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Abstract: An innovative method using a methanol solution of barium hydroxide-urea as a protective
agent was investigated for the conservation of stone artifacts with harmful gypsum weathering crusts.
In this method, the methanol solution of barium hydroxide-urea and water were introduced into the
gypsum crust in sequence by surface spraying. By doing so, the harmful gypsum crust is directly
converted into a barium sulfate—calcium carbonate composite protective layer. The properties of the
composite layer were characterized by SEM-EDX, XRD, ATR-FTIR, IC, water solubility, wetting angle,
color difference, open porosity, capillary water absorption, and surface hardness. The results of the
morphological and composition characterization (SEM-EDX, XRD, ATR-FTIR) indicate that the added
urea can promote the carbonization reaction effectively. In addition, the methanol solution of barium
hydroxide-urea can penetrate deep into the gypsum crust. The results of the physical properties
characterization denote that the water stability of the specimens was significantly increased after
the protection treatment; an approximate ten-fold stronger water resistance ability was achieved.
Meanwhile, the intrinsic physical properties of gypsum crust, such as pore structure and original
appearance, could basically be maintained. The presented conservative method has high facility and
controllability and satisfying conservation effect, which means it has potential in the conservation of
surface weathering carbonate stone artifacts.

Keywords: barium hydroxide; urea; methanol solution; gypsum crust; stone artifacts

1. Introduction

Calcareous stone artifacts are widespread around the world. However, the stability of
such artifacts is not strong enough [1,2]. As a result, they are susceptible to corrosion, and
weathering diseases are prevalent among them. There are a number of factors that can cause
this damage, and the effects of sulfur oxides are non-negligible. With the development
of industrialization, the contents of these kinds of chemicals have increased dramatically
and will react with the calcareous stone artifacts [3]. This will transform calcium carbonate
into calcium sulfate, which will eventually generate the gypsum crust [4]. The resulting
gypsum crust is believed to be one of the most destructive weathering products for contam-
inated artifacts. This mainly results from the much higher solubility of gypsum in water
(Ksp = 3.14 × 10−5) than that of calcium carbonate (Ksp = 3.36 × 10−9) [5]. Thus, the
surface erosion of stone artifacts with gypsum weathering crusts can be readily caused by
rain scouring. In addition, the higher solubility of gypsum can lead to serious flaking and
crumbling damage of the stone artifacts because of the re-crystallization pressure [6,7].

