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Abstract: The mechanical properties for paper sheets composited with glucose (Glc), methyl cellulose
(MC), and carboxymethyl cellulose (CMC) were investigated. The paper composites were prepared
by immersing paper sheets in aqueous solutions of these materials and drying at 100 °C for 30 min.
The stress—strain curves for these paper composites were measured by a uniaxial tensile apparatus
with a stretching speed of 2 mm/min. The breaking stress and strain for untreated paper were
24 MPa and 0.016, respectively. The paper composites demonstrated stress—strain curves similar to
the untreated paper; however, the breaking point largely differed for these composites. The breaking
strain and breaking stress for the Glc composite slightly decreased and those for the MC composite
gradually increased with the concentration of materials composited. Significant increases in the
mechanical properties were observed for the CMC composite. The breaking stress, breaking strain,
and breaking energy for the 3 wt.% CMC composite were 2.0-, 3.9-, and 8.0-fold higher than those
for untreated paper, respectively. SEM photographs indicated that the CMC penetrated into the
inner part of the paper. These results strongly suggest that the mechanical improvement for CMC
composites can be understood as an enhancement of the bond strength between the paper fibrils by
CMC, which acts as a bonding agent. It was also revealed that the breaking strain, breaking stress,
and breaking energy for the CMC composites were at maximum at the first cycle and decreased
gradually as the immersion cycles increased.

Keywords: paper sheet; cellulose; mechanical properties

1. Introduction

Paper sheets are obtained by casting plant fibers dispersed in water and have been
widely used in our daily lives since BC. Objects for writing and drawing, clothing, and
uses for wiping off dirt are typical examples. In all of these examples, the advantages of
paper, being lightweight and soft, are utilized. Recently, industrial applications of paper to
heavy objects have been developing rapidly. Examples include house walls, lightweight
and easily buildable disaster shelters, and car bodies. At the same time, academic research
is also active to improve the mechanical strength of paper so that it can be applied to much
heavier objects. Actually, it has been reported that the mechanical strength of single wood
pulp fibers is 90 GPa [1], and the crystal modulus distributes in a range of 138 GPa [2],
surpassing those of glass fibers or aluminum.

In this paper, we focus on the mechanical property of a paper sheet and explore a
facile method to improve the mechanical property, especially the break point, of a paper
sheet. This is because a paper sheet often tears when an adhesive object is pealed from the
paper sheet. We have studied, so far, the adhesion property between a celluloid picture
and a paper sheet for the preservation of animated films [3,4]. Celluloid pictures are sheets
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of cellulose acetate on which manga are painted with acrylic paints, and the preservation
paper is the same as general copy paper. Many of the animations were produced in the era
of 1950 to 2000, and these celluloid pictures have been stored for many years until now [5-9].
During this storage process, the acrylic paint on the celluloid painting and the paper sheet
adhered to each other. Because of the high artistic value of manga, it is very meaningful
to remove the paper sheets cleanly from the manga. In our previous studies, we found
that most of the preservation paper can be removed from manga when the preservation
paper is wet. However, the mechanical strength of the paper also decreases, resulting in
the paper remaining on the manga. To solve this problem, it is necessary to improve the
mechanical strength of the paper, especially its breaking characteristics. As a first step, this
study will find a simple way to improve the mechanical strength of paper in the dry state
and determine the extent of the improvement.

So far, a variety of scientific studies have been conducted to improve the mechanical
strength of paper sheets [10-22]. For example, a composite of paper and regenerated cellu-
lose using ionic liquid has a breaking strength of approx. 100 MPa, which is approximately
1.6-fold higher than that of untreated paper [23]. It was also illustrated that a little sheet
of the composite paper can lift up a heavy steel block. The composite of paper sheet and
cellulose nanocrystals has a breaking strength of approx. 3.6 MPa, which is approx. 1.2-fold
higher than that of untreated paper [24]. The breaking strength is not improved extensively
by hybridizing cellulose nanofiber (CNFs) or nanocrystal; however, the breaking strain is
greatly improved. Furthermore, the composite of paper sheets and Mxene with a breaking
strength of 25.7 MPa, which is ~1.6-fold higher than that of untreated paper (16.2 MPa),
has been developed for electromagnetic interference (EMI) shielding applications [25]. The
enhanced mechanical property is explained as being due to a strong hydrogen-bonding
interaction between Mxene sheets and the cellulose substrate [26]. In recent years, CNFs
have been widely used in composite materials to improve mechanical properties [27-29].
For example, it has been reported that the addition of cellulose nanofiber (fiber length
60-70 um) significantly improves the stress of paper sheets, which is approximately twice
higher than without CNF [30]. The improvement of mechanical property is explained as
being due to a large number of hydrogen bonds between CNF and pulp fibers. Thus, the im-
provement of the mechanical strength of paper sheets has been vigorously attempted with
the addition of various cellulose-related substances. The procedure for these composites
mentioned here is basically just dipping the paper sheet into an aqueous polymer solution,
which is a simple and low—cost method that can be applied to a variety of applications.
However, the optimal material and optimal concentration to improve the mechanical prop-
erties of paper sheets are not yet clear. In this study, we investigated the optimal conditions
to improve the mechanical properties of paper sheets using three cellulose-related materials
that have similar chemical structures to paper. The dip—dry method mentioned above was
used in this study, which is simple and has significant advantages in application. In this
experiment, general commercially available paper was used, not special paper; therefore,
the experimental results obtained here can be applied widely.

