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Abstract: Paper cultural heritages are valuable historical records and also abound in cultural re-
sources. Due to its organic property, paper is susceptible to aging, destruction by environmental
pollution and human factors. At present, many countries in the world are facing the problem of
paper conservation. Coating reinforcement is one of the methods for paper conservation, in which
the choice of reinforcing resin is key. A transparent polyurethane, based on epoxycyclohexane (CHO)-
tetrahydrofuran (THF) copolyether, was adopted in this study. The ring-opening polymerization for
generating the CHO-THF copolyether took place by the reactants CHO and THE, in the catalysis of
boron trifluoride diethyl etherate, initiation of glycerol. Characterizations of the synthetic copolyether
were conducted by infrared (IR) spectroscopy and proton nuclear magnetic resonance (\HNMR)
spectroscopy. The transparent polyurethane was then produced by the CHO-THF copolyether and
hexamethylene diisocyanate (HDI) trimer. The influences of different concentrations of polyurethane
solution upon the paper tensile strength, elongation, folding endurance, tearing strength, gloss, and
brightness were studied. These findings suggest that 10% polyurethane solution is optimal, not only
for greatly improving the paper performance, but also for keeping with the principle of “repair as
old”. The applied results demonstrate that the polyurethane based on the CHO-THF copolyether has
the characteristics of copolyether along with polyurethane, displaying good mechanical properties in
paper reinforcement.

Keywords: copolyether; polyurethane; paper conservation

1. Introduction

Paper cultural heritages such as classics, manuscripts, archives, calligraphies, paint-
ings, and letterheads record human history, culture, science, and technology [1-4]. How-
ever, external factors such as environmental pollution, temperature, light, oxygen, water,
and microorganisms, and internal factors such as fiber breakage, acidification cause paper
aging and performance degradation [5,6]. Accordingly, paper conservation is essential.
The coating reinforcement method is effective, with a natural or synthetic resin used as
a coating to protect the paper [7]. The broken fibers are reconnected physically or chem-
ically while resin penetrates into the paper, and thus mechanical properties are built up.
Furthermore, the coating provides a corrosion inhibition for external factors. Obviously,
the choice of reinforcing resin is key. In addition to colorlessness, transparency, and no
adverse impact on paper fibers, the resin should also perform an efficient combination with
paper fibers. Polyurethane, a synthetic polymer material, has good mechanical properties,
weatherability, corrosion resistance, and adhesion [8]. Crosslinking reactions carry out at
room temperature between highly reactive isocyanates of polyurethane and hydroxyls of
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paper fibers [9]. Polyurethane and fibers are connected closely through chemical bonds.
As a result, paper can be strengthened and mechanical properties can be improved. Main
chains of copolyether that contain in general polyurethane are straight, flexible structures
lacking rigidity, so it is difficult for polyurethane to possess both excellent mechanical and
weathering properties [10-12]. Conversely, main chains of copolyether containing cyclic
groups exhibit excellent processing performance, high weathering and hot resistance, and
are not easy to crystallize [13]. Polyurethane synthesized from it are less susceptible to crys-
tallize between the soft and hard segment due to the weaker inter-chain forces and lower
microphase separation, performing a disordered state with better transparency [14-16].
CHO has a six-membered alicyclic group with solidity and a ternary epoxy group with
high activity. For the ring-opening polymerization, a copolymerization reaction occurs in
the polymer system of CHO and THF to produce copolyether. The synthetic copolyether
owns both a six-membered alicyclic rigid structure and a flexible butyl structure in the
main chain. Based on the proportional control of rigid and flexible segment, rigidity and
molecular weight of copolyether are adjustable as required [17]. In addition, as a steric
hindrance effect of cyclohexyl, polyurethane is disordered, transparent, and not easily
crystallized [17-19]. Polyurethane coating based on CHO-THF presents high gloss and
solvent resistance [17].

The CHO-THEF copolyether was produced by reactants CHO and THE, then polyurethane
was prepared through the synthetic copolyether and HDI trimer in this study [18,20].
The synthetic polyurethane was applied in paper reinforcement. The results demonstrate
that paper mechanical properties were improved [21].

2. Materials and Methods
2.1. Materials

Materials are illustrated in Table 1.

Table 1. Materials.