Different types of methods have been studied to conserve the stone artifacts, and
several new approaches have been proposed in recent years. Removing the gypsum crust
directly via cleaning is a traditional method and various techniques have been investigated
by scientists, such as laser cleaning, chemical cleaning, and bio-cleaning [8–10]. Recently,
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Yan Liu et al. (2021) put forward a novel method using the scavenger of barium carbonate
embedded in an absorbent cotton-coating; they let it react with the calcium sulfate specifi-
cally to achieve a targeted cleaning outcome on a surface sulfated marble [11]. Cleaning
is an effective method. However, in most cases, the surfaces of the stone artifacts always
contain different decorative elements or characteristics that carry important historical and
cultural data [12]. Therefore, since the losses of historical and cultural values are irre-
versible, the gypsum crust cannot be simply removed in its entirety. With the development
of organic materials, they have been applied in many areas, including the conservation
of deteriorated stone artifacts. Commercial acrylic and methacrylic resins have been ex-
tensively applied since the 1960s [13]. However, these conventional organic polymers are
incompatible with the inorganic substrates protected and show distinct aging phenomena,
such as yellowing, cracking, and embrittlement after a period of time [14]. In recent years,
inorganic components have been added to improve the properties of pure organic polymers.
Many different kinds of inorganic nanometric reinforcing agents, such as TiO2 and SiO2,
were incorporated with organic polymers by scientists who sought better conservation
material [15]. Nevertheless, recent results showed that the added TiO2 nanoparticles can
cause the degradation of the incorporated Paraloid B-72 after exposure to UV light for a
certain period of time; other outcomes also indicate that the durability of these organic–
inorganic hybrid materials are not satisfying [16]. Conversely, the inorganic materials show
high compatibility with the protected inorganic substrates; thus, leading to high durability.
Lime water and barium hydroxide aqueous solution were the earliest-studied inorganic
consolidants [17]. Nevertheless, their conservation effects are also dissatisfactory. The use
of lime water was previously estimated to be inefficient, mainly due to the low solubility of
calcium hydroxide in the water. Even with a massive amount of time of the conservation
treatment, the obtained conservation effect is still very poor [18]. Theoretically, the barium
hydroxide aqueous solution can convert the hazardous gypsum crust into barium sulfate
and calcium hydroxide, which could gradually be carbonized to calcium carbonate. These
acquired substances will provide protective effects against the decay of the stone [17].
Nonetheless, the extremely high reactivity of barium hydroxide in an aqueous solution
makes this material unsatisfactory. When it contacts carbon dioxide in the atmosphere and
the gypsum (or another sulfate, such as sodium sulfate in the interior of the stone artifacts),
barium carbonate, barium sulfate, calcium hydroxide, as well as other chemicals would
yield rapidly [19]. These substances will hinder the barium hydroxide aqueous solution
from deeper penetration into the substrate, leading to a relatively restricted conservative
effect presented only on the very surface of the substrate rather than providing sustained
effective protection [20]. Hence, the Ferroni–Dini method was developed to obtain better
conservation results. This method consists of two sequential procedures: desulfuration by
a solution of ammonium carbonate and consolidation by an aqueous solution of barium
hydroxide. The added desulfuration procedure aims to reduce the amount of the sulfate
on the surface of the infected cultural heritage to ensure the better ability of the barium
hydroxide aqueous solution to penetrate deep into the substrate and obtain a better conser-
vation effect [21]. However, after this treatment, different outcomes occur on different kinds
of cultural heritages. It achieves positive results on the frescoes and, inversely, negative
consequences on the stone artifacts [22,23]. The reason for this should be that the gypsum
crust on frescoes is thin and could obtain complete desulfuration [24]. On the contrary, the
gypsum crust on stone artifacts is too thick to obtain complete desulfuration [25]. Therefore,
the undesired reactions mentioned above will inevitably occur on stone artifacts with
gypsum weathering crusts and lead to unsatisfactory protective properties. Thus, some
new kinds of inorganic materials have also recently been explored, such as hydroxyap-
atite, nano calcium hydroxide, and barium hydroxide dispersions [26,27]. Nevertheless,
the shortcomings of these materials are also evident. The introduction of hydroxyapatite
would provide an abundant source of phosphorus in favor of many microorganisms. As
for the nano organic materials, the preparation methods are mostly complicated [28]. In
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addition, nanoparticles tend to agglomerate; this will constrain their penetrability. Hence,
the conservation effect can be impaired, too.

