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Abstract

:

The initial predictions of the importance of geopolymers primarily assumed use mainly in the construction sector. However, as research progresses, it is becoming clear that these versatile materials demonstrate the ability to greatly exceed their original applications, as characterized in detail in this review article. To the best of our knowledge, there is no literature review concerning geopolymer materials that compiles the diverse applications of these versatile materials. This paper focuses on geopolymer applications beyond the construction industry. The surprising application potential of geopolymers in medicine has become a topic of particular interest. Therefore, considerable attention in this paper is devoted to characterizing the utility of these materials in tissue engineering, dentistry and drug delivery systems. Geopolymers not only have exceptional heat resistance and compressive strength, making them durable and resistant to manipulation (over five times less drug released from the geopolymer carrier compared to the commercial formulation), but also provide a robust solution for extended-release drug delivery systems, especially in opioid formulations. Their chemical stability, porous structure and ability to maintain structure after repeated regeneration processes speak to their potential in water treatment. Geopolymers, which excel in the energy industry as refractory materials due to their resistance to high temperatures and refractory properties, also present potential in thermal insulation and energy storage. It was demonstrated that geopolymer-based systems may even be 35% cheaper than conventional ones and show 70% lower thermal conductivity. In terms of protection against microorganisms, the possibility of modifying geopolymers with antimicrobial additives shows their adaptability, maintaining their effectiveness even under high-temperature conditions. Research into their use as anticorrosion materials is targeting corrosion-resistant coatings, with geopolymers containing graphene oxide showing particularly promising results. The multitude of potential applications for geopolymers in a variety of fields reflects their enormous potential. As research progresses, the scope of their possibilities continues to expand, offering innovative solutions to pressing global challenges.
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1. Introduction


Geopolymers are three-dimensionally structured materials formed as a result of chemical reactions between alkali silicates and silica precursors. This process, defined as geopolymerization, leads to the formation of durable and strong materials. Physicochemical properties of final geopolymers, including their workability, setting time and compressive strength, depend strongly on the type and properties of the reagents applied (precursors and activator) and the synthesis conditions (mixing and curing parameters) [1].



Over the past few years, geopolymers, initially envisioned mainly for applications in the construction sector, have become the subject of intense scientific research, demonstrating their capacity for a much wider range of applications than originally envisioned, as this review article explores in detail. These discoveries are revolutionizing the outlook on the potential of these versatile materials in various fields, which is becoming crucial in the face of today’s global challenges. Previous research on geopolymers seems to indicate their ability to transcend traditional areas of application, revealing the evolution of scientific thought on them. Although they were initially associated mainly with the construction sector, their potential in medicine has been observed and is becoming a special area of interest. A review of the literature in this area is important to gather and understand the variety of applications for geopolymers in the context of tissue engineering, dentistry and drug delivery systems [2,3].



The initial studies on geopolymers occurred during the 1950s and 1960s, with ongoing development in subsequent decades. Joseph Davidovits, a French chemist, played a pioneering role in geopolymer research by publishing papers on their structure and potential applications. Since then, the interest in geopolymers has steadily increased, leading to their progressively versatile utilization across various scientific and industrial fields [4,5].



In the past several years, there has been a focus on intensive research and exploration of geopolymers due to the unique properties of these materials and the consequent high potential for their applications in a variety of fields. One of the best-known areas of application for geopolymers is their use in the construction industry. For example, Nguyen et al. [6] investigated metakaolin-based geopolymers in terms of their potential application as walling in buildings. In their study, various fillers, including polystyrene and glass microspheres, were introduced into the geopolymer matrices to verify their impact on the properties of the final materials. It was demonstrated that the developed materials constituted an interesting alternative to the Portland cement used in the construction industry today [6]. In turn, in the work of Raza et al., the use of 3D-printed geopolymers in the construction industry has been widely discussed by showing both their advantages and disadvantages compared to conventional cements [7]. Asghar et al. clearly emphasized in their work the ecological aspect of the use of geopolymer-based concretes in the construction industry [8]. A similar discussion was performed by Ansari et al., who demonstrated that there is a clear need to look for materials that might replace conventionally applied cements for sustainable development [9]. Importantly, due to the fact that raw geopolymer materials such as fly ash or blast furnace slag are often byproducts of other industrial processes, their application significantly promotes more sustainable practices within the construction industry, both considering greenhouse gas emissions (up to an 80% reduction) and costs (up to a 30% reduction) [10]. Compared to conventional Portland cement, geopolymers offer numerous advantages, such as higher mechanical strength, greater environmental resistance and lower environmental impact [11,12]. Therefore, they are an attractive alternative to traditional construction materials [13,14].



However, the application area of geopolymers is not limited to construction. To the best of our knowledge, there is no literature review on geopolymers that presents the diverse applications of this group of materials. This paper shows their applications as drug carriers, dental implants and materials supporting bone regeneration; their use in removal of various chemical compounds from wastewater; as well as their potential in developing anticorrosive systems, systems showing antimicrobial activity and fire-resistant materials. Additionally, no review article presenting the application potential of geopolymers in biomedical areas was found; hence, in this review article, more attention was paid to exactly this aspect, which seems to be promising considering the fact that in the early stages, these materials were considered mainly for application in the construction industry. Little attention is paid to the application of geopolymers in this field since this area has been widely described in many papers.



This review skips the basic application of geopolymers in the construction industry, as this is well known from the literature, and explores new possibilities for the use of their advanced functions, including as a building material with special properties, that are very often marginalized. The article is based on a critical review of the literature, especially using search results from the Scopus database focused on keywords connected with geopolymers and applications, excluding the construction industry. This approach allows readers to discover a “new face” of geopolymer materials as an advanced multi-functional material dedicated to modern applications.



