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Abstract 

The present work analyzes how an aqueous suspension of graphene oxide (GO), as a surface 

treatment, can influence the properties of conventional concrete. The results show that the 

application of a GO surface coating on concrete improves its resistance to carbonation and 

chloride ion penetration, and also increases its electrical resistivity. In the best case, the GO 

coating can reduce carbonation by 40% and chloride ion diffusion by 75%. An increase of up to 

75% in concrete resistivity was also achieved. The application of GO promotes the hydration 

process and densifies the microstructure of the concrete surface, and this is verified by 

scanning electron microscopy analysis. In addition, no color modification occurred after 

application of the treatment.  
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1. Introduction 

Over the last century, concrete has been the most successful building material; its unique 

properties have made it a very efficient and adaptable asset. However, in recent decades there 

has been a growing interest in the preservation of this material, with the aim of increasing its 

performance. Specifically, there is a global concern on guaranteeing the long-term 

performance of this material in structures exposed to aggressive environments or subjected to 

severe service conditions and, consequently, to reducing the high cost that repair and 

maintenance tasks can entail.  

The deterioration of concrete is enhanced by physical and/or chemical processes that directly 

affect its durability. The durability of concrete is subjected to the structure of its pores, and 

more specifically to their distribution, shape and size. Therefore, the pore structure of 

concrete establishes the transport properties for the main harmful agents that cause concrete 

deterioration (ions, gases and water) [1,2]. 

Numerous methods and strategies have been studied to extend the service life of concrete 

structures. Therefore, in the construction field, one of the main approaches that have been 

adopted is the used of high-performance concrete (HPC). This type of concrete uses various 

types of admixtures and low water/cement (w/c) ratios in its formulation, which characterizes 

them as having low permeability and high strength [3,4]. Another of the most commonly used 

strategies is the use of coatings or surface treatments. These have been applied for the 

consolidation and protection of existing and even new structures. The main characteristics of 
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such coatings are their barrier properties and high hydrophobicity [5,6]. The commonly 

employed treatments present different mechanisms of action depending on their composition, 

their main objective being the formation of a thin layer or film that serves as a barrier, filling 

and sealing the pores that are present on the concrete surface, a fact that prevents the 

transport of water and of any other harmful agent [7,8]. Recently, studies have been 

conducted using nanoparticles as a surface treatment material to increase the durability of 

cement-based composite materials [9–12]. Hou et al. [9] investigated how the application of a 

nano-SiO2 colloidal coating could influence hardened cement pastes and determined that this 

type of coating was able to reduce the water transport properties of the samples by modifying 

the porous structure. On the other hand, Franzoni et al. [10] studied a nanosilica-based coating 

to determine whether it could serve as a protection for concrete floors. Through an evaluation 

in terms of morphology and microstructure, they concluded that the coating was effective for 

the protection of concrete structural elements. Scarfato et al. [12] studied two polymer resins 

as coatings to which they incorporated nanoclays to enhance their protective action. The 

results obtained indicated that the incorporation of nanoclays significantly improved the 

efficiency of the coating. They were able to reduce the diffusion properties of the polymeric 

matrices and improve the blocking of the concrete pores, all thanks to the laminar nanofilling 

effect produced by the nanoclays.  

According to the current literature, the vast majority of surface treatments that have been 

investigated consist of composites or nanocomposites; however, the direct application of 

nanomaterials on the surface of concrete as a protective surface treatment has been scarcely 

explored [13–16]. In this line, future research directions arise based on the use of new surface 

treatments formed composed only by 2D nanomaterials. Currently, one of the most promising 

2D materials in many technological applications is graphene oxide (GO), a nanomaterial 

obtained from the chemical exfoliation of graphite, with a high and homogeneous colloidal 

stability in aqueous media. Thanks to its atomic thickness and lamellar structure, providing GO 

with a high surface area, and rich oxygen surface chemistry providing good dispersibility in 

water, it can be a potential alternative for the protection of building materials [16–18]. 

In recent years, in order to respond to the challenges associated to the conservation of 

construction materials, some previous studies have been performed on the application of GO 

for such purpose. These pioneering studies focus their research on the use of GO as an additive 

to be included in the mix with the aim of improving the mechanical [19–22] and durability [23] 

properties of cement pastes. Lv et al. [19] investigated the incorporation of GO nanosheets 

into cement composites to improve their hardness, as they showed that the nanosheets were 

able to control the formation of cement hydration crystals and this resulted in a significant 

increase in cement hardness. Pan et al. [20] also investigated the incorporation of GO in the 

cement paste, achieving an increase in concrete strength of 15-30% in compression tests and 

