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Abstract

:

The discovery of an innovative category of inorganic geopolymer composites has generated extensive scientific attention and the kaleidoscopic development of their applications. The escalating concerns over global warming owing to emissions of carbon dioxide (CO2), a primary greenhouse gas, from the ordinary Portland cement industry, may hopefully be mitigated by the development of geopolymer construction composites with a lower carbon footprint. The current manuscript comprehensively reviews the rheological, strength and durability properties of geopolymer composites, along with shedding light on their recent key advancements viz., micro-structures, state-of-the-art applications such as the immobilization of toxic or radioactive wastes, digital geopolymer concrete, 3D-printed fly ash-based geopolymers, hot-pressed and foam geopolymers, etc. They have a crystal-clear role to play in offering a sustainable prospect to the construction industry, as part of the accessible toolkit of building materials—binders, cements, mortars, concretes, etc. Consequently, the present scientometric review manuscript is grist for the mill and aims to contribute as a single key note document assessing exhaustive research findings for establishing the viability of fly ash-based geopolymer composites as the most promising, durable, sustainable, affordable, user and eco-benevolent building materials for the future.
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1. Introduction


A burgeoning world population and the titanic development of global infrastructures have generated an exigency for colossal quantities of construction materials across the planet. For these reasons, the manufacturing of concrete is estimated to reach greater than one ton per annum per head [1]. This escalating demand for concrete, in turn, has resulted in an energetic demand for ordinary Portland cement (OPC), a primary binder of the concrete. Disappointingly, the existing course of action for the production of OPC is not merely a costly, user-hostile and energy-intensive process of looking for calcinations, but it is also not an eco-benevolent one, since it emits embodied CO2 (carbon dioxide), a primary greenhouse gas (GHG), into the atmosphere, which is liberated from the decomposition of fossil fuels and limestones—the chief raw material of OPC [2,3]. Unfortunately, 1 ton of OPC production emits an almost equal quantity of CO2 into the environment [4]. In simple statistics, “more is the production of OPC, more will be the emissions of CO2, and at the same time, more will be the degradation of confined natural resources” [5,6,7,8]. By and large, CO2 emissions alone are answerable for 65% of global warming, out of which OPC production is single-handedly accountable for roughly 6% of the total emissions of carbon dioxide [9]. This has created a great dilemma for environmentalists and a red signal to the breathing communities on the earth [10].



All these negative impacts have twisted the arms of researchers, concrete technologists and scientists to search for alternate materials for construction, which must certainly be user and eco-benign, durable, sustainable, affordable, essentially cost-effective, and can lend a helping hand in the saving of limited natural resources [11,12,13,14]. These are the root causes of the attraction by many researchers towards innovative geopolymer technology and geopolymer composites such as GP-cements, GP-pastes, GP-mortars, GP-concrete, etc. Geopolymers can be synthesized using low energy, a lower temperature, by expending low cost and by utilizing diverse profuse wastes as either precursors or supplementary cementitious materials (SCM), offering a solution to the systematic disposal of materials such as fly ash, metakaolin, ground granulated blast furnace slag, etc. Of these, FA is the key solid waste generated as a by-product from coal-firing power plants, for which thermal electricity stations seek ways in which to dispose it in an economical and environmentally beneficial way, along with CO2 sequestration [15,16]. A deeper understanding of the physical–chemical and mechanical properties of the fly ash is, therefore, essential for its review in both natural and modified forms.



Geopolymer is a novel production of inorganic alumino-silicate polymer with a network structure that is similar to zeolite in three-dimensional (3D) form, which comprises an Al and Si tetrahedral network and can be produced through the process of geopolymerization. This means the activation of either material, geological or industrial origin in the form of by-products, as a precursor that is rich in alumina and silica [17,18,19,20,21]—such as fly ash with alkali activators, most commonly, silicate, carbonate and hydroxide of sodium, etc. [22,23]. Globally, researchers are inclined towards this novel technology on account of its key benefits such as the simple process of production with lower energy consumption, and the efficient use of industrial and other diverse wastes [24,25,26]. Consequently, geopolymer is known for the mitigation of CO2 emissions and its brilliant engineering properties viz., resistance to sulphate [27,28,29,30,31] and acid attacks [30,31,32,33,34]; excellent freeze–thaw cycle [35]; resistance to chloride penetration [27,36,37], etc. These properties will establish it as a potential substitute of OPC. By and large, the display of geopolymer performances is found to be analogous or sometimes even better than OPC properties [38,39,40,41,42,43,44], on account of their dissimilar products of hydration and microstructure [41,42,43]. Activator dosages and curing conditions, along with the kind and attribute of raw material, have a momentous influence on the microstructure and hydration attributes of geopolymers, making the study of them thornier. Firstly, well-known past researchers of concrete [44,45,46,47,48,49,50] have summarized the achievement of research in the context of investigating geopolymeric cement, as well as geopolymer concrete, prior to 2005 quite methodically. The past couples of decades have witnessed scores of scientific advancements in the technology of geopolymer, and insights into the fly ash-based geopolymer performance. The rapidly developing knowledge of this innovative technology has, in turn, resulted in several amendments of methods to noteworthily enhance the performances and manufacturing of the geopolymer that is based on fly ash. The wide-ranging application of fly ash-based geopolymer in the construction and infrastructure industries has proved to be assuring. Preceding studies have revealed that, in comparison to the conventional OPC, GP cement is a modern inorganic polymer with a low carbon footprint [45], fewer energy necessities, as well as the low consumption of resources [46,47]. Moreover, GP is a grouping of cement, ceramics and polymers, with the characteristics viz., early higher strength, superior resistance to acid, sulphates, fire, heat, ample raw material resources, a simple process of production, cost-effectiveness, etc. [51,52]. Over the past three decades, these brilliant attributes have made GP viable to be employed extensively as edifice materials, to immobilize nuclear wastes, for use in aerospace fields, as emergency mends, for resource utilization and for the protection of the environment, etc. [53,54,55]. Recently, emerged GP is viable to be employed extensively as edifice materials. Based on the research papers on GP; a summary of the assessment of the development of fly ash-based geopolymers; their benefits, properties, applications, and existing challenges in the pathway of these novel construction composites, etc., a scientometric review of them has endeavoured, besides essential future works, to promote them as acceptable building composites, providing a reference for the potential advance in research and utilization of this GP-material [56,57].



The current manuscript comprehensively reviews the fly ash-based geopolymers with respect to the most recent advancements and developments in these most attractive, innovative, low-carbon footprint geopolymer composites, with their rheological properties, setting behaviour, structural characterization, dimensional stability, durability, mineralogy, chemistry of geopolymerization, hardening mechanism, classification, structure and terminology; as well as their applications, advantages, opportunities, micro-structures, Si/Al ratios, constituents, conditions of curing, setting time, strength attributes of their compression, split tensile as well as flexural strength; and their durability properties, such as chloride ion resistance, sulphate, thermal, acid, efflorescence freeze–thaw, drying shrinkage, etc. All of the above, together with workability, flow ability water absorption, and significant characteristics such as the immobilization of toxic or radioactive wastes, etc.; micro-structures—namely, SEM images, XRD, EDS Spectrum, and FTIR, along with thermogravimetric analysis and mercury intrusion porosimetry (MIP), are reviewed and discussed. Not only this, but diverse scientific research on said composites (namely, digital geopolymer concrete and 3D-printed fly ash-based geopolymers with its reaction kinetics and compressive strength) has also been taken into account for the review. Moreover, inhibiting efflorescence development on fly ash geopolymers, hot-pressed and foam geopolymers, besides the acoustic attributes of fly ash-based geopolymers, has been assessed systematically. All the existing insights into these materials have been included to create a complete, state-of-the-art review in all respects, with greater focus on the most significant cutting-edge data that have been obtained in the recent past, since these are draw increasingly more attention as essential parts of the ‘toolkit’ of optional cementitious materials with eco-munificence. Not only this, the benefits of geopolymer technology and its up-to-date status are taken into consideration, and how more potential research can be employed to study their mechanical performance in much detail, in order to further expand production and explore new applications. The review is grist for the mill to establish the viability of geopolymer based on fly ash as a most promising, durable, sustainable, affordable, cost-effective, green, user and eco-benevolent composite. It extends not merely a systematic solution for the disposal of fly-ash wastes, meticulously protecting the environment, soils, and waters from pollution, but also for conserving confined natural resources. Fly ash-based geopolymers have a crystal-clear role to play in extending a sustainable prospect for global construction, as part of the accessible toolkit of binders, cements, mortars, concretes, etc.



Research Methodology


A comprehensive literature review was conducted to identify and appraise the allied available information on record, which are the pedagogic ideas and referenced examples of the fusion work. Recently, one of the rapidly expanding study disciplines in recent years has become a crucial sub-discipline of geopolymeric inorganic composites, polymers of inorganic origin, or revolutionary geopolymer technology. To comprehend in-depth the most recent and emerging drift of geopolymer as an edifice material, the keywords “geopolymer”, “fly ash based geopolymer”, “fly ash in geopolymer”, “alkali activated concrete” and “fly ash in concrete” were methodically recovered, using bibliographic databases of “Springer”, “Elsevier”, “Taylor and Francis”, “Wiley” and “Hindawi”, as well in the interest of congregating an absolute gathering of data. Furthermore, comprehensive data analysis and categorization were carried out based on a thorough understanding of titles, graphical abstracts, highlights, abstracts, keywords, entire texts, conclusions, and impressions. Several synthesis procedures were depicted in figures, graphs, and tables, which were used as references in the current study. The cited literature data represent a comprehensive description of the progress, portrayal, and application of fly ash by geopolymer composites. The present review text includes microstructural techniques such as XRD, SEM, FTIR, and NMR. The aforementioned methodologies are useful for a better understanding of the inherent linkages of structure, micro-, and pore-structures in geopolymer building composites.





2. Geopolymers


The innovative geopolymer technology contributes a novel, excellent, as well as green solution to the application of different wastes such as fly ash, GGBF Slag, meta-kaolin, fibres [58], volcanic ash [59], glass wastes [60,61], farming wastes [62] etc., avoiding its negative impact on the environment and ecosystem [58]. The materials that were employed for the formation of geopolymers were of geological origin, and the course of action was akin to the process of polymerization of organic compounds, validating its nomenclature. Consequently, geopolymers are the results of geochemistry or the geological synthesis of mineral polymers of rock-forming minerals with a geo-origin [53]. The referred to geo-synthetics are similar to natural rocks on compaction, i.e., they are formed in the course of a quite analogous synthesis, which is found to occur in nature for the formation of natural rocks.



In 1978, the French scientist, Joseph Davidovits, unearthed that alternative binders could be produced through the process of “Geopolymerization”. He invented a novel kind of inorganic alumina silicate oxide through this exothermic chemical process, among the hydroxide and silicate of alkalis under an extremely alkaline medium at a lower temperature, and just at atmospheric pressure. He termed this a “Geopolymer (GP)”. In other words, geopolymerization takes place through alkaline activation, i.e., dissolution at high pH under higher alkaline conditions and just by using atmospheric pressure, and at considerably low temperatures, from room temperature to slightly elevated temperatures—usually below 100 °C or 150 °C. Geopolymerization also occurs, significantly, with nine times fewer emissions of primary GHG gas—CO2 [63,64,65], consuming up to a 60% smaller quantity of energy in comparison with the present production method for OPC [66,67,68,69], making it approximately 10–30% cheaper than OPC. This exothermic polymeric chemical reaction or the alkali activation occurs between alkaline activators such as NaOH, KOH, Na2SiO3 or K2SiO3, and jointly or independently with alumina, plus silica-rich source material that originates from either geological origins (such as meta-kaolin, etc.) or industrial origins (such as fly ash, etc.) at a lower temperature and atmospheric pressure only.



Prof. Davidovits coined the resultant product as a geopolymer (GP)”, i.e., a mineral polymer that was achieved from the geochemistry or geo-synthesis of abundant rock-forming minerals, or wastes that were generated from industries analogous to natural rocks formations. Principally, GP is the alkaline activation product, along with a three-dimensional network structure of any aluminosilicates with an empirical form of Mn [-(SiO2)z-AlO2]n, wH2O, wherein “z” is the Si/Al molar ratio, which may be equal to 1, 2, 3 or maybe higher; “M” is monovalent alkali cation viz., potassium (K+) or Sodium (Na+); “n” is the degree of polymerization (“n” is a degree of polycondensation or polymerization, and the “-” symbol suggests the existence of a bond); and w is the content of water [70]. Significantly, this novel GP possesses the analogous binding performances, as in the case of OPC. This means, unlike OPC, high energy or elevated temperature reactions are no longer essential. The word “Geopolymer” implies their geological origin and the products of geopolymerization [53] can efficiently be thought of as synthetic rock. Fly ash is a by-product from the industry of thermal plants for electricity and is mainly found as a finely grained powder in the form of a residue from burning pulverized coals. These pulverized fuel ashes comprise the remnants of sands and clays, along with organic matters that are present in the parent coal with higher alumina and silica.



Consequently, geopolymer is a pozzolan that is found in profusion in the form of an industrial waste by-product. For these reasons, the production of fly ash appears to remain momentous and, accordingly, the economical and green-concept technology of fly ashes is highly desirable through their applications. Consequently, the application of fly ash in geopolymer production has attracted engineers and researchers, owing to its appropriateness and universal ubiquity as a redundant residue. Specifically, fly ash is more preferable to other precursors on account of its massive accessibility [71], reasonably lower down cost and higher reactivity, which is due to its finer particle size. In recent times, research on fly ash-based geopolymers has evolved to mitigate the carbon footprint of concrete, providing a simple way to dump a few of the several million tonnes of the fly ash that is generated universally every year, filling useful lands and creating not only health hazards, but also environmental crises.



2.1. Constituents of Geopolymers


Geopolymer production necessitates raw materials possessing plenty of silica and alumina content viz., fly ash, slag, kaolinite, clays, silica fume, spinel, andalusite, micas, rice husk ash, red mud, etc., as precursors. Commonly, alkali activators such as hydroxide and silicates of Na and K are also used for activation. It is a notorious fact that calcined precursors such as fly ash and slag demonstrate more enhanced compressive strength than non-calcined materials [53,72]. Barbosa et al. [73], and Xu and Deventer [74], accounted that calcined fly ash and non-calcined materials could be combined for the enhancement in their compressive strength, and for mitigating the reaction time. The potential use of fly ash to manufacture geopolymers was also identified by Van Jaarsveld et al. [75].