With advances in research, there is a growing recognition that geopolymers are not only a modern building material but also an advanced, versatile material that can significantly contribute to innovation in many areas of science and industry [15,16]. This review aims to demonstrate this evolving approach to geopolymer applications, departing from traditional perceptions of their role in the construction sector [17,18]. In addition, aspects related to the use of geopolymers in the fields of microbial protection, corrosion prevention or as refractory materials are being researched, directing attention to further promising areas for their application [19,20]. At the same time, existing research suggests that geopolymers can not only compete with but also outperform traditional materials in terms of economic and thermal efficiency [21,22].




2. Application of Geopolymers in Biomedical Areas


The application of geopolymers in medicine and other relevant areas is also being widely investigated nowadays. This is due to their excellent mechanical properties (including compressive strength and durability) and easy fabrication process [23,24]. Importantly, it is also possible to obtain geopolymer materials showing controlled porosity and high biocompatibility by applying adequate chemical compositions [25].



Material considered for biomedical purposes should show properties such as biocompatibility and bioactivity; thus, many investigations thus far have characterized geopolymers in terms of these properties. It has been widely demonstrated in many experiments that geopolymers demonstrate these properties as a result of the synthesis methodology applied or adequate modifying agents used during synthesis. For example, Pangdaeng et al. [26] proposed to treat a calcined kaolin-based geopolymer with calcium chloride to affect its physicochemical and biological properties. The obtained geopolymer samples were soaked in 0.5 M CaCl2 solution for 24 h at an ambient temperature. It was reported that the procedure applied resulted in better bioactivity of the geopolymers as well as in their higher compressive strength [26]. In turn, Ogun and Derun [27] performed studies on metakaolin-based geopolymers incorporated with bioactive inorganic compounds such as calcium phosphate and calcium hydroxide. The preliminary studies obtained materials showing high bioactivity in simulated body fluid (SBF). Firstly, the impact of the mentioned ceramics was verified, and it was concluded that the presence of both calcium compounds enhanced the mechanical properties of the developed materials [27]. The impact of the presence of calcium hydroxide within the geopolymer structure on its properties after soaking in an SBF solution was verified by Tippayasam et al. [28]. Here, it was clearly stated that the higher the calcium hydroxide content, the higher the bioactivity of the geopolymer manifested by the formation of a bigger apatite layer on its surface [28]. Preliminary studies preceding research aiming at verifying the bioactivity of geopolymer materials were also performed by Poolkwan et al. [29]. The first goal of the researchers was to obtain the material with the highest strength properties. It was reported that this was achieved in the case of a geopolymer doped with calcium phosphate, activated with NaOH and KOH and subjected to 600 °C [29].



Many investigations are currently being performed on the utility of geopolymers in fields such as stomatology, bone regeneration and drug delivery systems. Exemplary studies are described in more detail below.



2.1. Drug Delivery Systems


Geopolymers’ resistance to heat as well as their high compressive strength has resulted in the use of these materials during the preparation of tamper-resistant extended drug release systems. This is particular meaningful in the case of opioid release formulations. It is highly important to develop a formulation in which the active substance will be protected against pulverization and purposeful manipulation. Such investigations were performed by Cai et al. [30]. In their paper, a geopolymer paste based mainly on metakaolin was molded into cylindrical rods and pellets, and the prepared materials were defined as Formulation A. The notation Formulation B was applied to a commercial drug tablet—a tested oxycodone drug belonging to the opioids group. Based on the performed analyses, it was concluded that the geopolymer was a promising material for creating tamper-resistant formulations of active substances, particularly opioids. A comparison with a commercial formulation showed that the geopolymer was much more resistant to abuse attempts, requiring more time and effort to be tampered with. Additionally, the geopolymer enabled a controlled drug release, which may have an impact on reducing opioid abuse [30]. The geopolymer matrix as a vehicle for the controlled release of oxycodone was also investigated by Forsgren et al. [31]. Here, the dependence between the mesoporosity of the geopolymer and the drug release kinetics was determined [31].



Studies on the sustained release of an active substance from geopolymer-based formulations were also conducted by Jämstorp et al. [32]. The main purpose of the performed experiments was to determine the effect of the amount of water used during the synthesis of geopolymers on their porosity (pore structure and size) and thereby their ability to control the release of the drug. Moreover, the study also aimed to verify the effect of the compressive strength of the geopolymer material in terms of its usefulness as a drug carrier. It was reported that as the water content increased, the geopolymer porosity (and also the average pore size) and the drug release rate increased, while at the same time, the compressive strength of the tested materials decreased. Nonetheless, the compressive strength of the analyzed materials prevented the potential rapid release of the active substance caused by possible mechanical interactions [32]. In another work, the potential of geopolymer pellets of various sizes as drug vehicles was verified. It was reported that the solubility of active substances within the geopolymer matrix significantly affects its release profile from the vehicle [33].




2.2. Bone Regeneration


The interest in the potential of geopolymers in bone tissue regeneration has recently grown [25]. This is the reason why many investigations are currently being performed to verify the utility of these materials within this area. For example, Rahdi and Ahmad [34] performed studies on the development of porous metakaolin-based geopolymers as bone substitutes. During the experiments, the porosity of the materials obtained as well as their morphology were characterized. The most important studies included in vivo experiments performed using white male rabbits deriving from New Zealand. In the course of ongoing studies, it was demonstrated that metakaolin-based geopolymers showed biocompatibility and bioactivity. Moreover, the developed materials promoted dense trabecular bone formation within two weeks of implantation, increasing mature bone after four weeks with negligible inflammation [34].



In turn, in the work of de Andrade et al. [35], the use of geopolymers in the fabrication of porous composites as scaffolds for bone tissue regeneration was discussed. Here, metakaolin-based geopolymers incorporated with hydroxyapatite were investigated in terms of their porosity, compressive strength and crystallinity. Importantly, in vitro experiments were also conducted in the presence of human adipose-derived mesenchymal stem cells. The performed studies concluded that the geopolymer scaffold showed no negative impact on the tested cell line. Furthermore, cells formed a monolayer on its surface, which indicated the biocompatibility of the examined material and its non-cytotoxicity towards the tested cells [35].