In this paper, we investigated a methodology to improve the mechanical property of
a paper sheet in a dry state, as a first step, by compositing glucose, methyl cellulose, and
carboxymethyl cellulose with it. These cellulose-related materials used in this study are
widely available, inexpensive materials and abundant biomass resources, making their
practical use easy. The interaction between the hydroxyl groups of cellulose, which is the
main component of paper, and those of the cellulose-related materials is anticipated to
increase the strength of the paper sheet. The mechanical property and the reinforcement
of paper sheets composited with the cellulose-related materials are presented and the
physicochemical interaction between paper fibrils and these materials is discussed.
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2. Experimental Procedures
2.1. Preparation of Paper Sheet Composites

A commercially available paper (R100, Japan Pulp & Paper Co., Ltd., Chuo-ku, Japan)
with an apparent density of 0.78 g/cm?® and a tensile index of 31.9 Nm/g was provided
for the mechanical test in this study. This paper also contains inorganic compounds such
as calcium carbonate and silicon aluminum. Samples of the paper were immersed in
aqueous solutions of glucose (Glc, Fujifilm Wako Chemicals, Osaka, Japan), methylcellulose
(MC, Fujifilm Wako Chemicals, Osaka, Japan), or sodium carboxymethyl cellulose (CMC,
Fujifilm Wako Chemicals, Osaka, Japan) for 60 min at room temperature. The degrees
of polymerization for MC and CMC are 740 and approximately 500, respectively. The
concentrations of these aqueous solutions were varied from 1 to 3 wt.%. Then, the samples
were dried on a hotplate (Ninos ND-3 AS ONE Co., Osaka, Japan) at 100 °C for 30 min.
For cycle experiment, the papers were wetted in the aqueous solutions and were dried by
the similar manner mentioned above; this procedure was repeated for up to three cycles.
The apparent density of the samples was calculated from the weight of samples (2 x 2 cm?)
using an electronic balance (A&D Co., Ltd., GH-200, Toshima-ku, Japan).

2.2. Fourier-Transformed Infrared Spectroscopy

Fourier—transformed infrared (FT-IR) spectra for untreated paper sheet and its com-
posites of Glc, MC, and CMC were measured in a wavenumber range of 400 to 4000 cm~ 1 at
room temperature using an FT-IR spectrometer (Spectrum One spectrometer, Perkin-Elmer,
Waltham, MA, USA) with diamond-attenuated total reflection (ATR) accessories.

2.3. Mechanical Measurements

The stress—strain curves for an untreated paper sheet and its composites of Glc, MC,
and CMC were measured at room temperature using a uniaxial tensile apparatus with a
500 N load cell (EZ-Test EZ-SX, Shimadzu Co., Kyoto, Japan). The sample has a dumbbell
shape with a size of 4 mm wide and 26 mm long, and it was stretched with a stretching
speed of 2 mm/min in the machine direction (MD), which has greater fiber orientation than
the cross direction (CD) [24]. The thickness of the samples was measured by an electronic
micrometer (QEM133-25 Niigata Seiki Co., Sanjo, Japan). The stress is apparent stress,
which was calculated from o = F/S; F is the load and S is the area of the cross—section of a
paper sheet without deformation. The breaking strain and breaking stress of three different
samples were evaluated, and their means and standard errors are shown in the graph.
The breaking stress and strain for untreated paper and its composites were also measured
using their wet samples. The wet samples were prepared by immersing the dry samples
in pure water for 30 s. The sample was set in the uniaxial tensile apparatus immediately
after immersion.

2.4. Morphological Observations

A surface of the untreated paper and its composites was observed using a scanning
electron microscope (SEM, JCM-6000 Neoscope JEOL Ltd., Akishima-shi, Japan) with an
accelerating voltage of 15 kV. A cross—section was also observed for only paper composites
with MC that has a rough surface within the sample. Samples with a Au coating were
prepared using a smart coater (D1I-29010SCTR, JEOL Ltd., Akishima-shi, Japan) with a
coating time of 1 min.