40-60% in flexural tests. Another study, authored by Saafi et al. [21], studied the transport 

characteristics of concrete with GO reinforcement in its composition. Their experimental 

results showed that the incorporation of GO effectively prevented the penetration of chloride 

ions and improved water sorption. In summary, all these studies concluded that when GO is 

incorporated into the mix, both durability and mechanical properties of cement-based 

composites can be significantly improved. However, the use of this nanomaterial as an additive 

in concrete mixing and batching is still far from being a proven and effective technique. Recent 

studies  [24,25] have confirmed that the incorporation of GO as an additive in the mix can 

cause workability problems due to the agglomeration of the GO nanoparticles by the marked 
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alkaline character of the cement mixture and the possible occurrence of undesired chemical 

reactions that could involve the destabilization of the GO suspension.  

Considering that reports addressing the application of GO as a protective coating for the 

surface of concrete are certainly rare, and considering that GO is the most affordable graphene 

derivative, from the economic point of view it allows for large-scale coatings. Therefore, a 

study on the effectiveness of surface treatment with GO for the protection of construction 

materials is herein proposed. If the application of GO as a coating provides actual protection, it 

would represent a new line of improvement in the resistance of concrete, which could be 

applied in situ in areas with special requirements. More specifically, the present study used GO 

as a surface treatment to determine the resistance to the carbonation process and to chloride 

diffusion. The effectiveness of the treatment was evaluated by physical, morphological, and 

colorimetric analyses.  

2. Materials and methods 

2.1. Experimental materials 

2.1.1. Conventional concrete 

Natural aggregates, siliceous gravel as coarse aggregate and siliceous sand as fine aggregate, 

are used for the manufacture of the concrete mix. The aggregates used were previously 

studied to check their suitability in accordance with the specifications established in the EN 

12620:2003+A1 [26] and EN 1992-1 [27] standards. Figure 1 shows the particle size distribution 

of the aggregates established according to European standard EN 933-1. The binder used for 

the mix is blast furnace slag cement type CEM III/A 42.5N/SR, which complies with the 

standards established in EN 197-1 [28].  

 

Figure 1. Particle size distribution of natural aggregates 

Table 1 shows the dosage followed for the production of the concrete. This dosage complies 

with the mechanical and durability conditions set out in the European standards (EN) 

governing the manufacture of hardened concrete.  

Table 1.  Batching of the concrete mixture 

Materials (Quantity/m3) Conventional concrete 

4/12.5 mm Gravel (kg) 1030.7 
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0/4 mm Sand (kg) 

CEM III/A 42.5 N/SR (kg) 

Water (L) 

650.5 

390.0 

198.0 

 

The w/c ratio used is 0.51, selected on the basis of the expected exposure to which the 

concrete will be exposed. The expected exposure will be XC, corresponding to an exposure to 

corrosion induced by carbonation. The Spanish Structural Code [29] establishes that, for this 

type of exposure, the w/c ratio can reach up to a maximum value of 0.60.  

The manufactured conventional concrete specimens were cured for 90 days at a temperature 

of (20 ± 2) ⁰C and relative humidity (>95%). 

2.1.2. Graphene oxide  

Graphene oxide (GO) is the material of choice to protect concrete. To this end, its synthesis is 

performed through the exfoliation of graphitic oxide in water after the application of mild 

ultrasound.  In turn, the graphitic oxide was obtained by applying the Hummers oxidation 

method to the graphite. In their study, González-Campelo et al. [15] reported in detail all the 

information about the synthesis and the complete characterization of GO.  

Figure 2 shows an image of freshly exfoliated GO obtained by transmission electron 

microscopy (TEM). This image illustrates the thin and two-dimensional nature of GO, as well as 

its physical adaptability and flexibility (judging by its observed folds and wrinkles). It confirms 

that GO is a suitable material at the microscopic level to act as a protective coating for surface.  

 

Figure 2. TEM image of a GO flake (Microscope JEOL-200FXII) 

2.2. Concrete surface treatment 

A GO dispersion in water with a concentration of 0.5 mg/ml is used to protect the surface of 

the concrete. Before starting the treatment of the concrete surface, the GO dispersion is 

subjected to a gentle sonication process for about 3 minutes, until a homogeneous colloid is 

obtained. Sonication is a very efficient technique to disperse graphene-based materials in 

liquids, the main rationale of which is to exfoliate stacked graphene sheets by cavitation forces 

and keep them stable against re-aggregation, and thus to achieve a homogeneous distribution 

[30]. After the sonication process, it can be observed that there is no deposition of the GO 

particles on the bottom for at least several hours, and consequently, it is a homogeneous 

dispersion [31]. Once the GO dispersion is ready, it is applied to the surface of the concrete. 