Porosity is an important aspect of scaffolds designed for bone regeneration. It strongly affects both the cell attachment and further tissue formation growth [36]. Hence, Faza et al. [37] focused on the development of the component ratio—i.e., metakaolin (M) and an alkaline activator (AA) used during the geopolymerization process—providing the geopolymer scaffold with the most favorable porosity characteristics. The following ratios of M/AA were investigated: 1:1.0, 1:1.5, 1:2.0, 1:2.5 and 1:3.0. They demonstrated that the geopolymer obtained using M and AA with a ratio of 1:1.0 showed the most favorable porosity. The porosity of that geopolymer matrix was like the porosity of human spongy bone; thus, the developed material seemed to be very promising as a bone substitute [37].



Recent studies on geopolymers were directed toward discovering their potential in bone tissue regeneration. These materials appear promising, presenting the ability to promote bone tissue formation processes. The ability to adapt to different conditions, as well as the lack of toxicity to cells, make these materials capable of providing scaffolds for bone tissue regeneration.




2.3. Dental Implantology


The field of dental restorative materials also seems to be an area in which geopolymer materials may play a significant role. Studies on nanocomposites consisting of metakaolin-based geopolymers and carbonated apatite doped with strontium and magnesium designed for dentistry were performed by Sutanto et al. [38]. The mentioned dopants were used to promote bone regeneration. It was demonstrated in the research that the developed materials were characterized by favorable mechanical properties (including compressive strength, hardness and modulus elasticity) in terms of their potential dental applications. Importantly, none of the investigated materials showed cytotoxicity towards mouse embryonic fibroblasts, which was verified via a trypan blue test [38].



Studies on the application of geopolymers in the dental field were also conducted by Sunendar et al. [39]. In this work, metakaolin-based geopolymers incorporated with carbonate apatite doped with strontium and prepared in a chitosan solution were examined. In the course of the research, the chemical structure of the materials was characterized via Fourier transform infrared (FT-IR) spectroscopy (using Shimadzu 200-91538 spectrometer, Kyoto, Japan), wherein their mechanical properties (including hardness, flexural modulus and flexural strength) were evaluated using a universal testing machine (TENSILON UCT-5T, Tokyo, Japan). One of the main tasks of the performed studies was to check the impact of both strontium content and the amount of chitosan used during geopolymerization on the properties of the final materials. It was reported that the material containing carbonate apatite doped with strontium in the amount of 5% mol obtained using a 2% chitosan solution as a coupling agent showed the most favorable mechanical properties in terms of its potential dental implant application [39].



The next paper [40] discussed the impact of geopolymer–carbonate apatite nanocomposites on early bone healing. For this purpose, nanocomposite samples were introduced into the tibia of rabbits (New Zealand White male, 3.0–3.5 kg weight, age—6 months). On the 14th day of the study, reactive bone formation was reported. Moreover, osteoids, osteoblasts and osteocytes demonstrated higher maturity, and the woven bone was denser after 28 days [40].



Thus, to sum up, geopolymer materials appear promising for creating extended-release drug delivery systems for several key reasons. Their heat resistance and compressive strength make them more durable and more resistant to tampering than other materials. In the context of opioid formulation, this feature can significantly hinder drug abuse while increasing the safety of use. Additionally, the ability to release the active substance in a controlled manner makes geopolymers an ideal carrier for drugs, especially opioids. Compared to commercial formulations, geopolymers present significant resistance to manipulation, making them more reliable. All these factors make geopolymer materials a more attractive choice compared to other available materials, especially in the context of opioid drug safety.



In Table 1, the above-presented application of geopolymers for biomedical areas is briefly summarized.





3. Potential of Geopolymers in Water Purification


Geopolymer materials may be widely used as innovative absorbents for the removal of heavy metals [41], dyes [42], pharmaceutics [43], emulsified oil droplets [44] or surfactants [45] from wastewater. This is due to their chemical stability, porosity and thus large surface area. Maged et al. [46] mentioned several factors influencing the adsorption of pollutants by geopolymers. They indicated among others the porosity (the pore size) of geopolymers; their surface chemistry, including their hydrophilicity or hydrophobicity; as well as the presence of various functional groups on the surface of geopolymers affecting potential interactions between the adsorbent and the adsorbed substance [46]. The importance of the porosity in terms of the adsorption efficiency was also indicated by Tan et al. [47]. Here, the authors presented the relationship between the porosity and the specific surface area, which is a crucial factor in terms of effective adsorption [37]. Latorrata et al. [48] demonstrated that adsorption of metals within the geopolymer-based adsorbents involves the trapping of these substances into geopolymer pores [48].



Studies on the removal of heavy metals such as cadmium [49], lead [50,51], copper [52], chromium [53], nickel and cobalt [54] and iron and manganese [55] by geopolymer-based adsorbents have been performed.



Geopolymers have also been investigated in terms of the removal of ammonia from wastewater. Such studies were carried out, for instance, by Franchin et al. In their work, the fabrication of geopolymers via additive manufacturing was presented. The crucial aspect of their works was to verify the removal efficiency of ammonium from wastewater. It was reported that the developed materials showed a beneficial porosity, mechanical properties and high exchange capacity in terms of their potential application for wastewater purification. Importantly, it was also concluded that the geopolymers showed high removal efficiency and thus high potential for use as adsorbents [56]. Similar studies on the sequestration of ammonium ions and phosphate ions were described by Salam et al. [57]. Here, the effective purification of wastewater from the mentioned ions by developed zeolite/geopolymer composites was demonstrated [57].



