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ARTICLE INFO ABSTRACT

Keywords: Surface treatments help to protect the built heritage against damage (environmental, accidental,
Cement-based material etc.), reducing repair and restitution costs and increasing the useful life of building materials. The
Graphene oxide use of nanomaterials is currently the most important field of research in surface treatment
g‘;‘:;ity technology for the preservation of building materials and, more specifically, to improve their

durability and prevent their deterioration, extending their useful life. This paper studies the in-
fluence of a graphene oxide (GO) suspension as a surface treatment on the properties of concrete.
The results indicate that, at best, surface treatment with GO can decrease both the water ab-
sorption and capillary absorption of concrete by about 15 %. The increase in the amount of GO
deposited as a surface treatment leads to a further reduction in concrete water absorption. It is
shown that, at best, GO coating also reduces water penetration at low and high pressures by
approximately 20 % and 60 %, respectively. In addition, scanning electron microscopy analysis
shows that GO surface treatment facilitates the hydration process and densifies the concrete
microstructure. A simple aqueous suspension of GO is revealed as a tool with a high potential to
protect concrete surfaces in a fast and cost-effective way, thanks to the easy application by
spraying and the small amount of material needed to obtain great results.

1. Introduction

The worldwide demand for buildings and infrastructure is extremely high, with concrete being the most widely used material in
modern and contemporary construction [1]. Concrete structures are exposed to different environmental conditions (cold, heat, rain)
that lead to their erosion.Consequently, they are expected to exhibit high quality and durability properties to withstand these con-
ditions during their design life [2]. Despite this perspective, several studies [3,4] have shown that, due to the microcracks and
permeability of concrete, environmental liquids and gases are able to penetrate into the material, which can directly or indirectly cause
its degradation and deterioration, shortening its service life.

Construction is one of the factors that has the greatest impact on the environment. The materials required for the development of
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this activity cause a large consumption of natural resources, which has led to great environmental pressure [5]. In addition, this
activity also causes the problem of the generation of construction and demolition waste (CDW). This type of waste produced is the
largest contributor to the waste generation flow [6]. Thus, the main challenges facing the conservation of construction materials are
born. All of them committed to the promotion of environmentally sustainable construction, implementing new innovative practices to
reduce the environmental impact [7]. According to data from the World Cement and Concrete Association [8], concrete consumption is
estimated at 14 billion m® year™!, which represents approximately 35,109 tons year ', making it by far the most used artificial
material by mankind. Therefore, any technique that allows increasing the useful life of this material will indirectly achieve a
considerable improvement in sustainability, by reducing the use of raw materials (sands and gravels) and the use of cement or other
binders, also achieving a significant reduction in energy consumption (it is estimated that between 3 % and 4 % of global energy
consumption is associated with the production of concrete [9] and a reduction of CO3 emissions, of which 8 % are linked to the industry
of this material [10].

In addition, as a positive effect of the increase in its useful life, the natural carbonation processes of concrete tend to absorb a
significant amount of atmospheric CO» [8], so that treatments aimed at maintaining this material in service conditions during its useful
life will reduce the impact of greenhouse gases (GHGs) on the living conditions of our planet, also significantly reducing the carbon
footprint and mitigating the effects of climate change.

In the construction field, during the last decades the great concern for the deterioration of reinforced concrete structures has
highlighted the need to intervene to ensure their preservation [11]. The most commonly adopted strategy is the use of
high-performance concretes characterized by high strength and low permeability. However, more economical approaches against
degradation are being studied to provide additional protection to the materials [12,13], such as: the use of low water/cement (w/c)
ratios, the use of corrosion inhibitors or cathodic protection systems, or the treatment of concrete surfaces [14,15]. The use of new
synthetic materials known as metamaterials or intelligent materials is a promising line of study and research that opens up new av-
enues of work at different levels and satisfactorily addresses some of the most important challenges that human beings will have to face
in the coming decades. Among them, nanomaterials stand out, with different applications in various fields of work: treatment of
wastewater, catalysis construction, biomedical engineering, energy, etc. [16-19]. The most widely accepted approach is the treatment
of concrete surfaces due to its effectiveness in preventing and protecting against the entry of aggressive substances, avoiding the loss of
durability of concrete structures or extending their lifespan [20]. In this regard, hydrophobic materials and those that act as a physical
barrier to the penetration of ions, water and gases stand out as surface protection materials [21-23].

