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Abstract

:

Today, the building and construction sector demands environmentally friendly and sustainable protective coatings using inorganic coating materials for safe, non-hazardous, and great performance. Many researchers have been working on sustainable solutions to protect concrete and metal infrastructures against corrosion and surface deterioration with the intention of introducing green alternatives to conventional coatings. This article presents a review of developments of geopolymer pastes doped with different types of photocatalyst precursors including factors affecting geopolymer properties for enhancing coating with photocatalytic performance. Photodegradation using geopolymer photocatalyst has great potential for resolving harmless substances and removing pollutants when energized with ultraviolet (UV) light. Although geopolymer is a potentially new material with great properties, there has been less research focusing on the development of this coating. This study demonstrated that geopolymer binders are ideal precursor support materials for the synthesis of photocatalytic materials, with a significant potential for optimizing their distinctive properties.
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1. Introduction


Geopolymers represent novel material types at the interface of glass, ceramics, and materials based on traditional inorganic bonds. Geopolymers utilize waste materials as source material and activate the materials with alkaline activators to act as binders. Metakaolin is categorised as an aluminosilicate material because it contains variable amounts of alumina and silica [1]. Geopolymers offer benefits due to their ease of synthesis and low emissions of greenhouse gases such as CO2, SO2, and NOx [2,3]. Furthermore, because it uses minerals of geological origin, the procedure is relatively green and eco-friendly. The benefits of greenhouse gas reduction and waste management applications utilising geopolymer materials have drawn significant global attention to the sustainable development of technology for industrial waste utilisation in building construction.



Currently, the potential of a building to get dirty is a recurring problem, particularly when it has been subjected to high levels of pollution over an extended period of time [4]. Natural disasters and the collapse of historic structures release concrete dust, resulting in a poor state of a building’s surface, such as a gritty and grey look. As a result, air pollution has become a significant environmental concern. Furthermore, the usage of volatile organic compounds (VOCs) in paints has been shown to degrade the ozone layer [5]. These harmful substances are known to have negative human health effects, and this issue has become an issue in the construction industry. Some VOCs deplete the ozone layer, while others are hazardous to human health. In response, the coatings industry has sought new environmentally friendly materials, limiting the use of epoxy and metals such as chromium and lead in pigments and minimising emissions of the most volatile organic compounds [6].



Geopolymer coating has received much interest as an alternative material for protective coatings on concrete surfaces and other ceramic applications [7,8]. The emission of concrete dust due to the destruction of historic structures and natural disasters is also a problem that must be addressed. The advent of geopolymer coatings with photocatalytic properties is advantageous for pollutant degradation, surface deterioration prevention, anti-corrosion, and concrete self-cleaning [9]. Several methods utilise photocatalysts for a variety of applications, including the degradation of organic pollutants in wastewater, air purification, and antibacterial activity [10,11,12]. ZnO, TiO2, WO3, and Fe2O3 are nanoparticle materials used as photocatalyst precursors to enhance the functionality of cementitious materials [3,13,14]. When exposed to ultraviolet (UV) light, photocatalysts degrade organic and inorganic contaminants into less hazardous forms. Due to their lack of toxicity, chemical stability, and high reactivity, titanium-oxide compounds have shown promising potential as photocatalysts for numerous important processes [15,16]. ZnO are significant choices for photocatalysts in photodegradation because they are inexpensive, nontoxic, and excellent at absorbing a large percentage of the sunlight spectrum [17,18,19]. Several studies also discussed the uses of other nanoparticle materials such as V2O5, Ag3VO4, LaVO4, and BiVO4, which are utilized as photocatalyst precursor. According to Sharifi et al., BiVO4 possesses rapid photogenerated charge recombination, poor electron transfer kinetics, and low photogenerated hole oxidative power and is suitable for advanced water treatment [20]. Shan et al. [21] also studied the photocatalytic efficiency of BiVO4 and identified effective discoloration under sunlight exposure. Meanwhile, Shafiq et al. [22] concentrated on the use of LaVO4 as a photocatalyst material with excellent visibly driven deep oxidative desulfurization capacity for use in petroleum refineries. Zhang et al. [23] agreed that LaVO4 is effective as a photocatalyst for the decomposition of wastewater. Qi et al. [24] found V2O5-WO3/TiO2 to be a prominent catalyst for synthesizing NOx. Geopolymers are eco-friendly and can easily incorporate with photocatalyst precursor materials such as ZnO and TiO2, making them an excellent choice for construction applications, especially as coating material [25,26,27,28,29]. With exposure to UV-visible light, geopolymers containing photocatalyst precursor materials can oxidise and degrade surface contaminants on a building or road, allowing the products to be readily removed by rain, cleaning, or washing [9].



This review concentrates on prior research on photocatalyst precursor materials’ potential to be utilized for the degradation of pollutants in wastewater, coating surfaces with Ordinary Portland Cement (OPC) self-cleaning concrete, the cleaning of air, and reducing VOC pollution when exposed to UV radiation from the sun. This paper also reviews the research on geopolymerization processes for coating compared with conventional coating. In addition, this research examines the use of geopolymer as an alternative coating doped nanoparticles photocatalyst precursor material. Geopolymer paste has the potential to be employed in the building sector as coating materials with improved physical and mechanical qualities. The geopolymer characteristics were enhanced by the addition of photocatalyst precursor components for coating applications. The current knowledge gaps for additional study have been identified based on substantial reviews. Nanoparticle photocatalysts were discovered to be commonly employed in traditional concrete and OPC for self-cleaning applications and degradation of dye in wastewater and air pollutants. On the other hand, most researchers identified that the photocatalytic effect typically requires complex methods such as sol gel and hydrothermal to achieve high photocatalyst performance; however, the geopolymer technology simplifies the whole procedure and utilizes inorganic materials, therefore addressing environmental concerns. Depending on the specifics of nanomaterials due to their strong reactivity and fine particle size, the use of nanoparticles in cement-based products attracted interest as well as unique functional properties. The use of geopolymer materials for coating applications, however, is still not fully investigated even though combinations of geopolymer materials and nanoparticles materials such as ZnO and TiO2 have been proven as great alternatives for building applications, particularly as coating materials. The next section discusses the advantages of incorporating photocatalysts into geopolymer materials as well as the mechanism of photocatalytic reaction in the photodegradation process.




