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Abstract: Paper has been the most significant carrier of
written information for many centuries. To prolong the
life expectancy of papers, the polyurethane based on
nanosilica was used to strengthen the paper fibers in this
work. The relation between the mass concentration of
polyurethane based on nanosilica and the specific prop-
erties of papers (e. g., folding endurance, tensile strength,
tearing strength, whiteness and glossiness) were investi-
gated. In addition, the effect of polyurethane based on
nanosilica on the acid/alkali resistance and ageing resis-
tance were studied. The results showed that polyurethane
based on nanosilica could significantly improve the me-
chanical properties and ageing resistance of papers.

Keywords: nanosilica; paper protection; polyurethane.

Introduction

Paper as the most important carrier of information has
been used for nearly 2000 years. It is estimated that li-
braries and archives worldwide currently store approxi-
mately 2.5 million km of works on paper (Vohrer etal.
2001, Camargos etal. 2017). But over time, papers influ-
enced by internal and external environment conditions
such as climate, pollution, biological agents, and mechan-
ical stresses (Bégin etal. 1999, Conio 2001, Larsson and
Wagberg 2008, Afsharpour and Imani 2017). It results the
loss of mechanical strength of paper is mainly due to
the acid-catalyzed depolymerization of cellulose of paper
fiber. In order to slow down these degradation processes,
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a suif treatment needs to be specifically designed for the
reinforcement and protection of paper.

Many countries have developed measures to prevent
further aging of paper cultural relics, such as mount-
ing methods, low temperature dewarming techniques
(Melo et al. 2019), plasma deacidification methods (Li et al.
2014b), and electrospinning techniques (Li etal. 2014a).
However, these above methods often suffer from the dis-
advantages, such as high cost, poor mechanical properties
and hydrophobicity, which limiting the scope of its appli-
cation.

In recent years, polymer coating protection technol-
ogy is to apply high-quality coating on the surface of
paper to form a protective film (Piovesan etal. 2014, Jin
etal. 2019, Xu etal. 2020). Developing simple and envi-
ronmentally friendly processes to prepare organic poly-
meric compounds is received increasing attention (Stuart
etal. 2010, Ye et al. 2015). Acrylic resin (paraloid B72) is the
most commonly used material (Cocca et al. 2004, Favaro
etal. 2007). Chen prepared modified carboxymethyl cel-
lulose/Si/polyacrylate protective materials, which have
good hydrophobicity, acid/alkali resistance and mechan-
ical strength (Chen et al. 2016). Qiao et al. had studied the
reinforcement of paper by poly(methyl methacrylate-co-
butyl acrylate-co-styrene), and results showed some of the
mechanical properties of the treated paper were signifi-
cantly improved (Qiao etal. 2017). All the materials pos-
sess advantages and have an important role in preserving
paper, albeit with inherent disadvantages. Hence, an effi-
cient, harmless and effective method for the conservation
of paper relics is urgently needed.

Nanomaterials have been frequently applied to con-
servation of cultural relics due to their particular char-
acteristics in recent years (Allen etal. 2002, Giorgi etal.
2002, Bonini et al. 2007). Strengthening fragile paper with
nanosilica which is non-toxic and tasteless should be a
good option. It is transparent when it is dispersed uni-
formly in solution because of the particle size of it is small,
so it will not affect the color and appearance of paper when
it is used in paper reinforcement.

To the best of our knowledge, there is currently no
report on the use of polyurethane based on nanosilica
to strengthen paper. In the present work, we synthesized
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polyurethane by nanosilica and hexamethylene diiso-
cyanate (HDI) trimer applied to protection of paper. In this
way, the mechanical properties of paper were improved
significantly.

Materials and methods

Materials

Nanosilica, Ditin butyl dilaurate, Ethyl acetate were
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). All these chemicals were of analytical
grade and used without further purification. HDI trimer
was industrial grade and was purchased from Bayer (Ger-
many). Xuan paper was produced from pulped bark fibres
of blue sadalwood mixed with a rice straw (Oryza sativa)
that grows in silica-rich land and purchased from Xuan Pa-
per Company Group (Anhui, China).

