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Paper-based cultural heritages, represented by ancient books, archives, calligraphy,
and paintings, recorded the development of human civilization. However, they are in-
evitably deteriorated during their long-term preservation, hence requiring intensive care to
protect and inherit them. Chemists can play crucial roles in this mission, considering the
interdisciplinary nature of the field of heritage science. The relationship between heritage
science and applied chemistry is particularly close when facing the problems of paper
aging, where intrinsic and extrinsic factors are entangled to form convoluted degrada-
tion mechanisms. Since the public awareness of cultural heritage protection is increasing,
an ever-growing effort has been devoted to the preservation and conservation of paper
artifacts.

This Special Issue successfully collected the important contributions in the field of
heritage conservation. Contributions include studies on the properties and degradation
mechanisms of carriers of cultural heritages, the characteristics of adhesives commonly
used in mounting and restoration, and the various materials employed in the cleaning,
deacidification, and reinforcement of paper-based artifacts. By carrying out comprehensive
research on paper-based cultural heritage, this Special Issue aims to provide a deeper under-
standing of the mechanisms involved in the degradation and preservation of paper artifacts
and offers practice insights into more efficient and sustainable conservation methods.

Paper has been focused on its unique physical and chemical properties when used
as the carrier of paper-based cultural heritage. Japanese kozo paper is commonly used as
the first back lining paper of hanging scrolls, which plays a crucial role in supporting the
main paper with a painting or a calligraphy on it. This lining paper is often dyed and
adhered during the mounting process and, therefore, a high wet tensile strength is essential.
Han et al. investigated the effects of hemicellulose (especially glucuronoxylan) on the wet
tensile strength of kozo paper produced in different cooking conditions (contribution 1).
The wet tensile strength of paper was evaluated using the Finch device, and the content of
glucuronoxylan in fiber was analyzed by a gas chromatographic method. By analyzing the
glucuronoxylan content and wet tensile strength of various kozo paper samples, the authors
revealed that papers with higher glucuronoxylan content exhibited stronger wet tensile
strength. Then, they studied the effects of cooking time and the type and concentration
of alkali on the glucuronoxylan content of paper under varying cooking conditions. The
results indicated that the cooking time had minimal impact, while using alkali with weaker
alkalinity and lower concentration resulted in higher glucuronoxylan retention within the
fibers and stronger wet strength of kozo paper. Furthermore, they added the extracted glu-
curonoxylan into the kozo pulp under identical cooking conditions. The as-prepared papers
showed a proportional increase in wet tensile strength with increasing glucuronoxylan
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content, indicating that glucuronoxylan itself contributes significantly to the wet tensile
strength of kozo paper. This work provides a guideline for the production of kozo paper
with an expected wet tensile strength and contributes to the preservation and conservation
of cultural heritage with good paper quality.

The existence of hemicellulose not only affects paper’s wet tensile strength, but also
influences the long-term stability of paper. Zhu et al. studied the structure and proper-
ties of Chinese bamboo paper during the aging process and focused on the influence of
hemicellulose and lignin on paper durability (contribution 2). It was found that the me-
chanical properties of bamboo paper with high lignin and hemicellulose content exhibited
three stages during dry-heat aging: initial plateau, rapid decline, and second plateau as
the degree of polymerization (DP) of cellulose decreased. The contents of cellulose and
hemicellulose decreased while lignin remained relatively stable. By analyzing the changes
in microstructures during the aging process, such as hydrogen bonds, hornification, pore
structure, and crystallinity, the aging mechanisms of bamboo paper were proposed. The
decrease in DP of cellulose led to fiber embrittlement, but the enhancement of hydrogen
bonds and the hornification process could partially compensate for this effect, thereby
maintaining the mechanical properties of paper during the initial plateau stage. When the
DP of cellulose fell below the critical value, the deep cleavage of cellulose chains and the
release of a large number of degradation products caused a decrease in cellulose content
and an increase in paper acidity, resulting in a sharp decline in paper mechanical properties.
The existence of hemicellulose and lignin might contribute to the stability of paper structure
by inhibiting cellulose aggregation, thus, forming a second plateau stage. This research not
only improves the comprehension of the relationship between the structural properties and
degradation mechanisms of handmade papers but also provides a scientific foundation for
the production of handmade paper with better durability.

Similarly to paper, palm leaves are used as writing and recording materials, derived
from plant resources. Palm leaves served as a popular literary medium in South and
Southeast Asia before the widespread use of paper, which played an invaluable role in
the development of human civilization. Studies on the mechanical properties of palm
leaf manuscripts under different environmental conditions are of great significance to
understand the material characteristics, aging mechanisms, and preventive conservation
methods of these manuscripts. Zhang et al. investigated the short-term and long-term
effects of relative humidity (RH) on the mechanical properties of palm leaf manuscripts
(contribution 3). In their experiments, dynamic vapor sorption (DVS) was used to measure
the hygroscopic behavior of palm leaves in response to different humidity conditions,
and a thermomechanical analyzer-modular humidity generator (TMA-MHG) was used to
analyze the mechanical behavior (bending strength and bending modulus) of the samples
at various humidity levels. The short-term study showed that the bending strength of the
palm leaf samples decreased significantly with the increase in humidity, while the bending
modulus firstly increased and then decreased. A stable RH could slow down the variations
in the mechanical properties, thereby preventing the degradation of palm leaf materials.
The long-term results indicated that the prolonged exposure to either extremely dry or
humid environments could seriously affect the mechanical properties of palm leaves, which
was detrimental to their preservation. Samples aged at 50% RH had no visible damage, and
the mechanical properties and chemical structures were well preserved, suggesting that
50% RH should be an optimal humidity condition for preserving palm leaf manuscripts.
This study provides a comprehensive understanding of the mechanical behaviors of palm
leaf manuscripts and supports the development of long-term preservation and preventive
conservation of these priceless manuscripts.
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For paper-based cultural heritage, the use of adhesives plays a crucial role, especially
in artwork mounting and paper sizing. Wheat starch has been a common adhesive material
used in the mounting of calligraphies and paintings for over a millennium. Since the
naturally derived starch gel has certain limitations, such as relatively low viscosity and easy
retrogradation, Chinese restorers discovered that the combination of wheat starch with
potassium alum (PA) offered promising improvements in the adhesive strength and stability
of starch gel. Zhao et al. investigated the effects of varying PA contents on the thermal,
rheological, structural, and adhesive properties of wheat starch gels (contribution 4). The
results indicated that the incorporation of PA elevated the gelatinization temperature and
enthalpy of the starch gels, with a maximum leached amylose and swelling power observed
at a specific wheat starch to PA weight ratio of 100:6. Rheological measurements and
scanning electron microscopy (SEM) observations corroborated this phenomenon. Fourier
transform infrared spectroscopy (FTIR) analysis showed an enhanced short-range molecular
order in the gels with PA. Mechanical experiments revealed that the binding strength of the
starch gels increased with higher PA concentrations and decreased significantly after the
aging process. Therefore, it is advisable to strictly control the concentration of PA in starch
gels to balance the enhanced rheological and adhesive properties with the minimization of
negative impacts on the degradation and color change of paper relics. This study provides
a comprehensive understanding of the effects of PA on starch gels and offers practical
insights for the restoration of valuable cultural artifacts.

Starch gel and alum gelatin are also widely used as natural sizing agents for paper.
However, natural starch has a poor affinity with fibers and a tendency to detach, and
gelatin alum poses a threat to the durability of paper. Hence, studies on efficient and
harmless agents for paper sizing are still required in the conservation of cultural heritage.
Wu et al. investigated the use of soymilk as a sizing agent for Xuan paper, focusing on
its impact on paper properties and long-term stability (contribution 5). They prepared
different concentrations of soymilk and characterized its pH, viscosity, particle size, and
zeta potential. The soymilk was applied to Xuan paper, and the soymilk-sized paper
had improved hydrophobicity, enhanced mechanical properties, and unique chromaticity
compared to unsized paper. These characteristics are attributed to the papillae on the
surface of Xuan paper, the folding of the soy protein, and the hydrogen bond interactions
between the soy protein and paper fibers. The soymilk-sized paper also showed a higher
initial pH, which declined more slowly than alum gelatin-sized paper, suggesting better
acid resistance. After accelerated aging, the mechanical strength and color fidelity of paper
deteriorated, and the expected lifespans of paper decreased with the increasing soymilk
concentration. Compared with paper sized with alum gelatin, the soymilk-sized paper
showed better hydrophobicity and durability. This study highlights the potential benefits
and challenges of using soymilk as a paper sizing agent and aids the selection of proper
materials for the mounting and conservation of paper artifacts.

Additionally, research on adhesives has been expanded to the protection of wooden
heritage objects. Wood composed of cellulose, hemicellulose, and lignin is a natural
material whose physical and chemical properties change during the preservation process,
leading to varying degrees of degradation. Traditional adhesives used in conservation
of wood artifacts have their limitations, particularly in terms of low adhesion, durability,
and antimicrobial properties. Teri et al. investigated the synthesis and application of
a novel adhesive for preserving wooden heritage objects. The adhesive is prepared by
modifying fluorinated ethylene vinyl ether (FEVE) resin with Ag,O-decorated hydroxyl
multiwall carbon nanotubes (Ag,O/OH-MWCNTS, MA) composites, and the prepared
adhesive was named MAF (contribution 6). The resulting MAF adhesive showed enhanced
thermal stability, higher viscosity, and effective bacteriostatic property compared to pure
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FEVE resin. The viscosity and adhesion strength of MAF increased with the increase
in MA concentration, indicating that Ag,O nanoparticles acted as physical crosslinking
agents within the FEVE resin. Compared with pure FEVE resin, the MAF adhesive had
a lower mass loss rate after treatment at 800 °C and exhibited better thermal stability.
The antibacterial activity of MAF is directly related to the concentration of Ag,O/OH-
MWCNTS, with the significant inhibitory effect on Trichoderma, Aspergillus niger, and white
rot fungi. The MAF adhesive shows promising prospects for use in wooden heritage
artifacts, offering a novel approach for the rapid, environmentally friendly, and efficient
preparation of composite adhesives with superior adhesive properties.

The restoration of paper artifacts is of great importance to ensure their longevity.
However, traditional restoration methods are time-consuming and always contain multistep
processes, which highlights the need for alternative methods that can provide a more
effective, gentle, and sustainable approach to protect cultural heritages. One potential
solution that has emerged in recent years is the use of ionic liquids. Ionic liquids are
composed entirely of ions, which gives them unique properties and makes them suitable
for paper cleaning and antimicrobial purposes. Croitoru et al. investigated the application
of ionic liquids for restoring aged paper artifacts, focusing on their ability to clean, deacidify,
and stabilize against ultraviolet (UV) radiation (contribution 7). The treated paper exhibited
significant color enhancements, indicating a good cleaning ability of ionic liquids. Moreover,
the selected ionic liquids displayed pronounced deacidification capabilities, leading to a
neutral pH of paper. They also acted as potential UV stabilizers to minimize the yellowing
and discoloration of paper caused by UV radiation. All these results demonstrate the
potential use of ionic liquids as a novel and effective approach for the restoration of
paper artifacts.

The deterioration of paper always causes its embrittlement and the loss of mechan-
ical strength. Organosilane materials have emerged as promising candidates for paper
reinforcement due to their dual advantages of organic and inorganic properties. Wu et al.
introduced dodecyltrimethoxysilane (DTMS) into tetraethoxysilane (TEOS) to prepare the
hybrid materials as reinforcement agents for paper relics (contribution 8). By incorporating
DTMS with flexible long chains, they aimed to weaken the capillary forces and minimize
the shrinkage during the sol-gel process of TEOS. The gel formed from the DTMS/TEOS
hybrid material was transparent and crack-free, featuring a dense microstructure with
excellent thermal stability. When applied to bamboo paper, the hybrid material combined
with the paper fibers through the sol—gel process and polymerized into a network structure
that enveloped the paper surface or penetrated between the fibers. The surface of the
treated paper displayed excellent hydrophobic properties, with no significant changes in
appearance, color, or air permeability. The tensile strengths of the treated bamboo paper
improved significantly, indicating the efficient reinforcement of paper by DTMS/TEOS.
The developed hybrid material demonstrates a positive reinforcement and preservation
effect on paper-based cultural relics. The advantages of ease of preparation, low cost, and
wide accessibility make DTMS/TEOS a promising choice for future applications in paper
conservation.

In addition to brittleness, the aging and degradation of paper also lead to other prob-
lems such as yellowing, discoloration, and acidification. Hence, new restoration materials
are emerging for the multifunctional protection of paper-based cultural relics. Wang et al.
synthesized low-dimensional and mildly alkaline magnesium carbonate hydrates (MCHs)
for the deacidification, strengthening, and flame retardance of paper relics (contribution 9).
The one-dimensional (1D) whisker and two-dimensional (2D) nanosheet MCHs are pre-
pared through a simple supersaturation control method without the need for organic
additives. The results indicated that MCHs with mild alkalinity exhibited good safety,
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showing minimal color change to the paper and little effect on alkali-sensitive pigments.
Both 1D and 2D MCHs effectively neutralized the acidity in the paper and maintained a
long-term alkaline reserve. Due to the structural properties of two kinds of MCHs, 1D
MCHs showed better performance than 2D MCHs in enhancing the mechanical strength of
paper and providing a flame-retardant effect. The ability to control the microstructure of
MCHs allows for the design of materials with specific properties for different applications.
This study also gives a valuable insight into the development of new conservation materials
and expands the understanding of functional deacidification and protection mechanisms.

The use of composite materials provides more functions and better performance for
the conservation of aged paper. Nanocellulose with natural paper compatibility has be-
come a promising nanomaterial for paper repairing. The combination of nanocellulose
with alkaline nanoparticles has been widely applied for the simultaneous reinforcement
and deacidification of paper. Mou et al. prepared magnesium oxide (MgO) nanoparticles
carried by aminosilaned bacterial cellulose (KH550-BC) for the restoration of aged paper
(contribution 10). The existence of MgO in KH550-BC enhanced the paper pH and pro-
vided an alkaline reserve to counteract future acidification, while KH550-BC improved the
mechanical properties of paper, including tear index, tensile index, and folding endurance.
The hydrogen bond interactions between KH550-BC and paper fibers as well as the formed
network structure of BC enhanced the paper strength. The hydrophobicity of paper is
maintained after treatment, preventing damage from moisture and humidity. Artificial
aging tests demonstrated that KH550-BC/MgO-treated paper exhibited superior resistance
to acidification, mechanical degradation, and yellowing compared to untreated paper.
The results of this work indicate that KH550-BC/MgO is an effective deacidification and
reinforcement material for paper-based cultural heritage.

In conclusion, research about the chemical conservation of paper-based artifacts,
especially focusing on the properties and applications of carriers, adhesives, and restoration
materials, holds significant importance in the field of heritage science. Through continuous
technological innovation and interdisciplinary integration, we are poised to discover more
effective conservation solutions for the inheritance and protection of precious cultural
heritage.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Kozo paper, usu-mino-gami, is frequently used as the first back lining paper of hanging
scrolls in order to support the main paper with a painting or a work of calligraphy on it. To dye it
an appropriate color, paper is often treated with an alkali mordant solution. However, current kozo
paper products have received such comments from conservators that wet tensile strength is weak and
hard to handle. Therefore, improving the wet tensile strength of kozo paper is required. In previous
papers, the effect of the sheet forming method, cooking condition, and parenchyma cell content
between fibers on the wet tensile strength of kozo paper has been investigated. In this paper, the effect
of glucuronoxylan, the main component of hardwood hemicellulose on the wet tensile strength of
kozo paper was investigated. The wet tensile strength of kozo paper, when made in different cooking
conditions, was evaluated using the Finch device. Glucuronoxylan content in fiber was analyzed
using GC-FID. According to the results, it has been proved that glucuronoxylan content (with a xylan
to glucan molar ratio of 4.43% to 5.16%) itself contributes to the wet tensile strength of the kozo sheet.
Therefore, to increase the wet tensile strength of kozo paper, it is recommended to cook under milder
conditions, thus retaining a higher amount of glucuronoxylan in the pulp.

Keywords: paper-based cultural heritage; wet tensile strength; Japanese paper; xylan; hemicellulose;
mounting paper; analysis techniques

1. Introduction

In Japanese mounted paintings, a paper-based backing is used to provide direct
support for the delicate main paper. This backing sheet, called “hada-ura-gami”, is especially
used with hanging scrolls, which commonly employ a thin grade of “usu-mino-gami”
(Japanese kozo paper) as their primary lining. This first backing paper is often dyed to
achieve a better tone and color of the image on the main paper and is adhered during
mounting; therefore, a high wet tensile strength is essential.

Usu-mino-gami, made by the late Japanese papermaker Kozo Furuta, gained renown
for its impressive wet strength. The paper made by his apprentice, Satoshi Hasegawa,
was comparatively weak, leading Hasegawa to seek out the reason for this disparity. The
resulting research lays the foundation for the present study.

In the initial study [1], we analyzed sheet samples that had been prepared under
various cooking conditions by different sheet formers and produced using different sheet-
forming techniques. The wet tensile strength of these samples was then assessed using
the Finch method. The results show that wet tensile strength became higher with milder
cooking conditions, such as a shorter cooking time and mild alkali cooking agent.

In the subsequent investigation [2], we explored the relationship between wet tensile
strength and parenchyma cell content (defined as the proportion of the film area located
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between fibers on the surface area of the sheet). Our examination encompassed kozo sheets
that had been prepared with identical alkali concentrations (of either sodium carbonate
or sodium hydroxide) but different cooking times, as well as kozo sheets produced using
the same cooking durations but with different alkali concentrations. Additionally, we
evaluated kozo sheets made while maintaining the same cooking conditions but gradually
reducing the parenchyma cell content using a fiber classier (screen opening 75 pm). Our
findings revealed a direct correlation between higher wet tensile strength and increased
parenchymal cell content.

The main chemical components of kozo paper are cellulose, hemicellulose, lignin,
and pectin. According to Ishii [3], the xylem of hardwood typically contains approxi-
mately 20-30% hemicellulose, of which 80-90% is O-acetyl-4-O-methylglucuronoxylan
(also known as glucuronoxylan). This is followed by glucomannan, the next most abundant
hemicellulose found in hardwood. Since kozo paper originates from ligneous bark, it is
likely that its composition is similar to the aforementioned hemicelluloses.

Some of the hemicellulose in wood becomes degraded and is lost during the cooking
process. This occurs because of the peeling reaction, a process in which the 1—4-linked
polysaccharides of cellulose and hemicellulose are successively removed from their reduc-
ing end groups during alkali treatment. As a result, both compounds undergo a reduction
in their degree of polymerization. Because the original degree of polymerization for cel-
lulose is relatively high, the effect of depolymerization is small, although their yield is
reduced. In the case of glucomannan, however, the original degree of polymerization is
around 70, so this peeling reaction contributes significantly to a reduction in the degree
of polymerization [4]. Consequently, relatively significant amounts of glucomannan are
lost during cooking due to its low molecular weight [5]. Glucuronoxylan, by contrast,
exhibits a higher resistance to degradation at temperatures below 140 °C. The peeling
reaction stops at the residue with 4-O-methyl glucuronic acid at the C-2 position and acetyl
groups at the C-2 and C-3 positions [6]. Danielsson [7] reported that glucuronoxylan is
reabsorbed on the fiber when the alkali concentration decreases during the late stages
of cooking, as well as when the temperature decreases. Danielsson and Lindstom [5]
reported that when glucuronoxylan from birch wood is adsorbed onto softwood pulp, the
resulting increase in the higher degree of polymerization as well as more carboxyl group
densities of glucuronoxylan leads to greater adsorption onto the fiber surface. Additionally,
Mitikka-Eklund et al. [8] confirmed that glucuronoxylan was absorbed on the outer surface
of the fiber.

Schonberg et al. [9] reported that the addition of glucuronoxylan and its adsorp-
tion onto the fibrous surface increased tensile strength. However, they noted that the
glucuronoxylan retained within the fiber did not affect tensile strength or tear strength.
Ban et al. [10] stated that the damage to cellulose and hemicellulose caused by cooking has
a greater impact on paper quality than the relationship between the tensile strength of the
sheet and the fiber’s hemicellulose content.

Robinson reviewed the effect of hemicellulose on fiber bonding as follows. Since
hemicellulose is flexible, it provides more hydrogen bonds per unit area than the cellulose
surface. Furthermore, hemicellulose has a molecular chain with small molecular weight
and few steric obstructions; therefore, the hydroxyl groups of hemicellulose can easily bind
with hydroxyl groups on the surface of cellulose, which lacks mobility [11].

In particular, glucuronoxylan has a side chain containing a carboxyl glucuronic acid,
which gives rise to a stronger hydrogen bond with hydroxyl groups such as cellulose.
As mentioned above, the amount of glucuronoxylan content, the main component of
hardwood hemicellulose, is known to contribute to paper strength.

Furthermore, in the papermaking process, because fiber itself is relatively rough and
elastic, it must be beaten before becoming pulp. The fiber bundles are broken up to present
fibrillation. Fibers also transfer to the appropriate length, and the surface also becomes
gelatinized via a beating process. They expand and become plastic when exposed to water.
Because hemicellulose has a strong hydrophilicity, when it is present on the surface of
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the fiber, water causes it to swell. The overall plasticity of the fiber is thus enhanced and
becomes gelatinized more easily. When making paper, the strength of the paper increases
due to the increase in the combination of strong plastic fibers [12].

In this paper, we began by examining glucuronoxylan content in the fibers of the usu-
mino-gami made by Hasegawa. After this, we analyzed samples produced using different
cooking methods in light of the findings on wet tensile strength gleaned from our earlier
studies. We then investigated glucuronoxylan content following its extraction from kozo
chips and its addition to kozo pulp when treated under identical cooking conditions and
adsorbed onto the fibers. The purpose of this study was to clarify the effect of glucuronoxy-
lan on the wet tensile strength of paper. It provides a guideline for the production of wet
tensile strength kozo paper and contributes to the preservation and conservation of cultural
properties with good paper quality.

2. Result and Discussion
2.1. Usu-Mino-Gami

Neutral carbohydrate components in Hasegawa-made usu-mino-gami were analyzed,
with results normalized by molar ratio to glucan content (Table 1). Here, all the xylan was
derived from glucuronoxylan, and the mannan was derived from glucomannan. Therefore,
the neutral carbohydrate value indicates the relative amount of these hemicelluloses. No-
tably, the usu-mino-gami made by Furuta (Fu) exhibited not only a high glucuronoxylan
content but also a high glucomannan content, indicating milder cooking conditions.

Table 1. Neutral carbohydrate composition of usu-mino-gami (molar ratio to glucan).

i:)/[ ‘éi‘éc‘ii*/‘? Fu W2(H) S2(H) N2(H) N2(F)
Rhamnan 1.43 + 0.01 1.34 + 0.04 1.39 + 0.02 1.05 + 0.03 1.00 4 0.01
Arabinan 0.54 + 0.06 0.38 £ 0.02 0.43 £ 0.09 0.20 + 0.04 0.24 £ 0.01

Xylan 4.87 + 0.40 3.96 + 0.01 3.74 + 0.04 3.70 + 0.08 3.70 + 0.05
Mannan 1.76 + 0.09 113 £ 0.10 1.08 + 0.02 0.80 + 0.02 0.61 + 0.05
Galactan 1.87 +£0.12 1.74 + 0.03 2.15 + 0.06 1.41 + 0.01 1.57 4+ 0.03

Yield of neutral 80.0 £ 0.6 82.7 £ 03 853 4+ 0.4 83.8 £ 0.5 824+ 0.6

carbohydrate */%

* Including glucan yield.

Figure 1 shows the relationship between the wet tensile index (in 44 mmol/L potas-
sium hydroxide solution) [1] and glucuronoxylan content (the molar ratio of xylan to
glucan) of the usu-mino-gami reported in the first paper. As can be seen, a higher wet tensile
index correlated with a higher glucuronoxylan content. Consistent with this finding, the
sample with the highest wet tensile index, Fu, also had the highest glucuronoxylan content,
while the sample with the lowest wet tensile index, N2(F), had the lowest glucuronoxylan
content. These results suggest that weaker cooking conditions are conducive to enhancing
the wet tensile strength of usu-mino-gami and that glucuronoxylan content increases in
the process.

However, interpreting the results related to the Hasegawa sample proved challenging
due to varying cooking conditions, specifically due to changes in the alkali concentrations
and cooking time. Therefore, we had kozo chips from Kochi Prefecture and manufactured
kozo sheets with the same alkali concentration or a constant cooking time. The experimental
results for kozo sheets are shown below.
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Figure 1. The relationship between xylan/glucan molar ratio and the wet tensile index for usu-mino-gami.

2.2. Kozo Sheets Produced with Identical Alkali Concentrations and Different Cooking Time

The results of the neutral carbohydrate analysis of kozo sheets prepared using identical
alkali concentrations with different cooking durations are shown in Tables 2 and 3. The
neutral carbohydrate content derived from all hemicelluloses was higher in the sample
cooked in sodium carbonate (KC) than in the sample cooked in sodium hydroxide (KH)
when the same cooking time was used. This finding aligns with previous research by
Gustavsson, AL-Dajani [13], and Jiang et al. [14], who reported that in wood pulp, elevated
alkalinity causes hemicellulose to degrade and dissolve more easily. Therefore, it comes
as no surprise that the hemicellulose content in the fiber of samples cooked with sodium
hydroxide (KH), which is highly alkaline, is notably diminished compared with that which
was cooked with sodium carbonate (KC).

Table 2. Neutral carbohydrate composition of kozo sheets using sodium carbonate to cook kozo fiber.

x‘g;‘;l:;t/{;’ KC1 KCL5 KC2 KC2.5 KC3.5
Rhamnan 1.18 £ 0.02 1.12 +0.01 1.14 + 0.03 1.01 + 0.02 1.02 +0.03
Arabinan 0.23 + 0.06 0.23 + 0.01 0.26 =+ 0.02 0.22 + 0.00 0.23 = 0.00
Xylan 3.93 £ 0.01 3.93 + 0.02 391 +0.05 415 £ 0.01 4.13 £ 0.08
Mannan 1.12 +0.03 1.04 + 0.03 0.94 + 0.02 0.95 + 0.07 0.85 = 0.02
Galactan 1.56 + 0.03 1.54 +0.01 1.48 + 0.00 1.40 + 0.01 1.42 +0.01
Yield of neutral 81.5 + 0.6 81.9 £ 0.1 81.5 4+ 0.2 79.9 +0.2 82.8 +0.1

carbohydrate */%

* Including glucan yield.

10
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Table 3. Neutral carbohydrate composition of kozo sheets using caustic sodium hydroxide to cook

kozo fiber.
Molar Ratio to

Clucanto KHO0.5 KH1 KH1.5 KH2 KH2.5
Rhamnan 0.80 + 0.03 0.71 + 0.01 0.71 + 0.01 0.69 =+ 0.00 0.70 =+ 0.01
Arabinan 0.10 + 0.01 0.10 = 0.02 0.09 -+ 0.01 0.08 + 0.00 0.12 + 0.04
Xylan 3.55 «+ 0.08 3.49 + 0.11 3.53 «+ 0.02 3.34 + 0.01 3.54 + 0.15
Mannan 0.61 + 0.01 0.43 + 0.01 0.34 + 0.02 0.34 + 0.03 0.33 + 0.04
Galactan 0.85 + 0.01 0.65 + 0.00 0.53 + 0.00 0.48 + 0.01 0.56 + 0.02
Yield of neutral 802 +03 778 +05 81.0 £ 0.2 83.0 + 0.2 78.6 + 0.9

carbohydrate */%

* Including glucan yield.

The relationship between the kozo sheets” glucuronoxylan content and pulp yield is
shown in Figure 2. Although Gustavsson, AL-Dajani [13] and Jiang et al. [14] reported
a decrease in glucuronoxylan content with longer cooking times, Clayton and Stone [15]
stated that since glucuronoxylan is reabsorbed following cooking, cooking times have little
impact on the final content. In this study, the glucuronoxylan content was almost the same
with each alkali, regardless of the cooking time.

5.0
A Sodium carbonate
B Sodium hydroxide
S 45 ¢t
g
B
g - Agcss AKCS
= 40 KC2
5 . A AKCLS AKCl
=
@) L
= KH1.5
= - KHO0.5
;;{ 35 +KH2-5 L *KHl ]
-KHZ
30 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
55 60 65 70 75
Pulp Yield / %

Figure 2. The relationship between xylan/glucan molar ratio and the pulp yield for kozo sheets
prepared using different cooking agents and times.

Figure 3 shows the relationship between the glucuronoxylan content and wet tensile
index. While the wet tensile index was found to decrease as cooking time increased,
glucuronoxylan content changed little when the same cooking agent was employed. This
finding underscores the role of other factors, such as parenchyma cell content and the
degree of cellulose damage, in influencing changes in strength [2]. However, it should be
noted that the amount of glucuronoxylan content varied when different cooking agents
were used, directly impacting wet tensile strength.

11
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Figure 3. The relationship between xylan/glucan molar ratio and wet tensile index for kozo sheets.

2.3. Kozo Sheets Produced with Uniform Cooking Times but Different Alkali Concentration

Neutral carbohydrate analysis was performed on the kozo sheets by varying the sodium
carbonate concentration while maintaining the same cooking time (Table 4). Figure 4 shows
the relationship between the pulp yield and glucuronoxylan content. Among KC1-10 (KC1
in the previous chapter), KC1-12, KC1-14, and KC1-16, the glucuronoxylan content tended
to decrease as the alkali concentration increased. Figure 5 shows the relationship between
these data and the wet tensile index [2], where it can be observed that a higher wet tensile
index is correlated with lower alkali concentrations. Additionally, wet tensile strength is
linked to the amount of glucuronoxylan content.

Table 4. Neutral carbohydrate composition of kozo sheets prepared using different sodium carbonate
concentrations to cook kozo fiber.

Molar Ratio to

Glucan/% KC1-10 *! KC1-12 KC1-14 KC1-16
Rhamnan 1.18 + 0.02 1.21 + 0.08 1.19 4 0.04 1.17 4 0.06
Arabinan 0.23 + 0.06 0.27 + 0.01 0.18 £ 0.01 0.20 + 0.01
Xylan 3.93 + 0.01 3.95 4+ 0.10 3.76 4 0.10 3.81 +0.07
Mannan 1.12 + 0.03 112 4+ 0.05 1.05 4 0.04 1.00 4 0.10
Galactan 1.56 + 0.03 1.59 + 0.03 1.42 +0.02 142 +0.10
Yield of neutral 81.5 + 0.6 92.3 +0.2 93.44+02 92.9 £ 0.3

carbohydrate *?/%

*1 Sample KC1-10 is the same sample as KC1 in the previous chapter. *2 Including glucan yield.

12
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Figure 4. The relationship between pulp yield and xylan/glucan molar ratio of sodium carbonate
when cooking kozo.
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Figure 5. The relationship between xylan/glucan molar ratio and wet tensile index for kozo sheets of

sodium carbonate when cooking.

2.4. Kozo Sheets Made with Absorbing Glucuronoxylan

The above experiments indicate a correlation between the glucuronoxylan content and
the wet tensile index. However, different cooking conditions not only affect the content
of hemicellulose but also cause varying degrees of damage to cellulose and parenchyma
cell content, which probably also leads to an effect on paper strength. Therefore, in the
following paragraph, in order to explore the relationship between glucuronoxylan content
and wet tensile strength, cooking conditions were unified to ensure that glucuronoxylan
content was the only variable.

13
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Therefore, a strategy was employed in which glucuronoxylan extracted from kozo
chips was added to kozo pulp that had been cooked under identical conditions. The
glucuronoxylan content was then adsorbed onto the fibers, resulting in kozo paper samples
that differed only in their glucuronoxylan content, allowing for its specific effect on paper
strength to be investigated. The results of the neutral carbohydrate analysis are shown in
Table 5. Though glucuronoxylan content was added just before cooking concluded, the
proportion measured in the samples only ranged from 4.43% to a maximum of 5.16% for
the xylan to glucan molar ratio. Figure 6 shows that the addition of glucuronoxylan content
increased the wet tensile index, and although this phenomenon is known to occur in the
production of wood pulp-based paper, our results confirm that a similar effect takes place
when glucuronoxylan content is adsorbed onto the fibers of kozo paper.

Table 5. Neutral carbohydrate composition of kozo sheets made with absorbing glucuronoxylan.

Molar Ratio to

Glucan/% HCO HCo0.5 HC2.5
Rhamnan 1.10 £ 0.04 1.18 £ 0.01 1.12 £ 0.04
Arabinan 0.34 + 0.02 0.31 +0.03 0.37 + 0.03
Xylan 443 +0.15 4.69 + 0.04 5.16 + 0.04
Mannan 1.36 = 0.06 1.33 +0.02 1.36 4+ 0.08
Galactan 2.04 + 0.06 2.07 +0.03 1.99 £+ 0.01
Yield of neutral
carbohydrate */% 85.0£0.3 85.2+0.3 86.7 £ 0.3
* Including glucan yield.
1.2
- L
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S
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Figure 6. The relationship between xylan/glucan molar ratio and the wet tensile index for kozo sheets
when xylan content is added.
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3. Experimental Section
3.1. Sample
3.1.1. Hasegawa’s Usu-Mino-Gami

Five samples were prepared at Hasegawa Washi Kobo, Satoshi Hasegawa’s paper mill
(Table 6). Nasu kozo white bark was cooked using sodium carbonate (Na,COs3) to form a
sheet. Sample N2 represents a specimen made by Hasegawa according to his usual cooking
process and conventional papermaking techniques. For sample N2(F), the same stock was
bag-washed to remove parenchyma cells and fine fibers. The creation of sample S2 entailed
an increase in cooking agent concentration and a shorter cooking time, while for sample
W2, the cooking agent concentration was decreased, but the cooking time was likewise
short. The final sample, Fu, was made by the late Furuta [1].

Table 6. Cooking conditions of Usu-mino-gami *.

Production Cooking Alkaline Cooking Duration Gramarge **  Thickness **
Sample Year Chemical  Concentration/% time/h before /g m—2 /um
° Washing/h & H
1(10%) +
*1
S2 10, 40 1/6(40%) 159 + 0.6 553 £ 4
1
N2(F) *1 17.7 +1.1 629 +4
w2 1 10 1 16.7 £ 0.6 577+3
Fu *2 Bfgfgf NayCO; (12-13) *3 1)+ (2-4) 3 98+0.8 48 + 4
* This table is copied from a previous paper [1]. *! Samples were prepared by Mr. Satoshi Hasegawa. N2(F)
was prepared from washed pulp (N2) in a cloth bag (Fukuroarai) with water before sheet preparation. *2 Fy
was prepared by Mr. Kozo Furuta, one of the best usu-mino-gami craftsmen ever. *3 According to the survey by
Yagihashi [16]. ** Mean =+ standard deviation (N = 10).
3.1.2. Kozo Sheets Produced with Identical Alkali Concentrations or Uniform Cooking Time
For the preparation of usu-mino-gami, the alkali concentration and cooking time were
adjusted to vary the cooking strength. As shown in Table 7, these kozo sheets were prepared
according to the Tappi standard handmade method (JIS P8222:2005) [17] with a grammage
of around 30 g/ m? [2].
Table 7. Cooking conditions of kozo sheet *.
Cooking Alkaline Cooking Duration Gramarge *1 Thickness *1
Sample Chemical Concentration/% Time/h before /g m—2 /um
° Washing/h 8 H
KC1
(KC1-10) 1 26.8 £0.9 64+3
KC1.5 15 297 +14 64+6
KC2 10 2 295+ 1.6 68 £ 5
KC2.5 NayCO;5 2.5 1 348 £1.8 66 + 4
KC3.5 3.5 332421 68 +4
KC1-12 12 1 280+ 15 5242
KC1-14 14 1 271+14 53+1
KC1-16 16 1 266+1.2 53+2
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Table 7. Cont.

Cooking Alkaline Cooking Duration Gramarge *1 Thickness *1
Sample Chemical Concentration/% Time/h before /g m—2 /um
’ Washing/h 8 H

KHO0.5 0.5 265+ 19 59£5

KH1 1 258+ 15 62+3
KH1.5 NaOH 10 1.5 31.8+24 65+3

KH2 2 29.1+20 58 £4
KH2.5 2.5 289 + 2.6 60+5

* This table is copied from a previous paper [2]. *! Mean = standard deviation (N = 10).

3.1.3. Samples with Different Glucuronoxylan Content under Identical Cooking Conditions

Glucuronoxylan was isolated according to the following procedure. Kozo chips
were extracted with methanol in a Soxhlet extractor for 6 h. The air-dried chips were
then stirred in 4 L of distilled water for 2 days at room temperature to extract the water-
soluble components. After additional air-drying, glucuronoxylan was extracted using
1 L of a 10% KOH solution for 3 h at room temperature under a nitrogen flow with
agitation. Following suction filtration using ADVANCTEC No. 4A filter paper, the filtrate
was introduced into 2.6 L of methanol containing 0.125 L acetic acid while stirring. The
precipitated glucuronoxylan was collected via centrifugation and washed sequentially with
80% ethanol, anhydrous ethanol, and ethyl ether. The resulting crude glucuronoxylan
was then re-dissolved in 1 L of a 5% KOH solution, purified via precipitation with 0.75L
ethanol, and the precipitate was again collected using centrifugation. It was then washed
with ethanol and dried over phosphorus pentoxide under a vacuum in a desiccator using a
rotary pump [18].

The following process was then used to add the glucuronoxylan to the pulp. First,
pulp from Kochi kozo chips (60 g, cut into 4 mm lengths) was cooked in 1.8 L of 10% sodium
carbonate solution for 50 min. Once it had cooled, the pulp was suction-filtered to separate
the fiber from the cooking liquid. It was then divided into three equal parts according to
weight. The cooking liquid was heated while nitrogen gas was blown into it. and when its
boiling point was reached, glucuronoxylan was added, respectively, in amounts of 0.5 g
and 2.5 g. These samples were named HCO0.5 and HC2.5. The pulp was introduced and
heated for 10 min, after which it was removed without cooling. The sample without the
addition of glucuronoxylan underwent the same procedure (HCO0). The pulp was washed
as usual, and then it was beaten to 5000 revolutions in a PFI mill. Kozo sheets of gramarge
at approximately 30 g/m? were formed, as shown in Table 8 (JIS P8222:2005) [2].

Table 8. Addition of glucuronoxylan to kozo pulp.

Cookin Alkaline Amount of
Sample o0 Cng amn o, Cooking Time/h Glucuronoxylan
Chemical Concentration/% ops
Addition/g
HCO0 0
HCO0.5 Na,CO3 10 1 0.5
HC2.5 2.5

3.2. Measurement of Wet Tensile Strength by Finch Method

Consistent with our initial report [1], the wet tensile index was assessed using the
Finch method, which involves immersion in a 44 mmol/L potassium carbonate solution
for 20 s (JIS P8135:1998) [19]. In the Finch device, a sample piece turns around a horizontal
rod, and its two ends are held by an upper clamp. A water vessel (container) can move up
or down. By lifting up the container, a part of the sample piece around the horizontal rod is
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immersed in the solution and kept for a scheduled time. Tensile testing can be performed
immediately after lowering the container, as in Figure 7. Ten pieces were measured for
each sample, and the means and standard deviations of the measurement results have been
used in this paper.

Wet tensile strength is expressed below:

Sw =0.5x%

Wxn

Sw: Wet tensile strength (kN/m)

X: Maximum load until raptured (N)

W: Width of a sample piece (mm)

n: Number of layered sample pieces (1 = 1 in our case)

Wet tensile strength when determined was divided on the basis of the weight of the
sheet to obtain the wet tensile index.

ﬁ/ Upper Clamp

Sample

/ Horizontal Rod

Solution

Lower Clamp

Figure 7. Finch device for short time wet strength measurement of paper (JIS P8135:1998).

3.3. Neutral Carbohydrate Analysis

Paper samples were disintegrated, and 50 mg of the oven-dried sample was weighed
and subjected to sulfuric acid hydrolysis to form a monosaccharide. This was further
reduced to alditol before being acetylated and analyzed using GC-FID [18]. The GC
analysis conditions were as follows: Agilent 6890N; injection volume: 2 pL; column: Agilent
J&W DB-225 (250 um i.d., 30 m length, and 0.25 um film thickness); oven temperature:
220 °C; analysis time: 30 min; inlet temperature: 250 °C; split ratio: 30:1; carrier gas: Ny,
0.7 mL/min; detector: FID (Flame Ionization Detector).

In this study, inositol was used as an internal standard; however, since acid hydrol-
ysis is not sufficient, it is not expressed as an absolute amount but as a ratio of glucan.
Two to three points for each sample were taken, and the entire process was performed.
Measurement results are shown as the mean and standard deviation.

4. Conclusions

Although the amount of glucuronoxylan content in the kozo sheets varied with different
alkali concentrations and types, its content remained quite consistent under conditions in
which the type of alkali used and the alkali concentrations were identical.

Consequently, variables affecting the wet tensile index include the alkali used, the
cooking intensity with sodium hydroxide or sodium carbonate, and the concentration of
sodium carbonate assessed with consistent cooking times. All of these factors were found
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References

to impact the amount of glucuronoxylan content in kozo sheets, contributing to differences
in their wet tensile strength.

With regard to the samples that had an addition of glucuronoxylan extracted from
kozo chips to kozo pulp, it was confirmed that the wet tensile strength of the kozo sheet
increased in proportion to the amount of glucuronoxylan that was added. Since the degree
of cellulose damage and parenchyma cell content in these sheets was kept constant, it
could finally be reliably determined that the glucuronoxylan content itself was the factor
contributing to the wet tensile strength of kozo paper. Therefore, to increase kozo paper’s
wet tensile strength, sodium carbonate should be employed, and the fiber should be cooked
under mild conditions, thus retaining a higher degree of glucuronoxylan content in the
pulp. The cooking conditions that allow for the retention of a higher glucuronoxylan
content are something to consider exploring in a future study.

The results of this paper intend to disclose information about the production of paper
producers in the country. This allows conservators and producers to exchange information
on issues such as defects in the use of the paper. We are convinced that the multifaceted
discussions among producers, conservators, and researchers are based on objective data on
the correlation between the raw materials and the manufacturing process of paper. The
usability and stability of this paper provide significant support for the stable production of
mounting paper.
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Abstract: Handmade papers, as carriers of paper-based cultural relics, have played a crucial role
in the development of human culture, knowledge, and civilization. Understanding the intricate
relationship between the structural properties and degradation mechanisms of handmade papers is
essential for the conservation of historical documents. In this work, an artificial dry-heat-accelerated
aging method was used to investigate the interplay among the mechanical properties of paper, the
degree of polymerization (DP) of cellulose, the chemical composition, the hydrogen bond strength,
the crystallinity, and the degree of hornification for paper fibers. The results demonstrated for the first
time that the mechanical properties of handmade bamboo paper exhibited an initial plateau region,
a rapid decline region, and sometimes a second plateau region as it undergoes a dry-heat aging
process. The changes in cellulose, hemicellulose, and lignin content were tracked throughout these
three stages. The lignin content was relatively stable, while the cellulose and hemicellulose content
decreased, which was consistent with the observed decline in mechanical properties. When the DP of
cellulose decreased to the range of 600—400, there was a critical point in the mechanical properties
of the paper, marking a transition from the initial stable region to a rapid decline region. The fiber
embrittlement caused by cellulose chain breakage resulting from the decrease in DP was counteracted
by the enhancement of intermolecular hydrogen bonds and the hornification process. A second stable
region appeared when the DP was less than 400, marking a transition from a balanced or slightly
decreasing trend in the initial plateau region to a sharp decline. This study also discussed for the first
time that the formation of the second plateau region may be due to the presence of hemicellulose and
lignin, which hinder the further aggregation of cellulose and maintain the structural stability of the
fiber cell. The findings of this study can provide guidance for improving ancient book preservation
strategies. On the one hand, understanding how these components affect the durability of paper can
help us better predict and slow down the aging of ancient books. On the other hand, specific chemical
treatment methods can be designed to stabilize these components and reduce their degradation rate
under adverse environmental conditions.

