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Abstract: Paper artifacts have unique cultural and historical values. However, over time, many
paper artifacts appear with disease characteristics such as embrittlement and photoaging, losing the
most fundamental function of the literature archive. The reinforcement handling of degraded paper
artifacts is, therefore, a necessary measure to extend their service life, the key to which lies in the
reinforcement and prevention of photoaging. This paper intended to use graphene oxide (GO) as
a UV protective agent, carboxymethyl cellulose (CMC) as a reinforcement, and polyethyleneimine
(PEI) as a modifier. In this work, the amino-modified graphene oxide carboxymethyl cellulose
composite (CMC-aGO) was prepared by chemical modification, which was used as bifunctional
paper protection material with anti-ultraviolet and reinforcement. It showed excellent performance
in both tensile strength testing and UV resistance testing. The CMC-aGO raw material is low cost,
colorless, transparent, simple to synthesize, convenient to operate, and is an excellent conservation
material with dual functions of UV aging protection and paper reinforcement.
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1. Introduction

Paper cultural relics, in the form of archives, book drawings, newspapers, litera-
ture, etc., are commonly used to record valid information. As one of the important carriers
of culture, science, politics, education, and economy, paper cultural relics have an immea-
surable value of their own existence [1–4]. However, over time, some paper cultural relics
due to natural aging, acidification, ultraviolet, and other internal and external factors lead
to diseases such as yellowing, crispness, and mildew, which endanger the potential value
of paper itself. The main components of paper are cellulose, lignin, and hemicellulose, as
well as additives (starch, minerals, synthetic polymers, etc.) [5–9]. The aging factors include
internal and external factors. Internal factors include the hydrolysis and oxidation of cellu-
lose, which decreases the van der Waals force and hydrogen bond force between cellulose
molecules, resulting in decreased intermolecular polymerization and paper mechanical
strength. Extrinsic factors of aging in paper artifacts include temperature, humidity, sun-
light, air pollution, microbial influences, etc. [2]. Among them, light is extremely hazardous
to paper and literal pigments. UV light in daylight exposure is highly destructive. It has the
characteristics of long wavelength and high energy, which may cause the change in high
energy state and the transfer of energy between the paper fiber and pigment molecules,
making it undergo a series of photochemical reactions [9–12]. This caused the paper fiber
structure to oxidatively degrade, making the paper polymerization degree overall decline,
and making its mechanical properties less stable, eventually causing irreversible damage
to the paper. Therefore, developing reinforcement materials with UV aging resistance is of
great significance to protect paper-based artifacts [13–15].

In the field of paper-based cultural relics protection, organic polymer materials have
become a research hotspot due to their excellent reinforcement effect, simple operation, and
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rapid effect, mainly including synthetic polymer materials and natural polymer materials.
Compared with synthetic polymer materials, natural polymer materials stand out for their
advantages in safety, environmental friendliness, compatibility with paper, and reversibility,
and become a hotspot of competitive research among researchers for the protection of paper
artifacts. Cellulose is the most abundant and inexhaustible renewable resource in nature. It
has the advantages of low cost, high quality, environmental protection, and safety [16,17].
In addition, cellulose itself is the main component of paper, and its physical and chemical
properties are similar. When external environment conditions change, there is no stress
between cellulose and paper fiber materials, which causes secondary damage to the paper.
Basically, to meet the requirements of paper cultural relics protection for reinforcement
materials, the principle of “repair the old as the old, keep the original appearance” should
be followed and may also have the characteristics of aging resistance, reversibility, and
paper compatibility.

Among many paper reinforcement materials, carboxymethylcellulose (CMC), as a
water-soluble cellulose derivative, has excellent water solubility, viscosity, diffusibility,
stability, and environmental friendliness [18]. It can be used for paper reinforcement and
is widely used in this field. CMC molecules are intertwined due to their special long-
chain structure [19]. The film formed by CMC has excellent toughness, flexibility, and
transparency and can block oil and water. In addition, this weak alkaline solution can
neutralize acidic substances in the paper and slow the progress of paper acidification and
aging. Meanwhile, a large number of functional groups in the CMC structure are able
to interact with hydroxyl or hydrogen bonds in the cellulose structure of the paper and
are able to form a stable fibrous network on the surface of the paper, thereby playing a
strengthening role [20,21]. Chen et al. found that the carboxymethyl cellulose-modified
material was used to simulate the protection of paper-based cultural relics, and the synthetic
carboxymethyl cellulose fluoride acetate acrylic copolymer lotion was coated on the paper.
The research found that the tensile strength of the paper was increased 4.61 times, the
water resistance of the paper was also greatly improved, and the reinforcing material had
reversibility and certain anti-aging properties [22].