Recently, the search for strategies to improve the performance of traditional coatings and the durability of constructions has played
an important role in the emergence of nanomaterials [24,25]. The use of nanocomposite coatings for surface treatment has attracted
increasing interest among researchers because of their extraordinary potential to penetrate through the pores and cracks of concrete
and heal damage [26]. There are numerous works related to the use of some nanoparticles, such as, TiO2, SiO2, Al;03, ZnO, CuO,
Feg0O3, CaCOs that increase the quality of cementitious components, improving the mechanical, microstructural and durability
properties of concrete [27,28]. However, so far most of the literature has focused on the study of these nanoparticles as an additive to
the concrete mixture, with few studies on other techniques such as the use of these materials as surface treatments. Leung et al. [29]
found that surface treatment of concrete with nanosilane-clay exhibited impermeable properties and improved resistance against
chloride ions ingress, because the treatment is able to modify the microstructure of the concrete surface. At the same time, nano-SiO5
surface treatments are compatible with the cementitious base [30] and increase concrete performance by blocking capillary pores
against chloride ions penetration [11,31,32].

Considering that the current lines of research are focused on the search for new surface treatments based on nanomaterials, this
study proposes the use of GO as a nanomaterial for the protection of concrete. In addition, this line of research is pursued since there
are several studies that opt to include GO nanoparticles as an additive in the concrete mix, however there are current studies that
express a problem of flocculation of nanoparticles in the presence of Ca*? when they are added as an additive to the concrete mix [33,
34]. This problem, together with the high cost of nanoparticles compared to the rest of the concrete components, have led this study to
focus on the use of nanomaterials as a surface treatment. And the GO nanosheets have been recognized as a very effective protective
agent for carbonated stones [35], similarly process may occur on concrete. In the study conducted, graphene-based nanostructures
have been used as potential agents to develop a protective treatment for concrete structures. Nanomaterials obtained from graphite, in
this case graphene oxide, possess superior properties comparable to those of the nanomaterials such as nano-Al;O3, nano-SiOa,
nano-TiO5 [36]. In addition, graphene-based particles have already been used as carbon nanofillers for the other types of hosting
matrices, such as epoxy resins. These nanoparticles have been able to provide additional functional performance, including reduced
sorption value in liquid water equilibrium and increased performance in mechanical properties, thanks to the particular arrangements
of the graphene sheets [37].

Graphene oxide (GO) belongs to the graphene family of nanomaterials and is one of the most hydrophilic relatives, as it has a huge
and diverse amount of oxygen functional groups [38], which enables the formation of stable single-sheet GO colloids by easy exfo-
liation of graphite oxide in water. GO has a favorable set of mechanical properties [39]. The diluted aqueous suspension of GO may
look somewhat dark, but after application on concrete surfaces there is no color variation. Moreover, GO is industrially-produced in
large amounts, thus available at competitive prices [40]. Based on the aforementioned properties and published studies [41,42], the
application of GO could be a suitable strategy to protect concrete structures. In this work, the controlled application of aqueous GO
coatings on hardened concrete samples is performed, demonstrating the remarkable protective efficacy of the treatment by improving
the water uptake resistance and reducing the permeability of the concrete, without the need of any other adjuvant.
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2. Experimental section
2.1. Materials

2.1.1. Conventional concrete

Blast-furnace slag cement type CEM III/A 42.5 N/SR was used to mix conventional concrete, which complies with the standards of
the European standard EN 197-1 [43], its chemical composition is specified in Table 1.

Natural siliceous gravel (4/12.5 mm) was used as coarse aggregate and natural siliceous sand (0/4 mm) as fine aggregate. The
aggregates used have been characterized in accordance with standard EN 12620:2003+A1 [44]. The particle size distribution of the
aggregates is determined according to standard EN 933-1 [45] and is shown in Fig. 1, which shows on the x-axis the size of the different
sieves used and, on the y-axis, the % of the mass passing through each of them. Table 2 shows the proportion of the concrete mix used,
specifying the amount of the components that make up the mix.