2. Geopolymer Aluminosilicate Materials


Geopolymers result from the interactions of inorganic elements like coal fly ash and incinerator ash, slags such granulated blast (steel) or furnace (iron) slag, and clays like metakaolin or calcined clay [30,31] with an alkaline activator. Geopolymers focus on utilizing waste products to create value. Other industrial wastes included glass, melt-quenched aluminosilicates, natural minerals such as kaolinite and natural zeolite, volcanic ash, and mine tailing, waste ceramics, and catalyst residues, as well as mixtures of these materials [9,32]. Fly ash and metakaolin are the most frequent aluminosilicates or raw materials employed by researchers to construct traditional geopolymer adsorbents. Geopolymers incorporate waste materials as source materials and an alkaline activator to serve as a binder. Commonly, the alkaline liquid utilised in geopolymerization is a mixture of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) [33,34]. Geopolymerization is a heterogeneous chemical reaction involving solid aluminosilicate oxides and alkali metal silicate solutions under very alkaline conditions and low temperatures that produces amorphous to semicrystalline polymeric structures composed of Si-O-Al and Si-O-Si bonds [35,36]. Geopolymerization entails a very rapid chemical reaction under alkaline circumstances with Si and Al minerals, resulting in a three-dimensional polymeric chain and ring structure composed of Si-O-Al-O bond [37].



Kaolin has high concentrations of SiO2 and AlO3 depending on the place of extraction. Kaolin is then extracted and subjected to the calcination process, which seeks to produce a material with pozzolanic features and high reactivity. Metakaolin (Al2Si2O7) is made from kaolin clay. An amorphous kaolinite produced by treatment at 500 to 800 °C was used to convert kaolin to metakaolin [38,39]. The Al (VI) in kaolinite is converted into Al (IV) and Al (V) in this process to generate amorphous aluminium silicate. Spinel, mullite, and other crystals are formed when a high temperature is maintained constantly throughout the calcination process. Al (IV) and Al (V) will be changed into Al (VI) through this procedure [40]. In strong alkali solutions, metakaolin dissolves and releases Al and Si rapidly, producing geopolymer, zeolite, and other compounds depending on the reaction environment [41]. Metakaolin has substantially greater activity than kaolin in the same environment, which expands the application range of metakaolin, especially as geopolymer material.



Fly ash is a solid fine residue formed of particles expelled from the boilers of coal-fired power plants with flue gases [37,42,43]. Fly ash is used in the development of geopolymers because of its naturally high concentrations of SiO2 and Al2O3; low SiO2 and Al2O3 content is insufficient for alkali activation [44].



Slag is a by-product of the production of wrought iron and steel. As by-products of metallurgical operations or incineration processes, many slags are formed. In slag-blended systems, the geopolymerization reaction rate rises with increasing slag and activator concentrations [45]. Table 1 summarises the most recent published research on aluminosilicate materials. The table includes the aluminosilicate materials and the research findings. This summary shows that researchers are focusing more on using geopolymer aluminosilicate materials for concrete and cement applications and less on using the geopolymer materials for coating applications.




3. Photocatalyst


3.1. Photocatalyst Mechanism


Volatile organic compounds (VOCs) are gases emitted by some solids and liquids. VOCs comprise an extensive variety of chemicals that may have short- and long-term adverse health effects. When compared with other technologies, photocatalysis are rapidly evolving and gaining popularity due to their numerous advantages, including low cost and great efficiency. The photocatalytic process is a potential method for eliminating volatile organic compounds (VOCs) from pollutant environments. Photocatalysis technology is a viable solution to environmental degradation in the construction and industrial sectors. Photocatalysis is the process that happens when a light source interacts with the surface of a substance. Photocatalytic reaction attributed to improved (UV) ray energy to oxidise organic compounds and degrade other contaminants to a less hazardous state when exposed to sunlight [49,50]. Photocatalytic response occurs when a surface is exposed to UV radiation from the sun. A photocatalyst is a substrate that absorbs light and functions as a catalyst for chemical processes [50]. Photocatalysis is a reaction that occurs when a semiconducting substance is exposed to light and generates an electron–hole pair [50,51,52,53]. The band gap is the energy difference between the valence bands (VB) and conduction bands (CB). The band gap energy of a semiconductor is the amount of energy required to shift an electron from the valence band to the conduction band [54]. As shown in Figure 1, the different types of material evaluate different band gap energy (Eg), which is other metal or conductor; Eg < 1.0 eV, semiconductors; Eg < 1.5–3.0 eV and insulators; Eg > 5 eV [50].



On exposure to light with energy equivalent to or more than its band gap energy, the semiconductor photocatalyst produces an oxidative and a reductive entity [55]. Figure 2 presents the valence and conduction bands, referred to as holes and electrons, respectively. Via a sufficient band gap, electrons move from the valence band to the conduction band in the presence of ultraviolet light [14].



The photocatalytic process is initiated by the irradiation of a semiconductor with light with sufficient energy to equal or achieve the band gap, causing the excitation of an electron from the valence band to the conduction band [56,57]. Efficient visible light active photocatalysts consist of several characteristics including the ability of dopants to absorb visible light through CB control of semiconductors, either by establishing an isolated state below the CB or by narrowing the band gap by positively moving the CB bottom; the VB of semiconductors must be in a deeper position upon band engineering, and the photocatalyst surface must be modified by co-catalysts to achieve efficient oxygen reduction [58].



The photocatalyst degradation as shown in Figure 3 occurs under the influence of visible light. Photocatalytic materials will generate photo-oxidation-reduction processes, which entails oxidation from photogenerated holes (h+) in the valance band (VB) and reduction from photogenerated electrons (e−) in the conduction band (CB) on the surface. The chemical reaction dissolves the oxygen and water molecules absorbed on the surface. This interaction when energized at higher energy states with light will decompose and oxidize the organic substance, and inorganic compounds such as CO2 and H2O [59] will improve the air quality in the environment used in the building and construction industry.



