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This study aims to explore geopolymer binders and mortars based on local Moroccan clays and sands as coatings for the restoration of historical monuments in Morocco. For this, five substrates, one geopolymer binder, and two geopolymer mortars were investigated. The characterization of substrates reveals differences in terms of pH value, capillarity, contact angle, and surface roughness. These differences affect the coating thickness, which also depends on the viscosity, liquid to solid ratio, and granular skeleton of the geopolymer coating. High adhesive strength values (up to 9 MPa) were obtained on limestones. However, these values decreased with the increase of relative humidity. In the case of Fez stone, a stable adhesive strength value (3 MPa) was evidenced for all the coating formulations and at different storage conditions confirming the suitability of coating based on metakaolin, Moroccan clays, and sands for restoration applications.
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INTRODUCTION

Since antiquity, the construction of buildings was carried out using mortars and coatings based on air or hydraulic lime, historical monuments testify to the techniques and materials used. Often repair work is carried out with lime-based mortars and coatings, regardless of the place or time these monuments were built (Bozkurt and Yilmaz Demirkale, 2020). The nature of the substrates used depends very closely on the nature of the rocks and soil surrounding the construction sites (Loureiro et al., 2020). An example of this are the monuments of Sarno in Italy, where volcanic rocks characteristic of the region are found in the walls of different structures (Piovesan et al., 2019; Secco et al., 2019). With respect to the authenticity of these monuments, the mortars and plasters chosen for their restoration have been elaborated from raw materials similar to the original ones.

Restoration mortars and coatings must ensure a durable repair over time, and must resist weathering and natural hazards such as earthquakes, while keeping the authenticity of the monuments intact (Moropoulou et al., 1998, 2006). In order to fulfill all these functions, compliance with certain criteria for chemical, physical, and visual compatibility are required (Moropoulou et al., 2005; Ventola et al., 2011). As an example, in cement coatings, species penetrate by capillarity into the pores of masonry stones, and crystallize causing intrinsic stresses leading to irreversible damage (Benharbit, 2017). Concerning visual aspects, the external appearance of the monuments, including the color and texture of the materials, must preserve the symbolic character of the old constructions (ICOMOS, 2004; Schueremans et al., 2011). In most cases, the results are closer to the original colors when local raw materials are used such as stones and clays. Another binder from a mixture of dolomite flour and clay underlines the effect of mineralogical composition (Kirilovica et al., 2018). Consequently, the physicochemical data of the raw materials are indispensable for the formulation of compatible materials, and their use should be preferred to meet the compatibility criteria.

In the last years, the use of geopolymers for cultural heritage restoration has garnered interest, and some works have been realized in that field. Occhipinti et al. (2020) showed that geopolymers made of 70–80% of pumice and 20–30% of metakaolin fulfill the criteria of chemical and mechanical compatibility with historical monuments. Hanzliček et al. (2009) worked on the restoration of a terracotta Baroque statue notably by repairing broken parts with a geopolymer mortar. The elaboration of a geopolymer restoration mortar for natural stones led to good results after a reduction in the quantity of activation solution and an increase in the extraction rate of aluminum thanks to the grinding process (Rescic et al., 2011), this could also reduce the formation of carbonate salts which is beneficial for restoration.

The adhesion between the support and the mortar is a crucial parameter. To evaluate this feature, several techniques were investigated. The effect of the curing temperature (40, 80, and 150°C) of the geopolymer coating on aluminum plates was tested using the scratch test (Mao et al., 2020). The best result was reached at a temperature of 40°C, without the formation of cracks or delamination. Deshmukh et al. (2017) studied the impact of the sodium meta-silicate/NaOH ratio and evidenced an amelioration of adhesion by a higher concentration of the activation solution (Skvara et al., 2006). Some authors investigated the relation between the roughness of the substrate surface and the adhesion, Nogami et al. (2015) showed that the adhesion of cement mortars is proportional to the surface roughness due to van der Waals forces. It has also been evidenced that in surfaces with lower relative humidity values, the adhesion forces are controlled by van der Waals forces, and at higher relative humidity values the capillary forces are predominant (Moutinho et al., 2017).