The application potential of geopolymers in the purification of dyes from wastewater has also been widely discussed. The removal efficiency of geopolymer-based adsorbents was verified regarding various dyes, including acid green and procion red. For this purpose, Hua et al. [58] obtained a geopolymer material incorporated with magnetite to enable the separation of the adsorbent from the tested medium. The results of the performed experiments indicated that the developed adsorbent showed effectiveness in the removal of both mentioned dyes, and that the adsorption process did not depend on the temperature conditions [58]. Analysis of the adsorption of methylene blue by a fly-ash-based geopolymer material was performed by Alouani et al. [59]. This study determined the impact of parameters such as temperature, pH, dye concentration and contact time on the adsorption process. Research showed that the maximum adsorption efficiency was observed in the alkaline environment, wherein no significant effect of temperature conditions was observed [59]. Pimtaksa et al. [60] developed geopolymer–zeolite composites containing titanium dioxide and investigated the methylene blue adsorption capacity of these materials as well as their photocatalytic efficiency. It was reported that the dye adsorption capacity of composites doped with 40 wt.% TiO2 was 99.1%. Importantly, the composites also showed very good stability and high porosity [60]. Studies on the effectiveness of geopolymers in removing methylene blue from wastewater were also performed by Li et al. [61]. Here, physicochemical and adsorption properties of solid-waste-based geopolymer subjected to an acid treatment were analyzed. It was concluded that the developed materials demonstrated high porosity, excellent specific surface area and high removal efficiency, even after 10 regenerations [61]. The ability of geopolymer-based adsorbents to remove methylene blue from wastewater was also verified by Shikuku et al. [62], Papa et al. [63] and Novais et al. [64]. In the course of various studies, geopolymer materials have also been defined as effective adsorbents of dyes such as methyl orange dye [65], reactive red 195 dye [66], Rhodamine B and Congo red [67]. An approach based on the immobilization of organic dyes, including methylene blue, Congo red and acid blue by metakaolin-based geopolymers was investigated by Abdullah Al-Mashaqbeh et al. [67]. In their research, the geopolymerization process was performed in the presence of the mentioned organic dyes so as to immobilize them within the geopolymer matrix. Further studies involved the use of various leaching solutions (with various pH and ionic strengths) to verify the effectiveness of the immobilization [68]. Interesting approaches concerning the application of geopolymers in wastewater purification were presented by Luhar et al. [69]. In their paper, the application of geopolymers as pressure-driven membranes, filtration media and even pH-buffering agents was widely discussed [69].



Geopolymers are distinguishable by a number of desirable properties that make them promising for water purification. Their chemical stability and porosity make them effective adsorbents for various chemical compounds, including heavy metals, dyes and other pollutants. The large surface area available for interaction with pollutants enhances their effectiveness in adsorption processes. In addition, geopolymers exhibit the ability to release active substances in a controlled manner, which is crucial when treating wastewater for various pollutants. Their mechanical stability and ability to maintain their structure after repeated regeneration processes further emphasize their durability and cost effectiveness in long-term use. Combined with their potential for use as pressure-driven membranes and pH buffers, geopolymers have shown their versatility, making them a promising material in the field of water treatment.




4. Geopolymers in the Energy Industry


4.1. Role in the Development of Fire-Resistant Materials


Geopolymer materials demonstrate excellent heat resistance when exposed to elevated temperatures [70,71]. These materials possess inherent fire-resistant properties due to their inorganic structure, which distinguishes them from organic polymers. They do not combust, produce toxic substances or smoke when exposed to fire. Hence, they could be used in the fabrication of fire-resistant materials [72].



A study on the use of geopolymers for this purpose was performed by Galiano et al. [73]. In this work, investigations on the fabrication of fly-ash-based geopolymers for application as panels showing fire resistance were described. One of the analyzed variables was the type of alkaline activator used during the geopolymerization process. Hence, one series of geopolymers was obtained using sodium silicate, while the other used potassium silicate, and the studies aimed at verifying the impact of the type of activator used on the physicochemical properties of the final materials. It was demonstrated that regardless of the activator used, the geopolymers showed similar insulation characteristics in the panels. However, geopolymers obtained using sodium silicate exhibited better mechanical properties than samples prepared using potassium silicate. Importantly, all investigated geopolymer panels underwent the Dutch standard leaching test NEN 7345 [74], and it was demonstrated that the type of alkaline activator had no influence on the leachability of the tested panels [73]. In another work authored by Zhang et al. [75], mechanical investigations on geopolymers based on fly ash and metakaolin were presented. Experiments were performed on samples both at room temperature and after exposure to elevated temperature. The main objective of the research was to select an adequate proportion of fly ash and metakaolin to achieve the sample with the most favorable properties. It was demonstrated that the materials obtained with 50% fly ash and 50% metakaolin showed the optimum compressive and bending strength both at room temperature and after exposure to elevated temperatures (100, 300, 500, 700 and 800 °C). Moreover, it was concluded that the developed geopolymer materials showed mechanical properties comparable to the properties of Portland cement samples at all tested temperatures [75].



It has been reported in many studies that adequate modification of the geopolymer matrix may enhance its heat resistance. For example, it was demonstrated that the addition of chopped carbon fibers (2 wt.%) into a geopolymer matrix consisting of 50% metakaolin and 50% fly ash enhanced the bending properties of geopolymers previously exposed to high temperatures [76]. The enhancement of the fire resistance of geopolymer materials incorporated with fibers of various origins (including carbon, micro-steel and hooked steel) was also widely discussed by Alzeebaree et al. [77]. It has also been reported that the incorporation of select fillers, including alumina [78] and wollastonite [79], into geopolymers may also improve their fire resistance.



In turn, Sakkas et al. investigated the thermal, mechanical and physical properties of geopolymers based on SiO2-doped metakaolin, and the results obtained were compared to the results achieved for commercial materials showing fire resistance. The materials were exposed to fire, and the study was performed in line with the EFNARC guidelines for analysis of passive fire protection for materials such as tunnel linings. In the course of the performed research, it was demonstrated that the developed materials showed excellent fire resistance and so may be useful as effective fire-resistant barriers [80].



The composition of the reagents used during the geopolymerization process as well as their properties also affect the thermal properties of the final geopolymers. For example, Abbass et al. indicated that a high content of alumina in metakaolin enhanced the heat resistance of geopolymer materials. Moreover, it was also demonstrated that the higher the fineness of the metakaolin, the better the thermal properties of the geopolymer [81].