Titanium dioxide (TiO2) is suitable for photocatalysis for a variety of reasons, including its higher photocatalytic efficiency, wide band gap (~3.2 eV), timely availability, low toxicity, low cost, and chemical stability. Various applications of TiO2 photocatalysis include water treatment, removal of trace metal, water splitting, self-cleaning, antibacterial degradation, self-sterilization, etc. Based on the photocatalyst mechanism processes stated above, the reaction mechanism of TiO2 comprises Equations (1)–(8) [60].


TiO2 + hv (UV) = TiO2 (eCB− + hVB+)



(1)






TiO2(hVB+) + H2O = TiO2 + H+ + OH•



(2)






TiO2(hVB+) + OH− = TiO2 + OH•



(3)






TiO2(eCB−) + O2 = TiO2 + O2−•



(4)






O2−∙ + H+ = HO2•



(5)






Dye + OH• = degradation



(6)






Dye + hVB+ = oxidation



(7)






Dye + eCB− = reduction



(8)







Several studies have investigated the photocatalyst reaction in different applications. Carolina Belver et al. [61] reported that numerous inorganic nanomaterials such as metal and metal oxide materials, carbon compounds, zeolite, filtration, and membranes have high reactivity, high functionalization, large specific surface area, and size-dependent properties that are suitable for application in water purification. This technology relies on the availability of a semiconductor that can be stimulated by light with a higher energy than its band gap, resulting in the production of energy-rich electron–hole pairs capable of engaging in redox activities. Anchal Rana et al. [62] reported that metal oxides have been extensively utilized in wastewater treatment; however, because of restrictions, various adjustments are required to make them efficient photocatalysts. Zhu et al. [63] discussed the removal of heavy metal pollutants through the excellent absorption of Zn2+ and Fe3+. Several studies investigate the photocatalyst reaction on cement and concrete surfaces. Saffirah et al. [64] reported that the addition of TiO2 nanoparticles as a photocatalyst for geopolymer paste improve its self-cleaning ability on a concrete surface. This study demonstrated that the self-cleaning characteristics of geopolymers are enhanced by the incorporation of nanoparticles of photocatalytic material [65] because nano-TiO2 functions as a photocatalyst on the surface of cement concrete. Yang et al. discussed that the maximum photodegradation with the presence of geopolymer boosted the potential of degradation [66].



Extensive study has been conducted in recent years on the effective removal of harmful chemicals and pathogenic bacteria from wastewater using semiconductor photocatalysis, and because electrons and holes in semiconductor materials are activated by light, photocatalytic technology is used to degrade organic wastes or decrease CO2 for tiny molecule organics. There has been, however, less research using the combination of geopolymer process and photocatalyst as coating materials. Photocatalytic coating materials have the ability to reduce air pollution by converting nitrogen oxide (NOx) concentrations to less dangerous levels over time while keeping their visual appeal. Table 2 summarizes the applications of photocatalyst technology from previous research.




3.2. Photocatalyst Precursor Materials


Nanomaterials are particles that have one or more exterior dimensions between 1 to 100 nm. Nanomaterials are classified based on the number of dimensions of a material that fall beyond the nanoscale (100 nm) range. Nanoparticles are particles smaller than 100 nm. Nanoparticles have novel or improved size-dependent characteristics as compared with large particles of the same substance. Based on their origin, nanomaterial sources may be divided into three major categories: (i) nanomaterials created as a consequence of industrial activities, such as nanoparticles from car engine exhaust, welding gases, combustion processes, and certain natural processes, such as forest fires; (ii) nanomaterials that have been produced by humans to possess specific characteristics for certain uses; and (iii) nanomaterials created by nature and present in the bodies of creatures and inseminated nanomaterials [72].



Nanoparticles are interesting because they have unique features such as chemical reactivity and optical behaviour. Nanomaterials are novel materials that have evolved and are being used to improve mechanical strength and improve the characteristics of cementitious materials. In recent years, in order to utilise nanotechnology in construction and building materials, substantial study has been undertaken on the impacts of adding nanoparticles to cementitious materials’ characteristics [73]. Photocatalyst nanoparticles are used in building materials, particularly cement, concrete, mortar, paints, and pavement, to increase self-cleaning qualities and cement performance. Nanoparticles were chosen because of their features on cementitious materials, which include great reactivity, ultrafine particle size, and unique physical and chemical properties [74]. The addition of nanosized materials to traditional structural materials is feasible not only for improving the fundamental qualities of cementitious materials but also for adding functionality such as self-cleaning, antibacterial, and pollution-reducing capabilities [75]. Nanoparticles may also be organised in layers on surfaces, resulting in greater surface area and hence increased activity, which is important for a variety of possible applications such as catalysts [72]. Nanoparticles added to cement can be used as an additive or to replace a portion of the cement, providing a substantial contribution to construction materials [49]. Titanium dioxide and zinc oxide are photocatalyst materials that are transparent at the nanoscale but can absorb and reflect UV radiation. Nanoparticles can also be organised in layers on surfaces, resulting in a greater surface area and hence increased activity, which is important for a variety of possible applications such as catalysts [76].



Nanomaterials are essential to photocatalysis research because their characteristics can be precisely tuned, allowing for highly specialised photocatalysis. Nanomaterial photocatalysts are used widely in water splitting to provide clean fuel resources, reduce CO2 in the environment, remove environmental pollutants, purify air, and self-decontaminate surfaces [67]. By preventing the recombination of charge carriers, the production of heterojunction nanocomposites can modify photocatalysis for applications employing visible light. Thus, nanoparticles are a sort of photocatalyst that merits exploration.



Commonly utilised nanoparticles in cement and concrete products for improving their properties are TiO2, ZnO, SiO2, Al2O3, and ZrO2 [77,78]. Photocatalytic capabilities have also been reported for TiO2 nanoparticles and zinc oxide that have excellent photocatalytic properties [77] that contribute towards environmental pollution.



