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Abstract: Murals are a significant cultural heritage of humanity, and one of the conservation studies
is to control the growth of microorganisms. General biocide agents can be used to preserve mu-
rals while also providing new organic carbon sources and increasing environmental pollution. In
recent years, radiation technology has shown promising prospects for use in heritage protection.
Five microorganisms often found in murals were irradiated with an electron beam in this study, and
six mineral pigments were tested for color change, Raman spectra and pigment layer cohesion after
irradiation. The result showed that irradiation at 20 kGy can basically eliminate Pseudomonas cit-
ronellolis, Bacillus sporothermodurans, Streptomyces vinaceus, and Streptomyces griseolus from the culture
medium, but only inhibited the growth of Penicillium flavigenum. Lead white pigment showed a color
difference of 5.56 (∆E*97) after irradiation, but lead tetroxide, azurite, malachite, ferrous oxide, and
cinnabar showed no visible changes. The Raman spectra of the irradiated and unirradiated samples
were basically the same. E-beam radiation did not affect the surface cohesion of the pigment layer.
This preliminary work shows the potential of electron-beam technology in mural protection and
provides basic research and relevant experience for the subsequent in situ mural protection work.

Keywords: electron beam; decontamination; cultural heritage preservation; mural blocks; CIE L*a*b*
color space; Raman spectra; scotch tape test

1. Introduction

Murals are an important part of human cultural heritage and have unique historical
value. However, microbial contamination is damaging these artworks. This study showed
that microorganism growth causes physical harm, and the generation of microbial pigments
and organic acids weaken the aesthetic properties and degrade the mural base [1–3]; all
these effects eventually cause incalculable damage to the murals. Today, physical and
chemical methods that aim to inhibit microorganisms are being used to protect these
precious artworks [4–6].

Some biocide agents are used to protect murals from biodegradation, which play an
important role in conserving cultural heritage [7,8]. However, the use of biocide reagents
might cause health and environmental problems [9,10]. Several studies have found that
they make other communities become more prevalent, which are related to delivering
new organic nitrogen and carbon [11,12]. Emerging biocide reagents, such as essential
oils and nanomaterials, are becoming popular since they are less polluting and more
environmentally friendly. Several essential oils have been shown to have antimicrobial
properties [13,14], and some of them outperform conventional biocide agents [15]. However,
research into concerns such as long-term performance, the interference with heritage
materials, and other possible hazards is still lacking [16]. Franco-Castillo, et al. [17] provide
a thorough examination of the use of antibacterial nanoparticles to protect cultural property
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items. Long-term evaluation, examining the impacts on specific microorganisms, historical
materials, and developing multifunctional nanomaterials are all considered to be problems
for this approach in heritage conservation study.

Ionizing radiation disinfection technology is a kind of physical technology with little
influence on the environment and good disinfection effect. Radiation destroys the genetic
material in the cell directly or through the radiolysis of the cell water, releasing oxidized
free radicals, and finally leading to cell death [18]. Ionizing radiation mainly includes
gamma radiation and electron-beam radiation; electron-beam radiation has better safety
and predictability, and has broad prospects for development. Commercial high-energy
electron accelerators can be used to sterilize movable artifacts [19]. Irradiation technology
is widely used for sterilization in medical devices and, since the 1980s, also for disin-
fection of cultural objects. Decontaminating the Ramses II mummy and a specimen of
a 42,000-year-old mammoth are two notable examples [20]. Research related to the use of
radiation technology for heritage conservation is mainly concentrated in France, Croatia,
Argentina, Italy, and other European regions.

As immovable cultural relics, murals need to be preserved in situ, so traditional
electron-beam irradiation equipment cannot be used. The development of small, intelligent
mobile low-energy electron-beam irradiation equipment has broadened the application
range of electron-beam irradiation sterilization [21]. According to the present report, it is
predicted that small electron-beam equipment can be used for in situ protection of tomb
murals. However, the application of this technology needs to consider the radiation effect
of the irradiated material.

