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Abstract: Cultural heritage objects are precious witnesses of the past, so our mission is not only to
preserve them for future generations, but also make them available or open to the public. Among most
fragile historic materials are paper-based materials. They are susceptible to various forms of damage and
deterioration, and their preservation presents a challenging task for conservators. In recent years, the use
of advanced materials with unique properties has been growing at an increasing rate, even in the
traditionally slow-changing cultural heritage sector.

This study models how historic paper would be affected by application of multiple coating layers
containing different quantities of cellulose nanocrystals (CNCs). In our study, a 4 % CNCs aqueous
suspension was used to treat the samples. In order to form a uniform layer, bar-coating method was used,
and in addition, a specific layer thickness was formed in both single and multiple passes. The prepared
samples were analysed for their optical properties (colour coordinates, yellowness, opacity, gloss), physical
properties (Taber stiffness, weight, thickness) and surface properties (roughness). An increase of wet film
deposit thickness (single layer applications) resulted in an increase of paper thickness, grammage, gloss,
opacity, yellowness, the AE value and Taber stiffness, while its average surface roughness decreased.
Multi-layer — applications have gradually decreased paper thickness, while Taber stiffness
remained unchanged.
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1. INTRODUCTION

Cultural heritage objects are precious witnesses of the past, so our mission is not only to preserve them
for future generations, but also make them available or open to the public. Among most fragile historic
materials are paper-based materials. They are susceptible to various forms of damage and deterioration
(Aleksi¢, Cigula & Pasanec Preproti¢, 2022), and their preservation presents a challenging task for
conservators. In recent years, the use of advanced materials with unique properties, such as
nanocellulose, has been growing at an increasing rate, even in the traditionally slow-changing cultural
heritage sector.

The term nanocellulose (NC) refers to nanoscale biomaterials derived from cellulose — an abundant,
renewable, biodegradable and sustainable material. Apart from physical and chemical properties
inherited from cellulose, nanocellulose possesses other unique properties, interesting to various research
fields and industries. In order to achieve its optimal performance in a specific application, nanocellulose is
usually modified.

Of the three main types of nanocellulose materials (cellulose nanofibers, cellulose nanocrystals and
bacterial nanocellulose), cellulose nanocrystals (CNCs) are most commonly used (Huang, Xiaozhou &
Dufresne, 2019). CNCs are rod-like nanoparticles with an average length of 100 to 200 nm and a diameter
ranging from 5 to 20 nm (Ngo, Danumah & Ahvazi, 2018). They are traditionally prepared by acid
hydrolysis of cellulose fibres with a strong acid (Mautner et al., 2018), although alternative methods are
actively being developed in recent years. As properties of nanocellulose are affected by both the cellulose
source and treatment conditions (Santmarti & Lee, 2018), method development for the preparation of
crystals has become an intense research topic (Kontturi, 2018).

CNCs are known for their large specific surface area, thermal stability, low density, high crystallinity, great
elastic modulus (Huang, Xiaozhou & Dufresne, 2019; do Nascimento et al., 2021), excellent tensile
strength (Grishkewich et al., 2017), as well as optical transparency (Huang, Xiaozhou & Dufresne, 2019).
These properties make CNCs a potentially desirable material for a wide range of applications — among
which is conservation of cultural heritage materials. However, successful introduction of new materials to
the heritage field requires thorough analysis and validation of both short- and long-term consequences of
such application, as some of the materials can damage the historic object or change its appearance.
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In recent years, all three types of nanocellulose have been evaluated for several treatments in
conservation of wood (Walsh et al., 2017; Hamed & Hassan, 2019; Walsh-Korb & Avérous, 2019), painting
canvas (Kolman et al., 2018; Nechyporchuk et al., 2018), silk (Wu et al., 2012) and notably — paper
(Dreyfuss-Deseigne, 2017; Dreyfuss-Deseigne, 2017a; Volkel et al., 2017; Ghorbani, Samanian &
Afsharpour, 2018; Operamolla et al., 2021). Previous studies have shown that CNCs are a promising
material for consolidation of historic paper (Operamolla et al., 2021), and a natural polymer enhancer (Li
et al.,, 2021), also omnipresent in coatings, adhesives, and within paper and pulp industry. Although
nanocellulose as a coating agent is still being widely researched, it is well known that both thickness and
formula play a crucial role in its performance (Li et al., 2021). However, studies in paper conservation
have been dealing more with issues such as surface functionalization and removal of CNCs (Operamolla et
al.,, 2021) and haven't considered in detail how paper properties are affected by different amounts of
CNCs present. For these reasons, we aimed to investigate how different CNC quantities and layering
affect optical, physical and surface properties of paper. It is expected that different quantities of CNCs
and order of application of the layers will affect properties of paper and highlight benefits and drawbacks
of both single- and multi-layer application solutions.