The application process consists of spraying the GO dispersion with an airbrush. When several 
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applications are made, a drying time of 1 hour is always maintained between applications. It is 

important to consider that the application of the treatment is always performed at a slow and 

constant speed with a horizontal movement, thus controlling the amount of treatment 

deposited on the surface of the concrete (26.2 µg/cm2 per application). After complete 

application of the treatment, the samples are left to dry at a temperature of (20 ± 2) °C and a 

relative humidity of (45 ± 15) %. The treatment was applied 48 hours prior to testing.  

Six groups of concrete samples were studied. Five of the groups received surface treatment of 

GO dispersion, with different surface concentrations. Up to a total of 5 applications of the GO 

suspension were performed. Thus, the amount of the GO deposited on the concrete was 26.2 

µg/cm2, 52.4 µg/cm2, 78.6 µg/cm2, 104.8 µg/cm2 and 131.1 µg/cm2, respectively. The last 

group that remains to be specified corresponds to concrete samples to which no Surface 

treatment was applied, this group being considered the control. Table 2 shows all the 

information on each type of application and the related amount of GO deposited on each 

concrete sample. 

Table 2. Treatment on the concrete surface 

Surface treatment (application) Amount of GO (µg/cm2) 

C 0.0 
GO1 26.2 
GO2 52.4 
GO3 78.6 
GO4 104.8 
GO5 131.1 

 

2.3. Tests and methodology 

2.3.1. Resistance to carbonation 

The chemical process of carbonation is the reaction in which the calcium hydroxide present in 

the concrete mix reacts with the carbon dioxide present in the air, leading to the formation of 

calcium carbonate. This chemical process promotes the reduction of the pH of the concrete, 

which can lead a to carbonation-induced corrosion causing the deterioration of concrete [32].  

The natural method established in EN 12390-10 standard [33] is used to study the resistance to 

carbonation. This method consists of placing the concrete sample specimens (100 x 100 x 100 

mm3) in an enclosure that is exposed to the natural environment but protected from the direct 

action of rain. During the test, parameters such as temperature, relative humidity and CO2 

concentration are considered. Thus, after defined exposure periods (90, 180, and 365 days), 

the depth of the carbonation front is determined. For this purpose, the concrete samples are 

broken in half and a phenolphthalein solution is sprayed on them (revealing the alkaline parts 

by color change). Subsequently, the penetration front was measured using a caliper, taking 12 

readings for each sample.  

Finally, the carbonation speed is calculated, which is the parameter defining the concrete´s 

susceptibility to carbonation. The carbonation speed is calculated from the exposure time to 

which the concrete samples are subjected, known as the effective time. Therefore, the average 

carbonation depth calculated above (y-axis) is plotted against the square root of the effective 

time in years (x-axis) and a linear regression is plotted through the points. The slope of the 

regression corresponds to the speed of carbonation produced in the concrete in mm/year0.5. 
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2.3.2. Electrical resistivity 

The electrical resistivity of concrete is a property that quantifies the strength with which this 

material opposes the flow of electric current. In addition, it is established as an indirect 

measure of porosity and the distribution and quantity of pores contained in the hardened 

concrete [34]. 

To establish the electrical resistance of hardened concrete, readings were taken according to 

the protocol established in the EN 12390-19 standard [35]. This established that a uniform 

electric field is applied to cylindrical specimens (100 mm diameter and 200 mm height) of 

saturated concrete by means of two electrodes, one placed at each base of the specimen. To 

ensure that there is a correct electrical connection, two wet sponges about 5 mm thick were 

placed between the electrodes and the bases of the specimen, whose electrical resistance is 

previously known. The electrical resistivity of the concrete specimens is recorded, which is 

defined by the voltage applied and the electrical current passing through the specimen.  

2.3.3. Chloride ion diffusion. Multi-regime method 

One of the main causes of concrete deterioration is the possible ingress of ions from the 

environment. It is important to know the transport of ions through concrete, thus studying its 

diffusion characteristics. The test performed to establish the diffusion coefficient of chloride 

ions in concrete is regulated by the EN 83987 standard [36]. In this case, the multi-regime 

method is applied, which is a method that allows to know the diffusion coefficient of chloride 

ions in concrete in two states, stationary and non-stationary.  

The basis of the method is to calculate the migration of chloride ions. For this purpose, the test 

is performed on three cylindrical concrete specimens (75 mm diameter and 25 mm height), 

which serve as a barrier between two solutions, an ion source solution (1 M NaCl) and an ion-

free solution (distilled water). To accelerate the migration process, a potential difference of 12 

V is applied. The migration of chloride ions in the two states, steady state (Ds) and non-steady 

state (Dns), which are defined by the electrical voltage and conductivity, are calculated.  