In response to the effect of UV light, graphene has excellent UV protection performance
and has been applied in artifact protection in recent years. Graphene is a single-atom layer
crystal constructed by hybridizing carbon atoms in sp2 [23–25]. Because of the transition
effect of electrons located in the π state, graphene can absorb UV light in the range of
100~281 nm, exhibit an absorption peak at 250 nm located in the UV light region, and
reflect UV light with a wavelength greater than 281 nm [26–28]. However, when graphene
oxide is used directly to modify materials because the higher surface energy and van der
Waals forces make it less dispersible in the matrix and easy to agglomerate, this greatly
reduces the modification effect. Numerous studies have shown that the amino function-
alization modification of graphene oxide can improve the dispersity of graphene oxide
materials. Meanwhile, more reactive sites are added, which is helpful for strengthening
interactions with the polymer matrix. Therefore, it may be able to take advantage of the
preventive protection with paper artifacts, thereby weakening the damage of the paper by
UV light [29–32].

Based on this, this work utilized aminolated graphene oxide (aGO) as an anti-UV
aging agent and carboxymethyl cellulose as a paper reinforcement. The related research of
carboxymethylcellulose-amino graphene- composite (CMC-aGO) was expected to provide
a theoretical basis for the development of anti-light aging and reinforcement materials
for paper relics. The innovations of this work are as follows: (1) Surface modification of
CMC with PEI enriches the surface with amino groups and provides an anchoring point
for graphene nanosheets; (2) The composite material of graphene and CMC is prepared by
simple technology, and the raw material is cheap and easy to obtain, which has practica-
bility and application prospect; (3) The development of reinforcement materials with UV
resistance properties enables restorative materials to function as prophylactic protection on
the basis of the reinforcement of damaged paper.
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2. Materials and Methods
2.1. Chemicals

CMC, epichlorohydrin, PEI (molecular weight about 600 g mol−1), and KBr were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
The reagents were all analytical and pure, and the water used for the experiment was
deionized water. The simulated pigments (vermilion, malachite, ultramarine, and gam-
boge), alum gelatin, and rice paper were purchased from Beijing Tianya Pigment Co., Ltd.
(Beijing, China).

2.2. Preparation of Samples
2.2.1. Synthesis of CMC-aGO

First, 10 mg of GO was added into 140 mL of deionized water, which was pulverized
by a homogenizer for 60 min, and ultrasonic dispersion for 30 min to obtain go dispersion
with a mass fraction of 6.66%, which was then placed at 80 ◦C for heating. Then, 0.4 g PEI
and 0.015 g KOH were added to the above GO dispersion to obtain the GO-PEI mixture by
continuous heating and stirring at 80 ◦C for 12 h. Next, 0.1 g CMC was added to the above
GO-PEI mixture with stirring for 1 h; then 0.5 g epichlorohydrin was added dropwise to
the above reaction system to react at 80 ◦C for 12 h (epichlorohydrin acted as a crosslinking
agent [33]). Finally, they were centrifuged, and the obtained solid was washed with ethanol,
deionized water repeatedly, and freeze-dried for 48 h. The CMC-GO is directly mixed with
CMC and GO, and its proportion is the same as that of CMC-aGO.

2.2.2. Preparation of Simulated Samples

The rice paper was trimmed to the size of 15~240 mm, and the diluted pigments were,
respectively, painted evenly on the paper samples, thoroughly shade dried, and protected
from light. An amount of 5 mL of the formulated CMC and CMC-aGO dispersions was
placed in the spray gun, sprayed evenly on the rice paper with pigments and those without
pigments, and placed on the yarn mesh to air dry naturally. These samples were used as
simulated samples for the color difference test, tensile strength, and light resistance tests.

