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This paper deals with investigation of changes in geopolymer wettability with increasing mass fraction of high-carbon fly ash and surface treatment by cold atmospheric plasma (CAP) to determine the influence of fly ash on wettability and whether it is a viable method to increase surface wettability for further surface treatment. In this study, multiple samples of geopolymers were prepared, including those with 16% and 32% of high-carbon fly ash from coal-fired power station. Wettability of samples was then measured before and after plasma treatment, both on surface and cut surface by using static sessile drop method to measure the differences in contact angle. While addition of fly ash only had low effect on the wettability, as in most cases, it only lowered the initial contact angle without speeding up the speed of soaking for compact geopolymer and actually slowed the soaking for foamed geopolymer, plasma treatment had significant impact and made the geopolymer completely hydrophobic, making plasma treatment a viable method to increase geopolymer wettability.
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1 INTRODUCTION
Geopolymers, also called geopolymer gels (Nenadović et al., 2021), are materials made from alumino-silicate materials, such as metakaolin (MEFISTO L05, 2022), furnace slag (Trinh et al., 2020) fly ash (Kristály et al., 2020) or precursors prepared synthetically via sol-gel method (Tsai et al., 2010), which are primarily composed of silicon dioxide, aluminium oxide, iron oxide and other oxides. They are formed by polycondensation in strongly basic environment, usually in hydroxide or silicate solution. During the reaction, aluminosilicates are transformed to polysialates and form zeolitic (microporous) structure (Růžek, 2020). In comparison with ordinary Portland cement (OPC), most widely used construction material, geopolymers exhibit higher compressive strength (Gailitis et al., 2020a), resistance against high temperatures (Heah et al., 2017), resistance against chemicals and lower thermal conductivity (Prałat et al., 2021). Their manufacturing also requires less energy than OPC. The disadvantages include lower tensile strength and higher price. They may also be used for deposition of waste, such as high-carbon fly ash from coal power stations (Buczkowska et al., 2020) (Ambrus et al., 2019) or glass (Kristály et al., 2020). Using such commodities as geopolymer filler may also lower the price or geopolymers and lower the amount of landfilled waste (Buczkowska et al., 2020). Mechanical properties of compact geopolymer with high carbon fly ash are marginally lower than in pure geopolymer (Dufková et al., 2020), while mechanical properties of foamed geopolymer are improved by high carbon fly ash (Buczkowska et al., 2020). Geopolymers are a potential alternative to OPC as a building material (Nguyen et al., 2022) as well as useful material for other special application where their properties may be used, such as passive fire protection (Łach et al., 2018), where foamed geopolymer is used, as foaming decreases its thermal conductivity and weight, while also increasing their resistance against fire and high temperatures. Geopolymer foam may also be used as insulation for buildings. (Le et al., 2020a) (Le et al., 2020b) (Le and Louda, 2021). Geopolymers are also a viable material for 3D printing (Korniejenko et al., 2020a; Korniejenko et al., 2020d).
Geopolymers, as well as OPC, are also commonly reinforced by various types of fibers (Korniejenko et al., 2020b) (Ranjbar and Zhang, 2019; Korniejenko and Łach, 2020), to compensate for their low tensile and flexural strength (Ciemnicka et al., 2021) (Abbas et al., 2022), as well as to enhance their high compressive strength (Gailitis et al., 2021a), although some materials, such as common glass or light metals cannot be used, due to high geopolymer basicity (Růžek, 2020). Fibers also reduce internal cracking (Kozub et al., 2021a). Materials used to reinforce geopolymers (and other materials) include carbon (Gailitis et al., 2021a) (Le Chi et al., 2021) (Łach et al., 2019), basalt (Le Chi et al., 2019a) (Le Chi et al., 2019b) (Korniejenko et al., 2020c), microspheres (Ciemnicka et al., 2021), various polymers (Łach et al., 2019) (Kozub et al., 2021b) (Gailitis et al., 2021b) etc. Geopolymers may also be reinforced with biological materials, such as hemp (Taye et al., 2021), flax (Bazan et al., 2021) fibers, wooden biomass (Ambrus et al., 2020) or waste materials (such as glass wool) (Kozub et al., 2021b). Rubber and steel fibers recycled from car tires were also investigated as possible additive to geopolymers (Mucsi et al., 2018).