2. MATERIALS AND METHODS

All measurements were undertaken at 25 °C and 50 % RH.

Japanese handmade paper Takogami B (43 gm?2, 70 % Kozu + 30 % Pulp, felt side (Japico-Feinpapier-
VetriebsgmbH)) was used as the model paper.

The NC from this study originated from tree cellulose and was supplied by Nanocrystacell as a ready-
made 4 % CNC aqueous suspension (hydrophilic, 90.3 % crystallinity, 1.04 g/cm? density, 10 — 15 mm
wide and 150 — 300 long).

pH value is a crucial parameter for successful application of new materials and its compatibility with the
original materials is of utmost importance. Another parameter that requires compatibility between the
materials is viscosity, which is described as the measure of a liquid's resistance to flow. Low viscosity is a
desirable property of coating materials, as it enables better flow into the pores of the substrate (Horie,
1987; Conservation Unit of the Museums and Galleries Commission, 1992). However, aqueous
dispersions of CNCs are known to form gels even at lower concentrations (Ngo, Danumah & Ahvazi,
2018). To characterize suspension properties, we performed pH measurements and dynamic viscosity
measurements using a WTW 340 pH meter and a RheolabQC rotational rheometer (Anton Paar GmbH).
The viscosity was determined in a constant shear rate mode with the value of 0.02 s

CNC suspension was first redispersed with a magnetic stirrer set to 1000 rpm for 5 minutes, before
ultrasonication with a Hielscher UP100H homogenizer. Ultrasonic time was divided into two 5-minute
cycles, with amplitude control adjusted to 100%. Although commonly utilized application methods in
paper conservation include a brush, a spray or a syringe, we utilized a non-conventional coating method
with controlled speed and pressure to achieve a repeatable wet film deposit (RK Print Coat Instruments,
2022). The suspension was applied onto the paper substrate with a pipette. The K Control Coater, model
202 (RK PrintCoat Instruments Ltd) was used to spread the suspension at the speed of 4 m/min. In order
to obtain different wet film deposits, we used coating bars #2 (12 um), #3 (24 um), #5 (50 um) and #8
(100 pm). Some samples were coated in a single pass (single layer - SL) and others by gradually applying
coating layers (multi-layer - ML), as recommended (Baglioni, Chelazzi & Giorgi, 2015). After applying each
layer, samples were left to air dry. The wet film deposit thicknesses and coating bars used are shown in
Table 1. Weight and thickness of the dry samples were measured with a digital analytical electronic
balance (Mettler Toledo XS205, sample size 38x80 mm) and an EnricoToniolo DGTBO1 digital micrometer
with the weight pressure of 49.03 kPa.

Table 1: Wet film deposits

Wet film deposit (um) / coating bar (No.)