The water/cement ratio (W/C) was adopted based on the expected exposure of the concrete, in this case XC, considered an exposure
to carbonation-induced corrosion. In addition, the dosage used complies with the durability standards for concrete structures of the
Spanish Structural Code [46] which establishes a maximum w/c ratio of 0.60 and a minimum cement content of 200 kg m~> for type
XC exposures.

2.1.2. Graphene oxide

The GO used to coat cement-based samples in the present work was obtained through exfoliation of graphitic oxide in water upon
the application of mild ultrasounds. In turn, such graphitic oxide was fabricated by the well-known Hummers oxidation method
applied to graphite, with particular modifications. The whole experimental information is reported in full detail elsewhere [47], as
well as a complete characterization of both graphitic oxide and GO.

An example transmission electron microscopy (TEM) image of freshly exfoliated GO is shown in Fig. 2, in which the thin and
bidimensional nature of this material is evidenced, as well as its flexibility and physical adaptability (judged by its wrinkles and folds),
reasserting it to be a very suitable asset at a microscopic level for a protective coating over many surfaces.

2.2. Methods

2.2.1. Surface treatment of concrete

The concrete samples were coated with an aqueous suspension of GO without ant other additives, with a concentration of 0.5 mg/
ml. The application of the treatment was done by manual spraying with an airbrush, each coating pass was done with a horizontal
movement at a slow and constant rhythm; always controlling the amount of GO suspension deposited on the sample. To evaluate the
effect of GO as a surface coating of concrete against water penetration, two groups of coated samples were studied. The first group of
samples (1-GO) has an amount of 10.5 pg cm ™2 of GO, and the second group of samples (3-GO) has an amount of 31.5 pg cm™2 of GO.
Table 3 shows in detail the type of samples studied, the amount of dispersion used as surface treatment and the amount of GO deposited
on the concrete sample.

Four different tests were performed to evaluate the water resistance of GO deposited on the concrete surface. Each test required the
preparation of concrete samples with particular properties in terms of surface area, so four types of samples are classified according to
this requirement. Table 4 shows in detail the type of test performed, the types of specimens required for each test (the number of
specimens studied and their required dimensions) and the surface area tested. The concrete samples used were cured for 28 days prior
to treatment.

2.2.2. Durability tests

The focus of this study is to determine the efficacy and performance of GO as a protective coating for concrete surfaces to increase
their water resistance. To this end, concrete samples with different concentrations of GO on the surface are compared with untreated
concrete samples in a set of water absorption and surface porosity tests. The tests are specified below.

2.2.2.1. Determination of water absorption by capillary action. The capillary water absorption test has been developed to evaluate the
permeability of concrete. Almost all water penetration into concrete occurs mainly by capillary absorption force, which is provided by

Table 1

Chemical composition of cement.
Chemical composition Value (wt. %)
Al,O3 7.20
SiO, 25.00
Fe,03 2.03
SOs3 2.70
Ca0O 51.80
MgO 4.68
TiO, 0.60
Loss on Ignition 4.53
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Table 2

Mix proportion of concrete.

Percentage of material passing (%)
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Fig. 1. Particle size distribution of natural aggregates (coarse and fine) used in the production of concrete.

Mix proportion

Coarse Aggregate (kg m %)

Fine Aggregate (kg m )

Cement (kg m~3) Ww/C

Conventional concrete
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0.51
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Fig. 2. TEM image of a GO flake. Recorded with a JEOL-200FXII microscope working at 200 kV and with 0.28 nm point-to-point resolution. Sample
deposited over a 400-mesh copper grids (Electron Microscopy Sciences, ref CF-400CU).

Table 3

Details of surface treatment applied.

Samples groups

Amount of dispersion (ing cm?)

GO content (pg cm’2)

Control (uncoated)
1-GO
3-GO

0.0
21.0
63.0

pore absorption and surface tension [48]. During this water penetration process, aggressive ions enter the concrete, so capillary water
absorption is a critical parameter of concrete durability to be studied [49].

To evaluate the capillary water absorption of the concrete samples, the permeability test is performed according to standard EN
83982 [50]. Previously, samples are conditioned in accordance with EN 83966 [51]. To ensure that water absorption occurs only on
the treated surface, the other faces of the specimen in contact with the water are sealed with a layer of paraffin approximately 1 cm

high.