Tensile strength Tester, PN-TT300, Folding endurance
Tester, PN-NZ135, Glossiness Meter, PN-GM, Brightness
Tester, PN-48B, are all from Hangzhou Pinghong Technol-
ogy Co., Ltd.

Synthesis of polyurethane

Nanosilica was placed in a vacuum drying oven for 1024
hours to remove moisture. (HDI) trimer and dried nanosil-
ica were added to ethyl acetate and 1% dibutyltindilaurate
was added based on the total weight of reactants. In the
reaction, the content of isocyanate (-NCO) was determined
at regular intervals, and the reaction was terminated when
the content of isocyanate (-NCO) reached 10 %.

Treatment of paper

Both sides of paper samples were immersed in the
polyurethane liquid (polyurethane dispersions in ethyl ac-
etate solution) for 2~5min, and then they were collected
with tweezers and left in suspension in dry air at room tem-
perature for 24 h. For comparison, the papers were also im-
mersed in ethyl acetate and nanosilica dispersed in ethyl
acetate under the same conditions.

Measurement of -NCO content

The content of -NCO was determined by dibutylamine—
hydrochloric acid method (Zhang and Cao 2016). The prin-
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ciple of the reaction is that -NCO in the polymer reacts with
dibutylamine to obtain a new compound urea, and then
the standard solution of HCl is used to titrate the unreacted
dipositrine in the system. The method of operation is as
follows:

(v —vy) x Cx42.02

NCO % =
m x 1000

x 100 %

where v, represent the volume of the HCl standard solution
required for the titration blank test, ml; v, represent the
volume of HCl standard solution consumed by the sample,
ml; c represent the concentration of HCl standard solution,
mol/L; m represent sample quality, g.

Analysis and testing methods

The tensile strength of paper was measured according
to the Chinese National Standard GB/T12914-2008 (ISO
12914-2: 1994, MOD) by PN-TT300 at a speed of 20 mm
per minute. The paper samples were 1.5 cm in width and
24.0cm in length. The folding endurance of paper was
measured by PN-NZ135 double fold instrument, with a
force of 9.8 N according to the Chinese National Standard
GB/T 45722008 (ISO 5626: 1993, MOD). The test specimens’
width was 1.5 cm and length was 15.0 cm and the applied
force was 4.91N. The tearing strength of paper samples
(5.0 cm in width and 6.5 cm in length) was determined ac-
cording to Chinese standard GB/T 455-2002 (eqv ISO 1974:
1990) by PN-TT1000. All the measurement use machine di-
rection of papers.

The gloss of paper was measured by a PN-GM Gloss-
meter with 75° geometries according to the Chinese Na-
tional Standard GB/T 89412013 (ISO 8254-1-2009, MOD).
The brightness of paper was measured according to Chi-
nese standard GB/T 7974-2002 (ISO 2470: 1999, MOD) by a
brightness tester (PN-48B). The configuration adopted was
inreflectance mode (spectral range 457 nm in 10 nm steps),
and the brightness was represented with R457 in this pa-
per.

Results and discussion

The reaction mechanism

The polyurethane was synthesized by low molecular
weight HDI trimer and nanosilica, and applied to pro-
tection of paper. The reaction mechanism is shown in
Scheme 1. As seen from Scheme 1, isocyanate group in HDI
trimer show high reactive ability with hydroxyl groups of
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Scheme 1: Reaction mechanism.

nanosilica under the dibutyltindilaurate as catalyst. Car-
bamate bonds also can replaced the hydrogen bonds in the
fibers, enhance the bonding force in the paper fiber.

Effect of polyurethane liquid on the
mechanical property of paper

The mechanical properties of paper samples coated by dif-
ferent concentrations of polyurethane were studied and re-
sults are presented in Figure 1.

It can be seen that the polyurethane significantly en-
hanced the value of tensile property (tensile strength and
elongation). From Figure 1(a), the tensile strength of the
paper coated by polyurethane liquid grows gradually with
the increase of mass concentration. Specifically, the ten-
sile strength of coated paper reached a maximum when the
polyurethane content was increase above 10 %. This phe-
nomenon is considered to be the result of some negative
factors caused by the increase of polyurethane content,
such as the poor dispersibility, the enlargement of particle
size, the decease of mutual interaction and so on.

