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Abstract: Acid rain is a problem that despite efforts to reduce atmospheric pollution, continues to
impact not only countries where there is a high production of pollutants, but also transboundary
areas to which the pollutants are transported. In addition to its effects on human health, there are also
the effects on infrastructure and the consequences that this entails. This study on the effect of rain
and acid rain on calcareous materials highlights the need for protection of buildings constructed from
these materials, many of which are part of the cultural heritage. The effects caused by rain and acid
rain were studied using a rain simulator whose features allow the simulation of natural conditions
as realistically as possible. In the same way, the effect of a coating synthesized from nanomaterials,
which has been shown to serve as protection against the degradation caused by rain, was analyzed.
In addition to a long-lasting protection of the stone material, this type of coating avoids the need
for the replacement of elements and the recurrent cleaning of degraded parts. It also avoids the
accumulation of parts on the ground, the transport of personnel, work materials and raw materials,
thereby contributing to the reduction of the carbon footprint and water savings, which in turn reduces
the production of pollutants that cause acid rain.

Keywords: rainfall simulator; pollution; acid rain; limestones

1. Introduction

The effects of the passage of time and climate on cultural heritage monuments built
with stone material are well known [1]. If to this natural wear and tear the effect of acid
rain produced by the increasing pollution produced in the most industrialized cities is
added, the deterioration of rock surfaces progresses much faster. These anthropogenic
emissions have a direct impact on the durability of the built environment, affecting historical
monuments as well as modern buildings [2–5]. Many studies on the effect of climate
change on historic monuments focus on the problems produced in the interior of such
buildings and focus on solutions applicable indoors. Lankester and Brimplecombe (2012) [6]
presents a local predictive model of temperature changes to help prevent the increase in
humidity that can lead to the appearance of mold indoors; Anaf et al. (2018) introduce
an application to calculate an indoor air quality index which helps to implement mitigation
actions [7]; Loli and Bertolin (2018) [8] evaluate climate-induced deterioration variables
and how they affect different materials, focusing on floors, roofs, windows, masonry,
etc.; Coelho et al. (2020) and Muñoz González et al. (2020) [9,10] evaluate infrastructure
improvements that can buffer indoor temperature variations and increased humidity from
the outside and at the same time can reduce energy consumption. However, another
problem, more difficult to address, is the effect of climate on the facades of such buildings
since the effect of being outdoors cannot be avoided. Working with this type of building
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means finding solutions that do not change the aesthetics of the building. Therefore it
is very difficult to find a truly effective solution evaluated with a scientific method that
also contributes to the reduction of the carbon footprint [11]. Several studies explain how
organic protections based on fungi with certain proteins that confer hydrophobic properties
to the surface of rocks can protect building surfaces. Other papers use fluorinated acrylic
copolymers or polysiloxane-nanoparticle composite coatings that exhibit superhydrophobic
properties [12–14]. However, these solutions have complex applications at the monument
scale and some of them darken the surfaces of the rocks on which they are applied. It is,
therefore, essential to study the impact of any treatment on rock surfaces in the laboratory
in order to minimize the deterioration of buildings without compromising their aesthetics
and also to ensure that the treatment is feasible. This requires that the treatments are easy
to apply, that no post-treatment is necessary and that they are not only effective against
pollution but can also resist the effects of the aggressive weathering that accompanies
climate change. In addition, it is essential to work with natural materials that do not
generate by-products when mitigating climatic change in the cultural heritage sector [5].