2.3. Methods of Performance Testing
2.3.1. Instrument Parameter

The molecular structures of CMC, aGO, and CMC-aGO were characterized by Fourier
transform infrared spectroscopy. (FTIR, Vertex70, Bruker, Karlsruhe, Germany). Spectral
range: 500–4000 cm−1. Scanning electron microscopy (SEM, Hitachi High-tech Co. Ltd., SU-
8020, Tokyo, Japan) was used to study the microstructure of the samples. An X-Rite VS450
non-contact spectrophotometer was used to test the color difference of the paper samples.

2.3.2. Dry-Heat Accelerated Aging Experiments

According to GB/T464-2008 (dry heat accelerated aging of paper and cardboard), the
paper samples were hung in blueparbho-401, a dry heat aging box, which was set to 105 ◦C,
and the aging time was 3 days.

2.3.3. Wet-Heat Accelerated Aging Experiments

According to GB/T22894-2008 (wet heat treatment of accelerated aging of paper and
cardboard at 80 ◦C and 65% Relative Humidity), the paper samples were hung up in an
HCP wet heat aging box for accelerated aging experiments, which was set at 80 ◦C and
65% relative humidity for 3 days.

2.3.4. UV Aging

The treated samples were placed in a UV aging oven under the following conditions:
40 W power, 313 nm wavelength, and a distance of 50 mm between the surface and the
plane of the UV lamp. They were, respectively, irradiated for 3 days, 6 days, and 9 days
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and stored in the dark for 24 h for the performance test of paper sample tensile strength
testing and color difference.

2.3.5. Tensile Strength Testing

Tensile strength testing was used to measure the ability of a paper to resist stretching
from external forces. In accordance with GB/T12914-2008 (tensile strength determina-
tion of paper and sheets), the measured sheets were cut to size 15 mm × 240 mm. A
QT-1136PC universal material testing machine (Xie Qiang Instrument Manufacturing Co.
Ltd., Shanghai, China) was used with a tensile rate of 20 mm/min, and the paper was
stretched to fracture so that the tensile strength S (kN/m) was obtained. Tensile strength
tests were performed along the transverse and longitudinal sheets, respectively.

2.3.6. Color Difference Testing

A CIE L × a × b color coordinate system was used to characterize the color changes
before and after paper sample treatment and accelerated aging. The smaller the chromatic
difference value (∆E) of the paper represents, the smaller the color change before and after
sample reinforcement and accelerated aging. The CIE L × a × b color system chromatic
difference value is calculated as follows:

∆E = [(∆L)2 + (∆a)2 + (∆b)2] 1/2

Among them, ∆L represents the difference in light acuity, ∆a represents the red green
deviation, and ∆b represents the yellow blue deviation [34].

3. Results
3.1. Characterization of CMC-aGO

The present work was intended to proceed through the synthesis of CMC-aGO
(Figure 1). On the one hand, carboxymethyl cellulose cross-links with the inner fiber
of the paper, which in turn achieves the effect of fill reinforcement. On the other hand, the
polyethyleneimine (PEI)-modified graphene oxide surface contains a high density of amino
groups, which easily form bonds with the cellulose surface carboxymethyl, such that GO
nanosheets adhere to the cellulose surface; the introduction of graphene can achieve the
effect of protecting against UV light.
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The microtopography of CMC-aGO was observed by SEM. As shown in Figure 2a,
CMC-aGO consisted of a large number of nanofibers with diameters of ~10 nm. The
nanofibers were randomly arranged and overlapped to form a coherent three-dimensional
porous network structure. The GO layers are closely bonded to a large number of BC
nanofibers without agglomeration (as shown in the color block diagrams of Figure 2a).
In terms of macroscopic morphology, CMC-aGO was uniformly dispersed after 12 h rest.
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However, the CMC-GO, which directly mixes GO and CMC, was obviously separated
(Figure 2b).
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Then, in order to further verify the interaction between graphene, PEI, and cellulose, a
series of materials were tested by FT-IR. Figure 2c shows the FT-IR diagrams of GO, aGO,
CMC, and CMC-aGO. The absorption peaks of GO at 1066, 1381, 1581, and 1721 cm−1 were,
respectively, generated by C=O, C-OH, C=C, and C-O-C vibration. The wider absorption
peak at 3410 cm−1 is the expansion vibration of -OH. The absorption peaks of PEI-modified
GO at 2856 and 2927 cm−1 were caused by the C-H tensile vibration of aliphatic and
aromatic groups, and the characteristic peaks at 1697 and 669 cm−1 were caused by N-H
bending and swinging, respectively. This was caused by the amidation reaction between
amino groups in PEI and carboxyl groups on the GO surface, which indicates that PEI
was modified on the GO surface. The peaks of CMC at 1632 cm−1 and 1416 cm−1 are
asymmetric and symmetric expansion vibration absorption peaks of -COOH, respectively.
The FT-IR spectra of CMC-aGO show that the N-H characteristic peak disappeared and
the characteristic peak of -COOH decreased. The absorption peak at 1661 cm−1 may be
due to the amidation of -CONH- between -NH2 in PEI and -COOH in CMC or GO, which
indicates that GO and PEI successfully grafted onto the CMC surface [35,36].