Elongation is also regarded as another important ten-
sile strength of paper. The effects of the mass concentra-
tions on the elongation are shown in Figure 1(b). With
the increase of mass concentration of polyurethane, the
elongation shows the same increasing trend as tensile
strength. It is due to the fact that carbamate bonds re-
placed the hydrogen bonds in the fibers, enhance the
bonding force in the paper fiber. However, when the pa-
per coated by a higher concentration of polyurethane,
the appearance such as glossiness and brightness, com-
pared with the uncoated paper, could change signifi-
cantly.

- (o)
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The folding endurance of papers coated by differ-
ent concentrations of polyurethane is depicted in Fig-
ure 1(c). It can be observed that the folding endurance of
coated paper is higher than those of blank paper samples,
which means that the fibers of coated paper are more ca-
pable of keeping the original flexibility, compared with
the blank paper samples, during the process of folding.
As shown in Figure 1(c), the folding endurance of pa-
per first increased and then decreased with the increase
of mass concentration. When the mass concentration of
polyurethane is 10 %, the folding endurance of coated
paper is approximately 67 times higher than that of un-
coated paper. Subsequently, the folding resistance began
to decrease with the mass concentration continued to in-
crease. This phenomenon is probably considered to be the
result that the folding endurance, to some extent, is as-
sociated with the thickness of the paper. The increased
thickness of paper could result rigidity, which was found
in a previous research (Souguir etal. 2011). When the
mass concentration is higher, the paper will uptake more
polyurethane, and the thickness of paper will increase,
shown in Table 1, so the folding endurance of paper will
decrease.

G75 represent the various glossiness of paper, which
was measured at 75°. Brightness of R457 represent the pa-
pers refection ability of the light around 457 nm.

Tearing strength of paper is mechanical rupture pro-
cess initiated and propagated at a high stress concentra-
tion causing a cut. The effects of mass concentration on
the tearing strength are shown in Figure 1(d). With the in-
crease of mass concentration, the tearing strength first in-
crease and then decrease. Specifically, the tearing strength
of paper, reached a maximum when the mass concentra-
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Figure 1: The mechanical properties of papers coated by different concentrations of polyurethane.

tion was 10 %. It indicates that polyurethane may have the
ability to link the broken fibers.

To test the influence of polyurethane liquid on the ap-
pearance of the paper, we further determined the glossi-
ness, brightness and thickness of the paper. The results
were shown in Table 1.

These data reveal that the paper coated by polyure-
thane shows a tiny decrease in brightness with the in-
crease of mass concentration of polyurethane. The reason
may be that the polyurethane has not the ability to re-
flect the light as fibers. However, when paper coated by
10 % mass concentration of polyurethane, the decrease of
brightness is just less than 3 % (compared with the blank
paper samples). It cannot be distinguished by the naked
eye, and the gap meets the requirement of paper preserva-
tion, so the variation of brightness of the coated paper can
be reasonably ignored.

Glossiness is associated with the capacity of a surface
to reflect lights. With the increase of polyurethane mass
concentration from o to 25 %, the glossiness gradually de-
creases. The reason is that the paper will adsorb a small

amount of polyurethane and part of the polyurethane can
be embedded into the gap between fibers, while part of
the polyurethane would just stay on the surface of the pa-
per, so the surface flatness degree may decrease to some
extent, leading to the decline of reflecting capacity of the
paper.

Consequently, taking all factors (e.g., tensile prop-
erty, folding endurance, tearing strength, brightness and
glossiness) into consideration, the best mass concentra-
tion of polyurethane is 10 %.

In order to further understand the effect of polyur-
ethane on paper, four paper samples were prepared. As
we can see from the Figure 2, compared with uncoated
paper, the mechanical properties of the paper coated
with ethyl acetate were decreased, while the paper sam-
ple coated with nanosilica was slightly increased. The
significant changes of mechanical properties of papers
coated with polyurethane liquid. It can be concluded
that the main function of the reinforcement liquid is
the synthesized polyurethane, independent of the sol-
vent.
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Table 1: Brightness, glossiness of the papers coated by different paper samples.