Single layer (SL) 12/2 24/3 50/5 100/8

Multi-layer (ML) 12/2 24/2+2 48/2+2+3 96/2+2+3+3+3
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2.1 Optical properties

To determine if any of the visually undesirable effects had occurred due to the application of CNCs, we
investigated the associated parameters (CIE LAB coordinates, opacity, yellowness and gloss). Yellowness is
commonly mentioned in relation to paper or pulp in need of a bleaching treatment, discoloration of aging
paper (Feller, 1987) and paper exposed to different conditions (Johnston-Feller, 2001), but should also be
considered when applying new materials. Since Japanese paper is of natural colour (slightly yellow), we
measured both yellowness (according to ASTM E313) and opacity, using a Techkon SpectroDens device
with measuring geometry of 0°:45° (Techkon, 2021). The measurement settings included the following:
standard illuminant D65, a standard observer angle of 10 degrees and M1 measuring conditions. The unit
was calibrated to absolute white. To measure opacity, we used a standardized ChromaChecker B&W
Backer, in compliance with ISO 5-4 and ISO 13655.

CIE LAB coordinates (L* a* b*) were also measured with a Techkon SpectroDens device using the
following settings: illuminant D50, a standard observer angle of 2 degrees, M1 measuring conditions and
the sample on a white backing. The coordinates were used to calculate the colour difference (AE.p)
(Mokrzycki & Tatol, 2011).

As excessive shine can change the overall appearance of the paper surface, it is necessary to maintain
acceptable levels of gloss during the conservation treatment. We investigated gloss levels using an
Elcometer 407 Statistical Glossmeter with the standard measurement angle of 60°.

2.2 Surface roughness

Gloss, among other factors, depends on surface roughness (Wang et al., 2009). Surface roughness is an
important parameter in determining the amount of coating applied (Pino, Pladellorens & Colom, 2010;
Alam et al., 2012), as well as the method of application (Pino, Pladellorens & Colom, 2010). As applying
coating layers also changes surface properties of paper, we measured average roughness (R,) of the
samples using a MarSurf PS 10 device (Mahr Federal Inc.).

2.3 Mechanical performance

A coating layer is intended to provide a certain mechanical reinforcement of the weakened paper,
although enhanced structural strength is not always the primary goal of conservation treatments. Either
way, the treated paper should retain some elasticity to avoid breakage. However, stiffness of the
material, also known as an elastic modulus, is described as the resistance to being deformed elastically
(Conservation Unit of the Museums and Galleries Commission, 1992). To measure the stiffness of paper
according to the TAPPI T 566 method, we utilized a Lorentzen and Wettre bending tester (code 160). The
instrument settings included the following: touch speed of 5°/s, touch force of 2 mN and bending length
of 25 mm.

As reversibility of the treatment with CNCs has been established by previous studies (Operamolla et al.,
2021), we didn’t include it in our research. It should also be noted that actual treatment of historic paper
would require an analysis of both composition and degradation status prior to the application (Baglioni,
Chelazzi & Giorgi, 2015).

3. RESULTS AND DISCUSSION

All measurements were repeated for at least 6 times, and tables and figures in this section report average
values and standard deviations.

The pH measurement of the suspension resulted in a neutral value (pH value = 7.32), which is recognized
as safe for use in paper conservation (Henry et al., 1989). The viscosity of the 4% aqueous suspension
following the ultrasonication resulted in 890.4 + 8.1 mPa:-s, which is labelled as low viscosity (Horie,
1987). To achieve good penetration into the substrate, the suspension is expected to have low viscosity,
as well as high surface tension (Conservation Unit of the Museums and Galleries Commission, 1992).

As shown in Figure 1, weight and thickness of the Japanese paper used in this research varied. The initial
grammage was calculated higher than specified, measuring 46.83 gm™ for paper coated by SLs and 49.30
gm™ for paper coated by MLs. Application of the coatings had also increased the grammage. However, an
increase of grammage proved to be more dramatic in the paper containing SLs (up to 5 gm™)

Although the grammage of nearly all the samples increased with layer thickness, it seems that thickness
itself decreases with addition of layers (ML).
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Figure 1: Changes in thickness (left) and grammage (right) of the samples in relation to wet film deposit thickness

Figure 2 shows changes in average roughness (R.) due to the addition of coating layers containing CNCs. It
seems that both SL and ML applications result in a decrease of roughness of the Japanese paper.
However, when compared to the SL applications, the ML applications had decreased paper roughness
more dramatically. These findings are consistent with previous results, in which ML applications had also
resulted in a decrease of paper thickness.

