in Figures 6 and S24. This indicated that the coating was highly effective
at increasing the hydrophobicity of steel surfaces and may add further protection such as
oxidative resistance (see below). Nitrile gloves were also investigated by accident to see if
additional hydrophobicity could be imparted. Solutions 11 and 12 were wiped onto the
surface, and once hardened, the surface was pulled taught. Contact angles were estimated
due to the elastic nature of the substrate, where the raw surfaces were ~88.1◦, and the
coated samples were appraised around 88.8◦ (formula 11) and 93.4◦ (formula 12). While the
difference in contact angles was not astounding, water droplets ran off the surface easier
than the uncoated glove, which indicates this system has potential for use on vinyl surfaces.
The effects of adding the coating to wood was investigated as many historical buildings use
it as their main construction material. When comparing both raw and formula 12 coated
blocks, water begins absorbing into the wood and within 30 s the droplet has a static contact
angle under 50◦ while after 10 min has elapsed the coated sample still repels the water
with a contact angle of 131.7◦ (Video S3). Similar effects were seen with the brick samples,
suggesting that porous substrates absorb the solution, enhancing the hydrophobicity of the
system.
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Figure 6. Static water droplets on the surface of raw steel (A) and the coated surface with
formula 12 (B).

Surface assessment was carried out to investigate the hardness and abrasion resistance
of the coating. Pencil hardness tests were conducted with samples on various surfaces
(marble, glass, steel), achieving a hardness of 9H (~0.5 GPa) on each for every sample
assessed after 2 days cured, the highest rating with this method [52]. Both marble and
glass microscope slides also exhibited a pencil hardness of 9H, however the graphite was
difficult to remove from the stone, still visible on the glass, but easily removed from the
coated samples. The final coatings surface is relatively hard compared to other coatings
systems such as Axalta’s epoxy coating (6H) [53] and an alkoxysilane coating utilizing the
same epoxy component as included here (8H) [54]. Abrasion resistance was quantified
using a combination of sandpaper and sandblasting techniques and measuring the mass
lost from each marble sample. Initial tests with small, coated stone (marble) pieces (average
of 3.5 cm × 4 cm) had a maximum mass loss of 3 mg after both smooth (400 grit) and then
rough (220 grit) sandpapers (with 1.43 kPa applied force). After exposure to both sandpaper
trials, two larger samples (average 8.5 cm × 10 cm) exhibited a total mass loss of 4 mg and
7 mg after 100 rub cycles each. Overall, with a direct abrasive force, the change in surfaces
may be considered minimal (207.768 g to 207.764 g for formula 8 and 197.445 g to 197.438 g
for formula 9). Marring on these stone samples was observable with a microscope but not
the naked eye; however, it is evident when repeated on a transparent coated glass slide.
Next, the same samples were sandblasted for thirty seconds at 45 psi, and lost 15 mg and
5 mg, respectively, and damage was visibly evident (Figure 7). This was reinforced by a loss
in surface hydrophobicity in the second sample, formula 9, which dropped from 101.5◦ to
80.3◦ after sandblasting, suggesting a significant loss of coating (Figure S25). This suggests
that while the coating system is rigid and provides some resistance to minor abrasion, it
may not be ideal for protecting surfaces in dry, sandy environments that undergo frequent
sandstorms without recoating.

Stainless steel samples were put through oxidative stress using a rusting solution
(water, vinegar, and sodium chloride). After dip coating, samples were sprayed or sub-
merged (see methods), and both raw and coated surfaces were observed. When sprayed,
the solution quickly rusted the raw surface while the coated surface was adequately pro-
tected; this is seen in Figure 8, where the top half of the sample was left raw and the lower
was coated with formula 12. This suggests that the coating system adequately prevents
oxidation when exposed periodically through salt spray (Figure S26). A second rusting
test was conducted by submerging a stainless-steel post which was dip-coated directly
into the rusting solution (Figure S27). The second image shows the formation of bubbles
on the coating surface, but not the raw material after one day. Once 14 days had passed,
significant oxidation had occurred on the uncoated surface, but the coated section only
had minor rusting and discoloration, indicating the process had been slowed. Monument
preservation includes the reduction of oxidation on a variety of surfaces, the coating system
demonstrates promise in this regard, especially when the substrate will remain terrestrial.
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Water staining or build up can also be a detriment to coated surfaces, leading to
discoloration and calcification over time. Resistance to ion adhesion was tested by partially
coating glass slides with formula 12 and using a concentrated synthetic hard water solution
with sodium, calcium, and magnesium. Rapid heating resulted in the formation of hard
residue on the coated surface, and a dry Kimwipe was used to attempt the removal of it
(Gif S5). Using the same force, the calcification easily wipes off the coated surface, but
adheres while crumbling apart on the raw surface. The resulting build-up was soft when
the same experiment was conducted but dried through slow heating. A dry Kimwipe was
used to remove the spots on the uncoated side (Gif S6) and coated side (Gif S7). While
the build-up was quickly removed, there was smudging on both sides, which was readily
wiped off the coating and remained on the glass. These results suggest that this coating
system offers hard water resistance and helps prevent hard water build-up.
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Environmental stability was the final physical characterization investigated. Initial
testing was performed indoors to test general thermal stability when exposed to varying
circumstances. For both methods, heating and cooling, exposure to high (45 ◦C) and
low (−19 ◦C) temperatures had no noticeable effect on surface appearance, survivability
in submersion tests, and a negligible effect on post-exposure contact angles (± 3◦). As
previously mentioned, submersion tests were also conducted using a synthetic acid rain
solution with a pH of 4.3 to mimic outdoor weather phenomena, and there was no effect
on the system.

Long-term stability tests were conducted on a flat rooftop, providing a secure outdoor
environment (5 story building in Bowling Green, OH) with limited access to reduce the
artificial influence. Daily weather and atmospheric conditions have been recorded since the
start of these tests, and samples were inspected periodically to ensure continued success
and note any unusual events which may affect testing (see weather log in Supplementary
Materials). To gauge the optimal conditions for coating applications, the UV Index was
recorded and monitored. This approximates the UV exposure a particular area is forecasted
to receive [(mW/m2/s)/25 mW]. Successful samples were applied during the summer, and
early fall with a UV index exceeding 7.2 (~180 mW/m2/s), compared to the higher power
200 W UVA Lamp used indoors which measures 18.7 mW/cm2 of power output per second
at the used distance. When coated during peak exposure times at a UV Index exceeding 7.2
and a temperature over 21 ◦C, the sample surface is non-impressionable within 30 min of
application as intended. Samples coated at lower UV index ratings and then exposed to
higher amounts within two hours saw issues with splitting. This was believed to occur from
post hardening thiol-ene reactivity causing stress in the network, which has brought about
the suggestion of application with a minimum index of 7 (125 mW/m2/s). The longest-
lived sample/marble slab has been in place for 371 days and used a diluted variation of
formula 8 (Figure 9). Until around 250 days, it had shown no change to the surface, but as
seen in Figure 9D, it has begun to lose the glossy appearance it had; however, the coating is
still partially intact and noticeable by touch due to its leathery texture but has lost some
hydrophobicity with water droplets spreading on contact.

For upscaling, a granite headstone was cleaned and sanded to remove any existing pro-
tective surfaces and then coated using a pressurized pump sprayer which yielded a slightly
thicker but even finish (Gif S8). This monument has been in field testing for 371 days and
has experienced various environmental conditions including sun, rain, wind, and snow
with no notable surface changes. This may be attributed to the hydrophobicity of the surface
and good adhesion of the coating, with smaller-scale samples applied in the same manner
exhibiting a contact angle of 100.1◦ on stone and 105.5◦ on glass (Table 4—Formula 11).
Before application, the headstone had a dull gray appearance after being sanded and
washed (A), and after application, the surface of the stone became more vivid, enhanc-
ing the natural colors of the stone (B), as seen in Figure S28. This change in appearance,
accompanied by an increase in the reflectivity of the sun and leathery texture, has con-
tinued to indicate the presence and durability of this coating (Figures S28 and S29) in
addition to the verification by SEM imaging after 331 days (Figure S14) and at 365 days
(Figure 2). A closer look at the edge and etching details emphasizes the difference between
the uncoated and protected surfaces as well as the sharpness of detail in the coated sur-
face (Figure 10). Comparing images of the monument before coating and after 365 days
had elapsed (Figures S28A and S29) using the CIE76 [50] color difference equation sup-
ports the theory that the enhanced detail is from the original stone, and not a defacement.
The findings suggest that there is no visible difference between the surface colors on the
macroscopic scale with a ∆E*ab = 1, which indicates alterations are not observable to the
naked eye, a requirement for preservation coatings (Figure S30, Formula S1). Two more
monuments were coated using formula 12, however these were excluded from stability
testing since the first was damaged during nearby construction and the other had partially
delaminated due to poor application conditions (wind) causing a thicker coat. Both samples
have remained in place for 357 days to gain other data from long-term weathering on this
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system (ATR-FTIR and TGA). A similar initial enhancement of the surface color is also seen
in the two brick samples previously mentioned, but over time this wetted appearance tends
to fade (Figures S31 and S32).
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Figure 9. Sample before (A), after one day (B), 24 days (C), and 208 days (D) after application of
formula 8.

3.6. Flame Resistibility

Lastly, flame resistibility of the coating system was tested using two pieces of wood
(pine), one raw and one dip coated with formula 12. These samples were burned with a
Bunsen burner (>1000 ◦C) for 3 min and 50 s. Upon turning off the flame source, the coated
sample self-extinguished in 11 s while the raw wood continued burning for 1 min and
50 s (Video S4). Inspection of the wood remains show that much of the original shape was
retained in the coated sample even with charring evident, while the raw sample became
rounded and lost much of its structure (Figure S33). This suggests the coating system has
applicability for wooden structures in places prone to fires.
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3.7. Optimal Formulas and Coating Methods

When considering the various tests described above, formulas 11 and 12 were used
the most due to 11′s success when applied on the first monument (371 days intact), and 12′s
lowered cost with similar attributes. Initial samples of these formula revealed promising
contact angles, hardness, thicknesses, abrasion resistances, and graffiti resistances coupled
with the stability and adhesion achieved through earlier solutions 1–10. Since these were
made in large batches, they were readily used in the pump sprayer and for dip coating
larger items. These systems exhibited success with the environmental stability testing due
to the addition of a heavier carrier solvent when compared to previous variants, which gave
the system more time to react and rearrange before settling on the surface. This discovery
is what led to the implementation of solution 13 to lengthen the working time once applied
to a surface. This coating was useful as a wipe on coating on a bass boat as shown in
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Figure S34, in which after 6 months it is still holding strong. These three formulations show
the best overall performance and will be the focus of any future developments and testing.

Ideal application parameters have been established as follows. When applied to
surfaces outdoors, the system should be exposed to sunlight when the UV Index exceeds
7 and the temperature is higher than 21 ◦C. To ensure a complete cure, usage should be
limited to days with no precipitation forecast. The indoor application should utilize a UVA
Lamp with ~15–20 mW/cm2 irradiation for 2 min after application. When dip-coated, the
lowest edge of the item may need to have excess solution removed. The solution should be
stored in an airtight amber bottle in a cool dark location. By following these suggestions,
the system will form a non-impressionable surface within thirty minutes of initial UV
exposure and stores as a one-pot solution for over six months with repeated usability.
Further tool/glass coating examples are shown in Figures S35–S38 to show its utility.

4. Conclusions

Integration of three orthogonal polymeric chemistries has led to the formation of a
one-pot coating system that combines each species’ (thiol-ene, amine-epoxy, and alkoxysi-
lane) preferred characteristics. By using complementary systems, many of the negative
characteristics of the individual components are overcome. Both a radical photo initiator for
the rapid thiol-ene reaction and a photo acid generator to accelerate the epoxy/amine and
alkoxysilane polymerization greatly reduces the premature reactivity of the components,
and, with alcoholic solvents, allows for it to be stored for long periods of time as a single-pot
system. A small amount of fluorocarbon also offers just enough hydrophobicity to improve
graffiti and chemical resistance. While the ideal formulas (11 and 12) have been stored
and reused repeatedly (>once a month) since their creation (371 days and 286 days), the
earliest formulas created, including formula 1, are still liquid at 629 days despite having
a low solvent load. The ability to store these coating systems as a single unit and initiate
multiple orthogonal cures on demand in this manner is unique to itself. This is in contrast
to most market-available coatings utilizing one or two curing methods which often have a
short shelf life, require separate storage, or have limited reusability. This design allows for
the systems to be made in large batches that are readily used in pump sprayers and dip
coating applications prior to being resealed and stored for later usage.

Final cured coatings (11 and 12) revealed decent contact angles (>100◦ for all sub-
strates), excellent hardness (9H), tunable thicknesses (1–12 µm), chemical and graffiti
resistances, high thermal stability (~250 ◦C), and photo stability; all coupled with the
enhanced adhesion of the epoxy-amine components. Protected stone monument surfaces
exhibit long-term stability and maintain low wettability for >1 year in an unprotected
outdoor environment exposed to sun, rain, snow/ice, wind, and temperatures from −19 to
38 ◦C making it an ideal coating for preserving historical structures. Protection of other sub-
strates are also verified including glass, steel, brick, wood, and plastics, all of which show
good coatability, including offering building material stability through flame resistance in
wood and environmental resistance in bricks. The combined characteristics detailed above
form a series of novel coating systems for application on both porous and non-porous
monuments and building materials for protection from a variety of degradation sources.

Future work will investigate substrates and their coated counterparts for evidence of
salt decay, crystallization, and how the system effects these processes. Additional studies
would look at a variety of new substrates for potential industrial applications, and the
surface properties of these systems. Limited success was garnered with recoating, removal,
and recyclability efforts which have required the use of different application methods and a
combination of organic solvents. Focus will be given to the recyclability of this system back
to macromonomers. This will also aid in expediting the removal process of this system and
give a better understanding of the underlying chemistries.

5. Patents

A US patent application (63/356,197) has been submitted on this topic before publication.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12081098/s1, Figures S1–S38 show additional characteri-
zation data including, FTIR, TGA, Contact Angle, SEM, and Surface Profiles, as well as additional
application images; Table S1 shows elemental analysis obtained through laser-induced breakdown
spectroscopy, Table S2 shows coating thickness data obtained by profilometry; Formula S1 shows
the CIE76 formula for color difference analysis; Gifs S1–S8 S: Coating examples on brick, stone, and
graffiti removal; Videos S1–S4: Graffiti removal and flame test examples; Daily weather logs are
available as “Weather Log 7-20-22.xlsx.”
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Abstract: Water can trigger freeze–thaw cycles, acid rain corrosion, and microbial colonisation, all of
which destroy stone. Water is one of the most influential factors in the destruction of outdoor stone
heritage. Therefore, materials with excellent hydrophobic properties and durability are urgently
required to effectively retard long-term stone weathering. In this study, two nanoparticles, TiO2

and SiO2, were used to modify dodecyltrimethoxysilane (DTMS), a waterproof coating commonly
used for stone heritage protection, to fabricate nanocomposite superhydrophobic coatings. The
micromorphology, water repellence (water contact angle and capillary water absorption), suitability
to protect stone heritage (color change and water vapor permeability), and durability (thermal, light,
and chemical stability) of DTMS and nanocomposite coatings were evaluated. The scanning electron
microscope (SEM) images revealed that adding 0.5% (w/w) SiO2 produced nanoscale roughness
on the sandstone surface, leading to superhydrophobicity. The results of ultraviolet -visible (UV–
Vis) spectrophotometer showed that adding 0.01% TiO2 shielded more than 90% of UV light but
accelerated the decrease in the contact angle under UVA irradiation. The addition of SiO2 was able to
avoid the detrimental effect of TiO2 under UV light. The thermogravimetric analysis (TGA) results
showed that both SiO2 and TiO2 nanoparticles improved the thermal stability of the coatings. In
particular, the fabricated nanocomposite coating, SiO2 and TiO2 co-modified DTMS, had excellent
water repellence, low color change and outstanding durability, and retained about 85% of the water
vapor permeability of the stone, showing promise for stone protection.

Keywords: stone protection; SiO2 nanoparticle; TiO2 nanoparticle; superhydrophobic coatings;
durability; dodecyltrimethoxysilane

1. Introduction

Sandstone, which has a porous structure, is an important component of stone heritage
worldwide [1–5]. Outdoor stone heritage is weathered by temperature, humidity, light,
polluting gases, etc., with water being the dominant factor influencing weathering. Stones
are damaged by dry–wet cycles, freeze–thaw cycles, salt, and biodeterioration because of
the presence of water. Controlling this single factor, water, may effectively inhibit damage
to stone heritage and its associated components [6].

Fluoropolymers [7,8], siloxane coatings [9], and acrylic polymers [10] are the surface
materials most studied and applied to protect stone. Due to their low surface energy,
these organic coatings are hydrophobic. Hydrophobic materials, having a static contact
angle larger than 150◦ and low contact angle hysteresis (usually a roll-off angle of less
than 10◦), are generally referred to as superhydrophobic materials. The water-repellence
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ability of superhydrophobic materials enables them to effectively reduce the effect of water
erosion, and the low roll-off angle of the surfaces effectively decreases the deposition
of contaminants and microorganisms [11], showing potential for the protection of stone
artefacts. Obtaining superhydrophobicity requires substances with appropriate roughness
and low surface energy [12–14]. A nanocomposite coating, usually prepared with organic
coatings and nanoparticles, is currently one of the most used superhydrophobic materials,
where the organic component has low surface energy and the nanoparticles provide a
rough structure.

Silicones are widely used, low-surface-energy substances that are chemically stabile
because of the high-strength Si–O bond. For example, dodecyltrimethoxysilane (DTMS)
has been used for alloy anticorrosion [15,16], fabric waterproofing [17], and the protection
of historic buildings [18,19] and sandstone [20]. In China, DTMS has been used as a water-
repellent coating for the stone artefacts of the Qianling tomb, Maoling tomb, Banpo site,
Big Wild Goose Pagoda in Shaanxi Province [21], and Goguryeo site in Jilin Province [22].
Silicones, specifically DTMS, can feasibly be used for conserving stone artefacts. However,
its light resistance is poor. After 800 h of UVB irradiation, the water contact angle of a
stone surface dropped to 0◦ [23]. Furthermore, its waterproofing and durability need to
be enhanced.

Nanomaterials had initial applications in heritage conservation [24,25]. Organic coat-
ings and nanoparticles are combined to prepare nanocomposite organic coatings with
excellent properties. The introduction of nanomaterials may improve the properties of
organic coatings, such as their water absorption, thermo–mechanical properties, substrate
adhesion, UV and chemical stability, wear resistance [26], and self-cleaning [27], which is
expected to improve the durability and water repellence of DTMS, thus further expanding
the application of silicones in the field of cultural heritage.

Some researchers have studied the use of single-nanoparticle-modified coatings for
the protection of stone artefacts. SiO2 and TiO2 nanoparticles are two of the nanoparticles
most used for nanocomposite organic coatings to protect cultural heritage [28]. Facia [29]
added SiO2 nanoparticles to siloxane, simply producing superhydrophobic nanocomposite
coatings in situ on a sandstone building substrate. TiO2 nanoparticles [30] were also used
to fabricate superhydrophobic nanocomposite coatings, giving photo-catalytic activity
and self-cleaning properties [31]. Nano-Al2O3 and SnO2 [30] were added to siloxane to
produce superhydrophobic films to protect outdoor cultural heritage assets. Chatzigrig-
oriou [32] used dispersions of Ca(OH)2 nanoparticles in siloxane emulsions to produce
superhydrophobic coatings for marble protection, and the color change was 3.76, which
was accepted for conservation purposes. In particular, ZnO nanoparticles [33] and Ag
nanoparticles [34] were added to silicon-based consolidant/water-repellent materials, exert-
ing biocide activity. It is worth mentioning that Karapanagiotis had done plenty of research
about superhydrophobic materials for the conservation of natural stone and recently pre-
sented a detailed review [35]. These works have significantly developed the application of
nanocomposite coatings in the field of stone heritage conservation.

However, less research has been done on the durability of nanocomposite coatings,
and to the best of our knowledge, cases of the use of multiple-nanoparticle-modified organic
coatings for cultural heritage protection are uncommon. As such, in this study, we modified
DTMS with nano-SiO2 and TiO2 to fabricate superhydrophobic materials for application
in sandstone protection. Their hydrophobicity, applicability, and durability for protecting
sandstone-based cultural heritage were comprehensively studied. We investigated the
effects of adding two kinds of nanoparticles, SiO2 and TiO2, separately and simultaneously,
to thoroughly understand the role of nano-SiO2 and TiO2. Our findings contribute to the
understanding of nanocomposite organic coatings and broaden the application of nanocom-
posites in the field of cultural heritage protection, providing more diverse materials for the
protection of outdoor stone heritage.

59



Coatings 2022, 12, 1397

2. Experimental
2.1. Preparation of Stone Samples

Red sandstone was acquired from the Daming Place Building Material Market, Xi’an. It
was mainly composed of quartz, calcite, and feldspars, which were confirmed by XRD (see
Supplementary Materials Figure S1 for details). The sandstone surface was cleaned with
distilled water and then dried at 110 ◦C prior to the experiments. The specifications of the
samples varied from test to test. Figure 1 shows the sample blocks used for different tests.
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Figure 1. Stone samples used for the tests: (a) contact angle, color, thermal ageing, UVA ageing,
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2.2. Preparation and Application of Coatings

Dodecyltrimethoxysilane (DTMS, Sinopharm, Beijing, China), OP-10 (Emulsifier, Al-
addin, Shanghai, China), and iso-propanol (Tianjin Fuyu, China) were used as received.
The silicon dioxide nanoparticles (fumed powder, Aladdin, Shanghai, China) had an av-
erage particle size of 7~40 nm and a specific surface area of 150 m2/g. The titanium
dioxide nanoparticles (P25, Macklin, Shanghai, China) had an average particle size of
20 nm. The P25 TiO2 consisted of two crystalline forms, anatase and rutile, in a 4:1 ratio.
The nanoparticles were dried at 110 ◦C for 12 h before use.