Some powder pigments showed changes after irradiation. In the study of Negut,
et al. [22], ultramarine, mars red, minium, raw sienna, and chrome yellow showed color
shifts after gamma radiation at a dose of 36 kGy.

Electron-beam irradiation usually degrades or crosslinks organic materials and af-
fects their properties. Effects of radiation on gelatin have also been reported. Low-dose
(8 kGy) gamma ray irradiation did not significantly affect amino acid content in gelatin,
but the increase in irradiation dose would make the adhesive viscosity continue to decline,
which may be caused by the breaking of the protein peptide bond inside the adhesive [23].
However, at the same dose, there was no significant difference between gamma irradiation
and electron-beam irradiation on gelatin [24].

Due to the limited electron-beam penetration ability of low-energy accelerators,
electron-beam irradiation technology has been rarely reported in the field of color cultural
relics protection. Most studies have only looked at the stain-removal effect of commercial
high-energy electron accelerators on some microorganisms [23], or separately tested the
effect of irradiation on pigment [24]. There are few studies on the irradiation effect of
simulated wall blocks and no reports on the change of the cohesive force of the pigment
layer of wall blocks after irradiation. Since the mobile electron-beam source belongs to the
low-energy accelerator, in order to verify the feasibility of its application in non-mobile
murals, the 200 keV electron accelerator was selected in this study. Under these conditions,
the sterilizing effect on typical microorganisms was first verified, and the sterilizing dose
was determined. Then the effect of sterilization dose on pigment composition and structure
and the effect of pigment combination material on mural stability was determined. Thus,
the feasibility of the low-energy electron-beam irradiation technology in mural sterilization
protection was preliminarily verified.

Specifically in this study, we first conducted a series of experiments under laboratory
conditions. The dose tolerance values of five typical microorganisms were determined by
the irradiation test of gradient dose. Then, according to the disinfection dose, the irradiation
experiment of a simulated mural block was carried out to study the irradiation effect on
murals. A colorimeter was used to detect the change of color parameters of pigments, the
Raman spectrometer was used to detect their chemical properties, and transparent tape
was used to test the adhesion of the mural painting layer. The basic data obtained from the
experiment can provide a basis for evaluating the feasibility of irradiation technology in
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mural protection and provide guidance for subsequent experiments of this technology on
murals in the real tomb environment.

2. Materials and Methods
2.1. Microorganism

According to previous research, common bacterial communities in Dunhuang murals
include Bacillus spp., Paenibacillus spp., Pseudomonas spp., Streptomyces spp., etc. Fun-
gal communities are dominated by Penicillium spp., Cladosporium spp., Alternaria spp.,
Aspergillus spp., etc. [25,26]. Penicillium species are widely found in cultural heritage, in-
cluding paper, paintings, textiles, etc. [27]. Streptomyces has also recently been found in
the murals of the Southern Tang Dynasty, China. Pseudomonas and Bacillus also appear
frequently in various cave paintings [28,29].

Considering the microorganisms in the tomb and cave paintings, we selected Penicil-
lium flavigenum, Pseudomonas citronellolis, Bacillus sporothermodurans, Streptomyces vinaceus,
and Streptomyces griseolus for irradiation experiments. The five microorganisms were abbre-
viated as PNC, Pse, Bac, Str.v, and Str.g. The strains were provided by researchers from the
Environmental and Health Group of the Chinese Academy of Sciences [30].

Potato dextrose agar (PDA) was used to grow Penicillium, LB medium to grow Bacillus
and Pseudomonas, and Gauze’s synthetic medium No. 1 to grow two species of Streptomyces.
The culture medium was provided by Land Bridge Technology Co., Ltd., Beijing, China.