The specimens are placed in a plastic container with a leveling grid, on which the specimens were placed in contact with deionized
water about 5 mm in height. After set periods of time (5 min, 10 min, 15 min, 30 min, 1 h, 2h, 3h, 4 h, 6 h, 24 h, 48 h, 96 h, until the

mass is constant), surface water is removed from the samples with a damp cloth and tested samples are weighed.
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Table 4
Types of samples and tests.
Test methods Sample specimens Test surface (cm?)
Amount Dimensions (cm)
Capillary water absorption 4 10x10x 10 10*10
Water absorption by immersion 4 10x10x 10 600.0
Karsten tubes 2 10x10x 40 10*40
Water absorption under pressure 4 @10 x 20 1*52
SEM 4 ?2.5x 1 1*1.25%

To further investigate the effectiveness of the surface treatment used, the capillary water absorption coefficient (K) is calculated for
each of the samples, using Equation (1) established in EN 83982 [50]:

O+ Ee

K=
10 m

Where K is the capillary absorption coefficient (kg m~2 min~%%), § , is the density of water (the value of 1 g cm " is considered), ¢, is
the effective porosity of concrete (cm® cm™2) and m is the resistance to water penetration by capillary absorption (min cm™2).

(€Y

3

2.2.2.2. Determination of water absorption by immersion. The method used to determine the water absorption of concrete is described in
the standard EN 83980 [52]. The objective of this test was to determine the volumetric absorption of the treated concrete as an in-
dicator of the important role of the protective surface agents, for this purpose the surface treatment is applied on all the faces of the
specimens. The mass of the specimens was recorded every 24 h, until constant mass. Equation (2) was used to calculate the volumetric
absorption of the different concrete samples:

Wy — W,

WA (%) =

- 100 2)

Wo

Where w, is the mass of the oven-dried concrete specimen (g) and w is the mass of the concrete specimen after immersion in water (g).

2.2.2.3. Water absorption at low pressure (Karsten tubes). This method is often used to quantify water permeability at low pressures and
to define the degree of protection and effectiveness provided by surface treatments over a given period of time, since the water
pressures used simulate the effect of rain on the concrete surface [53].

The test protocol is described in EN 16302 [54]. The test uses so-called “Karsten tubes”, which are glass tubes graduated in tenths of
millimeter, which are assembled to the concrete surface with butyl adhesive. The Karsten tubes are distributed homogeneously over
the concrete surface to be studied, with a total of 6 data collection points per sample.

Once the tubes are in place, each tube is filled to the zero mark with distilled water. Subsequently, the time it takes for the water
level to drop by 1 ml, meaning for the concrete absorbs 1 ml of water, is noted.

2.2.2.4. Water penetration depth under pressure. The test to determine the depth of water penetration under pressure for concrete was
performed in accordance with EN 12390-8 [55]. The test is performed in water penetration equipment, in which the test surfaces are
subjected to a hydrostatic pressure of 5 bar (0.5 MPa) for a period of 72 h.

The specimens are then removed from the test rig and subjected to indirect tensile stress so that they fracture perpendicular to the
test surface. In this way it is possible to examine the depth of water penetration. This procedure was performed in accordance with EN
12390-6 [56].

After splitting the test specimen, the penetration profile is marked and the maximum penetration depth “Ppay” is recorded. In
addition, the average depth of penetration is calculated according to Equation (3):

Pp=Ay /d 3

Where Py, is the mean depth of penetration (mm), d is the sample diameter (mm) and A is the area of the penetration front (mm?). A
computer program (ImageJ) [57] was used to calculate the area of the penetration front.

2.2.3. Microscopic observations and spectra analysis

The surfaces of the concrete samples were subjected to microscopic visualization to acquire information on existing pores and
microcracks and surface roughness. In addition, a quantitative chemical characterization of the surface of the samples is performed
from EDX spectra (Energy Dispersive X-ray analyser). The samples were observed using a Hitachi S-4800 microscope with a tungsten X-
ray source, a Si/Li detector and a Bruker XFlash 5030 EDS analyzer. Prior to analysis, the samples were coated with gold.