2.3.4. Colorimetric analysis 

The possible variation of aesthetic properties produced by the application of a surface 

treatment on concrete is an important aspect. It is well known that the main objective of any 

surface treatment is to prolong the durability of the concrete, but if it also maintains or 

improves the visual appeal of the concrete, it would be improving its aesthetic properties. For 

this reason, a colorimetric analysis is performed on the concrete samples, both with and 

without GO surface treatment. The Konica Minolta Chroma Meters CR-200 colorimetric is used 

for this analysis.  

The test is performed on three test specimens for each type of treatment, taking five 

measurements on each one. The final result is the mean value of fifteen measurements, which 

makes it possible to verify the reproducibility of the result obtained. The colorimetric analysis 

is based on the color changes evaluated using the L*, a*, b* system (ASTM D-1925, CIE 1976). 

The L* coordinate is the surface brightness with values between 0 (black) and 100 (white). The 

a* coordinate is the deviation of the chromatic point towards red if a* (+), or towards green if 

a* (-). Similarly, the b* coordinate is the deviation towards yellow if b* (+), and towards blue if 

b* (-). The total color variation (ΔE) is calculated by means of the following equation (2): 

                 ΔE =  √Δa∗2 + Δb∗2 + ΔL∗2                               (2) 
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2.3.5. Surface characterization 

It is important to perform a surface characterization of concrete samples when a coating or 

surface treatment is performed. Therefore, the concrete samples were observed by scanning 

electron microscopy (SEM). The microscope chosen to perform the surface analysis is the 

Hitachi S-4800 device with a tungsten X-ray source, a Si/Li detector and a Bruker XFlash 5030 

EDS analyzer. Prior to microscopic observations, the samples are coated with gold. The 

resulting microscopies of the samples are taken without any test on the surface of the 

concrete.  

3. Results and discussion 

3.1. Resistance to carbonation 

Figure 3 presents the carbonation depth of the various concrete samples studied, after defined 

exposure periods. Thus, it can be observed that the carbonation depth decreases significantly 

in the samples that present surface applications of GO. If the maximum exposure time, 365 

days, is analyzed, samples GO1, GO2, GO3, GO4 and GO5 decreased their carbonation depth 

by 21%, 26%, 30%, 36% and 37%, respectively, compared to the control samples (without any 

surface application).  

 

 

Figure 3. Carbonation depth of concrete samples (a). Average temperature and relative 
humidity record during the exposure time of the test (b). 
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For all the exposure times analyzed, the carbonation depth is significantly reduced after 

increasing the number of GO applications on the surface of the concrete samples. It is worth 

noting that, depending on the exposure period, the extent of the reduction in each application 

of GO is different. Thus, GO1 and GO2 have a lower carbonation depth in the first exposure, 

showing a considerable increase after 90 days of exposure. However, GO3, GO4 and GO5 have 

an almost constant carbonation depth during the 180 days of exposure. After the longest 

exposure period, 365 days, all concrete samples show an increase in carbonation depth 

compared to the rest of the exposure periods. Even so, it is observed that with increasing GO 

applications, the carbonation depth decreases.  

The pronounced increase in carbonation depth during the longest exposure period in all the 

samples tested is mainly due to the environmental conditions to which the samples were 

subjected. At the beginning of the test there are medium-high temperatures and medium 

relative humidity. However, at the end of the second exposure period the temperatures are 

much lower, and the relative humidity is high, which translates into worse environmental 

conditions to which the concrete samples are subjected. Therefore, it is normal for the 

penetration depth to increase sharply.  

Figure 4 shows the results of the pH determination performed on the various concrete samples 

belonging to the maximum exposure period of the test (365 days). 

C  
dc = 8.2 mm 

 

GO1 
dc = 6.5 mm 

 

GO2 
dc = 6.1 mm 
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GO3 
dc = 5.8 mm 

 

GO4 
dc = 5.2 mm 

 

GO5 
dc = 5.1 mm 

 

Figure 4. Depth of carbonation in concrete after 365 days of exposure (dc = average depth of 
carbonation) 

In order to have more information about the carbonation resistance of the concrete samples 

studied, the carbonation speed is calculated ( 

Figure 5). The concrete samples with GO applications on their surface achieve a considerable 

reduction in the carbonation speed, when compared to the control samples. The results 

achieved coincide with what happened with the depth parameter, which is logical, since it 

depends directly on it. Comparing the samples with GO application with the control samples, 

the carbonation speed decreased by 22%, 31%, 35%, 41% and 42%, for samples GO1, GO2, 

GO3, GO4 and GO, respectively. Considering the results achieved, the advantages of GO 

surface treatment on concrete are evident.  

