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Abstract: Due to notable water–salt activities, salt damage easily recurs and becomes one of the
biggest challenges for the protection of ancient murals. Herein, superhydrophobic SiO2 materials
with different sizes were used to modify mural ground layer substrates, and the improvement
effect mechanisms were systematically evaluated with scanning electron microscopy (SEM), X-ray
diffraction (XRD), laser scanning confocal microscopy (LSCM), and a contact angle instrument. The
results show that the superhydrophobic SiO2 can spread into the substrates though holes and cracks
and further increase the contact angles of the substrates to water droplets. Compared with the initial
ground layer substrate, the substrates treated with the superhydrophobic SiO2 possess stronger
mechanical strength and a better ability in suppressing water–salt activity. In particular, larger-size
SiO2 (mSiO2) maintains better mechanical reinforcement in the substrates, because mSiO2 can provide
better support in the internal gaps of the substrates. By contrast, nSiO2 can spread deeper into the
substrate than mSiO2, and more greatly improve the contact angle to water droplets, endowing nSiO2

with a better ability to restrain water–salt activity. Our study provides an alternative idea for solving
salt damage in murals, and promotes the application of SiO2 materials in heritage conservation.

Keywords: superhydrophobic SiO2; mural ground layer; water–salt activity; reinforcement property

1. Introduction

Ancient murals are considered to be the most important cultural relics in human
history, and, today, they have valuable and positive influences on the fields of art, history
and science. However, ancient murals have suffered from various forms of deterioration,
which result from natural environmental factors and human activity [1–3]. Among them,
salt damage is one of the most destructive forms of deterioration of ancient murals, and the
fundamental reason for the recurrence of salt damage is the water–salt activity inside mural
structural materials [4,5]. The main minerals in the ground layer of ancient murals, such
as the Mogao Grottoes murals, are quartz, dolomite, calcite, feldspar, illite, chlorite and
smectite, and the internal water and salt migrations are unavoidable and active. When the
relative humidity of the storage environment changes, the ground layer absorbs moisture
or dehumidifies accordingly, causing the water and soluble salts to migrate around the
murals. Because of the continuous salt migration, crystallization and accumulation over
time, salt damage to ancient murals occur easily, which brings huge challenges for the
conservation of murals [5,6].

Salt damage to murals is a common phenomenon around the world. Jin’s group [7]
conducted simulation experiments on the salt damage of the Dunhuang Mogao Grottoes
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murals caused by soluble salts, and characterized the migration and distribution of soluble
salts in murals systematically. They found that Na2SO4 and NaCl are the dominant soluble
salts with strong abilities of penetration, migration and crystallization in murals. Many
works [8–11] have verified that water enters the mural materials mainly through the
gaseous state and liquid state, and the water activity was the main driving force for soluble
salt transportation. Jia’s team studied [1] the capillary behaviors of water and salt in
murals, pointing out that the salt was more likely to accumulate in the area of the capillary
front after soluble salt capillary migrations. Given that wettability is closely related to
the capillary phenomenon, the small contact angle of murals to water droplets always
suggests strong capillary activities of water and soluble salt, especially in the ground layer.
Generally, the above studies demonstrate that the hydrophilicity of the structural layers of
murals are the important factor in salt damage, which should be considered in practical
mural conservations.

In order to protect ancient murals, various protection materials have been developed,
which could be divided into two kinds: organic protection materials and inorganic pro-
tection materials. Since the 1960s, Italian cultural preservation researchers [12–14] have
utilized polymer materials such as acrylic polymers and epoxy resins to reinforce and repair
ancient frescoes from the Renaissance. Su’s team [15,16] compared the comprehensive
protection effects of five kinds of polymer resin materials on murals, and found that the re-
inforcement performance of silicone–acrylic resin copolymers was the best. In comparisons
of polymer protection materials, inorganic protection materials exhibit better compatibility,
weather resistance and air permeability, and the relevant research has become one of the
new hotspots in mural conservations. The P. Baglioni team [17] studied the reinforcement
mechanism of Ca(OH)2 and Ba(OH)2 on murals in detail, and the carbonation process of as-
used materials was the key to the reinforcement of mural structure layers. Li’s group [18,19]
proposed a new strategy of using graphene to assist the nucleation and growth of Ca(OH)2,
which was successfully applied to several murals of the Tang tombs. However, current
mural protection materials mainly focus on the reinforcement performance of murals, and
less in-depth research has been reported on how to improve the wettability characteristics
inside murals to overcome salt damage, especially preparing superhydrophobic interfaces
to prevent the water–salt activity.