With all the limitations of the materials mentioned above, recently, we proposed the
methanol solution of barium hydroxide as a novel treatment agent for the conservation of
stone artifacts with gypsum weathering crust; the results were satisfying because of the
organic solvent employed. When barium hydroxide is dissolved in a methanol solvent, it
does not possess the activity to react with carbon dioxide in the atmosphere and calcium
sulfate in the gypsum crust, as they are ionic reactions that can only occur in aqueous
solutions. As a result, insoluble substances, i.e., barium carbonate, barium sulfate, and
calcium carbonate, are not produced, ensuring that the solution has the ability to penetrate
deep into the substrate. Moreover, the solubility of the barium hydroxide in the methanol
solvent is much higher and the preparation method of the new treating solution is fairly
facilitated [29]. However, this approach may face obstacles when applied to outdoor
calcareous stone artifacts due to difficulties in further carbonating the resulting calcium
hydroxide. Because the methanol solution of barium hydroxide can delve deep into the
substrate, the carbonization reaction of the calcium hydroxide produced in the inner part of
the substrate could be restricted since the content of the carbon dioxide in the atmosphere
is quite low (0.038%) and the surface reaction will take place first. Thus, the complete
carbonation reaction of outdoor stone artifacts after treatment with a barium hydroxide
methanol solution may take a long time. Hence, in this paper, we prepare a methanol
solution of barium hydroxide-urea as a new reagent for the conservation of stone artifacts
with gypsum weathering crusts. The addition of urea could provide a continuous source
of carbonate ions and permit a continuous carbonation reaction without compromising
the advantages of the barium hydroxide methanol solution. Therefore, the ability of the
methanol solution of barium hydroxide-urea to penetrate deep into the gypsum crust, as
well as the high controllability (the reaction only occurs after the water supply) of this
application strategy, will be maintained; they are of great importance for the conservation
of stone artifacts with gypsum weathering crusts. In addition, due to the addition of urea,
the entire conservation reaction can take place from the interior of the substrate without
restriction, and the unstable intermediate product calcium hydroxide will be eliminated
as soon as possible. Hence, a good conservation effect will be ensured. In application, the
methanol solution of barium hydroxide-urea was first applied into the gypsum crust at
different times to compare the conservation effects of the different amounts of introduced
protectants. Water was then provided to stimulate reactions between them. The simple
application procedures of the proposed protectants are shown in Figure 1. The conservation
effect was evaluated by SEM-EDX, XRD, ATR-FTIR, water solubility, color difference, IC,
wetting angle, open porosity, capillary water absorption, and surface hardness.

Figure 1. Conservation schematic diagram of surface gypsification stone artifacts.
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2. Materials and Methods
2.1. Sample Preparation

All chemicals were of analytical grade and used without further purification. Ba(OH)2,
urea, and anhydrous methanol were purchased from Sinopharm Group Co., Ltd., Shanghai,
China.

Referring to the previous literature, the specimens were prepared by the following
method: the marble specimens (2.0 × 2.0 × 2.0 cm) were cleaned with deionized water
first and then left to dry for one day. Afterward, to simulate a surface gypsum crust, the
specimens were placed into an aqueous solution of H2SO4 at pH 2 for 24 h [26]. Then, the
specimens were taken out and further desiccated prior to use.

The mixed solution of barium hydroxide-urea in methanol at a concentration of 10%
was prepared by dissolving barium hydroxide and urea into the anhydrous methanol.
After stirring for hours, the solution was centrifuged and ready for use.

The conservation routine was as follows: the specimens were sprayed with the reagent
solution until they could no longer be absorbed and then left to dry in a confined environ-
ment. In order to compare the conservation effects of the different amounts of introduced
protectants, the above operation was operated three successive times on three sets of speci-
mens, each containing five specimens. Later, the specimens were provided with sufficient
water by spraying, and further cured for one month in a sealed and moist environment
before various tests were carried out. The protective performances of the specimens with
different numbers of treatments were characterized by water solubility, color difference, IC,
wetting angle, open porosity, capillary water absorption, and surface hardness. To further
characterize the conversion process of the conservation treatment, SEM, XRD, and FTIR
were performed on 3-fold-treated specimens, from which the best conservation effects were
obtained.

2.2. Characterization

The structure and composition of the specimens were analyzed by scanning electron
microscopy (SEM, VEGA-3XMU, TESCAN, Brno, Czech, BSE mode, 12.00 kV of accelerating
voltage, and 10.0 mm of working distance) with energy-dispersive X-ray spectroscopy (EDX,
Genesis 2000 XMS, EDAX, Inc., Mahwah, NJ, USA), X-ray diffractometry (XRD, Smart Lab,
Rigaku, Tokyo, Japan, Cu Ka radiation, scanning range 10◦~90◦, step length 0.01◦, scanning
speed 10◦/min), and attenuated total reflectance–Fourier transform infrared (ATR-FTIR,
TENSOR 27, Bruker, Billerica, MA, USA, scanning wave number 4000–600 cm−1, resolution
4 cm−1, scanning times 16 times) spectroscopy.