Le et al. [82] proved the impact of basalt fibers on the heat resistance of geopolymer-based materials. It was reported that the samples with a high content of these additives demonstrated very high mechanical stability, even after exposure to high temperatures. The flexural and compressive strength of basalt fiber-containing geopolymers showed the highest values at 1200 °C. It was stated that the developed materials demonstrated a slight change from an amorphous phase to a crystalline one after exposure to high temperatures, which resulted in improving their mechanical properties [82]. Similar conclusions were made by Aziz et al. [83], who reported that the compressive strength of the geopolymers increased after exposure to high temperature due to phase transformation and densification [83]. These changes in geopolymers’ properties caused by high temperatures make these materials more favorable for application in the construction industry than concrete-based materials [72,84].



Below, a scheme illustrating the significance of geopolymers in the fire-resistant materials industry is shown in Figure 1.



In summary, we can say that geopolymer materials possess exceptional heat resistance and inherent fire-resistant properties due to their inorganic structure, setting them apart from organic polymers. Various studies have explored their potential for fire-resistant applications, considering factors like alkaline activators and material modifications to enhance heat resistance.




4.2. Thermal Insulation


Thermal insulation may be defined as the reduction of thermal energy transfer between materials having different temperatures. It has been reported that thermal resistance reduces heat flow out of and into the material [85]. Due to their thermal properties, i.e., thermal conductivity and thermal diffusivity, geopolymer materials are widely discussed for thermal insulation applications, wherein particular attention is paid to geopolymer foams. For example, Zhang et al. [86] conducted studies on fly ash substituted partially with granulated blast furnace slag-based porous geopolymer materials. Their investigations verified the mechanical and thermal properties of geopolymers and determined their acoustic adsorption. It was reported that due to their relatively low thermal conductivity and diffusivity, the developed materials showed application potential for use as thermal insulation materials [86].



In another work, the potential of highly porous geopolymers (foams) for thermal insulation was investigated by Soe et al. [87]. Two series of porous geopolymers based on bottom ash were prepared using sodium lauryl ether sulfate (SLES) and aluminum powder as foaming agents. It was demonstrated that the materials obtained using SLES (5 wt.%) were characterized by high compressive strength and, importantly, approximately 70% lower thermal conductivity than a commercial clay brick. Hence, it was concluded that the developed geopolymers showed potential for application as thermal insulation construction materials [87]. An interesting concept was described by Ahmed et al. [88]. In their research, they used alumina waste and ferrosilicon slag to fabricate porous geopolymer bricks for thermal insulation. Hydrogen peroxide was applied as a foaming agent. The measured low conductivity of the fabricated materials indicated that they may be considered for thermal insulation applications. Moreover, it was demonstrated that the content of the foaming agent affected the microstructure of the geopolymers, which is important in terms of their thermal properties [88].



Bai et al. [89] fabricated metakaolin-based geopolymer materials (foams) via a gel casting method using hydrogen peroxide and Tween 80 as a foaming agent and surfactant, respectively. The low values of thermal conductivity for the obtained geopolymers, which were within the range of approximately 0.091 W/mK to 0.289 W/mK, indicated the application potential of the tested materials for thermal insulation [89]. Similarly low values for this parameter were reported by Bariş et al. [90]. Here, geopolymer materials obtained using volcanic tuff (an aluminosilicate source) and fine sand were also investigated in terms of their application for thermal insulation, and the results of the performed experiments confirmed their potential within this field [90]. In turn, Łach et al. [91] demonstrated that fly-ash-based geopolymer materials showing low thermal conductivity (>1.0 W/mK) were adequate for thermal insulation applications [91]. An interesting solution was proposed by Shahedan et al. [92]. Here, a glass bubble was employed as a fly ash replacement to improve the thermal and mechanical properties of geopolymers. It was reported that the higher the content of the glass bubble, the lower the values of thermal conductivity and thermal diffusivity of the tested materials. Hence, it was concluded that materials with glass bubbles showed high potential for thermal insulation applications [92]. In turn, Rashad et al. [93] analyzed geopolymers enhanced with expanded perlite and proved that this additive improved the thermal properties of the materials [93].




4.3. Further Possible Applications in the Energy Industry


An additional area in which the properties of geopolymer materials may be useful is their application potential for energy storage [23]. For example, Fang et al. [94] developed geopolymer aggregates as carriers of phase change (PC) materials. It was demonstrated that geopolymers may be incorporated even with approximately 16 wt.% of these materials. Importantly, the prepared system showed high mechanical strength and low thermal conductivity. Moreover, it was also reported that the materials obtained enabled thermal regulation; hence, they may be considered for the development of construction structures with energy-saving and temperature-regulating properties [94]. A similar application of geopolymers was also discussed by Zhang et al. [95]. Here, studies on hierarchically porous geopolymers based on kaolinite were presented, wherein the material was additionally modified with poly(ethylene glycol) (with a molecular weight of 4000 g/mol). The performed studies proved the high porosity and resulting high specific area of the developed PM carrier. Next, it was also concluded that the obtained materials exhibited excellent thermal properties, including low thermal conductivity as well as a high loading rate and high latent heat, which are particularly important in terms of energy storage applications [95].



The findings presented in other papers clearly indicate that geopolymers based on waste materials such as black slag and fly ash have shown excellent heat capacity, which is important in terms of their potential applications for thermal purposes. Furthermore, it was calculated that the developed systems are more cost-effective (up to 35% cheaper) than the two-tank systems based on molten salt applied so far [96]. In another article, it was established that geopolymers constitute adequate materials for encapsulation of selected molten chlorides; thus, phase change materials play an important role in thermal energy storage systems [97]. Yang et al. [98] proposed a geopolymer-based membrane forming a difunctional supercapacitor. This system also consisted of a pseudocapacitive electrode and an electrolyte (Na2SO4 solution). The porous structure of the geopolymer matrix enabled ion movement within the supercapacitor. It was demonstrated that the developed material exhibited high specific capacitance, thus showing a potential for application as a device for energy storage [98]. In another work [99], studies on geopolymer-based concrete were presented. As a result of the performed experiments, it was clearly reported that the thermal storage capacity (TSC) of this concrete can even be 3.5 times higher than the TSC of concretes based on ordinary Portland (OP) cements [99]. Rahjoo et al. also demonstrated that due to their thermal properties, including high thermal diffusivity and thermal energy storage capacity, geopolymer-based concretes may be an interesting alternative to OP cement-based concretes [100].