Table 1 shows the formulations of the four prepared materials. The solutions were
dispersed by using a high-speed shear dispersion tester for 5 min (6000 rpm) and then
ultrasonicated for 30 min (36 kHz, 12 ◦C). The nanocomposites show excellent properties
only if the nanoparticles are well-dispersed [36].

Table 1. Coating formulations in percent (w/w). D, dodecyltrimethoxysilane (DTMS); DT and DS,
TiO2- and SiO2-modified DTMS, respectively; DST, TiO2 and SiO2 comodified DTMS, where iso-
propanol was the solvent, OP-10 was the emulsifier, and the concentrations of TiO2 and SiO2 were
0.01% (w/w) and 0.5% (w/w), respectively.

Product DTMS Nano-TiO2 Nano-SiO2 Iso-Propanol OP-10

D 10 - - 90 -
DT 10 0.01 - 90 0.2
DS 10 - 0.5 90 0.2

DST 10 0.01 0.5 90 0.2

The solutions were applied dropwise to the stone surfaces using a Dlab graduated
pipette (accuracy ± 1 µL, Beijing, China). One side of the sample was treated twice with
the nanocomposite dispersion solutions, with 40 µL/cm2 each time, in an interval of 1 h
and a cumulative dosage of 80 µL/cm2. The treated stones were subjected to 80 ◦C for two
days and then to room temperature for more than two days.
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2.3. Characterisation Tests
2.3.1. Morphological Observation

The sample surface micromorphology was determined using a field-emission scanning
electron microscope (FESEM; Thermo scientific, Apros S, Waltham, MA, USA) with a 10 kV
high voltage and an 11 mm work distance.

2.3.2. Waterproofing Test
Water Contact Angle Test

A static contact angle measuring instrument (Chenghui, JGW-360, Chengde, China)
was used for the test. To ensure repeatability, the sample was measured 10 s after placing
a 5 µL drop of water on the treated sample surface. Each sample was measured seven
times, and we reported the average value. The roll-off angle was measured with a roll-off
angle platform.

Water Absorption Capillarity Test

Flat cotton (total thickness of approximately 7 mm) was placed in a clean plate, and
distilled water was added until the cotton was completely soaked, ensuring the water level
did not exceed the upper surface of the cotton and remained constant during the test [37].
Each sample was weighed and was placed on top of the cotton to absorb water until the
weight was constant. The amount of water absorbed per unit area Qi (kg·m−2) at time ti (s)
was calculated as follows:

Qi =
mi − m0

A
(1)

where m0 is the mass of the specimen at time t0, in kilograms; mi is the mass of the specimen
at time ti, in kilograms; A is the area of the specimen in contact with the bedding layer
(cotton), in meters squared.

After 72 h of treatment, the weight was basically constant. The water absorption
inhibition efficiency (WIE) was calculated as follows [38]:

WIE % =
mun − mt

mun
× 100 (2)

where mun and mt are the amounts of water absorbed after 72 h of treatment by the
untreated sample (the red sandstone) and by the sample treated with waterproofing
coatings, respectively.

2.3.3. Suitability Analysis
Colorimetric Measurements

The appearance of the sample was characterized using a colorimeter (X-rite, VS 450, MI,
USA). We adopted the CIE L*a*b* color system, where L* indicates luminosity, 0 indicates
black, and 100 indicates white; a*, which ranges from positive to negative, indicates colors
from red to green; b*, which ranges from positive to negative indicates colors from yellow
to blue. The color difference ∆E was calculated as follows:

∆E =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (3)

where ∆L*, ∆a*, and ∆b* are the variations in the L*, a*, and b* values of the samples before
and after treatment, respectively. Each sample was measured four times, and we reported
the average.

Water Vapor Permeability Test

The stones that were both untreated and treated with coatings were subjected to a
water vapor permeability test, following UNI EN 15803 [39]. Each cup was filled with
equal amounts of K2SO4-saturated solution to regulate humidity at 97%. The devices were
sealed with paraffin wax and were then placed in a constant-temperature and -humidity
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chamber at 25 ◦C and 50% humidity. The devices were weighed every 48 h. The variation
in weight, ∆m, was calculated as the difference between the weight of the apparatus (in
kg) at times t0 and ti. The water vapor flow rate through the specimen in the unit of time,
G kg·s−1), was calculated as the slope of the ∆m vs. t curve. The water vapor permeability,
δp (kg·m−1·s−1·Pa−1), was calculated as follows:

δp =
G

A × ∆Pv

× D (4)

where A is the test surface area, in square meters; ∆Pv is the water vapor pressure difference
across the samples, in Pascals; D is the thickness of the samples, in meters.

2.3.4. Durability Analysis

Stone relics, especially outdoors, are inevitably weathered by heat, ultraviolet rays,
and some acidic and alkaline chemicals. Therefore, we tested the durability of the coating
from three aspects:

Thermal Stability Test

The samples were placed in an oven at 180 ◦C to accelerate thermal ageing. The contact
angles were periodically measured until the contact angle was below 60◦, for a total ageing
time of 252 h.

To study the difference in the thermal stability between DTMS before and after modifi-
cations, 5 mL of the nanocomposite solution was mixed with 1 g of sandstone powder. The
mixture (6~7 mg) after completely curing was obtained for thermogravimetric analysis us-
ing a simultaneous thermal analyzer (Mettler Toledo, TGA-DSC3+, Zurich, Switzerland) in
a nitrogen atmosphere with a flow rate of 20 mL·min−1 and a heating rate of 10 ◦C·min−1.

UV Shielding Test

Of the UV radiation produced by the sun and received by the Earth, almost all the
short-wave UVC (200–280 nm) is absorbed by the ozone layer, and about 2%–5% of the
medium-wave UVB (280–320 nm) reaches the Earth. The rest of the UV radiation is long-
wave UVA (320–400 nm). To simulate the UV radiation damage of outdoor stone artefacts,
UVA was chosen as the light source for testing.

The samples were placed in a UV ageing chamber for ageing, where 5 identical UVA
lamps (Philips, 8 W 365 nm) were installed. The sample surface was 16 cm from the base of
the lamps with a UV irradiance (365 nm) of 10.35 W/m2. The contact angles were measured
every 24 h until the contact angle was below 60◦, for a total ageing time of 144 h. The
sample position was periodically changed during the experiment to ensure uniform ageing.

The ability of the added nanoparticles to shield against UV light was studied by using
a UV–Visible spectrophotometer (Hitachi, U-2001, Tokyo, Japan) with a scanning speed of
200 nm/min. Approximately 4 mL of the solution prepared as described in Section 2.2 was
tested. Iso-propanol as the reference solution and a 1 cm thick quartz cuvette were used.

Chemical Durability Test

The samples were immersed in pH 1, 7 (ultrapure water), or 13 solutions for 24 h. The
contact angles of the samples before and after treatment were measured.

3. Results and Discussion
3.1. Water-Repellence Performance
3.1.1. Contact Angle

The static contact angles of the samples are reported in Table 2, where S represents un-
treated sandstone. These images are shown in Figure 2. DTMS (Figure 2a) showed suitable
water resistance with a contact angle of 126.5◦, and the addition of 0.01% TiO2 to DTMS
(Figure 2b) produced an insignificant improvement in the contact angle of DTMS. Adding
0.5% SiO2 to DTMS (Figure 2c,d) resulted in a substantial increase in the contact angle
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beyond 150◦, with a roll-off angle of less than 10◦ measured using a roll-off angle platform.
Because the static contact angle was larger than 150◦ and the roll-off angle was less than
10◦, the fabricated nanocomposite DS and DST coatings were superhydrophobic materials.

Table 2. Average values of the static contact angles (θ) and water vapor permeability (δp).

Sample θ (◦) δp (10−11 kg·(m·s·Pa)−1) RP (%)

S 0 1.34 ± 0.06 100.00
D 126.5 ± 6.4 1.13 ± 0.04 84.17

DT 129.3 ± 3.4 1.10 ± 0.05 82.15
DS 152.5 ± 3.5 1.12 ± 0.07 83.68

DST 152.1 ± 2.6 1.14 ± 0.04 84.83
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3.1.2. Water Absorption by Capillarity

The amount of water absorbed by the samples per unit of area Qi over time is reported
in Figure 3. Compared with the untreated samples, the samples treated with DTMS and
nanocomposite coatings all had a WIE higher than 92% after 72 h of absorption, showing
excellent water-repellence performance.
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3.2. Micromorphology

The SEM images of the samples (Figure 4) showed that the original sandstone surface
(Figure 4a) was relatively rough. After coating with DTMS, a relatively smooth and low-
surface-energy surface formed (Figure 4b), and the latter mainly imparted hydrophobicity
to the surface. After the addition of TiO2 nanoparticles to DTMS, a low content (0.01% w/w)
of TiO2 nanoparticles was sporadically distributed on the stone surface (Figure 4c), which
was unable to produced sufficient roughness, thereby minimally affecting the contact angle
of DTMS. The SiO2 nanoparticles (0.5% w/w) were able to more uniformly gather on the
stone surface, forming a rough structure (Figure 4d,e). When water drops fell on the DS
and DST surfaces, the air was trapped in the void between the water and rough structure
formed by the accumulation of nanoparticles, and the drops thus easily rolled off, which is
in accordance with the Cassie–Baxter model [13,14].
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It has been reported that different types of nanoparticles can form rough structures
to achieve superhydrophobicity [30]. For elevated particle concentration, the wettabilities
of the surfaces were not affected by the original particle sizes of the nanomaterials [40,41].
Nevertheless, adequate roughness of the substrate surface at the high nanoparticle concen-
tration is a key condition for achieving superhydrophobicity [40]. Therefore, adding low
concentrations of TiO2 nanoparticles had little effect on the contact angle of DTMS, while
high concentrations of SiO2 nanoparticles greatly increased the contact angle.

According to the SEM image in Figure 4e, the DST particle size (Figure 5) was calcu-
lated as almost 70% in the range of 60~90 nm, with an average particle size of 81 nm, indi-
cating that the nanoparticles were well-dispersed and formed a rough nanoscale structure.
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3.3. Suitability
3.3.1. Color Change

The color variation in the samples before and after treatment is shown in Figure 6.
The color changes in the samples were mainly produced by ∆L*, which was due to the
application of the protective materials causing the stone surface to slightly darken, resulting
in a slight decrease in L*. However, the decrease in L* was less than two. Both ∆a*
and ∆b* were less than 0.5, indicating a small change in the coatings’ red–green and
yellow–blue coordinates and good transparency. Because of the good dispersion, no severe
agglomeration of nanoparticles occurred to cover the original appearance of the stone
surface, which maintained the excellent optical transparency of DTMS. There was no
notable difference between adding only one nanoparticle or two nanoparticles at the same
time, both of which had an ∆E of less than two, which did not change the color of the stones
and met the requirement of ∆E < 5 for materials used for stone conservation [42,43].

3.3.2. Water Vapor Permeability

Generally, the water vapor permeability of stone should remain unchanged after being
treated with the ideal protective material; that is, the coating hinders the transport of liquid
water but not that of water vapor. Water condensation underneath the protective layer
leads to crispy alkali damage to the stone as a result of expansion and contraction under
dry–wet cycles and contributes to the loss of adhesion and of the protective effects of the
coating [31,44].

The water vapor permeability, δp, is shown in Table 2, and RP, the relative water
vapor permeability, is the ratio of the water vapor permeability of the coated sample to the
uncoated sandstone. The stone treated with DTMS and nanocomposite coatings maintained
a relative water vapor permeability higher than 82% compared with the original sandstone,
which meant they all had excellent water vapor permeability.
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3.4. Durability
3.4.1. Thermal Stability

Figure 7 shows the variation of the static contact angles (SCAs) of the samples during
the thermal ageing test. Adding both TiO2 and SiO2 improved the heat resistance of DTMS,
and DST was the most thermally stable.
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Figure 8 shows the TG and DTG curves (the micro-quotient thermogravimetric curves)
of the samples. As the coated sandstones were used as samples, the vast majority of which
are mineral, there was minimal weight loss. The interval from 300 to 600 ◦C was chosen for
our study because of minimal weight loss below 400 ◦C.
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From the DTG curves in Figure 8, we found that the maximum weight loss rates
occurred at 498 ◦C for DTMS, 516 ◦C for DT, 504 ◦C for DS, and 520 ◦C for DST. The
rise in the maximum decomposition peak temperature values indicates an increase in
thermal stability [45]. Therefore, the thermal stability of three modified coatings was
improved compared with that of DTMS, where that of DT was improved more than that
of DS. The two types of nanoparticles had a synergistic effect, so DST showed the highest
thermal stability.

TiO2 [46] and SiO2 are both inorganic fire-retardant materials that can form passivation
layers on a coating surface during thermal degradation. They can also act as insulators
and/or mass transfer barriers to the volatile byproducts generated during thermal decom-
position [47,48]. Additionally, increased thermal stability is related to the strong hydrogen
bonding interactions of the nanoparticle and substrate, which impede the mobility of the
molecular chains [49] and inhibit the attacks of free radicals on the main chain [45].

3.4.2. UV Shielding Performance

According to Rayleigh’s theory, when the particle size is much smaller than the wave-
length of the incident light, the intensity of the scattered light is inversely proportional to
the fourth power of the incident wavelength (I ∝ 1

λ4 ). Nanoparticles have strong UV light
absorption and scattering effects because of their small particle size. With suitable disper-
sion, the addition of nanoparticles to coatings may provide shield from UV light [45,50]
and improve the durability of coatings.

The variation in the contact angles of the samples during the UVA ageing test is shown
in Figure 9. Compared with D, the UVA resistance of DT was lower. This may have been
due to the photocatalytic activity of TiO2 under UV light, which degraded DTMS under
UVA irradiation [51], causing a decrease in its original hydrophobic property. Another
explanation is that TiO2 is photophilic [52] and hydrophilic under UV radiation, adsorbing
invisible water films and causing a decrease in the contact angle [53].

The UVA resistance of DS was substantially stronger than that of D. After 144 h of
UVA irradiation, the contact angle of D was 84.0◦, whereas that of DS was 124.3◦. The UVA
resistance of DST was consistent with that of DS with no additional decrease, presumably
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due to the low concentration of TiO2, which produced a negative effect that could be
neglected compared with the UV shielding effect of SiO2.
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Figure 10 shows the transmittance–wavelength curves (solid lines) for different solu-
tions in various UV regions: for the UVA, UVB, and UVC (200–400 nm) region and for the
UVA (320–400 nm) region, the most common band in sunlight. The curves were integrated,
which are shown as dashed lines in Figure 10. The UV resistance of the materials can be
expressed by the shielding efficiency, which is calculated as follows [54]:

η1 =

(
1 −

∫ 400
200 TNP(λ)dλ
∫ 400

200 TD(λ)dλ

)
× 100% (5)

η2 =

(
1 −

∫ 400
320 TNP(λ)dλ
∫ 400

320 TD(λ)dλ

)
× 100% (6)

where η1 and η2 are the efficiency in shielding from 200–400 and 320–400 nm ultraviolet rays,
respectively; T(λ) is the average value of the spectral transmittance of the material; dλ is the
bandwidth; and λ is the wavelength. TD is for the DTMS curve, and TNP is DT, DS, or DST.
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The shielding efficiency calculation is reported in Table 3. We found a strong UV
shielding when SiO2 and TiO2 nanoparticles were added to DTMS. SiO2 (0.5%) shielded
nearly 80% of the UV in the 200–400 nm band and more than two-thirds of the most
common UVA in sunlight. Low doses (0.01%) of TiO2 shielded more than 93% of the whole
wavelength band and the most common UVA bands. The mixture of the two nanoparticles
synergistically shielded more than 95% and 97% of UV (200–400 nm) and UVA, respectively.

Table 3. UV shielding efficiency of the nanocomposite coatings.

Sample
∫ 400

200T(λ)dλ
∫ 400

320T(λ)dλ η1 η2

D 17,292.80 7969.70 0 0
DT 1166.85 550.60 93.25 93.09
DS 3524.35 2636.80 79.62 66.91

DST 696.00 204.35 95.98 97.44

Combined with the result of UVA ageing, we found that TiO2 had a high UV shielding
efficiency but reduced the contact angle of coatings because the ultraviolet light shielded
by TiO2 does not safely radiate, which has a harmful effect on the coating [55,56]. Adding
SiO2 led to a safe radiation of the shielded ultraviolet, which prevented this adverse effect.
DST still showed suitable UV shielding performance.

3.4.3. Chemical Stability

Figure 11 shows the changes in the contact angles of the samples immersed in solutions
with different pH values for 24 h. The results showed that (1) The contact angle value
of D and nanocomposites decreased the most (about 30◦) under acidic conditions, and
the heterogeneity increased (higher values of standard deviation), mainly because the
sandstone contains calcite, which is dissolved under strongly acidic conditions, so the
sandstone was structurally damaged, and many crystals precipitated on the surfaces (see
the micromorphology of the samples in the Supplementary Materials Figure S2). The
contact angle values of D, DT, and DS generally decreased by less than 5◦ after neutral
water immersion, whereas that of DST remained unchanged. Under alkaline conditions,
it only decreased by about 10◦. (2) Adding nanoparticles to coatings, especially SiO2,
ensures the coating retains suitable hydrophobicity after immersion and improves its
chemical stability.
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4. Conclusions

In this study, TiO2 and SiO2 nanoparticles were used to modify DTMS, a commonly
used waterproof coating for stone artefacts, to fabricate nanocomposite coatings. We
characterized the micromorphology, water-repellence, suitability for protecting stone her-
itage, and durability of the coatings. The results showed that the nanoparticles were
well-dispersed in the coating, with 70% of the particle size of DST distributed in the range
of 60 to 90 nm, with an average particle size of 81 nm, forming a rough nanoscale structure.
The nanocomposite coatings had a minimal effect on the appearance of the stone, ∆E < 2,
and more than 82% of the water vapor permeability of the uncoated sandstone was retained,
demonstrating suitability for stone artefact protection. The nanoparticles were added to
DTMS: TiO2 (0.01% w/w) failed to produce sufficient roughness and so had no impact on the
contact angle of the coating but improved the thermal stability; SiO2 (0.5% w/w) produced
sufficient roughness, which made the coating superhydrophobic with a contact angle of
more than 152◦ and improved the thermal, light, and chemical durability. When nano-TiO2
and SiO2 were simultaneously added, the nano-SiO2 mitigated the effects of nano-TiO2
accelerating UVA ageing and improved the original thermal stability, UVA shielding ability,
and chemical stability of DTMS, resulting in a significant improvement in durability and
DST showed the best overall performance.

The nano-SiO2-TiO2/DTMS, a superhydrophobic coating, fabricated in this study, has
excellent properties, a low cost, and is simple to prepare and apply, showing promise as a
material for protecting outdoor stone heritage.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/coatings12101397/s1, Figure S1: XRD pattern of sandstone used
in this study; Figure S2: Micromorphological images of the samples tested for chemical stability.
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Abstract: Being inspired by nature, a series of experiments was carried out to deposit a calcium
oxalate layer on the surface of the stone by the reaction between carbonate rock and oxalate salt.
To increase the anti-dissolution properties of the calcium oxalate layer, the use of mixed oxalate
solution has been proposed in the literature by two main routes: (1) adding acid agent to ammonium
oxalate, which has the advantage of changing the particle structure and reducing layer porosity,
and (2) using neutral methyl oxalate solution, which has the advantage of surface coverage due to
slowly hydrolysis. In this study, we investigated the sequential application of ammonium oxalate,
methyl oxalate, neutral mixed, and calcium acetate acid mixed solution. With this method, calcium
carbonate and calcium oxalate solution can react inside the stone to reinforce it. The protective
film’s coverage area can then be increased using dimethyl oxalate neutral mixed solution, and the
crystal morphology can be modified with calcium oxalate acid mixed solution. The anti-dissolution
properties of the coating were investigated using both a custom-designed apparatus and a selective
outdoor environment. The coating displayed good acid resistance properties at pH 2–4. After one
year of exposure, the coating is firmly bonded with the stone.

Keywords: carbonate rock; sequential application; whewellite

1. Introduction

In China, a large part of stone cultural heritage has suffered from chemical dissolution,
and the process is accelerated in polluted areas by the presence of nitrogen and sulfur oxides,
which have a synergistically accelerating effect [1]. In order to reduce the effect of chemical
weathering, coating interventions can be used, especially with outdoor stone artifacts with
a high open porosity [2]. Various organic and inorganic chemicals have been proposed for
the conservation of stone cultural heritage surfaces in order to improve the substrate water-
repellent and anti-dissolution properties [3,4]. However, organic polymer materials were
demonstrated to be less compatible with the inorganic stone cultural heritages, particularly
carbonate rock [5]. In certain cases, inorganic protection coatings are more compatible with
carbonate rock. Some hydroxides, such as calcium hydroxide and magnesium hydroxide,
have already been utilized as consolidant because they can react with atmospheric carbon
dioxide and form a compatible inorganic coating on the stone surface [6–10]. Additionally,
inorganic coatings such as calcium oxalate and calcium phosphate have been confirmed to
effectively inhibit the dissolution related phenomenon of stone monuments and temples
in Europe [11,12]. Because it can be removed, calcium oxalate is receiving much more
attention in the field of heritage protection than calcium phosphate [13]. The idea of
producing artificial calcium oxalate as a protective layer to provide carbonate rock with
an acid-resistant surface originated in the nineteenth century and numerous methods
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have been developed [14]. It is notable that the calcium oxalate layer can be obtained by
reacting different kinds of solution with calcium ions originating from the substrate [15].
The treatment consists of applying a poultice of ammonium oxalate, dimethyl oxalate,
and oxalic acid to carbonate rock surface, with the purpose of forming a calcium oxalate
monohydrate layer [16] (Equations (1)–(3)).