The water solubility of the specimens with different times of the conservation treatment
was approximately measured by a conductivity meter (DDSJ-308F, Rex, INESA Scientific
Instrument Co., Ltd., Shanghai, China). The specimens were placed in a beaker containing
200 mL of water under mechanical agitation, and the conductivity values of the solution
were recorded automatically every minutes as soon as the specimens were placed in the
beaker until the values were approximately steady. Ion chromatography (IC, ICS 1100/1600,
Thermo Fisher Scientific, Cleveland, OH, USA) was applied to further affirm the ion content
of the solution after the detection of the water solubility of the specimens.

To assesses the water repellency of the specimens, the wetting angles of the specimens
were tested via a contact angle tester (JGW-360B, Beijing Haifuda Technology Co., Ltd.,
Beijing, China).

To evaluate the color differences of the specimens, a portable colorimeter (WSC-2B,
INESA Scientific Instrument Co., Ltd., Shanghai, China) was used. The treated specimens
after curation were further desiccated under dry and ventilated conditions for 3 days and
were then tested. Five points from the different parts of the surfaces of each blank and
treated specimen were tested to minimize the experimental error. The results were analyzed
according to the colorimetric coordinates (CIELAB); the formula is as follows:

∆E* = (∆L*2 + ∆a*2 +∆b*2)1/2 (1)
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According to this color representation, L* is lightness, a* is the red–green component,
and b* is the yellow–blue component [30].

To determine the capillary water absorption and open porosity of the specimens, an
electronic density tester (MZ-C300, Mayzun, Shenzhen, China) was employed.

To invest in the surface hardness of the specimens, a shore D durometer (LX-D-1,
Dongguan SanLiang measuring tools Co., Ltd., Dongguan, China) was applied.

3. Results and Discussion
3.1. Morphological and Chemical Characterization

The surface microstructure changes of the specimens are shown in Figure 2. As ex-
pected, a loosened needle-like morphology appeared for the blank specimen (Figure 2a,d).
The micropores are clearly visible, as depicted in Figure 2d. This typical gypsum morphol-
ogy has been confirmed by many scientists before [31,32]. The characteristic diffraction
peaks (d = 7.6057, 4.2649, 3.7912, 3.0515, 2.8643, 2.6760 Å) in the XRD results (Figure 3a)
further corroborated the gypsum component. After introducing only the methanol solution
of barium hydroxide-urea, it can be seen in Figure 2e that the labeled in-compact protectants
scattered across the entire surface act similarly to padding rather than provide any connec-
tion strength. The voids and pores of the original blank specimens were completely covered
by them (Figure 2b,e). For the XRD results, gypsum is still the only phase that could be ob-
served and the existence of the barium-contained phases could not be detected (Figure 3b).
The reason for this could be that the barium-containing phases were in amorphous form
and the XRD representation was not able to identify these types of entities. This denotes
that the reaction between the reagent solution and the gypsum crust will not occur without
the water supply. This is because the reactions between them are ionic and cannot occur in
organic solvents. After the supply of water, however, there was an evident change in the
morphology of the treated specimens. The in-compact padding substance before the water
supply changed into a more continuous structure. The scattered introduced conservative
materials and the original gypsum matrix merged entirely (Figure 2c,f). The XRD results
further reveal that the compositions of the newly emerged structure are barium sulfate
(d = 3.8898, 3.4333, 3.3106, 2.8376, 2.1008 Å) and calcium carbonate (d = 3.0362, 2.2847,
1.9111, 1.8748 Å) (Figure 3c). Thus, the new compact structure presented in Figure 2c,f is a
barium sulfate-calcium carbonate composite layer. In addition, the crystallographic form
of the calcium carbonate is calcite; this follows the investigation results of the previous
studies, i.e., the addition of water supply is more likely to produce calcite. On the contrary,
when there is a large number of organic molecules in the solution and no straight water
supply, this shows a tendency to favor the formation and kinetic stabilization of vaterite in-
stead of stable calcite [33,34]. These results indicate that the conservation reaction between
barium hydroxide and the gypsum crust is completed after the water supply. Because of
the introduction of water, the urea was decomposed into the form of ammonia and carbon
dioxide. The ammonia was released into the environment; the carbon dioxide produced
via this process was performed as a continuous source of carbonate ions to lead to the
carbonation reaction from the internal substrate. The chemical equations are as follows:

CO (NH2)2 + H2O = CO2 + 2NH3 (2)

Ba(OH)2 + CaSO4 = BaSO4 + Ca(OH)2, (3)

Ca(OH)2 + CO2 = CaCO3 + H2O (4)
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Figure 2. Surface morphology of the specimens with different magnifications (the yellow rectangle
areas of the (a–c) are magnified to (d–f), respectively), (a,d): blank specimen, (b,e): treated specimen
before water supply, (c,f): treated specimen after water supply.