The aim of this paper is the elaboration of an airbrush-applied geopolymer coating for restoration works in Morocco. To achieve this objective, five geopolymer formulations were tested, the first three were binders based on metakaolin, and the two others were mortars based on Moroccan clays, limestone sand, and metakaolin. The five substrates (white and blue limestone, natural stones from Fez concrete, and plaster) selected were characterized before coating. The interaction between support and coating were evaluated by pull-off tests and a concentration profile (EDX-SEM).



MATERIALS AND METHODS


Raw Materials

The aluminosilicate precursors used were a commercial metakaolin (called M1) supplied by Argical, and two Moroccan clays A3 and A5 were calcined at 700°C (El Khomsi et al., 2020). For the mineral additives, two Moroccan limestone sands were used, the first one called Sb1, mainly composed of calcite with some traces of quartz, and the second one Sb2, composed of dolomite and some traces of calcite. The sample preparation was carried out by mixing the aluminosilicate sources with a potassium silicate solution (Si/K = 0.58) (El Khomsi et al., 2020). Five substrates were used, blue and white limestone from a building material supplier, a sample of stone taken from a city near the Merinde tombs, and concrete and plaster from a building material supplier1.



Coating Process

The coating deposition was carried out with an airbrush supplied by WilTec, using a nozzle diameter of 4.6 mm, an air pressure of 3 bars, an application distance between the airbrush and the substrate of 40 cm, and an interval of 10 min between the first and second layer of coating. The coated samples were left for 72 h in the laboratory for consolidation, then placed in three different storing atmospheres, laboratory conditions (T = 20°C, RH = 50%), high humidity (T = 20°C, RH = 85%), and outside conditions (−2.3 ≤ T ≤ 19.4°C and 40 ≤ RH ≤ 99%).



Sample Characterization

The viscosity measurements were performed with a Brookfield DV-II viscometer, 60 cm3 cylindrical pots were filled with reactive geopolymer mixture, and measurements were done every 30 min until the consolidation. The sealed pots were continually stirred on a lab roller at 60 rpm in laboratory conditions (T = 20°C). The measured viscosity values were the average over a 1-min measurement, and the spindle's speed was set from 0.1 to 100 rpm, depending on the viscosity evolution. When viscosity reached the maximum measurable value (6,000 Pa.s), the measurements were stopped, indicating the consolidation of the material (Dupuy et al., 2020).

The wetting angles of the solid substrates were determined using the Digidrop MCAT apparatus from GBX. A drop of deionized water was deposited on the substrate, then the wetting angles were measured from the picture where the drop touched the substrate surface, using GBX's Visiodrop software. Wetting angle was measured five times with an estimated error of 4%.

The lightness measurements were operated using a Konica Minolta CM-600d spectro-colorimeter, the analyzed surface area was illuminated under a white light equivalent to natural day light. The lightness value (L*) given by the apparatus was the average of three measurements on the same zone, and the measurements were made three times on every sample.

The pH meter used was a WTW 3310 equipped with a specific sensor for extreme pH values (calibrated in the range from 10 to 13). The pH values of the fresh reactive mixtures and consolidated samples were measured in water with a solid/liquid ratio of 0.08 and 0.1, respectively.

The roughness measurement was carried out using the HANDYSURF E-35A apparatus from ACCRETCH. The measurements were done ten times for each sample and every measured value Ra was the average roughness of a fifth of a section.

The adhesive strength of the coated samples was evaluated by a pull-off test using an Elcometer 510 adhesion tester, according to ASTM D4541. Every measured value was an average of at least two measurements with a standard deviation of ±0.5 MPa. A 20 mm model was stuck to the coating using epoxy glue, and the test was carried out after 24 h of glue consolidation.

A freeze-thaw cycle was completed in a climatic chamber (ClimEvent C/180/70/3), each cycle had a duration of 5 h including a phase at 20°C and 95% RH and another phase at −20°C and 0% RH.

X-ray diffraction (XRD) was carried out with a Brucker-D8 Advance with Bragg-Brentano geometry equipped with a Cu Kα2 detector. The analytical range is between 5 and 55° (2θ) with a resolution of 0.02° and a dwell of 1.5 s. The phase was identified with reference to a powder diffraction standard of the joint committee (JCPDS).