Ca2+ + C2O4
2− + H2O → CaC2O4·H2O, (1)

CH3OOCCOOCH3 + H2O → H2C2O4 + CH3CH2OH, (2)

H2C2O4 + CaCO3 → CaC2O4·H2O + CO2, (3)

Notably, unreacted solutions, other calcium oxalate phases (calcium oxalate dihydrate
and metastable crystalline CaOx phases), and reaction by-products (magnesium oxalate
phase), all of which have the potential to influence the coating properties, remain at the
end of the treatment, as confirmed by multiple techniques in previous studies [17,18].
According to researchers, a major portion of this problems were related to heterogeneous
substrates. For example, carbonate rock comprises of calcite and dolomite. When dolomite
contributes Ca2+ and Mg2+ ions to the coating-formation process, calcium and magnesium
oxalate rims are produced, respectively. The high solubility of magnesium oxalate in water,
and the restricted spatial distribution of the magnesium oxalate phase influence the coating
coverage [19]. Therefore, a variety of oxalate salt solution combinations were investigated
in an effort to prevent the described drawback [20].

The advantages of the oxalate salt mixed solution were initially proposed in the
modification of crystal structure and afterwards assessed in the extension of the coating
coverage area [21]. Current research on marble and limestone samples has shown that
acid solution treatments affect whewellite crystal preferred orientations. This leads to
a more homogenous crystal structure, which reduces porosity [22]. Moreover, studies
on marble found that adding neutral diethyl oxalate solution can dramatically increase
surface coverage while lowering cracking and porosity. This is because the molecule
slowly hydrolyzes to minimize ionic interaction throughout the process of dissolution
and participation [23]. This, in turn, increases the resistance of the samples against acid
dissolution. If the solutions described above could work together simultaneously, the
protective effect of the calcium oxalate layer would be enhanced. However, in the absence
of acid, the hydrolysis rate of methyl oxalate increases, and the resulting product oxalic
acid loses the advantage effect [24]. This remains a big challenge.

The calcium phosphate layer deposition experiment may provide inspiration for
conservators seeking solutions to their issues. In a previous study, it was discovered that
application of a limewater poultice after treatment with diammonium hydrogen phosphate
increased calcium phosphate formation and removed the unreacted agent [25]. However,
when ammonium oxalate and diammonium hydrogen phosphate are applied sequentially,
a patchy layer develops [26]. This is due to the fact that whewellite is formed when
ammonium oxalate reacts with calcite, which reduces the stone’s porosity. As a result,
when the diammonium hydrogen phosphate solution is applied, there are no more calcium
ions on the surface to form calcium phosphate, and deep penetration of the diammonium
hydrogen phosphate solution into the substrate is inhibited. So, layer deposition can be
improved by the sequential application of calcium gel or micro-grout solutions.

Therefore, in this research the sequential application of ammonium oxalate, methyl
oxalate neutral mixed and calcium acetate acid mixed solution on dolomite marble was
investigated. To evaluate the effect, firstly, the chemical composition and structure mor-
phology of the deposition layer were characterized. The resistance to dissolution was
assessed by being exposed to specific outdoor environments as well as a custom apparatus
that could simulate rain, as in the references [26]. Through the above dissolution resistant
experiment, it is possible to find the effects of the calcium oxalate layer, which provides
direction for the sequential application method. This research concentrates on the study of
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coating densification and crystal regulation, while other research gives more attention to
the preparation method, application environment, and performance evaluation [6,27].

2. Materials and Methods
2.1. Coating Formulation

For the coating preparation, ammonium oxalate ((NH4)2C2O4), calcium acetate
(Ca(CH3COO)2· H2O), oxalic acid (H2C2O4), nitric acid (HNO3), dimethyl oxalate (C4H6O4),
sodium hydroxide (NaOH), and ethanol (C2H5OH) were used. All of the chemicals were
acquired from Aladdin-reagent Co., Ltd. (Shanghai, China) and without further purification.
Three distinct solutions were obtained as previous report: 0.1 mol/L ammonium oxalate
solution ((NH4)2C2O4 + H2O), 0.02 mol/L Calcium oxalate solution A (Ca(CH3COO)2·H2O +
C4H6O4+ NaOH + H2O + C2H5OH), and 0.025 mol/L Calcium oxalate solution B
(Ca(CH3COO)2·H2O + H2C2O4 + HNO3 + H2O). To obtain the best results when applied to
outdoor stone, the entire drying period of the solution was set at more than 12 h.

As depicted in Figure 1, obtained solutions were sequentially applied to the selected
substrate: one application of ammonium oxalate solution, four applications of Calcium
oxalate solution A, and one application of Calcium oxalate solution B. Coatings were
deposition on a modest substrate (25 mm × 25 mm × 10 mm) for laboratory analysis, and
on a natural stone for outdoor exposure. The coating was cured by drying for 24 h at room
temperature until a consistent mass was observed.
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2.2. Stone Substrate

Two kinds of calcareous stone substrates were selected to evaluate the composition,
morphology, and performance of the coating. Modest marble substrate (Angera stone)
with dimensions of 25 mm × 25 mm × 10 mm was obtained from the local market and
polished with SiC paper (180#). Nature stone (green-white stone) was collected from the
Fangshan district, where a large quantity of stone relics had been unearthed. Both stones
were ultrasonic cleaned with deionized water and baked for 24 h at 110 ◦C in order to
remove the dust on the surface.

2.3. Characterization Techniques

X-ray diffraction (XRD, Bruker D8 Advance, Karlsruhe, Germany) analysis was used
to analyze the coated stone and acid rain attacked samples. The X-rays were generated
with Cu Kα radiation at 45 kV and 200 mA in a scanning range of 10–70(2θ) with a scanning
speed of 1◦/min and step size of 0.02◦. Before measurements, the samples were cut to meet
the requirements of the analysis.

Raman spectrum were performed by using a Horiba Scientific LabRAM HR confocal
Raman spectrometer (Horiba Scientific, Lille, France). The coated stone, the acid rain
attacked samples and the outdoor exposure samples were excited with 785 nm laser, using
the 50× objective lens with 1 µm spatial resolution. In order to improve the signal to noise
ratio, the acquisition time was fixed at 60 s with 1 accumulation. The analyses performed
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on surface sections placed on the motorized X-Y microscope stage. Raman spectra were
recorded automatically along an area. A great advantage of this method is its high spatial
resolution (4–5 µm). In addition, a visible-light microscope allows characterized of a
selected area. So, the distribution of the phases was obtained by area maps.

Fourier transform infrared spectra were collected on FTIR spectrophotometer, Thermo
Fisher Nicolet (Waltham, MA, USA) is 5, in the range of 500–4000 cm−1, using resolution
4 and 16 scan. The coated marble substrate was done using attenuated total reflection
(ATR) accessory.

Scanning electron microscope (SEM) images were obtained using Tescan Vega3 (Brno,
Czech Republic) from surface of coated stone, the acid rain attacked samples, the outdoor
exposure samples, and cross-sections of coated stone as well as the outdoor exposure
samples. All of the samples were sputter-coated with gold, and observed at an accelerating
voltage of 20 kV.

The surface roughness of coated stone was imaged in the tapping mode in air using
Bruker Nano Dimension Edge AFM (Bruker, Billerica, MA, USA). Samples were calculated
at controlled room temperature (22 ◦C).

The acid resistance of the specimens was evaluated by simulating the rain dissolution
process learn from Graziani reference [26]. Acid solution composed of HNO3 and H2SO4
(1:1, pH = 1, 2, 3, 4) was dripped onto the coated or uncoated marble samples. Furthermore,
the coated green-white stone began to be exposed outside in February of 2021. After one
year of exposure, the environmental degradation of the sample was evaluated. Table 1
summarizes the characteristics of the preceding samples.

Table 1. Characteristics of the samples.

Sample Type Test Description Analysis Description

1 coated stone according to analysis requirement XRD, Raman, FTIR, AFM, SEM
(surface and cross section)

2 stone-1 simulate acid rain dissolution experiment at pH 1 XRD, Raman, SEM (surface)
3 stone-2 simulate acid rain dissolution experiment at pH 2 XRD, Raman, SEM (surface)
4 stone-3 simulate acid rain dissolution experiment at pH 3 XRD, Raman, SEM (surface)
5 stone-4 simulate acid rain dissolution experiment at pH 4 XRD, Raman, SEM (surface)
6 coated stone-1 simulate acid rain dissolution experiment at pH 1 XRD, Raman, SEM (surface)
7 coated stone-2 simulate acid rain dissolution experiment at pH 2 XRD, Raman, SEM (surface)
8 coated stone-3 simulate acid rain dissolution experiment at pH 3 XRD, Raman, SEM (surface)
9 coated stone-4 simulate acid rain dissolution experiment at pH 4 XRD, Raman, SEM (surface)

10 coated
green-white stone

exposure to outside environment
(Beijing huairou district)

Digital image, Raman mapping, SEM
(surface section)

3. Results and Discussion
3.1. Characterization of the Film

As previously stated, it is well known that the application of ammonium oxalate solu-
tion can form a CaC2O4·H2O coating, thereby inhibiting the degradation of the stones [28].
In order to determine the influence of combined treatment with ammonium oxalate solu-
tion, calcium oxalate solution A, and calcium oxalate solution B, the coated marble stones’
composition was thoroughly investigated.

First of all, XRD studies of the crystalline phases (Figure 2a) reveals the corresponding
Bragg peaks for CaMg(CO3)2 and CaC2O4·H2O in the coated stone. It is not surprising that
weddellite and glushinskite are missing under the combined treatment. In fact, a number
of studies discovered that only whewellite precipitated at pH < 5, whereas glushinskite
was absent from the treated dolomite marble due to low amount of this phases in the
reaction rim [29]. Moreover, the Raman spectra (Figure 2b) of the coated stone reveals that
the peaks of whewellite at 140, 192, 246, 501, 597, 725, 895, 1462, 1489 cm−1 were almost
not shifted to the other wavenumbers [30]. This result may be attributed to the absence
of amorphous magnesium oxalate, which is usually detected in dolomite treated with
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ammonium oxalate solution. After the combined use of different calcium oxalate solution
and subsequent washing, the possibility amorphous magnesium oxalate was washed
out. Moreover, FTIR reveals a weak Fe–O bond at 585 cm−1, with the exception of the
whewellite group (Table 2). The associated mineral still present thanks to the lower impact
of ammonium oxalate solution and neutral pH value of the calcium oxalate solution A [31].
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Figure 2. Composition of treated samples. (a) XRD, (b) Raman, (c) FTIR.

Table 2. 2θ degree of test samples.

Samples 2θ (◦) hkl

Dolomite (36–0426) 30.938 104
Coated Stone-1 30.937 104
Coated Stone-2 30.960 104
Coated Stone-3 30.982 104
Coated Stone-4 30.978 104

Stone-1 30.880 104
Stone-2 30.940 104
Stone-3 31.000 104
Stone-4 30.940 104

In order to investigate the morphology of the newly formed crystals, the same portions
of the treated samples analyzed by Raman spectra were observed by scanning electron
microscope. The sample surface is completely coated with calcium oxalate as observed
in Figure 3a. The crystals of whewellite are grouped in agglomerates with an appreciable
tabular structure. The sizes of many crystals are around 1 µm. Interestingly, a homogenous
calcium oxalate layer without distinct layer structure is observed on the dolomite marble
surface after combined treatment (Figure 3b); also, etch pits are not visible on the substrate
surface. Furthermore, the inner layer between the unreacted substrate and the coating has
a comparable texture to the surface layer. It is unclear if this is the penetration result of
the solution A or solution B, or a consequence of the combined deposition process. These
results are consistent with AFM morphological analysis (Figure 3c). The surfaces of stone
are covered with tabular clusters of uniform size and low standard deviations for both
particle species. Moreover, pseudocolor pictures indicate the depth field of surface features,
in which bright color represents the elevated features, and darker colors represent deeper
ones. Variation in the topographical image of the surface indicates the roughness of the
whole sample. However, considering the roughness structure of dolomite basement, these
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roughness values are relatively lower than those of traditional treatment, as shown in
Figure S1 (see Supplementary Materials).
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Figure 3. Morphology of treated samples. (a) SEM-surface section, (b) SEM-cross section, (c) AFM-
surface section.

3.2. Protective Properties of the Film

Stone and coated stone were subjected to a dripping test at pH 1, 2, 3, 4 to evaluate
their resistance to simulate acid rain dissolution. Lower pH values were selected in order
to reproduce severe conditions and observe the specimens’ deterioration. In fact, the
dissolution process of calcium oxalate is related to ionic strength, protonation reactions, and
the production of soluble complex [32]. The laboratory experiments focus on the dissolution
mechanism, which is the most important part of the dissolution process. Considering the
changeable outdoor environment, a field aging test should also be conducted on the coated
samples to evaluate the protective properties.

Regarding the dissolution appearance of stone, the XRD pattern (Figure 4a) exhibits
the dolomite diffraction peaks around 30.9◦, 35.3◦, 37.4◦, 41.1◦, 44.9◦, 51.1◦, 58.9◦, and
67.4◦, corresponding to (104), (015), (110), (113), (202), (116), (211), and (300) preferred
orientations, respectively. These values are consistent with the international Center of
Diffraction Data (ICDD) card number (36-0426). The strongest peak occurs at 2θ~30.9◦,
which is referred to (104) plane. The position of the peaks shifted after simulating acid
rain dissolution, and the coated stone was altered at pH 1–2, leading to the conclusion
that the calcium oxalate layer was destroyed during the dissolution process. In addition, it
can be noticed that 2θ for stone changes irregularly, and maybe other impure constituents
affects the result. The absence of other aging products suggests that the CaSO4 or Ca(NO)3
crystals are easily washed out with runoff solution. In Figure 4b, we compare the Raman
spectra of stone and coated stone treated with acid rain. The main peak of dolomite is not
shifted, and two samples (coated stone-3 and coated stone-4) exhibit prominent whewellite
peaks when the pH value of simulated acid solution is 3 and 4. An obvious rise in dolomite
peak width (FWHM) at higher wave numbers is detected at Coated stone-2, Coated stone-1,
and stone-1. The feature is the result of the dissolution of other crystals. Therefore, the
stone and the coated stone undergo two different dissolution processes.

In order to better characterize the sample dissolution process, the surface morphologies
of all samples after simulated acid rain dissolution are shown in Figure 5. On the stone
surfaces, cracks of varying degrees emerge, signifying the different levels of degradation
correlating to the pH value of acid solution. In comparison, coated stone exhibits vast
changes after simulated acid rain dissolution. The surface denudation of the sample treated
with pH 1 solution confirms that the sample was severely damaged. On the surface of
the other treated sample, only little holes are presented, implying stronger dissolution
resistance. It is possible that the uniform calcium oxalate layer inhibited the dissolution
process on the stone’s surface. The detachment of tightly bonded coating promotes the
destruction of substrate. In order to better reflect the performance of this treatment, we
compared the results with our previous studies using part components of the chemicals,
including using ammonium oxalate individually or together with solution A or solution B.
All the corresponding SEM images are shown in Figures S2 and S3 (see Supplementary
Materials). This comparison can prove that the coating formed through this treatment is
more uniform.
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Figure 5. SEM microscope of test samples after treatment with simulated acid rain at different
pH values.

As mentioned in the introduction, the deterioration process of stone is influenced by
the chemical, physical, and biological factors. Field exposure tests give the possibility to
evaluate the environmental impact on the applied conservation actions. So, treated samples
were subjected to exposure tests in typical environmental at a house estate in Beijing’s
Huairou District. There is no obvious change to the surface of green-white stone samples
coated with calcium oxalate coating materials (Figure 6). The slight yellowing of the treated
samples after 3 months is associated with dust deposition and the pollutant will be washed
away by rain.
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Micro scale surface section of the field exposure sample was investigated with Raman
spectral area map and SEM (Figure 7). Obvious evidence of the existence of the calcium
oxalate was found; more specifically, the lightness of the red area correlates with the
amount of calcium oxalate. After the field exposure, calcium oxalate is the dominant phase
of sample surface, small quant of dark area often related to the surface roughness of sample.
As shown in Figure 7c, calcium oxalate crystals of different sizes accumulate on the rough
sample surface, and porosities are rarely present. The results show the effectiveness and
durability of this treatment method for practical outdoor stone conservation.
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4. Conclusions

In this study, the sequential application of ammonium oxalate, methyl oxalate neutral
mixed, and calcium acetate acid mixed solutions was investigated as a possible route to
provide carbonate rock with acid resistance properties and durable conservation at the
same time.

The resulting coating exhibits a homogenous and refined microstructure, presumably
thanks to the slowly hydrolysis of methyl oxalate neutral mixed and the effect of calcium
acetate acid mixed crystal on crystal structure modification. After prolonged exposure
to simulated acid rain (pH 2–4) and a selective outdoor environment, the acid resistance
properties of the coated stone exhibit greater durability. This is possible due to the bonding
force between the previous deposition particle and the sequential deposition layer. In this
way, sequential deposition particles are firmly incorporated into the previous layer, thereby
forming a durable conservation layer.

Considering the durability of the coating investigated in this study, the advantage of
the sequential application is evident. More experiments to assess the mechanism of the
coating formation process will be the next step in the research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings12101412/s1, Figure S1: The AFM of dolomite marble
after ammonium oxalate solution treatment; Figure S2: SEM images of (a) Marble, (b) Sample ‘SF’,
(c) Sample ‘PF’ after immersion tests for 6 h; Figure S3: SEM images after UT (a,d), AO (b,e) and
0.02 mol/L CA (c,f) were treated with 750 mL acid solution(HNO3:H2SO4 = 1:1), with an initial pH
of 4.0.
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Abstract: An innovative method using a methanol solution of barium hydroxide-urea as a protective
agent was investigated for the conservation of stone artifacts with harmful gypsum weathering crusts.
In this method, the methanol solution of barium hydroxide-urea and water were introduced into the
gypsum crust in sequence by surface spraying. By doing so, the harmful gypsum crust is directly
converted into a barium sulfate—calcium carbonate composite protective layer. The properties of the
composite layer were characterized by SEM-EDX, XRD, ATR-FTIR, IC, water solubility, wetting angle,
color difference, open porosity, capillary water absorption, and surface hardness. The results of the
morphological and composition characterization (SEM-EDX, XRD, ATR-FTIR) indicate that the added
urea can promote the carbonization reaction effectively. In addition, the methanol solution of barium
hydroxide-urea can penetrate deep into the gypsum crust. The results of the physical properties
characterization denote that the water stability of the specimens was significantly increased after
the protection treatment; an approximate ten-fold stronger water resistance ability was achieved.
Meanwhile, the intrinsic physical properties of gypsum crust, such as pore structure and original
appearance, could basically be maintained. The presented conservative method has high facility and
controllability and satisfying conservation effect, which means it has potential in the conservation of
surface weathering carbonate stone artifacts.

Keywords: barium hydroxide; urea; methanol solution; gypsum crust; stone artifacts

1. Introduction

Calcareous stone artifacts are widespread around the world. However, the stability of
such artifacts is not strong enough [1,2]. As a result, they are susceptible to corrosion, and
weathering diseases are prevalent among them. There are a number of factors that can cause
this damage, and the effects of sulfur oxides are non-negligible. With the development
of industrialization, the contents of these kinds of chemicals have increased dramatically
and will react with the calcareous stone artifacts [3]. This will transform calcium carbonate
into calcium sulfate, which will eventually generate the gypsum crust [4]. The resulting
gypsum crust is believed to be one of the most destructive weathering products for contam-
inated artifacts. This mainly results from the much higher solubility of gypsum in water
(Ksp = 3.14 × 10−5) than that of calcium carbonate (Ksp = 3.36 × 10−9) [5]. Thus, the
surface erosion of stone artifacts with gypsum weathering crusts can be readily caused by
rain scouring. In addition, the higher solubility of gypsum can lead to serious flaking and
crumbling damage of the stone artifacts because of the re-crystallization pressure [6,7].