2.2.4. Statistical analysis
The data resulting from the various tests were subjected to a statistical analysis, more specifically, to a one-way ANOVA by
comparison of means. The durability parameters (capillary absorption, absorption by immersion, low pressure water and pressurized
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water penetration) were taken as variable factors, and the type of surface treatment given to the samples was taken as a fixed factor.
The difference (p < 0.05) between the results were studied by comparison of means through the LSD (Least Significant Difference)
post-hoc test.

3. Results and discussion
3.1. Determination of water absorption by capillary action

The capillary water absorption process of hardened concrete is represented by the typical water absorption curve, which relates
mass gain as a function of time (Fig. 3). The absorption process is characterized by an initial state in which water fills the sample
through the capillary pores without reaching the top of the sample, and a second state in which water continues to fill the sample, but
this time through that air pores [58-60].

The results indicated that the control (uncoated) samples absorbed water for a longer period of time compared to the GO samples.
The control (uncoated) samples reached constant mass at 120 h (85 min®®), while the 1-GO and 3-GO samples, stabilized at 96 h (76
min®®) and 72 h (66 min®®), respectively. In addition, the control specimens absorb a greater total amount of water tan the GO-coated
specimens. In Fig. 3, it can be seen that the surface treatment with GO reduces the capillary water absorption capacity of the concrete
by 20 % and 31 %, respectively, compared to the control concrete.

One of the probable mechanisms that explain the reduction of the water permeability of concrete is the creation of a dense layer of
GO on the surface of the concrete. Thanks to the exfoliation of the GO in suspension [61,62], the surface treatment performed evenly
distributed the GO sheets on the surface of the concrete, thus creating that dense layer. Previous studies have shown that the oxygen
functional groups present in the GO films can react with Ca(OH), or CSH of the concrete [63], causing the GO to adhere strongly to the
surface thereof. The creation of this bond can significantly reduce the amount and size of microcraks and pores on the surface of the
concrete, and therefore, could reduce the permeability to water, reducing the process of water absorption by capillarity.

The effectiveness of nanomaterials as waterproofing agents used in concrete surface protection can be supported by the values of
the capillary water absorption coefficient (K) shown in Fig. 4. Considering the minimum requirements established in standard EN
1504-2 [64], the water permeability coefficient should not exceed 1.29 x 1072 kg m 2 min %>, As can be seen, the values obtained
comply with such requirement, so the protection can be accepted as a surface treatment. The results achieved in the statistical analysis
determine that samples 1-GO, and samples 3-GO presented significant differences with respect to the Control (uncoated) samples; since
the “K” coefficient was significantly lower (F = 86.032; gl = 2.6; p < 0.001), leading to a decrease of 11 % and 23 %, respectively. This
shows that GO can seal the pores of concrete, which reduces its capillary water absorption.

The capillary absorption process is one of the main causes of liquid transport in cement-based materials due to their porous nature
[651, which can lead to a problem in the use of this type of materials for construction, as they can not only transport water but also
other types of corrosive materials that would cause damage to the concrete [66].

These results compare favorably with several investigations on protective treatments of concrete made from nanomaterials. For
example, Akbar et al. [67] reported that spraying three types of treatments with 20 % nanoparticles (nanosilica, nanomontmorillonite
and nanohaloysite) dispersed in deionized water and an addition of NaOH, a reduced capillary absorption by 59 %, 50 % and 46 % is
observed, respectively, relative to untreated samples. The results obtained are approximately 70 % higher than those of the present
study, but it must be considered that they use a concentration on the order of 400 times higher and that the base of the dispersion has
NaOH as an additive, which increases the stability of the dispersion but might be damaging at long term.

More in line with the research present in this study are the various investigations performed on the application of GO as an additive
to increase the performance of other agents used as surface treatments. Zhang et al. [68] demonstrated that concrete specimens coated
with two passages of a silane emulsion were enhanced with the addition of GO at a dosage of 300 g m~2 each reduced capillary
absorption, showing a waterproofing effect of 90 %. Hou et al. [69] reported that a 2-passage coating at a dosage of 600 g m 2 of a
silane emulsion modified with GO was able to reduce capillary water absorption by 86.9 % compared to reference samples. These

Capillary water absorption (kg/m?)