Microstructural observations were made with a JEOL IT 300 LV scanning electron microscope at 10 kV, equipped with a tungsten source, and an X chemical. The samples were metalized by the deposition of a 10 nm layer of Pt or carbon, and then stuck to the metallic support using silver lac to facilitate electronic conduction.




RESULTS


Substrates Characteristics and Selection of Binder/Mortars Formulations

The understanding of both the substrates and the binders or mortars characteristics was necessary to realize the coating.

Table 1 summarizes the physicochemical characteristics of the five supports. According to the data, two categories of materials can be distinguished; the first one was represented by the natural stones (white and blue limestone as well as Fez stone) with pH values around nine, which is in accordance with calcite-based substrates found in literature (Benjeddou et al., 2017). The second category was characterized by an alkalinity around 11 for concrete (10.3) and plaster (11.5). These two categories were also distinguished by their capillarity values, for the natural stones, a low capillarity was observed variating from 0.2 to 5 (g/m2.s0.5), and for concrete a higher value of 11.8 (g/m2.s0.5) was measured. The porosity of these materials were in accordance with their capillarity, indeed, natural stones had a low percentage of open porosity, variating from 0.3 to 5.1%, whereas a higher value was observed for concrete (13.6%). Some authors reported similar porosity values for limestone, variating from 0.27 to 4.1%, which corroborates the measured values (Waples and Waples, 2004; El Alami et al., 2020). The contact angles of water with the different supports showed two kinds of behaviors, the natural stones exhibited contact angles of 67, 91, and 85° for the white, the blue limestone, and Fez stone, respectively. The second category, represented by concrete and plaster showed an identical contact angle of 41°, which indicated that the second category was more hydrophilic than natural stones. Concerning the roughness of the different substrates, the values were 2.7, 1.3, and 3.5 μm for the white, the blue limestone, and Fez stone, respectively, whereas for concrete and plaster the values were 8.5 and 1 μm, respectively. These values were in accordance with the observed contact angles, indeed, the increase of roughness led to higher hydrophilicity, which was observed and is in accordance with literature, some authors reported that the increase of limestone roughness led to lower contact angles with water (Sharma et al., 2018). All these data underline the fact that both porosity and capillarity vary in opposite to wetting angle. These differences in the physicochemical properties could have an impact on the physical interactions between the coating and the substrate, especially in terms of the anchoring and penetration of the fresh coating mixtures.


Table 1. Values of pH, capillarity, porosity, contact angle, and roughness of the used supports.
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The X-ray patterns are gathered in Figure 1. All the substrates displayed the presence of the crystalline phase corresponding to their chemical content. For blue and white limestone, the main mineral was calcite, with some traces of dolomite and quartz. For the Fez stone, it was similar with some magnesium oxide. For the concrete, there was quartz, calcite, dolomite, albite, and muscovite. Finally, the plaster sample contained gypsum, with some impurities in trace quantities like quartz and titanium dioxide. There was clearly three types of materials from the mineralogical point of view, which could lead to a different chemical interaction between the coatings and the substrates.


[image: Figure 1]
FIGURE 1. XRD patterns of the blue limestone, white limestone, Fez stone, binder, and plaster. JCPDS files (C: Calcite 04-012-0489), (D: Dolomite 04-011-9828), (Q: Quartz 00-046-1045), (Mg: Potassium Magnesium Oxide 01-071-3699), (G: Gypsum 00-033-0311), (Ti: Rutile 00-016-0934), (M: Muscovite 0-001-1098), and (A: A/bite 04-011-6768).