3. Results and Discussion

Table 1 shows the weight, thickness, and apparent density for an untreated paper sheet,
a paper sheet after washing with pure water, and its composites of Glc, MC, and CMC with
various concentrations and various cycles. The weight of the paper sheet after washing in
pure water was 6.6% less than that of the untreated paper sheet. The paper sheet used in
this study contains inorganic compounds such as calcium carbonate and silicon aluminum.
The large decrease in the weight is probably due to these inorganics leaking out of the
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paper sheets into pure water during the washing process. The weight of the paper sheets
immersed in the polymer solutions was higher than that of the paper sheet after washing
in pure water for all samples. Also, it can be seen that the weight increase increased with
polymer concentration and with the immersion cycles. This indicates that polymer chains
adhered with the paper fibrils by only immersing a paper sheet in these polymer solutions.
The thickness of the paper sheets after washing with pure water increased by 9.3% over
the thickness of the untreated one. It is considered that the paper sheet was swollen by
water, and the paper sheet was dried and solidified while keeping its expanded state. The
thickness of the Glc composite became thinner with an increase in the concentration (—13%).
The thickness of the MC and CMC composites increased with increases in the concentration
and immersion cycles. It is considered that the paper sheet was swollen in these solutions.
At a polymer concentration of 3 wt.%, the thickness increase of CMC compared to the paper
sheet after washing (10%) was higher than that of MC (5.1%), which is probably due to
the high hydrophilicity of CMC. Actually, when the CMC composite was taken from the
aqueous solution at the second cycle, it was clearly fragile due to the swelling; the thickness
at the second cycle was 34%. The thickness at the third cycle was 48%, suggesting that the
CMC composite further swelled at the third cycle.

Table 1. Weight, thickness, and apparent density for untreated paper sheet, paper sheet after washing
with pure water, and its composites of Glc, MC, and CMC with various concentrations and various

immersion cycles.

Weight (g) Thickness (mm) Density (g/cm3) @
Concentration (wt.%) Concentration (wt.%) Concentration (wt.%) Cycle ®
1 2 3 1 2 3 1 2 3
Untreated  0.0273 - - - 86.3 - - - 0.78 - - - -
Wash 0.0255 - - - 94.3 - - - 0.68 - - - 1
Glc - 0.0270 0.0279 0.0316 - 96.0 93.3 88.2 - 0.68 0.73 0.81 1
MC - 0.0262 0.0273 0.0278 - 89.8 90.9 99.1 - 0.75 0.77 0.80 1
CMC - 0.0261 0.0265 0.0282 - 97.3 101.2 104.0 - 0.67 0.66 0.68 1
- - - 0.0294 - - - 126.8 - - - 0.59 2
- - - 0.0314 - - - 139.8 - - - 0.57 3

@ Apparent, ® Immersion cycle.

Figure 1a shows the FTIR spectra for untreated paper, paper after washing with
pure water, and its paper composites with Glc, MC, and CMC at a concentration of 3 wt.%.
Untreated paper exhibited strong peaks at 3340 cm ! and 1030 cm ™!, which are attributed to
the stretching of the O-H bond (~3400 cm~ 1) and C-O stretching (~1000 cm™1), respectively.
No clear difference in the wavenumber of these peaks was observed for the Glc, MC, and
CMC composites. Figure 1b,c shows enlarged views of the FTIR spectra for the MC
and CMC composites, respectively. The spectrum for the MC composites exhibited a
peak at 943 cm ™!, which is attributed to the C-H stretching of the CH, and CHj; groups
(~950 cm ). The spectrum for CMC composites appeared with a peak at 1590 cm~!, which
is attributed to the -COO antisymmetric stretching (~1600 cm~!). However, there was no
clear shift in these peaks by compositing paper sheets with MC or CMC. Accordingly, it is
clear that there is little interaction between the paper and these substances, although MC
or CMC adhered to the paper sheets by immersing in these aqueous solutions.