Below, a summary scheme presents the conclusions regarding the application of geopolymers in the energy industry (Figure 2).



Currently, many studies are being performed to determine the potential of geopolymers in the energy industry, including their usability in geothermal energy applications [101], energy conversion [102] and carbon capture and storage [103].



To conclude, geopolymers in the energy industry show exceptional heat resistance, making them a promising material for developing refractory products. Due to their inorganic structure, geopolymers are fire resistant, emitting no toxic substances or smoke when exposed to fire. Studies on the use of geopolymers in the production of refractory materials have confirmed their effectiveness. Modifications to the geopolymer matrix, such as the addition of carbon fibers or other fillers to increase the mechanical properties and high-temperature strength, have also been widely discussed. Geopolymers, due to their thermal properties, are also being considered as effective materials for thermal insulation, especially in the form of foams. Research into their use as thermal insulation materials confirms their potential to reduce thermal conductivity, making them an attractive choice in the energy industry. In addition, the potential of geopolymers as energy storage materials is also being explored, opening up new prospects for their use in the energy field.





5. Geopolymer Applications in Microbial Protection


In recent years, the potential application of geopolymer materials for fabrication of systems showing antimicrobial properties has been observed [104,105]. The antimicrobial activity of geopolymer-based materials was investigated by Rondinella et al. Here, a metakaolin-based geopolymer was used to form a multilayer coating on a prosthetic device made of a Ti6Al4V alloy. The developed coating showed antibacterial activity by limiting bacterial growth [106]. In turn, Hashimoto et al. [107] verified the antimicrobial activity of metakaolin-based geopolymers immersed for 24 h in a copper chloride solution. The performed studies confirmed the antifungal properties of the obtained materials, which limited the growth of oyster mushrooms in a tested medium [107].



Importantly, Růžek et al. [108] clearly indicated that incorporation of various additives like inorganic metal particles (nano- or microparticles), inorganic metal ions or selected organic agents may enhance a geopolymer-based coating with antimicrobial activity [98]. For example, Armayani and Pratama [109] developed a geopolymer composite incorporated with silver nanoparticles. In the course of ongoing research, they demonstrated that the obtained material restrained bacterial growth and, importantly, also showed high heat resistance [109]. Nanosilver as a component of geopolymers showing antibacterial activity was also employed by Lira et al. [110]. During their research, geopolymer spheres based on calcined waste pen shells and coal fly ash were prepared and subsequently coated with amoxicillin and silver nanoparticles. It was demonstrated that the developed materials showed strong antibacterial properties towards Escherichia coli [110]. In turn, geopolymers based on fly ash and calcined shells and additionally coated with silver nanoparticles were investigated by Cerna et al. [111]. Research presented in this work also confirmed the antibacterial activity of the developed materials towards E. coli [111]. Gutiérrez et al. [102] presented geopolymer materials (mortars) containing such additives as copper oxide and titanium oxide nanoparticles as well as glass waste. Here, the antibacterial properties of the obtained geopolymer mortars against bacterial strains such as E. coli, P. aeruginosa and S. aureus were demonstrated [112].



Geopolymers, gaining recognition in the context of protection against microorganisms, exhibit unique properties that increase their attractiveness compared to other materials. Their ability to be modified through additives, such as silver nanoparticles or other antimicrobial substances, allows geopolymers to be tailored to specific needs. They also show the ability to maintain antimicrobial properties under high temperature conditions, making them promising in areas where both protection from microorganisms and thermal resistance are crucial.




6. Geopolymers as Anticorrosive Solutions in Industry


Over the past few years, there has been a surge of investigations dedicated to exploring the potential of geopolymers in the development of corrosion-resistant materials. For example, Zhang et al. [113] performed studies on metakaolin-based geopolymers incorporated with granulated blast furnace slag to determine their potential as anticorrosive coatings for concrete protection in the marine environment. They verified several parameters of the developed materials, including their permeability, setting times and the volume stability. It was reported that the geopolymer coatings showed very good anticorrosive properties. Importantly, it was also concluded that the average bond strength between the cement paste and geopolymer coating was over 1.5 MPa [113]. Jiang et al. [114] clearly emphasized the high application potential of geopolymer coatings. This is due to the numerous advantages of these materials, including their life cycle sustainability, environmental compatibility and long-term performance [114]. In turn, Aguirre-Guerrero et al. [115] investigated the effectiveness of coatings based on geopolymers obtained using metakaolin and alkaline-activated fly ash. Here, it was demonstrated that the developed coating materials showed excellent anticorrosive properties, thus prolonging the functionality of such coated concretes in marine environments [115]. In the research by Zhang et al. [116], it was concluded that the microstructure of developed geopolymer coatings significantly reduced the penetration of seawater within concretes with such coatings [116]. In turn, Yang et al. [117] obtained geopolymer coatings containing reduced graphene oxide (rGO) and tested developed systems in terms of their anticorrosive properties using a 3.5% solution of NaCl. It was demonstrated that rGO-containing geopolymer materials showed increased corrosion resistance in the tested medium compared to the resistance of bare carbon steel [117]. In another work presented by Tomar et al. [118], studies on geopolymers based on fly ash and red mud were described. Next, the spray technique was applied to coat mild steel using the developed geopolymers. The experimental part included various investigations, with the most important one verifying the corrosion resistance of the geopolymer-coated steel by means of the accelerated salt fog test performed in line with appropriate standards. Based on the performed tests, it was concluded that the geopolymer-based coating provided excellent anticorrosive properties [118]. An analysis of geopolymer-based coatings in terms of their corrosion resistance was also carried out by Gupta et al. [119]. During these investigations, class F fly-ash-based geopolymer coatings were subjected to static salt (3.5% NaCl solution) and water immersion tests for 90 days. Importantly, the weight of the coatings as well as their adhesion strength were investigated both before and after immersion (every 15 days). Additionally, an accelerated salt test was also conducted. The performed studies confirmed that the formulated coatings upheld the point load (up to 5 kg) and demonstrated appropriate salt and water resistance (up to 3 months) [119].