Figure 3. XRD results of the specimens: (a) blank specimen, (b) treated specimen before water supply,
(c) treated specimen after water supply.
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The FTIR spectra of the specimen after treatment with the reagent solution and before
the water supply are presented in Figure 4. Moreover, the spectra of the gypsum, barium
hydroxide, and urea are displayed for comparison. As shown in Figure 4, the characteristic
peaks of the gypsum matrix can be clearly observed from the spectrum of the specimen.
The general trend of peaks around 2250 cm−1 and 2800 cm−1 in the spectrum of the spec-
imen is consistent with the spectrum of barium hydroxide, suggesting the presence of
barium hydroxide. Meanwhile, the absence of the sharp vibrational band of OH stretching
modes in Ba(OH)2 located at 3570 cm−1 in the specimen’s spectrum should be attributed to
the reaction between barium hydroxide and methanol [35,36]. The peaks that appeared
at around 1620 and 1460 cm−1 can be assigned to amide II bending and C-N stretching
vibrations of the urea [37]. In addition to the peaks mentioned above, other peaks are
marked in the figure and can further confirm the successful introduction of barium hydrox-
ide and urea into the specimen, which cannot be verified in the XRD results. The FTIR
results for the specimen after the water supply are depicted in Figure 5. Similar to Fig-
ure 4, the spectra of the potential (definite) components of the specimen are also presented.
Even though the spectra of the calcite and barium carbonate are highly similar, the sharp
peaks located at 1797, 874, and 711 cm−1 in the spectrum of the specimen can easily be
attributed to calcite, as their specific locations are quite different from those of the barium
carbonate peaks. However, the peak for mode v3 of the CO3

2− is located at 1454 cm−1

in the specimen’s spectrum, which is slightly different from the spectrum of the calcite.
Nevertheless, the slight discrepancy of this peak is not crucial for the confirmation of the
calcite as it can shift occasionally; this can also be observed in the other forms of calcium
carbonate. Conversely, the peaks of the other forms of the calcium carbonate located at
lower wavenumbers, such as calcite (874 and 711 cm−1), aragonite (856 and 711 cm−1), and
vaterite (875 and 745 cm−1), are usually not changed under different situations [33,38–40].
Hence, the existence of the calcite can be fully ascertained here; this is in accordance with
the XRD results. The appearance of the peaks at 637 and 610 cm−1 in the spectrum of the
specimen, when compared with that of the gypsum, should certainly be ascribed to barium
sulfate. In addition, the absorption peaks at 1080 cm−1 in the specimen’s spectrum come
from the sulfur-oxygen (S-O) stretching of the barium sulfate [41]. These FTIR analytical
data are in good agreement with the XRD results and can further complete the results. In
the XRD results, the urea and barium hydroxide cannot be distinguished from the spectrum
before the water supply. Nevertheless, these substances can be clearly identified from the
FTIR results. Therefore, the whole reaction process is fully confirmed.