The creation of a dense GO layer that adapts and adheres perfectly to the surface of the 

concrete is one of the possible mechanisms that justifies the improvement in carbonation 

resistance. The spraying of the GO dispersion allowed the GO sheets to be spread evenly over 

the surface of the concrete samples [37,38], creating an increasingly dense layer as the 

number of applications of the treatment increased. Previously published studies revealed that 

the presence of oxygen functional groups in GO films can react with Ca(OH)2 or CSH [39], which 

means that the GO layer is firmly bonded to the concrete surface. Due to this strong bond, the 

size and number of microcracks and pores on the concrete surface can be significantly reduced. 

Therefore, the entry of gases into the concrete is hindered, increasing the resistance to 

carbonation.  
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Figure 5. Carbonation speeds of concrete samples 

The application of GO coating effectively increased the resistance to carbonation, results that 

coincide with those achieved in other studies that apply other type of nanoparticles as 

coatings [40–42]. Li et al. [40] investigated coatings for concrete (chlorinated rubber, aliphatic 

polyurethane and epoxy resin) mixed with nano-SiO2 particles; reaching a 44% increase in 

carbonation resistance. Fajardo et al. [41] examined that the application of silicon 

nanoparticles on cement-based materials reduced the carbonation depth by 67%, due to pore 

blocking. Similarly, Franzoni et al. [42] found that the application of two types of dispersions, 

aqueous nanosilica dispersion with and without the addition of sodium silicate, reduced the 

carbonation depth by 46% and 17%, respectively. The difference in the results obtained is due 

to the fact that sodium silicate is able to penetrate deeper into the concrete, making it possible 

the occlusion of the pores and, consequently, hindering their permeability.  

3.2. Electrical resistivity 

The distribution of pores in concrete is closely linked to its electrical resistivity. The electrical 

resistivity of a concrete increases when its pore network is finer and the interconnection 

between the pore is smaller [43,44]. Therefore, it is important to carry out a study on the 

behavior of concrete with respect to the electrical resistivity parameter.  

Figure 6 shows the electrical resistivity results obtained for each type of concrete samples 

analyzed. As it can be seen, the electrical resistivity of the concrete increased significantly after 

the application of GO on its surface. Thus, increases of 49%, 59%, 66%, 68% and 75% were 

achieved for samples GO1, GO2, GO3, GO4 and GO5, respectively, when compared to the 

control samples.  

The different applications of GO on the surface of the concrete effectively promoted the 

concrete´s own resistivity, which boosted its intrinsic corrosion resistance. ASTM C876-91 

standard [45] was used to evaluate the increase in corrosion protection provided by the GO 

applications to the concrete on the basis of electrical resistivity measurements. Following the 

limit ranges established in the aforementioned standard, one and two applications of GO 

implied that the concrete presented a moderate corrosion risk, the same as the risk presented 

by the control samples, although it is worth highlighting that, when these applications of GO 

were made, the risk value obtained was very close to the low corrosion risk limit. From the 

third application of GO onwards, the concrete presents a low corrosion risk.  
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In relation to the results obtained, the advantages that the application of GO on the surface of 

the concrete can provide in terms of protection against corrosion are notable. It has already 

been said that resistivity is a parameter that is directly related to the structure and porosity of 

the concrete. Therefore, a reduction in the porosity of the concrete is expected to result in 

higher electrical resistivities [46]. The reduction in porosity could be explained by the bonding 

between the GO coating layer and the concrete surface. Presumable chemical interactions of 

the CSH or Ca(OH)2 of concrete with the oxygen functional groups present in the GO could 

produce advantageous chemical and physical bonds [39]. These interactions could decrease 

the amount of free pores on the concrete surface and block the interconnectivity between 

them, thus increasing the electrical resistivity.  

 

Figure 6. Electrical resistivity of concrete samples and their corrosion risk 

Previous works obtained by other researchers have also pointed out that the application of 

other nanoparticles on the surface of concrete produces an increase in its electrical resistivity, 

in agreement with the results herein presented in the case of GO. Fajardo et al. [41] 

determined that the electrical resistivity increased up to 1.5 times in concrete samples with 

silicon nanoparticles on their surface, with respect to untreated samples. They attributed the 

increase in resistivity to possible pore blockages and decreased pore interconnections. Thus, 

the results obtained by us are comparable to those of those researchers, suggesting that the 

application of GO on the surface of concrete might exert a similar effect to the application of 

silicon nanoparticles.  

3.3. Chloride ion diffusion 

The results obtained in the multi-regime test to determine the diffusion of chloride ions are 

shown in Figure 7. Two phases can be distinguished in the development of this test. The first 

phase is the non-steady state, in which the arrival of chlorides into the vessel (which is initially 

free of chloride) is indistinguishable. During this phase, chloride ions pass through the 

thickness of the concrete specimen and react with the hydrated phases of the cement. 