Different types of methods have been studied to conserve the stone artifacts, and
several new approaches have been proposed in recent years. Removing the gypsum crust
directly via cleaning is a traditional method and various techniques have been investigated
by scientists, such as laser cleaning, chemical cleaning, and bio-cleaning [8–10]. Recently,
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Yan Liu et al. (2021) put forward a novel method using the scavenger of barium carbonate
embedded in an absorbent cotton-coating; they let it react with the calcium sulfate specifi-
cally to achieve a targeted cleaning outcome on a surface sulfated marble [11]. Cleaning
is an effective method. However, in most cases, the surfaces of the stone artifacts always
contain different decorative elements or characteristics that carry important historical and
cultural data [12]. Therefore, since the losses of historical and cultural values are irre-
versible, the gypsum crust cannot be simply removed in its entirety. With the development
of organic materials, they have been applied in many areas, including the conservation
of deteriorated stone artifacts. Commercial acrylic and methacrylic resins have been ex-
tensively applied since the 1960s [13]. However, these conventional organic polymers are
incompatible with the inorganic substrates protected and show distinct aging phenomena,
such as yellowing, cracking, and embrittlement after a period of time [14]. In recent years,
inorganic components have been added to improve the properties of pure organic polymers.
Many different kinds of inorganic nanometric reinforcing agents, such as TiO2 and SiO2,
were incorporated with organic polymers by scientists who sought better conservation
material [15]. Nevertheless, recent results showed that the added TiO2 nanoparticles can
cause the degradation of the incorporated Paraloid B-72 after exposure to UV light for a
certain period of time; other outcomes also indicate that the durability of these organic–
inorganic hybrid materials are not satisfying [16]. Conversely, the inorganic materials show
high compatibility with the protected inorganic substrates; thus, leading to high durability.
Lime water and barium hydroxide aqueous solution were the earliest-studied inorganic
consolidants [17]. Nevertheless, their conservation effects are also dissatisfactory. The use
of lime water was previously estimated to be inefficient, mainly due to the low solubility of
calcium hydroxide in the water. Even with a massive amount of time of the conservation
treatment, the obtained conservation effect is still very poor [18]. Theoretically, the barium
hydroxide aqueous solution can convert the hazardous gypsum crust into barium sulfate
and calcium hydroxide, which could gradually be carbonized to calcium carbonate. These
acquired substances will provide protective effects against the decay of the stone [17].
Nonetheless, the extremely high reactivity of barium hydroxide in an aqueous solution
makes this material unsatisfactory. When it contacts carbon dioxide in the atmosphere and
the gypsum (or another sulfate, such as sodium sulfate in the interior of the stone artifacts),
barium carbonate, barium sulfate, calcium hydroxide, as well as other chemicals would
yield rapidly [19]. These substances will hinder the barium hydroxide aqueous solution
from deeper penetration into the substrate, leading to a relatively restricted conservative
effect presented only on the very surface of the substrate rather than providing sustained
effective protection [20]. Hence, the Ferroni–Dini method was developed to obtain better
conservation results. This method consists of two sequential procedures: desulfuration by
a solution of ammonium carbonate and consolidation by an aqueous solution of barium
hydroxide. The added desulfuration procedure aims to reduce the amount of the sulfate
on the surface of the infected cultural heritage to ensure the better ability of the barium
hydroxide aqueous solution to penetrate deep into the substrate and obtain a better conser-
vation effect [21]. However, after this treatment, different outcomes occur on different kinds
of cultural heritages. It achieves positive results on the frescoes and, inversely, negative
consequences on the stone artifacts [22,23]. The reason for this should be that the gypsum
crust on frescoes is thin and could obtain complete desulfuration [24]. On the contrary, the
gypsum crust on stone artifacts is too thick to obtain complete desulfuration [25]. Therefore,
the undesired reactions mentioned above will inevitably occur on stone artifacts with
gypsum weathering crusts and lead to unsatisfactory protective properties. Thus, some
new kinds of inorganic materials have also recently been explored, such as hydroxyap-
atite, nano calcium hydroxide, and barium hydroxide dispersions [26,27]. Nevertheless,
the shortcomings of these materials are also evident. The introduction of hydroxyapatite
would provide an abundant source of phosphorus in favor of many microorganisms. As
for the nano organic materials, the preparation methods are mostly complicated [28]. In
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addition, nanoparticles tend to agglomerate; this will constrain their penetrability. Hence,
the conservation effect can be impaired, too.

With all the limitations of the materials mentioned above, recently, we proposed the
methanol solution of barium hydroxide as a novel treatment agent for the conservation of
stone artifacts with gypsum weathering crust; the results were satisfying because of the
organic solvent employed. When barium hydroxide is dissolved in a methanol solvent, it
does not possess the activity to react with carbon dioxide in the atmosphere and calcium
sulfate in the gypsum crust, as they are ionic reactions that can only occur in aqueous
solutions. As a result, insoluble substances, i.e., barium carbonate, barium sulfate, and
calcium carbonate, are not produced, ensuring that the solution has the ability to penetrate
deep into the substrate. Moreover, the solubility of the barium hydroxide in the methanol
solvent is much higher and the preparation method of the new treating solution is fairly
facilitated [29]. However, this approach may face obstacles when applied to outdoor
calcareous stone artifacts due to difficulties in further carbonating the resulting calcium
hydroxide. Because the methanol solution of barium hydroxide can delve deep into the
substrate, the carbonization reaction of the calcium hydroxide produced in the inner part of
the substrate could be restricted since the content of the carbon dioxide in the atmosphere
is quite low (0.038%) and the surface reaction will take place first. Thus, the complete
carbonation reaction of outdoor stone artifacts after treatment with a barium hydroxide
methanol solution may take a long time. Hence, in this paper, we prepare a methanol
solution of barium hydroxide-urea as a new reagent for the conservation of stone artifacts
with gypsum weathering crusts. The addition of urea could provide a continuous source
of carbonate ions and permit a continuous carbonation reaction without compromising
the advantages of the barium hydroxide methanol solution. Therefore, the ability of the
methanol solution of barium hydroxide-urea to penetrate deep into the gypsum crust, as
well as the high controllability (the reaction only occurs after the water supply) of this
application strategy, will be maintained; they are of great importance for the conservation
of stone artifacts with gypsum weathering crusts. In addition, due to the addition of urea,
the entire conservation reaction can take place from the interior of the substrate without
restriction, and the unstable intermediate product calcium hydroxide will be eliminated
as soon as possible. Hence, a good conservation effect will be ensured. In application, the
methanol solution of barium hydroxide-urea was first applied into the gypsum crust at
different times to compare the conservation effects of the different amounts of introduced
protectants. Water was then provided to stimulate reactions between them. The simple
application procedures of the proposed protectants are shown in Figure 1. The conservation
effect was evaluated by SEM-EDX, XRD, ATR-FTIR, water solubility, color difference, IC,
wetting angle, open porosity, capillary water absorption, and surface hardness.

Figure 1. Conservation schematic diagram of surface gypsification stone artifacts.
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2. Materials and Methods
2.1. Sample Preparation

All chemicals were of analytical grade and used without further purification. Ba(OH)2,
urea, and anhydrous methanol were purchased from Sinopharm Group Co., Ltd., Shanghai,
China.

Referring to the previous literature, the specimens were prepared by the following
method: the marble specimens (2.0 × 2.0 × 2.0 cm) were cleaned with deionized water
first and then left to dry for one day. Afterward, to simulate a surface gypsum crust, the
specimens were placed into an aqueous solution of H2SO4 at pH 2 for 24 h [26]. Then, the
specimens were taken out and further desiccated prior to use.

The mixed solution of barium hydroxide-urea in methanol at a concentration of 10%
was prepared by dissolving barium hydroxide and urea into the anhydrous methanol.
After stirring for hours, the solution was centrifuged and ready for use.

The conservation routine was as follows: the specimens were sprayed with the reagent
solution until they could no longer be absorbed and then left to dry in a confined environ-
ment. In order to compare the conservation effects of the different amounts of introduced
protectants, the above operation was operated three successive times on three sets of speci-
mens, each containing five specimens. Later, the specimens were provided with sufficient
water by spraying, and further cured for one month in a sealed and moist environment
before various tests were carried out. The protective performances of the specimens with
different numbers of treatments were characterized by water solubility, color difference, IC,
wetting angle, open porosity, capillary water absorption, and surface hardness. To further
characterize the conversion process of the conservation treatment, SEM, XRD, and FTIR
were performed on 3-fold-treated specimens, from which the best conservation effects were
obtained.

2.2. Characterization

The structure and composition of the specimens were analyzed by scanning electron
microscopy (SEM, VEGA-3XMU, TESCAN, Brno, Czech, BSE mode, 12.00 kV of accelerating
voltage, and 10.0 mm of working distance) with energy-dispersive X-ray spectroscopy (EDX,
Genesis 2000 XMS, EDAX, Inc., Mahwah, NJ, USA), X-ray diffractometry (XRD, Smart Lab,
Rigaku, Tokyo, Japan, Cu Ka radiation, scanning range 10◦~90◦, step length 0.01◦, scanning
speed 10◦/min), and attenuated total reflectance–Fourier transform infrared (ATR-FTIR,
TENSOR 27, Bruker, Billerica, MA, USA, scanning wave number 4000–600 cm−1, resolution
4 cm−1, scanning times 16 times) spectroscopy.

The water solubility of the specimens with different times of the conservation treatment
was approximately measured by a conductivity meter (DDSJ-308F, Rex, INESA Scientific
Instrument Co., Ltd., Shanghai, China). The specimens were placed in a beaker containing
200 mL of water under mechanical agitation, and the conductivity values of the solution
were recorded automatically every minutes as soon as the specimens were placed in the
beaker until the values were approximately steady. Ion chromatography (IC, ICS 1100/1600,
Thermo Fisher Scientific, Cleveland, OH, USA) was applied to further affirm the ion content
of the solution after the detection of the water solubility of the specimens.

To assesses the water repellency of the specimens, the wetting angles of the specimens
were tested via a contact angle tester (JGW-360B, Beijing Haifuda Technology Co., Ltd.,
Beijing, China).

To evaluate the color differences of the specimens, a portable colorimeter (WSC-2B,
INESA Scientific Instrument Co., Ltd., Shanghai, China) was used. The treated specimens
after curation were further desiccated under dry and ventilated conditions for 3 days and
were then tested. Five points from the different parts of the surfaces of each blank and
treated specimen were tested to minimize the experimental error. The results were analyzed
according to the colorimetric coordinates (CIELAB); the formula is as follows:

∆E* = (∆L*2 + ∆a*2 +∆b*2)1/2 (1)
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According to this color representation, L* is lightness, a* is the red–green component,
and b* is the yellow–blue component [30].

To determine the capillary water absorption and open porosity of the specimens, an
electronic density tester (MZ-C300, Mayzun, Shenzhen, China) was employed.

To invest in the surface hardness of the specimens, a shore D durometer (LX-D-1,
Dongguan SanLiang measuring tools Co., Ltd., Dongguan, China) was applied.

3. Results and Discussion
3.1. Morphological and Chemical Characterization

The surface microstructure changes of the specimens are shown in Figure 2. As ex-
pected, a loosened needle-like morphology appeared for the blank specimen (Figure 2a,d).
The micropores are clearly visible, as depicted in Figure 2d. This typical gypsum morphol-
ogy has been confirmed by many scientists before [31,32]. The characteristic diffraction
peaks (d = 7.6057, 4.2649, 3.7912, 3.0515, 2.8643, 2.6760 Å) in the XRD results (Figure 3a)
further corroborated the gypsum component. After introducing only the methanol solution
of barium hydroxide-urea, it can be seen in Figure 2e that the labeled in-compact protectants
scattered across the entire surface act similarly to padding rather than provide any connec-
tion strength. The voids and pores of the original blank specimens were completely covered
by them (Figure 2b,e). For the XRD results, gypsum is still the only phase that could be ob-
served and the existence of the barium-contained phases could not be detected (Figure 3b).
The reason for this could be that the barium-containing phases were in amorphous form
and the XRD representation was not able to identify these types of entities. This denotes
that the reaction between the reagent solution and the gypsum crust will not occur without
the water supply. This is because the reactions between them are ionic and cannot occur in
organic solvents. After the supply of water, however, there was an evident change in the
morphology of the treated specimens. The in-compact padding substance before the water
supply changed into a more continuous structure. The scattered introduced conservative
materials and the original gypsum matrix merged entirely (Figure 2c,f). The XRD results
further reveal that the compositions of the newly emerged structure are barium sulfate
(d = 3.8898, 3.4333, 3.3106, 2.8376, 2.1008 Å) and calcium carbonate (d = 3.0362, 2.2847,
1.9111, 1.8748 Å) (Figure 3c). Thus, the new compact structure presented in Figure 2c,f is a
barium sulfate-calcium carbonate composite layer. In addition, the crystallographic form
of the calcium carbonate is calcite; this follows the investigation results of the previous
studies, i.e., the addition of water supply is more likely to produce calcite. On the contrary,
when there is a large number of organic molecules in the solution and no straight water
supply, this shows a tendency to favor the formation and kinetic stabilization of vaterite in-
stead of stable calcite [33,34]. These results indicate that the conservation reaction between
barium hydroxide and the gypsum crust is completed after the water supply. Because of
the introduction of water, the urea was decomposed into the form of ammonia and carbon
dioxide. The ammonia was released into the environment; the carbon dioxide produced
via this process was performed as a continuous source of carbonate ions to lead to the
carbonation reaction from the internal substrate. The chemical equations are as follows:

CO (NH2)2 + H2O = CO2 + 2NH3 (2)

Ba(OH)2 + CaSO4 = BaSO4 + Ca(OH)2, (3)

Ca(OH)2 + CO2 = CaCO3 + H2O (4)
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Figure 2. Surface morphology of the specimens with different magnifications (the yellow rectangle
areas of the (a–c) are magnified to (d–f), respectively), (a,d): blank specimen, (b,e): treated specimen
before water supply, (c,f): treated specimen after water supply.

Figure 3. XRD results of the specimens: (a) blank specimen, (b) treated specimen before water supply,
(c) treated specimen after water supply.
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The FTIR spectra of the specimen after treatment with the reagent solution and before
the water supply are presented in Figure 4. Moreover, the spectra of the gypsum, barium
hydroxide, and urea are displayed for comparison. As shown in Figure 4, the characteristic
peaks of the gypsum matrix can be clearly observed from the spectrum of the specimen.
The general trend of peaks around 2250 cm−1 and 2800 cm−1 in the spectrum of the spec-
imen is consistent with the spectrum of barium hydroxide, suggesting the presence of
barium hydroxide. Meanwhile, the absence of the sharp vibrational band of OH stretching
modes in Ba(OH)2 located at 3570 cm−1 in the specimen’s spectrum should be attributed to
the reaction between barium hydroxide and methanol [35,36]. The peaks that appeared
at around 1620 and 1460 cm−1 can be assigned to amide II bending and C-N stretching
vibrations of the urea [37]. In addition to the peaks mentioned above, other peaks are
marked in the figure and can further confirm the successful introduction of barium hydrox-
ide and urea into the specimen, which cannot be verified in the XRD results. The FTIR
results for the specimen after the water supply are depicted in Figure 5. Similar to Fig-
ure 4, the spectra of the potential (definite) components of the specimen are also presented.
Even though the spectra of the calcite and barium carbonate are highly similar, the sharp
peaks located at 1797, 874, and 711 cm−1 in the spectrum of the specimen can easily be
attributed to calcite, as their specific locations are quite different from those of the barium
carbonate peaks. However, the peak for mode v3 of the CO3

2− is located at 1454 cm−1

in the specimen’s spectrum, which is slightly different from the spectrum of the calcite.
Nevertheless, the slight discrepancy of this peak is not crucial for the confirmation of the
calcite as it can shift occasionally; this can also be observed in the other forms of calcium
carbonate. Conversely, the peaks of the other forms of the calcium carbonate located at
lower wavenumbers, such as calcite (874 and 711 cm−1), aragonite (856 and 711 cm−1), and
vaterite (875 and 745 cm−1), are usually not changed under different situations [33,38–40].
Hence, the existence of the calcite can be fully ascertained here; this is in accordance with
the XRD results. The appearance of the peaks at 637 and 610 cm−1 in the spectrum of the
specimen, when compared with that of the gypsum, should certainly be ascribed to barium
sulfate. In addition, the absorption peaks at 1080 cm−1 in the specimen’s spectrum come
from the sulfur-oxygen (S-O) stretching of the barium sulfate [41]. These FTIR analytical
data are in good agreement with the XRD results and can further complete the results. In
the XRD results, the urea and barium hydroxide cannot be distinguished from the spectrum
before the water supply. Nevertheless, these substances can be clearly identified from the
FTIR results. Therefore, the whole reaction process is fully confirmed.

To determine the length of time required for the conservation reaction to occur entirely,
the FTIR was applied to identify the extent of the reaction since the reagent solution was
introduced and the spectra are shown in Figure 6. For FTIR spectra, the quantitative analysis
of different substances in the tested specimen was normally performed by comparing peak
intensities. Hence, herein, the peak intensities of the characteristic peaks of the produced
calcium carbonate (1454, 874 cm−1) and barium sulfate (1080 cm−1) can be used to ascertain
the contents of them in the treated specimen and estimate the extent of the conservation
reaction. By comparing the peak intensities of the calcium carbonate (874 cm−1) and
original gypsum crust (668 cm−1), it is evident in Figure 6 that the peak intensity of calcium
carbonate shows an incremental trend along with the time; however, it started barely to
change after 4 days of the water supply. Meanwhile, the peak intensity of the barium
sulfate (1080 cm−1) also presented the same accumulative trending as that of calcium
carbonate, which can be observed in Figure 6. In addition, the intensity of the peak located
at 1454 cm−1 for the calcium carbonate almost did not alter at different times; this was
observed in the preceding studies [40,42]. However, as depicted in Figure 6, the lengths
of the vertical red lines may also stand for the content of the calcium carbonate. This is
because the spectrum of the pure calcium carbonate shows a distinct downward feature
at around 1400 cm−1 (Figure 5). The lengths of the red lines indicate the extent of this
downward feature, which is the content of the calcium carbonate. It also increases during
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the first four days after the water supply and is almost unaltered thereafter. Therefore, the
whole conservation reaction can take place within one week.

Figure 4. FTIR spectra of the specimen before the water supply.

Figure 5. FTIR spectra of the specimen after the water supply.
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Figure 6. FTIR spectra of the specimens at different time intervals.

The cross-sectional morphology changes of the specimens are shown in Figure 7.
The blank specimen displays a structure in agreement with the surface morphology (Fig-
ure 7a,d). After being treated with a reagent solution, and before being supplied with
water, the morphology of the specimen showed a difference. As labeled in Figure 7e, the
areas represented by the five yellow lines are a little darker than their surrounding areas
and there are other different parts similar to them. In addition, the surrounding areas in
lighter colors show cobweb-like morphology. It is clear that these features are not presented
in the blank specimen and it should be the result from the introduced protectants. The
surrounding areas in lighter colors should be the introduced protectants that cover the
original gypsum substrate. However, the specimens need to be broken to observe the cross-
sectional morphology. Through this process, the original morphology of the specimens can
be affected. The gypsum substrate, which is supposed to be covered evenly, is partially
exposed, and the exposed gypsum substrates can be observed as the darker areas labeled
in Figure 7e. After the water was provided, a more compact structure emerged, and the
gypsum substrate was hardly exposed (Figure 7c,f). The needle-like structure of the blank
specimen is tightly folded by the newly produced material, which is barium sulfate and
calcium carbonate according to the aforementioned XRD and FTIR results. The EDX results
of the treated specimens before and after the water supply indicate that the reagent solution
has the ability to penetrate deep into the substrate. The even distribution of the barium
element can be detected consistently from the surface to a depth of about 3000 µm for the
specimen provided with water (Figure 8right), which is a little deeper than the specimen
before the water supply (Figure 8left). This may be due to some protective materials being
transferred with the flowing water. These results imply that the ability of the methanol
solution of barium hydroxide to penetrate deep into the substrate was not affected by the
adding urea and it is still much better than the aqueous solution because of the organic
solvent adopted [29].
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Figure 7. Cross-section morphology of the specimens with different magnifications (the yellow
rectangle areas of the (a–c) are magnified to (d–f), respectively), (a,d): blank specimen, (b,e): treated
specimen before water supply, (c,f): treated specimen after water supply.

Figure 8. Line scan results of specimens; (left): the treated specimen before water supply,
((upper): SEM image with the yellow line analyzed by EDX, (lower): line scan results of the barium
element), (right): treated specimen after water supply, ((upper): SEM image with the yellow line
analyzed by EDX, (lower): line scan results of the barium element).

3.2. Physical Properties Characterization

Electrical conductivity was used to evaluate the water solubility of the specimens; the
results are illustrated in Figure 9. It is commonly used for indicating the total concentration
of the ionized constituents of a solution and is positively related to the sum of the anions
(or cations) chemically determined [43]. Gypsum is a fairly dissoluble salt. Hence, when
the blank specimen was placed into the water, an appreciable quantity of the gypsum was
decomposed into calcium ions and sulfate ions, which made the electrical conductivity of
the blank specimen reach about 1800 µS/cm. After the conservation operation, the less
soluble barium sulfate and calcium carbonate will be produced and the original gypsum
substrate will be covered, according to the SEM images. Thus, the conductivity of the
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treated specimens is significantly reduced. The maximum value of the conductivity of
the specimen with only one spray operation is about 800 µS/cm and it could be further
decreased to about 500 µS/cm after two operations. After triple-spray operations, the value
is only about 250 µS/cm, which is far below the results of the blank specimen. The most
likely causes for these different degressive results are that the barium hydroxide absorbed
by the specimens (with different spray-operation times) is incremental and the gypsum
substrate could be coated better.

Figure 9. Conductivity results of the specimens before and after treatment.

The IC results are delineated in Figure 10 and the specific data values are exhibited
in Table 1. Due to instrumental limitations, SO4

2− is the only ionic species that can be
efficiently detected and is relevant to this study. In general, the regularity of the variation of
the SO4

2− content among the different solutions is roughly consistent with the conductivity
results. The solution of the blank specimen reaches its highest value and the solution
of the specimen after three treatments achieves its lowest, as expected. As mentioned
above, due to the difference in solubility between the original substrate gypsum and
the product barium sulfate, the SO4

2− in the solution should mainly originate from the
gypsum. In addition, the SO4

2− content ratio between the blank specimen and the specimen
after 3 treatments is as high as 30 (Table 1). This is a larger number compared with the
approximate 8 times calculated from the electrical conductivity results. The reason for
this could be that there may be some contamination ions in the specimens or the urea
was not decomposed completely. Furthermore, the produced calcium carbonate may also
have led to this outcome. This significant reduction in SO4

2− content indicates that the
initially susceptible gypsum crust was almost fully shielded after three treatments with the
methanol solution of barium hydroxide and urea.
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Table 1. The SO4
2− ion content of the specimens with different treatment numbers.