Keywords: handmade paper; critical DP; H-bond; hornification

1. Introduction

The saying “Paper lasts for a thousand years, while silk endures for eight hundred”
highlights the significance of paper as a crucial medium for the transmission and develop-
ment of human civilization [1]. Traditional Chinese paper, with a history spanning over
2000 years, has played an irreplaceable role in ancient book printing, calligraphy, painting
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arts, and other cultural relics [2]. The general manufacturing processes for traditional
Chinese paper involve steeping, fermenting, washing, steaming, boiling, natural bleaching,
pulping, sheet forming, pressing, and drying, employing mild treatment conditions to mini-
mize adverse effects on plant fibers [2,3]. Papers manufactured throughout the long history
of Chinese papermaking can be categorized into bast paper, bamboo paper, straw paper,
and mixed-fiber paper (i.e., Xuan paper), and each is endowed with distinct characteris-
tics [4]. The methods of making various types of paper differ due to the composition and
properties of the raw materials, although the basic principles of pulping and papermaking
are the same. Longer bast fibers give bast paper better strength, while the mixed paper
is a blend of long bast fibers and short rice straw fibers, resulting in excellent effects for
calligraphy and painting. Due to its high content of lignin and hemicellulose, bamboo raw
material is used to produce a unique type of paper known as bamboo paper. Handmade
bamboo paper holds great importance in traditional papermaking in China, with a rich
history and a wide variety of categories. The craftsmanship of bamboo paper flourished
during the Tang and Song dynasties, particularly in the Song dynasty, where it gained
dominance due to its cost-effectiveness, favorable texture, and availability. Furthermore,
bamboo paper’s desirable properties, such as its flexibility and water absorption, made it
popular in calligraphy and printing. The manual production of bamboo paper reached its
peak during the Ming and Qing periods when it was utilized not only for daily writing but
also extensively in the restoration and printing of ancient books, as well as in calligraphy
and mounting. In 2006, the bamboo-paper-making process was recognized in the first batch
of national intangible cultural heritage in China [5]. A survey indicates that some regions in
Fujian, Jiangxi, and Zhejiang provinces still produce bamboo paper suitable for archival and
ancient book restoration. However, there are also problems, such as the lack of emphasis
on bamboo paper, a decline in its quality, a disconnect between production, supply, and
marketing, and a lack of successors [6]. More importantly, the relatively short fibers and
lower cellulose content of bamboo paper make it less durable than papers made from
other materials, such as bast, making it more susceptible to degradation and necessitating
specialized conservation and restoration efforts in the restoration and printing of ancient
books [1]. Therefore, studying bamboo paper’s aging behavior and preservation methods
is crucial for prolonging the lifespan of ancient books and manuscripts and gaining insights
into their conservation and restoration needs.

During the long-term preservation process, paper can degrade due to a combination
of internal and external factors. Internal factors include acidic degradation products and
excessive alkali reserves within the paper itself, while external factors consist of light,
temperature, humidity, air pollutants in the environment, and the presence of inks, pig-
ments, fillers, insects, and microorganisms on the paper [7-10]. To study the degradation
of paper, accelerated aging experiments are always conducted in laboratories due to the
slow degradation rate under natural conditions [11]. These experiments involve severe
conditions, such as elevated temperatures and humidity levels, intense ultraviolet and
visible radiation, and significant pollutant concentrations, which expedite the deterioration
of paper. Additionally, environmental factors such as high levels of air pollution and
adverse meteorological conditions have been shown to exacerbate the degradation process
of materials, including paper [12]. In order to gain a deeper understanding of the mecha-
nism behind paper deterioration, researchers often use pure cotton/cotton linter cellulose
paper and bleached sulfite softwood /hardwood cellulose paper as model papers [13-15].
These model papers are composed predominantly of cellulose, with minimal hemicellu-
lose and lignin content; however, traditional bamboo papers actually contain relatively
higher amounts of hemicellulose and lignin, which may exhibit certain differences in aging
behavior due to their distinct structural and functional properties.

Researchers have conducted studies on bamboo paper from various perspectives.
Compared with the center of the paper pages, the edges of traditional Chinese bamboo
paper pages undergo chemical changes through oxidation and photo-aging effects [16,17].
Aging experiments conducted for 72 h at 105 °C in nitrogen, air, and sealed preservation
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environments reveal that nitrogen storage exhibits the best anti-aging properties, followed
by air storage, while sealed preservation performs the worst. Sealed storage is not ideal
as it inhibits the release of the paper’s volatile substances. Therefore, it is recommended
to use storage equipment that is breathable to allow for air circulation while protecting
documents [18].

In their research on bamboo paper aging, Chen and Ding found that handmade
bamboo paper with minimal processing is more susceptible to yellowing, while excessive
treatment can harm the fibers and impact the thermal stability of the paper [19]. They
also developed a quantitative model based on changes in characteristic temperatures of
pyrolysis to better evaluate the degree of bamboo paper aging [20]. Additionally, the
pyrolysis characteristics of bamboo paper under various dry-heat-aging conditions were
studied using thermogravimetric analysis, revealing a deterioration in the thermal stability
of bamboo paper. The difference in characteristic temperatures of pyrolysis of bamboo
paper, AT0.5, was proposed as a parameter to evaluate the degree of bamboo paper aging,
with an exponential relationship being established between AT0.5 and the retention rate of
the tensile index, leading to the development of a quantitative model for assessing bamboo
paper aging [21].

A comparative analysis of uncooked and cooked bamboo paper focused on their
dimensional stability- and durability-related physicochemical indicators [22]. This study
revealed that while uncooked bamboo paper exhibited better dimensional stability, cooked
bamboo paper demonstrated superior durability, making it more suitable for meeting
the quality requirements of paper used in the restoration of ancient books. Samples of
uncooked and cooked bamboo papers were obtained from three paper workshops located
in the Jiangle, Liancheng, and Changting regions of Fujian province. The results indicated
that although uncooked paper displayed improved dimensional stability, its durability was
inferior to that of cooked paper, thus rendering uncooked paper a more suitable material
for the restoration of ancient books.

Recently, scholars compared six types of traditional handmade Chinese paper, in-
cluding bast paper, bamboo paper, and grass paper, and they analyzed their wet-heat-
accelerated aging behavior and degradation mechanisms [1]. This study found that the
type of raw fiber material directly affects the durability of handmade paper. At the molec-
ular level, most degradation occurs in the non-crystalline regions of cellulose, leading
to the breakage of glycosidic bonds, the generation of oxidative groups, and changes in
hydrogen bond arrangements in cellulose. Bark paper, due to its specific molecular and
supramolecular structure of cellulose, has a longer lifespan and better durability than
bamboo paper and grass paper. At the supramolecular level, the cellulose in bast paper
has higher crystallinity, providing better stability during the aging process. These results
provide valuable information for understanding the degradation mechanisms of hand-
made paper from different fiber materials and provide a scientific basis for improving the
durability of handmade paper. In addition, researchers have conducted accelerated aging
experiments under different conditions (humidity or dryness, air or nitrogen) and different
durations (2, 4, 10, 25, and 50 weeks) to simulate the chemical degradation of paper [23].
Further research has been conducted on the relationship between chemical degradation
and mechanical degradation during the aging process of paper, especially the impact of
fibers and fiber-to-fiber bonds on the embrittlement of paper. This emphasizes that the
embrittlement of fibers themselves has a greater impact on the overall embrittlement of
paper than the degradation of fiber-to-fiber bonds, and the critical threshold of cellulose’s
degree of polymerization (DP), below which the embrittlement of paper will significantly
accelerate, was pointed out. These findings are of great significance for understanding
and predicting issues with the durability and preservation of paper. However, they focus
on pure cellulose as the research object, while ancient paper contains a certain amount of
hemicellulose and lignin, which have a profound influence on the aging behavior of paper
and should also be given attention.
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Despite the significance of Chinese handmade papers, the understanding of the rela-
tionship between their structure and properties during the aging and degradation process
is still limited. The variety of raw materials used in the Chinese papermaking industry,
as well as the intricate craftsmanship employed, makes this issue even more complicated.
Handmade paper made in traditional crafts often contains a certain amount of lignin
and hemicellulose, which, in addition to cellulose, may affect the degradation behavior
of the paper. The influence of fiber raw materials on the aging behavior of paper under
wet-heat-accelerated aging conditions was investigated. It was found that the longer fiber
lengths result in a larger length-to-diameter ratio and a reduced presence of fine fibers in
the paper. This, in turn, leads to a higher DP and crystallinity in the original cellulose. As a
result, the paper has a longer lifespan and improved durability [1]. A recent study showed
that environmental factors may exhibit similar trends in their impacts on the aging process.
For pure cellulose paper, mechanical performance gradually decreases above the critical
polymerization degree (DPc), while below the DPc, mechanical performance deteriorates
significantly [23]. However, traditional bamboo paper often contains higher lignin and
hemicellulose content, and the impact of these two components on the durability of the
paper has been a subject of ongoing debate. This study focuses on traditional bamboo
paper derived from bitter bamboo, aiming to investigate the aging behavior of paper with
high lignin and hemicellulose content. It was found that the mechanical properties of
bamboo paper with high lignin and hemicellulose content exhibit three stages during
accelerated aging in dry heat as the DP decreases: a first plateau region, a rapid decline
region, and a second plateau region. This study, for the first time, tracked the changes in
cellulose, hemicellulose, and lignin content throughout these three stages. It also explored
the reasons for the formation of the second plateau region, which may be attributed to the
presence of lignin and hemicellulose inhibiting further cellulose aggregation, thus main-
taining structural stability. The findings of this research can enhance our comprehension of
the relationship between the structure and properties during the aging and degradation
process of ancient paper-based books, provide evaluations and guidance for the develop-
ment of conservation agents for ancient books, and establish a scientific foundation for the
production of more durable and long-lasting handmade paper.

2. Results and Discussion
2.1. Mechanical Properties

Research on the aging and degradation of paper is typically approached from two per-
spectives. The first perspective involves studying changes in paper properties over
time [24,25]. While this approach provides a direct reflection of the changes in mechanical
properties, it can be challenging to determine the underlying causes due to the influence
of fiber bonding strength and the inherent strength of the fibers themselves. Factors such
as the bonding strength and inherent strength of fibers are influenced by a multitude
of factors, with the DP of cellulose playing a significant role in the mechanical proper-
ties of paper [26]. Other studies have directly examined the relationship between the
reduction in cellulose’s DP and the loss of paper’s mechanical properties under various
conditions, including temperature, humidity, and acidity [14,27,28]. The loss of mechanical
properties serves as an indicator of paper degradation; however, it is not always a linear
function of cellulose degradation. As the DP of cellulose decreases with aging, the breaking
of molecular chains leads to fiber brittleness, whether through oxidation or hydrolytic
degradation mechanisms [23]. Additionally, a DPc for cellulose (DPc~750, Mn) has been
identified, beyond which the mechanical properties decrease significantly, irrespective of
the type of mechanical testing conducted [24]. This study builds upon new insights into
the relationship between the cellulose DP and the mechanical properties of paper.

Compared with machine-made paper, handmade paper exhibits less variation in fiber
orientation during the papermaking process. However, it is possible to control the water
flow and reduce fiber orientation through the vibration of the paper screen in manual
papermaking. Nevertheless, the water flow still influences the orientation of fibers in the
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longitudinal and transverse directions, corresponding to the wire and bamboo patterns of
the paper mold [2]. This indicates that handmade paper also displays anisotropy in the
transverse and longitudinal directions. In this study, the mechanical properties in different
directions are referred to as the LD (longitudinal direction) and TD (transverse direction).

Figure 1 depicts the relationship between the tensile, tear, and folding endurance
properties of handmade bamboo paper and its DP. The results reveal several key character-
istics. Firstly, unaged handmade bamboo paper is primarily oriented in the longitudinal
direction, enabling it to bear and transmit more load in this direction. As a result, it exhibits
a higher tensile index and folding endurance than the transverse direction. Due to the
ease with which fibers can be pulled out along the paper’s longitudinal direction, while
those perpendicular to it hinder this process, the transverse tear index is greater than the
longitudinal tear index.
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Figure 1. Evolution of mechanical properties (A) Folding endurance, (B) Tensile index, (C) Tearing
index and (D) TEA index with the decrease in the degree of polymerization (DP) of cellulose, as
measured using folding, tearing, and tensile tests on bamboo paper in the longitudinal and transverse
directions under an accelerated dry-heating treatment at 105 °C. LD: longitudinal direction; TD:
transverse direction. The vertical dotted line indicates the value of the critical DP.

The second characteristic is that the strength properties of the paper exhibit different
patterns of decline with a reduction in cellulose DP caused by the extension of the dry-heat-
aging time. In the early stages of dry-heat-accelerated aging (Figure 1A-D), the mechanical
properties of the paper in the longitudinal direction nearly plateau for a period. However,
in the middle and later stages of aging, the tensile index-TD (Figure 1B) and tear index-TD
experience a significant decline, followed by a second plateau period (Figure 1C). On the
other hand, the tensile index-LD gradually decreases without a second plateau period
(Figure 1B). The trend of changes in the energy absorption index is consistent with the
tensile index in both the longitudinal and transverse directions (Figure 1D).

Similarly to the phenomena reported in a previous study [23], this work also observed
a DPc for the paper. Initially, when the paper’s DP is relatively high, there is a plateau
period in its properties. At this stage, cellulose degradation does not necessarily result in a
loss of mechanical properties of the paper [29,30]. However, the mechanical properties of
the paper decline after surpassing this DPc. The DPc for the paper’s tensile properties and
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energy absorption index is estimated to be between 450 and 500 (Figure 1B,D), while for
tearing performance, it is approximately between 500 and 600 (Figure 1C). Therefore, it can
be inferred that the DPc for the plateau and decline periods in this study falls within the
range of 450 to 600. This differs slightly from the previously reported Mn-750 [23], which
is possibly due to the use of DP obtained from the viscosity-average molecular weight in
this study, as well as variations in the raw material content for handmade paper, leading to
different degradation processes and, consequently, affecting the DPc.

One consequence of cellulose polymer chain degradation, as the primary component
of paper fibers, is an increase in paper brittleness during aging. This property could be
assessed through folding endurance [27]. The folding endurance in the longitudinal direc-
tion (folding endurance-LD) exhibits a slight decline in the early stages of aging, with the
DPc appearing at 500, after which a significant decline is observed (Figure 1A), consistently
with previous findings [24]. On the other hand, the change in folding endurance in the
transverse direction (folding endurance-TD) is not significant, remaining below 10 overall
and dropping to 0 once the DP falls below 600. The folding endurance-TD is lower than
10 due to the paper’s thinness and weaker transverse binding force, coupled with the
decrease in fiber strength. In the longitudinal direction, where fibers have certain bonds,
the folding endurance-LD gradually decreases along with the weakening of fiber strength.
It sharply declines once the DP exceeds 500 and completely disappears when the DP falls
below 350. The decline in folding endurance is mainly influenced by fiber brittleness caused
by oxidation and cross-linking in the initial stage of aging [26].

2.2. DP and Component Contents

The DP is a crucial factor in evaluating the performance and longevity of paper [1,31,32].
Accelerated dry-heat aging can significantly decrease the DP of cellulose in paper, a process
that is typically divided into three stages (Figure 2A). The initial stage occurs within 30 days,
during which the DP of the paper decreases by nearly 40%. Subsequently, as the aging
progresses to 50 days, the DP further drops by 10% to around 500. Although the DP continued
to decline in this phase, the rate slowed down significantly. The sharp decline in DP results in
extensive breakage of cellulose molecular chains, a decrease in fiber strength, and a notable
reduction in folding endurance. However, it may not impact the bonding strength between
fibers, thus maintaining tensile and tear strength, corresponding to the first plateau region.
From 50 days onwards, as the paper continues aging up to 200 days, the DP decreases at a
slower rate. Research has indicated that cotton fibers take approximately 850 days for the
DP to decrease from 300 to 280, suggesting a slight decrease in molecular weight in the later
stages of cellulose degradation [24]. Throughout the aging process from 50 to 200 days, there
is a significant decline in the mechanical properties of the paper but a slow degradation
of cellulose.
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Figure 2. Variations in basic weight and DP as a function of aging time for bamboo paper (A);
variations in chemical composition (B) and chromaticity AE and pH (C) with the decrease in DP
under an accelerated dry-heating treatment at 105 °C.

It is often overlooked that during the aging process, the composition of the main com-
ponents of paper, namely, cellulose, hemicellulose, and lignin, undergo constant changes.
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As depicted in Figure 2B, the lignin content shows a gradual slight downward trend, partic-
ularly in the later stages of aging, where the content remains relatively stable when the DP
is below 600. It is important to note that the cellulose and hemicellulose content exhibits a
similar trend to that of the mechanical properties when comparing Figure 1 with Figure 2.
In Figure 2B, a clear plateau region is evident for the cellulose and hemicellulose content
before the DP exceeds 600, with a slight downward trend. Between DP of 600 and 400, a
significant decrease is observed. Specifically, the cellulose content decreases from 60% to
50%, and the hemicellulose content drops from 18% to 12%. Once the DP falls below 400,
the cellulose decrease rate slows down, while hemicellulose shows a plateau. Additionally,
the paper’s pH value gradually declines from an initial 7.25 to 6.8 when the DP is above
600. Subsequently, as the cellulose DP and content decrease, the pH value exhibits a linear
downward trend (Figure 2C). Figure 2B illustrates that cellulose and hemicellulose are the
main components undergoing degradation, leading to an increase in acidic degradation
products. This acceleration of the acidification may be caused by the action of volatile
organic compounds on cellulose or hemicellulose self-oxidation. During natural aging,
paper undergoes color changes and becomes brittle, which is primarily due to the degrada-
tion of cellulose, the primary component of paper fibers [26]. Although the lignin content
does not decrease significantly, it may play a role in these processes through changes in
its functional groups. Understanding how the slowly changing cellulose, hemicellulose,
and lignin content maintains mechanical stability when the DP exceeds 600, i.e., the first
plateau region, warrants further investigation.

However, there is limited research explaining the DPc for cellulose [23]. This poly-
merization threshold is observed in traditional semi-crystalline polymers [33], ensuring a
minimum amorphous phase thickness that influences the plastic deformation mechanism.
The complexity of cellulose’s microstructure adds to this issue [23,33]. The appearance of
this first plateau period seems uncommon in aging studies of pure cellulose samples but
emerges when the DP reaches a certain value [29].

2.3. Microstructures

The primary constituent of Chinese handmade paper is cellulose, which is a poly-
mer consisting of linear chains of hundreds to thousands of D-glucose units linked via
(3-(1,4)-glycosidic bonds [34,35]. The hydroxyl groups present in cellulose participate in nu-
merous intra- and intermolecular hydrogen bonds, resulting in various ordered crystalline
arrangements [36]. These hydrogen bonds play a crucial role in the mechanical properties
of paper by forming inter-fiber connections through interactions between the hydroxyl
(-OH) groups in cellulose molecules [37]. The strength and quantity of hydrogen bonds
can impact the interlayer spacing and elastic modulus of paper. Moreover, the presence of
hydrogen bonds provides the paper with a self-healing capability, as these bonds can dy-
namically reform under certain conditions, repairing the microstructure of the paper. Some
studies suggest that cellulose degradation at the supramolecular level leads to changes in
the intensity of hydrogen bonds and the crystallinity of cellulose macromolecules [38,39].

Figure 3 depicts the alterations in hydrogen bond lengths and energies between and
within cellulose molecules during the paper-aging process. As shown in Figure 3A,B, both
intramolecular and intermolecular hydrogen bond energies increase throughout the aging
process, with intermolecular hydrogen bonds displaying a more pronounced change. In
the initial 40 days of aging, the bond length of intermolecular hydrogen bonds gradually
decreases, indicating a potential movement of cellulose molecular chains toward each other.
Subsequently, the bond length increases and stabilizes, fluctuating within a narrow range
until day 200. The decrease in intramolecular hydrogen bond length and the increase in
bond energy suggest possible contraction or distortion of molecular chains of cellulose
due to the prolonged dry-heat treatment. Conversely, the intermolecular hydrogen bonds
exhibit a significant decline followed by recovery, suggesting a potential rearrangement
process of hydrogen bonds [40] that accompanies the decrease in the paper’s cellulose
DP. In the first plateau region of the paper’s mechanical properties, despite the sharp
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decrease in DP, the increased hydrogen bond energy may strengthen the bonding between
fibers, thereby mitigating the decay of the mechanical properties. In other words, while
the cellulose molecular chains may experience breakage and make the fibers brittle, the
enhanced strength of hydrogen bonds within the internal fiber network of the paper
reinforces the binding between fibers and may lead to irreversible hornification.
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Figure 3. Variations in H-bond length (A), H-bond energy (B), DP, and water retention value (C) as a
function of aging time for bamboo paper.

Hornification refers to the irreversible changes that occur in paper during the water
removal process at either room temperature or high temperatures. These changes result in
alterations in the paper’s water absorption behavior, including reduced flexibility, decreased
water retention capacity, and increased brittleness [41,42]. This phenomenon is attributed
to the formation of irreversible hydrogen bonds between microfibrils within the fibers,
which are typically associated with the durability and stability of paper. As hornification
occurs, the flexibility of the paper decreases. This is because irreversible hydrogen bonds
form between the microfibrils within the fibers during the hornification process, which
restricts the relative movement of the fibers and reduces the flexibility of the paper. This
is due to the breaking of cellulose molecular chains and a decrease in the DP during the
aging process, resulting in weakened fiber-to-fiber bonding and increased fragility of the
paper [42]. Additionally, hornification leads to a decrease in the water retention value
(WRV) of the paper. When preserving and restoring paper-based cultural artifacts, such as
ancient books and archives, the WRYV is a crucial factor to consider. Papers with a higher
WRYV are usually more flexible because the moisture between the fibers reduces friction,
making the paper easier to bend and fold without tearing. On the other hand, papers with a
lower WRV are more prone to brittleness, as the lack of moisture weakens the fiber-to-fiber
bonding, making the paper more susceptible to breakage when subjected to external forces.
The dimensional stability of paper is also closely related to the WRYV, as papers with a high
WRV expand when absorbing moisture and contract when drying. A low WRYV can lead
to brittleness and easy damage to paper, which is crucial for long-term preservation and
restoration strategies of cultural artifacts. It is generally believed that the WRV tends to
decrease as paper ages, reflecting the degradation and structural changes in cellulose fibers.
The findings presented in Figure 3C demonstrate that, similarly to the DP, the change in
the WRYV can be divided into three stages. However, when DP > 600, there is a clear overall
correlation with the WRV, which sharply decreases as the DP decreases. After 50 days
of aging, the DP experiences a slow decline, while the WRV exhibits a relatively stable
fluctuation trend. Thus, it can be inferred that hornification displays an initial increasing
trend followed by a leveling off throughout the entire aging process.

During dry-heat aging, the fibers gradually shrink from their initial cylindrical shape,
with significant collapse and surface wrinkles being observed by day 28 (Figure 4a,b).
Subsequently, the shrinkage slows down, but the overall fiber morphology remains stable
(Figure 4c—f). Most fiber shrinkage is likely to occur within the first few hours of the
drying process [43], which aligns with the trend reflected by the WRV. As the fiber structure
contracts during the early stages of aging, the water absorption decreases. Once a certain
level of contraction is reached, the fiber morphology remains almost unchanged, while the
water absorption performance undergoes irreversible hornification.
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Figure 4. Morphological changes in bamboo paper during accelerated aging: (a) 0D, (b) 28D, (c) 50D,
(d) 100D, (e) 150D, and (f) 200D (1000 times).

Research has also indicated a correlation between mechanical properties and crys-
talline structure during paper aging [16,44]. The supramolecular structure of cellulose
affects the degradation of its molecular structure, with a higher supramolecular order
hindering degradation [39,45]. Although aging causes a reduction in the adsorption and
swelling capacity of the paper, leading to an increased crystallinity [41], the infrared OKI
crystallinity index shown in Figure 5A demonstrates a significant decrease in the first
3 days, followed by an increase period (3—40 days), and then a decrease after 100 days,
eventually leveling off within a certain range. The X-ray diffraction (XRD) results show an
initially stable period, followed by regular fluctuations after 50 days. The main interpla-
nar distances, especially for the 002 plane, remain generally stable. However, the crystal
grain size gradually decreases from 8 layers to 5-7 layers in the later stages (Figure 5B).
This change is likely attributed to the hornification effect caused by cellulose microfibrils
during the drying process. In the later stages of paper aging, although thermal aging leads
to fiber contraction or collapse, the amorphous regions of cellulose may have degraded
significantly. Cellulose co-crystallization, which involves hydrogen bonds, hydrophobic
interactions, and van der Waals forces within fibers, was not observed. It may be due to the
inhibition of lignin and hemicellulose from the hornification of paper cellulose, preventing
the enlargement of crystalline particles and the aggregation of cellulose microfibrils [46].
Moreover, hemicellulose and lignin may contribute to bonding and maintaining the stabil-
ity of the fiber structure despite the decrease in the cellulose DP. Xylan and glucomannan
are important types of hemicellulose that have been found to reduce hornification [43,47].
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Figure 5. Variations in crystallinity index of cellulose (CrlI) derived from XRD and FTIR (A), crystallite
size D and d—spacing (B), and pore parameters (C) during thermal drying for bamboo paper.
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Figure 5C illustrates the variation in pore parameters in paper fibers during the
thermal drying process. In the early stages of aging, the specific surface area rapidly
increases and stabilizes after 40 days, indicating that the fiber surface becomes rougher and
more porous. The pore volume also shows a similar trend but with a slower growth rate,
possibly due to the combined effect of pore size and quantity. In contrast, the average pore
diameter gradually decreases as aging progresses, implying a contraction of the internal
pore structure of the fibers. As the average pore size decreases while the pore volume
increases, this indicates an increase in the number of pores. This may be attributed to the
rapid breakage and degradation of cellulose molecular chains in the early stages of aging,
leading to the formation of porous fibers. However, after 80 days of aging, the pore volume
and average pore diameter of the fibers show a tendency to stabilize, indicating that the
pore structure has reached a stable state. The average pore size does not further decrease,
suggesting that the fibers maintain a relatively stable structure in the later stages of aging.
Combining the previous discussion, this may be due to hemicellulose and lignin hindering
cellulose aggregation and co-crystallization, maintaining the stability of the fiber skeleton
structure. This phenomenon has also been reported in thermal treatment processes [43].

2.4. Aging Mechanisms

The aging behavior of bamboo paper is highly complex due to the presence of a certain
proportion of hemicellulose and lignin in addition to cellulose in its chemical composition.
As mentioned earlier, the mechanical properties exhibit three regions with respect to DP:
the first plateau region, the rapid decline region, and the second plateau region (Figure 6).
The DP of cellulose significantly impacts the mechanical properties of paper, and there
is a similar trend between the cellulose content and the DP. It is evident that oxidative
degradation dominates due to the significant decline in DP [23], leading to the speculation
that fiber embrittlement may play a more significant role in the first plateau region than
the deterioration of fiber-fiber bonds. It is commonly believed that the degradation of
cellulose leads to chain breakage, reducing the inter-fiber bonding force and, thereby,
decreasing the mechanical properties of paper. However, this study demonstrates that
despite a significant decrease in cellulose DP, which would normally lead to brittleness
in the initial plateau stage of fiber degradation, this brittleness does not significantly
impair the mechanical performance of the paper. This may be attributed to the role of
hydrogen bonds, as the strength of paper in the first plateau region remains unchanged.
Additionally, the decrease in the WRV indicates the appearance of irreversible bonding in
the paper, with some hornification occurring. The rearrangement of hydrogen bonds and
hornification may compensate for the impact of cellulose chain breakage on mechanical
strength. These hydrogen bonds, which are formed via free hydroxyl groups, create
strong bonds within the fibers that are, to some extent, irreversible. The resulting multiple
hydrogen bond structures are highly stable and not easily disrupted [48]. Additionally, the
formation of ester bridges between cellulose molecular chains, which are covalent bonds
and irreversible in water, contributes to hornification [49]. These various mechanisms may
all contribute to the hornification process and potentially interact with each other. For
instance, functional groups within the cellulose chains may engage in hydrogen bonds, ester
bonds, ether bonds, and other types of bonding interactions. It is important to note that
hornification is not entirely detrimental. This study suggests that moderate hornification
can be strengthened by the hydrogen bonds between cellulose molecules, thereby enhancing
the binding between fibers, helping to preserve the mechanical properties of paper, and
preventing a sharp decline in the initial stage. It is important to note that the decrease in
cellulose DP does not occur simultaneously with the decrease in cellulose content. During
the aging process, cellulose chains may break, forming shorter chains, but this does not
immediately reduce the total cellulose content. There may also be recombination of chains,
keeping the total cellulose content relatively stable for a certain period of time.
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Figure 6. Schematic illustration of the structure and properties of traditional handmade bamboo
paper during the aging process.

Once the cellulose DP falls below a critical value, a region of rapid decline appears. In
this region, the most noticeable manifestation is further breakage of cellulose chains and
the release of a large number of small molecules, leading to a rapid decrease in cellulose
content and causing a series of adverse reactions, such as a decrease in paper acidity and a
drastic decline in its mechanical properties. The degradation of cellulose or hemicellulose in
paper can also generate volatile components that promote paper acidification. Cellulose in
paper contains 1,4-B-glycosidic bonds, which are sensitive to acids. Its breakage leads to a
decrease in the mechanical strength of the paper, as the reduction in DP affects the physical
structure of the paper and the bonding between fibers. The structure of hemicellulose
is more complex than that of cellulose, as it is composed of various sugars, including
glucose, mannose, xylose, arabinose, and galactose. Under acidic conditions, hemicellulose
also undergoes hydrolysis reactions, causing the glycosidic bonds to break and producing
various monosaccharides [10].

The impact of hemicellulose and lignin on the aging behavior of bamboo paper is
more positive than expected. Although the decrease in hemicellulose and lignin content is
limited throughout the aging process, it is possible that their presence contributes to the
appearance of the second plateau region.

Some studies suggest that lignin negatively impacts paper durability [14]. It plays
a dual role in the degradation of cellulose—as an oxidation catalyst (source of radicals)
and as an antioxidant [14,50]. In its role as an oxidative catalyst in an acidic paper, lignin
generates free radicals that initiate and accelerate the oxidation process of cellulose. This
process involves the hydroxyl (-OH) groups on the cellulose molecular chains, which can
be oxidized into carbonyl (>C=0) and carboxyl (-COOH) groups, among other oxidation
byproducts. This not only reduces the mechanical strength of the paper but also leads
to changes in its chemical structure [14], further contributing to the yellowing of papers
with high lignin content [51]. Recent studies have indicated that the lignin content does
not affect the aging rate of paper produced at a neutral pH [52]. This is likely due to the
cross-linking between lignin and carbohydrates effectively preventing the formation of
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hydrogen bonding in the fibers, both internally and externally, and reducing irreversible
hornification [53].

The unchanged WRYV indicates that fiber hornification does not deepen further, and
the crystallinity does not continue to increase in this stage. Additionally, observations of
the morphology of paper fibers show that after an initial significant contraction, there is no
further contraction. Thus, the presence of hemicellulose and lignin limits the intermolec-
ular interactions between cellulose molecules, slowing down the aggregation of the fiber
filaments and maintaining the integrity of the fiber structure in the second plateau region.

This study only discusses the dry-heat aging behavior of handmade bamboo paper
containing a certain amount of hemicellulose and lignin. However, different components
of paper have their own characteristics in terms of chemical degradation processes under
different aging conditions. Only through a comprehensive analysis of the structure and
properties of paper under different aging conditions can a comprehensive conclusion of
chemical degradation leading to changes in the mechanical properties of paper be provided.
The chemical degradation of paper mainly occurs through the hydrolysis and oxidation
of cellulose, which leads to embrittlement and failure of the paper [10]. A decrease in the
DP reduces the effective mechanical properties of the fibers, ultimately leading to fiber
embrittlement and loss of material integrity. In addition, the acidity, moisture content,
and microstructural characteristics of the paper also affect its chemical and mechanical
degradation behavior. Under different aging conditions, the mechanical behavior of paper
varies. For example, high-humidity environments accelerate the hydrolysis of cellulose,
causing the paper to embrittle more quickly. Conversely, in dry conditions, although the
hydrolysis rate slows down, oxidation may become the primary degradation mechanism.
Furthermore, the acidity of the paper affects its degradation rate, as an acidic environment
accelerates the hydrolysis of cellulose, thus affecting the mechanical properties of the
paper [7]. However, other protective materials may exhibit different aging behaviors from
those of paper. For example, some polymer or synthetic materials may have different
sensitivities to environmental conditions such as humidity and temperature or exhibit
different mechanical behaviors during the aging process. These materials may have better
aging resistance or exhibit more stable mechanical properties under specific conditions.
However, their limitations lie in the fact that the glass transition temperature or that the
melting point of polymers is higher than room temperature but lower than the aging
temperature, making it difficult to evaluate their durability in relation to paper and further
development of a comprehensive evaluation system is needed.

3. Materials and Methods
3.1. Materials

The bamboo paper used in this study was made from bitter bamboo and was crafted by
hand using traditional craftsmanship. According to the “Fenghua City Chronicles”, Tang’ao
bamboo paper was first recorded in historical books in the ninth year of the Zhengde period
of the Ming Dynasty (1514 AD), and it has a history of nearly 500 years. It can be used for
the restoration of ancient books, and it has a thickness of 0.08 mm. The traditional bam-
boo papermaking process is roughly as follows: (1) harvesting bamboo for raw material;
(2) air-drying the bamboo; (3) splitting the bamboo into strips; (4) soaking the strips in
slaked lime; (5) cleaning the bamboo strips; (6) steaming for seven days; (7) pounding the
bamboo into a pulp; (8) washing the paper pulp; (9) mixing with kiwi vine juice; (10) using a
bamboo mat to form the paper; (11) pressing and drying; (12) removing the paper and trim-
ming the edges. Copper ethylenediamine (CED) solution (Bis(ethylenediamine)copper(Il)
hydroxide solution (1 M in H,O)) was purchased from Sigma-Aldrich (Shanghai) Trading
Co., Ltd., Shanghai, China.

3.2. Accelerated Aging

The artificial aging treatment of handmade papers followed the Chinese standard
GB/T464-2008 [54] (equivalent to ISO 5630-4:1986.MOD [55]) for dry-heat aging with the
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temperature set to 105 = 2 °C and circa 0% RH. Sample collection was carried out according
to a predetermined number of aging days. Sampling intervals were shorter in the early
stages of aging and longer in the later stages. This condition was set to simulate the
temperature effect during the natural aging process as closely as possible under controlled
laboratory conditions in order to reflect the oxidation, fracture, and degradation of the
paper itself.

3.3. Analysis of Chemical Components

The standard method of the United States Department of Energy was applied to
quantitatively analyze the cellulose, hemicellulose, and lignin in the materials. The types
and content of sugars in the hydrolyzed products were determined using high-performance
liquid chromatography (HPLC). A 0.3 g sample was placed in a 10 mL crucible and mixed
with 3 mL of 72% H,SOy,, allowing it to swell for 60 min. Subsequently, 84 mL of distilled
water was added to dilute the H>,SO4 concentration to 4%. The mixture was reacted at
121 °C for 1 h and then filtered to obtain a solid residue (Klason lignin) and a filtrate. The
acid-soluble lignin content in the filtrate was measured using Agilent 8453 ultraviolet—
visible spectrophotometry (Agilent Technologies, Inc., Santa Clara, CA, USA) at 205 nm.
The sugar content in the filtrate was analyzed via HPLC (LC-20AT) with an Aminex
HPX-87H column (Bio-Rad Laboratories, Inc., Hercules, CA, USA) under the following
conditions: a column temperature of 55 °C, a mobile phase of 5 mmol/L dilute H,SO4, and
a flow rate of 0.6 mL/min.

3.4. Viscosity Determination

The DP value of the paper cellulose was measured using the viscosity method accord-
ing to a report [1]. Paper samples were weighed and added to a plastic bottle with 10 mL
of deionized water. After shaking for 30 min, 10 mL of CED (1 M in H;0O) solution was
added. The plastic bottle was shaken evenly for 1 h at 25 °C until the paper specimen
was dissolved completely. Then, the obtained solutions were transferred into a capillary
viscometer, and the time of solution declining from the top to the bottom was recorded.
Due to the high lignin content in the bamboo paper studied here, which was higher than
5%, the standard method for determining the intrinsic viscosity-related molecular weight
of cellulose was no longer applicable. In this study, the intrinsic-viscosity-related molecular
weight of cellulose was determined using a modified copper ethylenediamine method to
determine the intrinsic viscosity and DP of handmade paper [56]. For handmade paper
with a lignin content below 10%, the cellulose viscosity and DP can be obtained using the
CED method based on Equation (1):

_

[77]0 - 1— Xo/o’ (1)
where [17]. represents the intrinsic viscosity of cellulose without accounting for the lignin
content (in mL/g); [#]; is the intrinsic viscosity of the model substance while accounting
for lignin content (in mL/g); x% is the mass fraction of lignin.

The Martin empirical equation was used to calculate the DP of the paper samples
(Equations (2)—(4)).

N = hy * by, )
n]. =1n/p, (©)

and
DP%% = 0.75[y],, 4)

where 7 is the relative viscosity of paper cellulose; &, is the constant of the viscosimeter
(0.0703 s’l); ty is the recorded time (s); [4] . is the intrinsic viscosity of paper cellulose; p is
the concentration of the paper solution (g/mL).
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3.5. Tests of Mechanical Properties

The tensile index of paper was measured according to GB/T 12914-2008 [57] at a
constant elongation rate of 20 mm/min using a tensile strength tester (ZB-WLQ, Hangzhou
Zhibang Automation Technology Co., Ltd., Hangzhou, China). The folding endurance
was measured according to GB/T 475-2008 [58] with an MIT folding endurance tester (ZB-
NZ135A, Hangzhou Zhibang Automation Technology Co., Ltd., Hangzhou, China). The
tearing index was assessed according to GB/T 455-2002 [59] with a tearing strength tester
(ZB-SL, Hangzhou Zhibang Automation Technology Co., Ltd., Hangzhou, China). The
properties of the laboratory paper sheets were determined at a temperature of 23 °C and
50% relative humidity. The tensile index of paper is equal to the tensile strength divided
by the base weight, and the tearing index is equal to the tear strength divided by the
base weight.

3.6. Infrared Analysis

The attenuated total reflection Fourier transform infrared (ATR-FTIR) spectrum of
the paper sample was determined on a Spectrum Two Spectrometer (PerkinElmer, Inc.,
Waltham, MA, USA) equipped with a diamond ATR detector. The scan scope was
4000-400 cm~!. The original spectra were calibrated to eliminate the effects of radiation
wavelength on the intensities of the absorption bands.

The hydrogen bond energy (Ep) was calculated using Equation (5) [60]:

1|y —v
EH—k[ _ ] ©)

where 1/k = 2.625 x 10% k], vy is the frequency of the standard free hydroxyl group
(3650 cm 1), and v is the calculated frequency of the hydroxyl group.
The hydrogen bond length (K) was calculated using the Sederholm equation (Equation (6)):

vy — v =443 x 10° (2.84 — R), (6)

where vy is the stretching vibration frequency of a single hydroxyl group (3600 cm '), and
v is the calculated frequency of the hydroxyl group.

3.7. Water Retention Value Measurement

The water retention value of the sample was tested as follows: 2 g of the sample was
immersed in distilled water for 3 h, removed, and placed within a WRYV tester to centrifuge
for 30 min. The weight of the sample post-centrifugation was denoted as M;. After that, the
sample was transferred into an oven and dried at 105 °C for 4 h. After cooling, the weight
of the sample, My, was measured, and the formula for calculating the water retention value
was as follows:

M; — M,

WRV =
M,

)

3.8. Chromaticity Test

The chromaticity of the paper was determined with an automatic colorimeter. To
ensure accuracy and minimize potential errors, each sample was measured six times
at different locations. The change in chromaticity AE was calculated via the following
equation:

AE = \/ AL? + Ad® + AV?, (8)

where L, a, and b represent three different colorimetric coordinate values, respectively. L
indicates the lightness, a indicates red—green, and b indicates yellow-blue. AL, Aa, and Ab
are the differences between the corresponding values of different samples.
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3.9. X-Ray Diffraction Measurement

The X-rays from a Cu tube operating at 30 kV and 10 mA were collected with an
energy-dispersive detector that was able to resolve the Cu-Ku line (A = 0.154184 nm). The
X-ray source was a copper target bombarded with electrons. Scans were obtained from 5°
to 40° 20 using a step size of 0.05°.

The crystallinity index of cellulose was calculated from the XRD spectra using the
following equation:

Cr1 = 1200~ 1AM 1000, )
200
where Ipgy and I are the scattering intensities from the diffraction intensity of the (200)
lattice plane and the height of the minimum value between the (200) and the (110) peaks,
respectively.

The d-spacing was calculated using Bragg’s equation [10], and the crystallite sizes

were calculated using the Scherrer equation [11]:

nA = 2dsinf (10)

and
D = 0.9A/(Bsind) (11)

where 7 is an integer; A is the incident wavelength; d is the spacing between the planes in
the atomic lattice; 6 is the angle between the incident ray and the scattering planes; D is the
crystallite size perpendicular to the plane; 8 is the full width at half-maximum in radians.

3.10. Low-Temperature Nitrogen Absorption

The low-temperature nitrogen adsorption measurement was conducted on the surface
area and porosity analyzer (ASAP-2420, Micromeritics, Norcross, GA, USA). The sample
(0.3-0.5 g, oven-dried weight) was then degassed at 120 °C for at least 8 h. The N
adsorption/desorption isotherms were analyzed at 77 K, and the specific surface area
was calculated using the BET method. The average pore size and the pore volume were
calculated using the BJH method.

4. Conclusions

This study explores the structural and performance changes in traditional Chinese
bamboo paper during the process of degradation through dry-heat aging. The research
reveals that the DP of cellulose undergoes three phases: an initial plateau phase, a rapid
decline phase, and a second plateau phase. A critical performance threshold is observed
when the DP ranges from 600 to 400, marking a shift from a balanced or slightly decreasing
trend in the initial plateau phase to a sharp decline. There is a distinct correlation between
the decrease in cellulose content in paper and the deterioration of certain paper properties.
This study also discusses for the first time that the formation of the second plateau phase
may be due to the presence of hemicellulose and lignin, which hinder further aggregation
of cellulose and maintain structural stability, providing the paper with some strength
even after 200 days of dry-heat aging. While there are limitations in this study, obtaining
detailed insights into hydrogen bond rearrangements and chemical group bonding would
enhance explanations from a chemical and structural perspective, providing a deeper
understanding of the structural and performance changes in the bamboo paper during
degradation through dry-heat aging. This research can provide valuable guidance for
traditional papermaking practices and the preservation of ancient books. For papers
that contain a certain amount of hemicellulose and lignin, these components may play
a role in maintaining structural stability during longer-term preservation. Meanwhile,
selecting papers with a higher cellulose DP can prolong the duration of the initial plateau
phase, thereby extending the preservation time of ancient books. On the other hand, this
study provides multidimensional considerations for the development of materials for the
preservation of ancient books. After implementation, it is important to examine whether
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the degradation and hornification of paper are inhibited and whether the maintenance of
apparent performance affects the extent of internal degradation. The limitations of this
study include the need to systematically compare the degradation behavior of bamboo
paper under different humidity conditions, UV exposure, or exposure to different air
pollutants and to establish dynamic or thermodynamic models that describe the relationship
between cellulose degradation and accelerated aging parameters under the influence of
hemicellulose and lignin. This would provide a scientific basis for a deeper understanding
of aging mechanisms and the restoration and preservation of traditional ancient books.
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Abstract: Palm leaf manuscripts are a valuable part of world cultural heritage. Studying the me-
chanical properties of palm leaf manuscripts and their changes due to environmental influences is of
great significance for understanding the material characteristics, aging mechanisms, and preventive
conservation of these manuscripts. This study used dynamic vapor sorption (DVS) and a thermo-
mechanical analyzer (TMA) to investigate the changes to the mechanical properties of palm leaf
manuscripts in response to different relative humidity conditions and different time periods. The
short-term study results show that exposure to varying relative humidities leads to changes in the
equilibrium moisture content (EMC) of palm leaf manuscripts, causing the bending strength of the
samples to decrease significantly with increasing humidity. The bending modulus initially increases
and then decreases as the humidity increases. Moreover, the greater the desorption hysteresis of
the samples, the more pronounced the changes to the mechanical properties. Therefore, a stable
environment in terms of humidity can prevent changes in the mechanical properties of palm leaf
manuscripts, thereby preventing the onset of degradation. The results of the long-term aging studies
indicate that prolonged exposure to either very dry or very humid conditions greatly affects the
mechanical properties of palm leaf manuscripts, which is detrimental to their preservation. The
samples kept at 50% RH did not exhibit significant signs of deterioration, with no notable changes in
their mechanical properties or chemical structure. This suggests that 50% RH is a relatively optimal
humidity condition for the preservation of palm leaf manuscripts.