To determine the length of time required for the conservation reaction to occur entirely,
the FTIR was applied to identify the extent of the reaction since the reagent solution was
introduced and the spectra are shown in Figure 6. For FTIR spectra, the quantitative analysis
of different substances in the tested specimen was normally performed by comparing peak
intensities. Hence, herein, the peak intensities of the characteristic peaks of the produced
calcium carbonate (1454, 874 cm−1) and barium sulfate (1080 cm−1) can be used to ascertain
the contents of them in the treated specimen and estimate the extent of the conservation
reaction. By comparing the peak intensities of the calcium carbonate (874 cm−1) and
original gypsum crust (668 cm−1), it is evident in Figure 6 that the peak intensity of calcium
carbonate shows an incremental trend along with the time; however, it started barely to
change after 4 days of the water supply. Meanwhile, the peak intensity of the barium
sulfate (1080 cm−1) also presented the same accumulative trending as that of calcium
carbonate, which can be observed in Figure 6. In addition, the intensity of the peak located
at 1454 cm−1 for the calcium carbonate almost did not alter at different times; this was
observed in the preceding studies [40,42]. However, as depicted in Figure 6, the lengths
of the vertical red lines may also stand for the content of the calcium carbonate. This is
because the spectrum of the pure calcium carbonate shows a distinct downward feature
at around 1400 cm−1 (Figure 5). The lengths of the red lines indicate the extent of this
downward feature, which is the content of the calcium carbonate. It also increases during
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the first four days after the water supply and is almost unaltered thereafter. Therefore, the
whole conservation reaction can take place within one week.

Figure 4. FTIR spectra of the specimen before the water supply.

Figure 5. FTIR spectra of the specimen after the water supply.
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Figure 6. FTIR spectra of the specimens at different time intervals.

The cross-sectional morphology changes of the specimens are shown in Figure 7.
The blank specimen displays a structure in agreement with the surface morphology (Fig-
ure 7a,d). After being treated with a reagent solution, and before being supplied with
water, the morphology of the specimen showed a difference. As labeled in Figure 7e, the
areas represented by the five yellow lines are a little darker than their surrounding areas
and there are other different parts similar to them. In addition, the surrounding areas in
lighter colors show cobweb-like morphology. It is clear that these features are not presented
in the blank specimen and it should be the result from the introduced protectants. The
surrounding areas in lighter colors should be the introduced protectants that cover the
original gypsum substrate. However, the specimens need to be broken to observe the cross-
sectional morphology. Through this process, the original morphology of the specimens can
be affected. The gypsum substrate, which is supposed to be covered evenly, is partially
exposed, and the exposed gypsum substrates can be observed as the darker areas labeled
in Figure 7e. After the water was provided, a more compact structure emerged, and the
gypsum substrate was hardly exposed (Figure 7c,f). The needle-like structure of the blank
specimen is tightly folded by the newly produced material, which is barium sulfate and
calcium carbonate according to the aforementioned XRD and FTIR results. The EDX results
of the treated specimens before and after the water supply indicate that the reagent solution
has the ability to penetrate deep into the substrate. The even distribution of the barium
element can be detected consistently from the surface to a depth of about 3000 µm for the
specimen provided with water (Figure 8right), which is a little deeper than the specimen
before the water supply (Figure 8left). This may be due to some protective materials being
transferred with the flowing water. These results imply that the ability of the methanol
solution of barium hydroxide to penetrate deep into the substrate was not affected by the
adding urea and it is still much better than the aqueous solution because of the organic
solvent adopted [29].
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Figure 7. Cross-section morphology of the specimens with different magnifications (the yellow
rectangle areas of the (a–c) are magnified to (d–f), respectively), (a,d): blank specimen, (b,e): treated
specimen before water supply, (c,f): treated specimen after water supply.

Figure 8. Line scan results of specimens; (left): the treated specimen before water supply,
((upper): SEM image with the yellow line analyzed by EDX, (lower): line scan results of the barium
element), (right): treated specimen after water supply, ((upper): SEM image with the yellow line
analyzed by EDX, (lower): line scan results of the barium element).