The exteriors of buildings constantly suffer the effects of atmospheric agents. Through
wet atmospheric deposition, contaminant particles are incorporated into small droplets
and transferred to the rock surface. However, not only the particles are harmful; the water
itself and its acidity can cause the pore walls to dissolve. The pH of water is usually 6–7,
and any rain with a pH below 6 is considered acid rain (Figure 1). This means that normal
rainwater is considered slightly acid, a trend that has been increasing since the industrial
revolution [15,16]. The pollutants from air such as NOx, NH3, and H2S can mix with water
molecules to form acid rain [17]. Typical pH values of acid rain due to anthropogenic
emissions may be in the range of 3.5–5 [18]. This process is very important in areas where
buildings and monuments remain wet for a long time and in rural areas.
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Due to the unrelenting increases in pollution, there are several studies on the behavior
of stones exposed to sulfurous and nitric acid atmospheres [20,21]. The effects of the
pollutants depend as much on their concentration in the atmosphere, the environmental
conditions and exposure levels as on the characteristics of the rock itself, i.e., composition,
porosity, etc. Even rocks from the same quarry can have different geomechanical properties
depending on the position of the layer from which they have been extracted and can
suffer different deterioration [22,23]. In addition, among the climatic parameters critical for
heritage conservation, acid rain acts on carbonate rocks generating more CO2, which in
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turn, generates more pollution, increasing the problem with new acid rain production [24].
Studies about carbon release sources are a key point in the study of acid rain [25].

The results of this work will demonstrate how it is possible to simulate realistic, more
aggressive weather scenarios with heavy rainfall and acid rain and that a nanomaterial-
based protection can decrease the deterioration of the rock in both rainfall scenarios.

2. Materials and Methods

To carry out this study, we worked with a rainfall simulator described in Fernández-
Raga et al. (2022) [26], located in a courtyard of the School of Engineering of the University
of León (northwest Spain). This simulator allows the reproduction of rainfall with char-
acteristics that are comparable to those of rainfall under natural conditions because it is
located at a height of 10 m, the minimum height required to achieve the terminal velocity of
natural raindrops [27–29]. The amount of water expelled by the simulator was compared
with the total accumulated precipitation data recorded at the meteorological station of La
Virgen del Camino (León) and with the data recovered by a disdrometer located on the
same campus where the rainfall simulator is installed [30,31]. The accumulated annual
rainfall in León is approximately 500 mm. Therefore, with a rainfall intensity of 8.75 L/m2

per minute, the approximate equivalence is that one hour of simulation is equivalent to one
year of rainfall in León.

A type of dolomite, from the same geological formation but from two different mem-
bers (Figure 2) was chosen for comparative tests in rain and acid rain. Even if the results
only refer to this type of rock with specific properties, such as porosity, the damaging effect
of acid rain can be checked and a protective measure against its effects proposed.
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Figure 2. Appearance of different samples of the Boñar formation: dolomitic formation (a); and sandy
clay formation (b).

The rock used in this experiment is the limestone of Boñar, a fine-grained, crystalline,
highly dolomitized rock. It is characterized by the presence of spastic cement filling in
fissures and cavities. The average porosity of these rocks is 5%, and the bulk density is
2.78 g/m3 [32]. This type of stone has been chosen because it has been widely used in
numerous buildings.

The materials tested were dolomites cut into 5 cm cubes, which were placed under
the simulator and subjected to the impact of rainfall for the specified time. To avoid the
effect that tap water ions could have on the carbonate rocks, the water used in the test was
deionized water. The rocks were subjected to one hour of rain simulation consisting of
(55 s rain + 5 s pause) × 60 cycles (the rainfall simulations are stopped for 5 s so that the
water pumps do not lose effectiveness). This is equivalent to one year of total accumulated
rainfall in the city of León. The samples were then subjected to cycles of thermal changes:
60 min of cold (−18 ◦C) + 30 min of heat (+35 ◦C) (Figure 3). This process was repeated
until 20 h of simulation were completed.
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The effects of rain and thermal changes was studied by quantifying the surface of
18 rock cubes, comparing their appearance before and after the test. The surface of all
faces of each cube was scanned with a structured-light 3D scanner. The equipment used
was a Breuckmann smart SCAN3D-HE scanner and OptoCat software. This technique is
based on the reconstruction of objects or surfaces in three dimensions by projecting a fringe
pattern (with a projection unit) and capturing points on the surface with two cameras
located on both sides of the projection unit. A so-called miniaturized projection technique
was used. The geometric shape of the object was triangulated with an estimated accuracy
of 9 microns. The digitization of the samples was carried out with the smallest field of
view (FOV 125 mm) capable of capturing the entire volume with the minimum number
of scans (4) [33]. From each 3D model obtained, only the meshes representing the shape
of the object were exported. Subsequently, the Geomatic Control software performed the
comparison of the surfaces before and after the test. The comparison is made by aligning
the two sample models and measuring the distance between homologous points (Figure 4).
In this way it is possible to quantify the loss of material caused by the erosion process.