Specimens with Different
Treatment Numbers Type Area

(S*min)
Height

(S)
Amount
(mg/L)

0 (blank) BMB 75.083 186.735 65.413
1 BMB 19.226 48.921 16.783
2 BMB 10.940 27.031 9.569
3 BMB 2.575 5.929 2.287

The outcomes of the wetting angles are displayed in Figure 11. All images were taken
as soon as the droplets contacted the surface due to the high hydrophobicity of the gypsum
substrate, after which, they were absorbed by the substrate. The wetting angle of the blank
specimen was only 17.00◦ and increased slightly to 18.68◦ after being treated only once with
the methanol solution of barium hydroxide and urea. After being treated twice, the wetting
angle of the specimen changed to 30.00◦ and increased to 42.56◦ after three treatments.
Typically, the magnitude of the wetting angle represents the hydrophilic or hydrophobic
nature of the material. When the wetting angle of the surface is located in the range of 0◦ to
90◦, the surface can be regarded as hydrophilic. Hence, the conservation treatment does
not alter the hydrophilic nature of the original gypsum crust and the “breathing function”
of the matrix could be maintained. The results show distinct differences with the organic
coatings, which lead to a complete water repellency and are incompatible with the inorganic
gypsum. Hence, this will eventually cause fissures and cracks [44,45]. However, despite
the definition mentioned above, a larger wetting angle also represents a more hydrophobic
surface even if it is an acute angle. Therefore, the surface of the specimen will become more
hydrophobic along with the incremental number of conservation treatments. This could
mainly be due to the generated barium sulfate and calcium carbonate. They have fairly low
solubility and are able to cling tightly to the gypsum crusts, making them more durable
and allowing for better water resistance.

Figure 11. Wetting angles of the specimens with different treatment numbers, (a) blank specimen,
(b) specimen after a single treatment, (c) specimen after two treatments, (d) specimen after three
treatments.

The outcomes of the color differences of the specimens before and after treatment are
shown in Table 2. According to the formula mentioned above, the color differences (∆E*) of
the treated specimens compared with the blank specimens were calculated. The results of
the specimens with different treatment numbers are all varied in a range far below 5; this
will not be recognized by the human eye [46]. It signifies that the “original appearance”
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of the specimen was almost unaffected after the introduction of the methanol solution of
barium hydroxide-urea; this is of vital importance for cultural heritage objects.

Table 2. Color differences of the specimens before and after treatment.

Specimens with Different
Treatment Numbers L* a* b* ∆L* ∆a* ∆b* ∆E*

0 (blank) 38.98 0.99 3.90 - - - -
1 39.14 0.88 3.34 0.16 −0.11 −0.56 0.59
2 38.65 0.92 3.28 −0.33 −0.07 −0.62 0.71
3 39.18 0.78 2.82 0.20 −0.21 −1.08 1.12

The results of the open porosity and capillary water absorption of the specimens are
presented in Figures 12 and 13. The open porosity of the specimens decreased from about
40% to 34% after three treatments (Figure 12). This suggests that the specimens acquired
denser and more compact structures after treatment, which is clearly shown in the SEM
results. This could be mainly due to the adequate introduction of the methanol solution of
barium hydroxide-urea. As a consequence of the formation of the inert protective barium
calcium sulfate carbonate layer, the capillary water absorptions of the specimens reduced
from about 30% to 23% (Figure 13). The extent of this variation is an evident change indeed.
However, it is not unacceptable when compared with synthetic polymer film [47]. This is
roughly consistent with the results obtained for the wetting angle: the hydrophilic nature
of the primordial gypsum crust can be considered largely maintained, especially because
the solubility of the specimens is significantly reduced.

The surface hardness of the specimens before and after treatment are shown in
Figure 14. The average surface hardness of the blank specimens is about 69.1 HD, which
increases to about 72.5 HD after three treatments. This is in accordance with the results
of the SEM and the open porosity. After the introduction of the methanol solution of
barium hydroxide-urea, the initial loose gypsum structure was wrapped rigidly by the
producing barium sulfate and calcium carbonate. As a result, a denser structure emerged
and eventually gave rise to an increase in the surface hardness.

Figure 12. Open porosity of the specimens before and after treatment.
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Figure 13. Capillary water absorption of the specimens before and after treatment.

Figure 14. Surface hardness of the specimens before and after treatment.

4. Conclusions

Herein, an innovative route using a methanol solution of barium hydroxide-urea
for the conservation of stone artifacts with gypsum weathering crusts was investigated.
After the introduction of the barium hydroxide-urea methanol solution and water, in se-
quence, the barium sulfate and calcium carbonate layer were formed to provide prolonged
protection for the brittle stone artifacts; this reaction can be completed within one week.
Because of the low content of carbon dioxide in the natural atmosphere and the complete
carbonization reaction difficulty that the internal substrate could face, the urea was added
as a modifier into the methanol solution of barium hydroxide to provide a continuous
source of carbonate ions. In addition, the existence of the urea did not affect the high
solubility of the barium hydroxide in the methanol or the ability of the barium hydroxide
methanol solution to penetrate deep into the substrate.
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The conservation effect of the methanol solution of barium hydroxide-urea was satis-
fying. The conductivity and IC results reveal a clear increase in the water resistance ability
of the treated specimens, which can be up to ten times stronger than the blank specimens.
Meanwhile, the results of a larger surface hardness value indicate more solid structures
of the surface gypsum crusts of the treated specimens. In addition, the results of the color
difference, wetting angle, open porosity, and capillary water absorption denote that the
inherent physical properties of the gypsum crust and original appearance were hardly
altered. These positive results show that the methanol solution of barium hydroxide-urea
could have great potential in the conservation of stone artifacts with gypsum weathering
crusts.

However, there are still limitations to this method that can be further studied. It was
noticed that the urea could produce carbon dioxide as well as ammonia, which is an irritant.
Thus, how to reduce the irritation of ammonia still needs further investigation. In addition,
the use of the methanol solvent could be detrimental to human health. Hence, there is a
need to find ways to diminish this harm. We hope that through a continuous investigation,
there will be more exciting findings about this novel conservation method.
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Abstract: As an environmental semiconductor material, TiO2 has important applications in the
fields of environmental protection and water treatment. The preparation of P25 particles into nano-
functional material films with a high specific surface area has always been a bottleneck limiting its
large-scale application. In this paper, a one-step method of preparing TiO2 nanocomposites by doping
carbon nanotube (CNT) and carbon quantum dots (CQD) with tetrabutyltitanate and P25 TiO2 under
ultrasonic radiation is proposed to synthesize a novel antifouling material, which both eliminates the
bacterium of Escherichia coli and shows good photoelectric properties, indicating a great value for
the industrial promotion of TiO2/CNT. This mesoporous composite exhibits a high specific surface
area of 78.07 M2/g (BET) and a tested pore width range within 10–120 nm. The surface morphology
of this composite is characterized by TEM and the microstructure is characterized through XRD.
This preparation method can fabricate P25 particles into a nano-functional material film with a high
specific surface area at a very low cost.

Keywords: TiO2; carbon quantum dots; one-step synthesis; ultrasonic radiation; carbon nanotube;
mesoporous nanocomposites

1. Introduction

Photosynthesis in nature achieves a highly efficient solar energy conversion mainly
through combining several different molecules to arrange the nanoscale, which indicates the
importance of a technique for the site-selective coupling of different materials to realize ar-
tificially efficient devices [1–3]. TiO2 is a kind of safe, stable, and cheap material, which has
attracted significant research interest [4–9]. Photo-catalytic reactions on the semi-conductive
surfaces of TiO2 materials are widely investigated and reported for the purposes of
(1) water splitting to produce H2 and (2) eliminating pollutants from water and air [10–15].
Obviously, the direct splitting of water molecules through Photo-electrochemical (PEC)
processes is a sustainable green approach to convert water and sunlight to hydrogen and
oxygen to achieve [16,17]. Much effort has been made in the selection of efficient stable
semiconductor materials to build PEC cells, thus bringing silicon (Si), III–V compounds, and
various oxides into sight [18–23]. In the first-row of transition metal oxides, TiO2 is a poor
water oxidation catalyst with a large over potential for the sluggish kinetics and oxygen
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evolution reaction [14]. Hence, it is essential to develop a TiO2-based visible light respon-
sive photo-catalyst, and much work has been done to develop “second-generation” TiO2
and other narrow band gap semiconductors to absorb visible light [17,24–27]. Though nano-
sized particles could be prepared by the sol-gel method for the film’s preparation, the size
of the particles is difficult to control [28–32]. The introduction of the graphene/graphene
derivatives (including graphene oxide (GO) and other forms of functionalized graphene),
the 3D single atom thick carbon layer, as the framework of the membrane, enables the
morphology of the nanostructured materials to be extended from 1D to 0D (nanoparticles).
The range of the nanostructured materials chosen is extended from only the photocatalytic
materials (TiO2, ZnO, CoS, CdS, CdSe, MoOx, etc.) to other functional materials (MnO2
for oxidation, Ag for disinfection, Pt for catalysis, etc.). Applying the 3D graphene-based
nanocomposite multicomposite membrane with an expected thickness < 100 nm for the
desalination applications will potentially create a new and promising industrial sector, and
these applications are still undeveloped.

It is known that TiO2 is a wide bandgap semiconductor, with a low-to-moderate
response rate to sunlight, and research has focused on reducing the absorption edge
energy to improve the utilization of sunlight [33,34]. Moreover, the large specific area of
mesoporous TiO2 nanoparticles is another favorable factor for generating large quantities
of active sites for a photocatalytic reaction, which has taken place on the surface of the
photocatalyst [35]. Additionally, the preparation of P25 particles into nano-functional
material films with a high specific surface area has always been a bottleneck limiting its
large-scale application.

In this work, sol was prepared with tetrabutyl titanate; commercial P25 TiO2 was
added to ensure the uniformity of the nanoparticles; and CNT and CQD were doped to
improve the light absorptivity of the semi-conductive materials. CQD also contributed to
the gel’s formation.

2. Experimental Section
2.1. Synthesis

Ti(O-i-C4H9)4 (TB, Aladdin, AR) (≥98% Ti) and ethanol absolute (EtOH, Aladdin,
Nanjing, China, AR) were blended with a 5% (wt.) multi-wall carbon nanotube (Nano-Com
Shanghai, China,) average particle size 10–20 nm) to make a mixture. Hydrochloride acid
was added as a catalyst to enhance the hydrolysis rate. Commercial P25 TiO2 (Innochem)
particles with an average particle size of 25 nm were dispersed into the Ti-based sol at
0.2 g/mL in vigorous magnetic stirring for 30 min. GQD nanomaterials with a diameter
of 15 nm were purchased from Aladdin (G196610-100 mL). GQDs were dispersed into
the tetra-n-butyl orthotitanate at 80 mg/mL in vigorous magnetic stirring for more than
5 min. The mixture was then stirred via vigorous mechanical stirring and subsequently
placed in an 80 ◦C water bath with an ultrasonic (Dakou, Kongshan, China, KQ-300VDE,
45 kHz) for 5 h. After that, the sonicated mixture was dried overnight at a temperature
of 80 ◦C and then calcined in an Ar atmosphere at 450 ◦C for 6 h before the grounding
procedure to obtain an anatase phase. The schematic of the formation of the mesoporous
TiO2/CNT/CQD nanocomposites membrane is shown in Scheme 1.
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Scheme 1. Formation of mesoporous TiO2/CNT/CQD nanocomposites membrane by sol-gel ultra-
sonic irradiation method.

2.2. Characterization

Various characterizing techniques, including a transmission electron microscope (FEI
Talos-F200S TEM), pore structure determination (Brunauer–Emmett–Teller, BET method),
and X-ray diffraction (XRD), were applied to analyze the material. A transmission electron
microscope (JEOL, JEOL-2100F, Tokyo, Japan) was used to characterize the microstruc-
ture. UV–vis DRS was performed on a spectrophotometer (Lambda750, PerkinElmer, Inc.,
Waltham, MA, USA). The absorbance was tested using a UV–vis spectro-photometer (722,
Weimipai Technology Co., Ltd., Hangzhou, China). The light absorption properties were
measured using a Fourier Infrared Instrument (PerkinElmer Spectrum, Akron, OH, USA).
The absorbance properties were measured using the Zolix SS150 (Zolix Instruments Co.,
Ltd., Beijing, China). The light intensity and photoluminescence spectrum’s structure were
determined using a fluorescence spectrometer (F-4500, Hitachi, Ibaraki, Japan). The photo-
electrochemical properties were measured on an electrochemical workstation (Chenhua,
CHI660E, Shanghai, China).

2.3. Antibacterial Tests

To test the materials with the bacterium of Escherichia coli, typically, the sample
(10 mg) was added to 10 mL of pure water to make a TiO2 solution (solution T) with TiO2
suspended within. To remove the microorganisms from the system, the whole set was
sterilized in an automatic high-temperature sterilization pot. Then, using a conventional
bacterial solution with its original concentrate of 1.15 g/L, a 0.01% diluted solution was
prepared and 100 µL of this solution was added into the TiO2 solution (solution T) as a
source of Escherichia coli. The mixture was irritated under 34.4 Klux solar light for 1 h.
After lighting, the antibacterial solution was coated on the prepared solid medium (10 g of
pancreatic protein, 5 g of yeast powder, 10 g of NaCl, and 20 g of agar diluted with 1 L of
pure water) and was tested after 8 h for its anti-bacterial performance.

3. Results and Discussion

Figure 1 presents the results of the BET test of the TiO2/CNT/CQD nanocomposites.
The surface area of TiO2/CNT/CQD is as high as 78.07 m2/g and the pore width range is
10–120 nm, indicating that an ultrasonic radiation treatment is a useful technique to prepare
mesoporous materials [36–39]. Bai has reported that the surface area of the TiO2/CNT
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mesoporous composite material is 42.90 m2/g [40]. Therefore, the doping of CQD is
beneficial to increase the surface of the TiO2/CNT/CQD nanocomposites. It attributes to
the small particle size.
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Figure 2 shows the energy disperse spectroscopy (EDS) mapping results of the
TiO2/CNT/CQD mesoporous nanocomposites prepared under ultrasonic radiation. Small
TiO2 particles appear to cluster around the carbon nanotube, indicating that the nanotube is
a sufficient support material for a better TiO2/CNT dispersion in this specific preparation.
Although the composite interface between TiO2 and the carbon nanotube, which appears
to be a loose one, needs to be further improved, the doping of TiO2 with CNT and CQD
obviously improves the dispersion of TiO2 as well as promotes the formation of hetero
junctions at the TiO2-CNT interface, which favors the improvement of the absorption
efficiency of visible light [41,42].

The TEM results of TiO2/CNT/CQD prepared with the ultrasonic treatment are shown
in Figure 3. Figure 3a depicts the agglomeration of small particles in the TiO2/CNT/CQD
mesoporous nanocomposites. In Figure 3b, the interface between the two main phases,
namely the TiO2 and the CNT, has been remarkably enhanced through a high temperature.
The high-resolution diagrams, Figure 3c,d, correspond to anatase TiO2 [43,44], which clearly
represent the relevant information at the atomic scale. Figure 3e,f are high-resolution TEM
diagrams of CQD. From Figure 4, it can be seen that the morphology and spacing between
the crystal planes are CQD, and CQD is successfully doped into P25 and CNT by sol-gel,
but there is only a small amount of reunion.

The FTIR spectra have indicated that the characteristic bands at 3400 cm−1 and
1630 cm−1 correspond to the surface water and hydroxyl group [45]. Figure 4 shows
the XRD results of the TiO2/CNT/CQD mesoporous composite. As shown in Figure 4,
it can be found that the TiO2/CNT/CQD mesoporous composite is an obvious anatase
phase and C phase, which is conducive to improving the photoelectric properties of the
material. TiO2 nanoparticles have attracted great interest because of their special physical
and chemical properties, especially as photocatalytic oxidation catalysts in corresponding
device materials and environmental pollution control [46].

Marine fouling is a critical issue in modern marine science and technology, which
strictly determines marine transportation and farming. The existing antifouling approaches,
such as antifouling hydrogel coatings and organic tin coating [47–49], always demonstrate
an unsatisfactory performance. In our system, the material shows the CV curves and
anti-bacterial properties of the control, TiO2/CNT and TiO2/CNT/CQD, using Escherichia
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coli bacteria (Figure 5). Comparing the bacteriostasis processes uses TiO2/CNT (Figure 5c)
and TiO2/CNT/CQD (Figure 5d) as anti-bacterium agents, respectively. In this experiment,
obviously, the number of Escherichia coli bacterial colonies in Petri dishes all increased with
time. The sample (c) with TiO2/CNT/CQD as an anti-bacterium agent got the bacterium of
Escherichia coli under control, while the sample using TiO2 as an anti-bacterium agent just
grew more bacterial colonies, indicating that doping TiO2 with CNT and CQD contributes
to boosting the TiO2s performance in an environmental pollution control.
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is images of the CQD phase.
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Figure 5. (a) CV curves and anti-bacterial properties of (b) control, (c) TiO2/CNT, and
(d) TiO2/CNT/CQD using Escherichia coli.

4. Conclusions

The main conclusions were as follows:

(1) The composites prepared exhibit a large specific surface area of 78.07 m2/g and a pore
width of 10–120 nm, indicating that an ultrasonic radiation treatment contributes to
forming nanocomposites with a high specific surface area.

(2) Commercial P25 particles can be prepared into gel films at a low cost by sol-gel
ultrasonic radiation.

(3) TiO2/CNT/CQD nanocomposites prepared by doping CNT/CQD can significantly
improve the visible light absorption efficiency and bactericidal efficiency.
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Abstract: Paper artifacts have unique cultural and historical values. However, over time, many
paper artifacts appear with disease characteristics such as embrittlement and photoaging, losing the
most fundamental function of the literature archive. The reinforcement handling of degraded paper
artifacts is, therefore, a necessary measure to extend their service life, the key to which lies in the
reinforcement and prevention of photoaging. This paper intended to use graphene oxide (GO) as
a UV protective agent, carboxymethyl cellulose (CMC) as a reinforcement, and polyethyleneimine
(PEI) as a modifier. In this work, the amino-modified graphene oxide carboxymethyl cellulose
composite (CMC-aGO) was prepared by chemical modification, which was used as bifunctional
paper protection material with anti-ultraviolet and reinforcement. It showed excellent performance
in both tensile strength testing and UV resistance testing. The CMC-aGO raw material is low cost,
colorless, transparent, simple to synthesize, convenient to operate, and is an excellent conservation
material with dual functions of UV aging protection and paper reinforcement.

Keywords: graphene oxide; carboxymethyl cellulose; UV aging protection; paper reinforcement

1. Introduction

Paper cultural relics, in the form of archives, book drawings, newspapers, litera-
ture, etc., are commonly used to record valid information. As one of the important carriers
of culture, science, politics, education, and economy, paper cultural relics have an immea-
surable value of their own existence [1–4]. However, over time, some paper cultural relics
due to natural aging, acidification, ultraviolet, and other internal and external factors lead
to diseases such as yellowing, crispness, and mildew, which endanger the potential value
of paper itself. The main components of paper are cellulose, lignin, and hemicellulose, as
well as additives (starch, minerals, synthetic polymers, etc.) [5–9]. The aging factors include
internal and external factors. Internal factors include the hydrolysis and oxidation of cellu-
lose, which decreases the van der Waals force and hydrogen bond force between cellulose
molecules, resulting in decreased intermolecular polymerization and paper mechanical
strength. Extrinsic factors of aging in paper artifacts include temperature, humidity, sun-
light, air pollution, microbial influences, etc. [2]. Among them, light is extremely hazardous
to paper and literal pigments. UV light in daylight exposure is highly destructive. It has the
characteristics of long wavelength and high energy, which may cause the change in high
energy state and the transfer of energy between the paper fiber and pigment molecules,
making it undergo a series of photochemical reactions [9–12]. This caused the paper fiber
structure to oxidatively degrade, making the paper polymerization degree overall decline,
and making its mechanical properties less stable, eventually causing irreversible damage
to the paper. Therefore, developing reinforcement materials with UV aging resistance is of
great significance to protect paper-based artifacts [13–15].

In the field of paper-based cultural relics protection, organic polymer materials have
become a research hotspot due to their excellent reinforcement effect, simple operation, and
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rapid effect, mainly including synthetic polymer materials and natural polymer materials.
Compared with synthetic polymer materials, natural polymer materials stand out for their
advantages in safety, environmental friendliness, compatibility with paper, and reversibility,
and become a hotspot of competitive research among researchers for the protection of paper
artifacts. Cellulose is the most abundant and inexhaustible renewable resource in nature. It
has the advantages of low cost, high quality, environmental protection, and safety [16,17].
In addition, cellulose itself is the main component of paper, and its physical and chemical
properties are similar. When external environment conditions change, there is no stress
between cellulose and paper fiber materials, which causes secondary damage to the paper.
Basically, to meet the requirements of paper cultural relics protection for reinforcement
materials, the principle of “repair the old as the old, keep the original appearance” should
be followed and may also have the characteristics of aging resistance, reversibility, and
paper compatibility.