Material Specification Manufacturer
CHO industrial grade Shenma Group (Pingdingshan, China)
THF analytical grade Tianjin Komeo Chemical Reagent Co., Ltd. (Tianjin, China)
glycerol analytical grade Tianjin Komeo Chemical Reagent Co., Ltd. (Tianjin, China)
dichloromethane analytical grade Tianjin Komeo Chemical Reagent Co., Ltd. (Tianjin, China)

boron trifluoride diethyl etherate analytical grade

Tianjin Chemical Reagent Plant 3

(Tianjin, China)
ammonium carbonate analytical grade Tanjin Che.zmi.c.al Rea}gent Plant3
(Tianjin, China)
ethyl acetate analytical grade Tianjin Komeo Chemical Reagent Co., Ltd. (Tianjin, China)
HDI trimer industrial grade Bayer (Leverkusen, Germany)
dibutyltin dilaurate analytical grade Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China)

Xuan paper

- Xuan Paper Company (Xuancheng, China)

2.2. Synthesis of CHO-THF Copolyether

The ring-opening polymerization for generating the CHO-THF copolyether took
place by the reactants CHO and THEF, in the catalysis of boron trifluoride diethyl etherate,
initiation of glycerol [17,22]. A total of 20 mL dichloromethane, glycerol (molar ratio to
raw materials being 0.02:1), boron trifluoride diethyl etherate (molar ratio to raw materials
being 0.045:1), THF (molar ratio to CHO being 1:1) were added successively into a 250 mL
three-neck flask under the nitrogen protection, stirred for 20-30 min at 0 °C for uniform
mixing. CHO was introduced dropwise once every 10 s in the reaction process, with
temperature maintaining at 0 °C for 6 h. Thereafter, deionized water was given to terminate
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the reaction, as reaction system was adjusted to pH 7 with 10% ammonium carbonate
solution. Transparent copolyether was prepared by water washing, phase separation, and
vacuum distillation (oil bath temperature of 110 °C) [8,17,22].

2.3. Synthesis of Polyurethane Based on CHO-THF Copolyether

With the CHO-THF copolyether, HDI trimer, dibutyltin dilaurate addition to ethyl
acetate (6.5%, 53%, 2%, 38.5% by weight), the reaction proceeded at 70 °C [20]. Content of
isocyanate group (-NCO) was determined every hour. When the content reached 15%, the
reaction was stopped [23].

2.4. Paper Coating

Polyurethane based on the CHO-THF copolyether was diluted by ethyl acetate. Subse-
quently, Xuan paper (cut into 210 mm x 297 mm) was steeped into different concentrations
of polyurethane liquid for 2-5 min. In the end, the treated Xuan paper was dried at room
temperature [18,24,25]. Coating process is illustrated in Figure 1.

different
concentrations  of
polyurethane
experimental
. ] group *
Xuan paper—»| Clipping  into immersion | drying
standard size
control
group

Figure 1. Process of paper coating.

2.5. Analysis and Testing Methods

Paper treated by polyurethane was cut into a size of 24.0 cm x 1.5 cm, then 10 strips
were taken vertically, the determination of the tensile strength, elongation of the paper were
measured at a PN-TT300 (Hangzhou Pin Heng Technology Co. Ltd., Hangzhou, China),
with a speed of 20 mm/min [26]. Paper was cut into a size of 15.0 cm X 1.5 cm, then
10 strips were taken vertically, determination of the folding endurance was measured at a
double-fold instrument PN-NZ135 (Hangzhou Pin Heng Technology Co. Ltd., Hangzhou,
China), with a force of 4.9 N [27]. Paper was cut into size of 6.5 cm x 5.0 cm, then 5 strips
were taken vertically, determination of the tearing strength was measured at a PN-TT1000
(Hangzhou Pin Heng Technology Co. Ltd., Hangzhou, China) [28]. Paper gloss was
measured at a PN-GM glossmeter (Hangzhou Pin Heng Technology Co. Ltd., Hangzhou,
China), with mode chosen as G20, G60, G75 (incident angles are 20°, 60°, 75°) [29], ten
tests proceeded at each polyurethane concentration. Paper brightness was measured at
a brightness tester of PN-48B (Hangzhou Pin Heng Technology Co. Ltd., Hangzhou,
China), with mode chosen as blue, green light diffuse reflectance spectra (R457, Ry) [18,30];
ten tests proceeded at each polyurethane concentration. A FT-IR200 fourier transform
infrared spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was used for IR
characterization. An AV II-400 nuclear magnetic resonance spectrometer (Bruker Optics,
Karlsruhe, Germany) was applied to determine 'HNMR. A NovaNano SEM450 scanning
electron microscope was adopted (FEI, Hillsboro, OR, USA).