Keywords: palm leaf manuscripts; mechanical properties; dynamic vapor sorption; thermomechanical
analysis; simulated aging experiment; preventive conservation

1. Introduction

Before the widespread use of paper, palm leaf manuscripts served as a popular literary
medium in South Asia and Southeast Asia, carrying rich cultural significance. These
manuscripts not only recorded knowledge across various fields, such as history, literature,
philosophy, art, and science, but also held an important place in Buddhist culture and
religious teachings [1-3]. Given their immense historical and cultural value, palm leaf
manuscripts are recognized as a precious part of world cultural heritage, making their
preservation and preventive conservation especially important.

At present, significant progress has been made in regard to the collection and preser-
vation of palm leaf manuscripts, as well as in research related to cataloging and text
interpretation [4-6]. Some scholars have conducted systematic analyses of the materi-
als [7-10] and craftsmanship [11,12] used in the production of palm leaf manuscripts,
completed preliminary assessments of degradation [13], and classified common types of
damage [14,15]. Based on these studies, conservation professionals have implemented a
series of measures [16,17], making important contributions to the preservation and restora-
tion of palm leaf manuscripts. These studies provide foundational data for the scientific
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understanding and preventive conservation of palm leaf manuscripts and offer valuable
references for selecting appropriate preservation environments.

Although there have been some advancements in the research on production techniques,
material analysis, and preservation and restoration methods for palm leaf manuscripts, studies
on the effects and mechanisms of environmental factors on their aging remain insufficient.
Several studies have preliminarily explored the impact of environmental conditions on the
physical properties of palm leaf manuscripts. For example, dry environments may reduce
the mechanical strength of palm leaf manuscripts [12,18], while excessively high humidity
significantly enhances their hygroscopicity [19]. Additionally, in conservation research on
other cellulose-based materials like paper and wood, extensive studies have investigated
the aging effects and mechanisms of various environmental factors. For instance, high
temperatures accelerate the thermal oxidative degradation of cellulose and hemicellulose,
resulting in a decline in their mechanical properties [20,21]. Similarly, exposure to high-
energy ultraviolet radiation breaks the molecular chains of cellulose, leading to mechanical
deterioration and material disintegration [22]. This radiation also induces photochemical
reactions in components such as lignin, causing discoloration of the material [23]. Further-
more, acidic gases, like sulfur compounds and nitrogen oxides, react with moisture in the
material, triggering acidic hydrolysis [24]. The accumulation of dust directly alters the color
and surface properties of the material [25]. These findings offer valuable insights into the
preservation of palm leaf manuscripts, particularly for preventive conservation. Notably, as
both a literary medium and a cultural heritage artifact, palm leaf manuscripts are typically
stored indoors, in libraries or study rooms, thereby largely shielding them from external
temperature fluctuations, light exposure, and atmospheric pollutants. Consequently, hu-
midity, which tends to fluctuate more readily, becomes the primary environmental factor to
consider in the preservation of palm leaf manuscripts.

Humidity is closely linked to the mechanical properties of palm leaf manuscripts,
which directly impact their preservation and restoration processes. Variations in humidity
can cause physical deformation of the manuscripts, leading to permanent structural dam-
age [26], while higher humidity levels promote the growth and proliferation of microorgan-
isms [27]. These factors can affect the mechanical properties of palm leaf manuscripts [12]
and accelerate material deterioration. Moreover, whether short-term and long-term ex-
posure to the same relative humidity has different effects on the mechanical properties
of the manuscripts remains a key question that could lead to the adoption of different
approaches to preservation and restoration. Therefore, studying the mechanical properties
of palm leaf manuscripts and how they change under the influence of relative humidity is
essential for a deeper understanding of their intrinsic characteristics and aging mechanisms.
This research is crucial for developing effective restoration techniques and preventive
conservation measures.

Dynamic vapor sorption (DVS) can be used to study the hygroscopic behavior of
materials in response to different relative humidity conditions. It has shown great poten-
tial in regard to evaluating the hygroscopicity of palm leaf manuscripts [28] and other
cellulose-based artifacts, such as wood and paper [29-31]. Unlike traditional mechanical
testing equipment, such as universal testing machines, which require larger sample sizes,
a thermomechanical analyzer (TMA) offers advantages in regard to testing mechanical
properties using small sample sizes, with high precision and good repeatability [32,33],
making it particularly suitable for fragile and precious organic artifacts, like palm leaf
manuscripts. However, a TMA lacks intrinsic humidity control capabilities, and traditional
humidity-controlled equipment, such as desiccators and constant temperature-humidity
chambers, cannot be directly integrated with a TMA. This setup creates a lag between
humidity conditioning and mechanical testing, making it challenging to capture the imme-
diate effects of humidity on the material’s mechanical properties. Furthermore, fluctuations
in humidity make it difficult to accurately measure the subtle short-term mechanical re-
sponses of the material. To overcome these limitations and enable synchronized humidity
control and mechanical testing, ensuring real-time accuracy of the mechanical data in
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response to varying humidity conditions, this study innovatively employs a custom-made
Modular Humidity Generator (MHG) connected to the TMA. This method allows precise
humidity adjustment and captures the mechanical response of palm leaf manuscripts in
diverse humidity environments, providing a scientific basis for studying humidity’s impact
on the material’s mechanical properties.

Using raw palm leaf manuscripts as research samples, this study examined the short-
term effects of varying humidity on their mechanical properties, as well as the long-term
aging effects. This approach aims to deepen our understanding of how environmental
factors influence the lifespan of palm leaf manuscripts and provide data that support
research on their degradation and preventive conservation.

2. Results and Discussion
2.1. Hygroscopicity of the Samples

The relationship between the equilibrium moisture content (EMC) of the samples
(PLSs) and the environmental relative humidity (RH) is described by an isothermal ad-
sorption curve [34]. The isothermal adsorption curve of the samples is shown in Figure 1a.
The curve follows the trend of an IUPAC Type II adsorption isotherm [35]. During the
adsorption phase (ad), the EMC of the samples increases with the increasing relative hu-
midity, showing a gradual rise followed by a sharp increase, which is characteristic of the
hygroscopic behavior of cellulose-based materials. At 95% RH, the EMC of the samples
reached 25.01%. During the desorption phase (de), the EMC decreases as the relative
humidity drops, but remains higher than in the adsorption phase, indicating a certain level
of desorption hysteresis.
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Figure 1. The isothermal adsorption curve of the samples (a); the hysteresis curve (b); the Hailwood-
Horrobin (H-H) model fitting results for the adsorption curve (c); and the desorption curve (d) of the
samples (at 25 °C, 0% RH to 95% RH).

Desorption hysteresis refers to the lag phenomenon that occurs when the behavior of
a substance during adsorption and desorption is not identical. This hysteresis is expressed
by the hysteresis value, which represents the difference in the equilibrium moisture content
(EMC) between the desorption and adsorption phases. The hysteresis curve of the sample
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is shown in Figure 1b. The hysteresis value of the samples initially increases and then
decreases with increasing relative humidity, reaching a maximum value of 3.08% at 70% RH.

To further study the adsorption behavior of the samples, the isothermal adsorption
curves were fitted to the Hailwood—Horrobin (H-H) model. Table 1 lists the calculated
parameters for each model. The high coefficient of determination (R? > 0.99) confirms the
validity of the model.

Table 1. The H-H model parameters for the samples.

Process w k1 ko R?
ad 415.087 14.717 0.869 0.999
de 297.972 9.740 0.746 0.997

In the table, ad represents the adsorption process; de represents the desorption process; w is the molecular
weight of the wood at each adsorption site; and ki and k are the equilibrium constants related to monolayer and
multilayer adsorption, respectively.

Using the calculated model parameters, the adsorption curve (Figure 1c) and desorp-
tion curve (Figure 1d) of the samples were plotted. The results indicate that the H-H model
effectively explains the adsorption and desorption processes of the samples. According
to the H-H model, the total adsorbed moisture content in a material can be divided into
monolayer moisture content (Mj) and multilayer moisture content (Ms) [36]. Typically, in
low humidity environments (0% to 40% RH), the adsorption of moisture by cellulose mate-
rials is primarily driven by monolayer adsorption. As the relative humidity increases and
the monolayer adsorption sites are occupied, monolayer adsorption gradually stabilizes
and multilayer adsorption plays an increasingly important role in the moisture adsorption
process. This pattern can be observed in both the adsorption and desorption phases of
the samples.

During desorption, the M}, value of the sample increases compared to the adsorption
phase, while the M; value remains unchanged. This suggests that the observed hysteresis
may be due to changes in the level of monolayer adsorption between the two processes.

2.2. Short-Term Effects of Relative Humidity on the Mechanical Properties of the Samples
2.2.1. Adsorption Process

The TMA-MHG system was used to simulate and measure the changes in the me-
chanical properties of the samples as the humidity increased, represented by the flexural
strength (Figure 2a) and flexural modulus (Figure 2b). The results indicate that the TMA is
a viable method for measuring the mechanical properties of precious and relatively fragile
organic materials, such as palm leaf manuscripts. The flexural strength of the samples
decreased significantly with increasing humidity, with the highest flexural strength ob-
served at 10% RH (44.86 MPa), while at 90% RH, the flexural strength dropped to only
22.03 MPa. The flexural modulus exhibited a different trend. The highest flexural modulus
(657.26 MPa) was observed at 50% RH, while both low and high humidity conditions
resulted in a reduced flexural modulus: 380.38 MPa at 10% RH and 208.06 MPa at 90% RH.

This variation aligns with the characteristics of cellulose-based materials. At a low
moisture content, the hydrogen bonding between cellulose molecules is stronger, leading
to tightly bound fiber bundles and higher overall mechanical strength. However, dry
conditions can also increase the brittleness of the material, reducing its flexibility and,
thus, its flexural strength or stiffness [37]. In humid environments, cellulose materials
absorb large amounts of water and the absorbed water molecules infiltrate the cellulose
structure, forming hydrogen bonds with some cellulose molecules. This weakens the
intermolecular forces between cellulose chains, significantly reducing the material’s overall
mechanical strength. As the moisture content increases, the material becomes more flexible
and stiffness decreases, as reflected by the simultaneous reduction in both the flexural
strength and flexural modulus [38,39]. Similar phenomena have been observed in regard to
other cellulose-based materials, such as wood and paper [37-39].
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Figure 2. The flexural strength (a) and flexural modulus (b) of the samples at different humidity
levels during the adsorption process, along with the correlations between the flexural strength and
modulus with the EMC (c), and M, and M; (d).

The isothermal moisture adsorption curve of the samples (Figure 2c) and the variation
of M, and M; with humidity (Figure 2d) further confirm the changes in the mechanical
properties of the samples. At a relative humidity of 10% RH, the EMC of the sample was
2.43%, corresponding to the highest flexural strength and a lower flexural modulus. As the
humidity increased, the EMC of the sample rose significantly, while the flexural strength
gradually decreased and the flexural modulus first increased and then decreased. At 90%
RH, the EMC reached 18.85%, at which point both the flexural strength and modulus were
at their lowest values.

In low humidity environments (0-40% RH), the EMC of the sample was primarily
composed of monolayer moisture content (M},), resulting in less pronounced changes in the
flexural strength. As the humidity increased, M, stabilized, while the multilayer moisture
content (M;) increased significantly. The M; value typically reflects the material’s ability
to adsorb moisture through physical adsorption and capillary action [40]. This indicates
that the physical adsorption and capillary action of the sample increased markedly with
increasing humidity, leading to an increase in the EMC. The water molecules formed
hydrogen bonds with the cellulose molecules, weakening the intermolecular forces between
the cellulose fibers. This phenomenon manifested macroscopically as a reduction in the
mechanical strength and stiffness of the sample [38,39].

2.2.2. Desorption Process

The TMA-MHG system was used to simulate and measure the changes in the me-
chanical properties of the samples as the humidity decreased, represented by the flexural
strength (Figure 3a) and flexural modulus (Figure 3b). The results indicate that the TMA is
a viable method for measuring the mechanical properties of precious and relatively fragile
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adsorption process: the flexural strength significantly decreased as the humidity increased
and the flexural modulus decreased in response to both low and high humidity conditions.
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Figure 3. The flexural strength (a) and flexural modulus (b) of the samples at different humidity
levels during the desorption process, along with the correlations between the flexural strength and
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However, different from this, the flexural strength and modulus during the desorption
process were generally lower than during the adsorption process at the same relative
humidity. For example, at 10% RH, the flexural strength and modulus during the adsorption
process were 44.86 MPa and 380.38 MPa, respectively, while during the desorption process,
they were 44.04 MPa and 360.06 MPa. At 90% RH, the flexural strength and modulus during
adsorption were 22.03 MPa and 208.06 MPa, respectively, whereas during desorption, they

dropped to 20.50 MPa and 176.83 MPa.

The isothermal moisture desorption curve of the samples (Figure 3c) and the variation
of M), and Ms with humidity (Figure 3d) further confirm the changes in the mechanical
properties of the samples. Due to the hysteresis phenomenon, the EMC during the desorp-
tion process was consistently higher than during the adsorption process. The EMC values
of the samples at 10% RH, 30% RH, 50% RH, 70% RH, and 90% RH during adsorption were
2.43%, 5.16%, 7.62%, 10.60%, and 18.85%, respectively, while during desorption, they were
3.33%, 6.85%, 9.85%, 13.67%, and 21.10%, respectively. This increase in moisture content
led to a decrease in the mechanical strength and stiffness of the samples. Additionally, the
results from the Hailwood-Horrobin (H-H) model suggest that this change is primarily
driven by the increase in M}, indicating that monolayer adsorption plays a significant role

in the observed reduction in the mechanical properties.
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2.2.3. Hysteresis

A comparison of the flexural strength and flexural modulus of the samples subject
to different relative humidity conditions during the two processes (Figure 4a) and their
relationship with desorption hysteresis (Figure 4b) shows clear differences. As mentioned
earlier, both the flexural strength and modulus during the desorption process are signifi-
cantly lower than those during the adsorption process at the same relative humidity, which
is caused by the hysteresis effect on the samples. The extent of the reduction in the flexural
strength or modulus varies according to different humidity conditions.
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Figure 4. The changes in flexural strength and flexural modulus of the samples for different humidity
levels during the two processes (a), and the correlation between these changes and the hysteresis of
the samples (b).

The ratio of the flexural strength between the desorption and adsorption processes
(de/ad) decreases as the humidity increases, with values of 0.98, 0.97, 0.95, 0.88, and 0.93,
respectively, from low to high humidity. Similarly, the ratio of the flexural modulus (de/ad)
follows the trend of 0.95, 0.88, 0.85, 0.79, and 0.85, showing a pattern of first decreasing and
then increasing with increasing humidity. Both ratios reach their lowest point at 70% RH,
indicating that the changes in the flexural strength and modulus are most pronounced at
this humidity level.

Hysteresis typically represents the hygroscopic stability and adsorption efficiency of
a material. The larger the hysteresis value, the slower the material absorbs or releases
moisture when humidity fluctuates, and the more moisture it retains [36]. The ratio of the
flexural strength and flexural modulus between the two processes is inversely proportional
to the hysteresis value. In other words, the larger the hysteresis value at a particular
humidity level, the greater the changes in the mechanical properties of the sample. This
indicates that not only do the mechanical properties of the sample change with humidity
fluctuations, but these changes are further amplified by the effect of hysteresis. If the sample
is exposed to an environment with frequent humidity fluctuations over an extended period,
continuous adsorption and desorption processes can lead to irreversible collapse of the
pore structure in the samples, which, at the macroscopic level, results in reduced flexibility
and decreased mechanical strength, thereby further impacting the overall mechanical
performance of the material. Particularly in common indoor conditions ranging from
50% RH to 70% RH, palm leaf manuscripts may not only suffer from external mechanical
damage, but could also experience internal stress due to changes in their mechanical
properties. This internal stress may lead to issues, such as cracking and other forms of
deterioration [28].

The results of the short-term study on the effects of relative humidity on the mechan-
ical properties of the samples indicate that different humidity levels lead to changes in
the EMC of palm leaf manuscripts, which in turn significantly affects their mechanical
properties. Maintaining a stable environment in terms of humidity can prevent changes

44



Molecules 2024, 29, 5644

in the mechanical properties of palm leaf manuscripts, thereby preventing deterioration.
Additionally, the samples generally exhibited better mechanical properties in relatively dry
environments (<50% RH), compared to higher humidity conditions (70% RH and 90% RH).
This suggests that preserving palm leaf manuscripts in a drier environment would be a
more ideal choice for their long-term conservation.

2.3. Long-Term Aging Effects of Relative Humidity on the Mechanical Properties of the Samples
2.3.1. Aging Results of the Samples
Figure 5 shows the microscopic morphological changes to the samples after 100 days

of aging in different conditions (temperature of 25 °C and humidity levels of 10% RH,
30% RH, 50% RH, 70% RH, and 90% RH).

z'.&"?"Q ,' -’ 4

y A'i?'.“o 1.9 ‘:0_- tﬁ' ’
Figure 5. The microscopic images of the samples before aging (a) and after 100 days of aging in
different humidity conditions: 10% RH (b), 30% RH (c), 50% RH (d), 70% RH (e), and 90% RH (f).

After 100 days of aging at 10% RH (Figure 5b) and 30% RH (Figure 5c), cracks appeared
on the surface of the samples, with more severe cracking observed in the samples aged at
10% RH. In contrast, after 100 days of aging at 70% RH (Figure 5e) and 90% RH (Figure 5f),
a significant amount of mold growth was observed on the surface of the samples, with
the samples aged at 90% RH exhibiting more and denser mold colonies. Only the samples
aged at 50% RH (Figure 5d) for 100 days showed no cracks or microbial damage, and their
morphology did not significantly change compared to before aging.

2.3.2. Mechanical Properties

The mechanical properties of the samples after 100 days of aging in different conditions
were measured using the TMA, represented by the flexural strength (Figure 6a) and flexural
modulus (Figure 6b). The results indicate that the TMA is a viable method for measuring
the mechanical properties of precious and relatively fragile organic materials, such as palm
leaf manuscripts.

After 100 days of aging, the flexural strength of the samples in different aging condi-
tions (Figure 6a) decreased to different degrees. The flexural strength of the samples aged at
10% RH and 30% RH for 100 days was 26.46 MPa and 28.71 MPa, respectively, which may
be due to the cracking phenomenon on the surface of the samples. After 100 days of aging at
70% RH and 90% RH, the flexural strength of the samples decreased significantly, reaching
only 8.11 MPa and 5.51 MPa, respectively, which may be due to the degradation of the
cellulose and hemicellulose components in the samples due to the growth of mold on the
surface of the samples and their propagation activities [27]. The sample, after aging in 50%
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RH for 100 days, had the highest flexural strength (33.54 MPa) among all the aged samples,
indicating that 50% RH had the least effect on the mechanical strength of the samples. After
100 days of aging, the change in the flexural modulus (Figure 6b) of the samples subject to
different aging conditions was consistent with the change in the flexural strength and the
sample, after 100 days of aging in 50% RH, had the highest flexural modulus (581.55 MPa)
among all the aged samples.
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Figure 6. The flexural strength (a) and flexural modulus (b) of the samples after 100 days of aging in
different humidity conditions.
2.3.3. FT-IR
The infrared spectra of the samples after aging for 100 days subject to different aging
conditions are shown in Figure 7a. The relative peak intensities obtained from the semi-
quantitative analysis of the IR spectra of the samples are shown in Figure 7b.
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Figure 7. Infrared spectra of the samples before and after aging (a) and the ratio of characteristic peak
intensities (b).

The results indicate that after 100 days of aging in different conditions, the relative
intensities of the characteristic peaks in the infrared spectra of the samples for cellulose
and hemicellulose showed varying degrees of reduction. In the samples aged at 70% RH
for 100 days, the peak intensity ratios 11730/ 11505, L1460/ 11505, 11370 /11505, and I1050 /11505 de-
creased by 49.32%, 31.21%, 29.04%, and 24.28%, respectively, compared to the values before
aging. For samples aged at 90% RH for 100 days, these peak intensity ratios decreased
by 68.62%, 42.62%, 45.61%, and 50.33%, respectively. This suggests that in high humidity
environments, exacerbated by mold growth, the relative content of cellulose and hemicellu-
lose in the samples decreases significantly, with greater degradation at higher humidity
levels. Some studies have shown that the degradation of cellulose and hemicellulose can
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lead to a reduction in the mechanical properties of fibers, such as flexural strength and
flexibility, potentially resulting in material damage related to physical performance [41].
Although the peak intensities of the samples aged at 10% RH and 30% RH for 100 days
also decreased compared to the values before aging (with greater degradation observed
in the 10% RH samples), the extent of the degradation was much less pronounced than
in the high-humidity aged samples. This suggests that while dry environments do not
significantly affect the relative content of cellulose and hemicellulose, prolonged exposure
to excessively low humidity can cause irreversible issues, such as material shrinkage and
surface cracking (as seen in Figure 5b,c), which also contribute to a decline in the material’s
mechanical properties. After 100 days of aging at 50% RH, the peak intensity values of the
samples decreased by only 1.39%, 2.14%, 4.42%, and 1.99%, respectively, compared to the
values before aging, making these the least degraded among all the aged samples.

2.3.4. XRD

The XRD patterns and the calculated relative crystallinity results of the samples after aging
for 100 days subject to different aging conditions are shown in Figure 8a and 8b, respectively.
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Figure 8. XRD patterns of the samples before and after aging (a) and the crystallinity index (b).

The results show that the (200) main peak around 22° and the characteristic peaks at the
(110) crystal plane (around 15°) and the (040) crystal plane (around 34°) in all the samples
did not exhibit significant shifts in position. This indicates that the crystalline structure
of cellulose in all the samples is Type I and aging in different relative humidity levels
did not cause noticeable changes to the interplanar spacing or structural rearrangement.
However, the (200) diffraction peaks of the samples aged in high humidity conditions
(70% RH and 90% RH) were sharper, compared to those aged in low humidity conditions,
and the amorphous regions appeared to be shorter. This suggests that the crystallinity of
cellulose in the samples may have undergone varying degrees of change. Additionally,
some of the observed non-cellulose diffraction peaks (e.g., at 26° and 29°) may originate
from crystalline substances, such as Ca and Si, introduced during the preparation of the
palm leaf manuscripts [7]. The calculated results on the relative crystallinity indicate that
the crystallinity of the cellulose in the samples aged at 10% RH and 30% RH decreased
compared to those before aging, likely due to minor cellulose degradation during the
aging process. In contrast, the relative crystallinity of the cellulose in the samples aged at
70% RH and 90% RH increased compared to the pre-aging state. This suggests that while
high humidity and mold invasion lead to significant degradation of both cellulose and
hemicellulose, the amorphous regions, such as hemicellulose, degrade at a faster rate and
to a greater extent, resulting in an apparent increase in the relative crystallinity of cellulose.
This observation is consistent with the phenomena observed in the infrared spectroscopy
analysis of the samples. In comparison, the crystallinity of the cellulose in the samples aged
at 50% RH showed minimal changes, indicating a more stable structure.
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The results of the study on the long-term aging effects of relative humidity on the
mechanical properties of the samples show that excessively dry environments lead to
surface cracking in palm leaf manuscripts, while humid environments result in mold
growth and the degradation of key chemical components. Although the causes differ, both
environments ultimately result in significant changes to the mechanical properties of palm
leaf manuscripts, indicating that neither environment is suitable for their preservation. In
contrast, the samples aged at 50% RH exhibited no visible damage, and their mechanical
properties and chemical structure remained largely unchanged. This suggests that 50% RH
is a relatively optimal humidity condition for the preservation of palm leaf manuscripts.

3. Materials and Methods
3.1. Experimental Materials

The experimental samples in this study were raw palm leaf manuscripts from Yun-
nan Province, China. These samples were produced following the traditional palm-leaf
manuscript-making process, which has been recognized as part of China’s national intan-
gible cultural heritage. The preparation involved boiling, washing, air drying, trimming,
and flattening the leaves from the talipot palm (Corypha umbraculifera L.) tree [11], resulting
in the creation of the samples used in this study. This research focuses on the impact of
relative humidity on the mechanical properties of the palm leaves themselves, the core
material of palm leaf manuscripts. Therefore, the raw palm leaf manuscript samples (PLSs)
were not subjected to subsequent treatments, such as writing or coloring, in order to avoid
any influence from pigments or binding materials on the study results. A photograph of a
raw palm leaf manuscript sample is shown in Figure 9.

Figure 9. Photograph of a raw palm leaf manuscript sample (PLS).
3.2. Simultaneous DV'S

The equilibrium moisture content (EMC) of the samples, as well as the isothermal
moisture adsorption and desorption curves within the tested humidity range, were mea-
sured using a high-throughput dynamic vapor sorption analyzer (SPSx-1y, ProUmid, Ulm,
Germany) subject to the same temperature, but different relative humidity conditions.
The testing range was 0% to 95% RH, with humidity increments of 10% RH between 0%
and 90% RH, and 5% RH between 90% and 95% RH. The temperature was maintained at
25 °C. The equilibrium conditions were defined as a weight change of less than 0.1% within
10 min, or a maximum measurement time of 360 min, per humidity gradient.

3.3. Sorption Models

The hygroscopic test results were fitted using the classic Hailwood-Horrobin (H-H)
model and the model parameters were calculated using software (SPSS Statistics 22, IBM,
Armonk, NY, USA) to further explain the hygroscopic characteristics of the samples.
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The H-H model equation is as follows:
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where EMC (g/g) is the equilibrium moisture content; RH (%) is the relative humidity; M,
is the monolayer moisture content (%); M; is the multilayer moisture content (%); w is the
molecular weight of the materials at each adsorption site; and k; and k; are equilibrium

constants in the sorption process [31].

3.4. Flexural Strength Test

The flexural strength of the samples was tested using a thermomechanical analyzer
(TMA 7100, Hitachi, Chiyoda, Japan), equipped with quartz probes and components, as
shown in Figure 10(al). To investigate the short-term effects of relative humidity on the
mechanical properties of palm leaf manuscripts, a custom-made humidity control chamber
was connected to the TMA. The stable relative humidity environment was provided by
a Modular Humidity Generator (MHG 32, ProUmid, Ulm, Germany), as illustrated in

Figure 10(a2).
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Figure 10. A schematic diagram of the TMA'’s flexural strength test components (al) and the humidity

application process (a2), along with the load / displacement-time curves during the testing process (b).

Two relative humidity control programs were used to simulate the changes in the
samples during the adsorption and desorption phases, as follows:

e Adsorption phase: After controlling the relative humidity at 0% RH for 6 h, the
humidity was increased to the set levels (10% RH, 30% RH, 50% RH, 70% RH, and

90% RH) and held for 6 h;

e Desorption phase: After controlling the relative humidity at 95% RH for 6 h, the
humidity was decreased to the set levels (same as above) and held for 6 h.

After completing these phases, the flexural strength test was conducted at a constant
temperature of 25 °C, with the tested humidity set to the corresponding levels. The initial
load was 0.1 mN and the loading rate was 30 mN/min, continuing until the sample frac-
tured and the test curves were obtained (Figure 2b). The samples were cut to approximately
8 mm x 1 mm, with 20 samples tested under each humidity condition.

For the aged samples, no humidity was applied during testing. The TMA was used to
test the samples directly. Similarly, the samples were cut to approximately 8 mm x 1 mm,
with 20 samples tested under each aging condition.

The flexural strength (o) and flexural modulus (E) of the samples were calculated
using Formulas (2) and (3), respectively:
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FL3

= bl (©)
where ¢ (MPa) and E (MPa) are the flexural strength and flexural modulus of the sample,
respectively; F (N) is the maximum load at the point of sample fracture; L (mm) is the
span between the supports on the TMA's flexural strength testing platform, fixed at 5 mm;
b (mm) and d (mm) are the width and thickness of the sample, respectively, measured using
a super-depth microscope (VHX-6000, KEYENCE, Osaka, Japan); § (mm) is the maximum
displacement of the sample at the point of fracture.

E

3.5. Simulated Aging Experiment

A sufficient number of raw palm leaf manuscript samples (PLSs) were divided into
five groups, each containing 30 individual samples. The five groups of samples were placed
in an environmental test chamber (GSH-64, Espec, Osaka, Japan), where different aging
conditions were set (all at a temperature of 25 °C, with humidity levels of 10% RH, 30% RH,
50% RH, 70% RH, and 90% RH). After 100 days of aging, the samples were removed and
their morphological changes were observed using a super-depth microscope (VHX-6000,
KEYENCE, Osaka, Japan). Some of the samples were then selected for flexural strength
testing and chemical structure analysis.

3.6. FT-IR Test

The aged samples were finely ground and passed through a 200-mesh sieve. They were
then mixed with KBr (spectrally pure, Macklin, Shanghai, China) at a mass ratio of 1:100
and pressed into pellets. The chemical structure of the samples was characterized using
Fourier transform infrared spectroscopy (Nicolet™ iS™5, Thermo Scientific, Waltham, MA,
USA), to compare the differences in the characteristic functional groups before and after
aging. The absorption spectra were recorded in the range of 4000-800 cm !, with baseline
corrections performed at 4000, 1890, 1530, and 864 cm ! [42]. Three samples were tested
for each aging condition.

In order to further characterize the changes to the chemical structure of the samples,
the infrared spectra of the samples were analyzed semi-quantitatively, using the peak
intensity method. The absorption peaks at 1730 cm ™! (stretching vibration by the carbonyl
group on hemicellulose) and 1460 cm ™! (stretching vibration by the methylene group on
hemicellulose) were selected as the characteristic peaks of hemicellulose, and the absorption
peak at 1505 cm~! (backbone vibration of butyl propane in butyl lignin) was chosen
to represent lignin, and the absorption peaks at 1370 cm~! (bending vibration by the
methyl group on cellulose) and 1050 cm~! (bending vibration by the glycosidic bond on
cellulose) were chosen to represent cellulose [43—45]. The intensity values of the infrared
spectral peaks were measured after baseline correction using software (OMNIC 9.2, Thermo
Scientific, USA).

3.7. XRD Test

The crystal structure and crystallinity of the aged samples were analyzed using an
X-ray diffractometer (D8 ADVANCE, Bruker, Munich, Germany). The operational settings
included a working voltage of 40 kV, a current of 40 mA, and the use of Cu-Ko radiation
(wavelength A = 1.5406 A), as the radiation source. The scanning angle range during
measurement was set from 5° to 50° (20), with a scanning speed of 1°/min and a step size
of 0.02°. The diffraction patterns were fitted using software (MDI Jade 9, ICDD, Newtown
Square, PA, USA) and the crystallinity index (CI) of the samples was calculated using the
Segal method.

cr = 200~ . q009, (4)

Ix00
where CI is the crystallinity index of the sample; Ipgg is the maximum intensity of the lattice
diffraction angle of (200) near 20 = 22.4°, which signifies both the crystalline and non-
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References

crystalline regions; and I, is the minimum intensity near the 26 angle of 18°, indicating
the non-crystalline region.

4. Conclusions

This study shows that varying levels of relative humidity affect the EMC and signifi-
cantly impact the mechanical properties of palm leaf manuscripts. The flexural strength
decreased notably with higher humidity, while the flexural modulus initially increased and
then decreased as the humidity rose. Hysteresis caused a reduction in both the flexural
strength and modulus during desorption compared to adsorption, with larger hysteresis
values resulting in greater changes to the mechanical properties. Therefore, maintaining
a stable environment in regard to humidity can help preserve the mechanical integrity of
palm leaf manuscripts and prevent deterioration.

Long-term exposure to either very dry or humid conditions harms the mechanical
properties of palm leaf manuscripts, making both conditions unsuitable for preservation.
Dry conditions lead to surface cracking, while humid conditions promote mold growth,
which degrades the manuscripts” primary chemical components. Samples aged at 50%
RH showed no visible damage, with the material’s mechanical properties and chemical
structure largely preserved, suggesting that 50% RH is an optimal humidity condition for
preserving palm leaf manuscripts.

This study used DVS and TMA-MHG methods to examine changes in the mechanical
properties of palm leaf manuscripts subject to various humidity conditions, assessing
both the short-term effects and long-term aging. The results provide a comprehensive
and in-depth understanding of the characteristics of palm leaf manuscripts, aiding in
the development of more effective preventive conservation strategies. It is important to
note, however, that the preservation of palm leaf manuscripts is often influenced by a
combination of temperature and humidity. The recommendation of 50% RH as a suitable
humidity condition is based on preliminary data from this study. Future research should
explore the combined effects of more complex environmental factors on both the mechanical
and other properties of palm leaf manuscripts. In summary, this study provides valuable
data that support the long-term preservation and preventive conservation of these priceless
manuscripts, providing a useful reference for further research.

Author Contributions: Conceptualization, W.Z., SSW. and H.G.; methodology, W.Z.; software, W.Z.;
validation, S.W. and H.G.; formal analysis, H.G.; investigation, W.Z.; resources, H.G.; data curation,
W.Z.; writing—original draft preparation, W.Z.; writing—review and editing, S.W. and H.G.; visual-
ization, W.Z.; supervision, S.W.; project administration, H.G.; funding acquisition, H.G. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, grant number 2022YFF0903905.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors express their gratitude to Liusan Li, Li Li, and Liuyang Han for
their assistance in this study.

Conflicts of Interest: The authors declare that there are no conflicts of interest.

1.  Kumar, D.U; Sreekumar, G.; Athvankar, U. Traditional writing system in southern India—Palm leaf manuscripts. Des. Thoughts

2009, 7, 2-7.

2. Panigrahi, A.K; Litt, D. Odia Script in Palm-Leaf Manuscripts. ]. Humanit. Soc. Sci. 2018, 23, 13-19.
3. Meher, R. Tradition of palm leaf manuscripts in Orissa. Orissa Rev. 2009, 43—46.

51



Molecules 2024, 29, 5644

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Alexander, T.J.; Kumar, S.S. A novel binarization technique based on Whale Optimization Algorithm for better restoration of
palm leaf manuscript. J. Ambient. Intell. Humaniz. Comput. 2020, 1-8. [CrossRef]

Subramani, K.; Subramaniam, M. Creation of original Tamil character dataset through segregation of ancient palm leaf man-
uscripts in medicine. Expert Syst. 2021, 38, e12538. [CrossRef]

Sabeenian, R.; Paramasivam, M.; Anand, R.; Dinesh, P. (Eds.) Palm-leaf manuscript character recognition and classification using
convolutional neural networks. In Computing and Network Sustainability: Proceedings of IRSCNS 2018, Panaji, India, 30-31 August
2018; Springer: Berlin/Heidelberg, Germany, 2019. [CrossRef]

Chu, S,; Lin, L.; Tian, X. Evaluation of the Deterioration State of Historical Palm Leaf Manuscripts from Burma. Forests 2023,
14, 1775. [CrossRef]

Sharma, D.; Singh, M.; Krist, G.; Velayudhan, N.M. Structural characterisation of 18th century Indian Palm leaf manuscripts of
India. Int. J. Conserv. Sci. 2018, 9, 257-264.

Sharma, D.; Singh, M.R; Dighe, B. Chromatographic Study on Traditional Natural Preservatives Used for Palm Leaf Manu-scripts
in India. Restaurator 2018, 39, 249-264. [CrossRef]

Singh, M.R.; Sharma, D. Investigation of Pigments on an Indian Palm Leaf Manuscript (18th-19th century) by SEM-EDX and
other Techniques. Restaurator 2020, 41, 49-65. [CrossRef]

Agrawal, O.P. Conservation of Manuscripts and Paintings of South-East Asia; Butterworth-Heinemann: London, UK, 1984.

Sah, A. Palm Leaf Manuscripts of the World: Material, Technology and Conservation. Stud. Conserv. 2002, 47 (Suppl. S1), 15-24.
[CrossRef]

Wiland, J.; Brown, R.; Fuller, L.; Havelock, L.; Johnson, J.; Kenn, D.; Kralka, P.; Muzart, M.; Pollard, J.; Snowdon, J. A literature
review of palm leaf manuscript conservation—Part 2: Historic and current conservation treatments, boxing and storage, reli-gious
and ethical issues, recommendations for best practice. J. Inst. Conserv. 2023, 46, 64-91. [CrossRef]

Wiland, J.; Brown, R.; Fuller, L.; Havelock, L.; Johnson, J.; Kenn, D.; Kralka, P.; Muzart, M.; Pollard, J.; Snowdon, J. A literature
review of palm leaf manuscript conservation—Part 1: A historic overview, leaf preparation, materials and media, palm leaf
manuscripts at the British Library and the common types of damage. J. Inst. Conserv. 2022, 45, 236-259. [CrossRef]

Zhang, M.; Song, X.; Wang, J.; Lyu, X. Preservation characteristics and restoration core technology of palm leaf manuscripts in
Potala Palace. Arch. Sci. 2022, 22,501-519. [CrossRef]

Joshi, Y. Modern techniques of preservation and conservation of palm leaf manuscripts. In Proceedings of the Conference on
Palm Leaf and Other Manuscripts in Indian Languages, Puducherry, India, 11-13 January 1995.

Suryawanshi, D.G.; Nair, M.V,; Sinha, PM. Improving the Flexibility of Palm Leaf. Restaur. Int. |. Preserv. Libr. Arch. Mater. 1992,
13, 37—46. [CrossRef]

Zhang, M.; Song, X.; Wang, Y. Two Different Storage Environments for Palm Leaf Manuscripts: Comparison of Deterioration
Phenomena. Restaur. Int. |. Preserv. Libr. Arch. Mater. 2021, 42, 147-168. [CrossRef]

Zhang, W.; Wang, S.; Guo, H. Study on the Effects of Temperature and Relative Humidity on the Hygroscopic Properties of Palm
Leaf Manuscripts. Forests 2024, 15, 1816. [CrossRef]

Graminski, E.L.; Parks, E.J.; Toth, E.E. The Effects of Temperature and Moisture on the Accelerated Aging of Paper. Restaurator
1979, 3, 175-199.

Liu, X.Y.; Timar, M.C.; Varodi, A.M.; Sawyer, G. An Investigation of Accelerated Temperature-Induced Ageing of Four Wood
Species: Colour and FTIR. Wood Sci. Technol. 2017, 51, 357-378. [CrossRef]

Botti, S.; Di Lazzaro, P; Flora, E; Mezi, L.; Murra, D. Raman spectral mapping reveal molecular changes in cellulose aging
induced by ultraviolet and extreme ultraviolet radiation. Cellulose 2024, 31, 749-758. [CrossRef]

Mitsui, K.; Takada, H.; Sugiyama, M.; Hasegawa, R. Changes in the Properties of Light-Irradiated Wood with Heat Treatment:
Part 1. Effect of Treatment Conditions on the Change in Color. Holzforschung 2001, 55, 601-605. [CrossRef]

Havermans, J. Effects of Air Pollutants on the Accelerated Ageing of Cellulose-Based Materials. Restaurator 1995, 16, 209-233.
[CrossRef]

Bartl, B.; Maskova, L.; Paulusova, H.; Smolik, J.; Bartlova, L.; Vodicka, P. The Effect of Dust Particles on Cellulose Degradation.
Stud. Conserv. 2016, 61, 203-208. [CrossRef]

Bylund Melin, C.; Hagentoft, C.-E.; Holl, K.; Nik, V.M.; Kilian, R. Simulations of Moisture Gradients in Wood Subjected to
Changes in Relative Humidity and Temperature Due to Climate Change. Geosciences 2018, 8, 378. [CrossRef]

Kim, M.-J.; Choi, Y.-S.; Oh, J.-].; Kim, G.-H. Experimental investigation of the humidity effect on wood discoloration by se-lected
mold and stain fungi for a proper conservation of wooden cultural heritages. . Wood Sci. 2020, 66, 31. [CrossRef]

Yu, D; Li, X.; Sun, S.; Guo, H.; Luo, H.; Zhu, J.; Li, L.; Wang, S.; Han, L. The effect of traditional processing craft on the
hy-groscopicity of palm leaf manuscripts. Herit. Sci. 2024, 12, 280. [CrossRef]

Ziegler, J. Testing Aquazol®. An Evaluation of its Suitability for the Conservation of Works on Paper. J. Pap. Conserv. 2022, 23,
48-58. [CrossRef]

Liu, X,; Tu, X.; Ma, W.; Zhang, C.; Huang, H.; Varodi, A.M. Consolidation and Dehydration of Waterlogged Archaeological Wood
from Site Huaguangjiao No.1. Forests 2022, 13, 1919. [CrossRef]

Han, L.; Yu, D,; Liu, T; Han, X,; Xi, G.; Guo, H. Size Effect on Hygroscopicity of Waterlogged Archaeological Wood by
Sim-ultaneous Dynamic Vapour Sorption. Forests 2023, 14, 519. [CrossRef]

52



Molecules 2024, 29, 5644

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wu, M.; Mu, L.; Zhang, Z.; Han, X.; Guo, H.; Han, L. Anti-Cracking TEOS-Based Hybrid Materials as Reinforcement Agents for
Paper Relics. Molecules 2024, 29, 1834. [CrossRef] [PubMed]

Wu, M,; Han, X.; Qin, Z.; Zhang, Z.; Xi, G.; Han, L. A Quasi-Nondestructive Evaluation Method for Physical-Mechanical
Properties of Fragile Archaeological Wood with TMA: A Case Study of an 800-Year-Old Shipwreck. Forests 2022, 13, 38. [CrossRef]
Jamali, A.; Kouhila, M.; Ait Mohamed, L.; Jaouhari, ].T.; Idlimam, A.; Abdenouri, N. Sorption isotherms of Chenopodium
ambrosioides leaves at three temperatures. J. Food Eng. 2006, 72, 77-84. [CrossRef]

Thommes, M.; Kaneko, K.; Neimark, A.V,; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of gases,
with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051-1069. [CrossRef]

Chen, Q.; Wang, G.; Ma, X.-X.; Chen, M.-L.; Fang, C.-H.; Fei, B.-H. The effect of graded fibrous structure of bamboo (Phyl-lostachys
edulis) on its water vapor sorption isotherms. Ind. Crops Prod. 2020, 151, 112467. [CrossRef]

Auernhammer, J.; Keil, T.; Lin, B.; Schéfer, J.-L.; Xu, B.-X.; Biesalski, M.; Stark, R W. Mapping Humidity-Dependent Mechanical
Properties of a Single Cellulose Fibre. Cellulose 2021, 28, 8313-8332. [CrossRef]

Sala, C.M.; Robles, E.; Gumowska, A.; Wronka, A.; Kowaluk, G. Influence of Moisture Content on the Mechanical Properties of
Selected Wood-Based Composites. BioResources 2020, 15, 5503-5513. [CrossRef]

Ham, C.-H.; Youn, H.J.; Lee, H.L. Influence of Fiber Composition and Drying Conditions on the Bending Stiffness of Paper.
BioResources 2020, 15,9197-9211. [CrossRef]

Patera, A.; Derluyn, H.; Derome, D.; Carmeliet, J. Influence of sorption hysteresis on moisture transport in wood. Wood Sci.
Technol. 2016, 50, 259-283. [CrossRef]

Bergander, A.; Salmén, L. Cell wall properties and their effects on the mechanical properties of fibers. J. Mater. Sci. 2002, 37,
151-156. [CrossRef]

Guo, J.; Xiao, L.; Han, L.; Wu, H,; Yang, T.; Wu, S.; Yin, Y. Deterioration of the cell wall in waterlogged wooden archeological
artifacts, 2400 years old. IJAWA ]. 2019, 40, 820-844. [CrossRef]

Schwanninger, M.; Rodrigues, ].C.; Pereira, H.; Hinterstoisser, B. Effects of short-time vibratory ball milling on the shape of FT-IR
spectra of wood and cellulose. Vib. Spectrosc. 2004, 36, 23—40. [CrossRef]

Marchessault, R.H. Application of infra-red spectroscopy to cellulose and wood polysaccharides. Pure Appl. Chem. 1962, 5,
107-130. [CrossRef]

Pandey, K.K.; Pitman, A.J. FTIR studies of the changes in wood chemistry following decay by brown-rot and white-rot fungi. Int.
Biodeterior. Biodegrad. 2003, 52, 151-160. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

53



molecules

Article

Thermal, Rheological, Structural and Adhesive Properties
of Wheat Starch Gels with Different Potassium Alum Contents

Haibo Zhao 1, Hongbin Zhang !, Qiang Xu !, Hongdong Zhang ?>* and Yuliang Yang 1-2*

check for
updates

Citation: Zhao, H.; Zhang, H.; Xu, Q.;
Zhang, H.; Yang, Y. Thermal,
Rheological, Structural and Adhesive
Properties of Wheat Starch Gels with
Different Potassium Alum Contents.
Molecules 2023, 28, 6670. https://
doi.org/10.3390/molecules28186670

Academic Editor: Maria Luisa

Saladino

Received: 21 August 2023
Revised: 4 September 2023
Accepted: 13 September 2023
Published: 17 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute for Preservation and Conservation of Chinese Ancient Books, Fudan University Library,
Fudan University, Shanghai 200433, China

State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular Science,
Fudan University, Shanghai 200433, China

Correspondence: zhanghd@fudan.edu.cn (H.Z.); yuliangyang@fudan.edu.cn (Y.Y.)