3.2. Physical Properties Characterization

Electrical conductivity was used to evaluate the water solubility of the specimens; the
results are illustrated in Figure 9. It is commonly used for indicating the total concentration
of the ionized constituents of a solution and is positively related to the sum of the anions
(or cations) chemically determined [43]. Gypsum is a fairly dissoluble salt. Hence, when
the blank specimen was placed into the water, an appreciable quantity of the gypsum was
decomposed into calcium ions and sulfate ions, which made the electrical conductivity of
the blank specimen reach about 1800 µS/cm. After the conservation operation, the less
soluble barium sulfate and calcium carbonate will be produced and the original gypsum
substrate will be covered, according to the SEM images. Thus, the conductivity of the
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treated specimens is significantly reduced. The maximum value of the conductivity of
the specimen with only one spray operation is about 800 µS/cm and it could be further
decreased to about 500 µS/cm after two operations. After triple-spray operations, the value
is only about 250 µS/cm, which is far below the results of the blank specimen. The most
likely causes for these different degressive results are that the barium hydroxide absorbed
by the specimens (with different spray-operation times) is incremental and the gypsum
substrate could be coated better.

Figure 9. Conductivity results of the specimens before and after treatment.

The IC results are delineated in Figure 10 and the specific data values are exhibited
in Table 1. Due to instrumental limitations, SO4

2− is the only ionic species that can be
efficiently detected and is relevant to this study. In general, the regularity of the variation of
the SO4

2− content among the different solutions is roughly consistent with the conductivity
results. The solution of the blank specimen reaches its highest value and the solution
of the specimen after three treatments achieves its lowest, as expected. As mentioned
above, due to the difference in solubility between the original substrate gypsum and
the product barium sulfate, the SO4

2− in the solution should mainly originate from the
gypsum. In addition, the SO4

2− content ratio between the blank specimen and the specimen
after 3 treatments is as high as 30 (Table 1). This is a larger number compared with the
approximate 8 times calculated from the electrical conductivity results. The reason for
this could be that there may be some contamination ions in the specimens or the urea
was not decomposed completely. Furthermore, the produced calcium carbonate may also
have led to this outcome. This significant reduction in SO4

2− content indicates that the
initially susceptible gypsum crust was almost fully shielded after three treatments with the
methanol solution of barium hydroxide and urea.
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Table 1. The SO4
2− ion content of the specimens with different treatment numbers.

Specimens with Different
Treatment Numbers Type Area

(S*min)
Height

(S)
Amount
(mg/L)

0 (blank) BMB 75.083 186.735 65.413
1 BMB 19.226 48.921 16.783
2 BMB 10.940 27.031 9.569
3 BMB 2.575 5.929 2.287

The outcomes of the wetting angles are displayed in Figure 11. All images were taken
as soon as the droplets contacted the surface due to the high hydrophobicity of the gypsum
substrate, after which, they were absorbed by the substrate. The wetting angle of the blank
specimen was only 17.00◦ and increased slightly to 18.68◦ after being treated only once with
the methanol solution of barium hydroxide and urea. After being treated twice, the wetting
angle of the specimen changed to 30.00◦ and increased to 42.56◦ after three treatments.
Typically, the magnitude of the wetting angle represents the hydrophilic or hydrophobic
nature of the material. When the wetting angle of the surface is located in the range of 0◦ to
90◦, the surface can be regarded as hydrophilic. Hence, the conservation treatment does
not alter the hydrophilic nature of the original gypsum crust and the “breathing function”
of the matrix could be maintained. The results show distinct differences with the organic
coatings, which lead to a complete water repellency and are incompatible with the inorganic
gypsum. Hence, this will eventually cause fissures and cracks [44,45]. However, despite
the definition mentioned above, a larger wetting angle also represents a more hydrophobic
surface even if it is an acute angle. Therefore, the surface of the specimen will become more
hydrophobic along with the incremental number of conservation treatments. This could
mainly be due to the generated barium sulfate and calcium carbonate. They have fairly low
solubility and are able to cling tightly to the gypsum crusts, making them more durable
and allowing for better water resistance.

Figure 11. Wetting angles of the specimens with different treatment numbers, (a) blank specimen,
(b) specimen after a single treatment, (c) specimen after two treatments, (d) specimen after three
treatments.

The outcomes of the color differences of the specimens before and after treatment are
shown in Table 2. According to the formula mentioned above, the color differences (∆E*) of
the treated specimens compared with the blank specimens were calculated. The results of
the specimens with different treatment numbers are all varied in a range far below 5; this
will not be recognized by the human eye [46]. It signifies that the “original appearance”
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of the specimen was almost unaffected after the introduction of the methanol solution of
barium hydroxide-urea; this is of vital importance for cultural heritage objects.