Figure 2 shows the stress—strain curves for untreated paper sheet, paper after washing
with pure water, and paper composites with Glc, MC, and CMC at various concentrations.
The stress—strain curve for the untreated paper showed a break point at a strain of approxi-
mately 0.016. The breaking stress and breaking strain for paper sheet after washing with
pure water were higher than those of untreated one. The mechanical strength for the Glc
composite decreased as increasing the concentration and oppositely it for the MC composite
increased with the concentration. It was also observed composites that the initial slope of
the stress—strain curve for Glc (~1.7 GPa), i.e., Young’s modulus, decreased remarkably
compared to the untreated paper (~2.5 GPa), while that for MC remained unchanged.
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The mechanical strength for the CMC composites was greatly improved as increasing the
concentration while almost keeping the Young’s modulus. After the break point, the Glc
and MC composites showed similar stress—strain curves with that of the untreated paper
without showing a sharp decrease in stress. On the other hand, the stress—strain curve of
the CMC composite demonstrated a rapid decrease.
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Figure 1. (a) FTIR spectra for untreated paper, paper after washing with pure water, and paper
composites with Glc, MC, and CMC at a concentration of 3 wt.%. Enlarged spectra for paper
composites with (b) MC and (c) CMC.
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Figure 2. Stress—strain curves for untreated paper, paper after washing with pure water, and paper
composites with Glc, MC, and CMC at various concentrations.
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Figure 3 demonstrates the breaking strain for an untreated paper sheet, paper after
washing with pure water, and paper composites with Glc, MC, and CMC at various
concentrations. The paper sheet after washing with pure water exhibited a slightly high
value of 0.02, which was higher than that of untreated paper. The breaking strain of the
Glc composite was at maximum at 1 wt.% and gradually decreased with the concentration.
On the other hand, the breaking strain for the MC composite gradually increased with the
concentration; the breaking strain at 3 wt.% was approximately 1.6-fold higher than that of
the untreated paper. The breaking strain of the CMC composites increased dramatically
with the concentration; the breaking strain at 3 wt.% was approximately 3.9-fold higher
than that of the untreated paper. It is worth mentioning that the Young’s modulus for the
CMC composite (~2.1 GPa) was comparable with that of the untreated paper (~2.5 GPa).
This indicates that the bond strength or the amount of bonding between paper fibrils was
not raised by compositing the paper with CMC. Seth and Page reported stress—strain curves
of paper sheets with the addition of the bonding and debonding agents [14]. When the
bonding agent of locust bean gum is composited, the adhesive strength between the paper
fibers increases. As a result, the breaking strain and tensile strength of the composite
paper are higher than those of the untreated paper. Young’s modulus and the apparent
density of the composite paper are similar to those of untreated paper. In other words,
the stress—strain curve of the composite paper with locust bean gum has the same shape
as that of the untreated paper; only the endpoint is higher. On the other hand, when a
debonding agent of Hyamine 2389 is composited, the adhesive strength between the paper
fibers becomes lower. As a result, the breaking strain and tensile strength of the composite
paper are lower than those of the untreated paper. Young’s modulus and apparent density
are similar to those of the untreated paper. In other words, the stress—strain curve of the
composite paper has the same shape as that of untreated paper; only the endpoint is lower.
Thus, it can be understood that the shape of the stress—strain curve is not affected by the
adhesive strength between the paper fibers and bonding agents. The strain-stress curve
for the CMC composites observed here can be understood as an enhancement of the bond
strength between paper fibrils by CMC, which acts as a bonding agent. Ruonan et al.
reported similar behavior for a paper composite with regenerated cellulose using an ionic
liquid from hand layup technology [23]. The slope of the stress—strain curves for untreated
paper and the paper composite with 4% regenerated cellulose are nearly identical at low
strains, which is similar to the results of Seth and Page mentioned above. The breaking
strength and braking strain for the paper composite are 101 MPa and ~17.5%, respectively,
which are 1.6- and 3.1-fold higher than those of the untreated paper. The CMC composite
in this study achieved 2.1-fold higher breaking strength and 3.9-fold higher breaking strain
with an addition of 3% CMC.

Figure 4 shows the breaking stress for an untreated paper sheet, paper after washing
with pure water, and paper composites with Glc, MC, and CMC at various concentrations.
The paper sheet after washing with pure water exhibited a slightly high value of 28 MPa,
which was higher than that of untreated paper. The breaking stress for Glc composites
decreased gradually with the concentration. Oppositely, the breaking stress for the MC
composite demonstrated a trend to increase with the concentration; the breaking stress at
3 wt.% was approximately 1.2-fold higher than that of the untreated paper. The breaking
stress for the CMC composite increased dramatically with the concentration; the breaking
stress at 3 wt.% was approximately twice compared to that of the untreated paper. The
breaking stress and breaking strain for the paper sheet after washing with pure water were
higher than those for untreated paper. This might be due to the interaction between paper
fibers being enhanced by the leaking of these inorganic compounds during the washing
process. The breaking strains for the untreated paper sheet and paper composites with
Glc, MC, and CMC in the wet state were 0.010, 0.015, 0.009, and 0.003, respectively. The
breaking stresses for the untreated paper sheet and paper composites with Glc, MC, and
CMC in the wet state were 1.0, 0.5, 0.3, and 0.3 MPa, respectively. Thus, the mechanical
enhancement is only observed for the paper composites in a dry state, and the mechanical
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properties were observed to be significantly reduced by wetting, particularly for the CMC
composite. Clearly, wetting a paper sheet cannot be applied to a case for removing the
paper sheet from paint, as explained in the Introduction. However, the swelling behavior of
paper sheets coated with hydrophilic polymers such as CMC might be effective for peeling

the paper from paint.
0.07 0.07
0.06 E 0.06 E
0.05 E 0.05 E
T 004F T 004
“ 003F “® 003
0.02 k£ 0.02
0.01 E 0.01 E
0 0
Untreated Wash 1wt.% 2wt% 3wt% Untreated Wash 1wt.% 2wt% 3wt%
Glc. concentration MC. concentration
0.07 -
0.06
0.05
3 0.04
“ 0.03
0.02
0.01
0

Untreated Wash 1wt% 2wt% 3wt%
CMC. concentration

Figure 3. Breaking strain for untreated paper, paper after washing with pure water, and its composites
of Glc, MC, and CMC with various concentrations.
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Figure 4. Breaking stress for untreated paper, paper after washing with pure water, and its composites

with Glc, MC, and CMC with various concentrations.