A novel finding by numerous researchers has regarded the combining of waste by-product materials (e.g., fly ash, rice husk, kaolin and ground granulated blast slag) with nanoparticles, which has demonstrated enhanced mechanical qualities. However, research is still ongoing, and surface coating and surface deterioration prevention have not been fully discussed. Each photocatalyst precursor material routinely employed by researchers is described in the next section.



3.2.1. Titanium Dioxide Nanoparticles Precursor Material


Titanium dioxide (TiO2) is a white, non-flammable, non-hazardous, thermally stable, and weakly soluble organic solid [79]. TiO2 is a low-cost, non-hazardous substance that has attracted considerable interest from the coatings industry. TiO2 is recognized as an excellent photocatalyst for water, a self-cleaning surface material, and an antibacterial substance with hydrophilic characteristics [80]. The three phases of TiO2 are anatase (tetragonal), rutile (tetragonal), and brookite (orthorhombic) [81]. TiO2 is a well-known semiconductor with a wide band gap of 3.2 eV for anatase and 3.0 eV for rutile phase [82], but the brookite phase is difficult to acquire [83]. Despite the fact that anatase and rutile have comparable band gaps, anatase has been shown to degrade organic compounds or bio-resistant compounds at a faster rate than rutile [84]. As a result, nanostructured anatase TiO2 is frequently utilised as a catalyst in photodegradation applications. The excitation of TiO2 with UV light having an energy higher than the band gap (>3.2 eV) induces the transition of electrons from the valence band to the conduction band and the production of electron/hole pairs [85]. TiO2 is insoluble in dispersed coatings; hence, performance parameters such as chemical, photochemical, and physical characteristics are mostly governed by the particle size and chemical composition of the pigment’s surface [79]. TiO2 is also remarkable in that it combines a high refractive index with a high degree of visible spectrum transparency [86]. TiO2 has a much higher refractive index, which means it can scatter light more effectively. When TiO2 is subjected to an activation light, it can undergo both oxidative and reductive reactions [87]. One of the most demanding criteria for an efficient photocatalyst is that neither photogenerated electrons nor holes be rapidly recombined. By integrating TiO2 into a TiO2-based composite such as fly ash or kaolin that inhibits charge recombination, the photocatalytic effectiveness of TiO2 can be increased. TiO2 can be employed as a photocatalyst in paints and coatings to minimise environmental pollutants, according to Loh et al. [88]. TiO2 with nanostructures can be manufactured in a variety of methods depending on the desired material qualities for a given application [89]. For instance, the nano-structured TiO2 material may be used for self-cleaning and antimicrobial purposes. Hydroxyl radicals may also destroy absorbed organic molecules, including oil on the surface of TiO2 when exposed to sunlight. As a result, researchers report that most of the photocatalytic process generated by UV light use TiO2 to assist in the self-cleaning photocatalysis of surfaces [4,13,49].



According to Zulkifly et al. [90], metakaolin geopolymer used as a control specimen exhibits a homogeneous microstructure with few plated-shaped voids; however, metakaolin combined with TiO2 has a much more compact microstructure. Loh et al. [88] reported that in the absence of light, TiO2 particle suspensions demonstrated enhanced antifungal activity, as evidenced by the methylene blue decolorization test and the in vitro accelerated biodeterioration test. The antifungal activity of nanoparticle suspensions was evaluated using microbiological techniques. Honarmand et al. [83] showed that TiO2 nanoparticles (without surfactant) lacked homogeneity and were perhaps amorphous. Titanium alkoxides readily react with water in the absence of surfactants, resulting in amorphous precipitates of TiO2 nanoparticles. Ratan and Saini [91] investigated the use of nanosized-TiO2 in the creation of self-cleaning cement concrete and discovered that TiO2 has the disadvantage that nano-TiO2 tends to agglomerate in the cement concrete material. However, these limitations should not be used to justify substituting nanosized TiO2 with microsized TiO2, as the fundamental disadvantage of TiO2 at micro sizes is the loss of photoactivity in self-cleaning cement concrete. Geopolymers containing TiO2 microparticles have a greater absorption capacity, even when the surface areas are small, compared to geopolymers containing no additive. This behaviour is explained by the fact that the surface hydroxyl groups enhance interactions of the TiO2 micro-particles with H2O, which in turn presents a significant attraction effect of cationic dyes as reported by M. Mondragon-Figueroa et al. [69]. Numerous studies have found that nano-TiO2 works as a catalyst in cement hydration processes, resulting in a considerable increase in the rate of early-age hydration of cementitious materials and a change in microstructure that influences the physical and mechanical characteristics of cement-based materials. Meng et al. [92] examined the influence of TiO2 on the mechanical characteristics of cement mortar. Due to the reduction and modification of the orientation index, the cement mortar’s strength enhanced at early ages when nano-TiO2 was substituted for cement.



Based on the chemical stability of TiO2, easy availability, high photocatalytic activity, low cost, high dielectric constant, weather ability, anti-microbial properties, and UV radiation stability, the incorporation of nano-TiO2 as photocatalyst into cement-based material has attracted great exposure and extensive applications.




3.2.2. Zinc Oxide Nanoparticles Precursor Material


Zinc oxide (ZnO) is a white hexagonal crystals, or more commonly a white powder, that possess minimal toxicity and biodegradability. Due to their versatility for use in a variety of applications, ZnO nanoparticles have been the subject of extensive research. ZnO nanoparticles are utilised in a wide range of products and materials, such as glass, plastics, paints, and ceramics. ZnO nanostructures are notable photocatalyst candidates for use in photodegradation because they are inexpensive, nontoxic, and effective at absorbing a substantial proportion of the solar spectrum [17]. Nanomaterials based on ZnO are also used in a variety of developing applications, including electronics and photocatalysis, due to high stability, superior mechanical strength, and high bulk electron mobility [93]. ZnO has been selected as a photocatalyst due to its strong photocatalytic activity and ability to degrade organic molecules by decomposing the organic pollutants. ZnO has been found as an alternative to titania among other nanoparticles studied owing to its photoluminescence capabilities and unique photocatalytic material [4]. The outstanding chemical, electrical, and thermal stabilities of ZnO nanoparticles are attributed to its energy band of 3.37 eV [94]. The addition of metal and metal oxide nanoparticles to the structure of ZnO nanoparticles modify the gap between the conduction band and the valance band, hence possibly enhancing the photocatalytic properties of the material.