SiO2 is a common material for the protection of cultural relics [20–25], owing to
its excellent compatibility, durability and weather resistance. Wang et al. [20] prepared
hydrophobic coatings on ancient bricks via a nano-SiO2/TiO2 hybrid fluorinated B-72
composite, effectively avoiding the adhesion of air pollutants. Zhu et al. [22] studied
nanosized ZnO/SiO2-based amphiphobic coatings for stone heritage protection, and the
hydrophobicity was almost unchanged after 300 h of UV irradiation, indicating the com-
posite possessed a good UV absorption capacity and durability. Although most cases of
SiO2 application in heritage protection have involved the conservation of ancient bricks
and stones [20,22,26,27], there are very few pieces of research related to murals. Herein,
we chose superhydrophobic SiO2 to improve the wettability and reinforcement properties
of mural ground layers. With the help of many characterization techniques, the diffusion
ability of SiO2 with different sizes in the ground layer was studied. Meanwhile, the re-
straining effect on water–salt migrations and the mechanical reinforcement effect of SiO2
on the ground layer were evaluated systematically. This work verifies the positive effect of
superhydrophobic SiO2 on the ground layer of murals, and the idea of wettability modifi-
cations will be promotive and beneficial for developing novel heritage protection materials
for other culture relics.

2. Materials and Methods
2.1. Experimental Materials

Two kinds of superhydrophobic SiO2 particles with particle sizes of 300 nm and
20 nm were purchased from Sinopharm Chemical Reagent Co., Ltd., in Shanghai, China.
Specifically, the superhydrophobic SiO2 particles with a diameter of 300 nm were labeled as
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mSiO2, and the superhydrophobic SiO2 particles with a diameter of 20 nm were labeled as
nSiO2. Ethanol, NaCl and Na2SO4 were purchased from Macklin Biochemical Technology
Co., Ltd., in Shanghai, China. Moreover, the substrate resource was collected at the Xi’an
Tianma Road site, and the simulated samples of mural ground layers were prepared based
on the material ratio of the ancient mural ground [6,28]. Briefly, the collected soil samples
were processed into a granular particle state by rolling and crushing, and the substrate
particles were passed through a 100-mesh sieve to obtain the screened substrate samples.
Subsequently, the screened substrate samples were pressed into the ground layers with a
diameter of 50 mm and a height of 20 mm, and then dried at 40 ◦C.

2.2. SiO2 Infiltration Treatments on the Mural Ground Layers

Two g/L superhydrophobic SiO2 ethanol dispersion systems were utilized to brush
the mural ground layer samples, until the samples could no longer absorb. Subsequently,
the treated ground layer samples were dried in the shade indoors.

2.3. Characterization and Evaluation Methods

The microstructures of the superhydrophobic SiO2 and mural ground layer samples
were studied by laser scanning confocal microscopy (CLSM, OLS3000, Olympus Corpora-
tion, Tokyo, Japan), and scanning electron microscopy (SEM, Stemi 508, ZEISS, Hebron, KY,
USA) equipped with an energy dispersive spectrum (EDS). The phase compositions of the
samples were characterized by X-ray diffraction (XRD, Rigaku D/max-γB, Tokyo, Japan)
with Cu K α (λ = 0.15406 nm) radiation, and the scanning rate was 2◦/min. The Fourier
transform infrared spectrum of the sample was studied by FTIR spectrometer (FTS165,
Bio-Rad, Berkeley, CA, USA). The wetting characteristics of the sample surface were eval-
uated by contact angle measurement (JC 2000D5, Zhongchen, China). Furthermore, the
mechanical strength of the ground layer samples before and after reinforcement was stud-
ied by a scratching tester (WS-2005, Wotuo, China), and the color appearance changes of
the ground layer samples before and after the infiltration treatment were detected with a
colorimeter (VS450, X-rite, Granville, OH, USA). The water–salt behavior inside the mural
ground layer samples was evaluated by the soluble salt aqueous solution penetration test.