Plasma, an ionized gas exhibiting quasineutrality and collective behaviour, is used for cleaning, etching and activation of surfaces (Yaghoubi and Taghavinia, 2011), thin layer formation and other purposes. Unlike other methods, it does not require high temperatures and aggressive or toxic chemicals like solvents or catalysts (Tendero et al., 2006), and can therefore be used to treat materials with low durability or in medicine (Kowalonek et al., 2010). When used to activate a surface to increase its wettability, reactivity etc., plasma may change the chemical properties of the surface (Tesař, 2008) by depositing functional groups, such as hydroxyl groups, or by changing composition of the surface layer (Tesař, 2008). Plasma may also change the surface morphology by the process of plasma etching, which increases coarseness and surface area (Wang, 2012). If the surface is contaminated, plasma may also be used to clean it. Plasma treatments commonly used for activating and hydrophilizing various types of surfaces, being universal and efficient, while doing no to minimal damage to the surface, especially when compared to treatments using chemicals, such as acids, and leaving no toxic residue (Tesař, 2008). This makes plasma pretreatment a viable method of improving the properties of materials used in medicine, such as scaffolds or implants (Volokhova et al., 2022). Regarding cementitious materials, plasma may be used to enhance their mechanical properties, when used to treat their aggregates or reinforcing elements, such as fibers (Thibodeaux et al., 2021) or fiberglass waste (Lupu et al., 2021).
As geopolymers may be used as an alternative to OPC, they may also be coated or modified with various types of coatings, including penetration coatings, hydrophobic coatings, antimicrobial coatings (Le Chi et al., 2019b) etc. Geopolymer coatings are commonly based on epoxy resin, polyester and vinil ester (Kong et al., 2019) (Nodehi, 2022) However, these coatings, especially when used on industrial scale, may require the geopolymer surface to be hydrophilic and wettable, so that optimal spread and adhesion of the coating is ensured. Geopolymers may also form variable surfaces, depending on their composition, geopolymerization time etc. and may not always be completely wettable. Other properties are also influenced by these parameters (Nodehi et al., 2022). It is also possible to achieve hydrophobic properties in geopolymers, such as by adding hydrophobic reagents into the geopolymer mixture, such as polydimethylsiloxane (Ruan et al., 2021) This study therefore aims to investigate the wettability of various types of geopolymers, including those with high-carbon fly ash (also called coke dust waste) additive (as using geopolymers to encapsulate the fly ash is a potential viable method to dispose of it, but the ash might have negative impact on geopolymer properties), and the influence of CAP (cold atmospheric plasma) treatment on their wettability, to determine the possibility of using CAP to activate geopolymer surface for the purpose of further functionalization by varnishes, chemical treatments etc. A commercial waterproofing varnish (Revacry Ultrafine 4210, 2022) was also tested the possibility of waterproofing various geopolymer materials.
2 MATERIALS AND METHODS
2.1 Materials used
The samples were made using the following materials:
• Baucis LNa, component A (metakaolin) and B (liquid activator), České lupkové závody a. s
• Baucis LK component A (metakaolin) and B (liquid activator), České lupkové závody a. s
• Quartz sand, Sklopísek Střeleč–filler material
• Silica fumes RW-Füller, AMG Silicon–improve mechanical properties and chemical resistance
• Aluminium powder AIPRA, PK Chemie–foaming agent
• Basalt fibers (length 6 mm, width 13 µm) - ORLIMEX CZ, s. r.o.—improve flexural strength
• Revacryl UF 4210 varnish, Synthomer
• Fly ash - Polska Grupa Energetyczna
Baucis LNa and Baucis LK are geopolymer precursor materials made of locally manufactured metakaolin, whose composition is shown in Table 1, as geopolymer base (MEFISTO L05, 2022) and alkaline activator (LNa activator is sodium-based, while LK activator is potassium-based) (Baucis LNa, 2021). Other materials include quartz sand, silica fumes with mean particle size of 0.1–0.3 µm and 96% silicon dioxide content (RW-Füller, 2018) aluminium powder used to foam certain samples, basalt fibers with 6 mm length and 13 µm width and high carbon fly ash. Revacryl Ultrafine 4210, an acrylate polymer water dispersion, is a commercially available waterproofing varnish used for hydrophobization (Revacry Ultrafine 4210, 2022).
TABLE 1 | Metakaolin composition (MEFISTO L05, 2022)
[image: Table 1]High-carbon fly ash, used as a geopolymer additive, was produced by PGE Polska Grupa Energetyczna and came from an electrostatic precipitator of a coal-fired power station. According to performed analysis, it contains 76.89 wt% of carbon. It also contains oxygen, iron, calcium and other elements (presumably in oxide form). Its elemental composition is shown in Table 2.