Culture plates of different microorganisms with varied incubation times (1,3,5,8 days)
were made to explore the association between radiation resistance and incubation time.
Microorganisms that were grown for different incubation times are shown in Figure 1.
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2.2. Mural Blocks and Pigments

Dunhuang Research Institute supplied 6 cm diameter mock mural blocks. The
main body of the mural block was made of sand, clay, straw and hemp mixed with
water, with a layer of lime on the surface. After the mural blocks were dried, a certain
amount of mineral pigment powder was dispersed in 2% gelatin solution, mixed, and
then applied to the mural block [31]. The pigments include lead tetroxide (Pb3O4), azurite
(Cu3(CO3)2(OH)2), malachite (Cu2(OH)2CO3), ferrous oxide (Fe2O3), cinnabar (HgS), and
lead white (2PbCO3Pb (OH)2), which are often used in the Dunhuang murals [31]. The
pigments are purchased from Company Lhasa Zaxi Rainbow Tibetan Pigment Preparation
Co., Ltd. (Lhasa, Tibet, China) and Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China).

2.3. Electron-Beam Irradiation

The irradiation was performed with MEB-200 electron-beam equipment (Sichuan
Zhiyan Technology Co., Ltd., Mianyang, China) at a dose rate of 4000 Gy/s and a source
energy of 200 keV. To prevent the creation of ozone during the experiments, high purity
nitrogen was pumped into the irradiation equipment. A B3 film dosimeter (GEX Corpo-
ration, Palm City, FL, USA) was used to determine radiation dose. The B3 film dosimeter
transformed from colorless to purplish red after exposure to radiation. It was then placed
in the oven for 15 min at 58.5 ◦C, and its absorbance at 552 nm was recorded. From the
absorbance, we then calculated the absorbed dose for the experiment.
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The microorganisms were irradiated at 5, 10, and 20 kGy, with one control and
three experimental groups set up for each experiment. The mock mural blocks were
irradiated with 20 kGy.

2.4. Characterization

The irradiated microorganisms were inoculated into a new medium and incubated at
25 °C for 48 h. The effect of irradiation was evaluated by checking whether microorganisms
grew again.

We used a 3nh colorimeter (Shenzhen Threenh Technology) to measure the color
change of pigments before and after irradiation; the test was repeated 5 times in the same
area. In the CIELAB color space, the L* value represents lightness ranging from black
(L* = 0) to white (L* = 100); the a* value represents red (+) and green (−), and the b* value
represents yellow (+) and blue (−). We used color difference formula ∆E*97 (Equation (1))
to evaluate the color change. When E* < 3, the color change is practically imperceptible;
when 3 < E* < 6, the color change is perceptible but acceptable; and when E* > 6, the color
change is unsatisfactory [31–33].

∆E97
∗ =

√
(L1

∗ − L2∗)
2 + (a1

∗ − a2∗)
2 + (b1

∗ − b2∗)
2 (1)

[L1*, a1*, b1*] and [L2*, a2*, b2*] represent the color parameters of the control and
experimental groups, respectively.

The Raman spectra of pigments were recorded using a 473 nm laser excitation line
with a Horiba LabRAM HREvolution Raman spectrometer, and the spectral resolution was
0.6 cm−1. Excitation time in general was set at 20 s with a power of 7.5 mW; the excitation
laser was focused with an objective lens 50 × (NA = 0.5). The wave number calibration
was performed using a silicon wafer. For each test, a small amount of pigment was scraped
from the mural block and applied to the slide.

We used the method described by Drdácký, et al. [34] to test the surface cohesion of
the pigment layers. We applied a section of 19 mm × 28 mm Scotch transparent tape (3M,
Maplewood, MN, USA) to the mural block and rubbed it with an eraser to ensure a solid
bond. After 60 s, the free end was grasped and the tape quickly removed at an angle of
180◦ as far as possible. The test was repeated ten times in the same location, recognizing the
difference in tape mass before and after the test (mg). The average peel amount (mg/cm2)
was calculated by taking the sum of the 10 tests and dividing it by the area of each tape.

3. Results and Discussion
3.1. Irradiation Decontamination

Table 1 shows the survival of microorganisms after irradiation. In the table, × means
no growth following reinoculation, and the numbers 1 and 3 mean which of the three
experimental groups was not eliminated completely, with 1 or 3 groups still regrowing.