Figure 5 exhibits the breaking energy for an untreated paper sheet, paper after washing
with pure water, and paper composites with Glc, MC, and CMC at various concentrations.
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The breaking energy was calculated by integrating the stress over the region from the
natural length to the breaking strain. The breaking energy for the Glc composite was
almost independent of the concentration; meanwhile, the breaking energy for the MC
composite increased gradually with the concentration. The breaking energy for the MC
composite at 3 wt.% was approximately 2.1-fold higher than that for untreated paper. The
breaking energy for the CMC composite was significantly higher at higher concentrations;
the breaking energy at 3 wt.% was approximately 8.0-fold higher than that of the untreated
paper. It was also found that the breaking energy for CMC composites increased in
proportion to the CMC concentration. This means that the elastic energy stored in the
composite is proportional to the CMC concentration. Hence, it can be explained by the
increase in the elastic energy being attributed to the increase in the number of CMC
chains connecting between the paper fibrils that elongate by the strain. As described
in the Introduction, the reinforcing effect of the mechanical properties is explained by
the amount of hydrogen bonding [26]. Ma et al. investigated the strength of hydrogen
bonding in nanocomposite paper using Fourier-transform infrared (FTIR) spectra and
X-ray photoelectron spectroscopy (XPS). The FTIR spectrum of the nanocomposite paper
shows the appearance of a shoulder peak and a peak shift of the OH group to the low
wavenumber side. The XPS of the nanocomposite paper also undergoes a shift of the
bonding peak to the higher energy side. Therefore, the formation of hydrogen bonds arises
between MXene and cellulose. The authors pointed out that the numerous hydrogen-
bonding interactions will contribute to the enhanced interface adhesion and mechanical
properties for homogeneously blended nanocomposite papers. In the present experiment,
the molar concentrations of -OH groups in the aqueous solutions of Glc, MC, and CMC
were calculated to be 8.3, 1.6, and 2.5 mol/L, respectively, when the weight concentration
was 3.0 wt.%. Accordingly, there is no simple correlation between the number of -OH
groups and the mechanical features of these paper composites, on the assumption of
constant absorption of these materials into the paper.

3 0.02 3 0.02 -
> >
%0.015 %0.015 a
c c
o o
o 0.01 o 001[
S £
3 3
® 0.005 $ 0.005 |
— —
m m
0 0
Untreated Wash 1wt.% 2wt% 3wt.% Untreated Wash 1wt.% 2wt% 3wt%
Glc. concentration MC. concentration

o

o o
= o
o N}

Breaking energy (J)
o
P

Untreated Wash 1wt% 2wt% 3wt%

CMC. concentration

Figure 5. Breaking energy for untreated paper, paper after washing with pure water, and its compos-
ites with Glc, MC, and CMC with various concentrations.

Figure 6 displays the SEM photographs for an untreated paper sheet and paper
composites with Glc, MC, and CMC at a concentration of 3 wt.%. There was no significant
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difference between the photographs of the Glc composites and those of the untreated
ones. The photos for the MC composite were clearly unsharp compared to the other
photos; however, the photo of a cross-section was clear (inset of Figure 6). These results
strongly indicate that only surface topography was greatly changed to a flatter surface by
compositing the paper sheet with MC. Accordingly, it is considered that the most of the
MC chains are adhered to and deposited on the surface and fewer penetrate into the inside
of the paper sheet. Also, the slight increases in the mechanical properties such as breaking
stress and energy are considered to be caused by the MC being coated on the surface of
the paper. For CMC composites, the photograph was clear similarly to those of untreated
paper and Glc composites, suggesting that the CMC penetrated into the inner part of
the paper.

Untreated 7 Glc MC -~ CMC

Figure 6. SEM photographs for untreated paper and its composites with Glc, MC, and CMC with a
concentration of 3 wt.%. Inset: a cross-section of paper composites with MC.

Figure 7 shows the effect of immersion cycles on the strain—stress curve, breaking
strain, breaking stress, and breaking energy for an untreated paper sheet and CMC paper
composite at a concentration of 3 wt.%. Irrespective of the immersion cycles, the CMC
composites exhibited similar stress—strain curves. The breaking strain, breaking stress, and
breaking energy achieved a maximum in the first cycle and decreased gradually as the
immersion cycles increased. It is very interesting that the mechanical properties of CMC
composites demonstrated deterioration in the second and third cycles. This may be due
to the hydrophilic property of CMC. In the second and third cycles, the CMC composite
was fragile when the composite was taken from the CMC aqueous solution. This strongly
indicates that the CMC composite was swollen by the aqueous solution, and the paper
fibrils transformed into a sparse structure. Actually, the apparent density for the CMC
composite decreased remarkably with the cycles, which supports this idea. As listed in
Table 1, both weight and thickness for the CMC composites increased as the immersion
cycles increased; therefore, the amount of CMC that adhered increased with the immersion
cycles. The density decreased with the increasing immersion cycles due to the swelling.
It is considered that the amount of adhered CMC is a dominant parameter, rather than
density, for the mechanical property.