Immediately after this, the second phase of the test, which is the steady state, takes place. In 

this second phase, chloride ions already start to appear in the collection vessel and gradually 

increase in concentration.  

Figure 7 shows that GO1 and GO2 have a short non-stationary phase, as occurs with sample C 

(control), detecting the arrival of chloride ions in the vessel earlier than in the rest of the 
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samples. The opposite occurs in samples GO3, GO4 and GO5, which have a longer non-

stationary phase, which lengthens in time as the number of GO applications increases. As for 

the second or stationary phase, it is observed that as the number of GO applications increases, 

the concentration of chloride ions decreases, demonstrating the protective effect of GO on the 

concrete surface.  

 

Figure 7. Variation of chloride concentration with time in concrete samples 

The diffusion coefficients for the stationary phase and for the non-stationary phase of the 

various concrete samples analyzed are shown in Figure 8. In general, in both phases, the 

diffusion coefficients decrease after the application of GO on the surface of the concrete. Thus, 

the larger the GO surface concentration, the lower the diffusion coefficient of such concrete. 

Analyzing each of the phases separately, and in comparison with the control samples, it is 

determined that the non-steady-state diffusion coefficient (Dns) decreased by 3%, 7%, 36%, 41% 

and 51% for samples GO1, GO2, GO3, GO4 and GO5, respectively.  Similarly, the steady-state 

diffusion coefficient (Ds) decreased by 6%, 13%, 31%, 64% and 75% for samples GO1, GO2, 

GO3, GO4 and GO5, respectively.  

 

Figure 8. Diffusion coefficients of chloride ions on steady-state and non-steady-state phases 
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To study in more detail the resistance of concrete to chloride ion diffusion, the diffusion 

coefficients of each of the phases are analyzed in relation to the surface treatment of the 

concrete samples (Figure 9). As previously specified, in both phases studied, the diffusion 

coefficient of chloride ions decreases after increasing the number of GO applications (i.e. upon 

higher GO concentration) on the concrete surface, there being a linear relationship.  

Analyzing the results achieved, it is determined that the application of GO on surface brings 

significant advantages against concrete protection. Due to the GO network formed, the surface 

of the concrete that is exposed to chlorides is smaller, which means less ion penetration. The 

GO network formed on the surface may have some defect, which could allow more aggressive 

ions to penetrate into the concrete. However, because some oxygenated functional groups 

(epoxy, carboxylic acids and hydroxyl) are present on the surface of GO [47], they could cause 

a negative charge that repels chloride ions, thus preventing their penetration into the concrete. 

This chloride ion repulsion mechanism has been studied in detail in an investigation of water 

and alkali ion purification in GO membranes [48–50]. The repulsion mechanism would involve 

blocking the ions as they pass through the GO layers, reducing the number of chloride ions 

that manage to enter the concrete pores.  

 

Figure 9. Stationary (Ds) and non-stationary (Dns) diffusion coefficients for each type of surface 

application 
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The results showed that the application of GO on the surface of concrete effectively promoted 

its resistance to chloride ion diffusion. Similarly, results achieved by other researchers show 

that the use of nanoparticle-based coatings promoted the resistance to chloride ion 

penetration [51–54]. Li et al. [51] applied a cementitious coating that they had previously 

modified with polymers by adding 0.5% nano-SiO2 or nano-TiO2, achieving improved chloride 

resistance. This improvement in resistance was linked to the filling effect and reduction of 

porosity produced by the coating. Similarly, Li et al. [52] applied polymeric coatings 

(polyurethane, epoxy resin and chlorinated rubber) which they modified by incorporation 

nano-TiO2 at 2 wt%. They succeeded in decreasing the chloride ion penetration by 60%, 62% 

and 77%, respectively. 

On the other hand, Hou et al. [53] applied as surface treatment silane films previously 

modified with GO, achieving a decrease in the transport rate of chloride ions by almost 70%. 

The application of this surface treatment implied an increase in concrete protection and 

greatly alleviated concrete degradation. Guo et al. [54] performed the application of a surface 

treatment based on epoxy resin modified with 0.5% TiO2 – graphene, which allowed reducing 

the penetration depth and the diffusion coefficient of chloride ions. Thus, they achieved a 77% 

reduction in the samples to which they applied the surface treatment.  

The results achieved by all these researchers are comparable to the results achieved in this 

investigation. Such high values of chloride ion diffusion reduction are achieved when a fourth 

or fifth application of GO is performed. Therefore, the application of GO on the concrete 

surface can exert a similar effect to the application of the treatments used by all these 

researchers. It is notable, however, that the treatments employed in those studies entail 

nanoparticles as a filler for the actual protective material, not as the sole surface treatment. 