2.2. Mineralogy


Geopolymers are similar to feldspathoids and zeolites with respect to their mineralogical characteristics, and they are largely found in amorphous to semi-crystalline form with three-dimensional (3D) structures of silico-aluminate, i.e., a poly sialate (-Si-O-Al-O-)n and poly sialate siloxo (-Si-O-Al-O-Si-O-)n kind of chemical bonding that results from conditions of hydrothermal setting. “Sialate” is a short form of “Silicon-Oxo-Aluminate”, in accordance with Davidovits [53], and a glassy or an amorphous structure symbolizes their hardening at ambient temperatures. Despite their exceedingly smooth surfaces and glassy look with a semi-vitreous to vitreous lustre, geopolymers are competent enough to exhibit a hardness of 4 to 7 on the Mohs scale of hardness [53]. They are mostly found with a non-crystallised form, and this is the reason for the X-ray diffraction outcomes in a wide diffuse halo, as well as for the sharp shape peaks of diffraction [53,76]. This is also why XRD or FTIR spectroscopy alone is not proficient to investigate their structures. This ceramic sort of material not only reveals thermal stability, but also a precise mould capability, justifying its utilization to a great extent as an essential building material.




2.3. Chemistry of Geopolymerization, Hardening Mechanism, Classification, Structure and Terminology


Geopolymers are the novel, inorganic class of solid inorganic complex materials and a product of green chemistry through “Geopolymerization” [53,77]. Contrasting the OPC process of production, this exothermic progression liberates very little (about 90% less) CO2, providing evidence that it is an eco-benevolent yield. This simply means that nine times more manufacturing of geopolymer cement is feasible for the sake of the equal amount of of CO2 emissions in comparison with OPC production. Not only this, the reaction kinetics of geopolymerization are also possible, even starting at room temperature to up to 150 °C at only atmospheric pressure, as well as autoclaving pressure [78] in extremely alkaline conditions, confirming that geopolymers consume lower energy (yet again contradicting OPC production, whereby the restricted natural mineral coals are burnt to attain an elevated temperature for limestone calcinations). For this reason, highly energy intensive and higher temperature reactions are no longer necessary. It is known that geopolymerization necessitates reactive precursors with plenty of alumina and silica, as well as a higher concentration of the reagent activators—particularly, of the alkali hydroxide (OH2−) group [79]. In other words, it is a yield of a chemical reaction among alkali-polysialates and alumino-silicate in the presence of a highly alkaline medium, i.e., at an elevated pH. The attributes and structure of geopolymers are identical to ceramics and can polycondense at a temperature of less than 100 °C [80], akin to organic polymers. Geopolymers are “polymers,”; therefore, they can be rapidly polycondensed, transformed, and formed at lower temperatures (i.e., at 30 °C, for just a few hours, at 85 °C for only a few minutes, and with microwave ovens for only a few seconds). Accordingly, geopolymers are hard and weather-resistant mineral materials with enough capacity to resist elevated temperatures. They are utilized just like thermo-setting organic resins and are steady up to 1000 °C to 1200 °C, which is suggestive of their nature to resist high thermal and catastrophic fire conditions [80]. Geopolymerization produces the formation of a disordered alumino-silicate gel phase of alkali, which is called the geopolymer gel binder phase. In this phase, non-reacted solid particles of source materials can be found, and the structure of the gel pore encloses the water, which is used in mixing the precursors. In contrast, water does not become an integral component of a geopolymer binder’s chemical structure, as in the case of a calcium silicate hydrate (C-S-H) gel. Apart from the negative charge due to Al3+’s four-fold coordination in one or more of the bridging oxygen particles in every aluminium tetrahedron, the fundamental framework of the gel is closely connected to three 3D setups of the silicate and the aluminium tetrahedra, and balanced by cations of alkali metal that are provided by the activator solution. Geopolymer gel binder shows structural similarities with zeolites on an atomic scale to a nanoscale. This is occasionally extended to the point where the formulation of the nano-crystallites within the geopolymer gel becomes obvious, especially in the presence of abundant water, high temperature for synthesis and a lower Si to Al ratio [81]. The geopolymer structural analysis is simple, since it covers a mix of amorphous X-ray phases and is developed under corrosive reaction conditions that make an in situ analysis complicated. Joseph Davidovits coined three types of geopolymers based on their kinds of chemical bonding, which result from the conditions of a hydro-thermal setting [29,53,82,83,84,85]:




	I.

	
“Sialates” (-Si-O-Al-). This is a short form of the chemical title that is provided to “Silicon-Oxo-Aluminate”;




	II.

	
“Poly sialate” (-Si-O-Al-O-)n. This is a contraction of the chemical heading for “Silico-Aluminates”;




	III.

	
“Poly -sialate siloxo” (-Si-O-Al-O-Si-O-)n









The poly sialate has been categorized into three kinds—namely, poly(sialate) (-Si-O-Al-O-) or “PS”; poly(sialate-siloxo) (-Si-O-Al-O-Si-O-) or “PSS”; and poly(sialate-disiloxo) (-Si-O-Al-O-Si-O-Si-O-) or “PSDS”. Poly (sialates) are polymers of the chain and ring type Si4+ and Al3+, which show a discrepancy in shape from amorphous to semi-crystalline, with four co-ordinations with oxygen. One hardening mechanism among others encompasses the alumino-silicate oxides chemical reaction (Al3+ in four-fold coordination) [83,84,85].



Poly (sialates) can be symbolized chemically by employing a tetrahedral configuration with a form of empirics [86]:


Mn [-(SiO2)z-AlO2 ]n, wH2O,








wherein “z” is equal to 1, 2, 3 or maybe higher;



“M” is a cation monovalent viz., potassium (K+) or sodium (Na+);



“n” is a degree of polycondensation or polymerization; and



the “-” symbol suggests the existence of a bond.



The alumino-silicate set-up consists of AlO4 and SiO4 tetrahedral structure units that link with each other by sharing their oxygen atoms. The negative charge of “Al” is balanced by positive ions viz., Na+, Li+, K+, Ba2+, NH3+, Ca2+, and H3O+ [53,77,82].



A supposition is made that the fusions are carried out by the oligomers (dimer, trimer) that compose the specific unit 3D structures with macro-molecular edifices. While under acidic conditions, the alumino-silicates do not interreact or are disgraced, under alkaline conditions, they alter to form tremendously reactive silico-aluminates, which polycondense with each other to develop a 3D framework. It is possible that iron polycondensation, i.e., ortho-sialate and ortho(sialate siloxo), is caused by hypothetical monomers.



Currently, only the sodium-poly(sialate); potassium-poly(sialate); (sodium, potassium)-poly(sialate-siloxo); and potassium-poly(sialate-siloxo) are employed for geopolymers.



Precisely, the chemistry of geopolymerization forms geopolymers through alkali dissolution by the hydrolysis of dissolved units Al3+ and Si4+, with the resultant condensation of aluminium and silicate [87]. The complications of the referred reaction kinetics need a model compound to be used to make clear the mechanisms that are involved. An alkaline aluminium silicone gel—in which the aluminium and silicone ions are joined in a 3D tetrahedral gel frame, which is relatively resistant to water dissolution—constitutes the distinctive feature of a geopolymer [88,89].



Looking at the terminology of geopolymers, Davidovits introduced the ‘sialate’ classification to depict the structure of alumino-silicate [83]. The kind of link “Si-O-Al” was termed as a “Sialate” bonding, with “Si-O-Si” as a “Siloxo” bond. This provides a way of portraying the chemistry of geopolymers as per their ratio of Si to Al, with a ratio of 1.0 being a “Poly-Sialate”, while 2.0 is a “Poly-Sialate-Siloxo”, and 3.0 is a “Poly-Sialate-Disiloxo”.



Binder Amorphous Poly(Sialate-Siloxo) (-Si-O-Al-O-Si-O-)


The chemical precursor reaction for geopolymers such as aluminosilicate oxide (Al3+ in four-fold coordination) with polysilicates from polymer-produced Si-O-Al bonding is one of the hardening mechanisms. In order, the four-fold co-ordination of Al, commonly represented as (Si2O5, Al2O2)n should be highlighted for the particular, meticulous oxides of alumino-silicate, in place of (2SiO2, Al2O3).



A production of (Si2O5, Al2O2)n is made through:




	(i)

	
Aluminium–silicate hydroxide calcination (Si2O4, Al2(OH)4), or;




	(ii)

	
SiO and Al2O vapours condensation [90]:




	(a)

	
2(Si2O5, Al2(OH)4) → 2(Si2O5, Al2O2)n+ 4H2O;




	(b)

	
4SiO (vapor) + 2Al2O (vapor) + 4O2 → (Si2O5, Al2O2)n















Also, by forming:



2SiO + O2 → 2SiO2 (silica fume condensed form)



Al2O + O2 → Al2O3 (corundum product)



The exothermic process of geopolymerization can be schematized as follows:



It might be considered as the upshot of the poly-condensation of hypothetical monomers, including the ortho-sialate ions [90,91].



The synthesis is performed throughout oligomers (dimers, trimers) that represent the exact unit structures of the 3D macro-molecular formation.





2.4. Properties of Geopolymers


Geopolymers demonstrate excellent characteristics, such as high early strength; brilliant thermal stability at elevated temperatures [92,93]; little shrinkage; excellent resistance against freeze–thaw cycles, corrosion, fire, sulphate and acid attacks; autoclave curing, etc., proving them to be eye-catching alternatives to conventional concrete technology. Moreover, they offer a noteworthy cost-effectiveness of 10% to 30% in comparison to the cost of a traditional concrete system [94,95]. They are non-combustible and non-flammable, and that is why they exhibit exceptional resistance to fire and heat. Not only this, but the CO2 that is emitted per volume unit of geopolymer cement is roughly nine times lower than the OPC system, endorsing it as an eco-benign material. This simply means that developing countries can have nine times more cement for constructional developments for the same quantity of CO2 emissions [94]. Moreover, the enhanced polymerization augments the amorphous content and relatively escalates the fly ash-based GPC strength [68]. At a room temperature of only 20 °C, geopolymer cement toughened fast and provided a 20 MPa compressive strength after four hours, while testing as per the norm used hydraulic binder mortars, in accordance with Badami et al. [96]. The ultimate compressive strength 28 days later was found between 70 and 100 MPa [96]. As stated earlier, geopolymeric cement performs similarly to feldspathoids and zeolites [97]. This is why they are capable enough to immobilize even radioactive hazardous wastes into a matrix of geopolymer and perform as a binder to alter partially solid wastes to the adhesive solids. Zeolites are hydrated crystalline aluminosilicates [97]. Zeolites that are suitable for use can be either naturally occurring or synthesized. Natural zeolites that are preferred include, but are not limited to, analcime, chabazite, gmelinite, mordenite, natrolite, faujasite, phillipsite, sodalite, nepheline, scapolite, cancrinite, erionite, and clinoptilolite [97]. Feldspathoids are chemically and structurally similar to Zeolites, with open holes inside the aluminosilicate structure that are capable of containing alkali metals [97]. Feldspathoids are pozzolanic and have exchangeable alkali ions, making them comparable to zeolites. Examples of feldspathoids include, but are not limited to, nepheline and leucite [96,97]. Feldspathoids are chemically related to clay minerals. Zeolites, on the other hand, differ in their crystalline structure. Unlike many clays, which have a layered crystalline structure and are subject to shrinking and swelling as water is absorbed and removed between the layers, zeolites have a rigid, three-dimensional crystalline structure consisting of a network of interconnected tunnels and cages [97]. Although water flows freely through these holes, the zeolite structure stays stiff. Another interesting feature of this structure is that the pore and channel diameters are essentially consistent, allowing the crystal to function as a molecular filter [96,97].




2.5. Applications of Geopolymers


Geopolymers are useful in many industries such as automobiles, aerospace, non-ferrous foundries, metallurgy, plastic industries, and especially in civil construction engineering because of their sustainability under violent environmental conditions and the unique properties that they possess. Their applications include fixing carbon fabrics to the surface of structural concrete beams [98];the development of sewer pipeline products, railway sleepers, masonry units, and high performance fibre-reinforced laminates; building parts, together with chemical and fire-resistant coatings and wall panels [99,100], fire-resistant wood panels, high-tech resin systems, and insulated panels and walls; fibre-proof high-tech applications; interiors; decorative stone art; low-energy ceramic tiles; fireproof composites; infrastructure repair; foamed geopolymer panels for thermal insulation; thermal shock refraction and refractory items; and the manufacturing of geopolymer paste, mortar, cement and concrete, etc.



Davidovits categorises a variety of applications based on the silicon and aluminium atomic ratio of a low Si to Al atomic ratio of 1, 2, or 3, demonstrating a 3D network which is very stiff (whereas Si to Al atomic ratios beyond 15 designates a polymer nature).



Geopolymers are attractively useful as they exhibit properties of self-binding for concrete, improved durability, enhanced performance, cost-effectiveness [86], a mitigated negative impact on the environment, lower energy consumption, user and eco-friendliness, excellent resistance to fire, outstanding hardness, and toxic chemical, radioactive and industrial mining wastes immobilization, since their capacity to absorb water, like zeolites, shows a stability of up to 1000 to 1200 °C.



Geopolymer technology is more advanced in precast applications because of the relative simplicity of regulated requirements in handling delicate materials, as well as the controlled high-temperature curing environment, all of which are advantageous to geopolymers. As a result, geopolymer concrete was previously used to make railway sleepers and sewage pipes. Geopolymer concrete may be used to make structural elements such as columns, beams, and even tunnel segments. High durability and resilience to harsh environments, which are typical of geopolymer concrete, are highly required in the manufacturing of sewage pipes. Many soils are rich in corrosive acids. These acids are corroding concrete and steel members that are installed underground.



Geopolymer concrete, according to Dawczynski et al. [101], is an excellent alternative to Portland cement concrete, especially in situations where steel reinforcements are employed. Geopolymer concrete has been found to meet the concrete requirements in hostile conditions such as sulphate soils. Thus, geopolymer concrete may be utilized as a sustainable option in the construction of long-lasting structures, as well as in a variety of maintenance applications. Since geopolymer concrete is resistant to chloride, it sustains less damage during the winter months when salt is used to melt the ice layer. Geopolymer concrete, because of its strong resistance to chloride corrosion, can be utilized for concrete structures such as piers, coastal bridges, and undersea concrete supports that are constantly attacked by seawater.