Tomar et al. [120] conducted research on the application of geopolymer materials for corrosion protection. They developed innovative anticorrosive microcoatings based on a geopolymer with the addition of TiO2, aiming to effectively inhibit the oxidation of low-carbon steel in challenging environmental conditions. The studies suggest that these microcoatings can serve as effective corrosion protection in aggressive environments. Zainal et al. [121] investigated the use of geopolymers for corrosion protection, confirming the effectiveness of geopolymers in forming durable protective layers on the surface of carbon steel. Morphological analysis, open circuit potential (OCP) and adhesive strength tests indicated that the geopolymer anticorrosive layer develops over time, improving its properties. This suggests that geopolymers could be a promising material in corrosion protection, offering durability and effective protection for steel in corrosive conditions. Additionally, Morla et al. [122] conducted research on the corrosion resistance of fly ash and bottom ash-based geopolymer concrete. The results demonstrated that geopolymer concrete produced using these ash materials exhibited anticorrosive properties. These studies suggested that geopolymer concrete could be an effective alternative in terms of corrosion resistance and potentially significant for the durability of building structures. In their article [123], Omel et al. proved that the use of geopolymers in concrete pipes significantly improved the corrosion resistance of these structures in aggressive environments due to lower concentrations of corroding substances, higher density and better material hardening compared to traditional cement. Furthermore, experiments showed that geopolymers have significant benefits in terms of corrosion resistance compared to Portland-cement-based concrete, making them a promising material for water and sewage infrastructure applications. Additionally, in their article [124], Sobhan et al. demonstrated that fly-ash-based geopolymer structural concrete (GPC), with or without fibers, exhibits corrosion resistance in a marine environment. The study involved using an electrochemical method to induce accelerated corrosion. Samples of a beam with polyethylene fibers in amounts of 0.1%, 0.3% and 0.5% by volume were subjected to artificial corrosion, allowing for a faster and measurable assessment of corrosion resistance. As a result of the analysis, fiber-reinforced GPC beams (0.1–0.5%) showed a 24% reduction in crack scores and a 109% increase in residual flexural load capacity compared to unreinforced corroded GPC beams. These results indicate the promising application of fiber-reinforced geopolymer concrete as a durable structural material in a marine environment [124].



Thus, to summarize, studies on the use of geopolymers as anticorrosion materials are attracting attention because of their potential in this field. Recent work has focused on developing effective anticorrosion coatings based on geopolymers. For example, research on geopolymers containing graphene oxide (rGO) has shown improved corrosion resistance compared to traditional steels in a brine environment. Other experiments have confirmed the excellent durability of geopolymer coatings on metal, suggesting their promising application in corrosion protection. Therefore, it can be concluded that the performed experiments open up new possibilities for future applications of geopolymers in the field of anticorrosion material technology.




7. Summary


7.1. Conclusions


	
Geopolymer materials, initially investigated mainly for the construction industry, have shown wide application potential in fields such as medicine, environmental protection and the energy industry. Importantly, they play an important role in the design of materials with antimicrobial and anticorrosive properties.



	
Geopolymers are gaining attention in medicine due to their excellent mechanical properties, controlled porosity and biocompatibility. In the field of drug delivery, their strength allows for the formation of safe release systems for active substances, especially opioids. In bone regeneration and dental implantology, geopolymers show the ability to promote bone tissue formation.



	
Geopolymers may be applicable for the removal of a variety of contaminants, including heavy metals, dyes, pharmaceuticals and surfactants from wastewater. Their chemical stability, porosity and large surface area make these materials a versatile tool for effective removal of contaminants through adsorption processes, making them a promising material in the field of water purification.



	
Geopolymers show excellent resistance to high temperatures, which makes them promising for the fabrication of fire-resistant materials. Improving the high-temperature resistance of geopolymers, while improving their mechanical properties, may be achieved by introducing modifiers such as carbon fibers into the geopolymer matrix. Geopolymers, due to their thermal properties, are also being considered as effective materials for thermal insulation. Research into their use as insulation materials confirms their potential to reduce thermal conductivity, making them an attractive choice in the energy industry. Moreover, studies on the potential of geopolymers as energy storage materials are opening up new prospects for their use in the energy field.



	
Geopolymers are gaining recognition in terms of protection against microorganisms. The possibility of incorporating additives such as silver nanoparticles or other antimicrobial substances into the geopolymer matrix allows geopolymers to be tailored to specific applications. In addition, they demonstrate the capability of maintaining antimicrobial activity even at high temperatures, which makes them useful in fields where protection against various microorganisms while maintaining heat resilience is critical.



	
Geopolymers, as anticorrosion materials, are gaining the attention of researchers. Current studies are focusing on developing effective anticorrosion coatings based on geopolymers. Moreover, other experiments have confirmed the excellent durability of geopolymer coatings on metal, suggesting their promising application in corrosion protection.







7.2. Future Directions and Limitations


The evolution of geopolymers, from building materials to versatile tools for many industries, including medicine and pharmacology, reflects their transformative potential. As research advances, the scope of their capabilities continues to expand, offering innovative solutions to pressing global challenges. In short, discovering the undeveloped potential of geopolymers is a promising prospect for both the scientific and industrial communities.



Looking ahead, several key areas deserve attention for further research and development:



	
Sustainable Geopolymer Production:






Efforts should be directed toward increasing the sustainability of geopolymer production processes. Investigating alternative raw materials, optimizing energy consumption and exploring eco-friendly curing methods can contribute to the overall environmental friendliness of geopolymers, in line with the growing demand for sustainable practices in various industries.