Conversely, our approach, not only fully exploits the benefits of using a single nanomaterial 

with an easy application methodology, but it is also entirely based on an organic composition 

(GO is mainly made of carbon and oxygen). Altogether, our approach is more practical, and 

economically and environmentally more appealing.  

3.4. Colorimetric Analysis 

After the application of the coating treatment, the surface of the concrete is analyzed for 

possible color changes (Figure 10). For this purpose, a colorimetric analysis is performed, 

which is based on the CIE 1976 color system coding. Figure 11 shows a summary table of the 

color analysis performed, detailing the possible color changes that may have occurred on the 

surface of the concrete. If we observe it, to the naked eye no color changes can be observed.  
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Figure 10. Concrete samples on which colorimetric analysis is performed 

 

C  GO1 GO2 GO3 GO4 GO5 

      
L*=72,43 
a*=0,48 

b*=10,49 

L*=70,57 
a*=0,47 

b*=11,00 

L*=69,08 
a*=0,53 

b*=10,76 

L*=71,93 
a*=0,68 
b*=9,86 

L*=72,11 
a*=0,77 

b*=10,06 

L*=66,87 
a*=0,59 
b*=9,40 

      
L*=71,67 
a*=0,17 

b*=10,36 

L*=72,84 
a*=0,24 
b*=8,66 

L*=69,66 
a*=0,51 

b*=11,01 

L*=68,45 
a*=0,83 

b*=10,75 

L*=67,90 
a*=0,43 
b*=8,98 

L*=70,42 
a*=0,32 
b*=7,83 

      
L*=70,46 
a*=-0,10 
b*=5,60 

L*=70.35 
a*=0,19 
b*=8,56 

L*=72,26 
a*=0,23 
b*=7,43 

L*=71,09 
a*=0,26 
b*=8,69 

L*=68,43 
a*=0,44 
b*=8,67 

L*=67,02 
a*=0,54 
b*=8,79 

 

Figure 11. Color charts based on CIE coding  

The color changes obtained are analyzed in more depth, for this purpose a study is made of 

the chromatic variation (ΔE) that exists between the samples that have received GO 

applications and the control samples. Table 3 shows the parameters (ΔL*, Δa*, Δb*) defining 

the chromatic variation.  
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Table 3. Color variation with respect to uncoated concrete samples 

Specimens ΔL* Δa* Δb* ΔE 

GO1 0.27 -0.11 -0.59 0.66 
GO2 1.19 -0.24 -0.92 1.52 
GO3 1.03 -0.41 -0.95 1.46 
GO4 2.04 -0.36 -0.42 2.11 
GO5 3.42 -0.30 0.14 3.44 

 

Once the color variation results have been obtained for each of the concrete samples studied, 

they are analyzed considering the tolerance thresholds for color variation. These tolerance 

thresholds are set out in ISO 12647-2, which is the standard in charge of printing requirements. 

This standard established that if ΔE is less than 3, it is referred to as JND or “just noticeable 

difference”. Taking this into account, the results obtained show that up to the fourth 

application of GO, the surface of the concrete shows a barely perceptible color difference. 

From the fifth application of GO onwards, the color changes start to be observable. Therefore, 

the application of GO on the surface of the concrete hardly modifies its final color, maintaining 

its initial appearance, thus being a material that hardly influences the aesthetic properties of 

the concrete. Thanks to the fact that GO does not cause a drastic color change it can help the 

fact that it can be applied in areas where extra reinforcement is necessary due to the fact that 

they may suffer greater wear. It is therefore possible to locally reinforce a part of the structure 

without incurring a large aesthetic cost.  

3.5. SEM Analysis 

In order to analyze in a more detailed way what morphological changes can occur on the 

surface of the concrete samples after the application of the GO surface treatment, SEM 

observations are performed. Figure 12 shows the SEM images (magnification x500) of the 

Control (C), GO1, GO3 and GO5 samples. As can be seen in the Control sample (C), there is no 

type of coverage on the surface, and numerous microcracks and pores of different sizes can be 

seen in the cement hydration products. Therefore, all of them are easily accessible for the 

penetration of any type of substance. After the first application of GO, it can be observed that 

there is a thin coating on the surface of the concrete, it is beginning to be appreciated that 

there are not so many microcracks or pores and also these are of smaller size, if we compare it 

with the Control samples (C). As the number of applications with GO increases, it can be 

observed that the surface of the concrete presents a denser coating layer, as occurs in samples 