2.5.1. Application of GP Binder as a Sustainable Repair Material


The use of GP binder has been widely researched due to its low shrinkage, high early strength, resistance to sulphate attack and corrosion, and high resilience to thawing and freezing. When used in civil engineering, it may significantly reduce stripping time, accelerate the template operation cycle, and increase building speed. A novel form of geopolymeric binder, one-part GP mixes, can be utilized to ease the process of activating GPs in silicate solution. Thermally treated low-quality kaolin at 950 °C, and the strength of the associated binders is up to 47MP, which is equivalent to the strength of two-part mix systems [102].




2.5.2. Application of GP as Multi-Layer Walls


Ma et al. [103] presented an analytical model based on the finite variations approach to predict the thermal impact of buildings with multi-layer walls, composed of a phase change materials layer and a layer of geopolymer concrete that was mixed with microencapsulated phase change materials. Geopolymer concrete GPC was chosen as an ecologically benign material with minimal CO2 emissions, as well as suitable mechanical and thermal qualities [104,105]. Furthermore, it is ideally suited for integration with microencapsulated phase change materials (MPCM) to provide concrete with a massive heat storage capability, and that meets the mechanical strength requirements for building operations [106,107].




2.5.3. Application of GP as a Coating Material


The GP may be linked into the network structure of film material via the aluminium tetrahedral and silicon tetrahedral, resulting in a type of inorganic coating with non-toxic environmental protection, low cost, fireproof and waterproof properties, and so on. A. Khosravanihaghighi prepared GP-type paints with various amounts of -SiC, and the findings revealed that increasing the fraction of nano-SiC reduced porosity, while improving corrosion and wear resistance. Furthermore, a reflective heat insulation GP coating was created using metakaolin and sodium silicate solutions as the primary starting materials, with talcum powder, hollow glass microspheres, and sericite powder added as fillers [108,109].




2.5.4. Application of GP as a Self-Cleaning Material


Severe air pollution is mostly the result of industrial output, natural disasters, engineering construction, and automotive emissions, among other things. As a result, when exposed to polluted air, building amenities become filthy. This issue has compelled industry to find alternate materials to aid in sustainable development. Due to their unique qualities, GP-based self-cleaning concrete materials provide a green solution to the problem. In addition, the self-cleaning capability of GP-based concrete is being investigated using photocatalytic elements such as ZnO and TiO2 [110].




2.5.5. Application of GP as a Geopolymer Foam


Geopolymer foams have various uses in industries and construction because of their light weight. TROLIT was the brand name of one of the earliest reported materials of this sort. TROLIT was a type of inorganic geopolymer foam that was composed of three main components: solid silicon and aluminium sources that were obtained as by-products of industrial processes involving high temperatures; a liquid activator that was composed of alkali metal aqueous solutions; and expanding agents such as peroxides and perborates. This substance had unusual features that few scientists had before achieved, and then only on a laboratory scale. The thermal conductivity of the material was 0.037 W/mK, which is comparable to polystyrene.




2.5.6. Application of 3D Printed Geopolymer


The explorations of the attributes of geopolymer products through innovative 3D printing processes are quite promising and are the reason why the field is growing significantly, and why relevant various studies are also focused on the topic contemporarily in the construction and infrastructure industries. For instance, Panda et al. [111], shed light on the development and examination of the processes’ directional influence on the compressive strengths of geopolymer mortar based on fly ash, as well as some other industrial by-products viz., silica fumes, slag, etc. The mechanical characteristics and the reaction kinetics of the mixtures that exhibited a good-quality recovery aptitude were reviewed before the 3D printing process in the context of concrete. The heat of the reaction, produced through isothermal calorimetry, was regarded as an indicator of the overall reaction of hydration inside the pastes that were made [112].




2.5.7. Application of Porous Geopolymer


To adapt their use to diverse practical applications, fly ash-based porous geopolymers are often manufactured in a variety of forms such as bulk, membrane, and spherical. This section discusses both the fabrication of bulk/membrane and sphere-shaped components, with bulk and membrane components grouped together, since their preparation processes are typically identical. Previous studies have well detailed the manufacturing processes for geopolymer mortar, concrete, and composites with porous structures that are made from fly ash [113,114].





2.6. Advantages and Disadvantages of Geopolymers


	
An innovative, noble and revolutionized material which cuts carbon footprint by mitigating GHG emissions, providing relief from global warming;



	
Thermal and fire-resistant materials [115];



	
Can immobilize the hazardous, radioactive wastes [116];



	
Exhibit excellent strength and durability [117,118];



	
High early strength contributing to sustainable composites [119];



	
Excellent resistance to chemicals and freeze–thaw conditions [120], etc.;



	
No water curing, because water is released during the chemical reaction in the geopolymerization process of geopolymer concrete, and this water tends to evaporate as the specimens are heated during the curing phase. Similarly, drying shrinkage in stiff specimens is low due to the little amount of water in the pores [18,116,117,118,119,120,121];



	
Several studies have been conducted [122,123] to determine the effect of curing conditions on the physical and mechanical characteristics of geopolymer paste and concrete. Curing temperatures ranged from 40 °C to 85 °C for near-perfect geopolymerization [18];



	
Hardening mechanism is quicker and at low temperatures [124];



	
Much lower creep, as well as shrinkage [116,117,118,119,120,121];



	
Low permeability [125,126];



	
User and eco-friendly [125,126];



	
Systematic disposal of diverse waste is possible through their consumption in their manufacturing, otherwise, filling land spaces and pollutes the environment, soils, surface, sub-surface and supply waters, etc [125,126];



	
Structurally a stable and intact material even under severe conditions because of the special 3D network structure of aluminosilicate [7,116];



	
Brilliant mechanical properties on account of typical structure and framework of [–Si-O-Al-O]n bonding, since this structure does not depend upon lower strength bonds, as found with the OPC system, and thus results in comparatively higher strength [125,126];



	
Excellent durability because geopolymers are inorganic materials and generally contain massive minerals of zeolite nature viz., sodalite, analcime, etc. [118,119];



	
Noteworthy resistances to chemical, fire and thermal conditions. Mostly, the Si-O and Al-O bonding of geopolymers hardly ever react with other acids, except for hydrofluoric acid (HF). Moreover, the structure of the oxide network of geopolymers is stable at high temperatures, and the lower thermal conductivity of 0.24 to 0.38 W/(m·K) altogether prove it as an exceptional heat-insulated material [127];



	
Faster curing rate and higher force for internal binding with the quicker formation of gel and rapid dehydration enable its high early strength as compared to the OPC system;



	
Contrary to different cement structures, the geopolymer is found to be strongly bonded to aggregate, enabling it to be employed as a possible mend for a concrete product;



	
Lower cost in addition to a widespread source for natural and industrial precursors that are available in plenty to synthesize geopolymer. The requisite elements for geopolymer are silicon, oxygen and aluminium, which exist in the earth’s crust in a proportion of 26.3%, 48.6% as well as 7.73%, respectively, in that order. The precursors are kaolinites and industrial wastes such as fly ashes [128,129].



	
Potential applications of special kind of geopolymer structure of silicon tetrahedral and aluminium tetrahedral form ring chain structures such as the cage cavity are favoured its utilization as a building material for immobilization of heavy metals, the disposal of nuclear waste, as well as novel making of inorganic membranes [30,69,70].






Disadvantages of Geopolymers


While geopolymer concrete looks to be the superior concrete to replace regular Portland concrete, it has numerous drawbacks, including:




	
Geopolymer concrete needs specific handling and is exceedingly difficult to produce. It necessitates the use of potentially hazardous chemicals such as sodium hydroxide [129];



	
Due to the hazards that are connected with its production, geopolymer concrete is only available as a pre-cast or pre-mix material [129];



	
The geopolymerization process is sensitive—research in this sector has been inconclusive and exceedingly volatile. There is no consistency [129];



	
Transporting the primary material, fly ash, to the needed site;



	
Excessive cost of alkaline solution [115];



	
Safety concern linked with high alkalinity of activating solution [115];



	
Practical challenges in implementing steam curing/high-temperature curing procedure [115].








Significant research is being conducted to build geopolymer systems that can overcome these technological challenges.






3. Coal Fly Ash


Coal fly ash, together with the flowing gas in coal-fired power plants, is the fine particulates residue that is expelled by the boiler. It may typically be extracted by any suitable action; for instance, through electrostatic precipitation, cyclone separation, or other particulate filtration equipment before the flue gases reach the chimneys, from flue gasses of sprayed or crusher-powdered coal and lignite-fired boilers [130,131]. According to the projections of the Energy Information Administration (EIA), U.S.A., the quantity of electricity generation will rise with a growth rate of 2% per annum up to 2040, which implies that coal will constitute a major portion in the development [132]. The incessant exigencies for coal as fuel will pilot a generation of more coal ash (CA) production. During coal combustion, 80% coal fly ash (CFA) and 20% coal bottom ash (CBA) are produced as by-products, and disposal from sites will have a hazardous impact on health and, in particular, on eco-systems. In 2016, the planet generated around 1.143 billion tonnes of fly ash. China generated approximately 600 million tons, with a utilization rate of 68–70 percent; the United States produced approximately 44 million tons; and Japan produced approximately 12 million tons, with a utilization rate of nearly one hundred percent. The European Union produced 40 million tons (all coal-fired solid wastes in the 15 European Union nations), and the utilization rate was ninety percent (completion of 36 million tons); India consumed 169 million tons, with a usage rate of sixty-three percent [133]. The quality of CFA depends mainly on the chemical constitution of the coal that is used for burning, as well as the combustion conditions, i.e., the rate of pulverization and oxidation. CFA not only contains a variety of trace elements (such as As, Se, Cd, Cr), but also encloses oxides of Ca, Si, Fe, Al, Na, K, Mg, and Ti [134,135], which make it potentially toxic. Consequently, the direct application of CFA leads to perilous effects on the environment [136]. The mineralogical and chemical constituent of CAF permits its use in plenty of fields. The utilization rates of 50% of CFA in the US, 60% in India, 67% in China, and 90% for the EU, were estimated [137]. Other developed nations, such as the United States and Europe, have substantially greater usage rates. It is a fundamental reality that fly ash is no longer seen as trash, particularly in the industrialized world. It is presently a very popular and frequently utilized raw material in building [138]. According to the European Coal Combustion Products Association, Europe generated about 40 million tonnes of CCW in 2016 and reused more than ninety percent of it in the building and reclamation industries [138]. In the same year, the United States generated over 107 million tonnes of CCW, of which nearly sixty percent was re-used [139]. By 2020, their entire CCW had been decreased to 40 million tonnes, with over fifty-eight percent being re-used [140]. Since CFA is used directly as a raw resource or additive material in the building and construction sector, it contributes considerably to CFA recycling. The volumes that are disposed of, however, continue to be a serious management problem. CFA is also a potentially low-cost adsorbent material, either directly or by functionalized production [141,142]. It has also been discovered as a potential source for the metallurgical recovery of high-purity products such as alumina [143,144]. In the field of building materials, its future is frequently debated, as developed European countries are currently dealing with the cessation of coal combustion in power plants and its replacement by other raw materials, raising concerns about the possibility of construction without coal ash, confirming the fact that fly ash is currently very desirable as a raw material.



Interestingly, CFA is a pozzolanic material, and this is the core reason for its prevalent application as a supplement in manufacturing cement, in order to save the natural resources that are used to produce cement. The upshots of research also indicate its capability to adsorb metal ions from solutions, because of its alkaline attributes with the negatively charged surface. Moreover, the application of CFA as a low-priced source of alumino-silicate has become the centre of attention for scientists in the last couple of years, who have successfully transformed this waste by-product material to zeolitic geopolymers for diverse uses [145,146]. In addition, the implementation with CFA of synthetic products has succeeded in removing toxic elements from both contaminated soil and water [147,148,149]. If not adequately controlled, the enormous volume of fly ash that is created by municipal solid waste incineration plants might fast become one of the country’s major sources of heavy metal pollution [150]. By 2020, their entire CCW had decreased to 40 million tonnes, with over fifty-eight percent being re-used [140]. Since CFA is used directly as a raw resource or additive material in the building and construction sector, it contributes considerably to CFA recycling. The volumes that are disposed of, however, continue to be a serious management problem. Table 1 shows the chemical composition of fly ash from past studies. Although fly ash is a popular source material for geopolymer, there are certain drawbacks to using it. For example, the quality of fly ash can impair the quality and strength of geopolymer concrete. Poor quality fly ash can increase the permeability of geopolymer concrete and cause structural damage. The use of fly ash causes a slower strength increase and can prolong the time it takes for geopolymer concrete to cure.



There are several forms of fly ash produced by the coal supply and combustion method. They are classified into two types: high-temperature fly ash and fluidized bed combustion ash. Fluidized bed combustion ash is a by-product of coal-fired power stations that must decrease air emissions cheaply in order to fulfil Clean Air Act regulations. The concept of fluidized bed combustion technology is the burning of coal with sorbent, which is introduced to the combustion chamber based on the sulphur level of the coal. Ground limestone is commonly used as a sorbent, which is why these ashes have a greater CaO concentration. The combustion process begins at around 850 °C [151,152]. Although the physical and chemical composition of fluidized ashes is comparable to that of Portland cement, the resultant materials have poor compressive strengths and are thus employed exclusively as pozzolan in concrete applications. The primary distinctions between these kinds are increased SO3 concentration, highly reactive free CaO, and potentially larger loss on the ignition of ash, following fluidized bed combustion. While standard high-temperature FA primarily contains pozzolanic action, fluidized ash may set and harden by just combining it with water, without the any additional additives or chemicals. The binding capabilities of fluidized ash are primarily determined by the quantity of present anhydrite and free lime, which is gently burned during the coal combustion process and is thus highly reactive [151,152,153,154].