0 10 20 30 40 50 60 70 80 90 100 110
Time (min®5)

—e&— Control (uncoated) 1-GO 3-GO

Fig. 3. Capillary water absorption in concrete specimens with GO surface treatment and without treatment.
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Fig. 4. Capillary absorption coefficient values (K) for GO-coated and uncoated concrete specimens. Statistical differences in the results are marked
with different capital letters (LSD test, p < 0.05).

researchers achieve very good results with the coating used, but it is important to keep in mind that all these surface treatments are
made up of several components necessary for the final effectiveness of the coating. The silane emulsion is able to penetrate the concrete
and covalently bond to it, forming a hydrophobic silane layer within the concrete. The addition of GO increases the thickness of the
hydrophobic layer and reduces the number of microscopic holes in the hydrophobic layer, thus improving the waterproofing effect.

3.2. Determination of water absorption by immersion

The durability properties of concrete are directly related to water absorption [70]. Fig. 5 shows the water absorption by immersion
results obtained, which demonstrates the effectiveness of the surface treatment. After 24 h of immersion, the control (uncoated)
samples show higher water absorption than the GO-coated samples. Thus, the control samples show a water absorption of approxi-
mately 4.3 %, while the coated samples show and absorption of 3.7 % and 2.5 %, for samples 1-GO and 3-GO, respectively. The water
absorption of the 1-GO and 3-GO samples was significantly lower (F = 219.817; gl = 2.6; p < 0.001) than that of the Control (uncoated)
samples, decreasing water absorption by 15 % for the 1-GO samples and 42 % for the 3-GO samples. It is shown that increasing the GO
content leads to a decrease in volumetric water absorption of concrete. This fact can be attributed to the creation of a protective layer
on the concrete surface formed by uniformly distributed GO films [61]. These sheets interact physically and chemically with the CSH
hydration products of the concrete [63], which can lead to the sealing of microcracks and pores, thus limiting volumetric water ab-
sorption. The results obtained are comparable to those obtained by Habibnejad Korayem et al. [41] who, after an immersion period of
24 h, were able to reduce water absorption by 40 % in concrete samples with the surface application of 16 mg of a GO dispersion
(0.015 mg/ml) for 5 days, compared to uncoated control samples.

Despite studies on GO as a protective coating for concrete are very scarce, it is possible to establish comparison with other types of
nanoparticles used as surface protectors of concrete. In such way Li et al. [71] demonstrated that the modification of organic resin
coatings with nanoparticles (nano-SiO2 and nano-TiO5) improved the hydrophobicity of concrete, reducing water absorption by 13.2
% nano-TiO3 and 17.8 % for nano-SiO, modified coatings, relative to uncoated samples. As can be seen, these researchers achieved
water absorption reduction values similar to those obtained with the surface application of three GO coating passages. It is important to
note that the GO surface treatment is just a dispersion of GO in deionized water, whereas the one employed by these researches is an
organic resin with a nanoparticle dispersion and a silane coupling agent KH-570, which turns the coating into a much more complex
system. In addition, they employ a 400-fold higher concentration of nanoparticles.
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Fig. 5. Water absorption in uncoated and GO-coated concrete specimens. Statistical differences in the results are marked with different capital
letters (LSD test, p < 0.05).
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3.3. Water absorption at low pressure (Karsten tubes)

Fig. 6 shows the results obtained for the different concrete samples subjected to the low-pressure water absorption test (Karsten
tubes). The graph shows the amount of water absorbed by the concrete as a function of time, and the total time it took to absorb 1 ml of
water can also be determined. When comparing the control (uncoated) and GO-coated samples, it can be seen that the time taken by
the GO-coated samples is significantly longer, on the order of 15 % for the 1-GO samples and 20 % for the 3-GO samples, compared to
the control samples. In addition, the results obtained for each of the Karsten tubes used in the test were similar, showing that the test
surfaces were uniform.

In reference to Fig. 6, the readings taken during the test also provide the evolution of the absorption time for set values of water
volume. It can be seen that both the initial rate (up to 0.1 ml) of water absorption for the control (uncoated) and GO-coated samples is
similar. The absorption curve of samples 1-GO remains very similar to that of the control until 0.4 ml, where it begins to diverge,
causing the absorption time of this samples to increase; just this moment coincides with the approach of this curve to the absorption
curve of samples 3-GO. The absorption curve of sample 3-GO is the one with the longest absorption times.