According to Nishan and Claire [95], the addition of ZnO into geopolymer paste will enhance the rate of reaction of sodium hydroxide-activated metakaolin and slow the rate of reaction. The findings also reveal the potential of slag and metakaolin-based alkali-activated materials to efficiently encapsulate zinc inside the binder gel, which is essential to the stabilization of waste. Nochaiya et al. [96] observed that increasing the amount of ZnO as an additive material (1 wt.%, 2 wt.% and 5 wt.%) enhanced the compressive strength and physical qualities of concrete at 28 days. According to Zidi et al. [38], adding ZnO to the geopolymer matrix improves its homogeneity. The geopolymer matrix and ZnO have significant interfacial adhesion, resulting in a more compact and dense network. This improvement may be due to the fact that unfilled position have been filled. The phase analysis of zinc oxide doped metakaolin geopolymer paste shows that a glassy process is produced. When 0.3% and 0.5% zinc oxide filler are added to geopolymer samples, the angle shifts slightly to a higher angle. The filler disturbs the geopolymer’s side-chain organisation and enriches the amorphous phase. Fariza et al. [95] concluded that ZnO is a versatile material with several important uses, including UV absorption, high photostability, and biodegradability. Additionally, ZnO may be generated in a variety of particle shapes, which impacts its use in advanced techniques and possible applications in a broad range of technical sectors.



Nevertheless, there have been few findings on the integration of ZnO into geopolymer materials as coatings. As a result, research into the influence of zinc oxide nanoparticles on coating application should be pursued. There are limited data on the characterisation of ZnO nanoparticles in comparison with TiO2 and their impacts on physical-chemical characteristics in geopolymer structures. The development of these types of ZnO and TiO2 with geopolymers will contribute to the improvement of photocatalytic performance.






4. Coating


4.1. Conventional Coating


Coating materials are used on surfaces such as steel and ceramic to offer protection, corrosion resistance, wear and erosion resistance, a thermal barrier, or aesthetic. Coating materials made from a variety of chemicals and materials, or from a combination of chemicals. Coating materials classified as solid, liquid, or gas, metallic or nonmetallic, organic or inorganic. Coating provides additional protection to the surface and helps keep it looking like new with comparably little upkeep and an easy-to-clean surface. Each component of a coating material has unique properties, such as binders, which function as the principal component as an adhesive to the substrate. The most common components use as coating are binder, additive, pigment, and the carrier fluid or solvent [97]. According to Goncharenko et al. [98], concrete structures may be protected against sulfuric acid corrosion by the use of epoxy coatings. The findings indicate that epoxy-coated concrete has a much longer service life in acidic environments. Other studies Xiao et al. [99] discussed the potential of polyphenol/metal coating on concrete surface for preventing chloride corrosion attack.



We fully addressed numerous studies conducted on various surface coatings of concrete for boosting durability and testing methodologies for determining coating efficiency. Although organic coating materials such as epoxy resins, silane, and acrylic are broadly utilized, there are limitations and downsides such as ease of cracking, peeling, and degradation. Organic matrices also have an ability to discharge vapour pressure which causes concrete damage and coating delamination [100]. Epoxy, resins, acrylics, polytheramides, erethane, and chemical organic coating are frequently used in industrial coating, and they are applied to tanks, pipelines, bridges, marine structures, industrial buildings, and other structures to protect against corrosion, abrasion, surface degradation, and environmental conditions. Epoxy and urethane coatings are resistant to a wide variety of chemical and physical impacts, flexible and low shrinkage but suffer when exposed to the environment [101]. On the other hand, epoxy resins coating depends on the curing agents such as acids and amines. Acrylic coating applied on concrete showed the presence of small amount of VOCs [102]. The analysis indicates that weathering had no effect on the permeability of carbon dioxide, and the material’s effect on its vapor permeability was insignificant. This category of substances poses a threat to human health. Therefore, while choosing a coating to be applied, one must consider the coating material’s qualities and the environment in which the applications will be utilised.



Based on the research, the conventional coating are useful in protective surface of coating but the uses of epoxy, resins and other chemical organic coating causes harmful and hazardous to human and environment. There are still gaps to fill in the literature.



The next section will elaborate on geopolymer inorganic coatings as alternatives to organic coatings. The potential of geopolymer-based material as coatings was encouraged by the abundance of industrial waste that could be utilised as a source of material for geopolymer coatings.




4.2. Geopolymer Coating


Geopolymer coatings have the potential to preserve surfaces, increase structural longevity, and be applied in high temperature exposure conditions because of its high chemical, mechanical, and thermal resistance qualities, geopolymer ceramic coating offers promise in protective coating and fire resistance. Inorganic coating benefits include excellent temperature resistance, high tensile strength, acid resistance, and environmental friendliness [103]. In geopolymer coating paste, inorganic materials have an aluminosilicates composition with good mechanical properties and high stability. As reported by Davidovits [33], extensive research is being conducted to fully exploit the coating material’s potential to encapsulate hazardous waste and low cost. In addition, geopolymer coating also improve the material properties such as strength, acid resistance, corrosion resistance, wear resistance, and as well as protect the environment. These materials have the benefit of achieving strength at room temperature or slightly increased temperatures without requiring the presence of crystalline phases gives great possess of geopolymer coating.