3. Results and Discussion
3.1. The Reaction Mechanism of CHO-THF Copolyether

The ring-opening polymerization for generating CHO-THF copolyether takes place by
the reactants CHO and THE, in the catalysis of boron trifluoride diethyl etherate, solvent of
dichloromethane, initiation of glycerol [22,31]. In the chain initiation stage, an intermediate
is generated by the combination of boron trifluoride diethyl etherate and glycerol, which
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then reacts with CHO. The corresponding product is an oxonium ion, possessing a positive
charge at the active center. In the chain growth stage, the oxonium ion, CHO, and THF
react with each other, resulting in an active product with a carbocation, which makes an
atomic attack to the oxygen of monomer, serving as a nucleophilic reaction. In the chain
termination stage, H,O combines with the active product to terminate the reaction [17].
The reaction mechanism is shown in Scheme 1.

The chain initiation stage:

©
BFy'OEt, + HOCH,CHOHCH,OH [ BF30CH,CHOHCH,0H] n® + OEt,

o © ®----[-BF OCH,CHOHCH OH]e
O + [ BF;0CH,CHOHCH,0H|” j — ;0CH; 2

OH
The chain growth stage:

e
£- - - BF;0CH,CHOHCH,0H
+ n O +m 0O —
OH
Q o
H-o 0-CH,CH,CH,CHJ—0 EB————[BF3OCH2CHOHCHZOI-i
m

n

The chain termination stage:

Q °
H-{o O—CHZCHZCHZCH)THO g-——[BF;OCHZCHOHCHZOd + 0 —
n

® S)
+ H [ BF;0CH,CHOHCH,OH
H—(o 0—-CH,CH,CH,CH, )—n(‘) OH
n

The total reaction:

(n+1) 0+ m 0 —> H—O o- CH2CH2CH2CH2—)—O

Scheme 1. Reaction mechanism of the CHO-THF copolyether.

The synthesis process of the CHO-THF copolyether is illustrated in Figure 2.

epoxycydohexans
tetrahydrofiran
BF,-OFt,—— lunif'nnn dropwize addtion
CH.CL #| icybrinebath [ polymerizaion [ "o | pf saticphase |, aqueos
- - scrubbing separation solution
glycerol — | .
) iorgamcphase

product *l—| vacuum distillation ‘

Figure 2. Synthesis process of copolyether.
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As Figure 3 shows, the absorption band at 1088 cm ™! in the IR spectrum is the charac-
teristic absorption peak of aliphatic ether bond, an iconic functional group of the synthetic
copolyether. The vibration absorption peak at 3438 cm ! belongs to the hydroxyl group.
The stretching vibration bands of C-H in methylene and methine are at 2929 and 2855 cm !,
respectively. There is also a deformation vibration peak of C-H at 1448 cm ™1 [17].
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Figure 3. IR spectroscopy of the synthetic copolyether.
'HNMR analysis of the synthetic copolyether is illustrated in Table 2.

Table 2. "HNMR analysis of the synthetic copolyether.

Characteristic Functional Groups Chemical Shift § (ppm)
a 3.1
b 3.5
c 3.3
d 1.9
e 1.6

The representations of Hin g, b, ¢, d, e are illustrated in Figure 4. Accordingly, the
THNMR spectroscopy of the synthetic copolyether is illustrated in Figure 5.

e e e e
H—(o O-CH,CH,CH,CH,}—0 OH
a d b’ n ¢c ¢ ¢ ¢ m b d a

Figure 4. Structure analysis of the synthetic copolyether.

As Figure 5 shows, the proton peak of hydroxyl in C-CH-OH is at 3.1, the proton
peak of ether in C-CH-O-C is at 6 3.5, the proton peak of ether in C-CH,-O-Cis at 6 3.3,
the proton peak of C-CH-C-O is at 6 1.9, and the proton peak of C-CH,-C—C is at 5 1.6.
The absorption peaks between 4 1.0 and 4 2.0 belong to the hydrogen of nonadjacent to
oxygen in the residual monomers of CHO and links (-OCH,CH,CH;CH,O-) of THE. The
absorption peaks between 6 3.0 and 6 4.0 belong to the hydrogen of adjacent to oxygen in
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the residual monomers. Both the IR and 'HNMR spectrum suggested hydroxyl terminated
copolyether was prepared through ring-opening polymerization of CHO and THF.
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Figure 5. 'HNMR of the synthetic copolyether.