Mass concentration (%) 0 5 10 15 20 25
R457-brightness (%) 80.9+0.1 79.4+¥0.1 78.0+x0.1 77.9+¢0.1 72.6+0.1 69.9+0.1
G75-glossiness (Gu) 4.9+0.1 5.0£0.1 4.8+0.1 4.9+0.1 4.6:0.1 4.5£0.1
Thickness/mm 0.088 0.089 0.090 0.090 0.093 0.095
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Figure 2: Mechanical properties of the paper sample by different
treatments. a. Uncoated paper; b. coated by ethyl acetic; c. coated
by 10% mass concentration nanosilica liquid; d. coated by 10%
mass concentration polyurethane liquid.
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Accelerated aging test

As we know, when considering the use of new materials
for conservation of paper, it is important to understand
the probable long-term effects of treatment. So accelerated
ageing tests was designed to find materials, which can be
safe for long-term use and would not cause degradation of
coated papers.

All of the paper samples were aged thermally. The ac-
celerated thermal aging tests were performed in a closed
system at 105 °C for 72 h. Before and after aging, the sam-
ples were kept at 22°C, 50% RH in a desiccator. The
degradation of mechanical properties of papers during ag-
ing had been measured by tensile properties, folding en-

durance and tearing strength tests and results were shown
in Figure 3.

It can be seen from Figure 3 that the tensile strength
of sample a decreased gradually with time, while that of
sample b increased first and then decreased slightly. Two
days aging, the tensile strength of sample b increased ob-
viously, this is because the reaction between isocyanate
group and paper fiber or the polymerization of HDI trimer
was further enhanced with the temperature increasing.
After 2 days, the tensile strength of sample d decreased
slightly, but the decreasing trend was not obvious. This in-
dicates that the tensile strength of the reinforced paper can
still be maintained within a stable range after the aging of
the paper, and the reinforcement liquid can effectively pre-
vent the decrease of the tensile strength of the paper. Dur-
ing the aging process, the loss of paper strength occurred
as a consequence of degradation processes. As shown in
sample a, the uncoated paper was less thermally stable,
and obviously showed a higher loss of paper strength, the
loss ratio of tensile strength is 30.4 %. The paper coated
by polyurethane liquid showed a higher resistance before
aging because of improved fiber-fiber bonding, the loss
ratio of tensile strength is 14.3%. The value of the ten-
sile strength of coated samples with polyurethane liquid
showed little decrease compared with the sample a. This
result was intended the interfering of polyurethane mate-
rials on the fiber—fiber bonding.

The elongation of sample a decreased with the aging
time. But the elongation of sample b increased in the 2 days
of aging progress, and then decreased. The same trend
was found for the tearing strength of aged samples. This
is due to the fact that the high temperature makes the re-
inforcing liquid better combined with the paper, but the
continuous high temperature will break the fiber shape,
and eventually the elongation will decrease. Even so, the
elongation of sample b is still far greater than that of sam-
plea.

The folding endurance of sample b decreased with the
aging time. When the aging time is 2 days, the rate of de-
creased slowly. This trend is same as the tearing strength.
Besides, when the aging time is 3 days, the decrease ratio
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Figure 3: The mechanical properties of paper samples with aging time. a. Uncoated paper; b. coated by 10% mass concentration

polyurethane liquid.

Table 2: Brightness, gloss of the paper during the aging time.

Aging time (h) 0 24 48 72
Uncoated paper R457-brightness (%) 80.9:0.1 79.2:0.1 78.6x0.1 77.3:0.1
Coated paper 78.0£0.1 77.9¢0.1 77.5¢0.1 76.320.1
Uncoated paper  G75-gloss 4.9+0.1 4.9+0.1 4.8+0.1 4.6x0.1
Coated paper 4.8+0.1 4.8+0.1 4.7+0.1 4.6+0.1

of folding endurance reached the maximum, and when ag-
ing time is 4 days, the folding resistance increased slightly.
However, the folding endurance of reinforced paper is
much more than that of uncoated paper. This is attributed
to low-molecular-weight polyurethanes penetrated easily
into the fibers, fully wetted the paper, protected effectively
the fiber structure of paper, prevented the fiber breakage,
increased the mechanical properties of the paper and ag-
ing resistance. At the later stage of dry heat aging, the re-
inforcement liquid may be damaged in the thermal envi-

ronment, resulting in fiber exposure and accelerated frac-
ture.