	
Adapting Geopolymers to Specific Applications:






Customizing geopolymers for specific applications through additives or modifiers is a fascinating field. Fine-tuning the composition of geopolymers to solve unique challenges in a variety of fields, such as drug delivery systems, specialized water purification processes or application-specific anticorrosion coatings, can open up new possibilities for their use.



	
Advances in Nanotechnology:






Further research into nanotechnology within geopolymers could yield breakthrough results. The introduction of advanced nanoparticles, nanotubes or nanofibers could enhance the mechanical, thermal and antimicrobial properties of geopolymers, pushing the limits of their performance in various applications.



	
Biomedical Applications and Drug Delivery Systems:






In the biomedical field, there is a need for in-depth research focusing on the long-term biocompatibility and safety of geopolymers. Investigating their potential in sustained-release drug delivery systems, tissue engineering and other biomedical applications will be key to expanding their role in improving medical technologies.



	
Standardization and Regulation:






As geopolymers find applications in various sectors, it will be important to establish standardized testing and regulation methods. This will ensure that geopolymers are consistent and reliable across applications, strengthening confidence among researchers, industrialists and regulators.



	
Life Cycle Assessment:






Conducting a comprehensive life cycle assessment of geopolymers can provide information on their overall environmental impact. Understanding factors such as recyclability, durability and end-of-life issues will be key to establishing geopolymers as sustainable alternatives in the long run.



Despite the tremendous future potential for geopolymers, it is important to consider their potential limitations and challenges. These may include issues related to scalability, cost effectiveness and the need for widespread acceptance across industries. Confronting these challenges will be key to uncovering the full potential of geopolymers and ensuring their seamless integration into a variety of applications.
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Figure 1. A schematic diagram describing the role of geopolymers in the fire-resistant materials industry [70,71,72,73,75,76,77,78,79,80,81,82,83,84]. 
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Figure 2. A schematic diagram describing the role of geopolymers in the energy industry. 
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Table 1. Table summarizing the application of geopolymer materials in biomedical areas [25,30,31,32,33,34,35,36,37,38,39,40].
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Application of Geopolymers in Biomedical Areas






	
Drug delivery systems

	
Excellent mechanical properties

	
Geopolymers show promise in extended drug release systems, especially for opioids, due to heat resistance and high compressive strength.

Geopolymers are more resistant to tampering than traditional drug formulations, requiring increased effort for manipulation.

Geopolymers facilitate controlled drug release, potentially reducing opioid abuse.

Experiments on the geopolymer matrix reveal a correlation between mesoporosity and drug release kinetics.

Geopolymers’ effectiveness as drug carriers depends on optimal component ratios for porosity and compressive strength.




	
Controlled drug release




	
Bone regeneration

	
Development of porous geopolymers as bone substitutes

	
Metakaolin geopolymers are biocompatible, promoting dense trabecular bone formation.

Geopolymers with hydroxyapatite were tested for safety, showing favorable properties for mesenchymal stem cells.

Porosity studies of bone regeneration scaffolds focused on optimal component ratios (M/AA) during geopolymerization.

An M/AA ratio of 1:1.0 generates a porous geopolymer matrix resembling human cancellous bone, indicating potential as a tissue regeneration substitute.




	
Biocompatibility and bioactivity




	
Dental implantology

	
Use of geopolymers in dental restorative materials

	
Study on metakaolin geopolymers promoting non-cytotoxic bone regeneration.

Investigation of metakaolin geopolymers with optimal mechanical properties for dental implants.

Study on geopolymer–carbonate apatite nanocomposites and early bone healing.

Geopolymers promising in extended drug release systems, particularly in opioid safety, due to resistance to manipulation and controlled release of active substances.




	
Mechanical properties and biocompatibility
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Energy Storage: Geopolymers serve as promising
carriers for phase change materials, offering high
strength and low thermal conductivity for energy-
efficient constructionstructures.

Porous Geopolymers: Modified geopolymers
exhibit high porosity and exceptional thermal
properties, making them suitable for energy storage
applications.

Waste-Derived Geopolymers: Geopolymers from
waste materials show excellent heat capacity, cost-
effectiveness, and suitability for thermal energy
storage systems.

Refractory Applications: Geopolymers demonstrate
exceptional heat resistance, making them valuable
for refractory productsin the energeticindustry.

Versatile Applications: Ongoing research explores
diverse applications, including thermal insulation
and contributions to geothermal energy, energy
conversion, and carbon capture and storage.
Geopolymers show promise as versatile solutions in
the energeticsector.
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High-Temperature Resistance:

*Geopolymers exhibit excellent resistance to high temperatures.

eThey possess inherent fire-resistant properties due to their inorganic structure, distinguishing
them from organic polymers.

*They do not combust, produce toxic substances, or emit smoke when exposed to fire.
Studies on Fire-Resistant Materials:

eGaliano et al. conducted research on fly ash-based geopolymers for use as fire-resistant panels.

eDitferent alkaline activators (sodium silicate, potassium silicate) had no impact on the
insulation characteristics, but those with sodium silicate exhibited better mechanical properties.

eZhang et al. presented mechanical research on geopolymers based on fly ash and metakaolin,
demonstrating comparable mechanical properties to Portland cement in various temperatures.

Enhancing Fire Resistance:

eDiscussions on enhancing the fire resistance of geopolymers through the addition of various
fibers, such as carbon, micro-steel, or hooked steel fibers.

eThe addition of selected fillers, such as alumina or wollastonite, can also improve the fire
resistance of geopolymers.

Chemical Composition Studies:

eSakkas et al. conducted studies on the thermal, mechanical, and physical properties ot
geopolymers based on SiO2-doped metakaolin, demonstrating excellent fire resistance for
potential use as fire-resistant barriers.

eThe composition of reagents and their properties intfluence the t