Currently, nitrogen oxide reduction strategies that allow meeting NOx emission standards include methods that are based on the injection of ammonium compounds [155,156,157]. This procedure is often carried out in one of two ways: selective catalytic reduction (SCR) or selective non-catalytic reduction (SNCR). The authors Michalik et al. [158] concentrated on the properties of fly ashes that were produced by the SNCR process of flue gas denitrification. The study focused on silica fly ash from flue gas denitrification and ash from a traditional boiler that did not go through the flue gas denitrification process. The research focused on the physicochemical and structural properties of ashes, as well as slurries and cement mortars containing ashes. Research has shown that fly ash from flue gas denitrification is characterized by a higher value of losses on ignition and ammonia content in comparison to ashes without denitrification; it has also been shown that the ammonia content in the analyzed range does not limit the use of fly ash as an additive to cement and concrete. Procházka et al. [159] explained the influence of fly ash denitrification on the properties of hybrid alkali-activated composites. The purpose of this study was to evaluate the effect of SNCR denitrification on fly ash for usage in hybrid alkali-activated materials that were based on blast furnace granulated slag. In the experiment, a potassium water glass with a silicate modulus of one was utilized as an activator. So far, the results suggest that using fly ash after denitrification in hybrid alkali mixtures does not significantly impair the reported attributes when compared to using standard fly ash without denitrification. The experiment findings demonstrated that there was no significant change in the characteristics of the mixes that were formed from fly ash after and without denitrification.



The alkali activation of waste material is a chemical method that allows the user to convert glassy structures into highly compact well-cemented composites. The major reaction result of fly ash alkali activation is an amorphous, three-dimensional alkaline inorganic polymer known as NASH (Na2O-Al2O3-SiO2-H2O) gel. Na-chabazite, zeolites A and P, and faujasite are examples of secondary reaction products [160] Fly ash alkali activation is a unique process in which this powdered grey material is blended with alkaline activators and then cured at a moderate temperature to generate solids. The FA’s glassy ingredient turns into a well-compacted cement. The major reaction product that was generated in alkali activated fly ash was discovered to be an amorphous alumino-silicate gel with zeolite precursor characteristics.



3.1. Sources of Fly Ash:


Electricity and heat production in power plants contribute a titanic quantity of minerals matters, which are associated with the original coals that are brought for combustion as a waste by-product in most areas of the world [182]. Nearly 80% of by-products from coal combustion are represented by fly ash. Bottom ash is also found to be associated with the pulverized fuel ash that accumulates at the bottom of the boiler through some proper practices. However, the bottom ash from the boilers is not mixed with the fly ash. The fly ash that is collected in the beginning is coarser than the fly ash that is later gathered in the stages of electrostatic precipitators. Flue gas desulphurization material is a residue from a coal-fired boiler, resulting from the falling emits of SO2 (sulphur dioxide). It is a wet sludge or a dry powder consisting of CaSO3 or CaSO4 sulphate (calcium sulphate). As a hazardous solid waste, municipal solid waste incineration fly ash includes harmful compounds such as heavy metals and dioxin, making its disposal a global public health problem. With the growth of urbanization and the improvement of people’s living conditions, the amount of municipal solid waste (MSW) that is created grows year after year.




3.2. Properties of Fly Ash


3.2.1. Chemistry and Morphology


Fly ash is industrial by-product dust from thermal coal plants of a fine-grained nature and comprises mostly spherical to subrounded melted vitreous particles that range in size from 0.5 to 300 µm with a smooth surface [183]. As mentioned earlier, the key component of most of them is silica (SiO2), ferric oxide (Fe2O3), calcium oxide (CaO) and alumina (Al2O3), along with minor quantities of Na2O, MnO, SO3, MgO, K2O, TiO2 and non-burnt carbon, which are present in some of the fly ash. Fly ash with properties such as low calcium, a high vitreous phase, 80 to 90% of particle sizes that are less than 45 µm [184], unburned material at less than 5%, reactive silica of 40% to 50%, and less than 10% Fe2O3 results in the optimal binding characteristics [184]. A momentous amount of calcium can hinder the polymerization setting rate resulting from an alteration of the microstructure [185]. For this reason, low calcium fly ash is preferable for making fly ash-based geopolymers. The value of a loss on ignition depends on the kind of working regime and the type of power station. An immense discrepancy in the key composition of silica (25 to 60%), ferric oxide (5 to 25%) and alumina (10 to 30%) was found [186]. Fly ash is technically considered as siliceous when the three key constituents total 70% or more and the reactive calcium oxide is less than 10%. This sort of fly ash is a product that is obtained through the burning of anthracite coal or bituminous coal, which possesses pozzolanic attributes [187]. If the combination of these three constituents is equivalent to or greater than 50% and the reactive calcium oxide is not lower than 10%, then calcareous fly ash generates the types of sub-bituminous or lignite characteristics of coal and has both hydraulic, as well as pozzolanic characteristics. The chemical composition of the fly ash is consistent with natural pozzolans, such as volcanic ashes, whereas the calcareous ashes include hydraulically active mineral phases and pozzolanic materials. The pozzolanic reactivity is a unique characteristic of siliceous fly ash, i.e., its aptitude to act in response with water and lime at ambient temperature to formulate strength-furnishing mineral phases that are analogous to OPC. Other than Si, Al, Fe and Ca, fly ash is customarily found to be associated with many other trace elements of metal, such as Ti, Cr, V, Mn, As, Co, Sr, Pb, Mo and Hg [188,189]. Fly ash could produce 4–10 times more toxic trace elements than those in coal [187,188,189]. Moreover, it may possess smaller dioxins concentrations, along with organic compounds of polycyclic aromatic hydrocarbon [190,191]. Therefore, fly ash is regarded as a perilous material, and this is why offensive fly ash disposal will not only merely accelerate the land occupation, but also pollute the environment, ecology, soils, surface and subsurface waters. Concerning its particle size distribution, fineness and the reactivity of pozzolan, CFA is frequently utilized in cement composites to enhance their technical attributes and substitute OPC. The glassy materials that are present in fly ash are found to be reactive with the hydroxides of alkali and Ca, which are obtained from fly ash cement systems and develop a cementitious gel that contributes supplementary strength.




3.2.2. Morphology


Looking to the morphology and its impact on the reactivity of fly ashes, the size of their spherical to subrounded particles and their fineness are the key factors [192] deciding the appropriateness of their use in the manufacturing of concrete, because they significantly influence the attributes of ultimate fly ash-based products [193]. Chindaprasirt et al. [194,195,196] exhaustively investigated the impact of fineness on chloride penetration [194], drying shrinkage, strength, sulphate resistance [196], etc., and improved compressive strength, mitigated shrinkage, and expansion, etc. by employing finer fly ashes. On the other hand, coarse fly ash is less reactive and requires more water from more porous mortar with a greater vulnerability to sulphate attack. However, the negative effects of coarse fly ash are often referred to as the reason for reduced strength, accelerated drying shrinkage and excellent sulphate resistance, etc. [196]. On the other hand, a diminution in the particle size of fly ash accelerates the content of amorphous SiO2 and tends to reduce the quantity of SO3, which can hinder the hydration of dangerous ions in mortar or concrete [197]. The positive impact of fly ash fineness on the mechanical characteristics of the concrete on improving the compressive strength is repeatedly accounted [198]. The finer fraction of lesser than 63 mm of fly ash particles in manufacturing concrete and cement can improve the pozzolanic reactivity. Nevertheless, the removal of coarser particles may suppress certain cementitious characteristics [199]. Finer particles of fly ash are greatly desirable for the development of strength because they contribute more hydration nucleation sites. However, coarser particles of fly ash cannot be eradicated totally as they possess definite positive performances when employed in diverse composites. This is why both fine and coarser particles of fly ashes, employed in the proper ratio, would display improved outcomes concerning the strength and durability of ultimate composite.





3.3. Types or Chemical Classification of Fly Ashes


As stated earlier, the contents of fly ash differ significantly depending on the coal source being fired. By and large, the components of fly ash characteristically include SiO2, Al2O3, CaO and Fe2O3, which are found in amorphous and crystalline form as oxides or a variety of minerals. In accordance with the American Society for Testing and Materials (ASTM) standard C 618 [200], chemically, fly ashes can be classified as Class C fly ash, as well as Class F types, on the basis of their contents of calcium oxide (CaO), which generally decides how fly ash performs when it is employed. Fly ashes are classified primarily according to the EU Standard (EN-450—1) standard or the American Society for Testing and Materials (ASTM—C-618) standard. The American Test and Material Society (ASTMs) has two classes of fly ash, “C” and “F” fly ash [200].



	A.

	
Class C fly ash:







It possesses a higher content of calcium, which is chiefly found in the burning of sub-bituminous or inferior quality coal, i.e., lignite deposits from coal sources. It contains an overall content of SiO2, Al2O3 and Fe2O3 ranging from 50% by weight to 70% by weight, whereas the content of CaO is greater than 20% by weight.



	B.

	
Class F fly ash:







It has a lower content of Ca, which is produced from the burning of superior quality coal, namely, anthracite or sometimes bituminous—the second highest quality of coal. It has a total content of SiO2, Fe2O3 and Al2O3 beyond 70% by wt. and less than 10% by weight of CaO content [201,202]. It is classified as a normal type of pozzolan, i.e., a silicate glass material that is altered by Al and Fe.



The above-referred Standards govern the physical and chemical characteristics of the fly ash that is employed. The key dissimilarity among these standards depends upon their chemical composition, fineness and loss on ignition (LOI). Commonly, non-burnt residues of carbon are described as LOI. Consequently, the chemical constituent of the fly ash that is employed influences the performance of the ultimate composites [203].



Fly ashes that contain low calcium slowly react, especially during the early hydration stages, because of the presence of more crystalline, chemically inert phases. Due to the progress in characterization techniques, the hydration products that are developed at various stages can be analyzed. The images of SEM are more helpful to recognize the chemical constituents, as well as the morphology of developed hydrated products. SEM images of fly ash-based composites, along with a dispersive energy spectrum, exhibit the composition of a variety of hydrated products in the alike image at dissimilar spots. On the other hand, high-calcium fly ashes are less sensitive to insufficient curing and react more swiftly to contribute an improved early-age strength.



Nevertheless, fly ashes with a high calcium content are commonly less competent in suppressing the distribution because of sulphate attack [204] and alkali-silica reaction (ASR) [205], in comparison with those containing low-calcium. In addition, calcium replacement during the glass phase is believed to usually speed up the reactivity of high calcium-possessing fly ash. For this reason, it enables the development phases of the silicate and aluminate of calcium without an outside source of lime.



Furthermore, fly ashes of Class C differ from those of Class F concerning the content of lime and the lime depolymerized glass phase. The content of CaO in the glass phase of fly ashes with high calcium shows higher reactivity because of the condensed degree of SiO4 polymerization [206]. Diamond [207] accounted that the pore solution alkalinity was on account of the presence of hydroxide of calcium, which was developed from the hydration of cement, beside ions of Na and K in cement, as well as fly ash. The fly ash-based composites augment the resistance to corrosion through densification of concrete when appropriately proportioned and sufficiently cured [208].




3.4. Nature of Fly Ash—Crystalline or Amorphous


Fly ashes are the by-product that is derived from coal-combustion, possessing an intrinsic heterogeneous property. In general, it contains three dissimilar kinds of constituents such as crystalline minerals, non-burnt particles of carbon and non-crystalline alumino-silicate glass—each one with exceptional reactivity while employed. The process of eliminating this non-burnt carbon through calcination [209] partly converts the amorphous phases that exist with fly ashes into crystalline phases. This contains the distinctive crystalline phases such as quartz, hematite, mullite, ferrite anhydrite, spinels, melilite, periclase, merwinite, lime and tricalcium aluminate [210]. Mostly, fly ashes are comprised of glassy shape material possessing a weak atomic structure. On account of the amorphous nature, the ingredients, by and large, take part in the chemical reaction [211]. As a result, highly amorphous fly ashes are more effectual in improving the pozzolanic reaction. Sakai et al. [212] accounted for the impact of the amorphous-type content of fly ashes on the pozzolanic reaction at later stages. Moreover, in the case of fly ash containing lower calcium, an alkaline environment favours less reactivity because of the inert nature of most of these crystalline phases. Further, because of a few reactive crystalline phases, fly ash containing higher calcium is more reactive. Tkaczewska [213] added the benefit of employing a finer sized particle of fly ash in accelerating the grade of SiO4 depolymerization, which escalates the pozzolanic reactivity.




3.5. The General Applications of Fly Ashes


The applications of coal-fired fly ashes have drawn the attention of vast numbers of researchers in recent years. The most significant fields for the applications of fly ashes that are accounted are concrete production, road basement, waste solidification/stabilization, cement clinkers, asbestos, the construction of roads and embankments, mine reclamation, the recovery of precious metals, ceramics and glass ceramics, the synthesis of zeolites, low-cost adsorbents for waste removal, soil amendment, nutrients, a silica and alumina source for producing zeolites, etc. [214,215,216,217,218,219,220], and quite recently for geopolymer binders, pastes, mortars and concretes [221]. Its significant use has also recently been found in the production of diverse fly ash-based geopolymers with a state-of-the-art binder or cement, which is more or less comparable to hydrated cement in appearance, properties and reactivity, as either raw or as a supplementary cementitious material (SCM) [221,222].



The reusing of coal ash has been considered by the United States Environmental Protection Agency [132], which has resulted in moves to save the environment and economy, besides product gains such as mitigated emissions of greenhouse gas CO2, the lowered necessity of dumping them in landfills, along with the conservation of restricted natural resources. The declined costs of coal fly ash have enabled cheaper construction materials on one hand, while on the other hand, the escalated revenue from the sale of coal fly ash substituting costly cement has altogether benefited the economy. The enhancement of the strength, durability, and workability of fly ash-based construction materials has proved them to be the ultimate product of quality. Therefore, it can be noted that economic values and the improvement of the environment do not undermine the quality of the final finished geopolymer products, indicating the sustainability of industrial production that uses coal fly ashes.



The fly ash application strategies can be classified into three major groups based on their usefulness and economic value, i.e., non-advantageous, advanced and straightforward [223]. The best fly ash utility rate is based on their simple use for construction and building objectives. Although, their use for the production of building materials necessitates very cautious consideration of global levels of environ-safety and financially reasonable standard parameters, based on cost gain calculations and socio-economic aspects entailing the GDP of particular nations [224]. However, industrial technologies are not available for the advanced use of fly ash. In accordance with the European Coal Combustion Products Association, 51.7% of the entire by-products of coal combustion viz., fly ash, bottom ash, fluidized bed combustion ash, boiler slag, FGD-gypsum, etc., are employed for building, agricultural and road pavements, while 39.8% are used for restoration and reclamation. The rate of total use is 91.5%. As per ASTM standard, the potential end application of fly ash entails soil amendment; waste treatment, as well as stabilization; hazard waste treatment; and the production of slurry walls, mineral fillers, pozzolanic liners, cement, concrete, as well as gypsum products.