2.4. Dry–Wet Cycle Experiments

Firstly, the ground layer samples were placed on filter papers, which were fully
moistened with a 1 g/L NaCl or Na2SO4 solution for 4 h, and the soluble salt could diffuse
from the bottom to the top of the ground layer samples via capillary water activity. After
the diffusion process, the samples were dried at 40 ◦C for 12 h. Then, the samples were
post-treated with dry (RH = 25%, 2 h) and wet (RH = 95%, 2 h) cycles at 15 ◦C. After
three cycles, the soluble salt distributions from the bottom and the top of ground layer
samples were analyzed by EDS. The ground layer samples contained the initial ground
layer substrate, the ground layer substrate treated with mSiO2 (on the top surface), and the
ground layer substrate treated with nSiO2 (on the top surface).

3. Results and Discussions
3.1. Superhydrophobic SiO2

Figure 1a,b demonstrates the microscopic morphology of the two kinds of super-
hydrophobic SiO2, and it can be seen that both the nSiO2 and mSiO2 exhibited typical
spherical structures. The diameter of mSiO2 was about 300 nm, and most particles were
relatively uniform. By contrast, the diameter of nSiO2 was about 20 nm, and a certain
degree of aggregation occurred, which is most likely related to the particle size. The smaller
size endows nSiO2 with a larger specific surface area and therefore a higher specific surface
energy, and so nSiO2 agglomerates more easily in thermodynamics than mSiO2. Figure 1c
displays the XRD patterns of mSiO2 and nSiO2. Evidently, there are no obvious characteris-
tic diffraction peaks in the XRD patterns, implying that both of them exist in an amorphous
state [29,30]. Moreover, an obvious bulge appears in the range of 20~30◦ in the patterns,
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which corresponds to the strongest characteristic diffraction peaks of crystalline SiO2. The
bulge peak for the amorphous phase of mSiO2 is slightly narrower than that of nSiO2,
indicating that the short-range arrangement increases as the size of superhydrophobic
SiO2 increases.
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Figure 1d demonstrates the IR analysis results of the mSiO2 and nSiO2, and there are
many peaks at the positions of 3400 cm−1, 2920 cm−1, 2850 cm−1, 2350 cm−1, 1640 cm−1

and 1464cm−1. Among them, the peak at 3400 cm−1 corresponds to the stretching vibration
of -OH on the SiO2 surface [31], and the peak at 2350 cm−1 is related to the stretching
vibration of the C=O bond [32], indicating that CO2 in the air is adsorbed on the SiO2
surface. Although the two kinds of SiO2 materials have the superhydrophobic property, the
absorption peak of H2O molecules (1640 cm−1) was still detected on the surface. Meanwhile,
the peak at 2920 cm−1 matches with the stretching vibration of -CH3 or C-H bonds, the
peak at 2850 cm−1 is assigned to the stretching vibration of -CH2-CH3 bonds, and the
peak at 1464 cm−1 is related to the in-plane bending vibration of -CH3 [33,34]. Namely,
abundant hydrophobic groups exist on the SiO2 surface, which is the main reason for
the transformation of the SiO2 surface from having a normal hydrophilic property to a
hydrophobic property. Table 1 illustrates the EDS results of the mSiO2 and nSiO2. Evidently,
the two kinds of superhydrophobic SiO2 are mainly composed of Si, O and C. The C-source
might be the hydrophobic functional groups and contaminating carbon. The above results
indicate that mSiO2 and nSiO2 possess similar compositions and surface characteristics,
except for the difference in particle size.
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Table 1. The EDS results for mSiO2 and nSiO2.

Element Si (at.%) O (at.%) C (at.%)

mSiO2 24 55 17
nSiO2 22 49 23

3.2. Comprehensive Characterizations

Figure 2 presents the XRD results of the ground layer substrate before and after the
superhydrophobic SiO2 infiltration treatment. Strong diffraction peaks are observed at
20.8◦, 26.6◦, 36.5◦, 39.4◦ and 50.1◦ in the XRD pattern, corresponding to the characteristic
peaks of quartz-SiO2 (JCPDS#46-1045) [35]. The initial ground layer substrate (substrate),
the ground layer substrate with nSiO2 (substrate + nSiO2) and the ground layer substrate
with mSiO2 (substrate + mSiO2) present similar characteristics in the XRD patterns, which
might result from the fact that both nSiO2 and mSiO2 with amorphous states struggle to
bring apparent change to the quartz-SiO2 in XRD patterns. Table 2 shows the EDS results
of the ground layer substrates, and the main element compositions are Si, O, Al, C, Fe, etc.
Given that the samples were prepared from ancient mural ground layer substrates [28], the
main phase of the earthen materials is quartz-SiO2, and other components are very small.
To a certain extent, it could be obtained that both mSiO2 and nSiO2 are compatible with
mural ground layer substrates.
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Table 2. The EDS results of mSiO2 and nSiO2.