TABLE 2 | High-carbon fly ash elemental composition
[image: Table 2]2.2 Geopolymer samples
Geopolymer samples were prepared from sodium metakaolin-based geopolymer Baucis LNa and its water glass and sodium hydroxide-based activator, both manufactured by České lupkové Závody a. s (Baucis LNa, 2021). Quartz sand and silica fumes were added to all samples (in accordance with geopolymer recipe used at Technical university of Liberec for research), while the samples differed by other additives. From each set, both compact and foamed samples were prepared, with aluminium powder serving as foaming agent. The base composition of samples without additives is shown in Table 3. In total, 5 sets of samples were prepared. The materials are listed by weight proportions to geopolymer base, which is used as reference. For example, number 1 represents 100% of the weight of geopolymer base.
• First set: Addition of basalt fibers with 0.07 weight proportion to geopolymer base (7% of the mass of geopolymer base).
• Second set: Only the materials specified in Table 3.
• Third set: Addition of high carbon fly ash with 0.16 weight proportion to geopolymer base.
• Fourth set: Addition of high carbon fly ash with 0.32 weight proportion to geopolymer base.
• Fifth set: Base set of materials, potassium-based activator used instead of sodium-based activator.
TABLE 3 | Geopolymer mix base materials
[image: Table 3]2.3 Sample preparation
First, the metakaolin geopolymer base and sand were mixed together for 1 min, before adding liquid activator and mixing the paste for 2 min. Then silica fumes the other materials for each respective set were added (first silica fumes, then the other materials) and the paste was mixed for 5 min, for foamed samples, aluminium powder was also added after mixing and the paste was mixed for an additional minute, until a homogenous gel formed, after which it was poured into wooden (for experiments) or plastic (for display) molds, wrapped with polyvinyl sheet and left for 1 day. The samples were then cured at 45°C for 5 h, unwrapped and cured at 82°C for additional 15 h. Samples were then cut to smaller pieces suitable for testing, cleaned with water and dried at 45°C for 5 h. This procedure is standard for geopolymer laboratory at Technical university of Liberec and provides adequate time and curing temperatures for geopolymerization and subsequent drying, while minimizing risk of developing cracks. All tests were performed on both the uncut surface of geopolymer and on the cut surface. Addition of high-carbon fly ash coloured geopolymers into shades of dark grey, as seen in Figure 1. Geopolymer made from potassium base foamed more significantly with the addition of aluminium powder. The difference can be seen in Figure 2.
[image: Figure 1]FIGURE 1 | Geopolymers with 0 (A), 0.16 (B) and 0.32 (C) of high-carbon fly ash in weight proportion to geopolymer base.
[image: Figure 2]FIGURE 2 | Foamed sodium (A) and potassium (B) geopolymer.
2.4 Plasma pretreatment
For the purpose of testing plasma activation of geopolymer surface, samples were treated with Piezobrush PZ2, which produces cold atmospheric plasma (CAP, nitrogen-oxygen plasma) with temperature below 50°C and operating frequency of 50 kHz (RF equivalent). Its maximum output energy is 10 W. The device was fitted with near-field nozzle used for conductive surfaces, as using the standard nozzle caused visible discharges into the surface of geopolymer. The schematics of near-field nozzle used to treat geopolymer surface is shown in Figure 3. (TDK Electronics, 2022)
[image: Figure 3]FIGURE 3 | Example of Piezobrush PZ2 Near-field nozzle used on conductive surface with Surface discharges (SD) and Dielectric barrier discharges (DBD) denoted (Korzec et al., 2021)
The geopolymer surfaces were first cleared with textile and treated by cold atmospheric plasma jet for 5 s and the surface was treated like this two times, to ensure consistent surface activation. The distance between Piezobrush and sample was around 1 mm or below during surface treatment, as the near-field nozzle does not produce plasma unless in close proximity of the sample. Samples from each set were treated by plasma, both on uncut and cut surface.
2.5 Waterproofing varnish application
Commercially available Revacryl UF 4210, a waterproofing varnish for mineral surfaces, was used to waterproof geopolymer samples. The varnish was applied by a paintbrush and multiple layers were applied to ensure optimal surface coverage and to prevent the geopolymer from penetrating the surface. Samples from all sets and both cut and uncut surfaces were waterproofed.