3.6. Opportunities of Coal Fly Ash


Researchers investigate the possible transformation of CFA into a sequence of effective products such as geopolymers, catalysts, zeolites, and photo-catalysts. Since the CFA contains aluminosilicate, it is preferably used for the manufacturing of more competitive cost-effective products than the costly commercial types of products. Processes of physical, chemical, quality control, packaging and final distribution can be used for the manufacturing of CFA-based adsorbents. A golden prospect for both the coal-fired power plants and the coal factories is their employment and support of lucrative plans by instituting a lateral or autonomous unit for the production of value-added products from CFA.





4. Fly Ash Based Geopolymers


In the last couple of years, greater than ever attempts have been made for the utilization of profuse fly ashes in a competent way—particularly, with green concept. The application of the profuse waste of fly ash for the production of fly ash-based geopolymer is found with nine times lower CO2 emissions as compared to the OPC system [225,226]. These up-to-date composites largely demonstrate closely equivalent durability and mechanical strength as with hydrated Portland cement, and they can be used to preserve natural resources as a class of inorganic green cement [227]. The use of fly ash as either a precursor or SCM not only enhances the workability and mitigates hydration heat, as well as thermal cracking in concrete at early periods, but also increases the mechanical and durability attributes of concrete (particularly at later stages) [228].



4.1. Production of Fly Ash based Geopolymers


The manufacturing of fly ash-based geopolymers is possible through an exothermic and complex chemical process that was coined by Davidovits as geopolymerization, which includes stages such as dissolution, precipitations, restructuring, gelation and eventually poly-condensation [229]. The genetic mechanism of fly ash-based GP can be explained in three steps [229,230]. The initial step includes the dissolution of the alumino-silicate of fly ash, which takes place by an alkaline activation at a low temperature and at atmospheric pressure, and hydrolysis, which forms the monomers of aluminate and silicate. Then, the Al3+ and Si4+ ions are transformed into oligomers that generate a gel with comparatively big networks through condensation. Lastly, the emergent gel continues to restructure, and the amorphous structure gives rise to the development of an alumino-silicate network via poly-condensation reactions. However, the reaction kinetics that occur in the series, of course, are much more complicated and remain hard to pin down. The reactions that occur among fly ash, as well as alkali activator solutions, include Na2SiO3, NaOH, KOH, K2SiO3, etc., whereby Si-O-Si- or Si-O-Al- bonds of alumino-silicate break and liberate active Si4+ and Al3+ ions. Subsequently, the condensation of these released Si4+ and Al3+ ions takes place, which is followed by other complex reactions such as nucleation, oligomerization, and polymerization, which finally lead to a novel polymer that is based on aluminosilicate with a novel amorphous 3D network structure with a SiO4 and AlO4 tetrahedra. For testing or applications, the geopolymer paste that is produced with fly ash is additionally cast into a mould and placed into an oven at a necessary temperature, or it can be left to cure for a certain time to develop geopolymers based on fly ash. The chains of alumino-silicate oligomers can be a form of polysialate –Al-O-Si- chain, polysialate disiloxo –Al-O-Si-Si-Si- chain and polysialate siloxo –Al-O-Si-Si- chain, depending on the Si: Al ratio. In alumino-silicate monomers, Si4+ is partly replaced by Al3+, and the negative charge results in the alumino-silicate chain being balanced with alkali cations such as K+ or Na+ [231,232]. In this framework, the Si: Al ratio derives notably from the ultimate structure of the resultant geopolymers [233]. For instance, it was found that the Si to Al ratio in the fly ash reactant had a noteworthy effect on porosity, which is one of the significant parameters for controlling geopolymer mechanical strength [234,235].



In addition to the Si/Al ratio, the alkaline solution strongly influences the microstructure of the produced fly ash geopolymer. When fly ash comes into contact, it starts to be discharged and transferred with alkaline activators such as NaOH, KOH, Si4+, Al3+ and other ions. For illustration, the amount of Si4+ and Al3+ that is released is affected by NaOH concentration. A high concentration of about 10 mol/L of NaOH solution is advantageous for the decomposition of the alumino-silicate of the fly ash, and then the discharge of Si4+ and Al3+ takes place. For instance, the solubility of Al3+ and Si4+ that are present in NaOH liquid is more than in KOH activator liquid with an identical concentration [236].



Moreover, the transfer of Al3+ and Si4+ ions and the poly-condensation of alumino-silicate oligomers could also be escalated by an alkaline liquid with a higher concentration [237].



Furthermore, diverse alkaline cations have dissimilar charge density and sizes, and they also hydrate differently. This has a definite impact on the alumina silicate chain nucleation, the charge density of the chain, the chain development, the degree, and the polymerization process rate [238]. The leaching rate of Al3+ and Si4+ ions determine the actual obtainable Si to Al ratio in a series of reaction kinetics to produce geopolymers, and consequently act for the fly ash-based geopolymer structure. Fascinatingly, a recent investigation by Ma et al., 2013 [239] uncovered that the addition of Na2SiO3 to a solution of alkali could augment such a Si to Al ratio, resulting in a low porosity and a finer pore network in a geopolymer matrix.



The setting time for fly-ash geopolymer is generally taken into account for the workability of the final products of fly ash-based geopolymer. Usually, the ultimate setting can be achieved in 1 to 2 h at room temperature, while the higher CaO and calcium additive Class C fly ash content, as CaCl2, reduces fly ash-based geopolymer paste setting time [240]. During the course of geopolymerization, Al3+ and Si4+ ions react with Ca2+, either into the fly ash or from the outside calcium additives, to produce gel of calcium-silicate-hydrate, gel of calcium-aluminate-hydrate or gel of calcium-aluminium-silicate-hydrate (CASH) [C ¼ CaO, S ¼ SiO2, A ¼ Al2O3, H ¼ H2O] in the presence of water [241]. Ca2+ ions lend a hand to accelerate CASH gel and CSH gel, and the nuclei development and agglomeration of Ca2+ ions lend a hand in accelerating CASH gel and CSH gel nuclear development and agglomeration [242]. The swift development of amorphous of CASH gel and CSH gel results in less setting time, creating ultimate products and diminishing the porosity, whereas a quick setting time has a negative effect on the development of more geopolymeric gel. The higher concentration of NaOH could lengthen the time for setting by restricting the leaking of Ca and permitting the usual process of geopolymerization to manage the setting time of geopolymeric paste [243].



Nevertheless, the fly ash dissolution at room temperature is incomplete, and the lower fly ash reactivity increases the time that is needed to set up a geopolymer based on fly ash. Curing is, thus, essential, i.e., that geopolymer paste must be kept within a practical range of humidity and temperature, and the prolonged duration of the cure promotes the growth of a more crosslinked bond and denser microstructure. It has been recorded that the reactivity of fly ash becomes high while the temperature for curing is from 30 °C to 50 °C [244].



To enhance the performances of geopolymer and the reactivity of fly ash, slag, fibre, chitosan, red mud and rice husk–bark ash (RHBA) can be supplemented with fly ash to synthesize geopolymer. Captivatingly, the addition of blast furnace slag (BFS) [245] can improve fly ash reactivity while geopolymerizing. Idawati et al. [246] studied the fly ash plus slag-based geopolymer with dissimilar ratios of fly ash to slag and revealed that the geopolymerization of geopolymer based on slag was dominated by CASH gel, whereas fly ash-based geopolymer was dominated by gel of sodium-alumino-silicate (NASH). Kumar et al. [247] replaced fly ash with 5–50% slag to produce geopolymer at 27 °C and noted that the reaction was obtained through the dissolution and precipitations of the gel of CSH. Likewise, Yang et al. [248] discovered that the initial setting period for fly ash plus GBFS-based geopolymer was boosted and the level of polymerization of geopolymer declined due to the higher calcium content of GBFS. The rice husk–bark ash (RHBA) contains around seventy-five percent SiO2, enhances the pozzolanic content of the matrix of geopolymers and increases the quantity of geopolymer –Si-O-Si- bonds in the geopolymer gel (NASH). Red mud is a highly alkaline material consisting essentially of Fe, Al and Si, as well as minor CaO and TiO2 oxides and hydroxides. Its addition can control the Si: Al ratio and lower alkaline activator consumption [249]. Fly ash-based geopolymer can solidify the heavy metals trace and is capable of immobilizing them.




4.2. Fly Ash Based Geopolymer: Properties


The properties of geopolymers may differ not merely in accordance with the origin, morphology and size of a particle of fly ash, but also with the metal, alkali and amorphous contents. The properties of geopolymers also depend on various parameters such as sodium hydroxide NaOH concentration, an alkaline solution to FA ratio, sodium silicate to sodium hydroxide ratio, alkaline liquid to fly ash ratio, curing duration, curing temperature, superplasticiser dose, added water content and rest period. Fly ash-based geopolymers are very useful materials for green constructions in the form of paste, mortar, binder and concrete. Hence, they should essentially exhibit the acceptable mechanical attributes—especially of strength, as well as durability—to establish them as promising sustainable building materials of the future [250].



4.2.1. Compressive Strength


The value of the compressive strength of fly ash-based geopolymers depends upon Si/Al ratios, alkali activator solutions, the content of calcium, a choice from a variety of additives and curing conditions such as temperature, as well as period.



The concentration, as well as the alkaline activator solution, affects the release of Si4+ and Al3+ ions from fly ash during geopolymerization reaction kinetics. It is established that alkaline activator solution with a higher concentration is usually advantageous for achieving elevated compressive strength; however, there exists an optimum limit [251]. Gorhan and Kürklü [252] have manufactured fly ash-based geopolymer by using dissimilar concentrations such as three, six and nine mol/L of NaOH. The best possible compressive strength figuring of 22 MPa was attained on activation of the geopolymer paste-based on fly ash with the concentration of 6 mol/L of sodium hydroxide, and subsequently cured at a temperature of 85 °C for 24 h. The solution of sodium silicate (Na2SiO3) is generally employed with NaOH to boost the compressive strength of resultant geopolymer based on fly ash [253]. This is because of the greater viscosity of sodium silicate, which can help to form geopolymeric gels and achieve a compact, eventual micro-structure of a fly ash-based geopolymer.



Additionally, the course of separate activation also affects the compressive strength of geopolymer based on fly ash. For illustration, Rattanasak and Chindaprasirt [254] first attempted to add NaOH activator liquid to fly ash to release the Si4+ and Al3+ ions for 10 min, which was followed by employing Na2SiO3 activation to favour the formation of a homogeneous geopolymer paste for another minute. This type of separate activation has contributed to the higher strength of fly ash geopolymer. While fly ash was mixed separately and activation was made with 10 mol/L concentrated NaOH plus sodium silicate with a molar ratio of 1.0, followed by a curing temperature of 65 °C for 48 h, the resultant compressive strength value of geopolymer based on fly ash was found to range from 60 to 70 MPa.



The ratios of Si: Al are confirmed by precursor materials, and the alkaline solution that was employed was Na2SiO3. Higher ratios of Si/Al enhance the quantity of –Si-O-Si- bonds, giving them the elevated compressive strength of an entirely consolidated structural matrix of geopolymer, because the –Si-O-Si- bonds are stronger than that of –Al-O-Al- and –Si-O-Al- bonds. For instance, Yang et al. [255] produced high magnesium-nickel slag and fly ash geopolymer by activation through a solution of Na2SiO3. They revealed that the key phase in fly ash plus high magnesium-nickel slag (HMNS)-based geopolymer was a sort of sodium magnesium aluminosilicate gel. The addition of high magnesium-nickel slag (HMNS) boosted the content of silica. Furthermore, the particles of HMNS played the role of micro-aggregates and mitigated the entire volume of pores that were present in the geopolymeric pastes. On employing 20% of HMNS in the said manufacturing process, the geopolymer exhibited an improved compressive strength of more than 60 MPa. However, the elevated quantity of slag (like slag/binder was greater than 70%) escalated the compressive strength of geopolymer based on fly ash plus HMNS. Regrettably, it caused a quick setting and cracked on account of the autogenous shrinkage of the slag [256]. Moreover, Wang et al. [257] produced fly ash plus slag-based geopolymer by using unlike ratios of fly ash/slag such as 0, 20, 40, and 60 wt.% and similarly dissimilar NaOH activator solutions with 0.5, 1 and 1.5%, and subsequently cured them for one, three, seven and twenty-eight days. The increase in the quantity of slag enhanced the value of the resulting geopolymer’s compressive strength, and the best possible value of compressive strength that was obtained in this case was 93.06 MPa. Deb et al. [258] utilized a fusion of Class F type fly ash addition of slag to obtain a blended geopolymer of slag plus Class F type fly ash in a ratio of 0, 10 and 20% by activating with Na2SiO3 plus NaOH activator solutions, correspondingly. The value of the compressive strength of the resultant product was enhanced with a boost of the ratio of slag/Class F fly ash. The geopolymer concrete is manufactured by fly ash of 80% and 20% slag, and having used 40% NaOH plus Na2SiO3 activator solutions and cured subsequently at a temperature of 20 °C, achieved the optimal compressive strength value of 51 MPa. Xu et al. [259] employed slag and fly ash to produce geopolymer through activation by activator that was made from Hanford secondary waste, with the concentration of 5 mol per 1L sodium hydroxide liquid with solid binders. In this case, the best possible value of compressive strength that was obtained was 52.5 MPa when the ratio of fly ash to GBFS by mass was kept as 5/3. The addition of rice husk–bark ash enhanced the silica content of the geopolymer composite and escalated the quantity of bonds (–Si-O-Si-) in the geopolymer, and the value of the compressive strength [259]. Nazari et al. [260] supplemented rice husk–bark ash added with fly ash to manufacture geopolymeric paste with oven curing at 80 °C for 28 days. The study achieved geopolymer with a compressive strength value of 60 MPa. Likewise, Songpiriyakij et al. [261] synthesized geopolymer based on fly ash by employing the fusion of fly ash with rice husk–bark ash with NaOH as the activator solution, subsequently curing it at 27 °C for 24 h, and then again at 60 °C for up to 24 h. Here, the optimum ratio of SiO2/Al2O3 to achieve the best possible value of compressive strength of 73 MPa was recorded as 15.9. Zhang et al. [262] manufactured fly ash plus red mud blended geopolymer at a curing temperature of 23 °C. The values that were obtained for the highest compressive strengths were found to vary from 11.3 to 21.3 MPa, while the Si to Al ratio was 2. Calcium hindered the gelation of alumina and silica in the course of geopolymerization and modified the microstructures of geopolymer based on fly ash, hence, altering the compressive strength value [263]. The coexistence of NASH gels and CSH gel generally enhances the compressive strength of ultimate yields. One of the reasons for this is that the CSH amorphous gel mitigates the porosity factor [209]. In addition, temperature curing and duration also influence fly ash-based geopolymer compressive strength. Prolonged periods of curing that range from 6 to 28 days display the enhanced value of fly ash-based geopolymer compressive strength. The elevated temperature curing enhances the compressive strength through eliminating water from the early formed geopolymer and achieves the collapse of the capillary pores through a denser structure [264]. Geopolymer can be cured at a lower, i.e., even room, temperature, but the development of compressive strength takes place gradually and slowly, which forever necessitates a long and drawn out curing period [265]. Nasvi and Gamage [266] uncovered that the crack commencement and sealing of the thresholds of geopolymer based on fly ash cured at higher temperatures, varying from 60 °C to 80 °C, in comparison with those that were cured at an ambient temperature of 23 °C and 40 °C. Nonetheless, the lengthened elevated temperature curing shatters the geopolymer granular structure, causing dehydration, as well as excessive shrinkage, and at last mitigating the value of its compressive strength [70].