The measurements had a tolerance of ±0.0035 mm and ±0.0050 mm (for normal and
acid rain, respectively). It is important to note that amounts of material lost under normal
and acid rain conditions are different, so ranges with different values in each case are used
to quantify this parameter (Table 1).

In addition to studying the impact of rain on natural dolomites, 2/3 of the dolomites
were coated with a product synthesized from a nanomaterial [34] to test its effectiveness as
a protector of the rock surface against degradation due to rain (Figure 5). The protective
product used was graphene oxide (GO), which has recently attracted considerable attention
for its proven effect as a protective coating [34,35]. In addition, the fact that the chosen
concentration of the product does not change the aesthetic of the stone makes it of great
value for the protection of historical heritage.

The same test was performed using an equivalent of acid rain, which was achieved
by adding sulfuric acid to the water, lowering its pH to 4–4.5. Sulfuric acid and nitric acid
are the main acids responsible for acid rainfall in natural conditions, but the addition of
both these acids together to decrease the pH value was not possible because they react with
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each other. Therefore, sulfuric acid was chosen as it is more damaging and is intended to
simulate the most unfavorable conditions [36]. The deionized water used had an average
pH of 6.6, so to lower the pH to 4–4.5, 10 mL of sulfuric acid was added to each 100 L tank
of deionized water.
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Table 1. Cont.

ACID RAIN
RANGE (mm)

Class
Min. Max.

Color *

I′ −0.0500 −0.0425
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3. Results

The results obtained are divided into four blocks according to the type of rainfall
simulated (normal or acid) and according to the state of the sample (natural or with the
protective hydrophobic coating). The data are represented in a color fan that indicates how
much material was lost in each sample after it was subjected to a simulated amount of
rainfall representing a 20-year time period.

3.1. Normal Rain on Natural Samples

The results of the comparison between the surface of the cubes before and after
subjecting them to an equivalent of 20 years of rain are shown in Figure 6. The samples
were depending on whether they were natural samples (control) or if they were covered
by two or three layers of protective coating (2-layer coat and 3-layer coat, respectively).
Qualitatively, it is possible to see that either the surfaces remained stable, as represented by
the green color, or there was some loss of material, as represented by the bluish colors.

The distribution of the total change in the mesh points before and after testing shows
a bimodal distribution for the natural samples N(a) and N(b) and a normal distribution
for sample N(c) (Figure 7a). In all three samples the surfaces remained stable or lost some
material, around 0.003 mm, at many of the measurement points. However, in samples
N(a) and N(b), there was also a peak loss between 0.0140 and 0.0193 mm at 17–18% of the
measuring points.

3.2. Normal Rain on Coated Samples

In this case, the colors resulting from the comparison between the coated surfaces
before and after the rain test are mostly green and yellow rather than blue (Figure 6d–i),
although blue is also present. The yellow and orange tones represent points where there
has been material gain. Blue colors appear mainly on the edges and corners, except for
sample (Figure 6h), where it is on the entire left-face.
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The distribution of the percentages of variation in the surfaces in the case of overlaid
cubes is generally unimodal (Figure 7b). The surfaces of the samples seem to have remained
stable during the rain test, except for sample 2GO (Figure 6d), which shows a slight gain in
most of its points, and sample 3GO (Figure 6h) that shows an asymmetric distribution.

With respect to the number of layers, there are no significant differences between
the distributions corresponding to the samples covered with two layers and those with
three layers (Figures 6d–i and 7b).