Abstract: Wheat starch (WS) is a common adhesive material used in mounting of calligraphy and
paintings. Potassium alum (PA) has indeed been used for many centuries to modify the physicochem-
ical properties of starch. Thermal analysis revealed that the presence of PA led to an increase in the
gelatinization temperature and enthalpy of the starch gels. The leached amylose and the swelling
power of the starch gels exhibited a maximum at the ratio of 100:6.0 (WS:PA, w/w). The rheological
properties of starch gels were consistent with changes in the swelling power of starch granules. SEM
observations confirmed that the gel structure became more regular, and the holes grew larger with the
addition of PA below the ratio of 100:6.0 (WS:PA, w/w). The short-range molecular order in the starch
gels was enhanced by the addition of PA, confirmed by FI-IR analysis. Mechanical experiments
demonstrated that the binding strength of the starch gels increased with higher PA concentrations
and decreased significantly after the aging process. TGA results revealed that PA promoted the
acid degradation of starch molecules. This study provides a detailed guide for the preparation of
starch-based adhesive and its applications in paper conservation.

Keywords: wheat starch; potassium alum; adhesive

1. Introduction

Mounting of calligraphy and paintings is an ancient Chinese art form that has been
practiced for over a millennium, serving as a means to conserve and preserve these exquisite
works. During this process, a crucial element employed as an adhesive is a meticulously
prepared starch gel derived from wheat starch [1]. Wheat starch is obtained by carefully
washing the dough of wheat flour to remove gluten [2]. After the gelatinization process of
starch, starch gels have the ability to form hydrogen bonds with cellulose fibers present in
artworks [3]. This bonding mechanism is crucial in ensuring the longevity and stability
of the artwork. However, the naturally derived starch gel has certain limitations, includ-
ing relatively low viscosity and easy retrogradation [4,5]. Researchers have extensively
investigated chemical, physical, and enzymatic modifications as means to overcome chal-
lenges associated with retrogradation and enhance the physicochemical properties of starch
gels [6]. Among these approaches, physical modification techniques have gained consid-
erable popularity due to their cost-effectiveness and minimal environmental impact [7].
Chinese restorers have ingeniously discovered that blending wheat starch with potassium
alum (PA, KAI(SO4);-12H,0) yields a significant augmentation in the apparent viscos-
ity and binding strength of starch gels as adhesive [8,9]. By embracing these innovative
practices, the art of mounting calligraphy and paintings continues to thrive.

PA has already proven its significant effects on the properties of starch-based gels [10,11].
For instance, Li et al. demonstrated that PA could improve the tensile properties of potato starch
dough and reduced breakage of the starch hydrogels [12]. Another study by Li et al. found
that PA enhanced the stability of potato starch molecules, inhibited gelatinization, prevented
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starch molecule leakage, increased bound water content, and significantly enhanced the storage
modulus [13]. Furthermore, Wang et al. reported that the effects of salts on the pasting
and retrogradation of maize starch was in accord with the Hofmeister series [14]. In detail,
potassium (K*) and sulfate (SO427), as salting-out ions, were found to lower the swelling
power and solubility of starch. In contrast, salting-in ion could increase these properties [15-18].
Moreover, Margit et al. observed that divalent cations such as calcium (Ca%") and magnesium
(Mg?*) had a greater impact in reducing starch recrystallization rate compared to monovalent
cations [19]. PA consists of three ions, including two salting-out ions (K* and SO4%7) and one
multivalent cation (AI**). As a result, the influence of PA on starch mixtures encompasses the
comprehensive effects of these three ions working together.

The use of PA blended with wheat starch suspension to enhance the apparent viscosity
and adhesive strength of starch gels has been a practice for many centuries. The ratios of
WS:PA (w/w) used in restoration practices depend on the size of the works being restored.
In general, the ratios range from 100:2 to 100:20 (WS:PA, w/w). However, the impact of
PA on the apparent viscosity of wheat starch gels and its relationship with the binding
capacity of the gel have not been thoroughly investigated. Furthermore, PA is an acid salt
that has the potential to cause acid degradation and color change in paper relics, which
has raised concerns among restorers [20,21]. Therefore, we aim to study the effects of PA
on the thermal, rheological, and structural properties of wheat starch gels. Additionally,
the relationship between adhesive strength and apparent viscosity of the starch gel was
carefully determined. To evaluate the overall effects of PA on relics, including mechanical
properties and color difference, aging experiments were conducted on paper samples
bonded using WS-PA gels with various ratios. Through this comprehensive research, we
aim to gain a deeper understanding of how PA influences the physicochemical properties
of what starch gels and the influence of WS-PA gels on the conservation and preservation
of precious paper relics.

2. Results
2.1. Thermal Properties

The gelatinization curves of the WS and WS-PA mixtures were analyzed by DSC, and
the pasting parameters were calculated using specialized software. Figure 1 illustrates
the gelatinization process, while Table 1 presents the values of the pasting parameters.
As depicted in Figure 1, the addition of PA in the starch mixtures can delay the pasting
process, and the extent of this delay is influenced by the concentration of PA. The pasting
temperature always increases with the addition of PA. These temperature changes are
related to the transition of the ordered structure in starch granules to amorphous structure
during gelatinization [22]. Two reasons can explain this phenomenon. Firstly, the ions in PA
can interact with water molecules and decrease the amount of free water available relative
to starch, thereby enhancing the stability of the starch granules [13,23]. Secondly, the AI>*
ions present in PA can combine with water to form positively charged hydrated forms such
as AI(OH)?*, Al,(OH),**, Alz(OH),>*, and Al;304(OH),4”* [24]. These hydrated products
may act as crosslinking points, interacting with starch molecules in the amorphous regions
or on the surface of starch granules. This crosslinking effect inhibits granule expansion and
delays its destruction [14]. The gelatinization enthalpy (AH) is a measure of the energy
required for the gelatinization process of starch and primarily characterizes the loss of the
double helix structure and the melting of the crystalline structure within the starch [25].
The presence of PA significantly increased the gelatinization enthalpy of the starch mixtures.
For instance, the enthalpy of a sample with ratio of 100:120 (WS:PA, w/w) increases by 8.7%
compared to the blank sample. This increase indicates that more energy is needed to disrupt
the starch granules. These findings are consistent with results concluded by Chen et al,,
who reported that multivalent cations can enhance the stability of the granules [12].
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Endothermic heat flow

Temperature (°C)

Figure 1. Gelatinization thermograms of WS and WS-PA mixtures.

Table 1. Gelatinization temperatures and enthalpy of WS and WS-PA mixtures.

WS:PA (w/w) To (°C) Tp °C) Tc °C) AH ()/g)

100:0 55.98 +0.17 a 61.30 £ 0.21 a 6591 £0.33 a 1.525 £+ 0.025 a
100:1.2 56.08 + 0.02 ab 61.38 + 0.05 ab 66.00 = 0.24 a 1.542 £ 0.005 ab
100:2.4 56.20 4 0.05 bc 61.53 +0.10 ab 66.08 += 0.19 ab 1.548 + 0.024 ab
100:3.0 56.23 4+ 0.03 bc 61.59 4 0.05 ab 66.18 4+ 0.20 ab 1.558 + 0.073 ab
100:3.6 56.31 £ 0.10 cd 61.65 + 0.07 b 66.27 + 0.06 ab 1.571 £ 0.003 ab
100:6.0 56.45 +0.13d 61.66 =0.10b 66.42 +0.18b 1.578 + 0.064 ab
100:12 56.96 + 0.07 e 62.34 +0.12 ¢ 66.94 +0.12 ¢ 1.582 + 0.015 ab
100:30 57.75 + 0.07 £ 63.21 +0.18d 67.87 +£0.04 d 1.602 =+ 0.065 bc
100:60 5868 £0.12 g 64.20 = 0.27 e 69.04 = 0.26 e 1.649 £+ 0.082 ¢
100:120 60.17 = 0.19h 66.20 + 0.37 f 71.21 £ 0.36 f 1.657 £ 0.046 ¢

The measurements were performed in triplicate. The mean & SD values within the same column for each sample,
followed by different lowercase letters, are significantly different (p < 0.05).

2.2. Leached Amylose and Swelling Power

The leached amylose of samples is an important parameter that indicates the leaching
of soluble amylose starch and segmental amylopectin from starch granules during gela-
tinization. Swelling power represents the water absorption capacity of starch granules [26].
Figure 2 shows the leached amylose and swelling power of WS and WS-PA gels at vari-
ous ratios. As shown in Figure 2, both leached amylose and swelling power of WS and
WS—PA gels increase with higher temperature [27]. The higher temperature facilitates the
disintegration of starch granules and the disruption of the crystalline structure, leading
to the leaching of amylose and the breakage of the double helix structure of amylopectin.
Figure 2a demonstrates that the leached amylose of WS-PA mixtures at 95 °C increases with
the addition of PA below the ratio of 100:6.0 (WS:PA, w/w) and decreases with the addition
of PA above the ratio of 100:6.0 (WS:PA, w/w). Based on Figure 2b, the swelling power of
the blends at 95 °C also reaches its maximum at a ratio of 100:6.0 (WS:PA, w/w), which
is consistent with the results of leached amylose measurements. Different types of ions
can significantly affect the pasting behavior of starch, in accordance with the Hofmeister
series [28]. PA consists of K*, AI**, and SO,%~ ions. Wang et al. discovered that SO42~
and K" ions, as salting-out agents, could improve the stability of starch granules [15].
Conversely, Al3* ions, as multivalent cation, could bind with water molecules to form hy-
droxyl coordination compounds (Al(OH)x(H2O)y™") which may promote the disintegration
of starch granules [24]. The results indicate that when the addition of PA is below the
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ratio of 100:6.0 (WS:PA, w/w), the PA could promote the disintegration of starch granules,
with AI** ions playing a dominant role. However, when the addition of PA is above the
ratio of 100:6.0 (WS:PA, w/w), the stability of starch granules is improved. There are two
reasons to account for this phenomenon. Firstly, the SO~ and K* ions play a dominant
role as salt-out ions which could inhibit the breakage of starch granules. Secondly, the
positively charged hydroxyl coordination compounds of Al** could act as cross-linking
points through electrostatic interactions in the amorphous structure or on the surface of
starch granules which inhibit the breakage of granules [14].
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Figure 2. (a) The amount of leached amylose from WS and WS-PA gels at 75 °C, 85 °C and 95 °C, and
(b) the swelling power of WS and WS-PA gels at 75 °C, 85 °C and 95 °C. The measurements were
performed in triplicate. The mean =+ SD values within the same column for each sample, followed by
different lowercase letters, are significantly different (p < 0.05).
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2.3. Rheological Measurements
2.3.1. Dynamic Rheological Measurements

The dynamic rheological properties of WS and WS-PA gels at different ratios of PA are
analyzed and presented in Figure 3. The G’ and G” of all samples increase with frequency,
and the G’ is consistently higher than the G” in all samples, indicating that the WS and
WS-PA gels exhibit solid-like behavior [29]. In regards to the effect of PA concentration
on the dynamic modulus, it is observed that when the addition of PA is below the ratio of
100:6.0 (WS:PA, w/w), the dynamic modulus increases with the presence of PA, as shown
in Figure 3a. However, when the addition of PA is at higher concentrations, above the ratio
of 100:6.0 (WS:PA, w/w), the dynamic modulus decreases as the PA concentration increases
further. These findings are in agreement with the observed swelling power of the samples,
suggesting that the WS-PA gel has the most compacted structure at the ratio of 100:6.0
(WS:PA, w/w). The results indicate that the breakage of granules reaches the maximum at
this specific proportion and more-soluble starch leaching out from the granules participates
in the network formation of WS-PA gels.
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Figure 3. The dynamic rheological properties of WS and WS-PA gels. (a,b) Storage modulus (G’) and
(c,d) loss modulus (G”) as a function of frequency at 25 °C and 1% strain.

2.3.2. Steady Rheological Measurements

Figure 4 presents the steady flow curves of WS and WS—PA gels, while Table 2
summarizes the fitting results of the steady flow curve data using the Herschel-Bulkley
model. The R-squared values for all samples fitted by the Herschel-Bulkley model are above
0.964, indicating good model fit. All systems exhibit shear thinning behavior as the apparent
viscosity of testing samples decreases with the increasing of shear rate. Additionally, the
flow behavior index (n) values range from 0.51 to 0.77, which are significantly lower than 1.
This suggests that both WS and WS—PA gels exhibit pseudoplastic fluid behavior with
shear-thinning properties [30]. Moreover, it is observed that the apparent viscosity of
WS—PA gels increases at low shear rates and reaches a maximum at a shear rate of 0.2 s~ 1.
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Firstly, this phenomenon can be attributed to the non-equilibration of the sample [31].
Secondly, when an external force is applied, the entanglement between the molecular
chains of the material can gradually be disrupted, leading to relative displacement of
the ordered structure under shear. This disruption of entanglements and the resulting
relative displacement contribute to shear thickening. The addition of PA to WS gels has an
impact on the apparent viscosity. The apparent viscosity increases with the augmentation
ratios from 100:0 to 100:6.0 (WS:PA, w/w), but it then decreases as the ratios increase
further from 100:6.0 to 100:120 (WS:PA, w/w). The consistency index (K) calculated by
the Herschel-Bulkley model represents the viscosity of the gels. However, the behavior
of K varied between ratios of 100:3.6, 100:6.0, and 100:12 (WS:PA, w/w). This decrease
can be attributed to the destruction of the compact crosslinked structure of WS—PA gels
at high shear rates, resulting in a significant decrease in viscosity and the lowest fitted
value of K. The yield stress required to change the structure of the gels increases from
1.14 Pa to 7.74 Pa with the ratio from 100:0 to 100:6.0 (WS:PA, w/w). This indicates that
more external force was required to alter the initial structure of starch gels at low addition
concentrations of PA. However, the opposite trend is observed as the ratios increase from
100:6.0 to 100:120 (WS:PA, w/w) with the yield stress decreasing from 7.74 Pa to 0.37 Pa.
This trend is consistent with the interpretation of the change in swelling power discussed
in Section 2.2. Thixotropy is the ability of starch mixtures to recover their initial structure
under external agitation or shear force [32]. The strength of thixotropy can be reflected by
the area of the hysteretic loop, with a larger clockwise hysteretic loop indicating a more
compact gel structure. The results indicate that the ratio at 100:6.0 (WS:PA, w/w) could
result in obtaining the most compact structure of starch gels.
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Figure 4. The steady rheological properties of WS and WS—PA gels. (a,b) Apparent viscosity and
(c,d) shear stress as a function of shear rate.
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Table 2. Steady flow parameters of WS and WS—PA gels.

WS:PA Up Down Hysteresis
(wlw) o (Pa) K (Paes™) n (-) R? 7o (Pa) K (Paes™) n(-) R? Loop
100:0 1.14 £ 024 ab 0.38 + 0.12 bc 0.51+0.04a 0992 055+021a 0.16 = 0.08 a 0.65+0.07cd 0998 668 + 82 ab

100:1.2 148 4+031ab 041 +£0.11bcd 054£0.03ab 0995 0.66 = 0.09 a 031+0.11b 0.58 £0.03ab  0.997 688 + 97 a

100:2.4 334+£076c¢ 0.58 £ 0.04 def 0.51£0.01a 0992 141 +0.05b 049 £0.11c 055+ 0.02a 0998 1213 +483b

100:3.0 497 +£1.25d 0.73£0.11e 0.51 £0.04 a 0.989 2.23 4+ 0.45 cd 054 +0.11c¢ 0.56 £0.01a 0.998 2069 £+ 387 c

100:3.6 576 £0.44d 0.48 + 0.04 cde 0.61 £0.01b  0.985 2.61 £ 0.22 de 0.57 £0.08 ¢ 0.58 +£0.01ab 0999 2160+ 120c¢

100:6.0 774 £134e 0.21 £ 0.06 a 0.77 £0.05 ¢ 0964 2.85+023e 0.63 £0.05¢ 0.61 +£0.01ab  0.998 2926 +292d
100:12 529+ 1.96d 0.31 £0.16 ab 0.73 £0.09c 0974 2.07 £0.37 ¢ 0.61 £0.07 c 0.61 +£0.01abc 0998 2856 + 214 d
100:30  2.19 +0.37 be 0.65 + 0.11 ef 058 +0.03ab 0989 1.18 £0.14b 0.49 £0.01¢ 0.61 £0.01abc  0.998 2799 +230d
100:60 091 £ 0.32 ab 0.62 £+ 0.03 ef 054 +£0.02ab 0998 0.58 +0.15a 0.35+0.03b 0.62+0.01bc 0998 1719+ 146¢

100:120 037 +0.1a 0.39 + 0.06 bc 0.56 +0.02ab 0999 0.27 +£0.02a 0.18 £0.01a 0.66 +0.01d 0.999 1207 +176b

The measurements were performed in triplicate. The mean & SD values within the same column for each sample,
followed by different lowercase letters, are significantly different (p < 0.05).

2.4. FT-IR

The infrared spectra of WS and WS—PA gels are displayed in Figure 5a. Only one
full IR spectrum of sample with ratio of 100:0 (WS:PA, w/w) is shown, and the others are
displayed in Figure S1. The detailed IR spectrums of all samples in the wavenumber range
of 1200-800 cm ! are shown in the Figure 5a. All curves exhibit a noticeable absorption peak
in the range of 3600-3000 cm !, corresponding to the stretching vibrations of O-H bonds in
starch [33]. The symmetric and antisymmetric stretching vibrations of -CH, and -CH groups
are detected at 3000-2800 cm ! [29]. A minor absorption peak at 1550-1750 cm ! indicates
the bending vibration of water molecules within the sample. The fingerprint region of
1200-800 cm ! is sensitive to conformation of the samples, particularly the absorption
peaks at 1022 cm ™! and 1047 cm !, which corresponds to the relative contents of random
structures in the amorphous region and the ordered structures in the crystalline region,
respectively. The ratio of the absorption peak intensity at 1047 cm~! to 1022 cm ™! serves
as a measure of starch crystallization degree. The results are presented in Figure 5b. It is
observed that the ratio of the starch absorption peak at 1047 cm ! to 1022 cm ™! increases
with the addition of PA, further indicating that during the storage, PA within the system
can effectively promote the ordered rearrangement of starch molecular chains.
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Figure 5. (a) FT-IR spectra of WS and WS—PA gels; (b) the ratio of absorption at 1047 cm~! and
1022 cm~!. The measurements were performed in triplicate. The mean =+ SD values within the same
column for each sample, followed by different lowercase letters, are significantly different (p < 0.05).
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2.5. SEM

Figure 6 shows the SEM images of WS and WS—PA gels, magnified 500 times. The
microstructure of WS and WS—PA gels resemble a honeycomb structure. However, com-
pared to the control, the gels with addition of PA exhibit larger holes, and the size of the
pores increases with higher PA concentrations. The pores in starch gels represent areas
where water is distributed during storage. The larger pores and thicker walls in the gels
indicate an enhancement of the entanglement force between starch chains generating the
separation of water from the homogeneous gel phase [27]. As a result, the addition of PA
facilitates the interaction between starch molecules. Furthermore, the structure becomes
more uniform and regular and the size of pores grows larger with the increasing ratios of
WS:PA from 100:0 to 100:6.0 (w/w). However, the opposite tendency can be observed at
the higher ratios from 100:6.0 to 100:120 (w/w). The addition of PA promotes the breakage
of starch granules below the ratios of 100:6.0 (WS:PA, w/w), and more starch molecules
participate in the network formation of WS—PA gels. However, when the ratios are above
100:6.0 (WS:PA, w/w), the addition of PA inhibits the disintegration of granules. Hence,
the structure becomes irregular and the size of pores grows smaller. Additionally, the
lyophilized samples with the ratios above 100:30 (WS:PA, w/w) are brittle, which is perhaps
related with the high crystallization degree of starch gels.

B
{ s o

1R

Figure 6. The SEM images of WS and WS—PA gels.

2.6. Thermogravimetry (TG)

Figure 7 shows the thermal degradation analysis of the lyophilized samples using TGA
(thermogravimetric analysis). The thermal decomposition curves can be categorized into three
main stages, providing information about the thermal stability of samples [34]. The first stage
(30 °C-150 °C) is related to the release of water and volatile substances [35]. The second stage
(200 °C-335 °C) where the main weight loss occurs corresponds to the thermal decomposition
of starch [36]. The third stage (400 °C-600 °C) is primarily attributed to the degradation
of glycosidic bonds and further decomposition of polymer fragments. The addition of PA
promotes the thermal degradation of starch molecules. Compared to the contrast group, the
samples mixed with PA contain more moisture. This result can be attributed to the hydrolysis
of AI**, which generates various hydroxyl coordination compounds. These compounds can
participate in the network formation of the starch gel. Additionally, a significant amount
of hydrogen ions is generated during the hydrolysis process of Al**, which facilitates the
breakage of glycosidic bonds [37]. As a consequence, the temperature range of the second stage
becomes narrower and lower when PA is added. Additionally, the addition of PA may also
participate in the cross-linking reaction of starch fragments, inhibiting further decomposition
of the starch. Hence, the third decomposition temperature to shift to a higher temperature.
Moreover, the residual weight of the samples increases with the addition of PA, which can be
attributed to the growing mass of PA in the samples.
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Figure 7. The TGA curves of WS and WS—PA gels.

2.7. Adhesive Properties
2.7.1. Mechanical Properties

Figure 8 shows the mechanical properties of paper samples adhered by either WS or
WS—PA gels. The mechanical testing results are directly related to the adhesive strength
of the starch gels. There are two main factors that influence the mechanical properties of
the testing samples. Firstly, the apparent viscosity and modulus of the starch gels play a
significant role. These properties are closely related to the entanglement of starch chains
and the ratio of ordered region to the amorphous structure [32]. The starch gels provide
strength to the bonding layer between two paper samples. Secondly, the bonding strength
between the starch and cellulose fibers on the paper surface is important. This factor is
influenced by the permeability of the starch gels and the entanglement between the starch
fragments and cellulose fibers. The addition of PA at ratios ranging from 100:0 to 100:120
(WS:PA, w/w) resulted in an increase in folding endurance from 1.96 + 0.18 to 2.49 £ 0.13,
tearing strength from 267.33 £ 15.81 (mN) to 417.66 + 20.77 (mN), and tensile strength
from 0.96 4+ 0.08 (kN-m™!) to 1.18 & 0.10 (kN-m™!). This indicates that the adhesive
strength of starch gels was enhanced with the addition of PA. Interestingly, these results
were not consistent with the changes observed in the apparent viscosity measured through
steady rheology experiments. The reason for this phenomenon can be attributed to the
positively charged hydroxyl coordination compounds of A13*, which act as ion-bridges to
connect the starch fragments and cellulose fibers of the paper [24,38]. These ion-bridges
provide stronger bonding strength than other influencing factors. This explanation is
further supported by the breaking elongation testing results shown in Figure 8d. The
minimum elongation was observed at the ratio of 100:120 (WS:PA, w/w), indicating that
the higher crosslinked density between cellulose fibers and starch fragments improved
the hardness of the paper samples [39]. However, the mechanical properties of the testing
samples greatly decreased after the aging experiments at 105 °C for 28 days, and the decline
proportion increased with increasing PA addition concentrations. Specifically, the folding
endurance, tearing strength, and tensile strength of the control group only decreased by
1.5%, 1.7%, and 1.4%, respectively. In contrast, the corresponding mechanical properties
of paper samples adhered by WS—PA gels at a ratio of 100:120 (WS:PA, w/w) decreased
by 19.9%, 37%, and 11.5%, respectively. The reason for this phenomenon can be related to
the hydrolyzation of AI** ion, and a large number of H* ions are generated during this
process, which promotes the acid hydrolysis of glycosidic bonds in both starch chains and
cellulose fibers. The decrease in mechanical properties of the testing samples after aging
experiments highlights the significance of controlling the addition of PA to the starch gel in
practical applications, as it can affect the durability and stability of the paper relics.
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Figure 8. Effect of WS and WS—PA gels on the (a) tearing strength, (b) folding endurance, (c) tensile
strength, and (d) breaking elongation of paper samples before or after aging experiments. The
measurements were performed in triplicate. The mean =+ SD values within the same column for each
sample, followed by different lowercase letters, are significantly different (p < 0.05).

2.7.2. Chromaticity Measurement

Table 3 presents the results of chromaticity measurements. After aging experiments,
the color difference of the testing samples is noticeable. Specifically, as the concentrations
of PA added into the starch gels increase, the surface of the paper samples becomes darker,
redder, and more yellowish in appearance. This change in color can be attributed to
the formation of chromophores resulting from the acid degradation of polysaccharides.
Acidolysis poses a significant challenge for paper relics, particularly those made from
mechanical wood pulp in the 20th century, which were often produced using alum-rosin
sizing [40]. These paper relics are known to be brittle, yellowed, and have low pH values.
The effect of aging on the color of paper samples is an important consideration in the

restoration and preservation of paper relics, as it can impact their aesthetic appearance and
historical value.
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Table 3. The CIE Color Coordinates of paper samples coated with WS or WS—PA gels after aging at
105 °C for 28 days.

WS:PA (w/w) L* a* b* AE

blank 91.81 —0.24 2.93

100:0 90.67 £0.06 g —02+0.02a 318 £0.07 a 117 £ 0.04 a
100:1.2 90.53 £0.04 ¢ —0.17 £ 0.04 ab 324 £ 0.09 a 1.32+0.02b
100:2.4 89.73 £ 0.11f —0.16 £ 0.07 ab 33+0.11ab 212 £0.09 ¢
100:3.0 89.68 £ 0.09 ef —0.07 £ 0.04 bc 3.4+012b 2.19 £0.06 ¢
100:3.6 89.56 £ 0.08 de —0.09 £ 0.05¢ 374 £ 0.04c 240 £0.06 d
100:6.0 89.48 £0.04d 0.01 +0.03d 4.05+0.06d 2.60+0.01e
100:12 89.19 £0.12¢ 0.03 £ 0.03 de 43+01e 2.97 £ 0.06 £
100:30 89.08 £ 0.05 ¢ 0.07 + 0.02 def 6.93 +0.12 f 485+007¢g
100:60 889+0.1Db 0.11 4 0.07 ef 7.07 £0.05f 5.07+£0.01h
100:120 88.6 £0.11a 0.13 +0.06 £ 743 +0.07 g 554 £0.011

The measurements were performed in triplicate. The mean & SD values within the same column for each sample,
followed by different lowercase letters, are significantly different (p < 0.05).

3. Materials and Methods
3.1. Materials

Wheat starch (amylose content: 24.3%, water content: 9.6%) was provided by Shanghai
Yuanye Bio-Technology Co., Ltd., Shanghai, China. Potassium alum (PA) was provided by
Sinopharm. Deionized water was used in this work. Xuan paper was obtained from China
Xuan Paper Company Group, Jingxian, China.

3.2. WS—PA Systems Preparation

Different concentrations of PA solutions were prepared. Wheat starch was added into
PA solutions to obtain 4% wheat starch solutions by oscillating. Samples with ten ratios
of WS:PA (w/w), including 100:0, 100:1.2, 100:2.4, 100:3.0, 100:3.6, 100:6.0, 100:12, 100:30,
100:60, and 100:120, were labeled and used for further experiments. The starch gels were
prepared by heating at 95 °C for 20 min under constant stirring. After heating, the resulting
starch gels were stored at ambient temperature for 24 h.

3.3. Rheological Measurements

The rheological measurements were carried out by a rheometer (HAAKE MARS I1I,
Thermofisher, Waltham, MA, USA). The experiments were conducted at a temperature of
25 °C using a parallel plate (35 mm diameter, 0.5 mm gap). Before testing, the samples
were transferred onto the rheometer plate and equilibrated for 5 min. In order to analyze
the dynamic rheological properties, the liner viscoelastic region was determined by a strain
sweep measurement, and the strain for the frequency sweep experiment was set at 1% [41].
The frequency range was set from 0.1 to 10 Hz, and the dynamic modulus as functions
of frequency was obtained. Steady shear experiments were conducted to measure the
response of the samples to varying shear rates. The shear rate was increased from 0.1 57!
to 1000 s~! in 2 min and then decreased from 1000 s~! back to 0.1 s~! at the same speed.
The apparent viscosity of WS—PA gels was recorded as a function of shear rate. To analyze
the results of the steady shear tests, the data were fitted using the Herschel-Bulkley model,
which is denoted by Equation (1) [42].

T =1 +Kx" (1)

where Ty represents the yield stress (Pa), T represents shear stress (Pa), K is consistency
index (Pa-s"), y represents shear rate(s~1), and n is the flow behavior coefficient.
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3.4. Leached Amylose and Swelling Power

The leached amylose and swelling power of WS and WS—PA gels were obtained
according to the report of Chen et al. with a slight modification [43]. The slurries were
prepared as per the descriptions of Section 3.2 and then the mixtures heated in an oscillating
water bath at temperatures of 75 °C, 85 °C, and 95 °C for a duration of 30 min. After heating,
the samples were immediately cooled to ambient temperature, and then the cooled samples
were centrifuged at 4800 rpm for 30 min. The sediment was weighed and then dried to
constant weight at 90 °C. The swelling power (%) was denoted as the ratio between the
weight of the precipitate in its wet state and its dry weight. The amount of leached amylose
in the supernatant were determined using the iodine colorimetric method as reported by
Chrastil with a slight modification [44]. In detail, 0.05 mL of the supernatant obtained
after centrifugation was added to 3 mL of 0.33 M NaOH in a water bath set at 95 °C for
30 min. After cooling to ambient temperature, the mixtures were centrifuged at 4800 rpm
for 10 min. Then, 0.1 mL of the resulting solutions was mixed with 2.5 mL of trichloroacetic
acid (0.5%, v/v) to adjust the pH of the solution to 5.0-6.0, and subsequently 0.01 N I,-KI
(0.05 mL) was added. The mixture was reacted at room temperature for 30 min, and the
absorbance of solution at 620 nm was measured using a spectrophotometer (TGem Plus,
TIANGEN, Beijing, China). Amylose was used as the standard to calculate the dissolution
amount of amylose.

3.5. DSC

The thermal analysis of wheat starch with different concentrations of PA was conducted
using a DSC (DSC 250, TA Instruments, New Castle, DE, USA) under a N atmosphere [4].
To perform the analysis, 3 mg of wheat starch was mixed with 6 uL of various concentrations
of PA solutions. This mixture was then hermetically sealed in an aluminum pan. To ensure
full hydration, all samples were equilibrated at room temperature for 12 h. The temperature
range for the analysis was set from 35 °C to 95 °C, and the heating rate was 10 °C/min. The
DSC equipment software (TRIOS software version 5.4.0.300) was used to calculate several
parameters of interest, including the onset temperature (To), peak temperature (Tp), conclude
temperature (Tc), and the area of the main endothermic peak (J/g).

3.6. TGA

The WS—PA gels were prepared according to the methods in Section 3.2 and stored
at —80 °C for 24 h. Subsequently, the samples were subjected to freeze-drying using a
vacuum freeze dryer. To evaluate the thermal stability of the WS—PA samples, a thermal
gravimetric analyzer (TGA, Mettler Toledo, Zurich, Switzerland) was employed. The
experiments were carried out under a N, atmosphere, and the heating rate was 20 °C/min.
The temperature range was set from 30 °C to 600 °C. The weight loss of the samples was
recorded as a function of temperature, indicating the decomposition or volatilization of
different components contained in the samples [34,45].

3.7. ATR-FTIR

The lyophilized samples were obtained following the procedure described in Section 3.6.
The measurements were conducted using an FI-IR instrument (Nicolet 6700, Thermofisher,
Waltham, MA, USA) equipped with a diamond ATR accessory over the range from 4000 cm ™!
to 500 cm~!. To collect the spectra, each sample was tested at a resolution of 4 cm~!, with
an accumulation of 64 scans. One specific parameter of interest for evaluating the molecular
order of starch gels is the ratio of absorbances at 1047 cm ! and 1022 cm ™. This ratio provides
an indication of the short-range molecular order present in the starch gels. By comparing the
intensity of these two absorbance peaks, it is possible to evaluate the structural characteristics
and organization of the starch gel [46].
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3.8. SEM

The lyophilized samples were obtained following the procedure described in Section 3.6.
The microstructure of the lyophilized samples was observed using SEM (VEGA 3 XMU, TES-
CAN, Brno, Czech) [47]. The accelerating beam voltage was set at 20 kV. To prepare the samples
for SEM analysis, the cross-section of the lyophilized samples was coated with a layer of gold.
After the gold coating, the samples were placed on the loading platform of the SEM using
conductive adhesive tape. By utilizing SEM, high-resolution images of the sample’s surface can
be obtained.

3.9. Paper Mechanical Properties Experiments

The starch gels were obtained as per the methods described in Section 3.2. The gels
were coated evenly on one piece of paper (0.25 m x 0.25 m) by a coir scrub brush, and then
another piece of paper was put on it and adhered together. After dried at 30 °C for 24 h, the
paper samples were cut into different sizes for further mechanical properties experiments.

3.9.1. Tensile Strength Experiment

The tensile strength was measured according to GB/T 12914-2008 at a constant elon-
gation rate of 20 mm/min by a tensile strength tester (ZB-WLQ, Hangzhou Zhibang
Automation Technology Co., Ltd., Hangzhou, China), and the size of paper samples was
15 cm x 0.75 cm.

3.9.2. Folding Endurance Experiment

The folding endurance was measured according to GB/T 475-2008 by an MIT folding
endurance tester (ZB-NZ135A, Hangzhou Zhibang Automation Technology Co., Ltd.,
Hangzhou, China). The size of paper samples was 15 cm X 1.5 cm, and the force was set at
4.98 N.

3.9.3. Tearing Strength Experiment

The tearing strength was performed according to GB/T 455-2002 by a tearing strength
tester (ZB-SL, Hangzhou Zhibang Automation Technology Co., Ltd., Hangzhou, China).
The size of paper samples was 63 cm x 50 cm.

3.10. Color Evaluation

The color change of paper samples before and after the aging process was determined
by the color coordinate values (Equation (2)) using an NR10QC colorimeter [48].

AE = [(AL*)2 + (Aa*)2 + (Ab*)2 ] /2 2)

where “L*” represents brightness, “a*” represents red and green, and “b*” represents yellow
and blue.

3.11. Statistical Analysis

All the measurements were conducted in triplicate to ensure accuracy and reliability of
the results. The results were subjected to statistical analysis using SPSS statistical software
(Version 20.0, SPSS Inc., Chicago, IL, USA). To assess the significance, analysis of variance
(ANOVA) was performed on the data. In this case, Duncan’s test was used to further
analyze the data, with a significance level set at p < 0.05. Additionally, the graphical
representation of the data was created using Origin Pro software, specifically Version 8.0
by Stat-Ease Inc. (Minneapolis, MN, USA).

4. Conclusions

The addition of potassium alum to wheat starch gels was found to be an effective
method for modifying their physicochemical properties. The experimental results show
that addition of PA increases the gelatinization temperature and enthalpy value of the
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starch gels. However, it was observed that the leached amylose and swelling power of
the starch gels reached a maximum at a certain ratio of WS:PA, specifically at the ratio of
100:6.0 (w/w). The rheological properties and SEM observations support this phenomenon.
In practical applications, the addition of PA enhanced the bonding strength of the starch
gels. The adhesive ability of the starch gels was improved with addition of PA. However,
the addition of PA at high concentrations could have a negative effect on the surface color
of paper samples. Therefore, it is advisable to carefully control the concentration of PA
when adding it to starch gels. Keeping the addition of PA at low concentrations, specifically
below the ratio of 100:6.0 (WS:PA, w/w), could help to mitigate the negative effects of
PA on the degradation and color change of paper relics while still achieving the desired
enhancements in rheological and adhesive properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ molecules28186670/s1, Figure S1: FT-IR spectra of WS and
WS—PA gels.
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Abstract: Invaluable paper relics that embody a rich traditional culture have suffered damage,
requiring urgent restoration. In this context, the utilization of soymilk as a sizing agent holds great
significance and reverence. This study investigates the use of soymilk as a sizing agent for Xuan
paper and evaluates its effects on various properties and the long-term behavior of the paper. The
findings reveal that the application of soymilk as a sizing agent for Xuan paper imparts distinct
properties, including hydrophobicity, improved mechanical properties, and unique chromaticity.
These characteristics—arising from the papillae on the surface of the Xuan paper, the protein folding
of the soy protein, and hydrogen-bonding interactions between the soy protein and paper fibers—play
a crucial role in shaping the paper’s unique attributes. From a physicochemical perspective, the aging
process leads to multiple changes in paper properties. These changes include acidification, which
refers to a decrease in pH, as well as a decline in mechanical strength, an increase in chromaticity, and
a decrease in the degree of polymerization (DP) of the paper. The Ekenstam equation is employed
to predict the lifespan of the paper, showing longer lifespans for Sheng Xuan paper and a negative
correlation between soymilk concentration and lifespan in soymilk-sized paper. Our work provides
valuable insights for the preservation and maintenance of paper, highlighting the potential benefits
and challenges of using soymilk for surface sizing.

Keywords: surface sizing; soymilk; Xuan paper; lifespan; potential mechanism

1. Introduction

Traditional Chinese calligraphy and painting have always been an important carrier
for Chinese literati to express personal emotions or concerns about political life, reflect on
social changes, and record historical events, and it is an integral part of the outstanding
traditional Chinese culture. From 2012 to 2016, the first national survey of movable cultural
relics was carried out under the unified deployment of The State Council of the People’s
Republic of China. Census data have shown that there are more than 1.5 million paintings
and calligraphy cultural relics in China [1]. However, these cultural relics have suffered
varying degrees of damage, either due to environmental factors such as armed conflict,
conflagration, seismic activity, floods, insolation, and insect infestation, or as a result of
human actions like frequent flipping and tearing over time. In order to prevent further
damage, most of these cultural relics are facing the urgent need of restoration. Furthermore,

Molecules 2023, 28, 6791. https:/ /doi.org/10.3390/molecules28196791 70

https://www.mdpi.com/journal /molecules



Molecules 2023, 28, 6791

the restoration of traditional Chinese paintings and calligraphy has consistently upheld the
principle of “Repairing the old as the old” [2]. This principle entails meticulously repairing
the damaged sections of cultural artifacts while aiming to restore the original aesthetics of
the artwork, ensuring that no visible traces of restoration remain discernible to observers.

During the restoration process of traditional paintings and calligraphy, starch is com-
monly used as a natural sizing agent. However, natural starch itself has certain limitations,
including the high viscosity of starch paste, a poor affinity with fibers, and a tendency
to detach easily [3]. These limitations restrict the practical application of natural starch
to some extent. In response to these challenges, our ancestors discovered and refined
a valuable technique known as the mixed use of alum and gelatin through continuous
practice and exploration. When employed in the restoration of calligraphy and paintings,
an alum-gelatin solution can effectively secure the pigment on the artwork, preventing
it from flaking off. In addition, it enhances the water resistance of the paper. However,
it is crucial to find the appropriate ratio of alum to gelatin. If the proportion of alum is too
high, it can render the paper cultural relics brittle. The use of an alum—gelatin solution
in the restoration of paper cultural relics has been a topic of debate, as there are concerns
about its potential harm [4]. Therefore, the demand for safe and harmless sizing agents
in cultural relic restoration remains unmet. Soybean, one of the most important global
crops, is widely cultivated and consumed worldwide. It contains a multitude of proteins,
lipids, and secondary metabolites, granting it a crucial position across various sectors [5].
Hereinto, soybean protein exhibits amphiphilic properties, which have garnered consid-
erable attention in fields such as medicine, beauty, packaging, and food. In particular,
soybean protein has also captured significant interest within the domain of cultural relics
conservation due to its amphiphilic nature. In the realm of traditional Chinese painting and
calligraphy restoration, soybean-derived soymilk has long been utilized as a sizing agent.
Esteemed expert Ms. Qiu Jinxian, renowned for her exceptional proficiency in restoring
valuable paintings and calligraphy, has contributed significantly to this field during her
tenure at both the Shanghai Museum and the British Museum. In her report, Ms. Qiu
highlighted that soymilk exhibited remarkable suitability in the restoration of calligraphy
and paintings, possessing favorable color properties and hydrophilic and hydrophobic
performance. Typically, the recommended concentration is one cup of soymilk with three
cups of water [6]. The hydrophilic and hydrophobic properties of soymilk-sized paper
can be traced back to the Ming Dynasty. The eighth volume of Physical Knowledge written
by Fang Yizhi, a Ming Dynasty scholar, documents the process of transforming paper
into waterproof window paper with “tofu pulp”. In addition, the painter Wu Shanming
suggested that the ideal ratio of soymilk to water should be maintained at three to seven [7],
which yields the optimal hydrophilic and hydrophobic performance when sizing paper
with soymilk.

According to Xu's research, the application of soybean protein as a coating on paper
surfaces reduces surface voids and facilitates the formation of hydrogen bonds between
protein and fiber hydroxyl groups. This interaction enhances the water resistance of the
paper, making soybean protein an effective sizing agent for improving its hydrophobic
property [8]. In addition, when soymilk is used as a sizing agent at different temperatures,
it is observed that the hydrophilic and hydrophobic performance of the paper can be
varied. Specifically, the soybean protein molecules gradually unfold from their tightly
coiled structure, which is surrounded by a hydration film, and remain relatively stable.
This unfolding exposes the hydrophobic groups within the polypeptide chain’s coiled
structure while reducing the presence of hydrophilic groups on the outer surface [9]. As
the temperature of the soymilk increases from 25 °C to 80 °C, the relative content of the
[-sheet structure (one of the secondary structures of protein molecules) increases from
41.14% to 48.87%. Meanwhile, the corresponding o-helix, 3-turn, and random coiled
structures of soybean protein transform into 3-sheet structures, with the proportion of
[3-sheet structures positively correlated with hydrophobicity. However, the relative content
of the 3-sheet structure in soybean protein decreases to 45.43% at 90 °C. This reduction
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in B-sheet structure content indicates that the structure of soybean protein can undergo
thermal denaturation at higher temperatures [10]. Consequently, precipitation may occur,
compromising the desired properties of the soybean protein sizing agent.

The use of soymilk as a sizing agent for paper either lacks specific information, or the
information provides vague details regarding the appropriate ratio of soymilk to water.
This study focuses on the influence of the varying concentrations of soymilk on the paper
when it is used as a sizing agent. A total of six distinct types of paper were carefully chosen
to conduct a comprehensive analysis of the surface properties and the impact of soymilk
treatment at both macro and micro levels. In addition, this study also evaluated the lifespan
of paper that treated with soymilk. The findings of this research will aid in the selection of
optimal soymilk concentrations for paper sizing, thereby establishing a strong foundation
for understanding the interaction between paper fibers and soybean protein.