The conventional heating technique such as “Steam curing” depends upon the heat conductivity from the exterior to the interior surface fly ash-based geopolymer paste through steam. This heating is inconsistent and necessitates a prolonged period of heating to obtain the desired temperature. On the other hand, microwave heating works based on internal energy dissipation, which is accompanied by the excitation of molecular dipoles in electro-magnetic areas, and it conveys swiftly with more consistent heat [267]. Chindaprasirt et al. [268] synthesized the paste of geopolymer based on fly ash with 10 mol per 1 L concentrated Na2SiO3 with NaOH solutions, and subsequently cured it in the 90W radiation of a microwave for five minutes. After that, supplementary heating occurred at a 65 °C curing temperature for a curing period of 6 h, resulting in a similar compressive strength to that which was obtained with a 65 °C curing temperature for 24 h of fly ash-based geopolymer. The radiation from the microwave accelerated the fly ash dissolution in an alkaline liquid and developed a denser microstructure. Given that, the microwave radiation reduced the requisite curing period and further improved the geopolymerization kinetics.



Altogether, boosting the Si/Al ratio largely augments the value of fly ash-based geopolymer’s compressive strength. The improvements in the Si to Al ratio can be seen in addition to the outer slag, red mud and rice husk–bark ash, but the intrinsic causes are difficult and complex. The progress in the synthesis signalled that one of the prominent reasons could be attributed to the escalated quantity of -Si-O-Si- bonds to a certain extent, rather than -Al-O-Al- and -Si-O-Al- bonds. To sum up, the application of K2SiO3 or Na2SiO3 along with sodium hydroxide as activators for fly ash activation can augment the Si to Al ratios and, in this way, pilot a structure which is more compact and which displays elevated compressive strength. Not only this, the existence of calcium within fly ash or employed as an additive is advantageous for synthesizing the amorphous gel of CASH, as well as CSH, and mitigates the available porosity and attains the higher compressive strength of geopolymer. Curing demonstrated a remarkable impact by modification of the product density and porosity on the value of the compressive strength of the fly-ash based geopolymer.




4.2.2. Flexural and Splitting Tensile Strength


No doubt, geopolymers based on fly ash perform extremely well under compression strength examinations. Their performance is controlled by the start of cracks in mass; however, this is under tensile loads. Lee et al. [269] accounted for the investigational upshots of the tensile performance of geopolymeric concrete. With an increase in the sand to fly ash ratio, a gradual drop in tensile strength was monitored. Zhuang et al. [270] recorded a comparison between ACI standard design strength and the results of experiments that examined geopolymer concrete tensile performance. They observed that the splitting tensile strength of geopolymer concrete was likely to be similar to the design values that were provided by the ACI standard. Zhang et al. [271] noted that the geopolymer concrete performed more than the OPC-based concrete in the context of tensile strength. Adak et al. [272] unearthed that the supplement of 5 to 6 percent of nano silica enhanced the geopolymer concrete‘s tensile strength with standard curing. Al-Majidi et al. [273] uncovered the findings through experiments on geopolymer concrete that employed fly ash plus GGBFS. The outcomes demonstrated that the application of slag in the geopolymer concrete had an optimistic impact on the direct tensile performance. The impact of slag on the tensile attributes of geopolymer concrete, whereby an enhancement of up to 30% can be monitored, leads to the augmentation of its tensile strength. Moreover, the review of past research revealed that the tensile performance of geopolymer concrete is more magnificent than OPC concrete, possessing identical compressive strength [274,275]. Nath and Sarker [276] provided an idea for a geopolymer concrete and OPC concrete mix, manufactured through various proportions, as well as additive materials of GGBFS, OPC and calcium hydroxide, for investigating fly ash-based geopolymer concrete’s flexural strength at an ambient curing temperature. The flexural strength of geopolymer concrete based on fly ash is affected considerably by the kind of additive that is employed, accompanied by fly ash. In comparison with calcium hydroxide and GGBFS additives, the addition of OPC with fly ash enhances the flexural strength of geopolymer concrete.





4.3. Durability Properties


The significant parameters for the durability of fly ash-based geopolymers such as resistance to sulphate, chloride, thermal, acid, efflorescence and freeze–thaw, must be taken into consideration to establish it as a potential construction material. The durability property is strictly associated to the microstructure, as well as the migratory ions conduct from geopolymer based on fly ash, which, consecutively, could be regulated by the alkali activator, the supplement of composite materials of calcium, as well as by silica fume, along with curing through its synthesis.



4.3.1. Resistance against Chloride


Resistance against chloride is one of the key aspects for the durability of fly ash-based geopolymer composites. The penetration of chloride encourages the corrosion of the entrenched steel bars in reinforced geopolymer concrete. The chloride ions infiltrate into the geopolymers through capillary pores absorption, ions diffusion and hydrostatic pressure. The comparatively higher concentration of sodium hydroxide facilitated the leaking of additional Si4+ and Al3+ ions from fly ash precursor and produced a superior level of poly-condensation, resulting in a dwindling of fly ash-based geopolymer porosity. The chloride penetration depends upon the porosity of the material. For instance, Chindaprasirt and Chalee [277] synthesized a geopolymer based on fly ash utilizing Na2SiO3 plus sodium hydroxide mix activator solutions. In this case, dissimilar concentrations of NaOH were used such as 8, 10, 12,14, 16 and 18 mol/L, but the molar ratio of SiO2/Al2O3 was kept as a constant. The rate of chloride penetration reduced with the boost in the concentration of NaOH, which was employed in the course of geopolymerization on account of the refinement of the pore structures, due to the reaction of polycondensation. Ismail et al. [278] studied the chloride permeability of an infusion of Class F type fly ash plus slag-based geopolymer by the chloride accelerated technique and the ponding technique. AgNO3 was useful to disclose the depths of chloride penetration. The upshot displayed that a slight development of silver chloride (AgCl) was found for the geopolymer based on slag. They reported that the slag favoured the development of a denser gel of CASH, offering to enhance the durability and mechanical strength when exposed to chloride, while fly ash encouraged the production of additional porous NASH gels, reducing the chloride ions’ resistance transportation.



Even though a greater porosity was monitored in the case of the geopolymer in comparison with the OPC- system samples, still, the geopolymer exhibited greater chloride resistance. Yang et al. [279] manufactured a fly ash addition with a slag-based geopolymer, with a ratio of slag to fly ash of 0, 0.25, as well as 0.50, along with the exposure of the precursor materials to a 3% NaCl solution for 72 h. The CASH gel in the fly ash plus slag-based geopolymer led to a lower diffusion of chloride than the NASH gel. Moreover, the fusion of slag with fly ash-based geopolymers led to the enhancement of the pore structure.




4.3.2. Resistance against Sulphate


The migration of sodium-ion (Na+) into the sulphate solution from the fly-ash-based geopolymer results in vertical cracks. Not only this, the solution of sulphate generally causes the breakdown of the bond –Si-O-Si- in geopolymeric gel with the leaking of silicon. Bakharev [280] produced geopolymer based on fly ash, utilizing solutions of KOH, NaOH or Na2SiO3 as activators, and studied the durability subsequent to exposing them to sulphate media, which consisted of 5% solutions of MgSO4 alone, Na2SO4 alone and MgSO4 plus Na2SO4 combined for five months. Subsequent to immersion, the geopolymer based on fly ash specimens were found to be slightly altered. The production of the geopolymer that was activated by NaOH displayed the highest resistance to sulphate on account of an additional steady cross-linked structure. A mixture of silty clays plus fly ash was used by Sukmak et al. [281] to synthesise a geopolymer and to examine its resistance by five percent Na2SO4 plus MgSO4 in solutions by weight. The decline in the compressive strength that was observed for the clay plus fly ash-based geopolymer subsequent to exposure for 240 days was in 10.8% solution of Na2SO4 and 21.6% solution of MgSO4. The ettringite, brucite and gypsum were noticed after being subjected to sulphate conditions. Due to the reaction to the development of ettringite and sulphates, the CSH phase disappeared. The magnesium sulphate degraded the GPC significantly in the calcium-rich geopolymer that was produced in the end products. By replacing the calcium in the structure, it breaks the CSH link and creates the Mg-SH. The magnesium-formed structure increased the volume, causing fracture development in the GPC. At the same time, sodium sulphate does not significantly degrade the GPC. The mechanical properties of GPC-mixed specimens are reduced by magnesium sulphate [282]. The high-calcium BA geopolymer mortar has exceptional resistance to sodium sulphate [283].




4.3.3. Acid Resistance


The acidic conditions can rigorously reduce the life-cycle period of composites. Acid attack is found to be accompanied by the depolymerization of an alumino-silicate structure, as well as the release of silicic acid in the geopolymer based on fly ash. While submerged in a solution of a strong acid, K+ and Na+ of fly ash-based geopolymer might be replaced by H3O+ or H+, the breakdown of bonds –Si-O-Al-, as well as –Si-O-Si-, along with a release of silicic acid.



Diverse solutions of alkali such as NaOH, Na2SiO3 and KOH were employed by Bakharev [284] to produce a fly ash-based geopolymer, following their immersion into 5% solutions of CH3COOH and H2SO4 for five months. The fly ash-geopolymers were been manufactured by activating them with 8% NaOH solution. They displayed a steadier structure and higher resistance against both solutions of CH3COOH and H2SO4 acid, in addition to the fly ash form geopolymer that was produced by activation through KOH (which demonstrated an enhancement in the average pore diameter and the active sites in the geopolymeric gels lying on the surface, leading to inferior durability).



In addition, there is an emphasis on the impact of silica and calcium on the acid resistance of the geopolymer based on fly ash. In acid solutions for nitric acid HNO3 and sulfuric acid H2SO4, Lloyd et al. [285] studied corrosion rates in a Class C fly ash plus slag-based geopolymer. The calcium content of Class C fly ash or slag was found mitigate the mass transport rates by developing tortuous pores and fine networks in the geopolymer. Not only this, because of the enhancement in the content of alkali in the form of Na2O, the layer that underwent corrosion became more robust, and further vulnerable to the formation of cracks. The high content of alkali is advantageous for the release of more aluminium and calcium, as well as for producing geopolymeric gels. When it was removed upon exposure to acids, the structure of the geopolymer was more susceptible under acid exposure conditions. Chindaprasirt et al. [277] supplemented silica fume in the proportion of 1.5, 3.75, as well as 5.0% with fly ash to synthesize geopolymeric mortars. A resistance to acid by the said mortars was examined in three volumetric percentages of H2SO4 acid. The best possible addition of 3.75% silica fume improved the strength of fly ash-form geopolymer and exhibited the optimum resistance to acid because of the boost in CSH gels, resulting in a denser structure.



With higher temperature curing, resistance to acid by a fly ash-form geopolymer is advantageous. Nguyen et al. [286]maintained a curing temperature of 80 °C for curing period of 10 hours for the fly ash-based geopolymer at and after that the immersion in a solution of 1, 2 and 4 mol/L of concentrated HCl. They noticed that the fly ash-form geopolymer maintained a value for compressive strength of roughly 20 MPa, greater than OPC in the 1, 2 and 4 mol/L HCl solution. Furthermore, Chindaprasirt et al. [287] cured fly ash-form geopolymer with a 90W microwave for five minutes and observed that the microwave radiation escalated the process of geopolymerization and provided improved densification that was analogous to the traditional curing. The fly ash-form geopolymer that was cured with a microwave had a dip in the 3 volume % of H2SO4 and recorded that it merely had a little strength loss when subjected to the acid exposure.




4.3.4. Resistance against High Temperatures


Although the geopolymer based on fly ash is subjected to higher temperatures, the amount of water that evaporates from its structure results in shrinkage [288]. Some of them demonstrate an enhancement in strength, subsequent to their exposure to higher temperatures, proving themselves fit to use for constructions as concrete, thermal barriers, fire-resistant structures, refractory and thermal insulators, etc.