Among many paper reinforcement materials, carboxymethylcellulose (CMC), as a
water-soluble cellulose derivative, has excellent water solubility, viscosity, diffusibility,
stability, and environmental friendliness [18]. It can be used for paper reinforcement and
is widely used in this field. CMC molecules are intertwined due to their special long-
chain structure [19]. The film formed by CMC has excellent toughness, flexibility, and
transparency and can block oil and water. In addition, this weak alkaline solution can
neutralize acidic substances in the paper and slow the progress of paper acidification and
aging. Meanwhile, a large number of functional groups in the CMC structure are able
to interact with hydroxyl or hydrogen bonds in the cellulose structure of the paper and
are able to form a stable fibrous network on the surface of the paper, thereby playing a
strengthening role [20,21]. Chen et al. found that the carboxymethyl cellulose-modified
material was used to simulate the protection of paper-based cultural relics, and the synthetic
carboxymethyl cellulose fluoride acetate acrylic copolymer lotion was coated on the paper.
The research found that the tensile strength of the paper was increased 4.61 times, the
water resistance of the paper was also greatly improved, and the reinforcing material had
reversibility and certain anti-aging properties [22].

In response to the effect of UV light, graphene has excellent UV protection performance
and has been applied in artifact protection in recent years. Graphene is a single-atom layer
crystal constructed by hybridizing carbon atoms in sp2 [23–25]. Because of the transition
effect of electrons located in the π state, graphene can absorb UV light in the range of
100~281 nm, exhibit an absorption peak at 250 nm located in the UV light region, and
reflect UV light with a wavelength greater than 281 nm [26–28]. However, when graphene
oxide is used directly to modify materials because the higher surface energy and van der
Waals forces make it less dispersible in the matrix and easy to agglomerate, this greatly
reduces the modification effect. Numerous studies have shown that the amino function-
alization modification of graphene oxide can improve the dispersity of graphene oxide
materials. Meanwhile, more reactive sites are added, which is helpful for strengthening
interactions with the polymer matrix. Therefore, it may be able to take advantage of the
preventive protection with paper artifacts, thereby weakening the damage of the paper by
UV light [29–32].

Based on this, this work utilized aminolated graphene oxide (aGO) as an anti-UV
aging agent and carboxymethyl cellulose as a paper reinforcement. The related research of
carboxymethylcellulose-amino graphene- composite (CMC-aGO) was expected to provide
a theoretical basis for the development of anti-light aging and reinforcement materials
for paper relics. The innovations of this work are as follows: (1) Surface modification of
CMC with PEI enriches the surface with amino groups and provides an anchoring point
for graphene nanosheets; (2) The composite material of graphene and CMC is prepared by
simple technology, and the raw material is cheap and easy to obtain, which has practica-
bility and application prospect; (3) The development of reinforcement materials with UV
resistance properties enables restorative materials to function as prophylactic protection on
the basis of the reinforcement of damaged paper.
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2. Materials and Methods
2.1. Chemicals

CMC, epichlorohydrin, PEI (molecular weight about 600 g mol−1), and KBr were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
The reagents were all analytical and pure, and the water used for the experiment was
deionized water. The simulated pigments (vermilion, malachite, ultramarine, and gam-
boge), alum gelatin, and rice paper were purchased from Beijing Tianya Pigment Co., Ltd.
(Beijing, China).

2.2. Preparation of Samples
2.2.1. Synthesis of CMC-aGO

First, 10 mg of GO was added into 140 mL of deionized water, which was pulverized
by a homogenizer for 60 min, and ultrasonic dispersion for 30 min to obtain go dispersion
with a mass fraction of 6.66%, which was then placed at 80 ◦C for heating. Then, 0.4 g PEI
and 0.015 g KOH were added to the above GO dispersion to obtain the GO-PEI mixture by
continuous heating and stirring at 80 ◦C for 12 h. Next, 0.1 g CMC was added to the above
GO-PEI mixture with stirring for 1 h; then 0.5 g epichlorohydrin was added dropwise to
the above reaction system to react at 80 ◦C for 12 h (epichlorohydrin acted as a crosslinking
agent [33]). Finally, they were centrifuged, and the obtained solid was washed with ethanol,
deionized water repeatedly, and freeze-dried for 48 h. The CMC-GO is directly mixed with
CMC and GO, and its proportion is the same as that of CMC-aGO.

2.2.2. Preparation of Simulated Samples

The rice paper was trimmed to the size of 15~240 mm, and the diluted pigments were,
respectively, painted evenly on the paper samples, thoroughly shade dried, and protected
from light. An amount of 5 mL of the formulated CMC and CMC-aGO dispersions was
placed in the spray gun, sprayed evenly on the rice paper with pigments and those without
pigments, and placed on the yarn mesh to air dry naturally. These samples were used as
simulated samples for the color difference test, tensile strength, and light resistance tests.

2.3. Methods of Performance Testing
2.3.1. Instrument Parameter

The molecular structures of CMC, aGO, and CMC-aGO were characterized by Fourier
transform infrared spectroscopy. (FTIR, Vertex70, Bruker, Karlsruhe, Germany). Spectral
range: 500–4000 cm−1. Scanning electron microscopy (SEM, Hitachi High-tech Co. Ltd., SU-
8020, Tokyo, Japan) was used to study the microstructure of the samples. An X-Rite VS450
non-contact spectrophotometer was used to test the color difference of the paper samples.

2.3.2. Dry-Heat Accelerated Aging Experiments

According to GB/T464-2008 (dry heat accelerated aging of paper and cardboard), the
paper samples were hung in blueparbho-401, a dry heat aging box, which was set to 105 ◦C,
and the aging time was 3 days.

2.3.3. Wet-Heat Accelerated Aging Experiments

According to GB/T22894-2008 (wet heat treatment of accelerated aging of paper and
cardboard at 80 ◦C and 65% Relative Humidity), the paper samples were hung up in an
HCP wet heat aging box for accelerated aging experiments, which was set at 80 ◦C and
65% relative humidity for 3 days.

2.3.4. UV Aging

The treated samples were placed in a UV aging oven under the following conditions:
40 W power, 313 nm wavelength, and a distance of 50 mm between the surface and the
plane of the UV lamp. They were, respectively, irradiated for 3 days, 6 days, and 9 days
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and stored in the dark for 24 h for the performance test of paper sample tensile strength
testing and color difference.

2.3.5. Tensile Strength Testing

Tensile strength testing was used to measure the ability of a paper to resist stretching
from external forces. In accordance with GB/T12914-2008 (tensile strength determina-
tion of paper and sheets), the measured sheets were cut to size 15 mm × 240 mm. A
QT-1136PC universal material testing machine (Xie Qiang Instrument Manufacturing Co.
Ltd., Shanghai, China) was used with a tensile rate of 20 mm/min, and the paper was
stretched to fracture so that the tensile strength S (kN/m) was obtained. Tensile strength
tests were performed along the transverse and longitudinal sheets, respectively.

2.3.6. Color Difference Testing

A CIE L × a × b color coordinate system was used to characterize the color changes
before and after paper sample treatment and accelerated aging. The smaller the chromatic
difference value (∆E) of the paper represents, the smaller the color change before and after
sample reinforcement and accelerated aging. The CIE L × a × b color system chromatic
difference value is calculated as follows:

∆E = [(∆L)2 + (∆a)2 + (∆b)2] 1/2

Among them, ∆L represents the difference in light acuity, ∆a represents the red green
deviation, and ∆b represents the yellow blue deviation [34].

3. Results
3.1. Characterization of CMC-aGO

The present work was intended to proceed through the synthesis of CMC-aGO
(Figure 1). On the one hand, carboxymethyl cellulose cross-links with the inner fiber
of the paper, which in turn achieves the effect of fill reinforcement. On the other hand, the
polyethyleneimine (PEI)-modified graphene oxide surface contains a high density of amino
groups, which easily form bonds with the cellulose surface carboxymethyl, such that GO
nanosheets adhere to the cellulose surface; the introduction of graphene can achieve the
effect of protecting against UV light.
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The microtopography of CMC-aGO was observed by SEM. As shown in Figure 2a,
CMC-aGO consisted of a large number of nanofibers with diameters of ~10 nm. The
nanofibers were randomly arranged and overlapped to form a coherent three-dimensional
porous network structure. The GO layers are closely bonded to a large number of BC
nanofibers without agglomeration (as shown in the color block diagrams of Figure 2a).
In terms of macroscopic morphology, CMC-aGO was uniformly dispersed after 12 h rest.
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However, the CMC-GO, which directly mixes GO and CMC, was obviously separated
(Figure 2b).
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Then, in order to further verify the interaction between graphene, PEI, and cellulose, a
series of materials were tested by FT-IR. Figure 2c shows the FT-IR diagrams of GO, aGO,
CMC, and CMC-aGO. The absorption peaks of GO at 1066, 1381, 1581, and 1721 cm−1 were,
respectively, generated by C=O, C-OH, C=C, and C-O-C vibration. The wider absorption
peak at 3410 cm−1 is the expansion vibration of -OH. The absorption peaks of PEI-modified
GO at 2856 and 2927 cm−1 were caused by the C-H tensile vibration of aliphatic and
aromatic groups, and the characteristic peaks at 1697 and 669 cm−1 were caused by N-H
bending and swinging, respectively. This was caused by the amidation reaction between
amino groups in PEI and carboxyl groups on the GO surface, which indicates that PEI
was modified on the GO surface. The peaks of CMC at 1632 cm−1 and 1416 cm−1 are
asymmetric and symmetric expansion vibration absorption peaks of -COOH, respectively.
The FT-IR spectra of CMC-aGO show that the N-H characteristic peak disappeared and
the characteristic peak of -COOH decreased. The absorption peak at 1661 cm−1 may be
due to the amidation of -CONH- between -NH2 in PEI and -COOH in CMC or GO, which
indicates that GO and PEI successfully grafted onto the CMC surface [35,36].

The micromorphology of the paper cultural relics is shown in Figure 3a, the paper
fibers are intertwined, and there are a large number of voids among the fibers. Excellent
reinforcing materials can penetrate into the voids between the fibers and cross-link with
the internal fibers of the paper to achieve the effect of filling and reinforcing. There were
obvious deterioration signs, such as the breakage and fracture of the paper fiber before
reinforcement, and a large number of voids exist among the fibers (Figure 3a, red dotted
circle marker in Figure 3a). After CMC-aGO reinforcement, the CMC fibers formed cross-
linking structures between the paper fibers, which reduced the porosity of the paper
samples and reinforced the fragile paper (Figure 3b). SEM showed that the size of paper
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fibers did not change significantly before and after CMC repair, and the surface of the
repaired sample was smooth.

Coatings 2023, 13, 443 6 of 10 
 

 

the internal fibers of the paper to achieve the effect of filling and reinforcing. There were 
obvious deterioration signs, such as the breakage and fracture of the paper fiber before 
reinforcement, and a large number of voids exist among the fibers (Figure 3a, red dotted 
circle marker in Figure 3a). After CMC-aGO reinforcement, the CMC fibers formed 
cross-linking structures between the paper fibers, which reduced the porosity of the pa-
per samples and reinforced the fragile paper (Figure 3b). SEM showed that the size of 
paper fibers did not change significantly before and after CMC repair, and the surface of 
the repaired sample was smooth. 

 
Figure 3. SEM of (a) Paper fibers; (b) Paper fiber reinforcement by CMC-aGO. (red circles represent 
interfibrillar voids). 

3.2. Performance Characterization of CMC-aGO 
The color change is an important indicator to evaluate the suitability of reinforce-

ment materials for paper reinforcement. The color difference measurements of the paper 
and pigments before and after reinforcement were tested. As shown in Figure 4a, the 
color difference of the paper changed after being treated with CMC and CMC-aGO. After 
CMC and CMC-aGO treatment, the paper color difference values were 1.3 and 1.5, re-
spectively, and the color difference standard (ΔE = 3) was less than three, which belonged 
to the range of color difference tolerance. It shows that CMC had no significant effect on 
the original appearance of the paper. Then, the color difference effects of the four pig-
ments under the reinforcement of CMC and CMC-aGO were tested. As shown in Figure 
4b, the influence of CMC and CMC-aGO on the color difference of vermilion, malachite, 
ultramarine, and gamboge pigments were studied. After the minor addition of graphene 
was added, the ΔE of vermilion and malachite samples treated by CMC-aGO were 2.3 
and 2.2, respectively, which is slightly higher than that of the samples treated by CMC. 
However, an ΔE less than three belonged to the range of color difference tolerance. The 
color difference between CMC-aGO on ultramarine and gamboge was less than that of 
CMC, and the effect of pure color was obvious. The results showed that the addition of a 
small amount of graphene did not cause any change in the color difference between the 
paper and pigment. 

 
Figure 4. The color difference of (a) The paper and (b) Pigments before and after reinforcement. 

CMC CMC-aGO
0.0

0.5

1.0

1.5

2.0

 

 

△
E

Vermilion Malachite Ultramarine Gamboge
0

1

2

3

4

 △E

 CMC
 CMC-aGO

(a) (b)

Figure 3. SEM of (a) Paper fibers; (b) Paper fiber reinforcement by CMC-aGO. (red circles represent
interfibrillar voids).

3.2. Performance Characterization of CMC-aGO

The color change is an important indicator to evaluate the suitability of reinforcement
materials for paper reinforcement. The color difference measurements of the paper and
pigments before and after reinforcement were tested. As shown in Figure 4a, the color
difference of the paper changed after being treated with CMC and CMC-aGO. After CMC
and CMC-aGO treatment, the paper color difference values were 1.3 and 1.5, respectively,
and the color difference standard (∆E = 3) was less than three, which belonged to the range
of color difference tolerance. It shows that CMC had no significant effect on the original
appearance of the paper. Then, the color difference effects of the four pigments under the
reinforcement of CMC and CMC-aGO were tested. As shown in Figure 4b, the influence
of CMC and CMC-aGO on the color difference of vermilion, malachite, ultramarine, and
gamboge pigments were studied. After the minor addition of graphene was added, the ∆E
of vermilion and malachite samples treated by CMC-aGO were 2.3 and 2.2, respectively,
which is slightly higher than that of the samples treated by CMC. However, an ∆E less
than three belonged to the range of color difference tolerance. The color difference between
CMC-aGO on ultramarine and gamboge was less than that of CMC, and the effect of pure
color was obvious. The results showed that the addition of a small amount of graphene did
not cause any change in the color difference between the paper and pigment.
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The tensile strength of paper is one of the important indexes to evaluate the physical
performance of the paper. CMC and CMC-aGO were used to reinforce the rice paper, while
the alum gelatin was used as a control. The tensile strength test results of the paper after
reinforcement are shown in Figure 5; the tensile strength of the paper after reinforcement
with alum gelatin, CMC and CMC-aGO was significantly larger compared to that of the
untreated rice paper. Among them, CMC-aGO showed the most excellent performance
with a tensile strength of 2.2 kN/m and 2.9 kN/m in the cross and machine direction, which
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were significantly better than alum gelatin (1.4 kN/m, 2.3 kN/m) and CMC (1.7 kN/m,
2.6 kN/m).
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Figure 5. Tensile Strength of paper (a) Before aging, (b) After damp-heat aging, and (c) Dry-heat aging.

Then, dry heat aging and wet heat aging treatments were performed on the paper
treated with different reinforcement agents. The results showed that, compared with the
blank samples, CMC-aGO-treated samples were least affected by dry-heat aging and wet-
heat aging, and the samples treated with alum had the greatest influence. After dry heat
aging, the cross-direction strength and machine direction of CMC-aGO treated samples
decreased by 9% and 6.9%, respectively, and after wet-heat aging, the cross and machine
direction strength decreased by 9% and 3.4%, respectively. While significantly better than
CMC, this may have been due to the interactions between the aGO and CMC with the paper
fiber, the oxygen-containing groups, and hydrogen bonds in the CMC aGO interacting with
the paper cellulose, thus enabling the formation of the stable fibrous network on the surface
of the paper, and achieving the filling reinforcement at the damaged paper fiber pores and
fracture sites, increasing the strength and toughness of the fibers, and reinforcement of
the paper.

The reinforcement mechanism was analyzed. The paper fiber strength and the binding
strength between the fibers are the main factors that affect the paper’s mechanical strength.
Fiber length and fiber interlacing factors also contribute to the paper’s mechanical strength.
These factors affect the strength performance index of the paper in a complex way, such as
the tensile strength, the number of folds, and tear strength. Usually, the binding strength
between cellulose is the most dominant influencing factor. After CMC treatment, the
inter-fiber bonding strength is strengthened.

Some pigments are prone to photo-oxidation reaction under UV light, which excites
the double bond of part of the excited state to react with the oxygen in the air, leading to a
change in pigment color, a faded appearance, and a discoloration phenomenon. To explore
the UV light-resistant properties of reinforcement materials, a series of tests were carried
out. It is known from Figure 6a that the pigment color difference value ∆E of each group
remained largely unchanged after 90 days of UV aging for CMC-aGO treated samples
compared to CMC-treated samples during the UV aging test. Among them, CMC-aGO
showed the best color fixation effect on vermilion and gamboge. The CMC-treated samples
showed more variable color difference values starting from 30 days, all of which exceeded
the values of ∆E = 3, especially for the vermilion pigment. This phenomenon might be
attributed to the lack of UV resistance properties in CMC materials, and the vermilion was
prone to crystal phase transition to beta-mercury sulfide (β-Hg S) under UV light conditions.
Ultraviolet light has higher energy than is required for crystal phase transformation, which
can make the cinnabar crystal phase change rapidly and color become darker. Graphene
in CMC-aGO absorbs some ultraviolet rays, effectively delaying the damage caused by
ultraviolet rays.
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Figure 6. (a) Color difference of four pigments treated with CMC and CMC-aGO after UV aging.
SEM of (b) The blank group, (c) CMC, and (d) CMC-aGO-treated paper after UV aging.

The microstructure test results show that (Figure 6b–d) some fiber structure breakage
occurred after aging, among which, the damaged fibers of the blank group (Figure 6b)
and CMC (Figure 6c) were more serious after aging. While the CMC-aGO-treated sam-
ples largely kept their fibrous structures intact after UV aging, only a few fiber fracture
phenomena appeared. This phenomenon further confirmed the anti-UV effect of GO in
CMC-aGO.

4. Conclusions

In summary, CMC with aminolated graphene oxide composites was successfully
synthesized by a simple synthetic method, which was applied with paper reinforcement
and protection against UV light. The results show that the PEI-modified aGO surface
contains high-density amino groups, which are easy to bond with carboxymethyl groups
on the surface of cellulose. Graphene nano-sheets adhere to the surface of cellulose and
effectively improve the dispersion of graphene in the water. CMC in the composite materials
crosslinks with the fibers inside the paper to achieve filling and reinforcement effects, and
GO in the composite materials has an anti-ultraviolet effect. By testing the color difference
in paper reinforcement and pigments, it is shown that the appearance of paper cultural
relics was not affected by the small amount of graphene added. The reinforcement and
ultraviolet resistance of CMC-aGO were verified by tensile tests and simulated aging tests.
The development of CMC-aGO has great application potential in the protection of cultural
heritage and is of great significance to the development of paper conservation materials.
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Abstract: Fire can be one of the most destructive elements to cause devastation. Fire can completely
or partly destroy any crucial and invaluable documents, such as banknotes, books, affidavits, etc., in
a couple of minutes. Moreover, the documents can also be damaged by heat, smoke, soot, and water
during an accident. The burnt documents become fragile, losing their identity, which may have some
evidentiary value related to the incident. Therefore, there is a strong need for processing to procure,
preserve, and decipher, i.e., to restore the texts written on them. Hence, the present research focuses
on developing a new method using natural polysaccharides, i.e., starch, to preserve and decipher
the contents of charred documents. The most suitable concentration of starch analog was found to
be 6% microwaved at 80 ◦C for about 10 min. As soon as the charred documents were coated with
6% starch analog, the majority of the invisible texts became visible to the naked eye in a second.
Moreover, the application of a synthesized analog of polysaccharide on fragile charred documents
provided an appreciable increase in strength by almost 0.1 kg/cm2 for the coated charred documents
of each paper type compared to that of non-coated ones and made them stabilized. This research also
involves the use of easy and advanced handwriting recognition techniques (HCR) using an easily
accessible, free platform, G-lens, that successfully recognized the majority of texts deciphered using
6% starch analog and converted them from captured images to a readable and copyable text format.
Furthermore, the document visualization under VSC also gave a promising result by enhancing and
deciphering the non-visible and less visible texts under flood light and white spot light at 715 and
695 long passes. Hence, this study offers an environmentally friendly, cost-effective, and sustainable
approach of using a natural polysaccharide instead of synthetic polymers for the preservation and
decipherment of charred documents.

Keywords: natural polysaccharide; questioned document; charred; decipherment; character recognition

1. Introduction

In arson cases or other fire incidents, documents, both printed and handwritten with
writing instruments (generally pen), can be destroyed either accidentally or purposely due
to excessive heat and smoke. During a fire incident, one or more paper placed together
may burn either completely or partly due to a limited oxygen supply. The deliberately or
accidentally burned documents may have an evidentiary value and may provide proof to
link a crime with a criminal. Often, such documents may not completely turn into ashes
due to several factors that may prevent the entire document from being burned; however,
they may still make the document fragile, brittle, or black and render the writing invisible
to the naked eye or unreadable, due to excessive smoke and soot from the fire [1]. Such
documents need to be handled and preserved with utmost care, and the crucial content
needs to be deciphered using a suitable method.