Usually, the effectiveness of radiation decontamination is related to the type and
the quantity of the microorganism, as well as temperature, humidity, oxygen, and other
factors [18]. According to the results, a dose of 5 kGy already removes most microor-
ganisms, which shows the excellent disinfection ability of irradiation technology. There
were 4 bacterial species (Bac, Pse, Str.g, Str.v) that did not regrow after being exposed to
20 kGy of radiation in our experiment. Both Streptomyces species were eliminated at all
doses, showing low resistance to irradiation. The fungus Penicillium flavigenum was not
removed at a dose of 10 or 20 kGy and simply showed growth resistance (Figure 2, PNC,
Red circular). After 30 days, eliminated bacteria did not regrow in the medium. These
results showed that irradiation technology can efficiently reduce microbial contamination
and give support for subsequent protective efforts.
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Table 1. Survival results of microorganisms with different incubation time after irradiation.

Irradiation Dose
(kGy)

Incubation Time
(Day) Bac Pse Str.g Str.v PNC

5.1 ± 0.2

0 × × × ×
1 × 1 × ×
3 × × × ×
5 × × × ×
8 × 1 × ×

10.5 ± 1.4

0 × × × × ×
1 × 1 × × 3
3 3 × × × 3
5 × × × × 3
8 × × × × 3

20.3 ± 1.8

0 × × × × ×
1 × × × × 3
3 × × × × 3
5 × × × × 3
8 × × × × 3
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The fungus was more radiation-resistant than the general bacteria [35]. Saleh, et al. [36]
tested the relative resistance of ten types of fungi found in food, including Alternaria,
Aspergillus, Cladosporium, Curvularia, Fusarium, and Penicillium, against γ radiation from
a 137Cs source. Most fungi require less than 6.5 kGy to be inactivated, while some Curvularia
and Alternaria species require 20 kGy to be destroyed. In the test performed by Maria and
Wiendl [37], Penicillium was still resistant to γ irradiation at 17.5 kGy, while Aspergillus
and Cladosporium could still survive at 20 kGy. Sakr, et al. [38] found that γ radiation at
20–25 kGy could clean most of Streptomyces spores, which is similar to our results.

In other decontamination studies, Li, et al. [6] tested six biocides against Aspergillus
and Pseudomonas on limestone, and these biocides showed selectivity for microorganisms,
with none being effective against both fungus and bacteria. Some microbes could gain
increased radiation resistance through the synthesis of melanin, according to studies on
the effects of radiation [39,40]. In Figure 1, Penicillium clearly darkened after 8 days of
incubation, which could be due to its higher radiation resistance. Abdel-Haliem, et al. [41]
found that a combination of γ radiation at 25 kGy and antibiotics was effective in removing
several Streptomyces strains from the murals. The combination with biocide agents seems to
be the future direction of irradiation technology.

The mural surface lacks nutrients and has far more microbial diversity in the real
environment. Thus, irradiation experiments can have different results, which we will
investigate in later tests. It is worth noting that following irradiation, the medium inevitably
comes into contact with air, so after 48 h of incubation, some other microbe sometimes
arises within the experimental group’s medium. Distinguishing between target strains
and contaminants by their morphology, the presence of contaminants is not counted as not
being disinfected by irradiation.
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3.2. Effect on the Color of the Mock Mural Blocks

For comparison, before the experiment started, half of the mural blocks were cov-
ered (left) so as not to be affected by irradiation, and the other half were exposed to
irradiation (right).

Figure 3 shows the color changes of cinnabar, malachite, azurite, ferrous oxide, lead
tetroxide, and lead white mock mural blocks after electron-beam irradiation at a dose of
20 kGy. None of the five pigments except for lead white showed significant changes. With
a color difference value of 5.56 (Table 2), lead white shows a large color change following
irradiation. This is represented by a decrease in the L* value (−3.53), as well as an increase
in the b* value (+4.27), suggesting a darkening and yellowing tendency. According to
Cortella, et al. [42], ARC-Nucléart found similar results in a radiation study of pigments,
with lead white being the only pigment that showed noticeable color change at the dose of
200 kGy with gamma radiation.
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Table 2. Changes in color parameters of irradiated and unirradiated pigments.