Element Si (at.%) O (at.%) Al (at.%) C (at.%) Fe (at.%) Ca (at.%)

Substrate 18.76 50.93 5.55 23.38 1.03 0.35
Substrate + mSiO2 20.26 47.92 4.67 25.37 1.44 0.34
Substrate + nSiO2 23.38 52.09 6.99 17.15 0.39 -

The CLSM and SEM morphologies of the ground layer substrate before and after
the SiO2 infiltration treatment are shown in Figure 3. Before SiO2 infiltration treatment,
the surface of the initial ground layer substrate was uneven and choppy, and the surface
roughness was 42.3 µm. After the SiO2 infiltration treatment, the undulation of the ground



Crystals 2023, 13, 1522 6 of 14

layer substrate gradually decreased, and the surface roughness reduced accordingly. In
particular, the surface roughness of the ground layer substrate after the nSiO2 treatment
was 28.8 µm, while that of the substrate with mSiO2 treatment was 35.1 µm. In addition, the
SEM results illustrate the microstructural changes of the ground layer substrate before and
after treatment. The initial ground layer contains many irregular earthen material particles,
and possesses numerous gaps between adjacent particles. After the SiO2 treatment, the
substrate surface was covered with nSiO2 (Figure 3(b2)) or mSiO2 (Figure 3(c2)), and the
original uneven area was filled with nSiO2 or mSiO2, which led to the decline of the surface
roughness. Because the size of mSiO2 is larger than that of nSiO2, the modification effect
on the substrate surface was much stronger, so mSiO2 reduces the roughness of the ground
layer surface more than nSiO2. Figure 4 shows other SEM morphologies of the ground
layer substrates with mSiO2 and nSiO2. Both substrates had lots of holes and crays, which
could be channels for inward infiltration of superhydrophobic SiO2 from the surface to
the interior. Additionally, there were some exposed parts at the substrate surface with
mSiO2, suggesting that the expanding ability of mSiO2 is not as good as that of nSiO2. This
might be related to the size of the SiO2, and the smaller size enables nSiO2 to spread further
than mSiO2.
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The mechanical properties of the ground layer substrate before and after the SiO2
infiltration treatment were tested by the scratching method, as shown in Figure 5a. When
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the same pressure is applied, the shift distances of the indenter in the substrate are positively
correlated with the mechanical strength of the ground layer substrate. The shift distances
of the indenter in the initial ground layer substrate, the ground layer substrate with nSiO2,
and the ground layer substrate with mSiO2 were about 1800 µm, 1200 µm and 700 µm,
respectively. Since the substrate samples were easily broken and had poor toughness, the
probe position of the scratch meter presents discontinuous features. Even so, the results
prove that the SiO2 infiltration treatment can improve the mechanical properties of the
ground layer, and the reinforcement effect of mSiO2 is better than that of nSiO2, which is
related to their particle size.
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before and after SiO2 infiltration treatment.

Furthermore, color change is an important indicator to evaluate whether new materials
are suitable for cultural relic protection, and the color difference results of the ground layer
before and after the SiO2 infiltration treatment were studied by the L*a*b color space
method (Figure 5b,c). For eliminating the disturbances of ethanol on the appearance, a
pure ethanol-infiltrated ground layer substrate was employed as the control group. From
the L*a*b results, it could be seen that the color change values (∆E) of the ground layer
substrates with pure ethanol, nSiO2 and mSiO2 were 1.73, 3.46 and 4.58, respectively.
Generally, the color difference between mSiO2 and nSiO2 is related to the particle size, and
the integrated color change values are lower than 5. Owing to the appearance of ground
layer substrates changing extremely slightly, it is clearly proved that that both nSiO2 and
mSiO2 are suitable for the protection of ancient murals.