In order to select the optimal formulations of the coating, five geopolymer mixtures were studied: three binders based on metakaolin or Moroccan clays (S1M1, S1A3, and S1A5), and two mortars based on mixtures of metakaolin, Moroccan clays, and aggregates (S1A5M1Sb2 and S1A3M1Sb). The use of local clays ensures a chemical compatibility with the monuments and is strongly advised in literature (Apostolopoulou et al., 2018; Loureiro et al., 2020), because the mineralogical composition of the surrounding materials are usually similar to those of monuments, due to the common geographical location (Apostolopoulou et al., 2018; Loureiro et al., 2020). Additionally, the presence of associated minerals act as fillers and prevent the appearance of cracks on the coating. It is also a way to valorize these materials and reduce the cost of the coating because these clays are abundant. The difference between the Moroccan clays and the metakaolin in terms of mineralogical composition is the presence of an associated mineral such as quartz, calcite, dolomite, and muscovite. The viscosity evolution as a function of time of the five geopolymer reactive mixtures was investigated (Figure 2). Whatever the sample, all curves showed a first part where the viscosity was quite low and stable then a sharp rise of viscosity was noticed, indicating the consolidation of the materials following the polycondensation reaction. The setting time can then be measured by the tangent method (Arnoult et al., 2018). Different consolidation times can be observed for the various formulations. The curve of SA3 formulation showed an initial viscosity value around 0.1 Pa.s up to 370 min, after that, the viscosity increased. The consolidation time corresponded to 13 h, which was too long for the targeted application. For the SA5 formulation the mixture consolidated in 5 min, which was too short for spray projection, consequently these two formulations were eliminated. Concerning, the three formulations SM1, SA3M1Sb1, and SA5M1Sb2, the setting time was around 400 min and was favorable for spray projection. Consequently, these formulations were selected to be used as coating. Table 2 gathers some data issued from previous works (El Khomsi et al., 2020). The binder SM1 presented a mechanical resistance of 34 MPa, a density of 1.57 g/cm3, and a water content of 30%. The second formulation SA3M1Sb1 was a mortar, it had similar mechanical strength, a higher density of 1.87 g/cm3, and less water content (24%) due to its higher solid content. The last formulation SA5M1Sb2 had the lowest mechanical strength (21 MPa) due to the low reactivity of the A5 clay which had a lower kaolinite content than A3 (El Khomsi et al., 2020), a density of 1.79 g/cm3, and a water content of 28%.


[image: Figure 2]
FIGURE 2. Viscosity values of the reactive mixtures as function of time, with SM1 (■), SA3M1Sb1 (▴) and SA5M1Sb2 (●), (♦) SA3 and (⋆) SA5 samples.



Table 2. Weight loss resistance to compression and density of the selected binders and lightness.
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The five studied substrates showed two categories of physical and chemical characteristics. Furthermore, a binder and two mortars were selected for the coating application, which suggest different interactions between the various coatings and substrates.



Binder and Mortars Coating

The application of coatings on the five substrates was feasible by the airbrush method, the viscosity of the freshly selected mixtures SM1, SM1A3Sb1, and SM1A5Sb2 was not too high and the 4 mm noodle was sufficient to allow projection. It was also possible to apply two layers with an interval of 10 min due to the stable viscosity. Table 3 shows the three coatings SM1, SM1A3Sb1, and SM1A5Sb2 applied on the white limestone, Fez stone, and concrete as well as their lightness. The SM1 coating had a thin aspect and a bright beige color (the highest lightness of 79, 83, and 70% on white limestone, Fez stone, and concrete, respectively), the second coating SM1A3Sb1 was reddish with apparent aggregates, and for SM1A5Sb2 aggregates were also apparent but the color was less intense than SM1A3Sb1 which was in accordance with the measurement which showed a slightly lower lightness for SM1A3Sb1 compared to SM1A5Sb2. The color of SM1 was bright beige (a = 2% and b = 11%), for SM1A3Sb1, parameter a* was higher (11%) which indicated a more reddish color, and for the third coating SM1A5Sb2, the reddish tone was less accented (a = 9%), with a more prominent yellow color (b = 17%). These differences in color could be due to the presence of iron in the geopolymer matrix. As it can be observed, the variation of a* and b* were in agreement with the L-value. That is the reason why in this text, there are only the values of L. Moreover, the difference of colors in the presence of Moroccan clays was in relation to the iron presence. This means that this mixture depends on its environment to induce differences in color.