3.2. Properties of Polyurethane Based on CHO-THF Copolyether

Polymerization is generated by the reactants CHO-THF copolyether, and HDI trimer.
The reaction between high-reactivity isocyanate groups of the HDI trimer and hydroxyl
groups of the copolyether is provoked by the catalysis of dibutyltin dilaurate. The reaction
mechanism is illustrated in Scheme 2.

NCO
(H2C)g

i : 0 N\KO
H—(—O 0—CH,CH,CH,CH,—}—0 OH + N N
" / \
OCN— (CH); (H,C)s—NCO

0
I |(|j—60 0—CH,CH,CH,CH,—} oH
- —CH,CH,CH,CHy=—7—0
/ n m
OYNYO
0
|| N N o
A \ [
HO O—F=CH,CH,CH,CH,—0 - 07— ¢ NT—(CH, (CHz%——E—c—fo O—CH;CH;CH,CH——0 OH
n
0

Scheme 2. Reaction mechanism of polyurethane.

3.3. Application of Polyurethane Based on CHO-THF Copolyether in Paper

Tensile strength, elongation, folding endurance, and tearing strength of paper were
detected as the mass concentration variation of polyurethane [18,19]. As shown in Figure 6a,
with increasing mass concentration, tensile strength increased from 1105 to 3616 N/m,
with a growth rate of 227%. Elongation is another key indicator for paper tensile strength.
As illustrated in Figure 6b, with mass concentration rising, elongation reached the peak
of 3.45% at 15% of mass concentration and then began to descend, with an addition of
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almost 283%. The substitution of hydrogen bonds for carbamate bonds in paper fibers
causes a reinforcing bonding action as a three-dimensional crosslinking system forms [9].
Yet the paper may become brittle with the continued growth in mass concentration. As
Figure 6c illustrates, as a sustainable growth of mass concentration, the folding endurance
tended to rise and then decline. The folding endurance achieved 1752 times while mass
concentration was 10%, with an increase of 866%. Because of the rigid six-membered ring
in CHO, the resistant external forces of paper enhance with coating existence. In the folding
process, more capabilities of the coated paper fibers are obtained towards holding the
original flexibility, which respond to a marked increase in folding endurance and tensile
strength simultaneously. On the contrary, the continuous growth of mass concentration
makes paper grow thicker, causing polyurethane coating to fracture and become crisper
obviously. Thus, the flexibility of the paper declines. As Figure 6d shows, with rising
mass concentration, the tearing strength increased firstly, peaking at 185 mNN at 15% of
mass concentration, and decreased afterward, with a growth rate of 51%. It also reflects an
interaction of the fracture paper fibers with the synthetic polyurethane existence. However,
steric hindrance of the polyurethane molecules continues to increase with the sustained
growth in mass concentration, and bonding forces of fibers fall to peel the paper.
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Figure 6. Mechanical properties of the paper treated with different mass concentrations of polyurethane: (a) tensile strength;
(b) elongation; (c) folding endurance; (d) tearing strength.

Gloss of the paper was tested as the mass concentration variation of polyurethane,
illustrated in Figure 7.
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Figure 7. Gloss of the paper treated with different mass concentrations of polyurethane. B, G20; o,
G60; A, G75.

As Figure 7 illustrates, with increasing mass concentration, gloss tended to reduce
slightly. The gloss of G20, G60, G70 (incident angles are 20°, 60°, 75°) reduced with a
decreased percentage of 8%, 7.6%, and 2.2%, respectively. The greater the concentration
of coated polyurethane when the light hits the reinforced paper, the less reflection oc-
curs, resulting in a reduction in paper’s gloss. In general, the gloss affects little by the
synthetic polyurethane.

Brightness of the paper was tested as the mass concentration variation of polyurethane,
illustrated in Figure 8.
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Figure 8. Brightness of the paper treated with different mass concentrations of polyurethane. M,
R457; e, Ry.

As Figure 8 shows, as sustainable growth of mass concentration, the brightness of
the paper degraded in a lower degree. R457 represents blue light brightness, reflectivity
of blue light exposure. Ry represents green light brightness, reflectivity of green light
exposure. The brightness of R457, Ry fell by 4.3%, 3.3%. Polyurethane dries to a film on the
surface of the paper; as polyurethane concentration increases, there is a certain masking
effect on the brightness of the paper. On the whole, the brightness affects little by the
synthetic polyurethane.
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For comprehensive appraisal of tensile strength, elongation, folding endurance, tear-
ing strength, brightness, and gloss, the mass concentration of polyurethane based on the
CHO-THEF copolyether was chosen as 10%.