The results obtained agree with the rest of the results obtained in the other test. In the control samples (uncoated), the pores and
microcraks of the concrete are more accessible to water penetration, but when the GO coating is applied, they decrease, so that the
application of the surface concentration of 10.5 pg cm~2 GO forms a thin protective layer on the surface of the concrete, slightly
decreasing the permeability to water [63,72]. Thus, if the surface concentration is increased to 31.5 pg cm ™2 GO, a thicker protective
layer is produced, forming a preventive barrier against water ingress [41].

3.4. Water penetration depth under pressure

Fig. 7a show the maximum water penetration values (Pp,,x) reached in the different samples tested. The control samples (uncoated)
recorded a Py, = 15.5 mm. Thus, the samples 1-GO obtained a P, = 10.9 mm and the samples 3-GO obtained a Py = 9.6 mm. If the
results obtained in the statistical analysis of the maximum water penetration (Ppx) are observed, it is determined that the samples with
GO surface treatment presented significant differences with respect to the Control samples (uncoated), since the Pp,,x was significantly
lower (F = 36.138; gl = 2.6; p < 0.001) for the samples with GO than that obtained in the Control samples, decreasing by 30 % for the
1-GO samples and 38 % for the 3-GO samples.

In order to obtain a more representative study of the effectiveness of the coating, the mean value of the penetration depth (Py,) is
determined. Fig. 7b shows the Py, values for the various samples tested, such that the Py, value for the Control samples (uncoated)
versus the samples coated with GO was significantly higher (F = 1590.250; gl = 2.6; p < 0.001), on the order of 43 % and 59 %, for
samples 1-GO and 3-GO, respectively. These average depth values are more representative of coating effectiveness because water
penetration in the tested samples is regular, such that water penetrates through the entire test surface (Fig. 8).

Observing the water penetration profile of the samples tested, it can be determined that they are different, since the application of
GO on the surface of the concrete leads to the creation of a more uniform and homogeneous profile, with the 3-GO samples presenting
the profile with the lowest penetration front. The creation of this type of profile may be due to the fact the spraying of the surface
treatment uniformly distributes the GO sheets on the surface of the concrete, creating a dense layer that would increase the protective
power [61,62]. In addition, protection against pressurized water penetration may be due to the fact that GO nanoparticles can act
grains that, when adhering to the surface, cause disordered surface tropism due to the reduction of the size of Ca(OH); crystal present
in the concrete [73]. The creation of this interaction can significantly reduce the number and size of microcracks and pores on the
concrete surface, creating a barrier to water penetration.

The results obtained compare favorably with several studies on surface treatments based on nanomaterials used for concrete
protection. Among the most relevant studies is that of Ardalan et al. who managed to reduce the average water penetration under
pressure by 31 % with respect to untreated samples, by spraying colloidal nano-SiO, oxide with a concentration of 12 %. Another
relevant study is that of Akbar et al. by spraying three types of solutions containing 20 % nanoparticles (nanosilica, nanohalloysite and

Time (h)

Water absorption under low pressure (ml)

~—8— Control (Uncoated) 1-GO 3-GO

Fig. 6. Evolution of the absorption time in the low-pressure water absorption test.
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Fig. 7. Results of water penetration depth under pressure of uncoated and GO-coated concrete samples: (a) Maximum penetration depth “Pp,ay”; (b)
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Control (Uncoated)

i
'.." - &

Fig. 8. Penetration profile after pressurized water test in concrete.

nanomontmorillonite) managed to reduce the water penetration depth by 48 %, 22 % and 30 % respectively, relative to the untreated
samples. As can be seen, all these treatments achieve surface protection values against water penetration within the range of those
obtained with the GO surface coating. However, these treatments are applied at a concentration about 400 time higher and have an
addition of NaOH to increase their stability. For all these reasons, GO is presented as a treatment that offers better results, thanks to the
fact that it does not require the incorporation on any stabilizing agent and the necessary concentration is much lower.