Pigment
Unirradiated Irradiated

L* a* b* ∆L* ∆a* ∆b* ∆E*

Cinnabar 46.54 ± 0.62 40.31 ± 0.33 17.62 ± 0.33 −0.19 0.38 0.64 0.77

Malachite 64.76 ± 0.34 −21.34 ± 0.11 6.04 ± 0.11 −0.47 0.42 −0.03 0.63

Azurite 56.08 ± 0.165 −13.73 ± 0.03 −16.73 ± 0.23 −0.15 0.04 −0.46 0.48

Ferric oxide 39.01 ± 0.79 16.72 ± 0.25 11.05 ± 0.29 0.15 −0.17 −0.29 0.37

Lead tetroxide 62.96 ± 0.20 54.76 ± 0.49 54.81 ± 0.84 0.46 −1.08 1.08 1.59

Lead white 96.16 ± 2.42 −0.37 ± 0.18 2.37 ± 0.13 −3.53 0.48 4.27 5.56

Many studies have noted that the oxidizers, bases, salts, acids, hydrogen sulfide, and
oxidizers, as well as other environmental conditions including temperature, humidity, and
microorganisms, can cause lead white to discolor [43]. It is most commonly reported as
blackening, formed mainly through producing both lead sulfide (PbS) and lead dioxide
(β-PbO2) [44]. After exposure to radiation, lead white may have developed color centers,
which could explain the discoloration [45]. The color difference of lead tetroxide after
irradiation is 1.59, yet the human eye does not notice this effect.

3.3. Raman Spectra of Pigments

The Raman spectra of the six unirradiated and irradiated pigments are shown in
Figure 4. “L” represents the unirradiated pigment on the left side of the mural block, and
“R” represents the pigment irradiated at 20 kGy on the right side. The Raman shifts of
the main peaks are labeled in the figure. The Raman spectrum of cinnabar exhibits three
characteristic major bands at 256, 287, and 346 cm−1 [46]. The Raman bands of malachite
show at 180, 219, 270, 355, 434, 538, 721, 1067, 1100, and 1493 cm−1 [47]. The Raman
bands of azurite are 249, 401, 765, 838 and 1096 cm−1 [48]. The ferric oxide shows Raman
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bands at 223, 243, 292, 406, 495, and 609 cm−1 [47], and our results deviate from them by
no more than 10 cm−1. Furthermore, the “L” curve (Figure 4D), after smoothing, shows
a small peak on the far left side, which does not appear in the “R” curve, nor in the tests of
others. We speculate that these variations are because the ferric oxide samples, out of the
six pigments, had the worst signal-to-noise ratios at 473 nm excitation. And lead tetroxide
with corresponding bands at 122, 153, 224, 314, 392, 480, and 550 cm−1 [49]. Lead white has
characteristic Raman bands at 417 and 1049 cm−1 [50]. Our results are basically consistent
with the data in these studies.
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Previously, we detected a large color shift in the lead white in the test, but the Ra-
man test (Figure 4F) results revealed no significant difference between the irradiated and
unirradiated samples. In conclusion, Raman spectroscopy is able to confirm the chemical
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composition of these pigments; however, irradiation treatment does not change the chemi-
cal composition of the pigments. Changes in pigment color are more likely to be caused by
changes in color centers, which needs some other tests to prove [51].

3.4. Effect on Surface Cohesion of Pigment Layer

Two identical mural blocks were used in each test. In the first test, using an unirra-
diated mural block, a Scotch Tape Test (STT) was performed simultaneously on the left
and right portions (Table 3, unirradiated group, L, R). In the second test, the same test was
performed on a mural block with only half of the area irradiated (Table 3, irradiated group,
R), while the other part was masked with an absorbed dosage of 0 (Table 3, irradiated
group, L). The differences in SST results between the two regions were used to assess the
impact of irradiation. The standard deviation is not shown because the material released
reduces each time a mural block is peeled [34]. Some pigments released almost the entire
amount the first time, causing significant standard deviations that are not meaningful.

Table 3. Scotch Tape Test results, ∆M = (L − R)/L.