The decrease in both thickness and average roughness of paper could be a result of the coating’s
penetration into the pores and crevices of the paper. In ML applications, this effect is even more
dramatic, as each layer dries and forms a new surface to which the next layer is deposited.
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Figure 2: Average roughness R, (left) and paper gloss (right) in relation to wet film deposit thickness

The data shown in Figure 2 indicates that both SL and ML applications have little effect on the gloss of
Japanese paper. As expected, larger amounts of the CNCs will slightly increase gloss (up to 2 GUs).

Figure 3 shows that larger amounts of CNCs also result in colour changes. These changes manifest
themselves in the form of darkening of the samples, causing the decrease of the CIE L* coordinate by 2
units (from 89.28 to 87.33 on paper gradually coated up to 5 times). Additionally, the colour of the
samples shifted to even more yellow, causing an increase of the CIE b* coordinate by nearly 2 units (from
13.70 to 15.58 on the sample with wet film deposit of 96 um).

Increased yellowness and darkening of the material have also been observed in other polymers used as
consolidation agents of wood (Horie, 1987).
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Figure 3: Color changes in relation to wet film deposit thickness
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Figure 4: Opacity (left) and yellowness index (right) of the samples in relation to wet film deposit thickness

The data show that the opacity of the paper samples coated by a single layer of CNCs has increased with
wet film deposit thickness but does not change for samples coated in MLs (Figure 4, left). This occurrence
could be a result of better incorporation of CNCs into the paper structure, as seen in the aforementioned
results for thickness and surface roughness (Figure 1, Figure 2). It should also be noted that standard
deviation of the opacity measurements is larger than that of other measurements, which can be
attributed to the non-uniform structure of the handmade paper.

We also observed that the yellowness index (Y1) increases with the increase of wet film deposit thickness
in both the SL and the ML coatings (Figure 4, right), which is consistent with colorimetric change AE,p
(Figure 3).
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Figure 5: Taber stiffness of samples in relation to wet film deposit thickness

The results of Taber stiffness measurements shown in Figure 5 indicate that the stiffness of the samples
coated by a single layer of CNCs increases up to a certain amount of the crystals added (wet film deposit
of 24 um), beyond which it remains constant. However, the stiffness of the samples decreased after the
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same amount (wet film deposit of 24 um) was gradually added (MLs). It should also be noted that
changes in the stiffness values of the samples vary from 0.1 St (ML coatings) to 0.2 St (SL coatings).

4. CONCLUSIONS

We conducted this research to determine the influence of different quantities of CNCs on the properties
of Japanese paper, as well as benefits and drawbacks of both single- and multi-layer applications.
The results of the research showed that:

- An increase of wet film deposit thickness (SL applications) resulted in an increase of paper
thickness, grammage, gloss, opacity, yellowness, the AE value and Taber stiffness, while its
average surface roughness decreased.

- ML applications have gradually decreased paper thickness, while Taber stiffness remained
unchanged. The decrease in paper thickness could be explained by penetration of the coatings
into the pores and crevices of the paper. However, further research of the wetting properties
and surface tension of the suspension needs to be conducted.

- The AE values for all coated samples did not exceed 3, which is considered the limit beyond
which the human eye notices the difference. However, the AE values of the samples coated by a
single layer of CNCs were lower compared to the ones coated by MLs.

Based on the results, it could be concluded that, although single- and multi-layer applications have
affected paper properties differently in the short term, their long-term influence on paper is yet to be
evaluated after performing accelerated aging tests.
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