Table 3. Pictures and lightness of SM1, SM1A3Sb1, and SM1A5 Sb2 coatings applied on white limestone, Fez stone, and concrete.
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The coating thickness was determined from optical microscope and SEM observation. Figure 3 shows an example of optical and SEM images for the SM1A5Sb2 mortar coating on white limestone. It can be seen that the coating displayed a continuous layer of thickness of 500 μm without any defect at the interface. Consequently, the thickness values of all the samples are gathered in Table 4. For the white limestone, the thickness values were similar and relatively high regardless of the coating formulations (about 511, 556, and 566 μm for SM1, SM1A3Sb1, and SM1A5Sb2 formulations, respectively). On the blue limestone, the value decreased slightly (348 and 380 μm for SM1 and SM1A5Sb2 samples, respectively). For Fez stone, the thicknesses were similar to those observed for white limestone (varying from 464 to 585 μm for SM1A3Sb1 and SM1 coatings, respectively). For concrete, the thickness values were in the same range (517, 469, and 650 μm for SM1, SM1A3Sb1, and SM1A5Sb2 formulations, respectively). These values are in accordance with those obtained in literature (Temuujin et al., 2010). To understand the difference, the thickness of each coating was plotted in function of surface roughness corrected by the viscosity and the liquid to solid ratio (Ra*η*l/s) in Figure 4 (Pierre, 1992; Gajanan Kunde and Ganapati Yadav, 2016). The observed variation underlines two types of behavior. First, a quasi-linear increase of the coating thickness from 340 until 650 μm with the increase of (Ra*η*l/s) from 0.13 to 1.1 Pa.s. μm, then a slight decrease and a stabilization at about 460 μm for a value of (Ra*η*l/s) >1.1 Pa.s. μm. The binder SM1 led to a thin coating which increased in thickness with the increase of substrate surface roughness in this order (plaster < blue limestone < white limestone < Fez) stone and then decreased slightly in the case of concrete. This fact can be explained by its low viscosity (0.19 Pa.s), high pH value (13.15) at the moment of the application, and the absence of aggregates. The decrease of thickness in the case of concrete was due to its heterogeneous surface. The mortar SM1A5Sb2 exhibited a similar trend due to its low initial viscosity (0.25 Pa.s) and high pH value (13.03). The presence of Sb2 sand with a larger particle size (the D50 was 9 and 46 μm for A5 and Sb2, respectively) favored the granular skeleton (El Khomsi et al., 2020). The mortar SM1A3Sb1 had different behavior with a relatively more stable value of thickness varying between 450 and 550 μm and less dependent on roughness of substrates. Its higher initial viscosity (0.95 Pa.s) can explain this fact and its lower initial pH value (12.96) compared to the other coatings revealed lower granular interactions. Furthermore, the used sand in this case exhibit a D50 similar to the clay A3 (16 μm) which did not favor the granular skeleton.


[image: Figure 3]
FIGURE 3. Optical microscope image of S1A5M1Sb2 on white limestone stored at T = 20°C and RH = 50%, (A) observed with optical microscope, and (B) with SEM.



Table 4. Thickness of the different coatings sprayed on the five substrates.
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FIGURE 4. Thickness of the coatings S1M1 (■), S1A3M1Sbl (▴), and S1A5 (●) as function of (η*l/s *Ra), with (black = white limestone), (gray = blue limestone), (white = Fez stone), and (hatched = concrete).


Thus, the coating thickness depends on the coating characteristics such as viscosity, liquid to solid ratio, and granular skeleton in the case of mortar as well as the substrate's surface roughness.