Figure 8 presents the SEM photographs for an untreated paper sheet and its composites
with 3 wt.% CMC for which various cycles of the immersion processes were performed. It
was observed that the structure of the paper fibrils was changed from dense to sparce as
the immersion cycles increased, which is consistent with the result of the density. Moreover,
the photo of the first cycle exhibited that the paper fibrils seemed to have a smooth surface
compared to the untreated paper. Therefore, it can be considered that the CMC adhered
on the paper fibrils at the first immersion, and the adhered CMC was swollen by water
after the second immersion. This swelling might expand the distance between the fibers;
actually, the CMC composite after the second immersion was very fragile in a wet state.
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After the second immersion, the CMC connecting the paper fibrils may have changed to a
structure that allows slippage between the CMC chains, resulting in the reduction in the
breaking stress and strain.

6 x 107 .— Untreated 0.07
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O 5 x 107 F— CMC 3 wt.% 2 cycle .
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7
2 3x10 “ 003
£ 2x10
5 < 0.02
1x 107 0.01
0 1 1 1 1 1 1 1 I 0
0 0.010.02 0.03 0.04 0.05 0.06 0.07 0.08 Untreated 1cycle 2cycle 3 cycle
Strain ¢(-) Cycle
= 0.02
6x 10" 2
i 3
NE 4x10 3
> 3x10 o2 0.01
b 2x107 ~
. $ 0.005
—
1x10 o
0
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Figure 7. Effect of immersion cycles on the stress—strain curves, breaking strain, breaking stress, and
breaking energy for untreated paper and its composites with Glc, MC, and CMC with a concentration
of 3 wt.%.
Untreated 1 cycle 2 cycle 3 cycle
x200
x1000 ¥

Figure 8. SEM photographs for paper composites with 3 wt.% CMC with various cycles of
immersion process.

4. Conclusions

The mechanical properties for paper sheets composited with various cellulose-related
materials, glucose, methyl cellulose, and carboxymethyl cellulose, were investigated. Sig-
nificant increases in the mechanical properties were observed for a paper sheet composite
with CMC; the breaking stress, breaking strain, and breaking energy for a paper sheet
composite obtained by immersing in 3 wt.% CMC aqueous solution were 2.0-, 3.9-, and
8.0-fold higher than that for untreated paper, respectively. On the other hand, Young’s
modulus for CMC composites was comparable with that for untreated paper; i.e., only the
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fracture behavior was changed. Furthermore, morphological studies indicate that CMC
penetrated into the inner part of the paper and covered the paper fibrils. Therefore, the
significant improvement in the breaking strength and breaking strain of CMC composites
may be caused by the interconnection and elongation of CMC covering the paper fibrils.
The results obtained in this study suggest that this method would be effective as a method
to cleanly peel off adhesions such as paint from paper sheets. In addition to the problem
of adhesion of acrylic paints to animation cels, we believe that it can also apply to the
preservation of ancient cultural properties.

Author Contributions: The conceptualization of this work was produced by J.Y.K., M.I. and T.M.;
M.K. (Mika Kawai) conceived and designed all experiments; ] K. performed the sample preparation,
tensile test, morphological observation, and wrote the paper; M.K. (Masahiro Kaneko) performed
mechanical measurements and data analysis. C.S., K.T. and T.K. carried out chemical analyses.
Presentation of the results and the draft structure were discussed with all authors. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported in part by a Grant-in-Aid for Scientific Research (B) (20H01218)
and the NAGAI N-S Promotion Foundation for Science of Perception.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Page, D.T.; El-Hosseiny, F. The mechanical properties of single wood pulp fibers. Part IV. Fibril angle and the shape of the
stress-strain curve. J. Pulp Pap. Sci. 1983, 9, 99-100.

2. Nishino, T.; Takano, K.; Nakamae, K. Elastic modulus of the crystalline regions of cellulose polymorphs. J. Polym. Sci. Part B
Polym. Phys. 1995, 33, 1647-1651. [CrossRef]

3. Kaneko, M.; Kim, J.Y.; Ishida, M.; Kawai, M.; Mitsumata, T. Development of a Method for Peeling Off Paper from Celluloid
Pictures for Animation Films. Polymers 2023, 15, 690. [CrossRef] [PubMed]

4. Kim, J.Y.; Mitsumata, T. Toward a Phenomenological and Polymer-chemical Study of Animation Cels in Terms of Visual
Experience and its Material Reality. Jpn. Animat. Stud. 2020, 21, 13-23.