2.6 Wettability testing
All wettability tests were performed on Surface Energy Evaluation System, a device used to measure the contact angle of a droplet of liquid. In this study, 3.5 µl were used for each measurement. For all samples, the contact angle was measured 3 times during each measurement and mean value was used for calculation. The interval between measurements and number of measurements taken differed for each surface modification or type of surface (uncut or cut). Contact angle was measured at t = 0 as well. The speed of water soaking into the surface was approximated as a change in contact angle in time.
• For untreated and uncut surface, the measurement took 2 min with 20 s intervals and 10 samples were tested to calculate standard deviation calculated in Microsoft Excel. The standard deviation is represented by error bars in Figures 4–8.
• For surface, both cut and uncut, treated with varnish, the measurement took 7 min with 1 min intervals and one sample was tested to verify its waterproofing.
• For cut surface and both cut and uncut surface treated with plasma, the interval was 1 s, contact angle was measured until the droplet soaked into the geopolymer and one sample was tested from each set, to verify the hydrophobic nature of the sample.
3 RESULTS AND DISCUSSION
In this paper, two main results were produced, first one determined the influence of various geopolymer additives on the wettability of resulting geopolymer composite, with the fly ash being the most influential additive, while the second one determined, and whether geopolymer surface treatment using low-energy, low-temperature atmospheric plasma makes the surface of geopolymers of various composition completely hydrophobic. As a secondary result, commercial waterproofing varnish was also tested on all geopolymer samples.
3.1 Influence of fly ash and basalt fibers on wettability
As seen in Figure 4, addition of basalt fibers in compact geopolymer (geopolymer without added aluminium powder and therefore unfoamed) only marginally quickened soaking of water into the geopolymer when compared to geopolymer without fibers, with the change of initial contact angle being low and within the error margin. However, as seen in Figure 5, foaming the geopolymer containing basalt fibers caused it to retain the wettability of a compact sample, with even slower soaking of water into its surface and similar initial contact angle. Without fibers, however, the geopolymer became more wettable, with nearly 3 times faster soaking and lower initial contact angle. Unlike the compact samples or foamed sample with basalt fibers, the droplet had also soaked into the sample completely before reaching 100 s during some measurements. The effect of basalt fibers is likely caused by hydrophilic and polar properties of basalt fibers (Khandelwal and Yop Rhee, 2020).
[image: Figure 4]FIGURE 4 | Wettability of compact geopolymer with and without basalt fibers (sodium-based geopolymer).
[image: Figure 5]FIGURE 5 | Wettability of foamed geopolymer with and without basalt fibers (sodium-based geopolymer).
As seen in Figure 6, adding high-carbon fly ash into the compact geopolymer mix significantly lowered the initial contact angle, but did not accelerate soaking of water into the geopolymer. At 16 % of the weight of geopolymer base, the speed of soaking is nearly identical to the sample with no fly ash. At 32 %, the speed of soaking seemed to be marginally higher. However, as seen in the graph, the difference is within the margin of error for both sets of measurements and may not exist at all. For the foamed samples, as seen in Figure 7, adding fly ash, despite lowering the initial contact angle, slowed down soaking of water into the samples, although higher mass fraction of fly ash caused faster soaking than the smaller mass fraction.
[image: Figure 6]FIGURE 6 | Wettability of compact geopolymer with and without high-carbon fly ash (sodium-based geopolymer).
[image: Figure 7]FIGURE 7 | Wettability of foamed geopolymer with and without high-carbon fly ash (sodium-based geopolymer).
These effects therefore make high-carbon fly ash a helpful additive, when treating geopolymers with water-based solutions, as it decreases wettability of both compact and foamed geopolymers. As high-carbon fly ash also improves other properties of geopolymer composites, such as thermal resistance or compressive strength in foamed geopolymers (Buczkowska et al., 2020), while not significantly reducing mechanical properties of compact geo-polymers (Dufkova et al., 2020) further confirms it as a useful filler material and deposition method for this kind of waste. These improved properties are likely a result of high surface to volume ratio and “whisker clusters” on the surface of high-carbon fly ash particles, as investigated in different study using the same fly ash (Buczkowska et al., 2020), including the increase in wettability.
3.2 Influence of potassium base
When compared to sodium base, using potassium base to prepare compact geopolymer samples lowered the initial contact angle and slightly increased the speed of soaking into the surface, as seen in Figure 8, while using it to prepare foamed geopolymer samples led to more significant foaming and caused the sample surface to be completely hydrophilic, as water soaked in nearly immediately, similarly to cut surface or surface treated with plasma. Geopolymers made using different activators exhibit different properties, including mechanical, thermal and dielectric properties (El Alouani et al., 2020) (Sitarz et al., 2022).