Pigment
Average Released Material (mg/cm2)

Unirradiated Group Irradiated Group

L R ∆M/% L R ∆M/%

Cinnabar 1.62 1.60 −2.25 0.92 1.15 24.52

Malachite 1.33 1.36 1.98 1.28 1.23 −4.87

Azurite 1.24 1.18 −5.39 1.04 1.14 9.63

Ferric oxide 0.42 0.42 0.89 0.82 0.91 11.08

Lead tetroxide 1.33 1.44 9.13 1.44 1.28 −11.1

Lead white 2.06 1.88 −9.11 1.85 2.00 9.21

The results of two tests performed on the unirradiated group showed that the max-
imum difference in released material (∆M) between them was 9.13% (lead tetroxide), so
that it can be considered that the Scotch Tape Test performed on handmade mural blocks
had an unevenness of up to 9.13%. If the values in the irradiated group are also in the
approximate range, it may indicate that the irradiation treatment does not affect this prop-
erty. According to the results of the irradiated groups, the difference in released material of
cinnabar pigments was higher than the other groups. The difference in released material
was 0.89% in the unirradiated group and 11.08% in the irradiated group for the ferric oxide
pigment, which also seems to show differences. To explain this, the variation in the amount
of material released each time with the number of tests was plotted (Figure 5).

In Figure 5, the two sets of curves are intertwined in most cases and are not clearly
separated, which supports the finding that the differences in released material in Table 3
are not large. Even though the ∆M for the cinnabar group was 25.24%, the two curves are
still very similar, as can be seen in C2 of Figure 5, with the main difference originating
from the first two releases. B2 in Figure 5 represents the lead tetroxide of the treatment
group, and the “R” curve represents the irradiated part, which is consistently lower than
the “L” curve representing the unirradiated part after the third test, which may be the
reason for the difference in this group. However, the downward trend of the two curves is
almost identical. To sum up, it can still be considered that irradiation treatment will not
have a significant impact on the surface cohesion of the pigment layers of the mural blocks.
(Detailed data can be obtained from the Supplementary Materials).
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One limitation to this experiment is that it can only test dry mural blocks. It is
important to use other methods to check the cohesiveness of the pigment layer if the mural
is wet.
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4. Conclusions

This study shows the feasibility of irradiation technology for mural decontamination
under laboratory conditions, which provides a scientific basis for in situ mural conservation.
Varied radiation doses were tested for their capacity to disinfect microorganisms with dif-
ferent incubation times. Irradiation at a minimum dose of 5 kGy showed good disinfection
effects. All microorganisms but Penicillium flavigenum were disinfected following 20 kGy
electron-beam irradiation, and the irradiation inhibited the growth of Penicillium flavigenum.
Dunhuang mock mural blocks were used as samples to test changes in pigment properties
such as color and surface cohesion following irradiation. The composition of the pigments
and the changes after irradiation were confirmed using Raman spectroscopy. Lead white
showed a significant color difference following irradiation at 20 kGy, but the other five
pigments did not. Furthermore, at this dose, the surface cohesion of the pigment layer
was not changed. The discoloration of lead white is more likely caused by a change in
color center. More studies are required to find out the cause of the lead white pigment’s
discoloration. Overall, the radiation technology disinfects the murals while causing less
damage to them.

This study provides a disinfection technique using low-energy electron accelerator
irradiation to control the growth of microorganisms on murals. The present research results
show that the intelligent mobile electron accelerator has certain potential in the application
of the in situ protection of murals. However, the storage environment of the real tomb or
cave paintings is different from that of the laboratory, and the real mural pigments and
painting layers will have some pollution and aging damage, and the micro-organisms
attached to the surface of the murals will form a relatively stable microbial community.
Therefore, it is necessary to conduct follow-up experiments on fresco samples that are
closer to the actual situation. The feasibility of this technique is further verified and the
corresponding irradiation process is optimized.

However, radiation techniques do not provide lasting protection and there is still
a need to continuously monitor the condition of the frescoes and provide suitable storage
conditions to prevent the recurrence of biometamorphism. The combination of various
protection methods can provide new ideas for the protection of mural heritage.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11061710/s1, Table S1: Release material of scotch tape test (mg).
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