3.3. Acid Rain on Natural Samples

The results of the comparison between the surface of the cubes before and after subject-
ing them to an equivalent of 20 years of acid rain are shown in Figure 8a–c. Qualitatively, it
is possible to see that either the surfaces remained stable, as represented by the green color,
or that there was some loss of material, as represented by the bluish colors, or even there
was some material gain, as represented by yellow color.
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Figure 8. Samples colored according to the variation in surface material on two of its faces.
From (a) to (c) are natural (control) samples; from (d) to (f) are samples with two layers of coat-
ing; and from (g) to (i) are samples with three layers of coating Color scale in (j) shows the millimeters
of separation between homologous points by size ranges; negative values indicate material loss and
positive values material gain.

The distribution of the total change in the mesh points in natural samples before and
after testing shows a normal distribution with a main peak loss (Figure 9a), which means
that almost 40% of the measured points lost between 0.005 and 0.0125 mm of material.

3.4. Acid Rain on Coated Samples

In this case, the colors resulting from the comparison between the coated surfaces
before and after the rainfall test are green and yellow rather than blue (Figure 8d–i),
although blue is also present. The yellow and orange tones represent points where there
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was material gain. Blue colors appear mainly on the edges and corners, except for sample
2GOac (Figure 8d), where it is on the entire left-face, and 3GOac (Figure 8g), where there is
some blue on its right-face.
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Figure 9. Distribution of percentage of missing or gained surface for the six coated samples after
20 years of simulated rain. The x-axis indicates the class to which the amount of modified material
corresponds according to Table 1.

The distribution of the percentages of variation in the surfaces in the case of overlaid
cubes is generally unimodal (Figure 9b). Except for sample 3GOac (h) (Figure 9b), which
shows a slight gain in most of its points, and sample 3GOac (i) (Figure 9b) that shows
an asymmetric distribution, the surfaces of the samples seem to have remained stable
during the acid rain test.

With respect to the number of layers, there are no significant differences between the
distributions corresponding to the samples covered with two layers and those with three
layers (Figure 8d–i).

4. Discussion
4.1. Comparison between Natural Samples and Coated Samples

After simulating 20 years of rain and thermal changes on dolomite specimens, the
results obtained from the comparison of the scans of the specimens before and after the test
show a bimodal distribution of material variation on the surface in the natural samples and
a normal distribution of material variation of the surface in the coated samples (Figure 7).
While both cases show a material loss of less than 0.003 mm, the natural samples also lose
a maximum of 18% at points of sizes between 0.01 and 0.02 mm. Therefore, the coated
samples have suffered less erosion due to rainfall. Material gain is also observed, probably
due to the contribution of the protective product layers.

The case that specimen number N(c) shows a normal surface variation distribution
similar to the protected specimens may indicate that this particular specimen was more
resistant due some difference in its physical properties (Figure 10). Given the rock’s
own heterogeneity, it could have a slightly different mineralogical composition, a lower
percentage of porosity, or a higher degree of recrystallization, etc. The heterogeneity could
also explain why other samples have a different pattern than the rest of the coated samples
(Figure 9). In these cases, there were cracks running through the sample that represent
clay fill, which is more easily eroded. The pattern in sample Nac (c) (Figure 9b) shows
a deposition of surface material that is higher than the mean, which is in accordance with
the appearance of microorganisms in its surface. In sample 3GOac (g) (Figure 9b), even
though protection should have protected it from erosion, the pattern in Figure 9b shows
a loss of material from its surface. This is due to the origin of that sample in the part of the
quarry where the limestones of Boñar are close to their lower limit and the composition is
more clayey, making the sample less resistant.
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Figure 10. Comparison between natural samples N(a) and N(c) after the normal rain simulation
where the difference in composition and porosity can be appreciated by the different colors (above).
Nac (c) shows a gain of material due to the deposition of microorganisms which are not present in
sample Nac (a) (above). Clay filler in cracks in coated samples 2GOac (d) and 3GO (h) and eroded
sample 3GOac (g) which belongs to the most argillaceous member of the Boñar form (below).

With respect to the samples coated with nanomaterials, there was no difference be-
tween those coated with two layers and those coated with three layers. Thus, two protective
layers would protect the stone material. More than three layers could mean more protec-
tion, but the color of this particular dolomite changes tone with more than three layers, so
a greater number of layers could not be used in heritage protection.