3.3. Wettability and Water–Salt Behavior Analysis

Figure 6 demonstrates the contact angle of NaCl aqueous droplets on the surface of
the ground layer before and after the infiltration treatment. Being mainly composed of
quartz-SiO2, the initial ground layer had typical hydrophilic features. When the NaCl
aqueous droplet landed on the surface of the initial ground layer substrate, the contact
angle of the water droplet was 10.63◦. Then, the aqueous droplet completely penetrated
into the ground layer substrate for 10 s, and thereby the contact angle dropped to 0◦. After
being treated with mSiO2 and nSiO2, the wettability of the ground layer substrate surface
changed from hydrophilic to hydrophobic. The contact angle of the ground layer substrate
with nSiO2 was 145.5◦ when the NaCl aqueous droplet first falls on the surface, and the
contact angle decreased and stabilized to 133◦ after 10 s. In contrast, the contact angle
of the ground layer substrate with mSiO2 was 132◦ when the NaCl aqueous droplet first
falls on the surface, and the contact angle decreased slightly to 127◦ after 10 s. In terms
of the wettability modification, the ability of nSiO2 is slightly higher than that of mSiO2,
which might be associated with their coverage area on substrates, as presented in Figure 4.
Consequently, both nSiO2 and mSiO2 can successfully reverse the wettability of the ground
layer substrate surface from hydrophilic to hydrophobic.
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Figure 6. The contact angles of NaCl aqueous droplets for 0 s and 10 s on the surface of the ground
layer substrates before and after SiO2 infiltration treatment.

In order to study the relationship between the surface wettability and the crystalliza-
tion behavior of soluble salts, we used SEM to observe how the NaCl aqueous droplets
crystallized on the four kinds of surfaces (superhydrophobic, hydrophobic, hydrophilic,
and superhydrophilic). Figure 7 shows that as the contact angles of the NaCl aqueous
droplets decreased, the crystallization area of the NaCl increased, while the size of the
NaCl crystals became smaller. Except for the NaCl crystallization at the superhydrophobic
interface (Figure 7a), all the other SEM images demonstrate the characteristic of NaCl
crystallization spreading from the center along the radius, and this phenomenon is posi-
tively related to the contact angle. In other words, NaCl crystallization occurs first at the
terminal sites of the NaCl aqueous droplets, and the wettability of the surface promotes the
droplets spreading farther, which leads to the NaCl crystallization area becoming larger.
Therefore, it could be proved that the superhydrophobic ability of the surface is beneficial
to suppressing the activity of water–salt migrations. Meanwhile, the modification of the
mural ground layer substrate wettability would be an effective method for inhibiting the
damage caused by soluble salts.
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drophobic (a), hydrophobic (b), hydrophilic (c), superhydrophilic (d).

The water–salt behaviors on the surface and inside of the ground layers were studied
with a diffusion experiment of saturated NaCl solution, and the surface crystal morphology
of the NaCl on the ground layer substrates were observed (Figure 8). It could be seen that
that NaCl crystallization appears on the surface of all ground layer substrates, but the
NaCl crystals on the initial ground layer were significantly fewer and smaller than those of
the ground layers with nSiO2 and mSiO2. Due to the hydrophilic property of the initial
substrate, NaCl droplets are more likely to enter the substrate deeply from the surface, and
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therefore the number of NaCl crystals is relatively greater in the interior of the substrate. In
comparison, more NaCl crystals on the surface of the substrates treated with mSiO2 and
nSiO2 reveal that the amount of NaCl entering the interior of the ground layer substrates
declines. Figure 9 illustrates the EDS mapping results of NaCl crystallization on the ground
layer with nSiO2. Obviously, the block-shaped crystals are mainly composed of Na and
Cl elements, and thus the hydrophobic feature can promote NaCl precipitating from the
aqueous solution on the ground layer surface. Combined with the NaCl crystallization
phenomenon in Figure 7, it is confirmed that the changes in the surface wettability of the
ground layer substrate can efficiently affect the soluble salt crystallization behavior.
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Figure 9. The SEM morphology and EDS mapping analysis of NaCl crystallization on the surface of
the ground layer substrate after nSiO2 infiltration treatment.