It has been made known that heat can travel more swiftly in geopolymer concrete than its counterpart from the OPC system during fire exposure, resulting in a lower temperature gradient within geopolymer concrete [289]. The OPC concrete exhibited average residual strengths of 90, 52 and 11 to 16%, subsequent to its exposure to fire at 400, 650 and 800 to 1000 °C, respectively, while in the context of geopolymer concretes, the average residual strengths were 93, 82, and 21 to 29%, i.e., higher than OPC concrete, following the same kind of treatments. Furthermore, the OPC concrete underwent rigorous spalling and widespread surface cracking, subsequent to the exposure to temperatures of 800 to 1000 °C, whereas there was an absence of spalling and merely negligible surface cracking in the case of geopolymer concrete. Guerrieri and Sanjayan [290] exposed the fly ash plus slag-form geopolymer, maintaining the ratio of fly ash to slag as 100, 65/35, 50/50, 35/65 at 800 °C. Their outcomes evidenced that the geopolymer samples with very low early strengths of less than 7.6 MPa displayed an enhancement in the residual compressive strength of up to 90%, following exposure at 800 °C, whereas the samples with an early strength of 28 MPa—along with samples with an initial strength of 83 MPa—lost roughly 70 and 90% in residual strength, following 800 °C thermal exposure, correspondingly. These dissimilar residual strengths of fly ash plus slag-formed geopolymer, subsequent to its exposure at a temperature of 800 °C, were the result of sintering of the non-reacted fly ash–slag and further hydration. Geopolymer has high early strength and is less able to permit thermal incompatibilities among the internal and external parts of the sample on account of uneven temperatures during the heating period. Rickard et al. [291] studied the thermal attributes at a temperature of more than 500 °C for Class F fly ash-formed geopolymer. The peak shrinkage was about 3%, which was found at 900 °C thermal exposure temperatures. The Fe2O3 that was present with fly ash at 15% by weight directly influenced the thermal characteristics of the geopolymer, by impacting the thermal expansion, modifying the composition and altering the morphology, following the course of heating.



The density and pore structure of the geopolymer based on fly ash encourages escape from the moisture and facilitates damage protection during heating. Kong et al. [292] synthesized and exposed a fly ash-based geopolymer to heating at a temperature of 800 °C and found that a little quantity of moisture fled from the fly ash matrix, as well as the pores creating furnished routes to escape moisture in the matrix, thus, reducing the possibility of damage to the matrix at very high temperatures. Bakharev [293] compared the influences of the course of thermal temperature at 800 to 1200 °C on the geopolymer that was composed of Class F type fly ash, activated by sodium hydroxide, as well as potassium hydroxide, correspondingly. The geopolymer that was activated by sodium hydroxide activator solution showed a quick strength drop, in addition to a higher shrinkage at temperature 800 °C because of the theatrical enhancement of the average pore size, whereas another geopolymer that was produced with activation by potassium hydroxide displayed a noteworthy escalation in the value of compressive strength on heating course (whereby the strength deterioration was only initiated at 1000 °C). The supplement of low-concentrated foaming agent led to a lower density through the cellular structure. Rickard and van Riessen [294] also developed the foamed Class F type fly ash geopolymer, maintaining a ratio of Si to Al of 2.5, and exposed it to a simulated fire for 60 to 90 min, resulting in its considerable loss of strength. Foaming notably diminished the strength of Class F type fly ash-formed geopolymer, whereas the thermal insulating characteristic was also enhanced, since their thermal conductivities are mitigated by more or less half.



The use of Ca(OH)2 in the production of geopolymers based on fly ash led to the development of the CSH gel and the different mineral developments and changes at high temperatures. Fly ash-based geopolymer was produced, and the effect of calcium on the thermal resistance was examined by Dombrowski et al. [295]. While the geopolymer was subjected to temperatures that were greater than 600 °C, the formation of amorphous alumino-silicates and mineral sodalite took place, and this was converted into nepheline, afterwards exhibiting a denser structure. The nepheline transformed into mineral albite with its additional temperature increase. The fly ash-based geopolymer with a production of eight percent Ca(OH)2 showed optimum strength and the lowest shrinkage with a maximum nepheline content of 800 °C and of feldspar at 1000 °C. Geopolymer, when subjected to fire, demonstrated not only the propensity to shrinkage, but also to crack. In accordance with the standard that was fixed by the International Standards Organization, Sarker et al. [296] tested the fire resistance by the fly ash of the geopolymer and OPC system through exposure of the specimens to heating through fire at 400, 650, 800 and even at 1000 °C. However, when the exposure to heat through fire was made of fly ash-formed geopolymer at 1000 °C, it showed only slight cracks on the surface and a mass loss of 4.8%, whereas that of the OPC-system had a mass loss of 90%, proving fly ash geopolymer as an excellent fire and thermal resistant.




4.3.5. Freeze–Thaw Resistance


In regions with severe environmental conditions, the freeze–thaw attack generally accounts for the expansion of cement, as well as concrete, in-house cracking, and mass loss [297]. It can be considered as a severe attack on composites next to chloride attack. Remarkably, geopolymer based on fly ash has not exhibited any sign of deterioration, even with 150 freezing cycles.



Temuujin et al. [298] synthesized a geopolymer using Class F type fly ash, activated by a NaOH + Na2SiO3 activator solution, and afterwards cured it with a curing temperature of 70 °C for 22 h. The supplement of Na2SiO3 solution did not enhanced the durability criterion of the freeze–thaw of geopolymer based on fly ash. The amorphous Ca-compounds, such as lime and anhydrite in fly ash, and the existence of crystalline negatively impacted the resistance to freeze and thaw. The solution of Na2SiO3 reacted with compounds of calcium viz., CaO, amorphous calcium alumino-silicate and CaSO4 that were present in the fly ash, as well as developed a CASH gel or Ca(OH)2. The development of Ca(OH)2 weakened the internal structure and increased the water penetration, as well as demonstrated a negative effect on freeze–thaw resistance. Air entrainment has been evidenced as an efficient technique to raise the OPC system’s resistance to freeze–thaw.



Sun and Wu [299] made a comparison of both the geopolymer based on fly ash and the OPC system with or without air entrainment for three hundred freeze–thaw cycles. OPC without air entrainment suffered deterioration most gravely, displaying a loss in strength of roughly 20% following 300 cycles, while 5% strength loss was seen for the OPC with air entrainment. In the case of the geopolymer based on fly ash, without air entrainment, this was found with an ultimate loss of 8.4%, with 300 cycles. Fly ash-based geopolymer with the air entrainment exhibited a loss in strength of 6.8%. Undoubtedly, the air entrainment did not show much of an optimistic impact on the fly ash geopolymer.



The influence of air entrainment on the scaling rate of fly ash-based geopolymer was investigated by Brooks et al. [300]. Air-entrained geopolymer based on fly ash demonstrated minor scaling after 40 cycles of freeze–thaw, whereas the geopolymer based on fly ash sans air-entrainment was found without scaling. The compressive strength of fly ash-formed geopolymer declined considerably through air entrainment from 10 to 30%, compared to the sans air-entrained fly ash-based geopolymer, as well as the homogeneous, steady pore structure, which is supposed to boost durability in the context of resistance to freeze–thaw. This was not found to be absent in the case of fly ash-based geopolymer that was not air-entrained.




4.3.6. Resistance against Efflorescence


Particularly, a geopolymer with higher alkali, as well as lower calcium contents tends to be porous with an open micro-structure. The water solution is captured or linked with the network in the pores, while the geopolymer 3D structure is finally developed [53]. Inside the pore structure, the surplus sodium oxide is movable. In addition, this is susceptible to producing crystal in a white colour, i.e., efflorescence, while contact with carbon dioxide that is present in the atmosphere causes the degradation of the geopolymer [301]. The efflorescent nature of fly ash-formed geopolymers is highly reliant on the kind of alkali activator solution, the calcium that is present and the curing temperature. The application of KOH in place of NaOH as an activator solution reduces the efflorescence of the geopolymer [302]. The higher concentration of alkali in the pore solution and the low connection of Na+ in the geopolymeric structure are the root causes of moving Na+ in pore solution and lead to a severe geopolymer efflorescence [303].



On the other hand, K+ represents a stronger bond to the alumino-silicate gel framework and crystals of K2CO3 are generally visually less evident than their sodium counterparts. Zhang et al. [304] activated fly ash with sodium hydroxide to produce geopolymer. In addition, they maintained a curing temperature of 23 °C and 80 °C. They revealed that geopolymer displayed greatly inferior efflorescence at an elevated temperature, compared to those that were manufactured at the lower temperature. The curing was beneficial to crystallize and restructure NASH gels, as well as to reduce the rate of efflorescence. The presence of calcium helps to develop CSH gel in geopolymer based on fly ash and a smaller pore size with lower penetration, which puts stops the diffusion of alkali [305]. On the contrary, in the case of the foamed geopolymer based on fly ash, the foaming resulted in the large pore size and high porosity of the geopolymer based on fly ash, which led to the quick leaking of alkali and, hence, resulted in speedy efflorescence [304].





4.4. Fly Ash-Based Geopolymer for Concrete


The emerging concerns regarding the environment and restricted natural resources have motivated scientists, researchers, engineers and people related to construction and infrastructure industries to seek alternative construction materials [306]. Fly ash is one of the profuse industrial by-product waste materials, employed as either precursor or supplementary cementitious material in manufacturing diverse geopolymers for the concrete industry. Geopolymer concrete based on fly ash differs from OPC production regarding the higher carbon dioxide emissions that are linked to it [307]. In several respects or under specific conditions, fly ash-based cement has sometimes demonstrated a superior performance to OPC. In comparison with OPC concrete, fly ash-based geopolymer concrete has a dense microstructure with a lower diffusion of chloride and low porosity.



Reddy et al. [308] utilized Class F type fly ash as a precursor with Na2SiO3 plus NaOH as alkaline activator solutions to produce geopolymer cement. They revealed that the referred geopolymer concrete demonstrated outstanding chloride attack resistance with lesser cracks owing to corrosion, while it was subjected to an induced current and simulated seawater. Alkali-silica reaction is a familiar phenomenon among the OH− in the pores that are present inside the concrete matrix and the reactive aggregates of the concrete. Alkali-silica reaction is accountable for the loss in strength, the distribution of the concrete structure and, significantly, for cracking. It is well-known that fly ash-based geopolymer concrete is considered to be susceptible to a lesser amount of ASR than OPC concrete. Kupwade-Patil and Allouche [309] manufactured a geopolymer concrete based on fly ash with reinforcement by steel bars using aggregates of quartz, siliceous limestone and sandstone. Afterwards, they compared the cyclic wet and dry chloride medium for chloride ion diffusion for more than 12 months, along with OPC concrete for comparative study. Surprisingly, the outcomes suggested that OPC concrete specimens went beyond the allowable limit by the ASTM standard for expansion, whereas geopolymer concrete samples were found to be within the permissible range.



Additionally, the leaking and visual cracking were monitored in OPC concrete, while geopolymer concrete-based fly ash demonstrated no such footprint of cracks. Normally, aggregates encircle as high as 85% of the total material that is present in concrete. In the case of fly ash-based geopolymer concrete, the interactions between the alumino-silicate framework, alkali cations, aggregates and additives are key factors which affect the mechanical performances on the whole. The powerful interfacial interactions among the geopolymer matrix and the aggregates in a greater region provide the higher splitting tensile strength amid steel reinforcements and geopolymers [310]. Moreover, the size of the aggregates impacts on the performances of the fly ash-formed geopolymer concrete.



The influence of the aggregate size on the compression strength of fly-ash-based geopolymer concrete with aggregates of crushed old basalt, slag and river sand at elevated temperature was investigated by Kong and Sanjayan [311]. They reported that the thermal incompatibility among the aggregates and the matrix of the geopolymer resulted in a loss in strength for geopolymer concrete samples at very high temperatures. The larger aggregates of more than 10 mm in size demonstrated high-quality performances in the context of strength at both ambient and higher temperatures, whereas aggregates that were less than 10mm in size favoured not only the spalling, but also wide-ranging cracking at the higher temperature. The coarse recycled aggregate was employed to manufacture geopolymer concrete based on fly ash with up to the standard attributes. Sata et al. [312] utilized crushed bricks comprised of clay and structural beams of concrete subsequent to crushing as recycled coarse aggregates to produce geopolymer concrete based on fly ash. The referred recycled aggregate containing fly ash-formed geopolymer concrete displayed inferior compressive strength values ranging from 2.9 to 10.3 MPa than the one possessing natural aggregates.



Moreover, the ratio of the total void was 21.7 to 26.9% of the geopolymer concrete made up of recycled aggregate, which was just analogous to those containing natural aggregate at 24.2 to 27.4%, and the water permeability that was recorded was 0.71–1.47 cm/s versus 1.18–1.71 cm/s. Nuaklong et al. [313] employed high calcium fly ash with recycled aggregates that were obtained from old concrete, possessing the compressive strength of 30–40 MPa to synthesize the fly ash-based geopolymer, and examined the strength criterion. In this case, they monitored the range of values of compressive strengths from 30.6 to 38.4 MPa, less than those of fly ash-formed geopolymer concrete possessing crushed limestone as an aggregate. The diverse superplasticizers such as polycarboxylates and naphthalene (N) as the water reducer admixture were applied by Nematollahi and Sanjayan [314] to enhance the workability of the geopolymer concrete. The polycarboxylates superplasticizer of 3.3 wt.% caused a noteworthy decrease of 54% in strength, regarding concrete with no use of superplasticizer.



On the contrary, N superplasticizer with a 1.19% weight caused a 22% decline in strength. At a higher temperature, the use of superplasticizers is not useful to geopolymer concrete at elevated temperatures. The lower permeability of the geopolymer based on fly ash can effectively stop CO2 leakage.



Nasvi et al. [315] investigated the apparent permeability of the CO2 of geopolymer cement based on fly ash. Furthermore, Nasvi et al. [316] synthesized geopolymer cement by employing fly ash with NaOH plus Na2SiO3 activator solutions and examined the permeability of CO2 under three conditions, such as (i) temperatures of 23 to 70 °C; (ii) confining pressures of 12 to 20 MPa, (iii) CO2 injection pressures of 6 to 17 MPa. The findings exhibited that the apparent permeability of CO2 for geopolymer escalated with a boost in curing temperature. These outcomes indicated that geopolymer cement based on fly ash possesses an excellent potential for its use in the storage of carbon. Table 2 represents the existing literature based on the properties of geopolymer concrete.




4.5. Fly Ash-Based Geopolymer for Mortar


The potential applications of geopolymers based on fly ash as mortar necessitate the study of its significant properties, in order to establish it as a successful building material.



4.5.1. Properties


Workability


The degree of workability of fresh geopolymer mortar is an imperative attribute, which determines the characteristics of hardened geopolymer mortar. Water is usually used to control the fluidity of fresh mortar without decreasing the visible strength [349]. Flow is often used to calculate the workability of the mortar, which can be measured with the flow test. Flow is normally utilized to assess the functioning ability of fresh mortars, that is given away in the percent of the early base diameter. The devices for testing comprise a mould for flow, a trowel, tamper, measuring tape and flow table. During the flow test, the new characteristics of workability can be achieved, as well as the mortar constancy and the filling ability.