2. Results and Discussion
2.1. Characterization of Soymilk

In Figure 1A, the pH values of soymilk at different concentrations are close to neutral,
indicating that they do not pose a threat to paper when used for sizing. The viscosity of
soymilk is found to be closely related to its concentration. Higher concentrations of soymilk
result in greater viscosity. Herein, it was observed that the 1:5 concentration of soymilk had
the lowest viscosity, which was similar to the viscosity of water at ambient temperature
(1.01 mPa-s). A lower viscosity indicates strong flowability and easy spreading of the
soymilk. This characteristic is beneficial for the soymilk to penetrate into the paper [11].
Therefore, it can be concluded that the experimental concentration of soymilk allows for
easy permeation of the paper due to its low viscosity and favorable flowability.
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Figure 1. (A) pH and viscosity of different concentrations of soymilk, (B) zeta potential, and (C) size
distribution of soymilk at various pH values.

The main ingredient in soymilk is soy proteins, which are composed of albumins and
globulins. When extracted by water, albumins represent approximately 10% of soy proteins.
Soy protein molecules are complex macromolecules consisting of 20 different amino acids.
These amino acids are connected through peptide bonds, forming polypeptide chains,
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which represent the primary structure of protein. The amino acids’ skeleton comprises
hydrophilic amino groups, the carboxylic groups, and hydrophobic side chains. Each
amino acid, with its specific side chain, plays a unique role in the protein structure [11].
The presence of polar groups and apolar groups in proteins influences the structure in an
aqueous solution. Therefore, the surface charge and size distribution of the soy protein
were measured under different pH conditions. Figure 1B shows that the zeta potential of
soy protein gradually decreases with increasing pH, reaching its isoelectric point at pH
5.40. Many researchers have demonstrated that polysaccharide—protein composite films
exhibit improved functional properties. The maximum complexation interaction between
protein and polysaccharide, mediated by electrostatic interactions, typically occurs near the
isoelectric point. Therefore, the surface potential of soymilk plays a role in its interaction
with paper cellulose and can influence paper properties to some extent.

In addition, Figure 1C displays the size distribution of soymilk proteins, revealing
that protein particles range in size from 45 nm to 8 pm. Previous research has shown that
protein samples can exhibit multiple distributions under certain conditions. Some particles
are distributed in the nanoscale range, representing natural protein molecules, while others
exist as aggregates of protein molecules and are larger in size [12]. Specifically, as the
pH decreases and the proton concentration increases, the amino and carboxylic groups
in the protein interact with these protons, resulting in a positively charged surface and a
low net charge. At pH 3.64, the net surface charge of protein is +1.82 mV. The repulsion
between soy protein and protons leads to a primary protein size distribution ranging from
600 to 1100 nm. With the increase in pH, the proton concentration decreases, weakening
the interaction. This change results in a wide range of protein sizes. At pH 4.53, protein
sizes exhibit a distribution spanning between 600 to 2000 and 4000 to 8000 nm. As the
pH approaches the isoelectric point, polydisperse particles become more noticeable due to
reduced electrostatic repulsion and decreased solution stability. The size distribution spans
two orders of magnitude at pH 5.43. This aggregation tendency is attributed to the presence
of protein molecules with less homogeneous charges on their surfaces [13]. As the pH
increases, some amino acids in the protein release protons, leading to a negatively charged
environment. The reduction in proton concentration with increasing pH causes an increase
in the net negative charge on the protein surface. Electrostatic repulsions between proteins
can cause aggregation and a decrease in particle size under high pH conditions [14]. The
protein size distribution decreased from 3000~8000 nm at pH 6.13 to 100~600 nm at pH 8.54.
It has been reported that the free energy of protein has a strong negative correlation with
protein size and microstructure, which, in turn, affects the functionalities [15].

2.2. Analysis of Sized Paper

The quality of paper can be evaluated by basic weight, which considers the basic
weight parameter and the influences of physical and printing properties on the paper.
In Table 1, the quality of paper coated with different sizing agents is presented. The
basic weights of the soymilk-coated paper are higher compared with Sheng Xuan paper,
indicating an improvement in quality. The basic weight of soymilk-sized paper decreases
as the concentration of soymilk decreases. This means that lower concentrations of soymilk
result in a decrease in the weight of the paper. In addition, the basic weight of the soymilk-
sized paper is lower compared with paper coated with an alum-gelatin solution. The
results indicate a distinct weight advantage of the soymilk-coated paper over Shu Xuan
paper, suggesting that soymilk sizing can provide a lighter-weight paper option while
maintaining or even improving quality.
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Table 1. Basic weights of different papers.

Paper Type Basic Weight (g/m?)
Slgtelng 21.31
u 30.44
11 27.94
1:3 25.98
3.7 24.70
1:5 22.55

Investigating the dynamic behavior of liquids on surfaces is crucial for understand-
ing the surface properties of Xuan paper and its practical applications in writing and
printing. Typically, a water-wetting threshold of 90° is considered to divide surfaces into
hydrophilic and hydrophobic categories. Figure 2A shows that the static contact angle of
the soymilk-sized paper is significantly improved compared with Sheng Xuan paper and is
comparable to that of Shu Xuan. This indicates that the soymilk-sized paper possesses a
more hydrophobic surface compared with the uncoated Sheng Xuan paper. Notably, the
contact angles of the 3:7 and 1:3 soymilk-sized papers are larger than the other concen-
trations, demonstrating higher hydrophobic properties and water resistance. Restorers
and painters often prefer using these concentrations of soymilk-sized paper in practical
applications. Paper with low surface energy allows for controlled surface properties, such
as producing a hydrophobic and self-cleaning coating. In Figure 2B, it can be observed that
Shu Xuan paper, which exhibits the maximum contact angle, possesses the lowest surface
energy. The smaller the water contact angle on the surface of the paper, the stronger the
interaction between the water and the paper surface, indicating a higher surface energy.
Therefore, Sheng Xuan paper, with the smallest water contact angle, has the largest surface
energy. Regarding the different concentrations of soymilk-sized paper, the surface energy
decreases with the increase in soymilk concentration. Previous studies have reported that
the hydrophobic effect plays a significant role in protein structure stabilization and folding
in soymilk [16]. The apolar part of soy protein establishes intramolecular contacts and
releases water, while hydrogen bonds in the protein backbone contribute to the association
and stabilization of the protein structure [17]. Among all the papers, the 1:1-sized sample,
with the highest concentration of soymilk, exhibits an excellent folding performance of soy
protein on the surface.
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Figure 2. (A) Static contact angle and (B) surface energy of different papers.

Figure 3 presents scanning electron microscopy (SEM) images of Sheng Xuan paper,
both in top view and side view, along with the corresponding elemental mapping of
soymilk-sized Xuan paper. It is evident from the images that a membrane-like coating is
observable only on the soymilk-sized paper. Upon further magnification, a larger number
of well-ordered papillae with an average diameter of 75 nm can be observed on the surface.
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The size distribution of papillae is mainly below 100 nm (inserted in Figure 3D), which is
lower than the dynamic light scattering (DLS) result of soymilk, as shown in Figure 1C.
Generally, the DLS technique provides the structure size of the aggregated state in liquid
environments, which is larger than the SEM result. Conversely, the SEM images provide
additional information about particle morphology and arrangement. Jiang’s work has
previously illustrated that when a large volume of water droplets is placed on lotus leaf
surface, it tends to flow out more easily through the margins of these papillae, rather
than overflowing onto the upper surface [18]. When the water contact angle is high, it
indicates that water has difficulty spreading across the paper’s surface, signifying lower
water adhesion to the surface. As discussed above, the microstructured surface leads
to a specific adhesion behavior, creating a high-energy barrier and contributing to the
hydrophobic nature of the surface, with lower intrinsic surface energy. Furthermore, SEM-
EDX analysis was employed to investigate the distribution of soy proteins within the paper.
The SEM-derived elemental maps reveal an even distribution of C, N, O, and S elements,
primarily originating from the soy protein. This observation further confirms that the
soymilk permeates homogeneously into the paper fiber, ensuring a uniform distribution of
soy protein throughout the paper structure.

20 pm

200 nm

50 pm

Figure 3. SEM images of (A) Sheng Xuan; soymilk-coated Xuan paper from the top (B) and side
(C) view; and (D) the microstructure of soymilk-sized paper and corresponding elemental mapping.

The main component of paper is cellulose, which is a linear polymer consisting of
linked D-glucopyranose units through 3-1,4-glucosidic bonds. From a chain conformation
perspective, cellulose can be viewed as an isotactic polymer of cellobiose [19]. The molecular
structure of cellulose is depicted in Figure 4A. To investigate the structure of cellulose and
its interaction with other molecules, nuclear magnetic resonance (NMR) techniques can be
employed. Figure 4B,C present the 'H and '3C cross-polarization magic-angle spinning
(CP/MAS) solid-state NMR spectra of Sheng Xuan and soymilk-sized paper. In the spectra,
the chemical shift of 1.28 ppm can be attributed to protons in alkanes, while the peak at
29.55 ppm corresponds to methylene groups [20]. In addition, the proton peak at 4.5 ppm
represents the hydroxyl proton at the Cs position of cellobiose, as well as proton peaks
from the glucopyranose backbone and the amino proton. In the soymilk-sized paper,
new peaks appear. Two peaks at 2.01 and 2.23 ppm are characteristic of acetyl methyl
proton derived from soymilk, as indicated by the dotted line in Figure 4B. The methyl
proton peak from soymilk is observed at 0.89 ppm [21]. These additional peaks confirm
the presence of soymilk components in the sized paper. CP/MAS NMR is a valuable
technique for analyzing hydrogen bonds in solid cellulose. In the 'H NMR spectra, a high-
frequency shift at 26.28 ppm is observed in the soymilk-sized paper. The position of the
hydrogen bond peaks in NMR spectra typically range from 8 to 20 ppm, while the peak at
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26.28 ppm is significantly higher. However, previous studies have shown that the higher
the strength of the hydrogen bond, the greater the peak shifts. This indicates the presence
of stronger hydrogen bonds in the sized paper. In the 13C NMR spectra (Figure 4C), the
C; carbon peak of cellulose in Sheng Xuan paper appears at 104.8 ppm. In contrast, the
C; carbon peak in soymilk-sized paper shifts to a higher magnetic field, indicating the
presence of intramolecular hydrogen bonds. The peaks assigned to Cp35 (70~80 ppm),
C4 (80~90 ppm), and Cg (63.7 ppm) carbons remain unchanged [22]. The results obtained
from the NMR spectra demonstrate a strong hydrogen-bonding interaction between soy
protein and paper fibers. When a water-soluble protein undergoes folding into a compact
and active conformation, the loss of polypeptide chain entropy is counteracted by favorable
interactions within the protein and between the protein and its solvent. Non-covalent forces
such as the hydrophobic effect, and hydrogen bonds, play significant roles in stabilizing the
fold of the protein [16]. The soymilk-sized paper exhibits hydrophobicity and the presence
of detected hydrogen bonds, both of which are essential for protein stability. These effects
encourage the soluble protein to fold and remain in a stable state, which is supported by
the observed surface energy characteristics.
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Figure 4. (A) The molecular structure of cellulose; (B) 'H MAS NMR spectra and (C) 13C CP/MAS
spectra of Sheng Xuan paper (red, lower) and soymilk-sized paper (green, upper).

2.3. Paper Properties during Accelerated Aging

To investigate the long-term behavior of soymilk-sized paper, paper samples were
subjected to dry-heat aging conditions at the temperature of 105 °C. The presence of acids
in the paper can catalyze the hydrolytic degradation of cellulose, which is the inherent
instability of paper. Over time, the paper undergoes acidification due to natural aging
processes. Consequently, the degree of polymerization decreases, resulting in a loss of paper
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strength. As shown in Figure 5A, all the soymilk-sized paper samples exhibit an alkaline
pH initially, which is favorable for conservators. When nearly neutral soymilk is applied
to Xuan paper, the paper’s fibers interact with the soymilk, leading to an initial increase
in pH as the paper absorbs and interacts with the soymilk. However, the paper cellulose
is ageing with the addition of soymilk. As the aging time progresses, the paper becomes
progressively more acidic, resulting in a decrease in pH values. The most significant decline
in pH occurs during the early stages of aging. The decrease in pH value is slower for
paper samples with lower concentrations of soymilk. It is worth mentioning that the pH
of soymilk-sized paper decreases at a much slower rate compared with Shu Xuan paper.
The variation in pH among the soymilk-sized paper is influenced by the degradation and
oxidation of the soy protein as well as the degradation of the paper cellulose. During the
aging process, carboxylic acids, reactive oxygen species, and other products are generated
from soymilk, promoting paper degradation. Hence, the pH values gradually decrease as
the degradation progresses. Higher concentrations of soymilk result in faster degradation
rates. As for the mechanical properties analysis of these various papers, it focuses on the
folding endurance. In Figure 5B, the folding endurance of soymilk-sized paper is higher
than that of Shu Xuan paper, and the folding resistance of all paper samples decrease
with the prolongation of aging time. The trend is consistent with the observed pH values.
The mechanical properties of the soymilk-sized paper exhibit improvements compared
with the original Sheng Xuan paper, particularly during the aging process. Overall, the
aging of soymilk-sized paper leads to acidification and a decline in pH values. However,
the pH decrease is slower compared with traditional Shu Xuan paper. In addition, the
soymilk-sized paper exhibits improved mechanical properties, particularly in terms of
folding endurance, compared with the original Sheng Xuan paper.
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Figure 5. (A) The pH values and (B) folding endurance of different papers at various time stages.

Ms Qiu, the restorer, has observed that soymilk-sized paper exhibits a unique color that
cannot be found in new paper. She specifically mentioned that the specified concentration
of soymilk for sizing is one to three [6]. Figure 6 illustrates the chromaticity of different
concentrations of soymilk-sized paper compared with the original Sheng Xuan paper. For
all original paper samples, we compared the chromaticity changes with those of the Sheng
Xuan paper. The results reveal that the 1:3 concentration of soymilk-sized paper exhibits
the least chromaticity compared with the original Sheng Xuan paper. It is followed by 3:7,
1:1, and 1:5 soymilk-sized paper, and finally, the Shu Xuan paper. This finding suggests
that the proposed concentration of 1:3 is reasonable and effective in replicating the color
of historical paper artifacts during the restoration process. Furthermore, it is observed
that the chromaticity of all the paper samples increases with the extension of aging time
when compared with the corresponding original paper. The yellowing of cellulose during
aging can be attributed to the presence of cellulose chromophores. The hydroxyl groups in
the anhydroglucose units undergo transformations into carbonyl and carboxylic groups,
resulting in the formation of aldehyde and ketone groups at positions C, and Cs. These

77



Molecules 2023, 28, 6791

changes contribute to the yellowing phenomenon of the paper [23]. Although soymilk
sizing offers certain benefits, long-term preservation and careful monitoring are necessary
to ensure the continued stability and longevity of the paper.

Figure 6. The chromaticity of different papers at various time stages.

2.4. Lifespan Expectancy of Different Paper

To better maintain and preserve paper, the Ekenstam equation was utilized to predict
the lifespan of these paper samples. The initial DP values, final DP values, and degradation
rates at ambient temperature were required to calculate the lifespan values. Previous
studies have shown that paper strength reaches zero around a DP value of 200 [24]. In this
study, the final DP value was set to 200, and some empirical equations were employed, as
described in the Section 3. Figure 7A shows the degradation rate at an aging temperature
of 105 °C. The rate constants were determined from the slopes of linear fitting, based on
Equation (6). The rate constants for Sheng Xuan, Shu Xuan, and 3:7, 1:3, and 1:5 soymilk-
sized Xuan paper were found to be 4.79 x 1075,1.41 x 107%,9.42 x 107°,7.63 x 107>, and
6.10 x 1075 d ™!, respectively. Subsequently, the degradation rate at ambient temperature
was calculated using Equation (7). The pre-exponential factor in the equation is determined
solely by the nature of paper degradation, independently of the reaction temperature and
reactant concentration. Hence, the degradation constants at ambient temperature were
calculated as 5.59 x 107, 1.64 x 1078, 1.10 x 1078, 892 x 107?, and 7.21 x 102 d~!
for Sheng Xuan, Shu Xuan, and 3:7, 1:3, and 1:5 soymilk-sized Xuan paper, respectively.
By reintroducing the final DP value of 200 into Equation (6), the lifespan of the paper
samples was calculated and is depicted in Figure 7B. The results reveal that Sheng Xuan
paper has the longest lifespan of 1385 years, while Shu Xuan paper has the shortest
estimated lifespan of 396 years. This finding is consistent with previous conclusions, as
the presence of alum in Shu Xuan paper promotes acid hydrolysis and facilitates paper
degradation, creating an acidic environment within the pH range of 4.2 to 4.8, as observed
in the pH characterization above [25]. For the different concentrations of soymilk-sized
paper samples, the lifespan is negatively correlated with the concentration of soymilk.
The longest estimated lifespan is 1153 years for 1:5 soymilk-sized paper, followed by
1:3 soymilk-sized paper with a lifespan of 987 years, and for 3:7 soymilk-sized paper, a
lifespan of 680 years. However, an interesting phenomenon emerges where the folding
endurance of 1:1 soymilk-sized paper surpasses that of 1:5 soymilk-sized paper after a
month of accelerated aging. While soymilk may improve short-term properties like folding
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endurance, it may not provide sufficient protection against long-term degradation. The
variation in lifespan among the soymilk-sized paper depends on the degradation and
oxidation of the soy protein as well as the degradation of the paper cellulose. During the
aging process, carboxylic acids, reactive oxygen species and other products are generated,
promoting paper cellulose degradation [26-28]. In such cases, where the paper begins with
an alkaline pH but gradually shift towards acidity over time, its alkaline reserve can be
depleted. This depletion makes the paper more susceptible to the effects of aging. Higher
concentrations of soymilk result in faster degradation rates. Nevertheless, it is important to
note that these predictions provide a rough estimation of the usable life of the paper.
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Figure 7. (A) Rate constants of different papers under accelerated aging conditions; (B) lifespan of
different papers calculated using Ekenstam equation.

3. Materials and Methods
3.1. Materials

Commercially sourced soybeans were procured for this study. Soymilk extraction
was carried out by a high-speed blender (WPB09]8, Westinghouse, Pittsburgh, PA, USA).
Specifically, 600 mL water was added to 30 g soybeans to serve as an extraction solvent.
The mixture was then processed in the high-speed blender for a duration of 6 min at room
temperature. Subsequently, the raw soymilk was filtered through a cotton filter to eliminate
the majority of insoluble impurities present in the soymilk. The resulting solution was then
employed for further applications and subsequent analyses.

Diiodomethane was acquired from Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China, while Bis(ethylenediamine)copper(Il) hydroxide (1 M in H,O, or
cupri-ethylenediamine) was supplied by Energy Chemical, Anhui Zesheng Technology
Co., Ltd., Hefei, China, All chemicals were used as received without requiring additional
purification. Furthermore, all solutions utilized throughout the experiment were prepared
with deionized water. The initial handmade Xuan paper samples employed in this study
were purchased from Hongxing Xuan Paper Co., Ltd. (Xuancheng, China). Specifically,
writing-grade handmade Xuan paper composed of bark fiber from Pteroceltis tatarinowii
and straw fiber was utilized. It is worth noting that Xuan paper can be categorized into
various styles based on the extent of sizing. In this study, Sheng Xuan (unsized) paper and
Shu Xuan (sized with alum-gelatin solution) paper were utilized as controls.

3.2. pH, Viscosity, Particle Size, and Zeta Potential of Soymilk

The stock soymilk was prepared following the procedures outlined in Section 3.1
above. To obtain different concentrations of soymilk, various volume ratios of the stock
soymilk and deionized water were combined in 10 mL centrifuge tubes by pipettes. The
pH values of the different soymilk concentrations were measured with a pH meter (FE28,
Mettler—Toledo International Inc., Shanghai, China). Viscosity measurements of the dif-
ferent soymilk concentrations were conducted at a temperature of 20 °C using a Digital
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Display Rotary Viscometer (NDJ-8S, Shanghai Lichen Bangxi Instrument Technology Co.,
Ltd., Shanghai, China).

The viscometer was equipped with different types of concentric cylinder geometry
rotors. The surface charge and particle size of soymilk at various pH values were de-
termined via a Zetasizer Nano ZS90 Analyzer. These measurements were conducted in
triplicate to ensure accuracy. The pH values were adjusted within the range of 3.64 to 8.54
using a tiny amount of HNOj3 or NaOH solutions. All measurements were performed at
ambient temperature.

3.3. Basic Weight Measurement

To facilitate convenient sizing degree quantification, a paper cutter was employed
to obtain circular samples with a diameter of 125 mm. Subsequently, the Sheng Xuan
paper was immersed in various concentrations of soymilks to produce different types of
soymilk-sized Xuan paper. After the sizing treatment, the paper was dried and stored
under constant humidity and temperature conditions (humidity of 60 £ 2%, 25 + 1 °C).
The basic weight of the paper was calculated following the ISO 534:2011 standard [29]. In
essence, the basic weight of the paper is determined by dividing the weight of the paper by
its surface area.

3.4. Static Contact Angles and Surface Energy of Different Types of Paper

The static contact angles of water, observed from a side view, were measured with the
OCA-20 contact-angle system (Dataphysics Instruments GmbH, Filderstadt, Germany) at
room temperature. To determine the surface energy of the soymilk-sized paper, Owens
theory was applied, which involves calculating the surface energy by two components:
apolar and polar [30]. By measuring the contact angles of water and diiodomethane on the
paper surface, the apolar and polar values of the paper’s surface energy were obtained. The
total surface energy of the paper is approximately the sum of these two components. It is
known that the total surface tensions of water and diiodomethane are 72.8 and 50.8 mJ/m?,
respectively. The corresponding apolar parts are 21.8 and 48.5 mJ/m?, while the polar
parts are 51 and 2.3 mJ/m?, respectively. By substituting the data of the surface tension
and contact angle of water and diiodomethane into the equation below, two dependent
equations can be derived. These equations allow for the calculation of the surface energy of
the soymilk-sized paper.

1/2
YL(1+cost) = 2(7§ - )2 +2(7% -] (1)

Herein, 71, 7}, and 7{ represent the total, apolar, and polar surface tension of detecting
liquid, respectively. The parameter 6 is the static contact angle of the specific detecting
liquid on the paper. ¢ and ’yé’ represent the apolar and polar parts of the solid surface
energy that need to be determined.

3.5. Morphology Analysis of Different Types of Paper

A small quantity of each sample was affixed to conductive adhesive, enabling the
investigation of the morphologies and distribution of elements on both the front and side
surfaces of the paper using a HITACHI SU8010 scanning electron microscope (Hitachi
High-Technologies corporation, Tokyo, Japan). Since the sample is non-conductive, it
was necessary to apply a thin layer of gold onto the surface of the sample. This gold
coating, consisting of several to a dozen atomic layers, is only a few nanometers to a dozen
nanometers thick. Importantly, this gold coating has minimal impact on the appearance of
the sample. Micrographs at various magnifications were captured at the energy of 10 KeV.

3.6. Solid-State Nuclear Magnetic Resonance Analysis

Due to the paper samples’ insolubility in the typical solvents used for NMR analysis,
the assessment of the paper’s chemical structure was conducted using solid-state nuclear
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magnetic resonance (ssNMR). The spectra were acquired using a Bruker Avance 11 400 MHz
spectrometer (Bruker BioSpin GmbH, Ettlingen, Germany) operating at 400.18 MHz (‘H)
and 100.62 MHz (13C). Powdered samples were placed in a 4 mm rotor and spun at a rate of
10 kHz using a double air-bearing probe head. To obtain reliable results, each sample was
subjected to 128 scans during the ssNMR analysis. The '3C chemical shifts were referenced
to adamantane, which serves as a standard reference compound in ssNMR spectroscopy.

3.7. Color Analysis of Different Types of Paper

The chromaticity of the paper was determined with an automatic colorimeter (ZB-
A, Hangzhou Zhibang Automation Technology Co., Ltd., Hangzhou, China). To ensure
accuracy and minimize potential errors, each sample was measured six times at different
locations. The change in chromaticity AE was calculated via the following equation:

AE = /AL2 + Aa? + AL? )

In the equation, L, 4, and b represent three different colorimetric coordinates val-
ues, respectively. AL, Aa, and Ab are the differences between corresponding values of
different samples.

3.8. pH Measurement and Mechanical Performance Testing

The measurement of paper pH differed from that of soymilk. In this study, a pH meter
(pH-100B) provided by Shanghai Lichen Instrument Technology Co., Ltd. (Shanghai, China)
was used. The measurement procedure followed the ISO 6588-1:2021 standard [31]. A drop
of water was put on the paper surface, and the electrode head was vertically immersed in
the water droplet. The pH value was recorded after allowing a 5 min equilibrium time. Each
sample was tested five times at different locations, and the measurements were conducted
at room temperature.

The mechanical performance of the paper was assessed by the folding endurance
index, following the ISO 5626:1993 standard [32]. The paper specimen was subjected to
longitudinal tension and folded forward and backward until it broke. The folding resis-
tance was determined as the logarithm of the number of double folds before the specimen
fractured. In this context, double folding refers to reciprocating the sample back and
forth along the same fold line. The folding resistance is expressed as the logarithm of
the number of double folds until the sample fractures. The MIT folding method was em-
ployed, and an MIT Folding Endurance Tester (Model: ZB-NZ135A) supplied by Hangzhou
Zhibang Automation Technology Co., Ltd. (Hangzhou, China) was used for the folding
endurance test.

3.9. Lifespan Evaluation of Different Types of Paper

The degree of polymerization (DP) of cellulose plays a crucial role in determining its
physical and chemical properties, making it an important factor to consider when working
with paper. The DP values of paper cellulose were measured following the ISO 5351:2010
standard [33]. The measurement procedure involved weighing a specific amount of paper
and adding it to a 50 mL centrifuge tube along with 10 mL of deionized water. After
allowing the paper fibers to swell, a 10 mL cupri-ethylenediamine solution was added, and
the paper specimen was completely dissolved. The resulting solution was then transferred
to an Ubbelodhe viscometer, and the specific viscosity (17sp) of the dissolved solution
relative to the cupri-ethylenediamine solvent was recorded. Importantly, the temperature
was maintained at 25 °C throughout the measurement. After obtaining the specific viscosity,
the intrinsic viscosity ([7]) was calculated via the Martin empirical equation below [34]:

nsp = 1) - p - KL 3)

Herein, p represents the concentration of paper cellulose (in g/mL), and K is an
empirical constant specific to the cellulose—copper ethylenediamine system, equal to 0.13.
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Subsequently, the molecular weight (M) of cellulose, which is usually expressed as the DP,
was determined via the Mark-Houwink equation:

[n] = KM" (4)

In this equation, K and « are constants specific to the system. Hence, the Mark—
Houwink equation can be rewritten as follows:

DP%% = 0.75[y] (5)

The paper’s life expectancy can be predicted via the Ekenstam equation:

1 1 _
DP, DP,

kt (6)

where DP,, and DP, are the paper’s degree of polymerization at any given moment and
the initial moment, respectively. k (day ') is the rate constant of degradation, and ¢ is
the accelerated aging time of the paper sample. Since the accelerated aging experiment
was conducted at 105 °C, the obtained degradation rate constant should be converted to
the corresponding rate constant at 25 °C. This conversion can be accomplished via the

Arrhenius equation:

Ink = InA — RT (7)

where A represents the pre-exponential factor, which is temperature-independent. E, de-
notes the activation energy, which has been experimentally determined to be 106 kJ/mol.
R is the gas constant, and T is the absolute temperature [35]. By obtaining the degrada-
tion rate constant, defining the DP limit as 200, and plugging the relevant values into the
Ekenstam equation, the lifespan of the paper can be evaluated [36].

4. Conclusions

This study focused on the application of soymilk as a sizing agent for Xuan paper and
its effects on various properties and long-term behaviors, especially for the potential mech-
anism of sizing paper with soymilk. The soymilk-sized paper exhibited hydrophobicity,
improved mechanical properties, and a unique chromaticity that was not found in new
paper. The microstructure, protein folding, and hydrogen-bonding interactions between
soy protein and paper fibers contributed to these properties. Moreover, the soymilk-sized
paper showed resistance to acidification, a slower pH decrease, and decreased basic weight
compared with traditional alum-gelatin-solution-coated paper. The aging process led to
acidification, decreased mechanical strength, increased chromaticity, and degradation of
the paper samples. Predictions using the Ekenstam equation estimated the lifespan of the
paper, with Sheng Xuan paper having the longest estimated lifespan and soymilk-sized
paper exhibiting negative correlations between lifespan and soymilk concentration. These
findings provide valuable insights for the preservation and long-term maintenance of paper
using soymilk sizing, in spite of presenting a rough estimation, and further preservation
strategies should be considered for optimal paper conservation.
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Abstract: The durability of wooden heritage objects and sites can be affected by external environ-
mental factors, leading to decay, cracking, and other forms of deterioration, which might ultimately
result in significant and irreversible loss. In this study, a FEVE resin was modified with Ag,O/OH-
MWCNTS (MA), denoted as MAF, where three concentrations were prepared using in situ precip-
itation, and the resulting composite adhesive was characterized by a high viscosity and effective
bacteriostatic properties, demonstrating a better viscosity and thermal stability, as well as antibacterial
properties, than pure FEVE resin. The results show that MAF adhesives present good thermal stability,
as evidenced by a lower mass loss rate following treatment at 800 °C compared to the pure FEVE resin.
At a consistent shear rate, the viscosity of MAF demonstrates a notable increase with the proportion
of MA, which is better than that of FEVE. This suggests that the nano-Ag,O particles in MA act as
physical crosslinking agents in FEVE, improving the viscosity of the composite adhesive MAF. The
adhesion strength between MAF and wood exhibits a similar trend, with wooden samples showing
higher shear strengths as the proportion of MA increases in comparison to FEVE. Simultaneously,
the antibacterial effects of the MAF adhesive exceeded 1 mm for Trichoderma, Aspergillus niger, and
white rot fungi. The antibacterial activity of the MAF adhesive exhibited a direct correlation with
the concentration of Ag,O/OH-MWCNTS, with the most pronounced inhibitory effect observed
on Trichoderma. The MAF adhesive demonstrates promising prospects as an adhesive for wooden
heritage artifacts, offering a novel approach for the rapid, environmentally friendly, and efficient
development of composite adhesives with superior adhesive properties.

Keywords: Ag,O/OH-MWCNTS-FEVE; adhesives for wooden artifacts; bonding strength; antibacterial

1. Introduction

Wood, as a readily accessible and easily processed natural resource, has been uti-
lized throughout history in various aspects of human life. In ancient civilizations, when
alternative materials were scarce, wood was extensively employed for the construction
and ornamentation of historical sites [1,2]. Across different cultures and time periods, a
plethora of intricate wooden artifacts, crafts, and structures have been preserved as cultural
relics, frequently documented in historical records [3]. During the middle Paleolithic Age
(~400,000 years ago) various heritage artifacts and sites, such as sculptures, lacquered
wooden ware, bridges, defense weapons, wooden buildings of the Imperial Palace, car-
riages, ships, and other items, were created [4,5]. These wooden cultural heritage items
serve as valuable materials for research on ancient history, culture, and living standards,
and therefore possess significant historical and artistic value [4,6-8]. Furthermore, these
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artifacts and sites, which cannot be replicated, exemplify the ingenuity and resourcefulness
of humanity.

Wood is a natural bio-composite whose physical and chemical properties change as
a result of various factors during the preservation process, leading to varying degrees of
degradation. The loss of mechanical stability due to degradation significantly impacts
the lifetime and structure of wooden cultural relics [9-14]. Cellulose, hemicellulose, and
lignin are the primary components of wood, where the free hydroxyl groups are abundant.
The fluctuation of temperature and humidity in the preservation environment allows for
the free absorption and release of water vapor by the hydroxyl groups in wood, leading
to changes in the wood’s humidity. The synergistic effect caused by these factors can
result in alterations to the size of the wood and the development of cracks [15-17], which
might ultimately result in the deterioration and loss of wooden cultural relics, leading to
significant and irreparable losses in historical research and cultural heritage. Hence, the
preservation of wooden cultural artifacts is imperative and significant, necessitating the
advancement of appropriate adhesives for such objects [18].

According to the definition by Encyclopedia Britannica, an adhesive refers to any
substance that is capable of holding materials together [19]. The history of adhesives is
closely associated with human history, becoming one of the most extensively used materi-
als in early human societies with the advent and evolution of composite tools during the
Mesolithic era. Adhesives, initially employed for hafting, were found to have wide-ranging
applications in painting, decoration, lacquerware, bows and arrows, construction, and
pottery repair [20-25]. In ancient times, a variety of adhesive materials were utilized, in-
cluding animal glues, eggs, casein, blood, plant resins, gums, starch, bitumen, tar, wax, and
oils. With technological advancements, the diversity of adhesives has expanded, including
various organic and inorganic materials. Common adhesives used in the conservation of
wooden cultural heritage artifacts include natural adhesives such as casein, rabbit skin glue,
fish glue, waxes, oils, and natural resins, as well as synthetic adhesives like the copolymers
of methyl methacrylate and ethyl acrylate (Paraloid B72) and polyvinyl acetate emulsions
(Ravemul M18—Vinavil). However, these adhesives have their respective advantages and
disadvantages. For instance, animal glues are natural, non-toxic, fully reversible, and
exhibit excellent adhesion to wooden surfaces without staining, but can be susceptible to
microbial growth.

A lot of attention has been paid to FEVE fluorocarbon [26,27] resin in the field of
coating research and development owing to its unique structural properties (Figure 1).
Currently, research on FEVE primarily revolves around the development of coatings and the
regulation of their performance. The high bond energy of the C-F fluorine-containing bond
in fluorocarbon resin at ~485 kJ/mol is attributed to the large electronegativity of fluorine
atoms [28]. This results in a polymer with significant repulsive forces between adjacent
fluorine atoms, leading to a high stability and exceptional aging resistance. Additionally,
FEVE can be cured and shaped at room temperature, showing a low surface energy,
strong adhesion properties, and other favorable characteristics, making it a suitable option
for wood adhesives. However, challenges such as low tensile strength and inadequate
bacteriostatic properties still exist.
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Figure 1. Molecular formula of FEVE.
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Wood is prone to microbial degradation, particularly by fungi, leading to a decrease
in mechanical stability [29]. Microbial corrosion can affect both wood itself and adhesive
materials, indicating the importance of antibacterial properties in protecting wooden cul-
tural artifacts from wood-rot fungi [30,31]. In recent years, antibacterial nanomaterials have
emerged as promising candidates for antimicrobial applications within the field of chemical
antibacterial technologies, owing to their expansive specific surface area and distinctive
chemical and physical characteristics [32,33]. Numerous nanomaterials, such as ZnO, CuO,
TiO,, and Ag,0O, have demonstrated exceptional antibacterial properties and are utilized
as antibacterial agents [34-37]. Notably, silver oxide nanoparticles offer advantages such
as ease of production, cost-effectiveness, and potent antibacterial and antifungal activity.
Silver oxide antibacterial nanoparticles (NPs) are commonly utilized for their notable an-
tibacterial efficacy against a diverse range of bacteria [38—40], leading to their utilization as
a preservative in various medical devices, food packaging, and environmental purification
procedures [41-43]. Nonetheless, nano Ag,O is hindered by inadequate dispersion. Then,
carbon nanotubes (CNTs) began to be used as a novel class of nanomaterials following
their inception in 1991 [44], offering substantial application benefits across numerous sci-
entific and technological domains [45-47]. Hydroxylated multi-walled carbon nanotubes
(OH-MWCNTYS) are a novel carbon-based material with superior properties such as in-
creased weather resistance, environmental compatibility, corrosion resistance, lightweight
construction, expansive surface area, excellent thermal stability, and robust biological com-
patibility when compared to similar materials. Currently, hydroxylated MWCNTS are
extensively utilized in chemical reactions, environment protection, biological classification
and conversion, electrochemical energy storage, and other related fields [48-51]. Important
findings have been reported based on studies of MWCNTs/FEVE composite coatings [52].
MWCNTs can be uniformly distributed within the composite coating regardless of the
amount. As the content of MWCNTs increases in the coating, both the glossiness and
the static friction coefficient of the coating significantly decrease. Also, the surface of
the coating becomes rougher, and the composite coating exhibits both hydrophobic and
oleophobic properties. Adding a small amount of MWCNTs to the coating can greatly
improve the conductivity of the MWCNTs/FEVE composite coating. The incorporation of
hydroxyl groups may enhance the interaction between MWCNTs and FEVE resin, thereby
improving the load transfer efficiency and interface bonding strength of the composite. The
exceptional chemical properties and weathering resistance of FEVE resin make it ideal for
the conservation of outdoor heritage objects. The addition of OH-MWCNTs can further
enhance these properties, leading to a composite which is suitable for harsh environmental
conditions. The introduction of OH-MWCNTs may also affect the surface properties of the
composites, including roughness and hydrophobicity /hydrophilicity.

Based on the above discussion, this study involved the preparation of a stable and
low-cost composite material consisting of Ag,O-decorated hydroxyl multi-wall carbon
nanotubes, i.e., AgoO/OH-MWCNTS (MA), using an in situ precipitation method. This
composite material was then mixed with a FEVE resin to prepare a durable and bacterio-
static wooden adhesive, i.e., Ag,O/OH-MWCNTS-FEVE (MAF), which was subsequently
subjected to the exploration of variolous properties. The structural and performance char-
acteristics of the resulting nanomaterials were analyzed using techniques such as infrared
spectroscopy, X-ray diffraction, and SEM spectroscopy. The thermal stability and viscosity
of the MAF wood adhesive were assessed, while the shear strength and antibacterial prop-
erties of the wood adhesive were investigated using a universal tensile testing machine and
an antibacterial zone test. Comparative analysis revealed that the modified MAF exhibited
superior viscosity and bacteriostatic properties compared to the original FEVE, suggesting
a promising application potential for the composite material.
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2. Results and Discussion
2.1. X-ray Diffraction Analysis

Each crystalline has a distinct atomic arrangement and exhibits a characteristic X-ray
diffraction pattern, serving to identify its crystal structure. X-ray diffraction (XRD), a
nondestructive method, is commonly employed to determine the crystal structure and
purity of nanoparticles [53]. The XRD patterns of the nanocomposites Ag,O/OH-MWCNTS
and OH-MWCNTS are shown in Figure 2a. The 26.10 and 42.90 in the XRD patterns of
OH-MWCNTS correspond to the reflections of the surfaces of hexagonal graphite (JPCDS
No. 75-1621) (002) and (101). The diffraction angles (20) at 26.2°, 32.9°, 38.1°, 55.2°,
65.7°, and 69.1°, correspond to the groups of Ag,O lattice planes (cubic structure) (110),
(111), (200), (220), (311), and (222), respectively [JCPDS No.76-1393]. The presence of a
prominent intensity peak in the (111) plane suggests a well-ordered arrangement of lattice
atoms [54]. Furthermore, the absence of peaks corresponding to other substances in the
X-ray diffraction pattern suggests a high concentration of Ag,O within the nano-composite
Agr,O/OH-MWCNTS.
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Figure 2. (a) XRD spectra and (b) FTIR spectra of the OH-MWCNTS and MA.

2.2. Infrared Absorption Spectroscopy Analysis

Fourier transform infrared spectroscopy (FTIR) spectroscopy was used to investigate
the characteristics of the functional groups of Ag,O/OH-MWCNTS and OH-MWCNTS as
shown in Figure 2b. The broad band at 3400 cm ™! indicates the O-H stretching vibrations
of the hydroxyl groups corresponding to H-bonded alcohols and also to intramolecu-
lar H bonds, which confirms the existence of the O-H group on the surface of the OH-
MWCNTs [55]; a band at 1624 cm ™1 is attributed to the stretching vibrations in the carbon
backbones of OH-MWCNTs. Based on findings from previous studies, metal-oxygen
stretching frequencies typically present within the range of 500 to 600 cm~! [56]. In
Figure 2b, the peak shown at 620 cm ! is attributed to the Ag-O vibration of Ag,O [57].
The absorption peak at 885 cm~! corresponds to the Ag-O bond [58], while the peak
at 1271 cm~! is notably strong, indicating a high Ag,O content in Ag,O/OH-MWCNTS.
These results are consistent with the XRD data, providing further evidence for the formation
of Ag,O/OH-MWCNTS.

2.3. SEM Analysis

Figure 3 presents scanning electron microscope (SEM) surface morphology images of
the nano-composites (Ag,O/OH-MWCNTS) at various magnifications. The images reveal a
uniform near-spherical nanobeam of Ag,O with a diameter of 19-59 nm, with OH-MWCNT
dispersed among the nanobeams, which is consistent with findings from FTIR and XRD
analyses. Typically, smaller particle sizes are more beneficial for improving antibacterial
activity, which is due to the reduced particle size; a greater number of particles can readily
adhere to the bacterial cell membrane surface, facilitating successful cell penetration and
subsequent destruction of the cell’s physiological functional groups [59]. The SEM images
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indicate that the in situ synthesis of nano-composites (Ag,O/OH-MWCNTS) offers a
straightforward and efficient method to achieve the requisite size specifications for Ag,0.
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Figure 3. SEM images of the Ag,O/OH-MWCNTS with different magnifications.

2.4. Thermal Stability Analysis

The thermal properties of the FEVE and MAF composites were examined using
thermogravimetric (TG) analysis, and the results are presented in Figure 4a. The DTG
curves exhibit a general similarity among the samples. The initial peaks observed in the
TG curves of MAF-1, MAF-2, and MAF-3 between 150 and 220 °C are attributed to the
evaporation of surface and interlayer moisture. Subsequently, a second peak is observed
between 330 and 470 °C, indicating the degradation of oxygen-containing functional groups
on the surface (OH-MWCNTS) and the degradation of chemical bonds within the FEVE
resin. Given the low content of MWCNT [60], no weight loss induced by MWCNT oxidation
was found at temperatures ranging from 600 to 800 °C. Mass losses of 76.7%, 72.1%, and
69.9% were observed for MAF-1, MAF-2, and MAEF-3, respectively, in the temperature range
of 200-800 °C. In comparison, the FEVE resin presents a mass loss of 82.5%, indicating a
gradual decrease in mass loss with increasing concentrations of Ag,O/OH-MWCNTS. The
incorporation of AgyO/OH-MWCNTS resulted in the enhanced thermal stability of FEVE.
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Figure 4. (a) TG spectra of the MAF adhesive with different concentrations; (b) viscosity—shear rate
diagram of the MAF adhesive with different concentrations.

2.5. Viscoelastic Measurement

The viscosity of the adhesive plays a crucial role in determination of its permeability
and hydrophilicity on the substrate surface, as well as its adhesion properties [61]. Figure 4b
shows the change in apparent viscosity of the composite adhesive MAF with different
concentrations of MA added as the shear rate increases. It is evident that the shear thinning
effect of FEVE viscosity is relatively small when the shear rate increases. FEVE possesses
a multitude of C-F chemical bonds, with the C-F bond energy reaching a remarkable
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485.6 k] /mol, resulting in minimal polarity and a stable molecular structure. From a
structural perspective, the FEVE structure comprises three Fs, forming a spiral-like three-
dimensional arrangement that tightly encircles each C-C bond within the molecule, filling
in the gaps between C-C bonds, thereby ensuring maximum structural integrity and
tightness [28]. Therefore, the viscosity of FEVE changes little with the increase in the shear
rate. When the shear rate is constant, the apparent viscosity of MAF increases with the
increase in the MA concentration. Upon investigation, nano-Ag,O was immobilized on
the surface of OH-MWCNTS, leading to an enhanced specific surface area of the material.
Nano-sized Ag,0 particles play a role as physical crosslinking points in FEVE, thereby
increasing the viscosity of the composite adhesive M [28,62].

MAF-1 and MAEF-2 rapidly decrease in the low shear rate region, gradually decrease
in the high shear rate region, and reach the viscosity of infinite shear rate. When the
shear rate of MAF-1 and MAF-2 was increased from 0.1 to 20 s~ 1, the viscosity decreased
significantly, indicating that the composite adhesive exhibited shear thinning behavior and
had pseudoplastic properties. This is due to the low content of MA, which results in fewer
physical crosslinking points, leads to unstable intermolecular forces and intermolecular
interactions that are easily disrupted under high shear rates. The content of Ag,O/OH-
MWCNTS in MAF-3 forms a sufficient number of physical cross-linking points, so the
viscosity changes slightly with the increase in shear rate. Due to the effect of MA on the
viscosity of the composite adhesive MAF, this will affect the adhesion between the adhesive
and the substrate, so we verified its bonding strength.