The micromorphology of the paper cultural relics is shown in Figure 3a, the paper
fibers are intertwined, and there are a large number of voids among the fibers. Excellent
reinforcing materials can penetrate into the voids between the fibers and cross-link with
the internal fibers of the paper to achieve the effect of filling and reinforcing. There were
obvious deterioration signs, such as the breakage and fracture of the paper fiber before
reinforcement, and a large number of voids exist among the fibers (Figure 3a, red dotted
circle marker in Figure 3a). After CMC-aGO reinforcement, the CMC fibers formed cross-
linking structures between the paper fibers, which reduced the porosity of the paper
samples and reinforced the fragile paper (Figure 3b). SEM showed that the size of paper



Coatings 2023, 13, 443 6 of 10

fibers did not change significantly before and after CMC repair, and the surface of the
repaired sample was smooth.
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Figure 3. SEM of (a) Paper fibers; (b) Paper fiber reinforcement by CMC-aGO. (red circles represent
interfibrillar voids).

3.2. Performance Characterization of CMC-aGO

The color change is an important indicator to evaluate the suitability of reinforcement
materials for paper reinforcement. The color difference measurements of the paper and
pigments before and after reinforcement were tested. As shown in Figure 4a, the color
difference of the paper changed after being treated with CMC and CMC-aGO. After CMC
and CMC-aGO treatment, the paper color difference values were 1.3 and 1.5, respectively,
and the color difference standard (∆E = 3) was less than three, which belonged to the range
of color difference tolerance. It shows that CMC had no significant effect on the original
appearance of the paper. Then, the color difference effects of the four pigments under the
reinforcement of CMC and CMC-aGO were tested. As shown in Figure 4b, the influence
of CMC and CMC-aGO on the color difference of vermilion, malachite, ultramarine, and
gamboge pigments were studied. After the minor addition of graphene was added, the ∆E
of vermilion and malachite samples treated by CMC-aGO were 2.3 and 2.2, respectively,
which is slightly higher than that of the samples treated by CMC. However, an ∆E less
than three belonged to the range of color difference tolerance. The color difference between
CMC-aGO on ultramarine and gamboge was less than that of CMC, and the effect of pure
color was obvious. The results showed that the addition of a small amount of graphene did
not cause any change in the color difference between the paper and pigment.
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The tensile strength of paper is one of the important indexes to evaluate the physical
performance of the paper. CMC and CMC-aGO were used to reinforce the rice paper, while
the alum gelatin was used as a control. The tensile strength test results of the paper after
reinforcement are shown in Figure 5; the tensile strength of the paper after reinforcement
with alum gelatin, CMC and CMC-aGO was significantly larger compared to that of the
untreated rice paper. Among them, CMC-aGO showed the most excellent performance
with a tensile strength of 2.2 kN/m and 2.9 kN/m in the cross and machine direction, which
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were significantly better than alum gelatin (1.4 kN/m, 2.3 kN/m) and CMC (1.7 kN/m,
2.6 kN/m).
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Figure 5. Tensile Strength of paper (a) Before aging, (b) After damp-heat aging, and (c) Dry-heat aging.