From Figure 3, it is evident that the dry heat ag-
ing treatment affected the mechanical properties of pa-
pers. As shown in sample a, the uncoated paper was less
thermally stable and obviously showed a higher loss of
paper mechanical. Tests of artificially aged papers that
were coated with polyurethane liquid showed the best
resistance to mechanical properties compared with un-
coated papers because of the structure of the polyurethane
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materials. Results clearly showed that polyurethane suc-
cessfully prevented the papers from cellulose degrada-
tion.

The gloss and brightness of papers during aging were
shown in Table 2. As shown in Table 2, the gloss and bright-
ness of papers decrease with the increase of aging time.
But they has slightly decrease in coated paper.

The FTIR spectra of coated papers compared with the
uncoated one after accelerated aging was shown in Fig-
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Figure 4: The FTIR spectra of paper samples during aging. a. Un-
coated paper; b. coated with 10% polyurethane reinforcement lig-
uid.

Table 3: Mechanical property of paper samples.
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ure 4. It is clearly shown that polyurethane coating can
successfully prevent paper from cellulose degradation.
The carbonyl compounds produced by cellulose degra-
dation greatly enhanced the 1695 cm™. Therefore, band
at 1695cm™! are assigned to C=0 vibrations and proved
the degradation of uncoated paper under aging condition.
These bands in coated paper with polyurethane are so
weak. This observation showed that the paper coated by
polyurethane has good aging resistance.

To determine how well paper works prevent the dam-
aging effects of chemical materials, a selection of papers
were exposed to HCI (pH=4) and NaOH (pH=12) aque-
ous solution for 72h. Additionally, degradation of prop-
erties of papers with chemical aging has been measured
by tensile strength and folding endurance. The results
were presented in Table 3. The paper’s ability coated
with polyurethane based on nanosilica to resist acid and
alkali attack is greatly improved. That may due to the
protective layer formed on the surface of the fiber by
polyurethane could effectively prevent the dissociation of
H* and OH™ roots to the fiber, as shown in SEM analy-
sis.

Appearance of papers

The SEM surface of paper samples were shown in Figure 5.
SEM of the uncoated paper sample was closely packed
cellulose fibers with an interwoven network with no defor-
mation. As seen in Figure 5(b), the loose mesh structure
was still partially maintained between the fibers, allowing
the inherent texture of the paper to be preserved. Also,
there is a layer of high molecular connection between the
fibers, which connects the broken fibers and increases the
overall strength of the paper sample. In addition, due to
the low molecular weight of HDI trimer, it can penetrate
into the inside of the paper fiber and thicken the fiber.
Figure 6 shows the appearance of a calligraphy work
before and after treating with polyurethane liquid. It is
clear that the polyurethane material is completely trans-

Samples Tensile strength (N/m) Folding endurance (times)
Uncoated paper Coated paper Uncoated paper Coated paper
Initial value 1005 2715 23 884
After treated by HCl 673 2288 10 798
Loss ratio % 30.0% 15.7 % 56.5 % 9.7 %
After treated by NaOH 725 2536 3 689
Loss ratio % 27.8% 6.6 % 86.9 % 22%
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Figure 5: SEM of paper samples. a. Uncoated paper; b. coated with
10% mass concentration polyurethane liquid.

parent and no changes in color, hue, or gloss can be ob-
served after coating.

Conclusion

The polyurethane was synthesized by nanosilica and hex-
amethylene diisocyanate trimer. In this study, we success-
fully strengthened papers by polyurethane liquid. After
the treatment, the mechanical properties of the papers im-
proved significantly, while the appearance of the paper
changed slightly. At the same time, the antiaging property
of the papers was greatly improved. This study is a great
innovation in the field of paper cultural relics protection.
Nevertheless, we must emphasize that there may be com-
plex interactions between polyurethane and different pa-
pers, pigments, inks, and paper fillers. It is very necessary
to further improve and evaluate this method. Obviously, at
this stage this method should not be used in the practical
conservation.
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Figure 6: Image of a calligraphy works. a. Uncoated calligraphy
work; b. coarted with 10% polyurethane liquid.
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