5. Giachet, M.T; Schilling, M.; McCormick, K.; Mazurek, J.; Richardson, E.; Khanjian, H.; Learner, T. Assessment of the composition
and condition of animation cels made from cellulose acetate. Polym. Degrad. Stab. 2014, 107, 223-230. [CrossRef]

6.  Littlejohn, D.; Pethrick, R.A.; Quye, A.; Ballany, ].M. Investigation of the degradation of cellulose acetate museum artefacts. Polym.
Degrad. Stab. 2013, 98, 416—424. [CrossRef]

7. Chen, Z,; Fan, G.; He, X.; Xu, L.; Zhang, X.; He, Z.; Zhang, L. Diatomite Modified with an Alkyl Ketene Dimer for Hydrophobicity
of Cellulosic Paper. ACS Omega 2022, 7, 20129-20136. [CrossRef]

8. Giachet, M.T;; Schiilling, M.R.; Mazurek, J.; Richardson, E.; Pesme, C.; Khajian, H.; Learner, T.; Mccormick, K. Characterization of
Chemical and Physical Properties of Animation Cels from the Walt Disney Animation Research Library. In Proceedings of the
ICOM-CC 17th Triennial Conference Preprints, Melbourne, Australia, 15-19 September 2014; Bridgland, J., Ed.; International
Council of Museums: Paris, France, 2014; p. 11.

9.  Beltran, V,; Lukomski, M.; Carta, C.; Hoeyng, K.; Kaplan, A.; Schilling, M.; Stieg, A.; Sharma, S.; Mccormick, K. Atomic Force
Microscopy for Analyzing Adhesion of Paint and Plastic Surfaces. In Proceedings of the ICOM-CC 18th Triennial Conference
Preprints, Copenhagen, Denmark, 4-8 September 2017; Bridgland, J., Ed.; International Council of Museums: Paris, France, 2017.

10. Adel, AM.; Dupont, A.L.; Abou-Yousef, H.; EI-Gendy, A.; Paris, S.; El-Shinnawy, N. A Study of Wet and Dry Strength Properties
of Unaged and Hygrothermally Aged Paper Sheets Reinforced with Biopolymer Composites. J. Appl. Polym. Sci. 2014, 131, 40761.
[CrossRef]

11. Kanie, O.; Tanaka, H.; Mayumi, A.; Kitaoka, T.; Wariishi, H. Composite Sheets with Biodegradable Polymers and Paper, the
Effect of Paper Strengthening Agents on Strength Enhancement, and an Evaluation of Biodegradability. J. Appl. Polym. Sci. 2005,
96, 861-866. [CrossRef]

12.  Vesterinen, A.H.; Myllytie, P.; Laine, ].; Seppdld, J. The Effect of Water-Soluble Polymers on Rheology of Microfibrillar Cellulose
Suspension and Dynamic Mechanical Properties of Paper Sheet. J. Appl. Polym. Sci. 2010, 116, 2990-2997. [CrossRef]

13. Nassar, M.A ; Ibrahim, S.; Attia, M.; Refaat, Y. Improving the performance of local manufactured paperboard. Egypt J. Chem. 2017,
60, 435-442.

14. Seth, R.S.; Page, D.H. The Stress Strain Curve of Paper. In The Role of Fundamental Research in Paper-Making; FRC: Manchester, UK,
1981; pp. 421-452.

15.  El-Wakil, N.A.; Kassem, N.F; Hassan, M.L. Hydroxypropyl cellulose/rice straw oxidized cellulose nanocrystals nanocomposites

and their use in paper coating. Ind. Crop. Prod. 2016, 93, 186-192. [CrossRef]


https://doi.org/10.1002/polb.1995.090331110
https://doi.org/10.3390/polym15030690
https://www.ncbi.nlm.nih.gov/pubmed/36771991
https://doi.org/10.1016/j.polymdegradstab.2014.03.009
https://doi.org/10.1016/j.polymdegradstab.2012.08.023
https://doi.org/10.1021/acsomega.2c01964
https://doi.org/10.1002/app.40761
https://doi.org/10.1002/app.21523
https://doi.org/10.1002/app.31832
https://doi.org/10.1016/j.indcrop.2016.02.026

Polymers 2024, 16, 80 12 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Goodsell, ].E.; Moon, R.J.; Huizar, A.; Pipes, R.B. A strategy for prediction of the elastic properties of epoxy-cellulose nanocrystal-
reinforced fiber networks. Nord. Pulp Paper Res. |. 2014, 29, 1. [CrossRef]

Lin, X,; Liu, X.; Jia, J.; Shen, X.; Kim, ] K. Electrical and mechanical properties of carbon nanofiber/graphene oxide hybrid papers.
Compos. Sci. Technol. 2014, 100, 166-173. [CrossRef]