2.6. Analysis of Adhesive Bonding Shear Strength

The cohesion and adhesion of MAF play crucial roles as the adhesive in composite
nanomaterials. When the water-based FEVE interacts with the surface of wood, it exhibits
permeability characteristics. And, with the addition of MA, the viscosity of the composite
adhesive MAF increases, thus reducing the permeability of MAF on the surface of porous
wooden materials. The binding force necessitates the formation of a continuous crystalline
phase structure, with the strength of the bond being largely dependent on the molecular
attraction between the adhesive and the substrate surface [63]. Figure 5 shows the shear
strength and stress—strain curve changes of wooden panels using FEVE, MAF-1, MAF-2, and
MAF-3 adhesives. The shear strength values for the wood fixed using FEVE, MAF-1, MAF-2,
and MAF-3 were 0.994 MPa, 1.32 MPa, 1.42 MPa, and 1.73 MPa (Table 1), respectively. After
5 days of degradation, the bonded wooden samples exhibited a notable decrease in shear
strength compared to the samples before degradation. The reductions in shear strength after
degradation were measured at 51.71%, 45.45%, 30.99%, and 28.90% for wooden samples
bonded with FEVE, MAF-1, MAF-2, and MAF-3, respectively. Although the shear strength
of the FEVE adhesives decreased under high relative humidity, the incorporation of MA
led to a notable increase in the adhesive strength of MAF. With the increase in MA, the
shear strength of plywood increased, in both the dry and after high RH degradation. As
the content of MA increases, the shear strength of the wooden panel increases. The results
show that the addition of MA can improve the bonding properties between FEVE and
the wooden panel. It is reported that carbon nanotubes added as fillers in fluorocarbon
coatings can form functional networks and improve the compactness of the coating. Nano-
sized Ag,O is deposited on the surface of OH-MWCNTS, increasing the specific surface
area of OH-MWCNTS, and the number of physical cross-linking points [64-66]. Small-size
inorganic Ag,O nanoparticles can effectively fill the structural micropores generated during
the curing process. Therefore, the bonding force between MAF and the wooden panel is
increased. The stress—displacement curve directly reflects the properties of the material
itself. As the content of MA increases, the stress on the composite adhesive MAF increases.
Under the same stress, the displacement of FEVE is greater than that of MAF-1, MAF-2,
and MAF-3. The results showed that the addition of MA increased the brittleness of the
composite adhesive MAF material, which was related to the formation of a dense coating.
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Figure 5. The shear strength of the wooden samples bonded with the MAF adhesives (a); stress—
displacement curves for the wooden samples bonded using adhesives after drying (b) and after high
RH degradation (c).

Table 1. Shear strength data for the wooden samples.

Adhesives FEVE MAF-1 MAF-2 MAF-3
Dry strength (MPa) 0.99 1.32 1.42 1.73
RH strength (MPa) 0.48 0.72 0.98 1.23

2.7. Antimicrobial Effects of AgyO/OH-MWCNTS-FEVE Adhesives

Figure 6 present the results of a comparative analysis of the antibacterial activity
of the MAF-1, MAF-2, MAF-3, and FEVE adhesives, where all of the MAF adhesives
exhibited inhibitory effects on three types of molds, i.e., Trichoderma, Aspergillus niger,
and white rot fungi, where the best inhibitory effects were presented for Trichoderma
(Figure 6). The images indicate that the inhibitory effects of MAF were dose-dependent, as
the size of the inhibitory halo is directly proportional to the concentration of Ag,O/OH-
MWCNTS, with values exceeding 1 mm considered effective. According to established
criteria, any antibacterial agent producing an inhibitory zone larger than 1 mm is classified
as “good” [67]. Consequently, the incorporation of Ag,O/OH-MWCNTS resulted in a
notable enhancement of the antibacterial efficacy of FEVE adhesives.

Figure 6. Inhibitory effects of different concentrations of MAF on (a) Trichoderma, (b) Aspergillus niger,
and (c) white rot fungi.

3. Materials and Methods
3.1. Materials

AgNO;3; and NaOH were purchased from Sinopharm Chemical Reagent Co., Ltd.
OH-MWCNTS was purchased from Xianfeng nanomaterial Technology Co., Ltd. (Jiangsu,
China), Potato Dextrose Agar (PDA) was purchased from Aobox Biotechnology, Trichoderma,
Aspergillus niger, and white rot fungi were purchased from Chinese Academy of Forestry
(Beijing, China).
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3.2. Preparation of AgyO/OH-MWCNTS-FEVE (MAF) Adhesives and Plywooden Samples

A total of 100 mg of OH-MWCNTs was dispersed in a 50 mL solution of 0.5 mol/L
AgNOs; (ethanol: deionized water = 1: 1) with sonication at a frequency of 10,000 Hz
for 30 min. Subsequently, a 0.5 mol/L NaOH solution was incrementally added to the
suspension of OH-MWCNTs/AgNQOs in ice, with continuous stirring. Then, the resulting
products were extracted, washed with deionized water and ethanol, and dried at 75 °C for
12 h, labelled as Ag,O/OH-MWCNTs (MA), and stored in a desiccator until further use.
100 pg/mL, 200 pg/mL, and 300 pg/mL Agr,O/OH-MWCNT-FEVE (MAF) were prepared
and labelled as MAF1, MAF2, and MAF3, respectively. These solutions were subsequently
sealed and stored for subsequent use.

The FEVE was diluted with ultrapure water to obtain a 50% aqueous solution and was
labeled as FEVE.

3.3. Characterization
3.3.1. X-ray Diffraction Analysis

We weighed and characterized 10 mg Ag,O/OH-MWCNTS and OH-MWCNTS pow-
ders using a high-resolution X-ray diffractometer (XRD, Smart Lab 9, Rigaku, Japan), with
test conditions for Cu Ko ray (A = 1.54056 A), a 260 range of 20°-80°, acceleration voltage of
45 kV, tube current of 200 mA, and scanning speed of 5° /min.

3.3.2. Infrared Absorption Spectroscopy

We used 0.2 mg Ag,O/OH-MWCNTS and OH-MWCNTS powders to prepare KBr
pellets, and FTIR spectra were collected using the Fourier transform infrared (FTIR) spec-
trometer (Nicolet i510, Thermo Fisher Scientific, Waltham, MA, USA). The spectral range
was set between 4000 and 400 cm ™!, with a resolution of 4 cm~!, and both the sample
and background were scanned 64 times. The molecular structures of the samples were
identified through the characteristic peaks of various functional groups in the spectra.

3.3.3. Scanning Electron Microscopy

The particles of AgoO/WCNTS were attached to the sample stage with the con-
ductive adhesive, and the samples were sprayed with gold on the surface. Finally, the
micro-morphology of the samples was obtained using a Field emission scanning electron
microscope (SU8020, Hitachi Company, Japan).

3.3.4. Thermogravimetric Analysis

The thermal analysis of the three Ag,O/OH-MWCNTS-FEVE adhesive samples
(MAF-1, MAF-2, MAF-3) was performed with the Thermogravimetric analyzer (Themys
One, Setaram, France) to evaluate its thermal stability. During the test, N, was used as
the protective gas, the temperature range was set at 30-800 °C, and the heating rate was

20 °C/min.

3.3.5. Viscoelastic Measurement

The three AgoO/OH-MWCNTS-FEVE adhesive samples (MAF-1, MAF-2, MAF-3)
were used and tested using the rheometer (MCR 302, Anton Paar, Austria). Rotors of PP50
were selected and 2 mL of the solution was taken with pipettes and placed on the test
stage. The viscosity of the corresponding sample was measured in the shear rate range of
0.1-500 s, and all measurements were made at a constant temperature of 23 °C.

3.3.6. Shear Strength

According to the standard ISO 6237:2003, adhesive should be applied to the surface
of a wooden block sample with a coating area of 500 mm? (25 mm x 20 mm). Another
wooden block of the same size should then be placed on top of the adhesive area, ensuring
complete coverage, and clamped to secure. The assembled sample should be left at room
temperature (23 £ 2 °C, relative humidity 50% = 10) for 7 days. The assembled samples
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were used to measure the dry shear strength, or degradation under specific environmental
conditions of 90% =+ 5 relative humidity and 23 + 2 °C for a duration of 5 days and tested
with a high RH degradation shear strength test afterwards. The Universal Material Testing
Machine (Kc-136pc, Xi’an Kaicheng Technology Co., Ltd., Xi’an, China) was utilized at a
speed of 20 N/min for the test. This test was performed 10 times for each sample, and
the average was calculated and used. The schematic diagram of the specimen for shear
strength measurement is illustrated in Figure 7. Positioning of wooden samples on The
Universal Material Testing Machine in Figure 8.

Adhesive
|
||
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Figure 7. Schematic diagram of the test specimen used for shear strength measurement.

Figure 8. Positioning of a pair of wooden samples on The Universal Material Testing Machine.

3.3.7. Antifungal and Antibacterial Effects of Ag,O/OH-MWCNTS-FEVE Adhesives

Aspergillus niger, Trichoderma, and white rot fungi were cultured in PDA inclined
tube, then fungal spores were isolated with 0.05% Tween 20 and filtered with gauze.
After counting mold spores with a blood cell counting plate, the spore suspension was
diluted with phosphate-buffered saline (PBS) until 1 x 10° colony forming untis (CFU)
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was obtained. Then, 100 uL of 1 x 10° CFU/mL spore suspension was evenly applied
to the PDA medium, and the medium was evenly divided into 4 parts along the center.
An Oxford cup was placed in the center of each part, and 100 uL FEVE solution was
added to the control group, and 100 L. MAF-1, MAF-2, MAF-3 solutions (100 ug/mL,
200 ng/mL, 300 pg/mL) were added to the treatment group successively, and cultured
in an incubator at 25 °C with 80% RH for 48 h. The sizes of the fungal inhibition zones
were observed and the images were collected.

4. Conclusions

Overall, a wood adhesive with elevated viscosity and effective bacteriostatic prop-
erties was synthesized through a straightforward method utilizing FEVE resin as the
primary material given its superior viscosity and thermal resilience. Furthermore, the
Agr,O/OH-MWCNTS was prepared using an in situ precipitation technique, followed by
the preparation of a composite adhesive by blending it with FEVE resin, denoted as MAF.
The MAF adhesive displayed an exceptional thermal stability, with a lower mass loss rate
than the original FEVE resin following treatment at 800 °C. At a consistent shear rate, the
viscosity of MAF demonstrates a notable increase with the proportion of MA being higher
than that of FEVE. This suggests that the nano-Ag,O particles present in MA act as physical
crosslinking agents in FEVE, enhancing the viscosity of the composite adhesive MAF. The
adhesion strength between MAF and wood exhibits a similar trend, with wooden samples
displaying higher shear strengths as the proportion of MA increases in comparison to FEVE.
Additionally, the antibacterial effects of MAF adhesive were observed to be greater than
1mm for Trichoderma, Aspergillus niger, and white rot fungi. We also found that the antibac-
terial properties of the MAF adhesive were directly correlated with the concentration of
AgrO/OH-MWCNTS, leading to the most effective inhibition of Trichoderma. Consequently,
the MAF adhesive demonstrates significant promise for use as an adhesive for wooden
artifacts, offering a novel approach for the rapid, environmentally friendly, and efficient
preparation of composite adhesives with superior adhesion capabilities.
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Abstract: This research explores the potential of ionic liquids (ILs) in restoring paper artifacts, particu-
larly an aged book sample. Three distinct ILs—1-ethyl-3-propylimidazolium bis(trifluoromethylsulfonyl)
imide, 1-methyl-3-pentylimidazolium bis(trifluoromethylsulfonyl)imide, and 1-methyl-3-heptylimida-
zolium bis(trifluoromethylsulfonyl)imide —both in their pure form and isopropanol mixtures, were
examined for their specific consumption in conjunction with paper, with 1-ethyl-3-propylimidazolium
bis(trifluoromethylsulfonyl)imide displaying the highest absorption. Notably, the methyl-3-heptylimi-
dazolium ionic liquid displayed pronounced deacidification capabilities, elevating the paper pH
close to a neutral 7. The treated paper exhibited significant color enhancements, particularly with
1-heptyl-3-methylimidazolium and 1-pentyl-3-methylimidazolium ILs, as evidenced by CIE-Lab*
parameters. An exploration of ILs as potential UV stabilizers for paper unveiled promising outcomes,
with 1-heptyl-3-methylimidazolium IL demonstrating minimal yellowing post-UV irradiation. FTIR
spectra elucidated structural alterations, underscoring the efficacy of ILs in removing small-molecular
additives and macromolecules. The study also addressed the preservation of inked artifacts during
cleaning, showcasing ILs” ability to solubilize iron gall ink, particularly the one with the 1-ethyl-3-
propylimidazolium cation. While exercising caution for prolonged use on inked supports is still
recommended, ILs are shown here to be valuable for cleaning ink-stained surfaces, establishing their
effectiveness in paper restoration and cultural heritage preservation.

Keywords: paper artifacts; cellulose; ionic liquids; cleaning agents; preservation

1. Introduction

Preserving and restoring cellulose paper artifacts, such as books, is of utmost impor-
tance in order to protect our cultural heritage and ensure their longevity [1-3]. However,
over time, cellulose artifacts are subject to various processes that can lead to degrada-
tion [4,5]. Understanding degradation and implementing effective restoration methods is
crucial for the preservation of these materials [6]. The altering of cellulose paper involves
intricate mechanisms, often stemming from a combination of factors such as exposure to mi-
croorganisms, light, humidity, temperature fluctuations, and pollutants [7-9]. Endogenous
factors, such as the inherent quality of cellulose fibers, the presence of lignin, metallic ions,
and various compounds used as sizers and binders, further contribute to the degradation
process [5,10,11]. These factors collectively lead to physical damage, discoloration, staining,
and acidification, ultimately compromising the structural integrity of the paper [10].

Traditional methods for restoration involve color restoration (including the removal of
various types of stains), and deacidification. Color restoration aims to revive the original
vibrancy of the paper, while deacidification helps neutralize the acidity that can accelerate
degradation [12-14].

Color restoration and cleaning techniques can be time-consuming multi-step processes
and may involve the use of chemicals such as hydrogen peroxide, chlorine or hypochlo-
rites [15], enzymes [16] or even gamma radiation [17] and laser beams [18] that can be harsh
on the paper leading to alterations in its mechanical properties and original appearance.
Additionally, attempts to use mechanical cleaning methods, such as erasing and abrasive
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cleaning, may result in damage to the paper [19]. Post-production deacidification meth-
ods, such as non-aqueous solvent cleaning or spraying with alkaline preserves, may not
always effectively remove all acidity or can cause structural damage to cellulose in the long
term [14,20,21].

Irrespective of the chosen restoration methods and techniques, they must adhere to
fundamental criteria, with paramount importance given to increased efficiency and mini-
mal potential for paper substrate degradation [3,22]. Preserving the original appearance
and texture of the material, ensuring long-term stability for any introduced additives or
consolidants, and maintaining environmental friendliness with low toxicity are equally
pivotal considerations [23]. These criteria collectively form the essential framework for
evaluating the efficacy and sustainability of any restoration approach, emphasizing the
need for holistic and conscientious practices in the preservation of cultural heritage materi-
als. A critical analysis of the restoration and conservation methods to date for cellulosic
materials shows that all traditional methods basically cannot meet all these criteria simul-
taneously [23,24]. Although these traditional methods have proven effective in a strict
sense, such as cost efficiency or end result, they certainly have drawbacks with regard to
other aspects.

These challenges highlight the need for alternative restoration methods that can
address these limitations and provide a more effective, gentle, and sustainable approach to
preserving cultural heritage [25].

One potential solution that has emerged in recent years is the use of ionic liquids (ILs)
in conjunction with artifact preservation [25-27]. Ionic liquids are composed entirely of
ions, which gives them unique properties that make them suitable for restoration purposes.
Their cleaning and color restoration effect is based on the ability to partly dissolve cellulose
and other macro- or small-molecular compounds allowing for the removal of stains and
contaminants [28-30]. They can also be used to impart antibacterial or antifungal character
to the paper surface for improved preservation by disrupting the cell wall membranes or
by interfering with the metabolism of degrading microorganisms [23,31]. In addition to
these properties, they also present low vapor pressure, high chemical stability, tunability
and recyclability, which allows for the optimization and reuse of IL-based reconditioning
formulations. However, ILs can also dissolve and damage cellulose, the main component
of paper, which can result in the loss of mechanical and structural integrity of paper [31,32].
Therefore, there is a tradeoff between the cleaning and solvency effects of ILs, which de-
pends on the type and concentration of ILs, the duration and temperature of the treatment,
and the composition and condition of the paper. To minimize the solvency effect of ILs
on cellulose and maximize the cleaning effect of ILs on paper, it is preferable to use ILs
with longer alkyl chain cations or ILs with anions that do not have a strong impact on
cellulose [32].

There are limited studies in the literature on the direct application of ILs on old and
degraded book cellulose substrates. Most of the information available is indirect, and
is on their application as wood preservatives, in cellulose dissolution and recovery, as
topical biocides, or as solvents for various systems [23,26,33]. Although their long-term
impact on artifacts is not yet completely understood, the specific use of ionic liquids
in cellulose preservation has shown promising results. Ionic liquids have the ability
to stabilize the pH of the paper, preventing further degradation [23,30]. Ionic liquids
with short side alkyl chains such as 1-butyl-3-methylimidazolium benzotriazole and 1-
butyl-3-methylimidazolium 1,2,4-triazolate showed the highest deacidification capability,
increasing the paper pH to more than 7 with solutions at concentrations above 3%, but
caused modifications in paper texture and transparency [23].

Also, due to their plasticizing effect on cellulose and lignin, ILs can improve the me-
chanical resistance of paper artifacts by increasing their tensile strength, fracture toughness,
elongation, burst index, tear index, and fold endurance [34-36].

Ionic liquids, particularly protic ionic liquids (PILs) and those with azole-functionalities,
have been found to exhibit significant biocidal and antibacterial properties when used in
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the restoration of cellulose paper in artifacts. PILs with 1-ammonium-2-propanol cation
and various anions have shown antimicrobial activity against a range of microorganisms,
including fungi, bacteria, and yeasts [37]. Furthermore, the addition of specific ionic liquids,
such as benzalkonium nitrate(V), benzalkonium DL-lactate, and didecylodimethylammo-
nium DL-lactate, to paper samples or pine bleached kraft pulp has been shown effective
against paper-infesting molds and yeasts [23,27,31].

In this study, we explore novel approaches to preserving and restoring cellulose pa-
per artifacts, with a specific focus on books, aiming to overcome the challenges posed by
their inevitable degradation over time. The study utilizes three ionic liquids, specifically
1-ethyl-3-propylimidazolium bis(trifluoromethylsulfonyl)imide (PrEIMTs), 1-methyl-3-
pentylimidazolium bis(trifluoromethylsulfonyl)imide (PentMIMTs), and 1-heptyl-3-methyli-
midazolium bis(trifluoromethylsulfonyl)imide (HeptMIMTs). By subjecting paper strips
from an aged book to short-term immersion treatments in IL/isopropyl alcohol mixtures,
the study systematically assesses the impact of these treatments on the paper color restora-
tion, stain removal and deacidification. The chosen ILs are able to clean the paper supports
and practically completely deacidify them in much shorter time periods (6 h) than those
reported in the literature (typically over 24 h), without modification in the paper’s texture or
opacity. Additionally, the research investigates the potential of ILs to act as UV stabilizers,
offering protection against UV-induced color alterations, a novel application not extensively
explored in previous literature. Moreover, the study delves into the interaction between
ILs and iron gall ink, a common ink associated with paper artifacts [38], demonstrating the
compatibility of IL treatment with inked paper supports, which is crucial for preserving
handwritten or printed content during restoration processes. Overall, by addressing these
aspects, this study contributes to the advancement of restoration techniques for cellulose
paper artifacts, offering a more effective, gentle, and sustainable approach to preserving
cultural heritage materials.

2. Results and Discussion

The specific consumption (S¢) values of ionic liquids from both mixtures with iso-
propanol (10% v/v and 50% v/v), as well as those of pure ILs, for Whatman filter paper,
are depicted in Figure 1. Typically, S; increases with the IL. amount and is also influenced
by the molar mass of the IL. Consequently, the PrEIMTs ionic liquid is absorbed in the
highest amount.

1.2 [ ]10% viv
50% v/v
1.0 _I_ + Pure IL
+ 0.8+
o
o
g
o 0.6 1
2
« 0.4
0.2
0.0

PrEIMTs  PentMIMTs  HeptMIMTs
lonic liquid

Figure 1. The specific consumption (S¢) of pure ILs and ILs/isopropanol mixtures for Whatman
filter paper.

This absorption trend remains consistent, and the same pattern is evident for the Bl
paper sample, particularly in the case of the 10% v/v mixture with isopropanol, as shown
in Table 1. It is worth noting that the values are slightly lower, attributable to the higher
compactness of the book paper. Information on the specific consumption of ILs for paper
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treatment in the reference literature is limited and inconsistently reported. For the sake of
comparison, it is noted that specific consumption values for 1-butyl-3-methylimidazolium
ILs with triazole anions were within the range of 0.5 to 2 g/g of paper, but these values
were obtained with a 24 h treatment duration [23].

Table 1. Specific consumption (Sc) of paper restauration agents used in this study at the concentration
of 10% v/v and the values supporting the deacidification of paper and changes in ash content.

Sample Sc (g/g Paper) Paper pH Ash Content (%) Paper Basis

Weight (g/m?)
B1-PrEIMTs 0.17 £+ 0.03 6.50 + 0.20 0.93 £+ 0.15 64 + 0.25
B1l-PentMIMTs 0.14 £ 0.01 6.70 £ 0.15 1.02 £0.18 65 £ 0.15
B1-HeptMIMTs 0.09 + 0.01 7.00 + 0.10 1.01 £0.15 65 + 0.30

The treatment of the B1 paper revealed that the ionic liquid HeptMIMTs exhibited a
good capability for deacidification of paper. The 10% solution of this IL in isopropanol
markedly increased the pH to 7.00, compared to the initial pH of 4.30. The other ILs
caused a marginally lower shift in pH, but they could be deemed efficient for this purpose
as well. Similar effective deacidification of old paper has been reported for small-chain
alkylimidazolium halides but for a longer treatment duration [23].

There are several mechanisms that can cause paper acidification, such as the partial
degradation or hydrolysis of acidic raw materials used during the papermaking process,
which degrade over time and form organic acids, such as acetic, formic, or oxalic acids,
or inorganic acids, such as sulfuric or aluminum sulfate acids, that can lower the pH of
paper. Another mechanism involves acid hydrolysis that occurs when paper is exposed
to moisture and heat, which breaks the bonds between the glucose units of cellulose, the
main component of paper, and releases protons. The protons then react with the remaining
cellulose chains, forming more water and reducing the pH of paper.

Ionic liquids can deacidify paper by dissolving and extracting various organic and
inorganic compounds from paper, such as lignin, hemicellulose, cellulose, metal ions, and
salts, which can reduce the amount and therefore effect of acidic species in the paper
and increase its pH [39]. This is the main mechanism of paper deacidification by Ils, as
evidenced by the FTIR studies (for organic species) and by the lower ash content of the
supports treated with Ils compared to B1 (for inorganic species) (Table 1). Also, there seems
to be a slight reduction in the paper’s basis weight of the treated supports compared to
B1, which could further sustain the washing effect of the ILs on paper. However, other
mechanisms may also contribute to the deacidification effect, such as the hydrogen bonding
between ILs and cellulose, which may alter the acidity and basicity of the hydroxyl groups,
and the other types of interactions between ILs and paper, such as electrostatic, van der
Waals, or m—m stacking interactions, which may influence the solubility and stability of
paper components [36,40]. The ILs used in this study have the same anion, and similar
cations, which are N-alkyl-N’-methylimidazolium derivatives with different alkyl chain
lengths. The sulfonylimide anion is a weak base, with a pKa of about 5.5, and it is unlikely
to accept a proton from a weak acid, such as the carboxylic acids that could be present in
the paper [41]. Moreover, the imide anion is highly polarizable and delocalized, which
reduces its basicity and increases its interaction with the ILs cation. Therefore, the reaction
between the imide anion and the protons in the paper is probably negligible or insignificant.
However, the cation and the alkyl chain length may play a role in the interaction with paper,
as they affect the solvation, dispersion, and penetration of the ILs into the paper structure.

Figure 2 illustrates the modifications brought to the paper by the IL-cleaning process
studied here, while Figure 3a—c provide the quantitative CIE-Lab* parameters to assess
those modifications and their interpretation.
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Figure 2. Photographic images of the initial B1 paper strips, of the same strips cleaned with
IL/isopropanol solutions and IL-treated strips submitted to accelerated UVA aging (254 nm).

The B1 paper material exhibits a noticeable yellow /reddish hue, as evidenced by
positive values in the a* and b* parameters (Figure 3a,b). The immersion of the paper in
10% IL solutions in isopropanol effectively “washes” the paper, restoring whiteness (by
up to 6%) and eliminating a portion of the respective tinges that contribute to the paper’s
aged/degraded appearance (a decrease of up to 20% in a* values and 55% in b* values, as
shown in Figure 3a). Notably, the highest color differences are observed for HeptMIMTs
and PentMIMTs ILs, in Figure 3c.

To assess as much as possible all the benefits of the IL treatment of aged paper, the
possibility of extending the applicability of these compounds as UV stabilizers for this type
of material was studied. The effect of color changes on IL-treated paper samples and on Bl
reference under UVA irradiation aging is shown in Figures 2 and 3a—c. While irradiation
could drastically affect the color of the untreated material, the modifications in color of the
IL-treated samples are less pronounced. With irradiation, the color of the B1 paper samples
became significantly darker (a decrease in the lightness parameter, L*) and bluish/greenish,
consistent with other findings [42,43].

The UV-aged IL-treated paper strips actually presented a minimal increase in lightness
(under 5%), probably due to the ILs inducing glossiness to the surface [43] and restructuring
the material, coupled with a yellowing/reddening of the material. For the sample treated
with HeptMIMTs, only a 1% in yellowing and 2% total color modifications were observed
from the b* values and AE¥, respectively, possibly indicating that this IL would be best
suited for the UV stabilizing of paper. This is consistent with our previous studies on wood
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and cellulose fibers, where the IL with the highest lateral alkyl chain also proved to be
the most effective in inhibiting the formation of free radicals and chromophore groups
responsible for yellowing/reddening [34,44,45].
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Figure 3. (a) CIE-Lab* color parameters for the IL-treated paper samples and for the samples
submitted to UV aging; (b) CIE-Lab* space color coordinates; (c) total color modifications for the
washing step and accelerated UV aging.

As evidenced from the optical microscopy images (Figure 4), the fibers in the untreated
paper (B1) appear compact and closely knit (probably due to the binder), indicating that
they have a small diameter and a high density. The fibers in the paper treated with PrEIMTs
(B1-PrEIMTs) appear slightly more separated and cleaner than B1, suggesting that the ionic
liquid has dissolved and removed some of the stains, dirt, and degraded compounds from
the paper surface. Also, this ionic liquid has caused swelling of the fibers, increased their
diameter and reduced their density to the highest extent.
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200 pym

Figure 4. Optical microscopy images of paper strips used in the washing treatment of Bl paper
substrates with IL 10% v/v solutions (100 x).

The fibers in the paper treated with PentMIMTs (B1-PentMIMTs) show more distinct
and visible fibers than B1-PrEIMTs, indicating that the ionic liquid has a stronger cleaning
effect than PrEIMTs, but with some variation or inconsistency.

The fibers in the paper treated with HeptMIMTs (B1-HeptMIMTs) also show distinct
fibers, but with less clarity than B1-PentMIMTs. This may suggest that the ionic liquid
has a similar cleaning or swelling effect as PentMIMTs. The fibers have a comparable
diameter and density as B1-PentMIMTs, and the red-brownish grime was mobilized to the
highest extent.

This variation in the cleaning effect of the ILs suggest that their efficiency in this case
is not only influenced by their solvency effect, but other factors may play a role as well,
such as their surface tension, as higher molar mass ILs are known to possess a surfactant
character [46].

The swelling effect is the expansion of the cellulose fibers due to the penetration of the
IL molecules into the fiber structure. The average cellulose fiber diameters increased after
the IL treatment, in the order: B1 (12.5 pm) < B1-HeptMIMTs (14.3 pm) < B1-PentMIMTs
(15.4 um) < B1-PrEIMTs (17.5 pm). This order corresponds to the decreasing crystallinity
index and the increasing hydrogen bond disruption ability of the ILs, as confirmed by the
FTIR spectra analysis. The increase in diameter due to fiber swelling ranged from 13% for
HeptMIMTs to 18% for PentIMIMTs. This increase is typical also for the paper industry
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(pulp refining increases the initial fiber diameters by 5-10%) [47], as well as for the domain
of paper restoration. For example, the fiber diameter can increase by 10-20% after alkaline
treatment, depending on the concentration and duration of the treatment [48].

The distinctive features of the IL washing agents in their FTIR spectra from Figure 5a
manifest primarily in two regions: the CH stretching region (2800-3180 cm~!) and the
bond-stretching /fingerprint region (below 1800 cm~1). Most notably, in the -CH stretching
region, the band at 3150-3170 cm ! corresponds to the symmetric stretching of H-C-
C-H in the imidazolium ring, along with stretching of the N(CH)N C-H ring [49,50].
Within the bond-stretching/fingerprint region, notable bands for the cation include those
at ~1565 cm ™! (C=C stretch), at ~1132 cm~! (-N-CHj3 twisting) and several weak overtones
below 800 cm ! [51]. The Ts anion contributes strong bands at ~785 cm ! and 1185 ecm ™!,
associated with CF3 symmetric bending and stretching. Other bands at 1045 cm~! and
1335 cm ! indicate SO, stretching, complemented by several overtones of medium intensity
below 800 cm ! [52]. The lowest molar mass IL, PrEIMTs, exhibits traces of adsorbed water,
evidenced by -OH stretching vibrations at ~3360 cm 1.
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Figure 5. FTIR spectra of (a) ILs; (b) B1 paper strip and B1 strips treated with ILs; (c) zoom in the
fingerprint region of B1 paper strip and B1 strips treated with ILs.

Following treatment with the three ionic liquids (ILs), the respective FTIR spectra of B1-
PrEIMTs, B1-PentMIMTs, and B1-HeptMIMTs samples exhibit distinctive bands associated
with both the IL cation (Figure 5b, imidazolium -CH stretch) and, more prominently, the
anion (Figure 4c, -CF3 stretch modes).

To evaluate the structural changes in the paper supports, the crystallinity index for
cellulose was estimated by calculating the hydrogen bond index (HBI), which is a ratio of
the intensity of the O-H stretching band at 3315 cm™! to the intensity of the -CH and -CH,

105



Molecules 2024, 29, 963

bending band at 1315 cm~!. The HBI reflects the degree of hydrogen bonding between
the hydroxyl groups of cellulose, which is lower in the crystalline region and higher in the
amorphous region. Therefore, the higher the HBI, the lower the crystallinity index, as more
hydroxyl groups are involved in hydrogen bonding in the amorphous region, which results
from the transformation of cellulose I (crystalline) to cellulose II (amorphous) [53].

The IL treatment of the B1 sample at the relatively low concentration of 10% v/v in this
study appears to have a moderate impact on the material’s structure. No additional bands,
beyond those associated with the main components in paper and the IL, were identified.
The overall shape of the spectra and the relative ratio between the main bands attributed to
the cellulose structural backbone, such as the -C-O-C- «-1,4 glycosidic linkages (1149 cm 1)
and the glycosidic ring (1078 cm ') [43], appear largely unchanged.

The HBI values decrease in the order B1-PrMIMTs (4.68) > B1-PentMIMTs (4.20) > B1
(4.00) > B1-HeptMIMTs (3.95), indicating that the lower mass IL (PrMIMTs) had the highest
cellulose hydrogen bond disruption potential.

There are clear indications that the treatment promotes the removal of small-molecular
(partly degraded) paper additives, macromolecules (cellulose, lignin) and acidic species due
to the effective solvation ability of the ILs. For example, in the chromophore group region
highlighted in Figure 5c, the aged paper exhibits weak stretching vibration modes specific
to conjugated C=0 in xylans (1582 cm~ 1) and C=C stretching in lignin (1600 cm ™) [54,55].
Conversely, an increase in the intensity of bands associated with lignin and xylan was ob-
served for B1-PrEIMTs, B1-PentMIMTs, and B1-HeptMIMTs, likely due to the ILs” structure-
mobilizing effect. The ILs seem to facilitate the removal of partly degraded macromolecules
contributing to paper yellowing, while the restructuring of cellulose exposes a higher
number of bonds belonging to both lignin and xylan units to the IR beam, maintaining or
even enhancing the overall band intensity.

The FTIR spectra in Figure 5¢ also provide insights into the nature of paper additives.
The broad absorption at ~1635 cm ™! in B1 could be attributed to amide I bands, potentially
from gelatin [56,57], while weak bands at 1357 and 1329 cm 1 may be associated with fatty
acid salts like stearates (commonly used as paper additives) or even lipids characteristic of
molds or fungi [58]. All three ILs appear to mobilize these small-molecular compounds,
known to accumulate dirt and contribute to yellowing over time, leading to the partial
restoration of paper color, as observed in Figures 2 and 3.

Since cellulosic paper artifacts that need cleaning and restoration are usually written,
drawn or printed on, in conjunction with their cleaning effect, other important aspects of
ILs are related to their maintaining intact the respective addition drawing/text during the
cleaning process and that the ILs mobilize preferentially only the degraded compounds,
not the inks, pigments or toners.

The spectrophotometric VIS analysis of the pure ILs in which the ink-dyed Whatman
filter paper strips were immersed for 24 h (Figure 6) have shown that all of the ILs have the
ability to solubilize a low amount of the iron gall ink. Even if this leached amount is very
low and could actually represent the excess of sorbed ink on the surface of the paper, while
visually the strips remain basically unchanged, the exact impact on a real-life artifact needs
to be further assessed.

The highest solvation ability for the iron gall ink is attributed to the lowest molar mass
IL—PrEIMTs—while for the longer alkyl-chain ones, the leached amounts are close to the
detection limit of the instrument. To evaluate the compatibility of the ILs with handwritten
supports, a strip of B1 paper was inscribed with various lines and word-like shapes using
iron gall ink and a fountain pen with a O type calligraphy nib. After drying for 24 h, the
strip was immersed in the HeptMIMTs 10% v/v isopropanol solution for 6 h and then
extracted, dried and visually inspected. HeptMIMTs is an IL that has a long alkyl chain
cation and a weakly basic anion, which can reduce the solvency and reactivity of the IL
towards cellulose and iron gall ink, respectively.
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Figure 6. (a) Photographic images of the dyed Whatman paper strips immersed in ILs; (b) concentra-
tion of leached ink in the ILs.

Figure 7 shows that the iron gall ink drawings remained intact and unaffected after
the IL treatment, indicating that HeptMIMTs did not compromise or erase the integrity of
the ink, while the paper itself became lighter and cleaner after the IL treatment.

Initial paper HeptMIMTs immersion 24 hrs

Figure 7. Photographic images of the inked Bl paper supports before and after 6 h immersion in the
HeptMIMTs 10% v/v isopropanol solution.

3. Materials and Methods

The ionic liquids employed in this study—1-ethyl-3-propylimidazolium bis(trifluoro-
methylsulfonyl)imide (C19H;5FsN3045;), 1-methyl-3-pentylimidazolium bis(trifluorometh-
ylsulfonyl)imide (C;1H;7FsN3045;), and 1-heptyl-3-methylimidazolium bis(trifluoromethy-
Isulfonyl)imide (C13H21FgN304S;)—were sourced from IoLiTec Ionic Liquids Technologies
GmbH, Heilbronn, Germany, with a purity of 98% or greater (Table 2). Isopropyl alcohol
(Sigma-Aldrich, Darmstadt, Germany, >99% vol.) was used as a basis to prepare 10% v/v
and 50% v/v mixtures with the three ILs.

Paper strips were extracted from a book published in 1938 (B1). Several characteristics
of this paper, such as its basis weight, pH and basic composition are given in Table 2. A
Whatman qualitative filter Grade 1, with «-cellulose content surpassing 98%, served as a
reference for comparative analysis.

Before immersion in the reconditioning solutions and pure ionic liquids, all the paper
strips underwent a conditioning period of 24 h at 23 °C £ 1 °C and 50 & 2% relative humid-
ity within a desiccator containing a supersaturated Mg(NO3); solution. The initial weight
of the paper strips was measured (my) to establish a baseline for comparative evaluations.
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The Whatman filter paper strips underwent immersion in pure ionic liquids (ILs) as
well as in 10% v/v and 50% v/v IL/isopropyl alcohol mixtures. The strips were periodically
removed and weighed until reaching a state of constant mass, indicating equilibrium
sorption. This equilibration process took approximately 6 h from the start of immersion.
Subsequent to achieving equilibrium, the samples underwent conditioning by following
the previously outlined procedure and were reweighed (mg).

Since isopropyl alcohol is volatile enough to undergo complete evaporation, the paper
strips in this scenario retained only the ionic liquids. The specific consumption of IL,
reported per gram of paper (S.), was calculated using Equation (1) [23]:

_ Ing—1My

Se 1)

mo

For the treatment of Bl paper strips, a 10% v/v solution of ionic liquids (ILs) in
isopropyl alcohol was specifically selected, coupled with a 6 h treatment duration. This
choice was made to facilitate the rapid absorption of the solution into the paper strips,
owing to its lower viscosity and the minimal IL content.

The ILs used in this study have the same anion—bis(trifluoromethylsulfonyl)
imide—which can form weak hydrogen bonds with cellulose and small-molecular com-
pounds [59-61]. They also have similar cations, which are N-alkyl-N’-methylimidazolium
derivatives with different alkyl chain lengths. These cations have acidic protons on the
imidazolium ring that can form C-H- - - O hydrogen bonds with the compounds found in
paper, which partly explains their cleaning effect and deacidification capabilities. However,
the cations also have side alkyl chains that can reduce the solubility of cellulose by steric
hindrance or hydrophobic interactions [60], limiting potential damage in uncontrolled
swelling or dissolution of cellulose fibers. Therefore, the interaction of these ILs with
cellulose depend on the balance between the anion and the cation effects, as well as the
length of the alkyl chain. The ILs from this study were chosen because in our preliminary
screening studies they did not impart modifications to paper texture, in contrast to short
alkyl chain ILs, such as 1-ethyl-3-methylimidazolium or 1-butyl-3-methylimidazolium with
chloride or acetate anions, reported in the literature as solvents for cellulose [28].

To safeguard valuable cellulosic artifacts, extend their longevity, and mitigate poten-
tial long-term damage—coupled with considerations of economic feasibility—the deci-
sion was made to exclusively employ the 10% v/v concentration in the treatment of Bl
paper samples.

Table 2. Characteristics of the used ILs and B1 paper.

Tonic Liquids Used ! B1 Paper Characteristics

L /§\ (CF:S0),N"
N+
\/N\/\ pH 2 430 +0.15

PrEIMTs (391)
") (CF380,),N”

+

\/ N \/\/\ Paper basis weight: 67 g/m?

—N

PentMIMTs (405)
| (CF380,),N"
/N"\ \ Composition 3: 57% groundwood fiber content,
\/ o " _ """~ 43%bleached chemical pulp, 1.1% ash content
HeptMIMTs (433)

! Molar masses of ILs are given in parenthesis; 2 the pH values of paper were determined in accordance with Test
Method TAPPI/ANSI T 529 om-21 [62]; 3 determined according to [63] (fiber and chemical pulp content) and [64]
(ash content), average of triplicate measurements.
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The B1 paper strips underwent an identical treatment and conditioning process as the
Whatman filter paper. Subsequent to the treatment, the pH of the paper was measured
following the T 529-om-21 protocol [62]. This measurement served to assess the efficacy of
ionic liquids (ILs) in deacidifying the paper.

The IL-treated paper samples were coded as B1-PrEIMTs, B1-PentMIMTs, and B1-
HeptMIMTs throughout this work.

To evaluate the potential advantages of ionic liquids (ILs) in the cleaning process
of paper, color modifications in the Bl paper substrates before and after IL treatment
were analyzed using a PCEXXM30 colorimeter (PCE Instruments, Meschede, Germany),
operating within the CIE-Lab* color space. In this color space, L* signifies lightness, while
a* and b* denote the red/green and yellow /blue coordinates, respectively. The IL-treated
B1 strips underwent an additional accelerated UV weathering test at 23 °C and 54% relative
humidity within a Bio-Link model BLX-E254 (Fisher Scientific, Wien, Austria) irradiation
chamber, exposed to 254 nm wavelength for 10 h at a total energy density of 8 mJ/cm?.
Post-irradiation, color parameters were re-measured to assess any changes and gauge
the potential efficacy of ILs as UV stabilizers. This approach aimed to quantify both
the immediate impact of IL treatment on paper color and its potential role in providing
protection against UV-induced color alterations.

To calculate the total color differences (AE*) for each sample, the following equation
(Equation (2)) was utilized [65]. The subscripts “f” and “i” correspond to the values of the
color parameters after UV aging and IL treatment, and before, respectively:

AE' = \/ (L =12+ (0 — a2+ (6~ )2 @

The optical microscopy images were acquired with a Leica DM_ILM microscope (Leica
Microsystems, Wetzlar, Germany).

ATR-FTIR spectra of the ILs, Bl paper and IL-treated B1 paper were acquired using a
Perkin-Elmer Spectrum BXII spectrometer (Waltham, MA, USA) in the spectral range of
6504000 cm~!. The spectra were obtained with a scan step of 2 cm ™!, and 10 averaged
scans were recorded for each sample.

The impact of ionic liquids on iron gall ink, a specific ink commonly associated with
paper artifacts, was investigated in this study. Whatman filter paper strips were immersed
for 15 min in an iron gall ink formulation (KWZ Iron Gall Ink, Blue-Black, Archive Iron
Gall type, Warsaw, Poland). Subsequently, the dyed paper strips were clipped on string
supports and allowed to vertically air-dry for 24 h before initiating ink stability testing.

For the evaluation of ink stability, the dyed paper strips were immersed in pure ionic
liquids for 24 h at room temperature (22 °C). Following this, the ionic liquids underwent
spectrophotometric analysis to ascertain whether the ink leached from the paper supports.
The spectrophotometric analysis, conducted on a UV-VIS TU1801 spectrophotometer (DIY-
power Co., Ltd., Guangzhou, China) within the range of 400 to 750 nm, utilized the neat
ionic liquid as a background reference. Several ink solutions in ILs were prepared, in
concentrations ranging from 2 to 12 ppm. Notably, Figure 8a (for the maximum 12 ppm
concentration) illustrates that the ink exhibits a broad absorption maximum, dependent on
the type of ionic liquid, spanning from 565 nm (for PrEIMTs) to 600 nm for PentMIMTs.

Calibration curves, depicted in Figure 8b, were constructed for the ink dissolved in
each respective ionic liquid in a concentration range from 2 to 12 ppm. These curves served
as a quantitative tool to evaluate the extent of paper de-inking achieved by each IL. The
ILs in which the dyed Whatman paper strips had been immersed underwent subsequent
spectrophotometric analysis with neat ILs as background, to quantitatively assess the
de-inking of the paper supports.
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Figure 8. (a) VIS spectra of the iron gall ink in the three ILs at 12 ppm concentration; (b) the calibration
curves for the ink dissolved in the three ILs.

4. Conclusions

In conclusion, this study underscores the significant potential of ionic liquids (ILs)
in the restoration of aged paper artifacts, with specific findings highlighting the promi-
nent deacidification capabilities of ILs with the 1-heptyl-3-methylimidazolium cation,
leading to a neutral pH. The observed color enhancements, particularly with 1-heptyl-3-
methylimidazolium and 1-pentyl-3-methylimidazolium ILs, present promising prospects
for revitalizing aged or degraded paper. Furthermore, the investigation into ILs as UV
stabilizers for paper reveals encouraging outcomes, emphasizing the role of 1-heptyl-3-
methylimidazolium IL in minimizing yellowing post-UV irradiation.