Paper performance after treatment of polyurethane consolidation solution indicates
that gaps in the paper fibers are packed; additionally, bonding effects among fibers are
improved, and mechanical properties are enhanced. The synthetic polyurethane has a
six-membered alicyclic group with solidity, and the paper anti-reciprocating folding ability
at some point is enforced, contributing to the resistant external forces of paper. Meanwhile,
in the folding process, more capabilities of the coated paper fibers are obtained towards
holding the original flexibility. In summary, tensile strength, folding endurance, elongation,
and tearing strength increase due to the polyurethane coating. Polyurethane based on the
CHO-THEF copolyether owns both a six-membered alicyclic rigid structure and a flexible
butyl structure in the main chain. Based on the proportional control of rigid and flexible
segments, rigidity and molecular weight of copolyether are adjustable as required. In
addition, the steric hindrance effect of cyclohexyl, polyurethane is disordered, transparent,
not easily crystallized [17-19]. Polyurethane coating based on CHO-THF presents high
gloss and solvent resistance.

Combined with the previous studies, paper performance after treatment of polyurethane
based on CHO homopolyetheryl, CHO-epoxychloropropane (ECH) copolyether, and the
CHO-THEF copolyether were compared and analyzed. The tensile strength of paper in coat-
ing increased markedly. For homopolyetheryl-based polyurethane, as mass concentration
rose, tensile strength reached the peak of 3039 N/m at 20% of mass concentration, then
began to descend, with an addition of almost 175%. For copolyether-based polyurethane,
with increasing mass concentration, tensile strength both tended to increase, and there was
a similarity between them. Tensile strength of paper treated by CHO-ECH-copolyether-
based polyurethane increased from 1105 to 3739 N/m, with a growth rate of 238%. Tensile
strength of paper treated by the CHO-THF-copolyether-based polyurethane increased
from 1105 to 3616 N/m, with a growth rate of 227%. At each mass concentration, the
tensile strength of paper in homopolyetheryl-based polyurethane coating was lower than
that in copolyether-based polyurethane coating. For elongation, all of them exhibited in
homoplastic degree. As sustainable growth of mass concentration, the folding endurance
of each tended to rise and then decline. The folding endurance of homopolyetheryl-based
polyurethane, CHO-ECH-copolyether-based polyurethane, and CHO-THF-copolyether-
based polyurethane, achieved discriminatingly in 504, 1801, 1752 times. Particularly,
copolyether-based polyurethane was more favorable. As rising in mass concentration,
all the tearing strengths raised firstly, peaking at 154, 188, 185 mN, and decreased after-
ward. At each mass concentration, the tearing strength of paper in homopolyetheryl-based
polyurethane coating was lower than that in copolyether-based polyurethane coating. In
addition, the gloss and brightness were affected little by the synthetic polyurethane [19,25].
Generally, copolyether-based polyurethane performing in similarity is preferable in the
influences of polyurethane solution upon the paper.

The scanning electron microscope (SEM) images of paper are illustrated in Figure 9.

As shown in Figure 9a, the distribution of paper fibers represented as messy and irreg-
ular in thickness, and more inter-fiber gaps existed. As Figure 9b illustrates, paper fibers
after treatment of polyurethane consolidation solution represented as coarser and were
dispersed evenly. It also reflected an interaction of the fracture paper fibers. Furthermore,
the inter-fiber gaps were packed by the consolidation solution to make a smoother surface.
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Figure 9. SEM images of Xuan paper treated with polyurethane liquid before (a) and after (b).

4. Conclusions

The ring-opening polymerization for generating the CHO-THF copolyether took place
by the reactants CHO and THE, in the catalysis of boron trifluoride diethyl etherate, initia-
tion of glycerol. Characterizations of the synthetic copolyether were conducted by infrared
(IR) spectroscopy and proton nuclear magnetic resonance ( HNMR) spectroscopy. Trans-
parent polyurethane was then produced by the CHO-THF copolyether and HDI trimer. The
applied results demonstrate that tensile strength, folding endurance, elongation and tear-
ing strength increase due to the polyurethane coating. Additionally, gloss and brightness
displayed a good state when the polyurethane coating forms. Generally, copolyether-based
polyurethane performing in similarity is preferable in the influences of polyurethane so-
lution upon the paper. In short, these findings suggest that 10% polyurethane solution
is optimal, not just as greatly improving the paper performance, but as keeping with the
principle of “repair as old”. The applied results indicate that the polyurethane based on
the CHO-THF copolyether has characteristics of copolyether along with polyurethane,
exhibiting good mechanical properties in paper reinforcement. The study still needs to be
further explored.
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