Decipherment of charred documents refers to analyzing and interpreting texts that
have been damaged by fire or other heat sources. It is a specialized field of study that
requires a combination of knowledge in linguistics, paleography, and chemistry. Charred
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documents can be found in various contexts, such as archaeological sites, historical archives
and crime scenes. They may contain valuable information about ancient cultures, historical
events, or personal records. However, their decipherment is often challenging because the
heat can cause the ink or writing material to evaporate or fuse with the surface, making the
text illegible. To decipher charred documents, experts may use a variety of techniques, such
as multispectral imaging, chemical analysis, and comparative analysis with known texts.
They may also rely on their knowledge of the document’s language, script, and historical
context. The decipherment of charred documents is important because it can reveal new
insights into the past that would otherwise be lost. It can shed light on historical events,
social practices, and linguistic evolution. It can also provide a deeper understanding of the
people who created the documents and the cultural context in which they lived.

Before the 20th century, writing inks contained traces of metals like iron and copper
as tagging agents. Therefore, for deciphering the writing written with such inks, Blagden
(1787) developed a method using potassium ferrocyanide to test the nature of the ink
on ancient parchment for decipherment [2]. Later, Davis (1922) [3] proposed a method
using a photographic plate to decipher the content of charred documents, while Mitchell
(1925) used the calcining method, a process of further burning the carbonized fragment to
decipher content written with pencil or some special inks, or content that was typewritten
or printed [4]. Moreover, in 1935, Mitchell used infrared (IR) light with filters and plates
to enhance charred documents’ content [5]. Subsequently, Radley and Grant (1940) used
fluorescent oil and ultraviolet light to successfully decipher the writing on printed matter,
photocopies, typescripts, and carbon copies [6]. Similarly, many other methods have been
developed, such as using chloral hydrate, a 5% solution of silver nitrate, an alcohol–glycerin
solution, etc., to decipher the content of charred printed and typewritten documents. Over
time, the development in ink composition led to iron being removed as a constituent
because of its rusting and corrosive effect on the nib of pens, hence damaging the paper
on which such pens were used. Therefore, current ink compositions exclude any traces of
metals and only include pigments, dyes, resins, glycerol, alcohol, oils, and fats [7]. Thus,
when documents written using such inks are charred, their components like pigments,
dyes, alcohol, resins, etc., burn out, leaving lubricants like oils and fats on the surface of
the charred documents because of their high boiling point. This aids in the decipherment
of writing by different means. In questioned document examination, the major challenge
faced by forensic practitioners is the handling and stabilization of highly fragile and brittle
charred documents, hence rendering the decipherment of crucial information possible.

Deciphering charred documents using thin coatings is an established technique known
as “palimpsest imaging”. The term “palimpsest” refers to a manuscript or piece of writing
on which the original writing has been erased or obscured, and new writing has been added
on top. In order to decipher charred documents, a thin coating of some specific materials
such as gold or silver is applied to the surface of the document. This coating reflects light
differently depending on the depth of the writing and can expose previously obscured text.
The process is based on the principles of reflection of light on the document at a certain angle,
which creates shadows where the text is raised. These shadows can be captured using a high-
resolution camera and can then be further processed using specialized software to enhance
the contrast between the text and the background. This technique has been successfully
used to decipher ancient manuscripts, including the Archimedes Palimpsest, a 10th-century
manuscript containing the only surviving copies of some of Archimedes’ works. The
technique has also been used to reveal text on charred documents from the Villa of the
Papyri in Herculaneum, which was destroyed because of the eruption of Mount Vesuvius in
79 AD. However, palimpsest imaging is a powerful tool for deciphering charred documents
but the exploitation of costly metals makes this procedure cost-ineffective. Moreover, this
technique is limited to document decipherment and is unsuitable for their preservation.

Other chemicals used for this purpose are polyvinyl acetate (PVA), methyl methacry-
late (Bed acryl) [8], acetone, alkyl-2-cyanoacrylate ester (superglue fuming) [9], ammonia
solutions [10], etc. Moreover, according to Harrison, the use of PVA may hinder decipher-
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ment under infrared (IR) and ultraviolet (UV) light and also requires some preprocessing
before applying PVA over charred documents [11,12]. Additional challenges associated
with this approach are the chemical nature, toxic effect, low resistance to weather and
moisture, poor resistance to most solvents, slow setting speed, creeping under substantial
static load, etc. [11]. The application of PVA on charred documents is also a challenging
task. Various researchers suggested the Pasteur pipette as a suitable and appropriate means
of PVA application, while others recommended the use of a fine mister, such as a re-used
perfume sprayer. In both the cases, significant caution and care need to be taken while
applying the PVA in acetone solution to avoid further tempering to the charred documents
due to their extremely fragile nature [13].

To overcome these challenges, researchers explored and developed an improved
preservative and better procedure for its application over charred documents: natural
polysaccharide coating as a green, non-toxic, cost-effective approach. This method also
offers a fast and non-tedious synthetic and application technique to preserve the charred
documents [14]. Moreover, transparent texture (for good visibility of texts), appropriate
viscosity (for ease in application), good decipherment properties, short drying duration,
and ability to provide appreciable strength to the coated charred documents were also the
mandatory requisites that were found with starch-based coatings.

Polysaccharides, one of the most plentiful natural polymers, have the potential to
take the place of “petroleum-based polymers”, which are challenging to degrade in paper
coatings. Polysaccharide molecules have a large number of hydroxyl (-OH) groups that
can bind strongly with paper fibers through hydrogen bonds. Furthermore, their chemical
modification can also effectively improve the mechanical barrier, thermal resistance, and
hydrophobic properties of polysaccharide-based coatings and make them suitable to coat
charred paper. In addition, polysaccharides can also give additional functional properties to
the paper by dispersing and adhering functional fillers, e.g., conductive particles, catalytic
particles, or anti-microbial chemicals, onto the coated paper surface. Starch is a polysaccha-
ride made of two types of α-D-glucan chains: amylose and amylopectin. Starch molecules
produced by each plant species have specific structures and compositions (such as the
length of glucose chains or the amylose/amylopectin ratio), and the protein and fat content
of the storage organs may vary significantly. The majority of natural starches are amy-
lopectin, which has film-forming ability, but its film mechanical properties still need to be
improved [15]. When used as a paper coating, pure starch still has some other drawbacks.
For instance, starch is sensitive to water vapor and usually forms a brittle coating layer [16].
Pure starch also forms faults in coating layers because of residual air, which results in large
surface pores. To avoid all these problems, starch is usually modified through gelatinization
and etherification [17–19]. Starch is a natural biopolymer that has been extensively used in
various industries such as food, pharmaceuticals, and papermaking due to its abundance,
low cost, and biodegradability [20]. Moreover, it is also used in the archaeological conser-
vation of documents and artifacts to shield them from further deterioration [21]. Starch and
its derivatives are the most frequently used sizing agents [22]. Sizing is used to improve the
absorption and wear characteristics of paper. The most common materials used in sizing
solutions are starch, latex, polyvinyl alcohol (PVA), and carboxymethyl cellulose (CMC).
Surface sizing requires modification of native starch to achieve low viscosity of the starch
solution. Many kinds of modified starches, such as acid-degraded starch, oxidized starch,
starch ester, cationic starch, enzyme-degraded starch, and carboxymethyl starch, are used
for surface sizing [23]. Starch ether is synthesized through the reaction of native starch with
alcohol in an acidic medium using a process called etherification (Figure 1) [24–26].
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Starch-based films are thin, transparent films made from starch and other biopolymers,
and are used in packaging materials, paper coatings, and other applications. Recently,
starch-based thin films have gained increasing attention over traditional synthetic films
due to their unique properties such as low cost, high transparency, biodegradability [20,25],
renewability, and excellent mechanical properties. They have received great attention
due to their sustainable and environmentally friendly characteristics [26] and have been
proven as an alternative to petroleum-based and synthetic coatings, which have become a
significant source of pollution and environmental degradation. Such benefits and unique
properties of starch-based thin films make them suitable for various applications in different
industries [27].

In the current work, we have explored a new and sustainable alternative to preserve
and decipher charred documents. In this work, starch, a natural polymer, has been ex-
ploited to form a coating material. The process involves the creation of a hydrophobic
thin film over the charred document and results in a suitable deciphering agent for the
documents without even using any spectroscopic or analytical techniques. In order to adopt
green synthetic pathways and a quick mode of synthesis, microwave-assisted synthesis
procedures were adopted. The characterization of the synthesized starch analog (coat-
ing material) was achieved using attenuated total reflectance–Fourier transform infrared
spectroscopy (ATR-FTIR) [28], and the effect of the physical properties of the synthesized
analog on the mechanical strength of coated charred documents was tested with respect
to non-coated charred documents. This work also validated the charred document deci-
pherment using an easily available handwritten character recognition approach (HCR) [29]
via Google Lens (G-lens). The present study holds great importance in the field of forensic
document examination as well as historical document conservation. In forensic science,
the application of starch-based coating for the preservation and decipherment of charred
documents and for the retrieval of valuable content enables the use of these preserved and
stabilized fragile charred documents as a piece of evidence in a court of law, related to any
offense. On the other hand, document conservators can use this technology to preserve
historical documents.
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2. Materials and Methods

In this study, soluble laboratory starch (extra pure), manufactured by Sisco Research
Laboratories Pvt. Ltd. (SRL, Delhi Depot, India), glycerol, acetic acid, and distilled wa-
ter were used, and the research was conducted in the Department of Forensic Science,
Galgotias University.

2.1. Sample Preparation
Charred Samples

Samples were made using a Linc Pentonic brand blue ballpoint pen on 3 different
types of papers, viz., 75 g/m2 A4 size white JK copier paper, 80 g/m2 A4 size white JK
copier paper, and bond paper used for affidavits (e-stamp). Each type of paper was cut
into four equal parts (15 × 10.5 cm) and 10 samples of each paper type were prepared,
generating a total of 30 samples. A predetermined paragraph was written by the same
person on each sample, since different people apply different pressure, which may impact
the results.

The prepared samples were charred in a muffle furnace (Thermotech, Faridabad
121001, Haryana) [10] at a temperature ranging from 280 to 310 ◦C and then removed and
placed in a box for safekeeping. The documents charred at temperatures below 300 ◦C
had written contents visible on them. Different grades of paper reach maximum charring
with invisible texts at different temperatures (Table 1). Therefore, the samples were charred
to the point when they became dark brown to black-grey with the writing completely
invisible and were too fragile to handle. In the case of 75 g/m2 copier paper, it reached
maximum charring at 300 ◦C, 80 g/m2 copier paper charred at 302 ◦C, and the bond paper
at 305 ◦C, as shown in Figure 2 In each case, below this temperature, the sample was not
appropriately charred, and the writing was visible, and above this temperature, the samples
started igniting and gradually turning into ashes. Each sample had its picture taken using
a mobile camera (OnePlus Nord CE 5G) for a before and after comparison.

Table 1. Effect of temperature on different types of paper.

Paper Type Temperature (◦C) Color and Effect on Paper Effect on Written Text

75 g/m2 A4 size white
JK copier

280 Light brown to white Visible

290 Brown in major areas while light brown
in some places Faintly visible in some places

300 Dark brown to black with slightly
curly edges Completely invisible

Above 300 Black to grey with gradual ignition
from edges, turned into ashes Completely invisible

80 g/m2 A4 size white
JK copier

290 Light brown to white in a half–half area Visible

300 Brown in the major area Faintly visible in some places

301 Completely brown in full area Invisible

302 Dark brown to black with curly edges Completely invisible

Above 302 Black to grey with ignition from edges,
turning into grey ashes Completely invisible

A4 size bond paper
Affidavit (e-stamp)

300 Light brown to white in half the area Visible

302 Brown in the major area Faintly visible

304 Dark brown in full area Very faintly visible

305 Dark brown to black Completely invisible

Above 305 Black to grey, ignited, turned into ashes Completely invisible
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Figure 2. Charred samples: (a) 75 g/m2 (300 ◦C), (b) 80 g/m2 (302 ◦C), and (c) bond paper (305 ◦C)
made with Linc Pentonic blue ballpoint pen showing invisible and unreadable texts.

2.2. Method of Preservative Preparation
Microwave Synthesis of Starch Analog

Varied-concentration starch solutions (2%, 4%, 6%, and 8%) [30] were made by mixing
2 g, 4 g, 6 g, and 8 g of starch in 100 mL distilled water, respectively, and adding 1 mL
glycerol and 1 mL acetic acid to each [31] to optimize the appropriate concentration, as
shown in Table 2. The relation between starch and glycerol is approximately in the ratio
1:3. The advantage of using a dilute solution of acetic acid is the low environmental impact
compared with other acid solutions [31].

Table 2. Optimization of starch analog with the observed properties.

Concentration (w/v) Result

2% Transparent, low viscosity, not providing appreciable coating,
strength, and decipherment

4% Transparent, viscosity not up to mark, not providing appreciable
strength and decipherment

6% Transparent, appreciable viscosity was suitable for the application,
providing appreciable strength and decipherment

8% Opaque and cloudy, high viscosity, white flaky appearance, not suitable
for application and decipherment, cracks observed after drying

Each starch solution was then subjected to microwave irradiation at a temperature of
80 ◦C and power of 462 watts for about 10 min with constant stirring in the middle until a
clear, transparent, sticky analog of starch was acquired.

2.3. Spectral Characterization

The reactants, pure starch powder, glycerol, acetic acid, and the synthesized starch
analog, were subjected to ATR-FTIR (Bruker) for spectral characterization to test the pres-
ence of different band stretching and the possible formation of the new analog peak after
the reaction of starch and glycerol molecules in the acidic medium. The Bruker ATR-FTIR
was equipped with a diamond ATR crystal. Prior to the sample analysis, a background
spectrum was taken to account for any instrumental or environmental noise by setting
the desired measurement conditions (wavenumber 4000–400 cm−1) similar to the sample
analysis. Thereafter, the samples were analyzed to acquire their spectral measurements.
The spectrum was recorded on the basis of the percentage transmittance (%T) against the
wavenumber (cm−1). The measurement was repeated thrice to ensure the reproducibility
of the result.

2.4. Application of Starch Analog

Each prepared starch analog was carefully applied over each sample paper type by
pouring about 0.5 mL of starch analog over the charred document and spreading it with
the help of a small handheld wiper. The wiper used in the application of the starch analog
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was sufficiently flat, having a smooth silicon base to apply a smooth, evenly coated layer of
preservative to the paper surface. The remaining charred samples of each paper type were
kept aside for the purpose of comparing their physical properties and the visibility of texts
before and after application in coated and non-coated samples.

2.5. Handwriting Character Recognition (HCR)

Soon after the application of the synthesized analog, images of the coated samples
were captured using a OnePlus Nord CE 5G mobile camera. Thereafter, they were subjected
to handwriting character recognition using Google Lens on the same mobile phone. The
captured images were then searched and converted into readable and copiable texts.

2.6. Video Spectral Comparator (VSC)

The samples were visualized under an advanced optical instrument: a video spectral
comparator, which incorporates various light sources, widely employed for document
examination in forensic science laboratories. The samples were placed in the chamber of the
VSC and then were visualized under VIS light, flood light, and white spot light at varied
long passes to achieve the maximum visibility of texts.

2.7. Mechanical Properties
2.7.1. Paper Folding Test

The mechanical properties of the coated and non-coated charred documents were
preliminarily tested by estimating the increase in the strength of the coated charred docu-
ments compared with that of the fragile non-coated charred documents. After the coated
charred samples had dried completely, they were subjected to a paper folding test to
check the strength. Firstly, the non-coated charred samples were folded at the edges
along the sides, and then the same technique was followed with samples coated with the
synthesized analog.

2.7.2. Bursting Strength Test

The confirmatory test for the increase in strength of the coated and non-coated charred
documents was performed using a Pacorr digital bursting strength tester. This instrument
gives quantitative data on the strength of a sample. The bursting strength was calculated
based on the force applied by the plunger to the sample under examination, causing it to
rupture. Similarly, each non-coated and charred document coated with 6% starch analog
was tested to obtain a before-and-after comparison and measure the increased stability.

3. Results and Discussion

In an attempt to preserve and decipher charred documents, it is crucial to note the
fact that different documents vary in their physical and chemical composition based on
the variety of paper and ink used to make such documents, and also upon the conditions
in which they became charred [32]. Therefore, the results of the present research were
based on the thickness, i.e., gram per square meter (g/m2), of the paper, the type of ink
used to write the statement, and the coating material used to preserve and decipher the
charred document.

As shown in Figure 2, the samples made using different paper types reached maximum
charring at different temperatures. The 75 g/m2 paper reached maximum charring at
300 ◦C, 80 g/m2 at 302 ◦C, and bond paper at 305 ◦C. Once charred, the documents had
invisible text and were too fragile and brittle enough to handle. Thus, they were stabilized
and preserved using the synthesized starch analog.

The spectral characterization using ATR-FTIR of reactants (starch powder, glycerol,
and acetic acid) and the synthesized analog are shown in Figure 3. Figure 3a shows the
ATR-FTIR spectra of pure starch powder, which corresponds to α-1,4-glycosidic linkage
at 1143.78 cm−1 [33] and α-1,6-glycosidic linkage at 990.79 cm−1 and 851.51 cm−1 [34],
which represent the skeletal model of the amylopectin starch ring and the major -C-OH
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stretching of the primary and secondary alcoholic group at 3748.08 cm−1 and 3271.32 cm−1,
respectively (Table 3).
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The spectral peak at 1018.92 cm−1 in Figure 3b indicates the formation of ether linkages
(C-O-C) in the starch analog other than glycosidic bonds with the involvement of the C3
hydroxyl group of glycerol and one of the C6 carbons of the monosaccharide moieties of
starch. After the reaction between starch and glycerol in the acidic medium, the hydroxyl
(-OH) stretching in the starch analog shifted from 3271.32 cm−1 to 3295.90 cm−1, and a band
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of glycosidic bonds shifted from 990.79 cm−1 to 1018.92 cm−1, which corresponds to C-O-C
stretching and confirms the formation of etherified starch [35–37]. Hence, the result from
the ATR-FTIR spectra of the synthesized starch analog shows that partial etherification
occurred during a condensation reaction between starch and glycerol. The amount taken
for starch and glycerol is in the ratio of 1:3, with glycerol being the limiting agent that
carries out partial etherification of starch [38].

Table 3. Major spectral stretching with their wavenumber.

Bond Stretching ↓ Wavenumber (cm−1)

Starch Powder

α-1,4-glycosidic 1143.78

α-1,6-glycosidic 990.79 & 851.51

1◦-OH 3748.08

2◦-OH 3271.32

Starch Analog

-OH 3295.90

C-O-C Stretch 1081.92

Glycerol

-OH 3293.10

In arson cases, documents charred at high temperatures are dehydrated and become
brittle and weak. Moreover, the texts on them also vanish due to the evaporation of the
volatile solvents of the ink composition, which makes the writings on documents invisible.
However, the residue of inks components like fats and oils may still be present on the
charred documents but invisible. The disappearance of written texts and the blackening of
documents due to excessive heat and smoke become a serious problem for the document
under decipherment [39]. On application of the optimized starch analog, it was found that
in normal daylight, soon after the application, the texts became visible to the naked eye in
most of the places of the charred document, which were previously, i.e., before preservative
application, invisible to the naked eye as well as in oblique lighting. This may be due to
the ballpoint pen ink composition and due to the removal of carbon and smoke particles
embedded in the grooves made by the pen pressure on the charred samples.

Figure 4 shows the coated charred documents with 2% starch analog. After applying
starch analog, it did not give appreciable results as the hydrophobic coating did not form
on the samples and was not dry even after exposure to the air for hours. Once it dried, a
thin film formed, which could not provide appreciable strength to the charred samples, as
tested by the paper folding test. The decipherment of text was also not sufficient as none of
the text could be read by the naked eye in the case of the bond paper coated with 2% analog,
while only a few letters of the statement were read on the 75 g/m2 and 80 g/m2 paper. The
same results were confirmed using HCR via Google Lens (G-lens) (Figure 5). This may
be due to the lower viscosity of the analog, which could not provide enough coating and
hence the decipherment of the invisible texts. Similarly, the application of 4% starch analog
(Figure 6) also did not provide promising results, as only a few texts could be read in the
case of the 80 g/m2 and bond paper coated with 4% analog, while the majority of texts
were deciphered on the 75 g/m2 paper, which was confirmed using the HCR technique
through G-lens (Figure 7).
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Moreover, 8% starch analog was found to be viscous enough to form an even coating
on the charred document that resulted in the formation of white precipitated flakes of
starch, which hindered smooth application. None of the text could be deciphered on the
75 g/m2 and bond paper, while only some could be faintly seen on the 80 g/m2 paper
through the naked eye (Figure 8), as well as using G-lens (Figure 9). After it had dried,
cracks of coating developed on the surface, and it curled.
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In contrast, Figure 10 shows the application of 6% starch analog. The hydrophobic film
formed like a polish that smoothed the surface and reduced the fragility and brittleness of
the document through the process of rehydration. Soon after application, the texts were
deciphered and visible to the naked eye. This may be due to the difference in polarity of the
starch analog, consisting of glycerol, and ink composition, consisting of oils and fats. The
residual traces of oils and fats on the burnt paper act as a repellent to the synthesized analog.
Hence, the starch analog is absorbed by the charred paper except on the writing, leading to
the differentiation due to color contrast between the writing and the background [10,40].
The HCR technique using G-lens also recognized the maximum deciphered text of the
statement on all three types of paper, i.e., 75 g/m2, 80 g/m2, and bond paper (Figure 11).
The coated charred document also dried in about 10–15 min at room temperature, which
gave an extra advantage of this synthesized starch analog.
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Figure 11. HCR-read texts of coated charred samples with 6% starch analog on 75 g/m2, 80 g/m2,
and bond paper (affidavit).