Then, dry heat aging and wet heat aging treatments were performed on the paper
treated with different reinforcement agents. The results showed that, compared with the
blank samples, CMC-aGO-treated samples were least affected by dry-heat aging and wet-
heat aging, and the samples treated with alum had the greatest influence. After dry heat
aging, the cross-direction strength and machine direction of CMC-aGO treated samples
decreased by 9% and 6.9%, respectively, and after wet-heat aging, the cross and machine
direction strength decreased by 9% and 3.4%, respectively. While significantly better than
CMC, this may have been due to the interactions between the aGO and CMC with the paper
fiber, the oxygen-containing groups, and hydrogen bonds in the CMC aGO interacting with
the paper cellulose, thus enabling the formation of the stable fibrous network on the surface
of the paper, and achieving the filling reinforcement at the damaged paper fiber pores and
fracture sites, increasing the strength and toughness of the fibers, and reinforcement of
the paper.

The reinforcement mechanism was analyzed. The paper fiber strength and the binding
strength between the fibers are the main factors that affect the paper’s mechanical strength.
Fiber length and fiber interlacing factors also contribute to the paper’s mechanical strength.
These factors affect the strength performance index of the paper in a complex way, such as
the tensile strength, the number of folds, and tear strength. Usually, the binding strength
between cellulose is the most dominant influencing factor. After CMC treatment, the
inter-fiber bonding strength is strengthened.

Some pigments are prone to photo-oxidation reaction under UV light, which excites
the double bond of part of the excited state to react with the oxygen in the air, leading to a
change in pigment color, a faded appearance, and a discoloration phenomenon. To explore
the UV light-resistant properties of reinforcement materials, a series of tests were carried
out. It is known from Figure 6a that the pigment color difference value ∆E of each group
remained largely unchanged after 90 days of UV aging for CMC-aGO treated samples
compared to CMC-treated samples during the UV aging test. Among them, CMC-aGO
showed the best color fixation effect on vermilion and gamboge. The CMC-treated samples
showed more variable color difference values starting from 30 days, all of which exceeded
the values of ∆E = 3, especially for the vermilion pigment. This phenomenon might be
attributed to the lack of UV resistance properties in CMC materials, and the vermilion was
prone to crystal phase transition to beta-mercury sulfide (β-Hg S) under UV light conditions.
Ultraviolet light has higher energy than is required for crystal phase transformation, which
can make the cinnabar crystal phase change rapidly and color become darker. Graphene
in CMC-aGO absorbs some ultraviolet rays, effectively delaying the damage caused by
ultraviolet rays.
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SEM of (b) The blank group, (c) CMC, and (d) CMC-aGO-treated paper after UV aging.

The microstructure test results show that (Figure 6b–d) some fiber structure breakage
occurred after aging, among which, the damaged fibers of the blank group (Figure 6b)
and CMC (Figure 6c) were more serious after aging. While the CMC-aGO-treated sam-
ples largely kept their fibrous structures intact after UV aging, only a few fiber fracture
phenomena appeared. This phenomenon further confirmed the anti-UV effect of GO in
CMC-aGO.

4. Conclusions

In summary, CMC with aminolated graphene oxide composites was successfully
synthesized by a simple synthetic method, which was applied with paper reinforcement
and protection against UV light. The results show that the PEI-modified aGO surface
contains high-density amino groups, which are easy to bond with carboxymethyl groups
on the surface of cellulose. Graphene nano-sheets adhere to the surface of cellulose and
effectively improve the dispersion of graphene in the water. CMC in the composite materials
crosslinks with the fibers inside the paper to achieve filling and reinforcement effects, and
GO in the composite materials has an anti-ultraviolet effect. By testing the color difference
in paper reinforcement and pigments, it is shown that the appearance of paper cultural
relics was not affected by the small amount of graphene added. The reinforcement and
ultraviolet resistance of CMC-aGO were verified by tensile tests and simulated aging tests.
The development of CMC-aGO has great application potential in the protection of cultural
heritage and is of great significance to the development of paper conservation materials.
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