3.5. SEM and EDX analysis

Fig. 9 shows SEM micrographs and EDX spectra of a control concrete sample and two concrete samples with GO surface treatment,
one with one GO coating passage (1-GO) and one with three GO coating passage (3-GO), which allow analysis of changes in surface
morphology. The presence of the GO treatment on the surface of the concrete is confirmed by the EDX spectra of the samples, with
strong peaks of oxygen, calcium and silicon, as there is a strong interaction between the oxygen functional groups present in the GO
films with the hydration products of the CSH or Ca(OH), [74].The key to this fact is the assembly property of 2D graphene oxide [75].
Metal ions (AI*, Fe3*, La%t, ca®t, Mg2+, Ni?*, etc.) have been found to act as crosslinking agents for GO membranes, these alkaline
earth cations being some of the main components of the cement used for concrete production, so it is possible for GO to bond strongly
to the surface by chemical bonding [76].

In relation to the micrographs, Fig. 9a show a concrete surface in which there is no treatment cover; it shows that there are
microcracks and pores of different sizes in the hydration products of the concrete, all of them accessible to any type of substance. On
the other hand, Fig. 9b and c shows the GO deposited on the concrete sample. The hydration products of these samples show fewer
microcracks and smaller pore size compared to the control sample.

Comparing Fig. 9b and c, it is observed that the number and size of microcracks and pores in the hydration products are signifi-
cantly reduced with increasing GO coating passages. In Fig. 9b,a thin coating layer has been created on the surface of the concrete,
being sparse. However, Fig. 9c presents a denser coating layer on its surface, with the hydration products being completely covered and
protected. As discussed by He et al. [77], the protective GO coating as the one studied in this research interacts with the microstructure
of the concrete surface, decreasing the interconnectivity between the surface pores resulting in a barrier to the penetration of any kind
of substance. Thus, the pore sealing ability of GO is certainly the explanation for the improvements in water resistance observed in the
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Spectrum 1

Ca Spectrum 2

Spectrum 3

Ca

Fig. 9. SEM images showing surface microstructures and EDX spectra to show elemental compositions: (a) Control sample (uncoated); (b) 1-GO
sample; (c) 3-GO sample.

results.
4. Conclusions

This work investigated the suitability and potential of graphene oxide (GO) as a new protective surface coating material for
concrete. Water transmission was analysed in concrete samples surface coated with and without GO. The following conclusions are
drawn from the results obtained.

e According to the durability tests performed, GO performs strikingly well as a protective coating for concrete surfaces.

e The GO-coated concrete specimens improve over the reference specimens in all tests. It was shown that, at best, GO coating on the
concrete surface reduces volumetric water absorption and capillary absorption by approximately 42 % and 23 %, respectively.

e The GO surface treatment was also effective against low pressure water absorption, showing at best an improvement of concrete
impermeability by approximately 20 %.

o The highest effectiveness of the treatment occurs in the pressurized water penetration test, reaching almost 60 % of concrete
impermeability for specimens with three GO coating passages (31.5 pg cm™~2). In addition, this test confirmed the uniform dis-
tribution of the treatment over the concrete surfaces.

e The increasing in the surface concentration of the coating results in a progressive increase in surface impermeability due to the
creation of a thicker protective layer on the concrete surface.

e The images show how the GO treatment remains on the external face of the concrete exerting the pore sealing effect but without
penetrating into the interior, so that the application of the nanomaterial improves durability without affecting the internal
microstructure of the concrete.

In light of the promising results obtained in the present study, spraying an aqueous colloidal suspension of GO without additives on
concrete surfaces opens a new venue for study, as GO proves to be a durable coating and an immensely protective tool for preserving
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concrete structures. In a real-world scenario, the concrete structures suffer deterioration mainly for the presence of water (the famous
sentence “no water no problem” cited in numerous bibliographies resumes this problem). Water is the mainly entrance vehicle for
aggressive agents which can damage concrete structures. The application of GO coatings in concrete can surely get to improve
preservation of real structures, trough diminishing water entrance in this material. More studies are necessary but, in a practical way, it
can imply a reduction of cover thickness in reinforced concrete and/or an increasing of the life span. Studies such as the on presented in
this document will serve to establish these real improvements in the near future.

Future lines of research will focus their efforts on the study of new dispersion concentrations used for surface treatment, with the
aim of determining an optimum amount of treatment, as well as the study of new forms of application of this, being able to determine
from the economic point of view which would be more appropriate.
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