Adhesive Strength and Impact of Storage Conditions

In order to verify the adhesion and the stability of the different coatings and substrates, they were stored for 50 d in different conditions: laboratory conditions (T = 20°C and RH = 50%), humid conditions (T = 20°C and RH = 85%), and outside conditions (−2.3 ≤ T ≤ 19.4°C and 40 ≤ RH ≤ 99%). Pull-off tests were performed, and two types of failure were evidenced as shown in Table 5. For the two limestones and Fez stone, a cohesive failure was observed. That meant that the coating failed within the body of the coating leaving it on the surface of the substrate and on the dolly face. For concrete and plaster, a substrate failure was observed which meant that the bond between the coating and the substrate exceeded the strength of the substrate itself. In this case, concrete and plaster were removed from the surface and can be seen on the coating on the dolly face. Figure 5 shows the obtained adhesive strengths at different conditions. In laboratory conditions (T = 20°C and RH = 50%, Figure 5A), regardless of the coating formulation, the white and blue limestone exhibited the highest adhesive strength varying from 6 to 9 MPa. The Fez stone showed an adhesive strength in the range of 2.5–3.5 MPa, and concerning the concrete and plaster, the adhesive strength was lower than the previous substrates, around 2 MPa. The increase of humidity (T = 20°C and RH = 85%, Figure 5B) led to a general decrease of the adherence in the outside conditions, and a more pronounced decrease of the adhesive strength was observed, especially for blue limestone (2.5–4 MPa). Consequently, all the coatings resisted the different storage conditions except the plaster substrate which showed coating detachment for all the formulations in real conditions. This fact can be explained by the highest porosity and capillarity in plaster (Table 1) compared to the other substrates leading to high moisture retention weakening the bond with the geopolymer coating (Dalehaug, 2005). Furthermore, all the obtained adhesive strength values were superior to 1 MPa, which verified that the selected formulations were suitable for coating application (Jiang et al., 2020). All the samples were exposed to freeze-thaw cycles to check the formation of efflorescence. Table 6 shows the pictures of the coatings after 20 freeze-thaw cycles and there was no white patches formation on the surface. This fact can be explained by the use of potassium silicate solution as an activator, which reduces the efflorescence formation because potassium is strongly bound (Duxson et al., 2006) to the aluminosilicate geopolymer network, limiting the leaching of that element and reducing the risk of efflorescence (Najafi Kani et al., 2012).


Table 5. Picture of the adhesive and cohesive failures of the three coatings applied on the five substrates, stocked at 20°C, 50% HR, during the pull-off tests.
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FIGURE 5. Adhesive strength (±0.5 MPa) of the coatings S1M1 (Black), S1A3M1Sbl (Gray) and S1A5M1Sb2 (White), applied on the five substrates. With (A) stored at (T = 20°C, RH = 50%), (B) at (T = 20°C, RH = 85%), (C) at (natural conditions, T = −2.3–7.3°C; and RH = 40–99%), and (1 = white limestone; 2 = blue limestone; 3 = Fez stone; 4 = concrete, and 5 = plaster), *the coating delaminated from plaster substrate in external conditions.



Table 6. Picture of coated Fez stone before and after 20 freeze-thaw cycles.

[image: Table 6]

The adhesive strength values were plotted in function of the substrate surface roughness, except for plaster, at the different storage conditions in Figure 6. A general trend showing a decrease then a stabilization of the adhesive strength with the increase of the substrate surface roughness was noticed. At ambient laboratory conditions (T = 20°C and RH = 50%), SM1 exhibited the highest adhesive strength whatever the substrate compared to the other two mortars. The highest adhesive strength values were obtained for white, blue limestones, and Fez stone (9, 8.5, and 3.5 MPa, respectively) characterized by a low roughness (2.7, 1.3, and 3.5 μm) and high contact angle (67, 91, and 85°, respectively). The lowest adhesive strength values were obtained for concrete, which exhibited higher roughness and lower contact angle (8.5 μm and 41°, respectively). The two mortars showed similar results. It is well-known that adhesion increases with the increase of roughness surface (Mao et al., 2020). However, in this case, different substrates were compared. Their different physical and chemical structures induce different interactions due to different surface tensions and contact angles similar to the behavior of glasses (Sanjay Latthe et al., 2019). Indeed, the increase of roughness can lead to the creation of weak spots generating stress in the interface between the coating and the substrate (Chiche et al., 2000). At higher relative humidity (T = 20°C and RH = 85%), a decrease of the adhesive strength was only observed in the case of the two limestones (6, 4, and 5 MPa for SM1, SM1A3Sb1, and SM1A5Sb2 coatings, respectively). For the other substrates, no changes were detected. This fact can be explained by the higher sensitivity of limestone to humidity weakening the bond between the substrate and the coating (Ciantia et al., 2014; Randazzo et al., 2020). Similar results were obtained for outside condition storage with a higher decrease of the adhesive strength in the case of limestone (about 3 and 4 MPa for the three coatings on white and blue limestones, respectively). However, no significant change was detected on Fez stone and concrete. Consequently, the substrate properties (surface roughness and sensitivity to humidity) seemed to control the adhesion between the geopolymer formulations and the different substrates. Quite stable adhesive strength values were obtained for Fez stone regardless of the coating formulation and the storage conditions.