[image: Figure 8]FIGURE 8 | Wettability of compact geopolymer samples made from sodium and potassium base.
For all samples, however, the changes were insignificant in the long term applications, such as when using geopolymer as construction material, as the contact angle steadily decreased and water eventually soaked into all of the samples (except those treated by waterproofing varnish) despite some of them being seemingly hydrophobic, as the initial contact angle was nearly 90° during some measurements. All cut surfaces were highly wettable and soaked the water in almost immediately. The contact angle measurements also varied greatly even for samples of the same composition, so using varnishes and other coatings on geopolymer surfaces may not always produce even results.
Geopolymer wettability was therefore influenced mostly by using fly ash and potassium base, with basalt fibers only having small impact on the wettability.
3.3 Influence of plasma treatment on wettability
Treating the geopolymer surface with cold atmospheric plasma (CAP) significantly increased its wettability, with water droplet soaking into the surface in less than 3 s. This result was the same for all samples, with plasma treated cut surface having highest wettability, as it was impossible to even measure the droplet on the surface, as it soaked in nearly instantly.
Plasma activation was therefore successful at making the geopolymer surface hydrophilic by increasing its surface energy, regardless of additives. Effect of plasma treatment therefore matches its effect on other materials and may be used for surface pretreatment and activation (Tesař, 2008). There are two possible explanations for this. Plasma may have changed the surface composition of the surface, as nitrogen plasma is known to nitride the surface by replacing oxygen with nitrogen on the surface (Seino et al., 2002), which may be possible on geopolymer surface, as geopolymers are composed of aluminosilicates, which are composed of oxygen (Tesař, 2008) and deposited reactive groups, such as hydroxyl groups. The other possible explanation is change in the morphology of the surface by etching, as it is possible for plasma be used to etch surfaces, however, it usually requires heavier nonreactive elements, such as argon, to sputter away material from the surface without reacting with it, and CAP only contains roughly 1% of Argon (Plasma, 2021).
3.4 Waterproofing
Applying waterproofing varnish on geopolymer samples prevented water from soaking into them, with the exception of foamed potassium-based geopolymer, as it was impossible to properly coat it due to presence of large cavities. While the contact angle was still getting lower, it can be attributed to water evaporating, rather than soaking into the geopolymer, as the varnish produced uniform layer with no visible pores or cracks, there were no signs of water infiltration on geopolymer itself (surface darkening) and similar results being observed on microscope slide tested by the same method. The initial contact angles were also very similar and there were no observable correlations between surface treatment or additive and the contact angle. Acrylate-based coatings are therefore usable to hydrophobize geopolymers, along with other types of coatings, including methyl silicone resins (Le Chi et al., 2019b) or, potentially, coatings for mineral-based (especially silicone and aluminium oxide based) materials, such as OPC based concrete or stones, due to similar composition to geopolymers (Hussin et al., 2014)
4 CONCLUSION
Multiple additives were tested for their influence on geopolymer wettability. While there were differences, most of them were insignificant. The only exception was foamed potassium-based geopolymer, which became completely hydrophilic, with contact angle measurement being impossible due to water nearly instantly soaking into geopolymer surface. Using high-carbon fly ash does increase wettability of geopolymers, but does not accelerate soaking of water into them. Commercial waterproofing varnish was successful at making all samples waterproof, although it was also confirmed that without pretreatment, the uncut geopolymer surface exhibits variable wettability, as the contact angle measured varied significantly, even for samples with the same composition, and hydrophobic coatings may not always spread and adhere to the surface evenly.
Cold atmospheric plasma was successful at activating the surface (both cut and uncut) of geopolymer and making it hydrophilic. It is therefore a viable method for pretreatment of geopolymer surfaces before applying water-based varnishes or functionalization solutions, although it was necessary to use special systems for treating conductive surfaces.
In future studies, mechanism of hydrophilization of geopolymers should be investigated, as the effect may have been achieved either by changing the surface composition of geopolymer material, depositing reactive groups (such as hydroxyl groups) or changing the morphology of the surface, as well as by combination of more changes. Influence of high-carbon fly ash additives on geopolymer should also be investigated further, as using it as geopolymer filler and colouring is a potentially viable method to dispose of this kind of waste. Further types of coatings should also be tested to determine their suitability for usage on geopolymers, for example those designed for use on concrete or natural stones.
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