Based on previous studies by Jiang et al. [104], mixing of fly ash, ground granulated blast-furnace slag, metakaolin, and ordinary Portland cement with alkaline activator and the addition of superplasticizer enhanced workability and cracking resistance on concrete surface. On the contrary, Mao et al. [105] deposited metakaolin-based geopolymer coatings on metal through brush air deposition. The research study on the effect of coating behaviours towards curing conditions. Curing in a sealed environment resulted in a restricted geopolymerization response as well as corrosion of the uncoated surface in the metal substrates. Coatings cured at 80 °C had a good morphology, but coatings cured at 150 °C had minor microcracks due to shrinkage and residual stresses. Falah et al. identified geopolymer nanocomposites capable of eliminating hazardous pollutants from wastewater and the atmosphere [9]. Aguirre-Guerrero et al. [106] summarized that alkaline-activated FA/MK geopolymer mortar was prepared as an interfacial agent to prevent corrosion of reinforcing bars implanted in reduced-scale concrete components. The results led to the relation that MK-based geopolymer coating reduced the corrosion rate the most effectively. Sarumathi et al. [107] reviewed several coatings applied to the surface of concrete, as well as the standard tests used to evaluate the effectiveness of surface coatings. Rosales et al. [108] investigated the photocatalytic activity of a SiO2@TiO2 coating and showed the removal of Rhodamine B (RhB), establishing it as a photocatalytic material. Guzman-Aponte et al. [109] demonstrated that the inclusion of up to 10 wt.% titanium dioxide particles did not influence the development of the K-A-S-H gel while the setting time of the material and flowability driven by the inclusion of particles of titanium oxide. Alouani et al. [110] studied the ability of geopolymer powder produced from metakaolin and alkaline activators to react as an adsorbent to remove methylene blue. Loh et al. [88] evaluated suspensions of titanium and zinc nanoparticles for their use in the degradation of pollutants and in protecting concrete structures. The results showed that TiO2 and ZnO nanoparticles protected calciferous materials from fungal fouling and that light exposure was unnecessary for fungal properties. Table 3 shows a summary of previous research findings using geopolymer for coatings, and the research gap of each study is discussed.



Geopolymer coatings have attracted considerable interest as an alternative protective coating material for surfaces including concrete, steel, and ceramic. Sealing the exposed surface of concrete with coatings has been widely investigated and used to extend the life of civil constructions. By using geopolymer-based materials instead of traditional cement-based ones in the construction and civil engineering sectors, greenhouse gas emissions can be reduced [111]. This geopolymer coating is also an innovative material for surface protection and a competitive replacement for conventional synthetic polymer coatings in building applications. Next chapter will discuss the factor affecting the geopolymer coating. The emergence of geopolymer coatings with photocatalytic properties provides an additional benefit for pollutant reduction, corrosion resistance and self-cleaning properties to protect surface deterioration of the coating.





5. Factor Affecting Geopolymer Paste


Geopolymerization reaction required numerous parameters to consider. One of the most significant variables in this regard is determining the physical properties and chemical composition of the raw material, since this influences the activator’s alkaline degree.



Though since raw materials differ from batch to batch (minerals or waste materials, for example), it is critical to thoroughly analyse the samples before adjusting the composition and amount of the activating solution based on solid to liquid ratio, and percentage of photocatalyst precursor. The solid-to-liquid (S/L) ratio influences the characteristics of geopolymer paste. Jaya et al. [112] exposed the influence of numerous S/L ratio ranging from 0.6 to 0.8. It was found that 0.76 is the optimal ratio for S/L ratios. Compared to the others, the surface of geopolymer with an optimum S/L ratio was more homogenous, dense, and porous due to high strength. The high compressive strength proved by the phase analysis revealed no traces of zeolite crystal peaks. Guzman-Aponte et al. [113] on the other hand, employed a 0.8 ratio to achieve good workability in their investigation. Previous research from Guzman-Aponte et al. [109] discussed liquid/solid ratio (L/S) was also varied in three levels, 0.35 (dry consistency), 0.40 (mean consistency), and 0.45 (fluid consistency). The results indicate that increased liquid content can promote the speed of dissolution of the Al and Si species of the precursor, but it obstructs the processes of polycondensation. Albidah et al. [47] study the solid to liquid ratio ranging from 0.3 to 0.8 shows hen alkaline solids to MK ratio increased from 0.37 to 0.41, the compressive strength dropped from 58.5 to 39.7 MPa. The strength reduction can be attributed to the excess amount of silica content as the SiO2/Al2O3 molar ratio was increased from 2.69 to 2.75, which can contribute to the impedance of geopolymerization process. Yaacob et al. [114] used a S/L ratio of 0.33 to produce a geopolymer coating with maximum adhesion strength of 3.8 MPa.



In addition to the solid-to-liquid ratio, the percentage of photocatalyst precursor also plays an important role in enhancing the photocatalytic performance of geopolymer pastes suitable for coating. Wang et al. [115] discovered that 5 wt.% TiO2 resulted in the most efficient photocatalytic based on methylene blue colour alteration. Setting time and leaching studies demonstrate that Zn has a much stronger retarding impact on reaction kinetics in Na-activated geopolymers compared with K-activated geopolymers. However, Na-activated geopolymers have a better fixing ability to Zn. In the Zn-substituted geopolymer system, Al2O3/M2O ratio was 0.8 and ZnO/M2O ratio was 0.2 respectively. According to Guzmán-Aponte et al. [109] the percentage of TiO2 addition as a function of cement was revised at three levels; 0 wt.%, 5 wt.% and 10 wt.%. This amount of TiO2 effect the performance of photocatalytic efficiency by improving the carbonation process and band gap energy. The results show that a percentage of TiO2 up to 10% has no influence on the mechanical characteristics of geopolymer and the production of the K-A-S-H gel. According to Zidi et al. [38] the optimal quantity of nano-ZnO to enhance the mechanical and structural of metakaolin geopolymer was 0.5 wt.%. The incorporation of nano-ZnO enhanced pulsed velocity and boosted compressive strength from 30 to 38 MPa. The optimum percentage of ZnO was found to be 0.5 wt.% according to research from Wang et al. [115], ZnO responded fully and formed amorphous products after 7 days of curing. The crystallinity phases of a metakaolin geopolymer paste are unaffected by the addition of ZnO nanoparticles as a photocatalyst. Aside from that, Zailan et al. [64] prepared the TiO2 geopolymer paste by varying the percentage of nano-TiO2, which are 5.0 wt.%, 10.0 wt.% and 15.0 wt.%. The study discovered the methylene blue discoloration after exposure to sunlight up to 150 min with great photocatalytic effect. Strini et al. [116] added 3% of TiO2 by weight paste into the fly ash and metakaolin geopolymer. The findings demonstrated that geopolymer binders can be effective catalyst support matrices for the coating applications. Based on the studies from other researchers, less literature review regarding addition of photocatalyst precursor into the geopolymer paste for coating characterization and this gap can be fulfilled.