[image: Figure 6]
FIGURE 6. Adhesive strength of the coatings S1M1 (■), S1A3 (▴), and S1A5 (●) as function of the support's roughness, with (Black = 50% RH), (Gray = 85% RH), and (White = T = −2.3 to 7.3°C; and RH = 40–99%).


In order to determine the nature of the interfacial bonding between the studied coatings and substrates, SEM photos as well as a concentration profile of the major elements Si (Kα = 1,739 keV), Al (Kα = 1,486 keV), K (Kα = 3,312 keV), and Ca (Kα = 3,690 keV) were investigated. The elements Si and K were the main constituents of the geopolymer network, and Ca was the major component of limestone and concrete, therefore only concentration profiles of Si, K, and Ca elements were presented, as shown in Figure 7. The other photos are reported in the Supplementary Material. The geopolymer and the stone showed two distinct microstructures. For the SM1 binder (Figure 7A), the observed crack in the interface was due to the preparation of the sample. The coating layer SM1 showed the presence of Si and K which decreased drastically at the expense of the increase of calcium, a characteristic of Fez stone due its calcareous nature. The same results can be observed for the two mortars SA3M1Sb1 and SA5M1Sb2 (Figures 7B,C), respectively.


[image: Figure 7]
FIGURE 7. SEM images and concentration profiles of Si (Kα = 1,739 keV), K (Kα = 3,312 keV), and Ca (Kα = 3,690 keV) elements for the coating (A) SM1, (B) SA3M1Sb1, and (C) SA5M1Sb2, applied on Fez stone sample, with (purple = Si), (yellow = K), and (blue = Ca).


At this scale, it is difficult to detect the penetration of the coating in the substrate. For this, a zoom was done on the interface between the SM1A5Sb2 mortar and two substrates: Fez stone (Figure 8A) and concrete (Figure 8B). The concentration profiles of Si, K, Al, Mg, and Ca elements were plotted. A progressive decrease of Si, Al, and K elements and an increase of Ca was observed in the interface denoting small penetration transition zones of about 4 and 8 μm in the case of Fez stone and concrete, respectively showing the penetration. The larger penetration zone in the case of concrete can be explained by higher affinity due to similar chemical composition with the geopolymer mortar and the higher porosity of concrete. This result is in accordance with literature (Zhang et al., 2010; Pareek et al., 2018). Consequently, the adhesion of the geopolymer binder or mortars on the different substrates was not purely mechanical.


[image: Figure 8]
FIGURE 8. Concentration profiles of (●) Si (Kα = 1, 739 keV), (♦) Al (Kα = 1,486 keV), (▴) K (Kα = 3,312 keV), (▾) Mg (1.254 KeV), and (■) Ca (Kα = 3,690 keV) elements at the interface of the coating SA5M1Sb2 applied on (A) Fez stone and (B) concrete.





CONCLUSION

The objective of this study was to evaluate the suitability of a geopolymer binder and mortars based on local Moroccan clays and sands as coatings for the restoration of historical monuments in Morocco. For this, on one hand, five substrates (white and blue limestone, plaster, concrete, and Fez stone) were studied. The natural stones (white and blue limestone and Fez stone) were characterized by lower pH value, capillarity and percentage of open porosity, and higher contact angle compared to concrete and plaster. Furthermore, concrete and Fez stone exhibited higher roughness surface values than limestones and plaster. On the other hand, a geopolymer binder based on metakaolin and two geopolymer mortars based on a mixture of metakaolin, two Moroccan clays, and two sands were selected and successfully applied by airbrush on the different substrates with thickness varying between 340 and 650 μm. This thickness was related to coating features such as viscosity, liquid to solid ratio, and granular skeleton in the case of mortar as well as substrate surface roughness.

In order to verify the adhesion and the stability of the different coatings, they were stored in different conditions (different temperatures and relative humidity). It is evidenced that the obtained adhesive strength values decreased especially for the white and blue limestone with the increase of relative humidity or weathering conditions. However, quite stable adhesive strength values of about 3 MPa were obtained for Fez stone, regardless of the coating formulation, at the different storage conditions which were sufficient for restoration application. The adhesion between the coating and the different substrates was evidenced by SEM observations and concentration profiles. These results confirm the suitability of coatings based on metakaolin, Moroccan clays, and sands for restoration applications.
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