In order to study the water–salt behavior inside the ground layers, the tops of the
ground layer substrates were carefully removed to expose the inner interfaces of the ground
layers at a depth of 1 cm, and EDS analysis was employed to study the content of Na and
Cl elements inside the ground layers (Figure 10). Moreover, the other elements in the
EDS results were Al, Fe, Ca, Si, O and C. It was found that the content of the Na element
and Cl element at a depth of 1 cm in the initial ground layer was 5.3 wt.% and 3.3 wt.%,
respectively; After the mSiO2 treatment, the Na element and Cl element content in the
ground layer was 3.2 wt.% and 1.2 wt.% respectively. After the nSiO2 treatment, the Na
element and Cl element content was 3.2 wt.% and 1.2 wt.%, respectively. Calculated by
the change in Cl element, the inhibition rate of nSiO2 and mSiO2 to the water–salt activity
inside the ground layer substrate was 0.36 and 0.24, which indicates that the water–salt
activity inside the ground layer substrate was restrained after the superhydrophobic SiO2
treatment, and nSiO2 has a relatively greater ability than mSiO2.



Crystals 2023, 13, 1522 10 of 14

Crystals 2023, 13, x FOR PEER REVIEW 10 of 14 
 

 

 
Figure 10. The EDS contents of Na and Cl elements at 1 cm inside the ground layer substrate before 
and after SiO2 treatments. 

3.4. Mechanism Analysis 
The above test results conclude that both mSiO2 and nSiO2 can enhance the mechan-

ical properties and inhibit water–salt activity of the ground layer substrate. Specially, 
mSiO2 presents the better effect on mechanical properties, while nSiO2 exhibits the better 
performance in inhibiting the water–salt activity inside the ground layer. In order to dis-
cover the internal reasons for this difference, we systematically studied the state of the 
ground layer substrates at a depth of 5 mm, as displayed in Figure 11. At the depth of 5 
mm, the contact angle of the initial ground layer substrate was 0° (θA), while the contact 
angles of the ground layer substrates with mSiO2 and nSiO2 were 25° (θB) and 57° (θC), 
respectively. The SEM results disclose that both mSiO2 and nSiO2 diffuse to the depth of 5 
mm in the ground layer, but the amount of mSiO2 is significantly less than that of nSiO2, 
revealing that the smaller particle size facilitates the nSiO2 in penetrating the inner sub-
strates and suppressing droplet expansion. Hence, nSiO2 particles possess the better effect 
of inhibiting water–salt activity in the inner substrates compared to mSiO2. Furthermore, 
the internal mSiO2 existing in the gaps between substrate particles can effectively support 
the inside of the substrate, but it is difficult for the internal nSiO2 with a smaller particle 
size to play a significant role in supporting the particle gaps in earthen materials, resulting 
in mSiO2 possessing the better ability in improving mechanical properties compared to 
nSiO2. 

 
Figure 11. The CLSM, SEM and contact angle results of the ground-strand layer sample at a depth 
of 5 mm: the initial ground layer substrate (a1,a2), the ground layer substrate treated with mSiO2 (b1, 
b2), the ground layer substrate treated with nSiO2 (c1, c2). 

Figure 10. The EDS contents of Na and Cl elements at 1 cm inside the ground layer substrate before
and after SiO2 treatments.

3.4. Mechanism Analysis

The above test results conclude that both mSiO2 and nSiO2 can enhance the mechanical
properties and inhibit water–salt activity of the ground layer substrate. Specially, mSiO2
presents the better effect on mechanical properties, while nSiO2 exhibits the better perfor-
mance in inhibiting the water–salt activity inside the ground layer. In order to discover
the internal reasons for this difference, we systematically studied the state of the ground
layer substrates at a depth of 5 mm, as displayed in Figure 11. At the depth of 5 mm, the
contact angle of the initial ground layer substrate was 0◦ (θA), while the contact angles of
the ground layer substrates with mSiO2 and nSiO2 were 25◦ (θB) and 57◦ (θC), respectively.
The SEM results disclose that both mSiO2 and nSiO2 diffuse to the depth of 5 mm in the
ground layer, but the amount of mSiO2 is significantly less than that of nSiO2, revealing
that the smaller particle size facilitates the nSiO2 in penetrating the inner substrates and
suppressing droplet expansion. Hence, nSiO2 particles possess the better effect of inhibiting
water–salt activity in the inner substrates compared to mSiO2. Furthermore, the internal
mSiO2 existing in the gaps between substrate particles can effectively support the inside
of the substrate, but it is difficult for the internal nSiO2 with a smaller particle size to play
a significant role in supporting the particle gaps in earthen materials, resulting in mSiO2
possessing the better ability in improving mechanical properties compared to nSiO2.