6. Photocatalyst Degradation Evaluation


The photodegradation approach causes difficulties in terms of eliminating products created in the water environment during the photocatalytic degradation process. Several research initiatives have concentrated on the elements of materials produced by distributing photocatalysts in native or synthetic materials and generating photocatalytic matrices.



Saufi et al. [117] monitoring the decomposition efficiency of chemical molecules in discoloration of methylene blue using the perlite-based geopolymer. The results demonstrate that perlite-based geopolymer with UV light has improved adsorption and photodegradation properties for methylene blue molecules compared to perlite-based geopolymer without UV radiation. This efficacy is attributed to a catalytic activity rather than a simple linear combination of perlite-based geopolymer powder with UV irradiation for methylene blue removal from aqueous solution [117]. Loh et al. [88] results demonstrated that even in the absence of light, both ZnO and TiO2 particle suspensions displayed antimicrobial behaviour in the MB decolorization and fast biodeterioration tests. ZnO exceeded TiO2 in photocatalytic antifungal activity. Jdm et al. [67] carried out experiment in aqueous solution whereas methylene blue was degraded by TiO2 anatase, TiO2 from titanyl sulphate, geopolymer, geopolymer with anatase, and geopolymer with titanyl sulphate. The geopolymer mixture containing titanyl sulphate had the highest photocatalyst activity. Throughout the 60-min duration of the reaction, the MB component’s solution absorption intensity decreased. This occurrence revealed that in the presence of another substance, MB molecules were invaded and driven out. Without the presence of geopolymer, the interaction of MB with the materials is very slow, which might result in poor MB component conversion. As a result, UV irradiation of MB ink on materials without geopolymer and with anatase produces an exceptionally white colour, in contrast to other samples that were colourless in this experiment [67]. Kaya et al. [118] explored the effectiveness of geopolymers based on metakaolin and red mud, testing the adsorption and photocatalytic decomposition of methylene blue to demonstrate their self-cleaning capabilities. The photocatalytic activity increased as anatase concentration increased. Geopolymer with a 3.7 wt.% anatase loading exhibited a greater photocatalytic degradation constant than pure anatase. Strini et al. [116] studied photocatalytic compounds utilising cementitious binders as catalytic supports networks, with geopolymer matrices obtained from fly ash and metakaolin. The photocatalytic activity was evaluated based on the degree to which NOx was degraded in the air, and the results were evaluated in relation to a reference of Portland cement. Depending on the aluminosilicate source, the samples exhibit significantly diverse photocatalytic activity, and the results showed that the photocatalytic activity of fly ash-based geopolymer was the most suitable for curing at room temperature, whereas geopolymer based on metakaolin also shown promising photocatalytic activity [116]. Zhang et al. [119] also focused on a geopolymer derived from fly ash as raw material and employed it as a novel photocatalyst for wastewater treatment application via methylene blue decomposition. Under UV light, the fly ash-based geopolymer catalyst had a degradation efficiency of MB dye at 93%. This was feasible due to the general synergistic effect of adsorption and semiconductor photocatalysis [119]. The results supported by studies from Isabel Bravo et al. [70] identify titania- after 10 h of exposure coated geopolymer spheres showed dye photodegradation activity of 90%, validating the products as sustainable wastewater treatment materials. Chen et al. [120] conduct an analysis of the performance of the deterioration in terms of the total degradation of the MB over time. Figure 4 displays the methylene blue (MB) colour change under UV light with and without photocatalyst precursor [120]. The inclusion of photocatalyst precursors (TiO2) deteriorated the MB solution. This revealed that TiO2 is highly useful for the geopolymer coating in this investigation.



Guzman et al. [113] demonstrates the concentration of methylene blue (MB) under dark and UV-irradiated settings for metakaolin geopolymer paste supplemented by zinc oxide (ZnO). Throughout the first 30 min of photoactivation, the residual concentration of ZnO nanostructures changed as shown in Figure 5 [113].



Photocatalytic activity is widely known to occur at the surface of a photocatalyst. As a result, the surface area of coating, which is affected by photocatalyst precursor nanoparticle size, film shape, and thickness, has an influence on photocatalytic reactivity. The results showed that the ZnO-TiO2 nano-composite catalyst exhibits ZnO or TiO2 nanoparticles in terms of photocatalytic capabilities. The enhanced photocatalytic activities were related to the prevention of electron-hole pair recombination and synergistic effect between hexagonal ZnO and TiO2 phases [93].




7. Conclusions


This review thoroughly discussed various studies carried out regarding the geopolymer with photocatalyst effect to overcome problem regarding organic dyes and alternative environmentally friendly construction material such as geopolymer concrete has been developed. There are still gaps to fill in the literature as researchers are more focusing on the physical and mechanical properties and have not been concentrated on the formulations of coatings that are durable and extend the lives of surfaces against deterioration. It has also not been explored how well the cleanliness of building surfaces can be maintained, and the air pollution also can be reduced using geopolymer photocatalyst coatings. Based on the previous research, photocatalyst materials have significance for additions to geopolymer pastes. However, the usage of geopolymers for self-cleaning applications and coatings has not been fully investigated, for instance with adhesion tests, abrasion tests, fire resistance limit testing, and UV-vis analysis. It is conceivable to identify the effects of photocatalytic precursors on these properties. This brief analysis proves that there is still much opportunity for study and improvement in the realm of zinc oxide and titanium dioxide as additions for geopolymer coating applications.
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Figure 1. Band gap energy for different type of materials [50]. 
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Figure 2. Shifting of electrons from valence to conductance band [14]. 
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Figure 3. Mechanism of photocatalyst degradation exposed to visible light [59]. 
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Figure 4. The methylene blue (MB) colour change under UV light (a) without photocatalyst precursor; (b) with photocatalyst precursor [120]. 
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Figure 5. Methylene blue (MB) degradation (a) in dark conditions and (b) under UV light for the metakaolin paste with zinc oxide (ZnO) nanostructure [113]. 
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Table 1. Aluminosilicate materials used in the recent research on geopolymers.
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	Author
	Aluminosilicate Material
	Finding





	Yusuf G. Adewuyi [37]
	Class F Fly Ash
	Elimination of trace noxious heavy metals in aqueous environment. The geopolymer adsorbent as a substance is recyclable since it can be synthesized by leveraging abundant waste materials.