The further analysis of the coated charred documents under an advanced optical VSC
instrument with different light sources and at varied long passes gave quite good results of
decipherment even a month after coating the charred document using starch analog. In the
case of the 75 g/m2 and 80 g/m2 charred documents written with blue ballpoint pen ink,
the texts were enhanced and deciphered under flood light at 715 long pass, whereas on the
bond paper, the texts were more prominently legible under the white spot light at 695 long
pass, as shown in Figure 12. This is due to the reflection of the different wavelengths
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of light from the document surface under visualization, which makes the invisible and
low-visibility text prominently visible.
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Figure 12. VSC-read texts of coated charred samples with 6% starch analog on 75 g/m2, 80 g/m2,
and bond paper (affidavit).

Moreover, the mechanical properties of the coated charred documents showed that
the coatings formed on the charred documents by applying the starch analog increased
the strength of the fragile charred documents, which was tested preliminary by the paper
folding test. Further, an experimental, qualitative analysis using a digital bursting strength
tester calculated the bursting strength of the coated and non-coated charred documents,
which provided promising results. The bursting strength of the 75 g/m2 non-coated
charred documents before stabilization was found to be 0.12 kg/cm2, which increased
to 0.21 kg/m2 after stabilization with starch analog, whereas the bursting strength of the
non-coated 80 g/m2 and bond paper was 0.15 kg/cm2 and 0.25 kg/cm2, which increased
to 0.25 kg/cm2 and 0.35 kg/cm2 after being stabilized with starch analog, as shown in
Figure 13 [41,42]. This may be due to the penetration and absorbance of the starch analog
on the charred layer of paper, which adhered to the surface, thus strengthening the fragile
and brittle charred documents, which can be preserved and placed in safekeeping for a few
more days.
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4. Conclusions

The present research concludes that the preservation and decipherment of texts of
charred documents by any means depends on the type of paper, writing ink, condition,
and level of charring. Soon after the application of 6% starch analog, the texts were
visible on all three types of paper samples charred at varied temperatures. This gave the
best result, since the texts could also be clearly recognized through handwriting character
recognition (HCR) via Google Lens to check the readability level by converting the images to
readable and copiable text. Moreover, it was found that the drying and setting (time) of the
synthesized analog after application on charred samples took 10–15 min only. In addition,
a protective layer of polysaccharide provided an increase in mechanical strength to the
charred samples, which was observed and tested by general observation of thickness and
the folding test method comparing coated and non-coated charred samples. Moreover, the
sample dried, turned into a hydrophobic film, and was not affected by water, thus making
the document moisture-protected. Hence, it can be concluded that for the documents
made with a ballpoint pen preserved with 6% starch analog if charred up to around
300 ◦C (75 g/m2), 302 ◦C (80 g/m2), and 305 ◦C (bond paper affidavit), the writing can
be deciphered and read easily, and the method is easy, non-toxic, and cost-effective. The
present study suggests exploring the results based on more combinations of pens like gel
pens, fountain pens, markers, etc., on different grades and colors of paper that are usually
used in crucial documents. By delving into more combinations of writing instruments such
as gel pens, fountain pens, etc., studies can expand their scope and investigate their impact
on the preservation and decipherment of charred documents. This broader approach
will provide a comprehensive understanding of how various writing tools interact with
different grades and colors of paper during the charring process, particularly in the context
of crucial documents. The outcomes of this extended research could potentially lead to the
development of enhanced techniques and strategies for recovering and interpreting vital
information from charred documents, thereby advancing the field of document analysis and
historical research. Furthermore, these findings may have practical applications in forensic
investigations and archival preservation, ultimately contributing to the preservation and
understanding of invaluable historical records.
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Abstract: In order to investigate the evolution of Chinese lacquering techniques, seven pieces of
lacquer Lian from the Warring States Period to the Yuan Dynasty (475 BC–1368 AD) were analyzed
by means of cross-section observation, Raman spectroscopy (RS), and thermally assisted hydrolysis
and methylation pyrolysis coupled with gas chromatography/mass spectroscopy (Py-GC/MS). The
results revealed that the lacquer Lian consisted of a three-layer structure, encompassing a pigment
layer on the surface, an undercoat layer in the middle, and a ground layer. The red mineral pigment
utilized was cinnabar, while a combination of Chinese lacquer and drying oil served as the primary
organic material. Although lacquering techniques had undergone minimal changes from the Warring
States Period to the Yuan Dynasty, the species of drying oil had changed, based on the fact that
boiled tung oil was found in the ground layer of lacquerware from the Song Dynasty and the Yuan
Dynasty. The present research provides direct evidence for the inheritance and development of
Chinese lacquer technology.

Keywords: Lacquer Lian; Py-GC/MS; Chinese lacquer; boiled tung oil; cross sections; lacquering
techniques

1. Introduction

Lacquer, a natural coating material for wood, porcelain, and metal, is tapped from
lacquer trees growing in different regions of East and Southeast Asia: Rhus vernicifera
(China, Japan, and Korea), Rhus succedanea (Vietnam and Taiwan), and Melanorrhoea
usitata (Laos, Burma, Thailand, and Cambodia) [1,2]. The main component of lacquer is a
mixture of catechol and phenol derivatives (60%–65%), proteins (glycoproteins (2%) and a
laccase enzyme (1%)), polysaccharides (7%), and water (30%) [3]. Lacquer, when catalyzed
by laccase, can undergo polymerization in the natural surroundings, resulting in the
formation of a film characterized by an intricate three-dimensional network [4,5]. Exhibiting
exceptional stability and possessing remarkable abilities to resist water, corrosion, and
microbial growth, lacquer emerges as an exemplary environmentally friendly substance.

Lacquered artifacts have been revered and esteemed due to their unparalleled forti-
tude, enduring resilience, imperviousness, and exquisite beauty across a prolonged span
of time. The utilization of lacquer throughout history can be traced back to the Neolithic
era, and in the context of China’s heritage, it can be classified into six distinct phases.
The initial phase is the period of incubation, predominantly during the Neolithic epoch.
The subsequent phase is the period of germination, transpiring during the Bronze Age,
encompassing the Xia, Shang, and Zhou dynasties. This is followed by the phase of growth,
occurring in the Iron Age, specifically during the Chunqiu Zhanguo dynasty. The fourth
phase emerges as the heyday, characterized as the era of lacquer, flourishing primarily
during the Qin and Han dynasties. The fifth phase, known as the recession stage, arises
during the Buddhist era, spanning from the Wei to Tang dynasties. Ultimately, the final
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stage unveils itself as the pinnacle of prosperity within the porcelain era, comprising the
Song, Yuan, Ming, and Qing dynasties [6]. Initial evidence of Chinese lacquerware can be
traced back over 8000 years ago to the Kuahuqiao culture, where an ancient wooden bow
delicately adorned with raw lacquer was unearthed [7]. A red lacquered wooden bowl was
unearthed at Hemudu, a Neolithic site in the Yangtze River Delta, that can be traced back
to 6000–7000 years ago [8]. In the present day, lacquerware products continue to hold their
esteemed position as the most esteemed and sought-after handicrafts globally.

The red lacquer film commonly includes a subsequent mineral constituent such as iron
oxide red (Fe2O3), lead red (Pb3O4) [9], or cinnabar (HgS). The primary constituents of the
yellow lacquer film are orpiment or realgar. The black lacquer film frequently incorporates
carbon black [10] or ferroferric oxide. Throughout the annals of lacquerware artistry, the
red, yellow, and black colors have assumed significant roles. In this investigation, the main
colors observed in the lacquer film specimens were red and black, aligning harmoniously
with traditional aesthetics.

As we know, a number of modern analytical methods have been used to characterize
lacquerwares, such as optical microscopy (OM) [11], scanning electron microscopy aug-
mented by energy-dispersive X-ray spectrometry (SEM-EDS) [12], Raman spectroscopy [13],
Fourier transform infrared spectrometry (FTIR) [14], and pyrolysis–gas chromatogra-
phy/mass spectrometry (Py-GC/MS) [15]. A large number of scientific studies have
been undertaken to characterize Asian lacquer, focusing on molecular markers to identify
the three lacquer species [16], the interactions between plant oils and lacquers [17], and the
pathways of lacquer degradation [18]. Most research has been aimed at a single item of
ancient lacquerware, several in one burial, or several in different burials but from the same
period [19–22]. Although China was one of the earliest countries to make and use lacquer-
ware, few studies about its inheritance and evolution of lacquering techniques have been
reported. The sole extant treatise on the art of lacquering is Xiushilu, authored by Huang
Cheng during the Ming Dynasty. Despite providing the groundwork for the exploration
of lacquer techniques, the accounts within Xiushilu are regrettably concise, limiting our
contemporary comprehension of the materials and methodologies employed in the creation
of such exquisite lacquerware. Lacquer Lian was an important daily necessity in ancient
times for Chinese women to store their toiletries, and is very common in unearthed cultural
relics from the Warring States Period to the Tang and Song Dynasties, making it very
suitable for research on the inheritance and evolution of Chinese ancient lacquer techniques.
In this study, seven lacquer Lian samples from the Warring States Period, Han Dynasty,
Song Dynasty, and Yuan Dynasty were analyzed via numerous modern analytical methods
to investigate the types of lacquer, pigments, and drying oil added to the lacquer. The
inheritance and evolution of Chinese ancient lacquer techniques is discussed by comparing
the analysis results of seven lacquerware samples. Moreover, this study can also provide
scientific support for the preservation and conservation of unearthed lacquerware.

2. Experimental
2.1. Archaeological Samples

Seven fragment samples of lacquer Lian used in this study were supplied by Jingzhou
Museum, Yangzhou Museum, Changzhou Museum, and Jinsha site Museum, respec-
tively. Two of the samples (Samples 1 and 2) dating back to the Warring States Period
were unearthed from Jigongshan and Yangjiashan tomb, Hubei Province, respectively.
Two samples (Samples 3 and 4) were traced back to Han Dynasty from Tianhui town tomb
and Fenghuang mountain tomb, Sichuan Province. Two samples (Samples 5 and 6) dating
back to the Song Dynasty were supplied by Yangzhou Museum and Changzhou Museum,
respectively. The last one (Sample 7), tracing traced back to the Yuan Dynasty, was provided
by Yangzhou Museum. Images of the lacquer fragments are shown Figure 1.
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Figure 1. Images of lacquer fragments of (a,b) Warring States Period, (c,d) Han Dynasty, (e,f) Song
Dynasty, and (g) Yuan Dynasty. The sampling locations are indicated by green arrows.

2.2. Analysis Methods
2.2.1. Cross-Section Observations

Lacquer samples (length × height, 10 mm × 5 mm) were embedded in epoxy resin
and the bottom surface was polished with dry sandpaper (up to 12000#) after the epoxy
resin was completely cured. The cross-section observations were carried out with an
optical microscope (Axio Scope A1, Zeiss, Goettingen, Germany) under blue light (BL).
The thickness of each layer was acquired by measuring ten data points using AxioVision
software (Version 4.9) and calculating their average value.

2.2.2. Raman Spectroscopy

A micro confocal Raman spectrometer (LabRAM HR Evolution, HORIBA, Loos,
France) was used to determine the mineral pigment in the lacquer film layers. The analysis
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was conducted using an excitation wavelength of 532 nm. The Raman spectra were acquired
across the spectral range of 100–800 cm−1 with a resolution of 2 cm−1, and subsequently
cross-referenced with the RRUFF Raman spectroscopy databases.

2.2.3. Thermally Assisted Hydrolysis and Methylation Pyrolysis Coupled with Gas
Chromatography/Mass Spectroscopy (THM-Py-GC/MS)

The pyrolysis–gas chromatography/mass spectroscopy measurements were carried
out using a PY-3030D pyrolyzer (Frontier Lab, Fukushima, Japan) attached to a GCMS-
QP2020 gas chromatograph mass spectrometer (Shimadzu, Kyoto, Japan). A stainless-steel
capillary column (0.25 mm i.d. × 30 m) coated with 0.25 µm of 100% dimethylpolysiloxane
was used for separation. Online methylation with additions of less than 1 mg sample
and 5 µL 25% aqueous solution of tetramethyl ammonium hydroxide was used to obtain
methylated phenolic hydroxyl groups. The sample was pyrolyzed at 500 ◦C for 0.2 min.
The temperature of the pyrolyzer and GC interface was 300 ◦C. The initial temperature of
the gas chromatograph oven was set to 50 ◦C, held at this temperature for 5 min, and then
increased from 50 to 300 ◦C at 4 ◦C/min. The temperature of the gas chromatograph oven
was then maintained at a constant temperature of 300 ◦C for 15.5 min. The temperatures of
the injector and ion source were set to 300 and 230 ◦C, respectively. Helium was used as the
carrier gas at a flow rate of 1.0 mL/min with a split ratio of 1:20. The electron ionization
energy for mass spectroscopy was 70 eV, and the scanning range was from m/z 10 to
600 with full scan mode. Compounds were identified using comparisons between mass
spectroscopy and the NIST library.

3. Results and Discussion
3.1. Cross-Sectional Analysis

The morphology of the cross sections of seven samples were examined under optical
microscope. As shown in Figure 2, their cross sections showed similar three-layer structures,
including a colored paint layer with red pigment or a surface finish layer (Layer 1), an
undercoat layer (Layer 2), and a ground layer (Layer 3). Layer 1 boasted a more uniform
thickness in comparison to Layer 2. The detailed thickness of the lacquer films of the
analyzed archaeological samples is shown in Table 1. The difference in thickness between
the red layer and the black layer is distinct, with the black layer being significantly thicker
than the red layer (21.6 vs. 19.2, 40.8 vs. 29.9, 39 vs. 27.6). The red colored layer became
thicker from the Warring States Period to the Han Dynasty (21.6, 19.2 vs. 29.9, 27.6).

Table 1. The detailed thickness of lacquer films of the analyzed archaeological samples.

Sample Color
Layer 1 (µm) Layer 2 (µm)

Average Standard Deviation Average Standard Deviation

1 red 21.6 2.89 56.7 8.84

2
black 21.6 1.34 28.1 11.84
red 19.2 5.28 22.7 10.44

3
black 40.8 6.15 - -
red 29.9 0.84 23.0 3.20

4
black 39.0 3.92 11.7 1.74
red 27.6 2.69 5.1 0.97

5 black 43.8 2.45 78.9 20.67
6 black 31.6 1.94 9.9 4.59
7 black 45.3 5.75 35.1 10.86

The colored paint layer, known to be a mixture of pigment, drying oil, and lacquer
liquid, was not only used to decorate the lacquerware items, but also could increase the
covering power of the lacquer film, prevent ultraviolet rays from penetrating the lacquer
film, and delay the aging of the lacquer film. It is located on the top layer of the lacquerware,
as shown in Figure 2a,c,e,g. The undercoat layer under the surface layer, which was usually
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a mixture of lacquer and drying oil, was used to cover defects on the next layer, such as
the second layer in Figure 2, which resulted in uneven thickness. It can also be used as
the surface finish layer for the original color of raw lacquer, as shown in Figure 2b,d,f,h–j.
A mixture of clay, lacquer, and oil, known as the ground layer, was used to fill the pores
of lacquer bodies, as shown in Figure 2. As an important daily necessity in ancient times,
the manufacturing process of lacquer Lian involved a three-layer structure, which was a
commonly used technique in ancient Chinese lacquerware such as ear cups [19].

Figure 2. Cross-sectional photos of (a) Sample 1, (b) Sample 2 (black), (c) Sample 2 (red), (d) Sample 3
(black), (e) Sample 3 (red), (f) Sample 4 (black), (g) Sample 4 (red), (h) Sample 5, (i) Sample 6, and
(j) Sample 7 under blue light.
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As shown in Figure 2, the lacquering techniques of lacquer Lian underwent minimal
changes during nearly 1800 years from the Warring States Period to the Yuan Dynasty.
Firstly, the ground layer was painted on the lacquer bodies to fill the pores. Secondly,
the undercoat layer was used to cover the defects of the ground layer. Lastly, a colored
layer or a lacquer layer was used as the surface finish layer to decorate the lacquerware.
However, the thickness of the same layer in different eras varied greatly; for instance, the
red colored layer became thicker from the Warring States Period to the Han Dynasty, as
discussed above.

3.2. Pigment Analysis

According to Xiushilu, cinnabar, red ochre, and crimson melanterite could be used to
make red lacquer. Raman analysis was used to clarify the minerals in the red pigments.
Figure 3 shows the Raman spectra of the red pigments. All the four red pigments show
similar Raman spectra, with peaks at about 254 and 343 cm−1, which are characteristic
bands of cinnabar. Due to its excellent color, gloss, and anti-corrosion properties, cinnabar
is the best choice for making red lacquer. The results were consistent with previous
studies [12,23].

Figure 3. Raman spectra of red pigments of (a) Sample 1, (b) Sample 2, (c) Sample 3, and (d) Sample 4.

3.3. Lacquer Film Analysis

In order to identify the types of lacquer and oil in different layers of the seven samples,
THM-Py-GC/MS analysis was carried out. All the seven samples showed similar chromato-
graphic profiles; only the chromatographic profile of the red layer of sample 1 is presented
in Figure 4, and the rest are shown in Supplementary Materials. The presence of lacquer was
assessed by using EICs, as shown in Figure 4. Characteristic pyrolysis products were con-
firmed. Aliphatic hydrocarbons (C, m/z 55 and 57, Figure 4b,c) are present from 1-Decene
(C9:1) to 1-Pentadecene (C15:1), peaking at 1-Tetradecene (C14:1), and present from decane
(C10) to pentadecane (C15), peaking at pentadecane (C15); the alkylbenzenes (B, m/z 91,
Figure 4d) show a decreasing profile from benzene propyl- (B3) to benzene octyl- (B8).
These results are identical to those of urushi [24]. In addition, 1,2-Dimethoxy-3-pentadec-8-
enylbenzene (P1, 3-pentadecenyl-catechol) and 1,2-Dimethoxy-3-pentadecylbenzene (P2,
3-pentadecyl-catechol) were detected in the red layer; both are characteristic components
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of urushi [25,26]. Based on the above results, it could be concluded that the lacquer of the
seven samples was Chinese lacquer (urushi).

Figure 4. Chromatographic profiles obtained using THM-Py–GC/MS of red layer of sample 1:
(a) total ion pyrogram; (b) m/z 55 extracted ion pyrogram; (c) m/z 57 extracted ion pyrogram;
(d) m/z 91 extracted ion pyrogram.

Figure 5 shows the relative concentration of fatty acids detected from the red layers.
It can be seen that a large number of mono-carboxylic acids and di-carboxylic acids were
detected, especially nonanedioic acid (C8) and octanedioic acid (C9), which are typical
pyrolytical and aging products of dying oil. These results indicate that drying oil was
used in the red layer at least during the Warring States Period, which is identical to
previous reports [19]. Lacquer could be easily mixed with pigments by drying oil to obtain
colorful lacquerware.

Figure 5. Cont.
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Figure 5. The relative concentration of fatty acids in red layers of (a) Sample 1, (b) Sample 2,
(c) Sample 3, and (d) Sample 4.

Figure 6 shows the relative concentration of fatty acids detected from black layers.
There is no drying oil in the black layers of lacquer Lian from the Warring States Period, as
shown in Figure 6a,b. Castor oil, which is one kind of drying oil, was detected in the black
layers of lacquerwares from the Han Dynasty and Song Dynasty, as shown in Figure 6c,d.
Figure 6e,f indicate that there is drying oil in the black layers of lacquerwares from the
Song Dynasty and Yuan Dynasty. Drying oil can decelerate the hardening process of
lacquer while enhancing the luster and flexibility of the lacquer, thus elevating the quality
of lacquerware.

Figure 6. Cont.
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Figure 6. The relative concentration of fatty acids in black layers of (a) Sample 2, (b) Sample 3,
(c) Sample 4, (d) Sample 5, (e) Sample 6, and (f) Sample 7.

The relative concentration of fatty acids detected from the ground layers is shown in
Figure 7. Drying oil was used in the ground layer for Sample 1, but not for Sample 2, as
shown in Figure 7a,b. Figure 7c,d shows that drying oil was widely used in ground layers
in the Han Dynasty. Castor oil was detected in the ground layer of Sample 5 (Figure 7e).
Since methyl alkylphenyl alkanoate (APA) is the marker component of boiled tung oil, it
could be concluded that boiled tung oil was used in the ground layers of Samples 6 and 7,
based on the results of Figure 7f,g. Boiled tung oil, serving as an organic binder for ground
layers, emerged in the Song Dynasty at the latest, in accordance with other findings [27].

Figure 7. Cont.
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Figure 7. The relative concentration of fatty acids in ground layers of (a) Sample 1, (b) Sample 2,
(c) Sample3, (d) Sample 4, (e) Sample 5, (f) Sample 6, and (g) Sample 7.

4. Conclusions

Seven lacquer Lian samples from the Warring States Period, Han Dynasty, Song
Dynasty, and Yuan Dynasty were comprehensively investigated using a scientific analytical
approach. The cross-section photos indicated that the lacquer Lian included a pigment layer,
undercoat layer, and ground layer, and lacquering techniques underwent minimal changes
from the Warring States Period to the Yuan Dynasty, which indicates the inheritance of
lacquer techniques. Raman analysis clarified that the red pigment was cinnabar. The
THM-Py-GC/MS results indicated that all the lacquerware items were coated with lacquer
sap collected from a Rhus vernicifera lacquer tree. Drying oil was mixed with lacquer sap
to increase the luster and elastic of lacquer film. Boiled tung oil was found in the ground
layer of lacquerware from the Song Dynasty and Yuan Dynasty, reflecting the development
of lacquer materials. This study not only provides a better understanding of the inheritance
and evolution of Chinese lacquering techniques and lacquering materials, but also provides
scientific support for the preservation and conservation of unearthed lacquerware.
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mdpi.com/article/10.3390/coatings13101750/s1.
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