These results show that although the applied protective product, graphene oxide,
mostly protects the rock surface from erosion caused by rain and thermal changes, there
are other factors that may cause an unexpected response. The composition of the rock,
with the presence of clays and soft minerals and cracks, and the resulting differences in
its physical properties influence how water can affect pore-wall behavior. Not only the
freeze–thaw cycles but also the sudden temperature changes generate thermal stresses in
the rocks, producing a wear whose mechanism is more complex the more heterogeneous
the rock is [37,38].

The surface position with respect to the rain direction was not studied since the
samples were randomly placed in the temperature tests. The initial roughness of the
surfaces was taken into account, although it has been shown that surface polishing can
influence degradation [39].

4.2. Comparison between Normal and Acid Rain

After simulating 20 years of rain and thermal changes on dolomite specimens, the results
obtained from the comparison of the scans of the specimens before and after the test show
a normal asymmetric distribution where 40% of points lost between 0.0050 and 0.0125 mm
on the surface in the natural samples. A normal distribution of material variation of the
surface was observed for the coated samples where most of the points show a gain between
0.0050 and 0.0125 mm in their surfaces (Figure 11).

The distributions of lost material on the surface of the samples are generally normal
with maximums of between 18 and 39% of points, except for sample 2GOac (e), which
has a maximum of 84%. In the case of the samples on which acid rain was simulated,
an average material height between 0 and 0.0050 mm was lost, while normal rain caused
the samples to lose an average material height in the range of 0–0.0035 mm. In both cases,
more material was lost in the natural samples than in the coated samples.

Graphene oxide-based protection protects the rock surface against degradation caused
by thermal changes and rain, both normal and acid. In the protected samples, a lower
percentage of material was lost, especially in the smaller size ranges. The main difference
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between the results obtained in tests with normal rain and tests with acid rain is mainly
reflected in the gain of material. Although the percentage of gain is not very different in
both types of rain, in the case of acid rain, the range is greater. This may mean that even if
the surface is protected against mechanical and chemical degradation, acid rain may have
an effect on the size of the material gained.
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Figure 11. Distribution of percentage of missing or gained surface for the five coated samples after
20 years of simulated acid rain.

The methodology used in this study is a good approximation of actual precipitation
conditions as the water droplets reach terminal velocity. Both the rainfall intensity and
the maximum and minimum temperatures to which the samples were subjected represent
the most extreme values in data from the closest meteorological station of La Virgen del
Camino (León).

However, even when simulating the most aggressive conditions, this study lacks the
effect that solar radiation would produce in the simulated time frame. It is also necessary
to integrate information from simulations of future climate scenarios to conduct more
specific tests that can provide information on the behavior of buildings with the advance of
climate change.

5. Conclusions

• The use of a rain simulator that allows raindrops to reach terminal velocity combined
with extreme thermal changes in different cycles is an excellent approach for aging
tests on rock materials.

• This study has demonstrated the protection that graphene oxide provides to calcareous
rocks, both under normal rain and acid rain conditions.

• However, the coating’s effectiveness is highly determined by the presence of clays and
cracks that represent a weakness in the rock.

• No major difference was observed in the effectiveness of two-layer and three-layer
graphene oxide coatings.

• Although the effects of roughness and exposure to ultraviolet radiation were not
considered, it was shown that under extreme conditions of rain and thermal changes,
graphene oxide protects the surfaces of the samples.

• With this work we managed to reinforce a basic pillar in the mitigation of climate
change in the cultural heritage sector, which is to provide scientific solutions to reduce
the carbon footprint. Graphene oxide has proven to be an effective product that
reduces the degradation of rocks with the passage of time, and which is further
accelerated by the conditions imposed by climate change. The use of this product will
reduce surface interventions and the travel involved for the application of products.
In addition, avoiding the replacement of degraded parts also reduces the consumption
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of raw materials and their transportation. In order to have more complete information,
future studies will work with other geologies and with different climatic conditions by
varying the amount of simulated rainfall and thermal conditions and adding the effect
of ultraviolet radiation.

• Future projects will build scale prototypes of buildings, with samples aged before the
application of graphene oxide, to examine the results that the coating would achieve
on actual monuments.
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