This research contributes to the broader field of paper conservation and cultural
heritage preservation, offering practical insights into the application of ILs for restoring
and maintaining paper-based artifacts. The results highlight the nuanced effects of different
ILs on paper properties, providing useful information for conservators and researchers.

Future studies could delve deeper into the long-term effects of IL treatment on paper
artifacts and explore additional IL formulations. The preservation of inked materials
and a comprehensive understanding of ILs’ interaction with diverse inks warrant further
investigation. Additionally, exploring the scalability and practical implementation of IL-
based restoration processes would enhance the applicability of these findings in real-world
conservation practices. This work paves the way for a nuanced understanding of ILs’
potential in cultural heritage preservation, opening avenues for sustainable and effective
strategies in the field of paper restoration.
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Abstract: Tetraethoxysilane (TEOS) is the most commonly used silicon-based reinforcement agent for
conserving art relics due to its cost-effectiveness and commercial maturity. However, the resulting
silica gel phase is prone to developing cracks as the gel shrinks during the sol-gel process, potentially
causing severe damage to the objects being treated. In this study, dodecyltrimethoxysilane (DTMS)
was introduced into TEOS to minimize this shrinkage by adding elastic long chains to weaken
the capillary forces. The gel formed from the DTMS/TEOS hybrid material was transparent and
crack-free, featuring a dense microstructure without mesopores or micropores. It exhibited excellent
thermal stability, with a glass transition temperature of up to 109.64 °C. Evaluation experiments were
conducted on artificially aged, handmade bamboo paper. The TEOS-based hybrid material effectively
combined with the paper fibers through the sol-gel process, polymerizing into a network structure
that enveloped the paper surface or penetrated between the fibers. The surface of the treated paper
displayed excellent hydrophobic properties, with no significant changes in appearance, color, or air
permeability. The mechanical properties of the treated bamboo paper improved significantly, with
longitudinal and transverse tensile strengths increasing by up to 36.63% and 44.25%, respectively.
These research findings demonstrate the promising potential for the application of DTMS/TEOS
hybrid materials in reinforcing paper relics.

Keywords: paper relics; organosilane; reinforcement; preservation

1. Introduction

Organosilane materials have shown potential as ideal paper relic preservation materi-
als due to their dual advantages of both organic and inorganic properties. Characterized
by Si-O-Si bonds as the primary skeleton, these materials possess thermal and chemical
stability far superior to general polymer materials, resembling the properties of inorganic
materials. During the sol-gel process, organosilane will react with the hydroxyl groups
upon cellulose condensation, forming Si-O-C bonds that can effectively reinforce the paper.
Furthermore, organosilane materials contain Si-C bonds with diverse organic groups, en-
abling the introduction of various groups to achieve deacidification [1], hydrophobicity [2],
antimicrobial [3], and other desired effects.

Currently, silane coupling agents have been involved in the widespread practice of
paper heritage protection. These agents belong to a class of reactive silanes that possess
organic functional groups. Some of these compounds carry organic groups, such as alkyl,
vinyl, amino, epoxy, or sulfhydryl groups, which enhance reactivity with organic com-
pounds and introduce various functionalities into the resulting polymers. However, some
silanes contain inorganic groups, such as alkoxy, aryloxy, acyl, and chlorine, which have
excellent reactivity with the surfaces of inorganic substances [4-6]. When applied to paper,
silane will undergo hydrolysis to produce silanols. These silanols will then dehydrate,
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condense, and crosslink to form oligosiloxanes, and the silanol groups present in oligosilox-
anes will adhere to the paper’s surface [7]. Using the silane coupling method enables the
grafting and modification of paper cellulose [8], introducing various functional groups
into the paper and thereby endowing it with a wide range of appealing properties. It has
been reported that silane coupling agents could bestow surface hydrophobicity and water
resistance upon the paper [9,10] and even transform it into a catalyst medium or a drug
carrier [11-13].

The application of silane coupling agents has also been explored in the preservation
of paper relics. Chen et al. [14] and Shen et al. [15] both employed three silane com-
pounds, namely, N-aminoethyl-3-aminopropyl-triethoxysilane (AETAPTES, trademarked
as KH791), 3-aminopropyl-diethoxymethylsilane (AMDES, trademarked as JH-M902), and
3-aminopropyl-triethoxysilane (APTES, trademarked as KH550), for the reinforcement
treatment of Xuan paper. These agents were dissolved in anhydrous ethanol to form a
reinforcing solution. When the paper was immersed in this solution, the studies found
that all three silanes effectively reinforced the paper, enhancing its tensile strength and
folding durability. Among these, AETAPTES demonstrated the most notable reinforcement
effect. Specifically, when applied at a concentration of 15%, the solutions increased the
tensile strength of the paper by approximately threefold, and the folding endurance was
60 times greater.

Since 2006, researchers from the Muséum National d’Histoire Naturelle in France have
conducted a comprehensive series of studies focusing primarily on the utilization of amino-
functionalized silanes for paper conservation [1,16-20]. For the main purpose of deacidifi-
cation, these studies evaluated various silanes, including 3-aminopropyltrimethoxysilane
(ATMS), 3-aminopropyltriethoxysilane (ATES, identical to APTES), 4-amino-3,3-dimethylbut
yltrimethoxysilane (ADBTMS), hexamethyl disiloxane (HMDS), and dimethylaminopropy-
Imethyl diethoxysilane (DMAPDES), as well as other silane coupling agents, along with
their corresponding compounds. These agents were tested for their efficacy in protecting
both naturally aged and artificially aged paper. The results revealed that these silane
coupling agents, apart from their deacidifying capabilities, could significantly enhance the
mechanical properties of paper, such as tensile strength and folding endurance, by forming
a robust network structure on the fiber surfaces.

Current studies have established that organosilane materials exhibit favorable reinforc-
ing effects on paper relics; however, most of the silane coupling agents used either are costly
or rely on laboratory synthesis. Considering the need for a substantial quantity of materials
to support the preservation of paper relics, it remains imperative to explore cost-effective
and readily available alternatives. Tetraethoxysilane (TEOS), a commercially viable and
economical organosilane material, is most frequently utilized in heritage conservation [21]
and offers a promising avenue if modifications can be made to TEOS to align with the
performance requirements of paper relic protection.

The primary challenge with TEOS is its susceptibility to cracking upon gelation. This
cracking can be attributed to two primary causes, namely, capillary stress during gel drying
and the volatilization of water and alcohols during condensation [22]. Since the cracking of
organosilanes may compromise the integrity of the artifact matrix, it has become imperative
to engineer these materials with anti-cracking modifications. Although numerous strategies
exist to address this issue, two primary methods remain particularly relevant for artifact
preservation. First, the introduction of elastic chain segments may enhance the flexibility
of the material, thereby resisting capillary stress during shrinkage [23]. For example, the
incorporation of polydimethylsiloxane (PDMS) can densify the silicone gel structure [24-26].
In addition, the utilization of nanoparticles can increase the elastic modulus and gel pore
size of the protective material, effectively mitigating capillary stress. This approach has
been demonstrated through the use of nanoparticles such as TiO,, SiO,, and A1,03 [27-29].
Furthermore, both methods can be combined to modify organosilanes. For example,
Son et al. introduced nanometer-sized (3-glycidoxypropyl) trimethoxysilane (GPTMS)

115



Molecules 2024, 29, 1834

and polyhedral oligomeric silsesquioxane (POSS) with elastic chain segments into TEOS,
resulting in a hybrid material providing a crack-free gel [30].

This study utilized inexpensive and widely available ethyl orthosilicate (TEOS) as
the baseline material. To enhance its properties, dodecyltrimethoxysilane (DTMS) with
flexible long chains was integrated into the TEOS agent, which resulted in a series of
formations of DTMS/TEQOS hybrid material agents through a compounding process. These
DTMS/TEOQOS agents were evaluated based on their curing performance and were subse-
quently utilized to protect and treat aged bamboo paper. The color difference, mechanical
properties, air penetration, and microstructure of the treated aged paper were characterized
to assess the overall effectiveness of the DTMS/TEOS hybrid material for reinforcement
and preservation.

2. Results and Discussion
2.1. DTMS/TEOS Hybrid Material
2.1.1. Curing Performance

In this study, we prepared a series of hybrid materials with varying mass ratios of
MTDS and TEOS (Wprms/Wrros = 1:9, 2:8, 3:7, 4:6, and 5:5) and compared their curing
effects. These five groups of materials were denoted as DT1 to DTS5, respectively.

The appearance of the hybrid materials typically serves as a perceptive and funda-
mental criterion for assessing their curing performance. To ensure good curing and drying
without cracking, the hybrid materials would need to be colorless and transparent to
preserve the original appearance of the heritage samples during paper sample treatment.
In addition, organosilanes undergo volume contraction during the sol-gel process, and
excessive contraction can damage the paper fiber structure. Therefore, smaller volumetric
shrinkage of the hybrid materials was sought.

Images of the DTMS/TEQS gels are shown in Figure 1a. As presented in Figure 1b,
the appearance changes of the hybrid materials after gelation could be described as three
typical cases. In this study, the cracks generated in the gels of all groups were confirmed
as small cracks that did not cause the gels to become fragile, namely, fine cracks. The
volume shrinkage of each formulation after gelation was different. For some groups, we
observed that the shrinkage of the gel mainly occurred on the oxygen contact surface, and
no significant impact was observed on the overall size and shape, which was defined as fine
shrinkage. However, some gels with different formulations showed irregular shrinkage,
which seriously affected the curing effect and was defined as severe shrinkage.

(a) Photographic images of the DTMS/TEOS hybrid material gels.

DT1 DT2 DT3 DT4 DT5

(b) Three types of appearance change after gelation.

U-€ U OU

Sound Gel A: Fine Cracks  B: Fine Shrinkage C: Severe Shrinkage

Figure 1. Appearance evaluation of the DTMS/TEOS hybrid material gels. (a) Photographic images
of the DTMS/TEOS hybrid material gels; (b) three types of appearance change after gelation.
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Table 1 presents information on the types of changes in appearance after gelation
of each group, according to Figure 1b, as well as their volumetric shrinkage rates, mass
retention rates, and curing times. The results indicated that under the catalytic conditions
of 0.2 wt.% concentration dibutyltin dilaurate (DBTL), the DTMS/TEOS hybrid materials
could meet the required curing performance. When the mass fraction of DTMS was only
10%, the system could produce a completely transparent gel with only fine cracks, and
the volumetric shrinkage varied little among the five groups, mostly falling between 40%
and 50%. When the mass fraction of DTMS was >40%, the gels exhibited low volumetric
shrinkage, making them less prone to severe shrinkage and cracking. Among these, the
DTS5 agent (Wptms/WrEos = 5:5) demonstrated the most prominent anti-shrinkage effects,
with the volumetric shrinkage of the gels reaching the lowest average value of only 36.72%.

Table 1. Appearance changes, mass retention rates, volumetric shrinkage rates, and curing times of
the DTMS/TEOS hybrid materials.

Group Appearance Mass Retention Volumetric Curing Time
Change Rate Shrinkage Rate
DT1 C 57.06% 42.11% 210~213 h
DT2 AC 55.51% 48.23%
DT3 A 54.18% 50.12% 261h
DT4 AB 59.77% 40.43%
DT5 A 63.23% 36.72% 307 h

During the sol-gel process, organosilanes will release a significant amount of water
and alcohol, with some organosilanes possessing a certain degree of volatility. Therefore, it
was necessary to assess the retention of active ingredients by examining the mass retention
rate of the hybrid materials. A higher retention rate typically indicates a greater coating
effect on the paper. We found that the mass ratio of DTMS and TEOS had no significant
impact on the mass retention rate of the DTMS/TEOS hybrid materials and generally
remained within the range of 55-65%. Notably, the mass retention rate reached its highest
point of 63.23% when Wptms/ Wrgos was set to 5:5.

Curing time also served as a crucial factor in determining whether the hybrid material
agent could meet the required properties for practical applications. A longer curing time
tended to enhance the stability of formulations during long-term practical applications,
providing ample time for large-scale construction and fine processing. When the DTMS
mass fraction increased, the full curing time also increased. The DT5 group, with the highest
DTMS concentration, required the longest curing time at approximately 307 h. Taking both
the curing time and cost into consideration, a formulation with a Wprtpms/Wrgos ratio of
5:5 emerged as the most preferred option for maximizing active ingredient retention.

2.1.2. Thermal Stability

To investigate the thermal stability of the DTMS/TEOS hybrid materials, two groups
with the largest and lowest Wprvs/Wrgos ratios (Wprms/Wreos = 1:9 and 5:5) were
selected for DSC testing. The glass transition temperatures (Tg) of the hybrid materials
were determined based on the DSC curves.

As shown in Figure 2, for the DTMS/TEOS hybrid materials, the Tg values were
80.16 °C and 109.64 °C when Wprms/Wrros = 1:9 and 5:5, respectively. Notably, all of
the Tg temperatures were significantly higher than the temperature of a typical use envi-
ronment (room temperature). These results indicated that the prepared hybrid materials
would remain in a glassy state at the use environment temperature. In this state, the
molecular chains and chain segment motions were effectively frozen, with only the atoms
constituting molecular vibrations at their equilibrium positions. Consequently, the hybrid
materials exhibited superior thermal stability performance [31], and due to their high Tg
temperatures, these hybrid materials possessed greater rigidity.
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Figure 2. DSC curves of the DTMS/TEOS hybrid materials.

2.1.3. Micromorphology and Porosity

The specific surface and porosity of the optimally formulated hybrid material were
analyzed. The specific surface area of the DT5 agent was found to be —0.0699 m?/g. When
combined with the N, adsorption—-desorption graphs (Figure 3b), we observed that within
the tested range, the hybrid material gel did not contain micropores or mesopores.
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Figure 3. (a) SEM image under 10,000 x magnification and (b) N2 adsorption—desorption curve of the
TEOS/DTMS hybrid material.

The microstructure of the DT5 gel was observed under a scanning electron microscope.
As revealed in Figure 3a, the surface of the polymer exhibited a flat, wrinkle-free, crack-free,
dense, and uniform plate-like structure under 10,000 x magnification. These characteristics
indicated that the hybrid material lacked corresponding pores, which aligned with the
porosity test results. We observed that DTMS mitigated the propensity of TEOS-based
gel to cracking, and this was achieved, in part, by introducing flexible chains that could
withstand capillary stress during the shrinkage process.

This dense and non-porous hybrid material gel, if uniformly encapsulated on the
paper surface or grown in the pores formed by the fibers, could block the invasion of most
external pollutants into the paper, such as dust, vermin, and mold [32,33].

2.2. Effectiveness of DTMS/TEOS Hybrid Materials for the Reinforcement of Aged Bamboo Paper
2.2.1. Appearance and Surface Hydrophobicity

As shown in Figure 4, the color change in DT5 at the three concentrations (10%, 30%,
and 50%) tested on aged bamboo paper was generally indistinct, according to the color
difference assessment level [34]. In particular, at a low concentration of 10%, DTS5 hardly
alters the color of the paper. We observed that as the concentration of the agent increased,
more produced polymer coated the fiber surface and filled the pores, leading to a noticeable
color difference in the paper. When the concentration of DT5 reached 50%, the paper
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demonstrated a distinctive, transparent texture. This was because the initial roughness of
the paper surface caused light to scatter, resulting in a very low visual gloss on the surface.
However, with the deposition of 50% DTS5, the depressions between the fibers were filled.
As a result, the smoothness of the paper surface and its gloss were significantly enhanced.
Therefore, even though a high concentration of DT5 may better fill the pores and cracks on
the paper surface, it is not recommended to exceed a usage concentration of 30% in order
to avoid potential significant detrimental effects on the appearance of the paper relics.

(a) Dry heat-aged Samples. (b) Moist heat-aged Samples.

| untreated B untreated

122.50°£2.61°

104.32°4+4.24°

Figure 4. Changes in color and surface properties of the aged paper samples before and after treatment
with DT5 agents in different concentrations. (a) Dry heat-aged samples; (b) moist heat-aged samples.

Cellulose, rich in hydroxyl groups, is highly hydrophilic and prone to absorbing
moisture. Therefore, paper may over-absorb water in high environmental humidity con-
ditions, leading to cellulose deliquescence and a decrease in the strength of its structure
and organization. In addition, high humidity can facilitate the atmospheric deposition of
hazardous dust and gases soluble in water, potentially corroding the paper. Furthermore,
high humidity can promote the growth and reproduction of microorganisms, making it
easy for mold to grow on paper [35]. To mitigate issues such as water stains, filth, adhesion,
and wrinkles, it was essential that the protected paper exhibit hydrophobic properties that
could block environmental water erosion.

Contact angle can serve as an indicator of paper surface hydrophobicity after treat-
ment with a protective agent. When the contact angle decreased, the wettability of the
solid surface improved and became more hydrophilic. Conversely, a larger contact angle
indicated a more hydrophobic surface, signifying superior waterproof performance. We
captured images of the contact angle on the surface of the paper after 10 s of exposure to
water. Both the untreated sound bamboo paper and the two groups of aged paper lacked
hydrophobicity, with water droplets being absorbed almost instantly; hence, no contact
angle photos were obtained. In contrast, the treated aged bamboo paper consistently
maintained pronounced hydrophobicity. As shown in Figure 4, the three concentrations
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of DTS5 tested on aged bamboo paper had the ability to transform a fully wetted surface
(contact angle of 8 = 0°) into a non-wetted surface (contact angle of 8 > 90°). This change
highlighted the effectiveness of DTMS/TEOS hybrid materials in imparting hydrophobicity
to aged bamboo paper. In summary, a 10% concentration of DT5 was sufficient to provide a
hydrophobic surface for aged bamboo paper without altering its appearance.

2.2.2. Tensile Strength

The resistance of paper to aging will significantly impact its service life, making
it crucial to investigate its aging resistance, with mechanical properties serving as key
evaluation indicators. The most commonly used metric for assessing the mechanical
properties of paper is tensile strength [36-38]. Therefore, to enhance the aging resistance of
papet, the tensile strength of paper treated with a protective agent should be increased to a
certain extent.

The mean and standard deviation of the tensile strength of aged bamboo paper be-
fore and after DT5 agent treatment are presented in Figure 5a, while the rate of change
in tensile strength is shown in Figure 5b. The dry heat-aged bamboo paper exhibited
longitudinal and transverse tensile strengths of 21.13 & 0.31 MPa and 17.47 £ 0.39 MPa,
respectively. Conversely, the moist heat-aged bamboo paper showed longitudinal and
transverse tensile strengths of 25.99 £ 0.79 MPa and 13.26 & 0.19 MPa, respectively. No-
tably, when the concentration of DT5 was 10%, the most significant enhancement effect
was observed. In the dry heat-aged bamboo paper, the longitudinal and transverse ten-
sile strengths were 25.48 & 0.50 MPa and 24.87 £ 0.75 MPa, increasing by 20.59% and
36.63%, respectively. Similarly, in the moist heat-aged bamboo paper, the tensile strength
values were 37.49 £ 0.35 MPa and 18.10 £ 0.76 MPa, increasing by 44.25% and 36.50%,
respectively. The untreated sound paper demonstrated a longitudinal tensile strength of
27.54 &+ 0.46 MPa and a transverse tensile strength of 21.03 & 0.29 MPa. It is evident that
10% DT5 was sufficient to restore the strength of aged bamboo paper to a level comparable
to or even higher than that of sound bamboo paper. However, when the concentration
of DT5 increased, the increase in tensile strength values for both types of aged bamboo
paper decreased in both directions. At a DT5 concentration of 50%, the tensile strength
even dropped below the initial value. This finding aligns with the previous conclusion that
10% DTS5 exhibited the most favorable enhancement effect, while higher concentrations of
DTS5 were counterproductive for the preservation of paper artifacts.
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Figure 5. (a) Mean value and standard deviation of the tensile strength, and (b) change rate of
the tensile strength of aged bamboo paper before and after treatment with DT5 agents at different
concentrations, where T denotes the transverse direction and L signifies the longitudinal direction.
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2.2.3. Microstructure

Scanning electron microscopy (SEM) analysis of the paper samples was conducted
to observe the distribution of the hybrid materials, as illustrated in Figure 6. Bamboo
paper primarily consists of slender fibers intertwined, along with a few flat and wide
fibers. Prior to the protection treatment, the bamboo paper fibers exhibited cracks, and the
interlacing connections between fibers were loose, with some of the interlacing connected by
membranes, presumably due to the viscous additives used in the papermaking process [15].
After treatment with DT5 agents, the fibers were uniformly coated with the protective
agent, resulting in a smoother surface. Block-like and membrane-like polymers formed at
the intersections of the fibers, resulting in a more intimate connection between the fibers.
This observation at the microscale might explain the reason behind the enhanced tensile
strength of aged bamboo paper when treated with 10% and 30% DT5.

(a) Dry heat-aged samples.

(b) Moist heat-aged samples.
x3000” x9000 N

DT5-30%
' | #9000 \

DT5-50%

DT5-50%

Figure 6. Microstructure of the aged bamboo paper before and after treatment with DT5 agents at
different concentrations. (a) Dry heat-aged samples; (b) moist heat-aged samples.

However, when the concentration of DT5 reached 50%, the fibers were almost com-
pletely covered by the hybrid material, and the fiber pores were basically non-existent. We
speculated that a high concentration of agents would lead to the formation of excessive hy-
brid material polymers inside the paper or even on the surface of the paper. The produced
silicone polymer became the dominant component of the paper after curing; however, it
did not have the interwoven fiber microstructures of sound paper, which provided high
flexibility. Furthermore, when the agent concentration was excessively high, it could not
only distribute within the gaps but also extensively infiltrate into the fibers, resulting in
fiber damage during the curing process. As a result, the excessive polymers made paper
into a resin-like film and changed the appearance as well as the mechanical properties of
the paper.

121



Molecules 2024, 29, 1834

2.2.4. Water Vapor Transmission Rate

The mass—time curves of the aged paper before and after treatment with 10% DT5
agent, obtained from the air permeability test, are shown in Figure 7. At relative humidity
(RH) values below 25%, the curve was linear, allowing for the accurate computation of the
water vapor transmission rate (WVTR). When the RH increased to 55%, the linearity of the
curve persisted in the initial half, allowing for WVTR calculations. However, the second
half of the curve started to approach a state of equilibrium, indicating that the molecular
sieve reached saturation and ceased to absorb water. Similarly, at an RH value of 85%, the
equilibrium portion of the curve could not be utilized for WVTR calculations due to the
same saturation phenomenon.
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Figure 7. Mass—time curve of the paper sample before and after treatment with 10% DT5 agent.

At 25% RH, the linear mass change between 1.9 and 3.7 h was selected to calculate the
WVTR, and at 55% RH, the corresponding interval between 5.4 and 6.1 h was chosen. The
results of these calculations are summarized in Table 2, which indicates that regardless of
treatment, the aged paper samples exhibited a high water vapor transmission rate. Notably,
the DT5 agent had no significant impact on the air permeability of the paper.

Table 2. WVTR values of 10% DT5-treated aged paper at 25% and 55% RH determined by air
permeability testing.

RH Group Wetart (mg) Weng (mg) T (h) WVTR [g/(m?-d)]
259 Untreated 5982.087 6098.696 1.8 443.718

° 10%DT5 6296.096 6413.247 1.8 445.780
559 Untreated 6217.031 6292.713 0.7 740.528

° 10%DT5 6541.522 6627.535 0.7 841.614

For immovable paper artifacts such as historical decorative wall coverings and paper-
based murals, they are significantly influenced by moisture migration from the walls to
which they were adhered. As the walls absorb water from the ground, they may create a
highly humid environment on the backside of the attached paper and cause it to become
damp. A high WVTR facilitates the release of moisture from the wall through the paper into
the open environment rather than allowing it to accumulate or be absorbed into the fibers,
leading to mold formation. Hence, while 10% DTS5 did partially fill the pore structure of
the paper, it did not transform it into a completely sealed polymer film. The treated paper
still allows moisture to pass through, thereby preventing excessive moisture-related risks.
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3. Materials and Methods
3.1. Preparation of the Hybrid Materials

The organosilanes employed in this study consisted of tetraethoxysilane (Aladdin,
Shanghai, China, 99.99%) and dodecyltrimethoxysilane (Aladdin, Shanghai, China, 93%).
DBTL (Aladdin, Shanghai, China, 95%) was used as a catalyzer, and absolute ethanol
(Aladdin, Shanghai, China, AR) was used as the solvent.

The DTMS/TEOQOS hybrid material agents were prepared according to the formulations
provided in Table 3 and thoroughly mixed to obtain a homogeneous mixture. Then, 2 mL of
the prepared DTMS/TEOS sol with 0.2 wt% of DBTL was added to a plastic centrifuge tube,
weighed, and placed inside the temperature and humidity environmental test chamber
(GSH-64, ESPEC, Osaka, Japan). The conditions were set as follows: 25 °C and 55% RH
for 3 h, followed by 25 °C and 85% RH for another 3 h. This cycle was repeated every 6 h.
The moisture curing process was carried out under these conditions until the mass of the
material stopped changing, indicating that the reaction had finished. The resulting gel was
removed from the centrifuge tube and observed as transparent and free of cracks; then, its
mass retention and volume shrinkage were calculated. The entire preparation process is
illustrated in Figure 8.

Table 3. Formulations of the DTMS/TEOS hybrid material agents.

Group Wptms/WTEOS

DT1 1:9

DT2 2:8

DT3 3.7

DT4 4:6

DT5 5:5

DTMS + DBTL 25 °C/ 55% RH
/ / 300 rpm o 25 °C/ 85% RH

- 10 min
DTMS/TEOS Sol DTMS/TEOS Gel

Figure 8. Diagram of DTMS/TEOS hybrid material agent preparation.

3.2. Paper Aging

The handmade bamboo paper for artificial aging, which is widely used in calligraphy
and painting creation, restoration of ancient books, and other paper relics, was produced
by Fuyang Yiguzhai Yuanshu Paper Co., Ltd. (Fuyang, Zhejiang, China). The basis
weight of the paper is 19.0 g:cm~2, and the thickness is 0.03 mm. The bamboo paper
was artificially aged by two aging methods, namely, dry heat aging and moist heat aging.
The dry heat aging method was conducted according to the Chinese GB/T 464-2008
national standard [39]. The bamboo paper samples were subjected to dry heat aging in an
electric constant-temperature blast-drying oven (DHG-90534, Jinghong, China) under the
following dry heat aging conditions: 105 °C and 24 days.

The moist heat aging method was conducted according to GB/T 22894-2008 [40].
The bamboo paper samples were subjected to moist heat aging in an environmental test
chamber (SH-222, ESPEC, Osaka, Japan) under the following moist heat aging conditions:
80 °C, 65% RH, and 24 days.
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3.3. Reinforcement of Paper Samples

The prepared protective solution was diluted with ethanol at various concentrations
(Vsolution: Vethanol = 1:9, 3:7, and 5:5) and then thoroughly mixed. The resulting agent was
then evenly sprayed onto the aged bamboo paper using spray bottles. To process 0.1 m?
of paper, approximately 1 milliliter of solution was used. Afterward, the treated paper
was placed in an environmental test chamber (SH-222, ESPEC, Osaka, Japan) for moisture
curing. The curing conditions were as follows: 25 °C and 55% RH for 3 h, followed by
25 °C and 85% RH for another 3 h. This cycle was then repeated every 6 h. The paper was
left to dry for 1-2 days, and the moisture curing process was considered complete. The
treating process is illustrated in Figure 9.

25°C/ 55% RH

Spray DTMS/TEOS on the paper. p
Ry J Dried for 1~2 d.
2l
% 111 25 °C/ 85% RH o
AN ‘ o
l/ 2 ¢
d X ,
WSHihs, Y ) J
(RO

Treated Paper
Figure 9. Diagram of the aged paper reinforcement process using DTMS/TEOS hybrid materials.

3.4. Specific Surface Area and Porosity

The pore structure of the materials was characterized by N, adsorption—desorption
analysis. In this experiment, N, adsorption-desorption curves of DTMS/TEOS gels were
obtained at 77 K using a specific surface and porosity analyzer (ASAP2460, Micromeritics,
Norcross, Georgia, USA). The specific surface area of the samples was calculated based on
the Brunauer-Emmet-Teller (BET) model, while the pore volume and average pore size of
the samples were determined by analyzing the desorption data using the Barret-Joyner—
Halenda (BJH) method.

3.5. Glass Transition Temperature

The glass transition temperature (Tg) can be defined as the point at which a material
transitions from a glassy state to a highly elastic state. Below this temperature, the ma-
terial will remain in a glassy state, with its internal molecular chains and chain segment
movements effectively frozen. Once the temperature surpasses Tg, the material will enter a
highly elastic state [31]. In practical applications, Tg can be used to determine the suitable
temperature range for using the material. By assessing the Tg of the DTMS/TEOS gel,
the thermal stability of the material within the desired use environment could be deter-
mined. For this experiment, a differential scanning calorimeter (DSC25, TA Instruments,
New Castle, DE, USA) was used to analyze the Tg of the DTMS/TEOS hybrid materi-
als. This method relied on detecting changes in the heat capacity before and after the
glass transition to determine the magnitude of Tg, following the guidelines outlined in
the GB/T 19466.2-2004 Plastics Differential Scanning Calorimetry (DSC) standard (Part 2:
Determination of Glass Transition Temperature) [41].

3.6. Color Difference

The color difference (AE*) between the aged paper samples before and after treatment
with the DT5 agents was measured by a spectrophotometer (CM-26D, Konica Minolta,
Japan) under a D65 light source. For each sample, the color difference was determined
based on five points. The following equation was used to calculate the color difference AE*
for each point, and the average AE* value was calculated to represent the AE* of the entire
sample [34]:

AE* = [(AL*)? + (Aa*)? + (AV*)?]%, (1)
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where L* ranges from 0 to 100 and indicates the change in color from black (dark) to white
(light), a* varies from negative to positive and represents the change in color from green to
red, and b* ranges from negative to positive and indicates the change in color from blue
to yellow.

3.7. Contact Angle

In this experiment, a contact angle meter (JC2000DM, Zhongchen, China) was used to
determine the contact angle and assess the hydrophobicity of the protected paper surface.
Deionized water droplets were applied to the treated paper samples, and a fixed image
was captured after 10 s. Three measurement points were taken for each sample, with
a five-point fitting method used to measure the contact angle value at each point. The
average of the three points was then calculated to determine the contact angle value of
the sample.

3.8. Tensile Test

Tensile tests were conducted on the paper samples to assess their mechanical proper-
ties, and a thermomechanical analyzer (TMA7100, HITACHI, Tokyo, Japan) was utilized in
this study. The TMA method enabled the acquisition of highly reproducible tensile strength
data from millimeter-sized samples, making it particularly suitable for micro-destructive
mechanical testing of fragile organic cultural relics [42]. Further details regarding this
method can be found in our previous research paper [43]. The paper samples were cut
into rectangular specimens measuring 15 mm x 2 mm in both the longitudinal and cross
directions using a paper cutter. The thermomechanical analyzer (TMA) was equipped with
a metal tensile attachment to conduct the tensile tests, where the test length, or fixture
spacing (L), was set to 10 mm. The specimens were held at both ends using the fixtures,
with the sample tubes and tensile probes firmly fixed in place. The tests were conducted
in a laboratory room environment (25 £ 1 °C, 45% =+ 3% RH) after the paper sample was
conditioned in this test environment for more than 48 h with an initial load of 10 mN
and a loading rate of 250 mN/min. The probe displacement and load were recorded over
time until the specimen broke, and the stress (0y) and strain (¢;) were calculated using
Equations (2) and (3), respectively, to generate the stress—strain curve of the specimen:

F

AL
gf = T/ (3)

where 07 is the fracture stress (MPa), F is the real-time load recorded by TMA (N), b is the
width of the fracture surface of the specimen (mm), 4 is the thickness of the fracture surface
of the specimen (mm), & is the fracture strain, AL is the real-time displacement recorded by
TMA (mm), and L is the specimen test length (mm), i.e., the fixture spacing.

The maximum stress at the time of fracture was recorded as the tensile strength o, b
was measured using a three-dimensional video microscope (VHX-6000, KEYENCE, Osaka,
Japan) with an accuracy of 0.01 mm, and d was measured using a digital micrometer with
an accuracy of 0.001 mm.

3.9. Microstructure

A scanning electron microscope (SEM) was used to examine the microstructure of
the paper and DTMS/TEOS hybrid material gels. This analysis was used to assess fiber
breakage in the paper, the pore structure and cracking of the hybrid material gels, and the
distribution of the hybrid material polymers within the paper fibers. In this experiment,
an ultra-high-resolution field-emission scanning electron microscope (Regulus 8100, HI-
TACHI, Tokyo, Japan) was used. The surface of the paper samples was subjected to a gold
spraying treatment. The microscope was operated with an accelerating voltage of 15 kV, a
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resolution of 0.7 nm, a working distance of 15 mm, and a secondary electron imaging (SE)
working mode.

3.10. Water Vapor Transmission Test

A high-throughput dynamic moisture-adsorption tester (SPSx-1p, ProUmid, Ulm,
Germany) was utilized to assess the permeability of the samples under identical temper-
ature conditions and various relative humidity levels. In the test setup, approximately
5 g of molecular sieve was placed in the sample tray. The bamboo paper was cut into a
circular shape (radius = 4 cm) and securely attached to the fixture on the sample tray. The
test parameters were set as follows: test range: 25-85% RH; humidity gradient: 30% RH;
temperature: 25 °C. The change in the net weight of the sample over a specific period
was determined, and the water vapor transmission rate (WVTR) of the bamboo paper was
calculated using the following equation:

Wend — Wstart

TR =
wv nR2. T

(4)
where Wiy is the net weight of the paper sample at the selected start time (mg), Wengq is
the net weight at the selected end time (mg), R is the radius of the bamboo paper sample
(which was 4 cm in this study), and T is the total time from the selected start time to the
end time (h).

4. Conclusions

This study demonstrated that the DTMS/TEOS hybrid materials possessed excellent
anti-cracking properties. The hybrid materials provided transparent and dense gels with
no severe cracks. We observed that with the increase in DTMS addition, the resulting
gels were less prone to cracking. In addition, these gels exhibited good thermal stability,
which was attributed to the flexible chains introduced by DTMS, and this helped to resist
capillary stress during shrinkage. The experimental results indicated that under the catalytic
conditions of a 0.2% mass concentration of DBTL, the DTMS/TEOS hybrid materials
achieved good curing effects across various mass fraction ratios. The DT5 agent (with a
Wptms/Wrgos = 5:5) achieved the highest mass retention rate of 63.23%. At this ratio, the
volume shrinkage was minimal at 36.72%, and the complete curing time was 307 h, making
it the most preferred formulation.

In addition, we observed that a 10-50% concentration of DT5 agent in the ethanol
solution effectively reinforced and protected aged paper. Notably, there was no significant
change in the color appearance of the treated paper, and its surface exhibited strong
hydrophobicity. Among the various tested concentrations, the 10% concentration exhibited
the best reinforcement effect. After dry heat aging, the tensile strength of the bamboo
paper increased by 20.59% and 36.63% in the longitudinal and cross directions, respectively.
Similarly, the moist heat-aged paper samples resulted in 44.25% and 36.50% increases in
tensile strength in the longitudinal and cross directions, respectively. The DTMS/TEOS
hybrid material formed a strong and dense network structure on the surface and between
the fibers of the paper, filling the pores and imparting strong hydrophobicity to the paper.
This pore closure significantly enhanced the mechanical properties and hydrophobicity of
the paper while maintaining its air permeability almost entirely.

In conclusion, the developed DTMS/TEQOS hybrid material demonstrated a positive
reinforcement and preservation effect on paper cultural relics. In addition, the material
demonstrated ease of preparation, low cost, and wide accessibility, making it a promising
choice for future research and applications for paper relic preservation.
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Abstract: Paper-based cultural relics inevitably face a variety of diseases such as acidification, yellow-
ing, and strength loss during long-term preservation, where weakly alkaline inorganic materials play
an important role in their deacidification treatments. In this work, by simply adjusting the supersatu-
ration of crystal growing solution without the use of any organic additives, one-dimensional (1D) and
two-dimensional (2D) weakly alkaline materials—magnesium carbonate hydrates (MCHs)—were
controllably synthesized. It is worth noting that the coatings of 1D/2D MCHs not only cause little
change in chromatic aberration and water wettability, but also ensure their safety for alkali-sensitive
pigments. Meanwhile, the deacidification, anti-aging, strength-enhancing, and flame-retardant effects
of these materials have been tested on ancient book papers, all of which achieved good protective
effects. In contrast, 1D MCH materials brought about significant enhancement in both mechanical
strengths and flame-retardant effects, and the related effects were investigated. Based on this facile
micromorphology control strategy, more low-dimensional nanomaterials are expected to be syn-
thesized by design for the protection of paper-based relics, which will expand our knowledge on
functional deacidification and protection mechanisms.

Keywords: low-dimensional materials; mild alkalinity; protection of paper relics; safe deacidification;
paper enhancement

1. Introduction

As one of the most important carriers of cultural information, paper-based relics play a
vital role in the history of mankind. There exists inestimable historical, artistic, and scientific
value in paintings, calligraphy works, archives, books, and other kinds of paper-based
cultural relics. Although much importance has been attached to these precious tangible
cultural heritages, deterioration unavoidably occurs during their storage. Naturally, as
the main component of paper, cellulose undergoes a chain degradation reaction inevitably,
which leads to the acidification of paper, causing yellowing, discoloration, strength decline,
and other problems that threaten the longevity of paper relics [1,2]. To avoid the adverse
consequences of accumulating acidity, deacidification has been considered the most crucial
step in conservation of paper relics. Studies show that hydroxides or oxides are mainly
employed as deacidification agents (such as calcium hydroxide [3-5] and magnesium
oxide [6-8]). However, the excessive alkalinity of deacidification materials and the iterative
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treatment process may bring some side effects, causing damage to the fibers and thus
reducing the mechanical properties of papers, which obviously go against the safety
requirements for fragile paper relic protection [9,10]. Therefore, the mild alkaline, efficient,
and multifunctional protective material is still desirable.

In recent decades, low-dimensional materials and their composites have received
great research attention in terms of cellulose-based material enhancement and multi-
functionalization [11-13] due to their diverse properties, and are expected to play a special
role in paper relic protection. One-dimensional (denoted as 1D) materials usually exhibit
typical cross-sectional dimensions in the nanoscale and lengths spanning from hundreds of
nanometers to millimeters. Among them, whiskers are a special class of one-dimensional
materials, which are short fibers grown from single crystals with a highly ordered atomic
arrangement and fine diameters, and whose strength is close to the theoretical value of a
complete crystal [14]. As in the paper industry, magnesium salt whiskers have been used
as a filler to enhance the flame-retardant performance of paper, and calcium carbonate
whiskers were proved to be effective in improving the physical properties of paper [15,16].
Two-dimensional (denoted as 2D) nanomaterials are layered compounds with a nanometer-
scale thickness, large specific surface area, and a high density of surface-active sites capable
of superior flexibility, transparency, and breathability. Existing research suggests that
two-dimensional zeolite materials can not only provide sufficient, mild alkaline sites, but
also improve the mechanical strength of the paper through film formation [17]. Due to
the superior specific surface area and tunable surface chemistry, 2D materials can provide
continuous protection as a good carrier, which helps to enhance the aging resistance of
paper-based artifacts [18-20]. Nevertheless, although these low-dimensional synthetic
materials exhibit excellent properties in paper-based materials, their synthesis process is
complex and time-consuming, and organic templates and capping agents are usually used,
which may limit their widespread use in the protection of paper relics.

Perhaps the simplest and most cost-effective manner to prepare low-dimensional
inorganic materials is through precipitation from a solution. This process involves a
nucleation and a growth stage. As the nuclei formed approach a critical concentration,
additional reactants can either attach to the existing nuclei, leading to particle growth, or
form new nuclei [21,22]. Naturally, the morphology of the precipitates produced depends
on which of these two competitive steps prevails, although they all proceed quickly, the
growth of particles and materials with the desired morphology can be facilitated by finding
reasonable control conditions. Such synthetic methods to control the product morphology
by adjusting the degree of ionization and supersaturation have also been reported in the
literature in recent years [23]. Thus, based on this type of method, we expect to see more
development of weakly alkaline materials for the protection of paper-based artifacts.

Among the weakly basic inorganic compounds with tunable micromorphology, mag-
nesium carbonate hydrates are a class of important materials, and the general formula
can be expressed as xMgCO3-yMg(OH),-zH,0O (x = 1-5, y = 0-1, z = 1-8). To date, a num-
ber of synthesis methods have been developed to generate diverse morphologies [24-27].
However, the simple and low-cost controllable synthesis of low-dimensional magnesium
carbonate hydrate materials still needs to be developed, and its new applications such
as paper relic protection are not yet covered. In this paper, low-dimensional weakly al-
kaline magnesium carbonate hydrates with different morphologies (1D whisker and 2D
nanosheet) were prepared by adopting a synthetic strategy of controlling crystal growth
through solution supersaturation without using any organic additives, and the materi-
als were tested for the coating effect and safety, as well as for their protective effects on
historical wood-pulp papers (denoted as HMP). Both protective materials showed good
deacidification and anti-aging properties, and their different structure and composition
enabled them to play differentiated roles in the mechanical strength enhancement and
flame-retardant performance improvement of paper. As shown in Scheme 1, this work
provides a brand new perspective on the study of paper conservation materials and shows
bright prospects in the protection of diverse cultural relics.
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Scheme 1. Illustration of micromorphology modulation of materials and their protection effect on

paper relics.

2. Results and Discussion
2.1. Structure and Properties of 1D and 2D Products

The SEM and TEM results (Figure 1) clearly demonstrate that the synthesis method
employed in this work easily yields good 1D and 2D microstructure. The diameter of 1D
whisker is mainly between 0.5 and 1 pm, and the length can be larger than 30 um. It can be
seen from Figure 1(b,) that the thickness of 2D nanosheets is very thin, about 5 nm. The
related element mapping data preliminarily indicate that the elemental composition of the
two products is characteristic of the magnesium carbonate hydrate compounds. This result
accords with the expectation of supersaturation adjustment design.

131



Molecules 2024, 29, 4921

30 um 30 um 10 um 10 um 10 um

Figure 1. (a;) SEM image, (az) TEM image, and (az—as) related element analysis of 1D product;
(b1) SEM image, (by) TEM image, and (bz—bs) related element analysis of 2D product.

The XRD pattern (Figure 2a) reveals that both products with different morphologies
are typically magnesium carbonate hydrates, and the phases of 1D and 2D products are
MgCO3;-nH,O and 4MgCO3-Mg(OH),-nH,O, respectively [28,29], denoted as 1D-MCH
and 2D-MCH. The peak style of the (101), (200), (400), (021), and (004) characteristic crystal
faces of 1D-MCH are sharp, indicating the good crystallinity of the sample. However, the
diffraction peaks corresponding to the characteristic crystal plane (100), (011), (—102), (310),
and (—413) of 2D-MCH are relatively wide, influenced by the small size of the sample
layer. Further, the FT-IR data are tested to study the state of characteristic groups inside
these samples. The absorption peaks at 3200-3500 cm ™! in the IR spectrum (Figure 2b) are
characteristic of water and -OH in the sample, while the stronger double peaks at 1476
and 1414 cm~! are asymmetrical contraction vibrations of the carbonate, and the weaker
absorption at 1117 cm™! is the symmetrical stretching vibration of the carbonate. The
similar characteristic regions in the IR spectra of the two samples indicate that they have a
close composition.

In addition, a thermogravimetric analysis (TGA) is adopted to explore the thermal
decomposition and compositions of these samples, as shown in Figure 2c,d. 1D-MCH is
essentially stable in a mass up to 100 °C, with its first peak in the DSC curves at 180 °C due
to the loss of crystal water, and the mass loss in this stage is 32.1%. In contrast, 2D-MCH
is less thermally stable at low temperatures (<100 °C), with weight loss and endothermic
in the early stage of heating, with 22.3% of mass loss in the first stage. The highest peak
of DSC curves of 1D-MCH and 2D-MCH was observed at 391 and 387 °C, respectively,
indicating the release of CO,. Thus, in the second stage, the mass loss for 1D-MCH and
2D-MCH is 34.7% and 35.5%, respectively, which is jointly composed of contributions from
the release of carbon dioxide and water. At about 400 °C, the mass percentage of the two
samples gradually tends to be stable, and finally, they will completely decompose into
MgO. Based on the final mass percentage, it can be calculated that the average number of
water molecules bound in 1D-MCH and 2D-MCH crystals is 2.1 and 4.6, respectively.