	Rafik Abbas et al. [46]
	Kaolin
	Used to produce geopolymer concrete as it does not require energy for pretreatment and contains high alumina silicate.



	Abdulrahman et al. [47]
	Metakaolin
	Metakaolin geopolymer with different mix design for producing geopolymer concrete.



	Ionescu et al. [48]
	Slag
	Steel slag or blast furnace slag in the production of geopolymer for construction building materials
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Table 2. Summary of photocatalyst technology applications.
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	Author
	Photocatalyst Precursor
	Application
	Finding





	Jdm et al. 2013 [67]
	TiO2 anatase

Titanyl sulfate
	
	▪

	
removal of toxic organic




	▪

	
removal organic contaminants from wastewater






	Titanyl sulphate results in high photocatalyst activity.



	Maniasaran et al. 2020 [68]
	TiO2
	
	▪

	
reduces pollutants and acts as self-cleaning surface




	▪

	
air cleaning




	▪

	
water disinfection




	▪

	
self-sterilizing






	Geopolymer concrete add TiO2 is superior in self-cleaning.



	M. Mondragon-Figueroa et al. 2019 [69]
	TiO2
	
	▪

	
Bacteriostatic removal






	Metakaolin geopolymer add TiO2 improved antimicrobial testing.



	Isabel Bravo et al. 2019 [70]
	Titania
	
	▪

	
Degradation of dyes in wastewater






	Metakaolin and rice husk geopolymer deposited titania degrade 90% of dye pollutants in wastewater.



	Anandan et al. 2010 [58]
	Zinc oxide
	
	▪

	
decomposing gaseous acetaldehyde for indoor application.






	Efficient ZnO based visible-light photocatalysts, consisting of band-engineering by formation of a solid solution and surface modification of co-catalysts.



	Shayegan et al. 2018 [71]
	Titanium Dioxide
	
	▪

	
removal of volatile organic compounds in gas phase






	Photocatalyst can eliminate indoor air contaminants effectively at room temperature and contaminants to carbon dioxide and water.
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Table 3. Summary of previous research findings in geopolymer coating.
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	Authors
	Field of Study
	Finding Descriptions
	Research Gap





	Jiang et al. 2022 [104]
	Fly ash combined with ground granulated blast-furnace slag, metakaolin and ordinary Portland cement added superplasticizer for geopolymer coating concrete.
	The adhesive strength of the recommended GPC mixes varied from 1.5 to 3.4 MPa and fully met the surface protection criteria.
	The study shows the effect of geopolymer coating for surface protection in building construction and several gaps can be filled regarding the function of superplasticizer. Their properties for enhancing adhesion strength are not fully discussed.



	Mao et al. 2020 [105]
	Metakaolin-based geopolymer coatings on metal by air brush deposition.
	Applied metakaolin-based geopolymer spraying on hot aluminium and steel metal surfaces (40–150 °C) at sealed and unsealed conditions for thermal protection applications.
	The study focuses on the effects of curing conditions but gives less explanation regarding the effect of curing temperature on the surface deterioration of metal substrates.



	Rosales et al. 2020 [108]
	Development of a SiO2@TiO2 coating applicable to cement-based materials for hydrophobic applications.
	The photocatalytic activity of the SiO2@TiO2 coating showed a removal of RhB establishing itself as a photocatalytic material.
	Hydrophobic effect relevant for self-cleaning application on coating but this research focus on conventional coating with different synthesis method such as sol gel and hydrothermal. No research study on the effect of hydrophobic towards geopolymer coating.



	Falah et al. 2020 [9]
	The effective activation and utilization of metakaolin as an alkali activated geopolymer precursor and its use surface protection.
	Geopolymer nanocomposites capable of eliminating hazardous pollutants from wastewater or the atmosphere.
	This review of the utilization of metakaolin geopolymer for surface protection did not cover the strength of coating in term of adhesion, corrosion resistance, or abrasion.



	Alouani et al. 2019 [110]
	The ability of geopolymer powder produced from metakaolin and alkaline activators to react as an adsorbent to remove methylene blue.
	Geopolymer has high selectivity and considered an economical adsorbent for the elimination of methylene blue.
	The adsorption of MB in geopolymer explained by pseudo-second-order kinetic model, but there is less literature on the testing to eliminate dyes.



	Loh et al. 2018 [88]
	Titanium and zinc nanoparticle suspensions use in degradation of pollutants and protection of built concrete structures.
	TiO2 and ZnO nanoparticles protected calciferous materials from fungal fouling and light exposure was not necessary for antifungal activity.
	The focusing method are incorporated nanoparticles into OPC for concrete building. No relevant information on strength and surface characteristics after addition of nanoparticles.



	Aguirre-Guerrero et al. 2017 [106]
	Geopolymer mortars containing fly ash and metakaolin as coatings for reinforced concrete against chloride-induced corrosion.
	The findings led to the conclusion that the MK based geopolymer coating performed the best, reducing the corrosion rate compared to concrete without coating.
	The corrosion reinforcing steel exposed only to the chloride environment and less investigates on the surface deterioration after concrete exposed to chloride attack.



	Guzman-Aponte et al. 2017 [109]
	TiO2 addition into the physical and mechanical characteristics of a geopolymer process derived on metakaolin.
	Based on the findings, the addition of TiO2 particles at up to 10 wt.% had no effect on the development of the KASH gel.
	The research mentions the physical and mechanical characterization but says less about the strength behaviour of coating after the addition of TiO2 into the geopolymer.
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