GO3 and GO5. In these samples there are no microcracks and the pores are tiny. The decrease 

of microcracks and pores in the cement hydration products implies the formation of a denser 

microstructure of the concrete surface, which would result in the formation of a barrier 

against the penetration of any type of substance harmful to the concrete. The improvement 

observed in the microstructure of the GO3 and GO5 samples indicates that the surface 

treatment with GO may have facilitated the cement hydration process, and therefore, the 

densification of the concrete microstructure.  
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Figure 12. SEM images of the concrete surface of the specimens studied (Control, GO1, GO3 
and GO5) 

In the first instance, just a quick consideration on the fact that a GO coating as a protective 

treatment for the concrete surface may seem contradictory, since a simple aqueous dispersion 

of such a hydrophilic nanomaterial can endow concrete with aqueous impermeability. This 

mechanism suggests that the main driver of protection is the barrier properties of GO. 

Previous studies [55] established that the membranes that form the GO act as a selective 

screen, making it a barrier. Selective screening is one of the most relevant properties of 2D GO 

assemblies. Some metal ions (Al3+, Ca3+, Mg2+, etc.) are able to act as cross-linking agents for 

the GO membranes, which is what forms the assemblies and endows it with the selective 

screening capability. Some of the alkaline earth cations described above are key components 

of the cement used in the manufacture of concrete, such as Ca3+, Mg2+ and Al3+. This could lead 

to a chemical bonding of GO with the above-mentioned cations present on the concrete 

surface [56]. However, further studies, such as the present research, are needed to learn more 

about the selective screening effect of GO membranes and to establish the specific 

mechanisms (physical and chemical) that allows GO to adhere to the surface of concrete, 

making it a good sealant for cement-based materials. Consequently, the application of GO as a 

surface treatment will imply that the number and size of pores will decrease and that the 

surface of the concrete exposed to aggressive actions will be effectively reduced, since GO 

would be creating a preventive shield against the entry of any type of substance, but mainly 

against the entry of salts and ions.  

4. Conclusions 

This work reports on the controlled application of graphene oxide (GO) as a surface treatment 

for concrete protection. For this purpose, an aqueous suspension of GO is sprayed as a 
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protective coating layer and its influence on the durability, microstructural and colorimetric 

properties of concrete surfaces is studied. To ascertain the durability of concrete, the following 

tests were performed: resistance to carbonation, resistance to chloride ion diffusion and 

electrical resistivity measurements. For the study of the microstructural and colorimetric 

properties of concrete, SEM and colorimetric analyses were performed, respectively. The 

results determined that the application of GO improved the carbonation resistance of the 

concrete, effectively reducing the carbonation speed. The best result were obtained after 

applications of 104.8 µg/cm2 and 131.1 µg/cm2 of GO, which decreased the carbonation speed 

by approximately 40% compared to samples without any surface treatment. Regarding 

electrical resistivity, the results specified that the surface coating with GO implied an increase 

in this parameter.Thus, the best results were obtained with the application of 131.1 µg/cm2 

GO, as it increased the electrical resistivity of the concrete by up to 75%, meaning that the 

concrete presented a very high level of protection against corrosion. In addition, the results 

also showed that the application of GO effectively reduced the diffusion of chloride ions. Thus, 

the application of 131.1 µg/cm2 GO showed the best results, reducing the diffusion of chloride 

ions by up to 75% compared to samples without any surface treatment. The SEM analysis 

showed that the surface of the concrete was modified after the application of GO. The GO 

flakes are able to adhere to the surface of the concrete and modify its microstructure and 

porosity. The greater the amount of GO deposited on the surface, the greater the reduction in 

the number and size of pores; and therefore, the smaller the surface exposed to the aggressive 

actions of the environment. Finally, the results obtained in the colorimetric analysis 

determined that, although the amount of GO deposited on the surface of the concrete 

increased, there was no perceptible difference in colour, which has important implications for 

the aesthetic cost. Only small colour changes begin to be observable after applications of 131.1 

µg/cm2 GO. 

These findings shed light on the promising use of GO aqueous suspension as a surface 

treatment of concrete by mitigating the penetration of any kind of substance; inducing strong 

resistance to wear and deterioration; thus, preserving the mechanical properties of concrete 

and thereby increasing its durability. Similarly, the direct application of this nanomaterial 

(without other additives or components) is the consequence of the excellent results achieved 

on an already formed surface, being more practical at an operational level, and more suitable 

in environmental and economic terms.  
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Highlights  

• Graphene oxide (GO) surface coating is used as a new surface sealer for concrete. 

• GO could physically and chemically adhere to the concrete surface creating a dense 

layer on its surface. 

• GO effectively attenuated the carbonation process and the penetration of chloride 

ions. 

• GO is proposed as a surface coating for concrete to increase its durability and prolong 

its useful life.  
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