132



Molecules 2024, 29, 4921

(a) (101) (b)
(011) B
(310) (=
20 40 60 80 4000.00 3000.00 2000.00 ' 1000.00 0.00
20 (degrees) Wavenumbers (cm-?)
(C) 100 0 (d) 100 0
80 1 80 -1
2 =
% E % 60 2 E
= 60 -2 7 o
5 - g
g 40 -3 E g 40 22| 5 2
e 33.2%
" : —— Weight(%) y " Weight(%) \
: H Heat Flow (W/g) @ Heat Flow (W/g)
i180°C i 391°C 238°C : 387°C
° 100 .200 300 400 500 600 700 800 900_5 ° 0 100 200 . 300 4;00 500 600 700 800 900-5
Temperature (°C) Temperature (°C)
Figure 2. (a) XRD pattern and (b) FT-IR spectra of 1D and 2D products; (c) DSC-TGA curve of 1D
product and (d) DSC-TGA curve of 2D product.
2.2. Coating Property and Safety Test
Before the application experiments, several tests were performed to evaluate the
coating property and safety of protective materials, including the contact angle tests of the
paper samples before and after coating and chroma changes during dry-heat aging. It can
be seen from Figure 3 that the deposition of material formed a good microscopic filling
between the paper fibers. Especially in the 1D-MCH-treated sample, the filling compactness
between fibers was significantly improved. At the same time, the contact angle of paper
samples had no significant change, which indicates that the treated paper still maintains a
certain hydrophobicity. Furthermore, the results of the chromaticity change show that the
effect of protection treatment on paper chromaticity is in an acceptable range (Table 1).
Table 1. CIE color coordinates of uncoated and coated HMP.
Sample (HMP) L a* b* AE*
uncoated 78.96 8.67 21.90 -
1D-MCH-coated 77.93 7.35 21.40 1.76
1D-MCH-coated, aged for 7 d 78.16 7.42 22.04 1.50
1D-MCH-coated, aged for 14 d 77.98 7.03 21.08 2.09
2D-MCH-coated 78.50 7.11 20.81 1.96
2D-MCH-coated, aged for 7 d 78.33 6.85 21.78 1.94
2D-MCH-coated, aged for 14 d 80.30 8.94 21.52 141

* These values are calculated based on the CIEDE2000 formulae.
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Figure 3. (a1) Optical microscopy image, (az) SEM image and (a3) contact angle of water droplets
of uncoated HMP; (b1) Optical microscopy image, (b2) SEM image and (b3) contact angle of water
droplets of 1D-MCH-coated HMP; (c1) Optical microscopy image, (cz) SEM image and (c3) contact
angle of water droplets of 2D-MCH-coated HMP.

Among the various international conventions on the protection of cultural heritage,
integrity and authenticity and are two main principles to be followed in the protection of
tangible cultural heritage. When it comes to paper relics like paintings and calligraphy
relics, one of the most important original states is the color of the pigments used. Therefore,
it is an important indicator to evaluate the safety of alkaline deacidifiers used in paper
deacidification protection that whether they will adversely affect the color of alkali-sensitive
pigments. In this work, two pigments sensitive to alkali, lead chrome yellow (PbCrOy)
and Prussian blue (Fe4[Fe(CN)gl3), were selected to test the influence of alkaline protection
materials on their color.

As shown in Figure 4a, the color state of lead chrome yellow (LCY) changed slightly
after accelerated aging. The study by Costana et al. proved that the reduction in Cr(VI)
to Cr(III) caused by light should be the main reason for the aging and fading of lead
chrome yellow in oil painting, which is also related to the purity of lead chromate in
pigment [30]. However, as an important mineral pigment widely used in the Chinese
art of painting during the Qing Dynasty (A.D. 1636-1921), Prussian blue (PB) showed no
obvious color changes after aging (see Figure 4b). However, it can be seen in Figure 4(c)
that there is a significant intensity change in the UV absorption band. Therefore, the visual
color maintenance may be attributed to the strong tinting ability and high saturation of
the pigment.

After being mixed with the protective materials, the intensity of UV absorption band
for each sample decreased because of the diluting effect of material powders (Figure 4(c1,c3)),
which can be avoided to the greatest extent by adjusting the dosage and action mode of
protection materials. For 1D-MCH- and 2D-MCH-treated samples, the type and position
of the peaks in UV absorption bands remain unchanged, indicating that the protective
material did not damage the color mechanism of the pigments. In contrast, commercial
MgO had a serious effect on the color of LCY and PB. The UV curve changed obviously, and
the color of LCY turned red, while PB almost completely faded. This kind of undesirable
consequence may be due to the formation of more alkaline Mg(OH); in the MgO dispersion,
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while both LCY and PB are very unstable under alkaline conditions and present different
colors with different oxidation states. Therefore, for paper relics using alkali-sensitive
pigments, it is safer to use weakly alkaline 1D-MCH and 2D-MCH than commercial MgO
as deacidification agents.

(@)

LCY-0 LCY-aging LCY-1D-MCH LCY-2D-MCH LCY-MgO
(b) . . .
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Figure 4. Photographs (a,b) and UV-Vis spectra of lead chrome yellow(cy) and Prussian blue (c2),
mixed with 1D-MCH, 2D-MCH, and MgO.

2.3. Deacidification and Anti-Aging Properties

Acidification is one of the main diseases threatening the life of paper-based cultural
relics, and thus, deacidification is crucial in extending the life span of paper relics. It
should be noted that the goal of deacidification is not only to neutralize the acid already
produced in the paper but also to deposit an alkaline substance to neutralize the acid that
may be produced in the future, that is, to form a long-term alkaline reserve in cultural relics.
Therefore, in addition to comparing the pH value before and after deacidification, the pH
change in different treated paper samples during dry-heat aging was also tracked.

Before coating, the surface pH value of HMP was 4.07, reflecting that the paper was
at a serious acidification level. After coating with three materials, respectively, the pH of
the paper samples increased significantly. The technical specifications and quality requirements
for the restoration of ancient books formulated by the National Museum of China stipulate
that the paper after deacidification must be in the neutral or weakly alkaline region, which
means the pH should between 7.5 and 10. Among the deacidification materials and the
control groups used in this work, all three could keep the alkalinity of the paper samples
within the desired range.

After 14 days of dry-heat aging, the pH value of each sample decreased to a certain
extent, as Figure 5b displays. Although the results of the tests immediately after coating
showed that the alkalinity of the 1D-MCH-coated samples were not highly alkaline, with a
pH below 9, after 14 days of dry-heat aging, the pH of this group of specimens remained at a
high level, which indicates that the material has a good durability in terms of deacidification.
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In comparison, the 2D-MCH-treated samples showed a mediocre alkaline persistence,
which may be related to the stability of the alkali carbonate. However, the pH of the
commercial MgO-treated samples showed a large change from the first day of accelerated
aging, decreasing from 9.54 to 8.27. After 14 days, the pH of this group of specimens was
the lowest, indicating that it has a quick- rather than slow-release action.
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Figure 5. (a) The pH of HMP paper samples before coating and the dispersion of various materials
(0.100 g material in 9.900 g 75 % ethanol); (b) the pH of coated samples undergoing dry-heat aging.

2.4. Strengthening Performance, Flame-Retardant Property, and Mechanism

Combining the results of safety test and deacidification experiments, it can be seen
that although the alkalinity of 1D-MCH and 2D-MCH is lower than MgQO, their long-term
deacidification effect is better than that of MgO, and both of them are safe choices. The
performance of the material’s deacidification ability should be mainly attributed to its
chemical composition, while the different structures of the two materials are expected to
play a more differentiated role in the physical properties. Therefore, after the deacidification
and anti-aging experiments, the different structural properties of 1D-MCH and 2D-MCH
were further explored in the enhancement of paper mechanical properties.

The results of tearing resistance and folding endurance tests of the paper samples
before and after coating show that both protective materials have an excellent strengthening
effect on paper, especially in the enhancement of tearing resistance (Figure 6), which
increased by ca. 128.4% (1D-MCH) and 64.2% (2D-MCH), respectively, compared with
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uncoated paper. It is obvious that 1D-MCH is better than 2D-MCH in improving the
mechanical properties of paper relics, although the latter one can already achieve good
results. Further, the test results of the ultimate oxygen index show that both types of low-
dimensional materials with different morphologies can have a certain flame retardant effect
on HMP (Figure 6c). The limit oxygen index of 1D-MCH is higher than that of 2D-MCH,
reaching 22.2%, which is higher than the oxygen content in the air (about 21%, marked with
the red dashed line in Figure 6c). This indicates that HMP loaded with 1D-MCH is difficult
to burn stably in air, and the material can achieve good flame retardant protection effect.
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(®

The SEM images and related element analysis results confirm that through the coating
procedure, the protective materials can deposit uniformly in the paper fibers and could
serve to fill the voids between fibers (Figure 7a—d), even when the fibers of HMP were
flattened during its production process. The good coating condition provides the possibility
for low-dimensional materials to play the role of strengthening and flame retardancy.

200 pm

Tearing

( Reaction 1: for 1D-MCH )

5MgCO;2.1H,0 & 5MgO + 5CO,1+ 10.5H,01

( Reaction 2: for 2D-MCH )

4MgCO,-Mg(OH),"4.6H,0 ¢ 5MgO + 4CO, 1+ 5.6H,01

___________________________________________________

Figure 7. (a1,c1) SEM images of paper samples coated by 1D-MCH and 2D-MCH; (az,c2) FESEM
images of 1D-MCH and 2D-MCH; (b,d) SEM images and related Mg, C, and O mapping images of
paper samples coated by 1D-MCH and 2D-MCH; (e-g) schematic diagrams of 1D-MCH and 2D-MCH
deposition in paper fibers and their reinforcement and flame retardant mechanisms.

Further analysis of the protective mechanisms of two different low-dimensional ma-
terials in HMP reveals that the reinforcement effect of materials is not only related to the
filling density but also depends on the mechanical strength of the material itself and the
mode of action between protection materials and paper fibers.

As a kind of single crystal fiber, one-dimensional whisker material is very small in
diameter, so it is difficult to accommodate internal defects in large crystals, and thus, its
strength is close to the theoretical value of complete crystals. As illustrated in Figure 7e, for
1D-coated samples, the deposition of 1D-MCH not only fills the fiber gaps and increases
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their density, but also provides some support when the paper is bent. Thanks to the high
strength of the whiskers, this one-dimensional deposit can counteract part of the impact
of external forces to protect the paper fibers, thus significantly improving their folding
resistance. In addition, when the paper is subjected to tearing tension, the one-dimensional
material can act as a bridge between the paper fibers, enhancing its resistance to tearing.

In contrast, the filling of two-dimensional materials, while also strengthening the
fragile paper, is not as effective as one-dimensional materials. Although theoretically, the
flexibility brought by the nanosheets’ extremely thin size can help the material to fill in the
gaps between the paper fibers, the SEM image and related element analysis results revealed
that 2D-MCH failed to be distributed as layers in the paper. Instead, the nanosheets formed
flower-like aggregates and presented in fibers in a filling or adhesion way, see Figure 7c.

Meanwhile, the flame retardancy of the material is related to its composition and
thermal stability. Both 1D-MCH and 2D-MCH belong to hydrated magnesium carbonate
materials, which can decompose after being heated and release water and carbon dioxide to
delay combustion, as shown in Figure 7g. It can be seen from the TGA results (Figure 2c,d)
that the ratio of water and carbon dioxide released by 1D-MCH after complete decomposi-
tion is higher, and the loss of its bound water begins at 180 °C, while the decomposition
of 2D-MCH begins below 100 °C. The relatively high thermal stability and high levels of
water and carbon dioxide in the composition are both reasons why 1D-MCH is able to
show better flame retardancy.

3. Experimental Section
3.1. Reagents and Materials

Magnesium nitrate hexahydrate (Mg(NO3),-6H,0, analytical reagent (AR), Shanghai
Chemical Co., Shanghai, China) and sodium bicarbonate (NaHCO3, AR, Sinopharm, Beijing,
China) were used to synthesize products with different micro-morphologies. For protective
tests, naturally aged handmade wood-pulp paper from a book published in 1949 (denoted
as HMP) were used as paper samples. Lead chrome yellow (PbCrO4, AR, Shanghai
Chemical Co., Shanghai, China, denoted as LYC) and Prussian blue (Fe4[Fe-(CN)s]3, AR,
Shanghai Chemical Co., Shanghai, China, denoted as PB) were selected to test the safety
of different protective materials. A commercial metallic oxide reagent, magnesium oxide
(MgO, AR, Sinopharm, Beijing, China), was regarded as the reference sample for both
deacidification and anti-discoloration tests. Deionized water and anhydrous ethanol were
used throughout.

3.2. Methods
3.2.1. Preparation of Low-Dimensional Materials

This paper adopts a convenient and energy-efficient supersaturation adjust method to
obtain 1D and 2D materials. What Wei-Hong Lai and co-workers have previously done
is to judiciously tune the reaction system by adjusting the electrolytic dissociation () of
the precursors and the supersaturation (S) of the solution to favor the growth of specific
morphologies, without the need for any additives [23]. Combining the methods reported
in the literature, we used Mg(NO3), as the magnesium ion providing agent, and controlled
the ionization degree of the reactants in the solution by the weak electrolyte NaHCOj3, on
the basis of which the degree of supersaturation of the solution was regulated in order to
obtain the products with different microcosmography.

For the 1D product, 0.065 M Mg(NO3),-6H,O was dissolved in 30 mL deionized water,
heated to 80 °C, and stirred for 30 min at the speed of 300 rpm to obtain an even solution.
Then, 0.198 M NaHCO3; was added into the solution as quickly as possible. The products
of the reaction were collected by centrifugation after 5 min, washed with water three times
and freeze-dried for three days. The supersaturation of the system was adjusted to obtain
the 2D product, in which 0.130 M Mg(NOs),-6H,O and 0.600 M NaHCO3 were used, while
the other steps remained unchanged.
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3.2.2. Coating Procedure

Protective materials were deposited on paper samples through a dip-coating method.
The paper samples were cut into several sizes of specimens (2 x 2 cm? for accelerated-aging,
5.0 X 6.5 cm? for tearing test, 1.5 x 10 cm? for folding endurance test, and 14 x 5.2 cm? for
flame retardancy test). Each paper sheet went through a round of 5 min immerse in 10 mL
preconfigured protective suspension (0.100 g material in 9.900 g 75% ethanol) and 5 min
naturally drying, performed 5 times in total. And then all the coated papers were dried
under a vacuum condition at 25 °C for 24 h for subsequent testing.

3.2.3. Dry-Heat Aging

The aging of paper samples was accelerated through an artificial dry-heat process by
keeping them in a thermostatic chamber at 105 °C with air circulation (ISO 5630-1:1991) [31].
The paper samples were stabilized at 25 °C for at least 24 h before and after aging (ISO 187-
1990) [32].

3.2.4. Safety Test

To evaluate the safety of protection materials, the contact angle and chromaticity
changes in the pattern were tested. Two alkali-sensitive pigments, PB and LCY, were
selected for the safety test. In this experiment, 3 mL pigment dispersion (1 wt%) was mixed
with 7 mL protective suspension. After being shaken for 5 min and heated in an oven at
80 °C for 24 h, the mixture was filtered and dried for the UV-Vis test.

3.2.5. Protection Effect

The protection performance of materials was evaluated via deacidification and the
enhancement of mechanical properties of samples after coating. The pH values of paper
samples coated with different materials were compared to evaluate the deacidification
effect of the materials. Then, on the 1st, 7th, and 14th days of accelerated aging, the paper
samples were extracted for pH testing to judge the anti-aging properties of the protective
agents. In terms of the enhancement effect of mechanical properties, the tearing resistance,
folding endurance, and flame retardancy of the paper samples before and after coating
were compared.

3.3. Characterization

Powder X-ray diffraction (XRD) was tested on a Bruker D2-Advanced diffractometer
(Bruker Corporation, Billerica, MA, USA) from 5 to 80° with a scanning rate of 5° min~ 1.
The related element analysis, morphologies, and structures were investigated by scanning
electron microscopy (SEM, Phenom Prox, PhenomWorld, Eindhoven, The Netherlands),
field emission scanning electron microscopy (FESEM, Nova NanoSEM 450, Thermo Fisher
Scientific, Eugene, OR, USA), transmission electron microscopy (TEM, JEM 2010, JEOL Ltd.,
Tokyo, Japan), and field emission transmission electron microscopy (FETEM, Tecnai G2 F20
S-Twin, Thermo Fisher Scientific, Eugene, OR, USA). A thermogravimetric analysis (TGA)
was performed on a SDT Q600 thermal analysis instrument (TA Instruments, Columbus,
OH, USA) with a heating rate of 10 °C/min under air flow (100 mL/min). The UV-vis
absorption spectra was obtained by a Lambda 650 spectrophotometer (PERKIN ELMER,
Hopkinton, MA, USA). For the properties of the paper samples, the static contact angles
were measured on an OCA15+ contact angle system (Dataphysics, Falkenhagen, Germany)
at ambient temperature using a water drop volume of 5 uL, the pH values of paper samples
were measured using a paper pH meter (HANNA HI 99171, HANNA Instruments, Sliema,
Malta) with a planar electrode, and the chroma changes in the paper samples were analyzed
using an NR10QC colorimeter (Konica Minolta, Tokyo, Japan). In terms of mechanical
properties, the folding endurance was performed by referring to ISO 5626:1993 [33], and
the tearing resistance was conducted according to ISO 1974:1990 [34] with a tension of
1.5 N. The flame retardancy of the sample was tested according to GB/T 2406.2 [35].
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4. Conclusions

In this paper, we report the use of a facile synthesis strategy to obtain well-formed 1D
and 2D MCHs, which were applied in experiments for the protection of paper-based cultural
relics. The safety performance of the two materials was tested according to the special
requirements of cultural relic protection, and the results showed that both materials did not
lead to significant discoloration of paper, nor did they cause significant changes in the color
of alkali-sensitive pigments. The results of the deacidification and aging experiments show
that the deacidification effect of both materials can meet the requirements for the protection
of paper cultural relics, and successfully form a long-term alkaline reserve in the paper
samples, with a certain degree of anti-aging effect. In addition, thanks to its own structural
properties, the 1D-MCH performs well in enhancing the mechanical strength of paper, and
can bring about a flame-retardant effect, realizing the combination of safe deacidification
protection and effective enhancement. In this study, the mild deacidification and anti-aging
protection of paper cultural relics were realized from the synthetic modulation of material
micromorphology, and the strength-enhancing effects of low-dimensional materials with
different micromorphologies and their mechanisms were explored, which provided a new
vision for further research on paper cultural relic protection materials.
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Abstract: Paper relics, as carrieres of historical civilization’s records and inheritance, could be severely
acidic and brittle over time. In this study, the multi-functional dispersion of nanometer magnesium
oxide (MgO) carried by 3-aminopropyl triethoxysilane-modified bacterial cellulose (KH550-BC) was
applied in the impregnation process to repair aged paper, aiming at solving the key problems of
anti-acid and strength recovery in the protection of ancient books. The KH550-BC/MgO treatment
demonstrated enhanced functional efficacy in repairing aged paper, attributed to the homogeneous
and stable distribution of MgO within the nanofibers of BC networks, with minimal impact on the
paper’s wettability and color. Furthermore, the treatment facilitated the formation of adequate alkali
reserves and hydrogen bonding, resulting in superior anti-aging properties in the treated paper
during prolonged preservation. Even after 30 days of hygrothermal aging tests, the paper repaired
by KH550-BC/MgO was still in a gently alkaline environment (pH was about 7.56), alongside a
32.18% elevation compared to the untreated paper regarding the tear index. The results of this work
indicate that KH550-BC/MgO is an effective reinforcement material for improving the long-term
restoration of ancient books.

Keywords: paper relics; conservation; bacterial cellulose; nano-MgO; aging resistance

1. Introduction

Paper literature has an incalculable significance and serves as a vital conduit for histor-
ical civilization in many eras and nations [1]. Affected by the pulp and paper technology
and the harsh storage environment, a large number of documents and books are irreversibly
acidified and aged, seriously affecting the service and storage life [2-5]. In recent years,
countries around the world have begun to pay attention to and explore the research topic
of the protection and restoration of ancient books. The previous repair process typically
involved a series of step-by-step processes, including deacidification, reinforcement, and
antibacterial and mold prevention [6,7]. These processes were complex and inefficient and
could easily cause secondary damage to the paper. Therefore, multi-functional methods for
restoring ancient books have become a key research direction [8-11].

Bacterial cellulose (BC), as a green natural polymer material, has an ultra-fine three-
dimensional porous fiber structure and excellent mechanical properties [12,13], offering
great prospects in the reinforcement and protection of paper documents [14-16]. In our pre-
vious study, BC-repaired paper exhibited a high folding endurance of 28 times, indicating a
promising application of BC as a restoration material [17]. However, the long-term stability
of BC for the preservation of ancient books is limited by its hydrophilicity and the fact that
BC cannot be deacidified [18]. The unique chemical composition of BC, which is rich in
hydroxyl groups, offers a promising avenue for the development of new materials with
more functionalities [19]. For instance, mineralized BC had been successfully employed in
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the deacidification of paper-based materials, while simultaneously imparting paper with
exceptional flame retardant properties [20]. Another reliable approach for the repurposing
of BC is amino silanization [21-23]; the results of our latest research indicated that this pro-
cess improves the interface bonding between BC and aged paper toward higher mechanical
properties of the treated paper [24].

Furthermore, adequate alkali reserves are usually considered as a guarantee of long-
term acid resistance in paper [25]. Recently, alkaline nanoparticles have been the favored
deacidifying materials because of their smaller particle size and better permeability, which
helps to further extend the durability of paper [26,27]. From a more positive perspective,
nano-magnesia is regarded by conservation scientists as a preferred deacidifier among
magnesium derivatives, primarily due to its milder alkalinity compared to magnesium
hydroxide. However, an inherent limitation of nano-MgO is its tendency to settle out
in the solvent because of its poor dispersion stability. Oleic-acid-modified nano-MgO
was used to promote its dispersion stability in a cyclohexane non-polar solvent for paper
deacidification [28]. He et al. [29] also created a stable organic covering that allowed for
the uniform deposition of nano-MgO particles on paper, based on the co-dispersion of
trimethylsilyl cellulose (TMSC) and isopropyl alcohol (IPA). Our theory posits that the
long-chain network structure of KH550-BC could impede the agglomeration of nano-MgO
particles through steric hindrance while enhancing the alkalinity of KH550-BC, which is
beneficial for the long-term stability of KH550-BC /MgO-reinforced paper.

Herein, a nano-composite dispersion of KH550-BC and MgO was prepared and de-
veloped by adhering to the principle of “repairing old as before”. The repair effect and
anti-aging properties of aged paper were improved using KH550-BC/MgO, and the process
was comprehensively investigated. The anti-aging mechanism of KH550-BC/MgO to aged
paper was studied via ATR-Fourier infrared spectroscopy (ATR-FTIR) and X-ray diffraction
spectroscopy (XRD), and the distribution and deposition of KH550-BC/MgO in paper were
analyzed through field-emission scanning electron microscopy (FESEM) as a supplement
for evaluating the long-term stability of KH550-BC/MgO-reinforced aged paper.

2. Results and Discussion
2.1. Effect of Loading Nano-MgO in KH550-BC on Deacidification

In the KH550-BC/MgO system, the addition of nano-MgQO should give the paper enough
alkali storage to extend the service life of the paper, but pH and alkali storage that are too
high would cause the alkaline degradation of the paper fiber and yellowing of the paper after
deacidification [30-32]. To reduce these undesirable changes, we investigated the effect of
nano-MgO at varying concentrations, and the results were compared with KH550-BC.

As shown in Table 1, with an increase in MgO content in the KH550-BC/MgO system,
the pH value of the repaired paper significantly increased, and the alkali reserves, as the
key factor for the anti-acidification of paper, exceeded 0.30 mol/kg. In images of paper
repaired by KH550 loading different contents of MgO, the MgO at 0.1% could distribute on
paper evenly, as shown in Figure 1b. However, at concentrations above 0.1% (as the green
arrows pointed), MgO with a high specific surface energy was prone to agglomeration and
deposition on the paper surface. As a consequence, 0.1% MgO was chosen to be appropriate
for paper restoration in accordance with the lack of interference with paper font ink. At this
point, the grammage of the paper was increased by 3.25 g/m?, and its alkali reserve was
0.36 mol/kg, which was 41.18% higher than that of KH550-BC repair alone (0.26 mol/kg).

Table 1. The influence of MgO contents in the KH550-BC/MgO system on the pH and alkali reserve
of aged paper.

Samples Mass Fraction of MgO/% pH Alkali Reserve/mol kg1
1 0 7.96 0.26
2 0.1 9.42 0.36
3 0.2 9.98 0.53
4 0.3 10.21 0.82
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Figure 1. The influence of MgO contents in the KH550-BC/MgO system on the appearance of the
paper samples, wherein (a) represented the paper repaired by KH550-BC, (b—d) represented the paper
repaired by KH550-BC/MgO, in which the MgO content was (b) 0.1%, (c) 0.2%, or (d) 0.3%.

2.2. Strengthening Effect of KH550-BC/MgO on Aged Paper

While KH550-BC/MgO had the better deacidification effect on aged paper (Table 1),
the strengthening effects of KH550-BC/MgO on aged paper were also maintained at a high
level (Table 2). P2 outperformed the reference sample (UP) in terms of the tear index, tensile
index, and folding endurance, with values of 6.60 mN m2/ g,3544 N m/g, and 19 times,
respectively. In addition, the impregnation treatment with KH550-BC/MgO resulted in
a 13.91% increase in the zero-span tensile strength, while the tensile stress also increased
by 88.60%. It could be indicated that KH550-BC/MgO has significantly improved the
strength of the individual fibers and the tensile performance. All of these phenomena may
be induced by the hydrogen bonds between modified bacterial cellulose being opened,
exposing the free hydroxyl groups on its molecules, which form more hydrogen bonds with
paper fibers, thereby increasing the binding force between fibers of aged paper. Meanwhile,
some BC was adsorbed on the surface of fibers, interweaving and winding to form a
network structure, thereby increasing the strength of each paper fiber [17]. This hypothesis
will be verified by subsequent analysis.

Table 2. Comparison of the aged paper repairing effects of two reinforcement systems.

Sample

pH

Alkali Tensile Folding Zero-Span Tensile
Tear Index .

Reserve (@N-m2/g) Index Endurance Tensile Strength Stress

(mol/kg) & (N-m/g) (Times) (kN/m) (MPa)

ur
P1
The increased
ratio (%)
P2
The Increased
ratio (%)

6.45
7.96

23.41
9.42
46.05

0 3.48 18.70 4.50 68.30 14.27
0.26 6.65 36.15 19.80 78.60 28.02

— 91.09 93.32 340 15.08 96.36
0.36 6.60 35.44 19 77.80 27.29
— 89.66 89.52 322.20 13.91 88.60

2.3. Wettability Analysis of Repaired Paper

Following the repair with KH550-BC/MgO, Figure 2 shows that the contact angle
between the paper and water was 118°, which was nearly identical to that of the base
paper UP (119°). The hydrophobicity of UP was correlated with the chemical agent used in
the papermaking process. In order to prevent the paper from being damaged by wetting,
sizing agents were added to enhance the paper’s resistance to liquid penetration and
diffusion ability [33-35]. However, as shown in Figure 2b, the addition of BC, which
contained a large number of hydrophilic hydroxyl groups, rendered the paper susceptible
to deterioration when exposed to humid conditions over an extended duration following

145



Molecules 2024, 29, 3959

the repair process, due to the intrinsic hygroscopic nature of BC [36]. This weakness was
improved by modifying BC with the inclusion of nano-MgO [13]. Specifically, the surface
effect of nano-MgO counterbalanced the hydrophilic effect of BC, resulting in a rougher
surface and decreased porosity of the paper. As a result, the repaired paper was able to
retain its hydrophobicity, ensuring its preservation in various environments for extended
periods of time.

- _B zu i

Figure 2. The water contact angles of (a) the untreated paper and (b—d) the paper repaired by BC,
KH550-BC, and KH550-BC/MgO.

Furthermore, as illustrated in Figure 3, the SEM images of the paper prior to and
following the KH550-BC/MgO repair process confirmed that KH550-BC /MgO effectively
covered the fiber surface and bridged between the fiber, resulting in a notable enhancement
of the paper’s mechanical properties and a reduction in its porosity (Figure 3a,b). At 5000 x
magnification, the stable dispersion and uniform adsorption of nano-sized MgO in the
three-dimensional fiber network of BC were clearly observed in Figure 3c, demonstrating
the stable deacidification of KH550-BC/MgO and its potential for durability.

Figure 3. FESEM images of (a) the untreated paper and (b,c) the paper repaired by KH550-BC/MgO,
which were magnified by (b) 500 and (c) 5000 x.

2.4. Aging Resistance and Stability Studies of Repaired Paper

To further confirm the fact that KH550-BC/MgO improves the anti-aging properties
of paper, artificial aging tests were carried out on aged paper before and after repair. The
changes in the physical strength, acid-base property, and color appearance of all of the
repaired paper samples during artificial aging were meticulously analyzed.
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2.4.1. Mechanical Properties Change in Repaired Paper during Aging

A thorough investigation was conducted into the variations in the strength of the
paper reinforced with KH550-BC and KH550-BC/MgO as they aged for different days. The
results are presented in Figure 4. Given that the untreated paper had an acceptable initial
strength (tear index of 3.48 mN-m? /g, tensile index of 18.70 N-m/g, folding endurance of
4.5 times), there was no discernible decrease in the strength of any of the repaired paper
samples after 3 days of artificial aging.
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Figure 4. The change rate of the paper samples strength properties with aging time, in which (a) rep-
resented the tear index, (b) represented the tensile index, and (c) represented the folding endurance.

As illustrated in Figure 4a, during the aging period from 3 d to 15 d, the tear index
of the untreated paper (UP) dropped sharply by 25.00%. This decline was attributed to
the accumulation of acid rather than its consumption over time, leading to the constant
acid degradation of cellulose in UP. Relevant research has also demonstrated a positive
correlation between the concentration of H* and the rate of cellulose hydrolysis [37,38]. In
comparison to the initial tear index of UP, the tear index of P1 and P2 after 15 days of aging
was 66.38% and 62.64% higher, respectively. The enhancement effect of KH550-BC/MgO
was not only reflected in the significant improvement of the interfacial adhesion between
the BC and the aged paper, but more importantly, it provided enough of an alkali reserve for
the repaired paper to continue to consume acidic substances produced in high-temperature
and high-humidity environments. Therefore even after 30 d of aging, the tear index of P2
(4.60 mN-m?/ g) was higher than that of P1(4.22 mN-m?/ g), and it was still 32.18% higher
than that of UP. The MgO present in KH550-BC acts as a strengthening agent, significantly
enhancing the paper’s anti-aging ability and prolonging its conservation duration.

The tensile index changes in all paper samples are shown in Figure 4b. On the 15th day
of aging, the tensile index of UP decreased by 19.84%. Simultaneously, the paper enhanced
by KH550-BC and KH550-BC/MgO dispersion showed a slight decrease, yet still retained
a higher tensile index than UP, at 66.42% and 65.24%, respectively. The tensile index of P2
progressively surpassed that of P1 during the aging process of 15-20 days, and its reduction
was the least during the whole aging period, which also indicates that the paper samples
treated with KH550-BC/MgO had a good aging resistance stability [30].

Nonetheless, the changes in folding endurance in the aging experiment were note-
worthy (Figure 4c). After 15 days of aging, the folding endurance of UP decreased by
77.78%, from 4.5 times to 1 time, while P1 demonstrated a 49.49% decrease, and P2 exhib-
ited a 42.11% reduction. Compared to the tear index and the tensile index, the folding
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endurance images of KH550-BC- and KH550-BC/MgO-treated paper intersected between
10 and 15 days, which meant that the folding endurance of the paper was more susceptible
to environmental pH and alkali storage [39]. All the above results underscored that the
anti-aging property of paper can be effectively enhanced by KH550-BC/MgO.

2.4.2. Resistance to Acidification of Repaired Paper

The pH value and alkali reserve were the important indicators for evaluating the
deacidification effect of aged paper samples repaired by KH550-BC and KH550-BC/MgO.
The environment of high temperature and humidity accelerated the degradation of the
primary components of the paper, resulting in the accumulation of acidic substances [40—42].
This was the main factor contributing to the observed decline in the pH value across all
paper samples (Figure 5). In the 30-day artificial aging process, the pH of P1 was gradually
changed from 7.96 to 6.65, confirming that the amino groups of KH550-BC exerted a buffer
effect on the degradation of paper fibers. However, P2 remained weakly alkaline after
30 days of aging, with a pH value of 7.56 and an alkali reserve of 0.25 mol/kg. This further
indicated that the fiber network structure of BC stabilized the nano-MgO and played
a positive role in covering [43], thus allowing for a gradual and continuous process of
resisting acidification compared to KH550-BC.
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Figure 5. The change curves of (a) the pH and (b) the alkali reserves of paper samples with aging time.

2.4.3. Whiteness and Chromatic Aberration Change during Aging

Consistent with the above changes in mechanical properties and pH properties, aging
for 3 days had a negligible impact on the whiteness and color difference of all paper
samples (Figure 6). More chromophoric groups were formed during the accelerated lignin
degradation in the acidifying UP throughout the hygrothermal aging process which was
the cause of the significant yellowing observed in UP [37]. The whiteness decreased from
the initial 49.59% to only 34.49%, along with the color difference increased to 8.20 after
30 days of aging. In contrast, the whiteness of P2 treated with KH550-BC/MgO exhibited
the slowest decrease, as evidenced by a postponed aging process and a decreased yellowing
rate due to the presence of nano-MgO [44]. Aged for 30 days, the values of whiteness
and color difference were 41.09% and 4.16, respectively (Figure 6). What is more, the
macroscopic scanning images of all of the paper samples (Figure 7) during the aging process
corresponded to the change trends of whiteness and chromatic aberration as mentioned
earlier, also illustrating that KH550-BC/MgO dispersion was the optimal repair system.
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Figure 7. The scanning images of the paper samples with aging time, wherein (a,d,g) represented UP,
(b,e,h) represented P1, and (c,£,i) represented P2.

2.5. Anti-Aging Mechanism Analysis

ATR-FTIR spectra were performed on each of the three paper samples to analyze the
changes in the functional groups during the aging process [45]. As shown in Figure 8a—c,
after repair by KH550-BC and KH550-BC/MgO, the C=0 stretching vibration peak of
UP at 1650 cm ! was transferred to 1641 cm ™! and 1644 cm ™1, thereby confirming the
existence of hydrogen bonding between the reinforcing agent and the aging paper fiber [46].
New peaks emerged at 1550 cm ! and 1450 cm ™!, which were primarily attributed to the
bending vibration of NH, and the stretching vibration of C-N in KH550-BC. This indicated
that the modified BC was successfully combined with the paper fibers [24]. Furthermore, in
Figure 8c, peaks corresponding to Mg-O stretching vibration and bending vibration were
evident at 670 cm ! and 470 cm !, respectively. The strength of the characteristic peak of
MgO decreased throughout the aging process, suggesting that MgO continued to exert an
anti-acidifying effect during this period.
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Figure 8. FTIR-transform infrared spectra (a—c) and X-ray diffraction patterns (d—f) of the paper
samples, wherein (a,d) represented UP, (b,e) represented P1, and (c,f) represented P2.

The degree of aging of the different papers can be compard by exploring the crys-
tallinity index of the cellulose in Figure 8d—f [47—49]. Following the application of the
two repair systems, the Crl of P2 (76.21%) was marginally higher than that of UP (74.33%)
comparable to that of P1 (76.25%). These findings were consistent with the results of the
mechanical property analysis (Table 2). With the gradual aging of the paper, the decrease
rate of the crystallinity of P1 was lower than that of UP (Figure 8d,e), suggesting that P1 had
a certain aging resistance provided by the high strength and favorable interface bonding of
KH550-BC. Based on these observations, Figure 8f illustrated that the CrI of P2 exhibited a
minimal variation; after aging for 30 d, the CrlI was 73.12%, with a reduction of 3.09%. The
slowest rate of reduction in the cellulose crystallization index demonstrated the inhibition
of P2 aging and the durability of KH550-BC/MgO’s protective action [50,51].

SEM analysis was employed to assess the distribution of the active ingredients of the
repaired dispersion on paper. After aging for 3 d, the fillers on the surface of UP were
observed to have diminished in quantity. However, there were no discernible alterations in
the morphology of P1 and P2. The smooth KH550-BC and the rough KH550-BC/MgO were
observed to lie on the surface, with the fiber structure remaining apparent (Figure 9a—c).
With the extension of aging time (Figure 9d-i), the interfiber fillers of UP decreased no-
ticeably. P1 also showed a reduction in the content of KH550-BC and an increase in the
number of pores. However, the fiber morphology of the P2 had the smallest change, the
aggregated structures of KH550-BC/MgO could always be recognized to be coated on the
fiber surface and bridge between the fibers, and the pore changes were not obvious. It
was further noted from Figure 9j,k that the MgO content gradually decreased as it played
a role in acid resistance, which was in line with the weakening of its characteristic peak
intensity (Figure 8c). The preceding analyses led to the reasonable conclusion that the
KH550-BC/MgO is interwoven with the aging paper fiber, forming hydrogen bonds that
cooperate with the anti-acidifying effect of MgO to jointly ensure the long-term stable
preservation of the repaired paper.
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Figure 9. FESEM images of the paper samples during the aging process, wherein (a—i) represented
500x magnification and (j-1) represented 2000 x magnification.

3. Material and Methods
3.1. Material

Bacterial cellulose was supplied by Hainan Guangyu Biotechnology Co., Ltd. (Haikou,
China). 3-aminopropyl triethoxysilane (KH550) and nano-MgO were both analytical grade
and provided by Shanghai McLean Biochemical Technology Co., Ltd. (Shanghai, China).
The paper samples were selected from an old book made of bleached hardwood pulp and
published in 1972. After the natural aging process, the pH was found to be 6.45 + 0.08,
with a gram weight of 56.15 g/m?.

3.2. Preparation of KH550-BC/MgO Dispersion

In total, 1 g dry BC and 5% KH550 solution (pre-hydrolyzed in 160 mL 80% ethanol
solution for 30 min) were added to a 500 mL three-mouth flask, reacted at 80 °C and
350 rpm for 4 h. Afterwards, a dispersion of KH550-BC was prepared at 40,000 rpm using a
standard disperser (SKG 1246, SKG, Guangzhou, China) and then homogenized at 45 bar
5 times by a high-pressure nanohomogenizer (NanoGenizer, Genizer, Irvine, CA, USA).

A specific mass of nano-MgO was added into a 0.4% concentration of KH550-BC, and
the mixture was dispersed uniformly by ultrasonic dispersion (JY 99-IIDN, Scientz, Ningbo,
China) for 30 min to obtain a KH550-BC/MgO dispersion. During this experiment, the mass
fraction of MgO in the KH550-BC/MgO system was 0.1%, 0.2%, and 0.3%, respectively.
The preparation diagram of KH550-BC/MgO is illustrated in Figure 10.
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Figure 10. Diagram of the KH550-BC/MgO system preparation.

3.3. Artificial Accelerated Aging of Paper Samples

Aged paper that had no fractures or stains on the surface was selected for this study.
Based on our previous reinforcement process [24], the paper samples were individually
impregnated for 5 min in KH550-BC and KH550-BC/MgO dispersion at the same concen-
tration (0.4%). Following impregnation, the paper samples were suspended vertically in a
vacuum drying oven (BGZ-6050, Shanghai Yiheng Technology Co., Ltd., Shanghai, China)
and subjected to a drying process at 50 °C for 0.5 h. They were then equilibrated with water
for 24 h, according to ISO 187:1990 [52].

In accordance with ISO 5630-3:1996 [53], the untreated paper (UP), the paper treated
with the KH550-BC dispersion (P1), and the paper treated with the KH550-BC/MgO
dispersion (P2) were subjected to an artificial hydrothermal ageing test for specific days
(3d,7d,10d,15d,20d,25d, and 30 d) at 80 °C and 65% relative humidity in a constant
temperature and humidity chamber (LHS-100CL, Shanghai Yiheng Technology Co., Ltd.,
Shanghai, China). Prior to characterization, all paper samples were suspended for 24 h at
23 °C and 50% relative humidity according to ISO 187:1990 [52]. The repair process and
aging conditions of the aged paper samples are shown in Figure 11.

hydrothermal aging
untreated paper  EEEEEE————— ) 508 untreated
paper
U [UP] AX
KHsso.BC || KH550.BC  at 80 °C and 65 % RH for
/MgO  3d. 7d. 10d, 15d, 20d, 25d, 30d
hydrothermal agi . '
) RIS aging repaired
repaired paper paper
P1 P2 [P1] AX [P2] AX

Figure 11. Scheme of the paper samples used and the treatments applied. X is the number of days of
the hydrothermal aging test.
3.4. Characterization of Paper Samples

The pH value of the paper samples was determined by cold extraction according to
ISO 6588-1:2021 [54]. The alkali reserve of the paper samples was determined by titration
according to ISO 10716-1994 [55], and the calculation formula was as follows in Equation (1).
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X = 1)
where X is the alkali reserve of the paper samples, V1 and V; represent the volume of NaOH
consumed by the paper sample solution and blank reagent, respectively, m is the absolute
dry mass of the paper samples, and c is the concentration of the NaOH standard solution.

The mechanical properties (tear index, tensile index, folding endurance, and zero-span
tensile strength) testing methods had been reported in detail [17]. The tensile stress of the
paper samples (4 cm X 8 mm) was determined by a material testing machine (INSTRON
3300, INSTRON, Shanghai, China) at 10 mm/min. In addition, the paper samples were
placed on the Surface WCA Tester (OCA40 Micro, Dataphysics, Filderstadt, Germany) to
test the surface wettability, and the drip flow of deionized water was controlled to be 8 pL.

The surface morphology of paper samples was obtained by a scanner (Epson Perfection
V330, Epson, Beijing, China). In accordance with ISO 11476:2010 [56], a whiteness tester
(WSB-2, Xinrui, Shanghai, China) was employed to assess the whiteness, L*, a*, and b*
values of the paper samples. The chromatic aberration (AE*) was calculated using the
following formula:

AE* = /(ALY + (Aa*)? + (A7) @

where AL* is the difference in lightness and darkness, Aa* represents the difference in red
and green, and Ab* represents the difference in yellow and blue.

A field emission scanning electron microscope (FESEM; LEO1530VP, Zeiss, Jena, Ger-
many) was used to assess the microscopic morphology of the paper samples. The chemical
structure of the paper samples with varying degrees of aging was determined by attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR; TENSOR27, Bruker,
Ettlingen, Germany). The ATR-FTIR spectrum was captured in absorption mode with a
resolution of 4 cm~1, a range of 4000-500 em~1, and 32 scans. The crystallinity spectrum of
the paper samples was obtained by a Bruker X-ray polycrystalline diffractometer (XRD,
D8 ADVANCE, Bruker, Ettlingen, Germany) using a conventional BB focusing light path
with a 20 range of 5°~60°, and the crystallinity index was calculated by the Segal formula.

4. Conclusions

This study examined the application of BC-based composites as paper relics reinforc-
ing agents and their potential mechanism of anti-aging. The incorporation of nano-MgO
into KH550-BC, which plays an integrated role in deacidification and reinforcement, was
found to be an effective method to significantly improve the durability of the paper. The
experimental results demonstrate that the paper repaired by KH550-BC/MgO aged for
30 days still exhibits an adequate strength and acid-resistance ability, with approximately
30% higher mechanical properties than untreated paper and an alkali reserve of 0.25 mol/kg.
ATR-FTIR and SEM analyses demonstrated that a strong interfacial binding force in co-
ordination with sufficient alkali reserves contributed to these observed properties. These
findings offer valuable insights for the long-term stable conservation of ancient books using
BC, and the potential antibacterial property of repaired paper given by KH550-BC/MgO
should be considered in future studies for the optimal conservation of paper relics.
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