Table 2. Color differences of the specimens before and after treatment.

Specimens with Different
Treatment Numbers L* a* b* ∆L* ∆a* ∆b* ∆E*

0 (blank) 38.98 0.99 3.90 - - - -
1 39.14 0.88 3.34 0.16 −0.11 −0.56 0.59
2 38.65 0.92 3.28 −0.33 −0.07 −0.62 0.71
3 39.18 0.78 2.82 0.20 −0.21 −1.08 1.12

The results of the open porosity and capillary water absorption of the specimens are
presented in Figures 12 and 13. The open porosity of the specimens decreased from about
40% to 34% after three treatments (Figure 12). This suggests that the specimens acquired
denser and more compact structures after treatment, which is clearly shown in the SEM
results. This could be mainly due to the adequate introduction of the methanol solution of
barium hydroxide-urea. As a consequence of the formation of the inert protective barium
calcium sulfate carbonate layer, the capillary water absorptions of the specimens reduced
from about 30% to 23% (Figure 13). The extent of this variation is an evident change indeed.
However, it is not unacceptable when compared with synthetic polymer film [47]. This is
roughly consistent with the results obtained for the wetting angle: the hydrophilic nature
of the primordial gypsum crust can be considered largely maintained, especially because
the solubility of the specimens is significantly reduced.

The surface hardness of the specimens before and after treatment are shown in
Figure 14. The average surface hardness of the blank specimens is about 69.1 HD, which
increases to about 72.5 HD after three treatments. This is in accordance with the results
of the SEM and the open porosity. After the introduction of the methanol solution of
barium hydroxide-urea, the initial loose gypsum structure was wrapped rigidly by the
producing barium sulfate and calcium carbonate. As a result, a denser structure emerged
and eventually gave rise to an increase in the surface hardness.

Figure 12. Open porosity of the specimens before and after treatment.



Coatings 2022, 12, 1793 14 of 17

Figure 13. Capillary water absorption of the specimens before and after treatment.

Figure 14. Surface hardness of the specimens before and after treatment.

4. Conclusions

Herein, an innovative route using a methanol solution of barium hydroxide-urea
for the conservation of stone artifacts with gypsum weathering crusts was investigated.
After the introduction of the barium hydroxide-urea methanol solution and water, in se-
quence, the barium sulfate and calcium carbonate layer were formed to provide prolonged
protection for the brittle stone artifacts; this reaction can be completed within one week.
Because of the low content of carbon dioxide in the natural atmosphere and the complete
carbonization reaction difficulty that the internal substrate could face, the urea was added
as a modifier into the methanol solution of barium hydroxide to provide a continuous
source of carbonate ions. In addition, the existence of the urea did not affect the high
solubility of the barium hydroxide in the methanol or the ability of the barium hydroxide
methanol solution to penetrate deep into the substrate.
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The conservation effect of the methanol solution of barium hydroxide-urea was satis-
fying. The conductivity and IC results reveal a clear increase in the water resistance ability
of the treated specimens, which can be up to ten times stronger than the blank specimens.
Meanwhile, the results of a larger surface hardness value indicate more solid structures
of the surface gypsum crusts of the treated specimens. In addition, the results of the color
difference, wetting angle, open porosity, and capillary water absorption denote that the
inherent physical properties of the gypsum crust and original appearance were hardly
altered. These positive results show that the methanol solution of barium hydroxide-urea
could have great potential in the conservation of stone artifacts with gypsum weathering
crusts.

However, there are still limitations to this method that can be further studied. It was
noticed that the urea could produce carbon dioxide as well as ammonia, which is an irritant.
Thus, how to reduce the irritation of ammonia still needs further investigation. In addition,
the use of the methanol solvent could be detrimental to human health. Hence, there is a
need to find ways to diminish this harm. We hope that through a continuous investigation,
there will be more exciting findings about this novel conservation method.
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