El-Sakhawy, M.; Nashy, E.S.H.A_; El-Gendy, A.; Kamel, S. Thermal and natural aging of bagasse paper sheets coated with gelatin.
Nord. Pulp Paper Res. ]. 2018, 33, 327. [CrossRef]

Sakaemura, T.; Yamauchi, T. Mechanical and Dynamic Mechanical Properties of Sheets Made from Micro-Fibrillated Cellulose
and Cationic Polyacrylamide. Seen-i-Gakkaishi 2014, 70, 84-87. [CrossRef]

Kadal, A.H.A.; Samahy, M.A.; Mohram, M.E.; Rehim, M.H.A. Assessment of Mechanical, Water Barrier and Anti-Microbial
Properties of Paper Sheets Loaded with Hyperbranched Polyester/Graphene Oxide Composite and Effect of Flaxseed-Gel
Coatings. Egypt ]. Chem. 2021, 64, 7147-7156.

Nassar, M.A.; El-Sakhawy, M.; Madkour, HM.E,; El-ziaty, A.K.; Mohamed, S.A. Novel coating of bagasse paper sheets by gelatin
and chitosan. Nord. Pulp Paper Res. |. 2014, 29, 741-746. [CrossRef]

Lafta, A.S.; Al-Sarraf, A.R. Study of some physical and mechanical properties of paper sheets treated with different polymeric
adhesive solution. AIP Conf. Proc. 2022, 2437, 020065.

Zhu, R;; Liu, X;; Song, P.; Wang, M.; Xu, F; Jiang, Y.; Zhang, X. An approach for reinforcement of paper with high strength and
barrier properties via coating regenerated cellulose. Carbohydr. Polym. 2018, 200, 100-105. [CrossRef]

Perdoch, W.; Cao, Z.; Florczak, P.; Markiewicz, R.; Jarek, M.; Olejnik, K.; Mazela, B. Influence of Nanocellulose Structure on Paper
Reinforcement. Molecules 2022, 27, 4696. [CrossRef] [PubMed]

Zhu, M,; Yan, X.; Xu, H.; Xu, Y.; Kong, L. Highly conductive and flexible bilayered MXene/ cellulose paper sheet for efficient
electromagnetic interference shielding applications. Ceram. Int. 2021, 47, 17234-17244. [CrossRef]

Ma, Z.; Kang, S.; Ma, J.; Shao, L.; Zhang, Y.; Liu, C.; Wei, A.; Xiang, X.; Wei, L.; Gu, J. Ultraflexible and mechanically strong
double-layered aramid nanofiber-Ti3C, Tx MXene/silver nanowire nanocomposite papers for high-performance electromagnetic
interference shielding. ACS Nano 2020, 14, 8368-8382. [CrossRef] [PubMed]

Liu, H.; Yano, H.; Abe, K. Reinforcement of dry and wet paper sheets by cellulose nanofibers. Cellulose 2023, 30, 211-222.
[CrossRef]

He, M.; Cho, B.U.; Won, ].M. Effect of precipitated calcium carbonate—Cellulose nanofibrils composite filler on paper properties.
Carbohydr. Polym. 2016, 136, 820-825. [CrossRef]

Shivyari, N.Y.; Tajvidi, M.; Bousfield, D.W.; Gardner, D.J. Production and Characterization of Laminates of Paper and Cellulose
Nanofibrils. ACS Appl. Mater. Interfaces 2016, 8, 25520-25528. [CrossRef]

Lu, Z.; Zhang, H.; Liu, L.; Cao, H.; Cheng, Z.; Liu, H.; An, X. Study on cellulose nanofibers (CNF) distribution behaviors and their
roles in improving paper property. Ind. Crop. Prod. 2023, 201, 116897. [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.


https://doi.org/10.3183/npprj-2014-29-01-p085-094
https://doi.org/10.1016/j.compscitech.2014.06.012
https://doi.org/10.1515/npprj-2018-3033
https://doi.org/10.2115/fiber.70.84
https://doi.org/10.3183/npprj-2014-29-04-p741-746
https://doi.org/10.1016/j.carbpol.2018.07.069
https://doi.org/10.3390/molecules27154696
https://www.ncbi.nlm.nih.gov/pubmed/35897873
https://doi.org/10.1016/j.ceramint.2021.03.034
https://doi.org/10.1021/acsnano.0c02401
https://www.ncbi.nlm.nih.gov/pubmed/32628835
https://doi.org/10.1007/s10570-022-04888-w
https://doi.org/10.1016/j.carbpol.2015.09.069
https://doi.org/10.1021/acsami.6b07655
https://doi.org/10.1016/j.indcrop.2023.116897

	Introduction 
	Experimental Procedures 
	Preparation of Paper Sheet Composites 
	Fourier-Transformed Infrared Spectroscopy 
	Mechanical Measurements 
	Morphological Observations 

	Results and Discussion 
	Conclusions 
	References