Figure 12 presents the element distributions from the bottom to the top of the ground
layer substrates after the soluble salt diffusion (1 g/L) and post-RH cycling experiments,
for evaluating NaCl or Na2SO4 behaviors during wet/dry humidity cycles. The Cl and S
contents are used to represent the content of NaCl and Na2SO4, respectively. Overall, the
internal salt content of the SiO2-treated substrate was lower than that of the initial ground
layer substrate, which suggests that SiO2 is conducive to inhibiting water–salt activities
inside the substrate. In addition, the distribution phenomena of NaCl inside the ground
substrate are basically the same as that of Na2SO4. As the diffusion distance increases from
the bottom to the top, the soluble salt content gradually decreases. This might be because
the more SiO2 on the top of the ground layer substrate, the greater the impact on the
capillary water–salt activity. Furthermore, there was no large-scale aggregation of soluble
salts observed inside the ground layer substrates, and the distribution of soluble salts was
continuous, which indicates that SiO2 treatment would not act as a barrier to prevent the



Crystals 2023, 13, 1522 11 of 14

migration of the salt to the surface. This can be explained by the changes in contact angle in
the internal substrate: because the superhydrophobic SiO2 content decreases continuously
from the top to the bottom, and therefore the contact angle increases continuously and
gradually from the bottom to the top, the diffusion resistance from SiO2 is also continuous.
Therefore, it could be proved that SiO2 treatment does not cause extra harm to the ground
layer substrate, and superhydrophobic SiO2 possesses a better compatibility than organic
protective materials.
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Figure 13 reveals more clearly the two kinds of effect mechanisms of the superhy-
drophobic SiO2 on the ground layer substrates. Superhydrophobic SiO2 enters the inner
substrate through channels such as pores and cracks. On the one hand, SiO2 can support
the cracks between the internal gaps of substrate particles, and on the other hand, the wetta-
bility of the inner substrate changes, thereby inhibiting water–salt activities in the channels
within the substrate. Certainly, the size of the SiO2 particles explains their different roles in
the mechanical supporting effect (Figure 13a) and restraining capillary water–salt activity
(Figure 13b). The bigger particle (mSiO2) is relatively close to the scale of the gaps inside
the substrate, so mSiO2 can perform a better mechanical supporting effect than nSiO2. In
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addition, nSiO2 can penetrate deeper than mSiO2 through the channels inside the substrate,
and so the contact angle of water droplets to the substrate with nSiO2 is higher than that
that with mSiO2. From the refs [1,11,27], the water–salt activity inside the substrate can be
regarded as a capillary phenomenon to some extent (Figure 13b), which is very relevant
to the contact angle. When the contact angle of the interior substrate becomes higher, the
capillary water–salt behavior is affected more strongly, and thus nSiO2 possesses the better
ability of restraining the capillary water–salt activity inside the ground layer substrate
compared to mSiO2.
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4. Conclusions

(1) We systematically studied the improvement effects of superhydrophobic SiO2 on the
conservation of mural ground layer substrate. Superhydrophobic SiO2 particles are
composed of an amorphous phase and abundant hydrophobic functional groups, and
the substrates of mural ground layers mainly consist of quartz-SiO2, endowing the
superhydrophobic SiO2 with good compatibility with the substrate. In addition, the
superhydrophobic SiO2 can penetrate into the interior substrate through holes and
cracks on the surface, and the appearance of the substrate changes little after SiO2
infiltration treatments.

(2) The treatments of superhydrophobic SiO2 not only effectively modify the wettability
of the substrate from hydrophilicity to hydrophobicity, but also increase the contact
angle of water droplets in the interior substrate. By supporting the internal gaps in
substrates, the superhydrophobic SiO2 can enhance the strength of the substrates,
and the reinforcement effect is positively correlated to the size of the SiO2 particles.
Moreover, the superhydrophobic SiO2 can affect the capillary water–salt behavior
inside the substrate and prevent salt damage. Smaller SiO2 particles penetrate the
substrate deeper and obtain a higher contact angle to water droplets, and thereby
nSiO2 possesses a better restraining effect on the water–salt activity than mSiO2.

(3) This work verifies the availability of modifying the wettability of substrate samples
by superhydrophobic SiO2 treatment, and that salt damage of mural ground layers
can be suppressed without causing excessive aggregations of soluble salts, which
provides a new insight for designing effective mural protection materials. In the
future, we will focus more attention on developing superhydrophobic SiO2 materials
with a hierarchical structure, which can hold multi-scale effects and express promising
prospects in the prevention of salt damage to ancient murals.
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