Jumrat et al. [350] disclosed that geopolymer mortar’s flow value reduced with the increase in Na2SiO3/NaOH ratio and fly ash to alkaline solution ratio on account of the higher viscosity of a solution of Na2SiO3. Further, additional water might be supplemented to acquire the geopolymer mortar with a functioning workable characteristic. The enhancement of Na2SiO3 constituent resulted in the rapid development and superior viscosity ability of the binder, which was increased with the augment in the level of Na2SiO3 and NaOH [351].



The investigations obtained the fluidity at 30s and 30 min, due to the measurement index of the workability property of mortar. Further, the monitored geopolymer mortar fluidity accelerated when the NaOH concentration reduced [352]. Moreover, Patankar et al. [353] had the same opinion concerning geopolymer mortar having dissimilar ratios of activator solution to fly ash.



Bhowmick and Ghosh [354] revealed that the fly ash to sand ratio escalated the flow value percentage of geopolymer mortar, in addition to the ability of flow with the cohesiveness of the geopolymer mortar, which boosts with the escalating the ratio of SiO2/Na2O. The outcomes of their study also made known that the uniformity of the mortar and flowability are affected by the size of the particle and grading of the aggregate.



Malkawi et al. [355] conducted a flow test and accounted that the flowability of the geopolymer mortar that was synthesized by using fly ash was strongly influenced by the concentration of sodium hydroxide, and the workability was monitored as lessening with the acceleration of NaOH concentration.



Lee [356] manufactured the geopolymer mortars that were produced by slag and fly ash, in addition to employing styrene–butadiene latex and measuring the flow accordance with a flow test, demonstrating that the coarse bottom ash and SB latex dose had more or less no impact on the value of the flow, whereas the supplement of alkali activators enhanced the value of the flow.



Sathonsaowaphak [357] studied the workability performance of geopolymer mortars that were produced by using the bottom ash waste from lignite source. The bottom ash can be used to replace the finer aggregate in the geopolymer mortar; nevertheless, the bottom ash substitution reaches lower flow levels than those where the standard sand is used [358].



The effects of the alkaline solution and calcium to silicate ratio on the flow of the geopolymer mortar were calculated by Huseien et al. [359]. Their results showed that the use as an alkaline-activator solution of sodium silicate could reduce the geopolymer mortar flow without sodium hydroxide, due to the higher Na2SiO3 viscosity.




Compressive Strength


The geopolymer mortars based on fly ash were manufactured using 70% of GGBFS and 30% of POFA by Islam et al. [360], who demonstrated the best possible compressive strength of roughly 66 MPa. In high-calcium fly ash-based geopolymers, a significantly higher concentration of NaOH may gain less compressive strength than low-calcium fly-ash geopolymer mortar [361].



The upshots of Temuujin et al. [362] pointed out the bonding among geopolymer binders with aggregates. Nevertheless, Zejak [363] uncovered that the compressive strength property of geopolymer mortar that was prepared with fly ash was enhanced by the addition of limestone sand. However, the existence of the sand particles with well-combined grains amends the gel phase of the geopolymer structure.



The influence of the ratio of SiO2/Na2O and the ratio of water to fly ash on the compressive strength performance of geopolymer mortar. The impact of an escalating SiO2/Na2O ratio on the compressive strength property of the geopolymer mortar is not identical with the alkaline liquid ratio [364].



The authors Kotwal et al. [365] illustrated the impact of sand to fly ash ratio on compressive strength. The compressive strength augments with the addition in the ratio of Na2SiO3 to fly ash. While the ratio of NaOH to fly ash increases from 0.05 to 0.125, the compressive strength property of the geopolymer mortar also enhances at first, but subsequently declines. Moreover, the ratio of binder/sand influences the compressive strength performance of geopolymer mortars.



Patankar et al. [353] reported that the compressive strength measurement of geopolymer mortars with a curing age of three days was found to be improved with an augment in curing temperature, whereas the strength improved slightly after the curing by oven heating for more than three days.



Gorhan and Kurklu [366] found an accelerating propensity concerning the compressive strength performance of geopolymer mortar that was cured at 85 °C, while the concentration of sodium hydroxide and time for curing increased. The optimal 6 M concentration of NaOH and 85 °C temperature for curing generated the brilliant compressive strength of the referred geopolymer mortar.



The findings of Bashar [367] suggested that the fly ash geopolymer mortar that was synthesized with 100% quarry dust with manufactured sand did not show a visible reduction in strength in comparison with the geopolymer mortar that was produced with 100% conventional mining sand.



Helmy [368] investigated the intermittent curing technique for geopolymer mortars at a curing temperature of 70 °C for four stages, whereby each stage was of 6 h/day, resting afterwards for 18 h. The monitoring indicates that the intermittent curing of geopolymer mortar can enhance compressive strength.



The outcomes of Li et al. [369] for geopolymer mortars synthesized using Class C type fly ash at 70 °C with a curing period for 20 h obtained the best possible compressive strength. Nevertheless, Adam and Horianto [370] accounted that fly ash-based geopolymer mortar attained optimum compressive strength, obtained with a 120 °C curing temperature for up to 20 h.



A comparative study was made by Narayanan and Shanmugasundaram [371] for diverse curing techniques of geopolymer mortars such as oven curing, heat chamber ambient temperature, and autoclave by. They reported that the optimum compressive strength of the geopolymer mortar was observed at an 80 °C curing temperature for 6 h. Increased compression strength with the increment in the fly ash substitution rate with GGBFS was observed for geopolymer mortar [372]. The geopolymer mortar based on fly ash, which employed a different percentage of the colloidal nano-silica supplement [373]. They reported that a 6% fly ash substitution rate was the maximum dose of nano silica that was necessary to achieve agreeable compressive strength at an ambient temperature curing condition.




Tensile Strength


Furthermore, the fly ash geopolymer mortar is commonly recognized to have exceptional performance under compressive loading. Chuah et al. [374] compared the average geopolymers’ tensile strength with the design strength of the ACI standard and reported that the tensile splitting force of geopolymers could satisfy the design requirements of the ACI code, irrespective of sand type.



Guades [375] assessed the tensile attributes of geopolymer mortars via carrying out the experiments. The tensile strength property of geopolymer mortars accelerates gradually with the augment in the sand to fly ash ratio as 7 to 28 days of curing.



Adak [373] upshots revealed that the 6% nano-silica mixture improved the geopolymer mortar tensile strength at ambient temperature curing, and the escalation in the molar concentration of the activator solution increased the tensile strength of the mortar. The kinds of alkaline activator solutions and curing temperature have a significant effect on geopolymer mortar tensile strength. The geopolymer mortar that is cured at 27 °C is stronger than the mortar that is cured at 60 to 90 °C. The sodium hydroxide liquid solution that is employed as the activator results in an enhanced tensile characteristic compared to the sodium alumino-silicate hydrate solution [359].




Flexural Strength


By and large, the cement mortar with higher compressive strength shows a prominent flexural strength performance. Nevertheless, the geopolymer mortar demonstrates higher flexural and lower compressive strength on account of the exceptional bonding of geopolymer paste to the aggregates and the extraordinary fragility of the geopolymer [376]. The kinds of alkali activator solution and temperature for curing considerably influence the flexural strength performance of geopolymer mortar.



Atis et al. [377] studied the discrepancies of the flexural strength behaviour of geopolymer mortars with a variety of contents of Na, which were cured for a period of 24, 48 as well as 72 h at 45 to 115 °C. The findings showed that the geopolymer mortar, which combines fourteen percent sodium when cured for 24 h below 115 °C, had the best possible flexural strength, while the geopolymer mortar with four percent of Na had the least flexural strength, which had been cured at 105 °C for 24 h. While the ratio of bottom ash to fly ash is enhanced from 0 to 3, the flexural strength of the geopolymer mortar improves first, but subsequently tends to mitigate, failing to reach the optimum value at a ratio of the bottom ash to fly ash [358]. The blending of nano-silica in geopolymer mortars has a significant influence on the flexural strength of the mortar. The geopolymer mortar with 6% of nano silica displays elevated flexural strength than the mortar sans nanoparticles. In addition the flexural strength accelerates gradually with the addition of a concentration of molar or alkaline activator solution, irrespective of a supplement of nano silica [272].



Huseien et al. [359] uncovered that geopolymer mortars that were cured at 27 °C had elevated flexural strength, compared to the mortars that were cured at 60 and 90 °C. Moreover, the solution for sodium alumino-silicate hydrate resulted in less flexural bending strength than the sodium hydroxide solution.




Acid Resistance


The structural integrity of the geopolymer mortar relies upon alumina-silicate and not calcium silicate hydrate bonds. Several researchers have conducted experiments on the acid resistance of geopolymer mortars. Satya et al. [378] summed up that the synthesized geopolymer mortars that were incorporated with fly ash and POFA displayed brilliant resistance to acidic water on account of the development a few novel zeolite-type phases.



Moreover, fly ash-based geopolymer mortar showed a very high resistance to acidic peat water, compared to the geopolymer mortar that was incorporated with POFA [379]. Further, the findings of Sreevidya et al. [380] monitored the resistance of geopolymer mortar against muriatic and nitric acids and compared a compressive strength value before and after immersion in acid solutions. Nevertheless, the augment of the content of OPC in the geopolymer mortar led to a higher degree of weight loss of the samples, following their immersion in a 10% solution of sulphuric acid [381].



Thokchom [382] assessed the resistance to acid by geopolymer mortars containing Na2O of about 5–8%, following the immersion in nitric, as well as sulphuric acids, for an exposure period of 24 weeks. The author suggested that geopolymer mortar with 8% of Na2O demonstrated a minor loss of compressive strength. In addition, the loss in the compressive strength of the samples that were immersed in sulphuric acid was superior to the samples that were immersed in nitric acid.




Water Absorption


The water absorption of the geopolymer mortar depends on the pores, especially the apparent porosity value and the pores’ size. Adak et al. [272] concluded that geopolymer mortar with 6% of nano silica particles with dissimilar concentrations of molar displayed an inferior absorption of water after the curing of samples for 28 days, compared to the geopolymer mortars with the absence of nano silica particles.



Kurklu [383] synthesized the geopolymer mortars employing fly ash and blast furnace slag (BFS) and assessed the impact of slag dose on the water absorption of the mortars through a heat curing period of 5–168 h. The water absorption values of the mortars containing dissimilar doses of fly ash ranged inconsistently with the increase in BFS quantity, and the least absorption of water was seen in the sample with 100% BFS after 24 h of curing, whereas the optimum absorption of water became visible in the sample incorporating 25% BFS, following curing for 5 h.



Abdollahnejad [381] gauged the water absorption capillarity coefficient of diverse kinds of geopolymer mortars. The authors reported that the single part of the geopolymer mortar enclosing 8% calcined content demonstrated high capillary water absorption on account of a huge quantity of capillary pores.



It was reported by Helmy [252] that the increase in treatment time resulted in the water absorption mitigation of geopolymer mortars, while the specimens were thermally cured at 85 °C, and that NaOH concentrations influenced water absorption.



The water absorption of geopolymer mortar that was synthesized in volcanic ash was examined by Djobo et al. [384]. The water absorption of the sample that was cured below 80 °C was higher than the specimen that was cured below 27 °C, and the maximum value for water absorption was seen before 28 days, while the water absorption was constant, regardless of the curing temperature.




Micro-Structures of Fly Ash-Based Geopolymer Mortar


For geopolymer mortars that were synthesized using class C Fly Ash when examined for micro-structures by Li et al. [352], their SEM micrographs displayed relatively denser reaction product development in the mortars. The amalgamation of nano silica for making the geopolymer mortars is competent enough to modify its morphology. The geopolymer mortar enclosing six percent particles of nano silica is found to comprise a higher amount of crystalline compound transformed from an amorphous material, compared to the one which does not contain nano-particles [373]. The microstructures of the geopolymer mortars with or without exposure at higher temperatures through SEM micrographs were studied by Abdulkareem et al. [385]. They revealed that the appearance of the microstructure of geopolymer mortars altered to some extent when they were exposed to an elevated temperature of 400 °C.



Nevertheless, it was unearthed that the structural water evaporation caused some smaller micro-cracks in the geopolymeric gel, leading to the deterioration of the strength of the geopolymer mortar when subjected to a temperature of 600 °C. The referred deterioration in the micro-structure turned out to be more severe on the elevation of the temperature to 800 °C. The geopolymer mortars that were produced through employing dissimilar activators, along with the incorporation of POFA and fly ash, were studied micro-structurally by Huseien et al. [359]. They found that the FESEM images of geopolymer mortar that was synthesized through employing sodium silicate displayed a fragile matrix, as well as a lower density. They also saw the presence of more non-reacted or partly reacted particles of POFA and fly ash in the composite [359].






4.6. Fly Ash Based Geopolymer Paste


The properties of fly ash-based geopolymers have been examined in the past by many researchers, mainly concerning their workability, flowability, setting time, water absorption, compressive strength and drying shrinkage.



4.6.1. Properties


Workability


The workability property of geopolymer paste was studied by Kumar and Ramamurthy [386], who established that for constant ratios of NaOH and Na-Si to NaOH, as well as an alkaline liquid to fly ash, there is a noteworthy impact on the workability of geopolymer paste and mortar. The mix becomes more workable when the liquid alkaline is used in the mix. While there is an elevated ratio of La/ash such as 0.75 for geopolymer mortar and 0.45 for geopolymeric paste, an enhancement in NaOH contents in terms of molarity results in steep mitigation in the workability of the mixture. This is because of a boost in the solution viscosity with NaOH molarity. However, the mixture was found to be very stiff when the La to ash ratio was maintained as 0.65 for geopolymer mortar and 0.4 for geopolymer paste, regardless of the ratios of Na-Si to NaOH and NaOH molarity.




Flowability


The average slump flow of geopolymeric mixes was determined by Ling et al. [387], who accounted that none of the investigated geopolymer pastes demonstrated notable bleeding during the mini-slump test. The activator concentration affected the flowability of geopolymeric paste more extensively than the module. When comparing them with cement pastes, pastes with a concentration of twenty-five percent significantly reduced the slump flux, while pastes with a concentration of twenty percent significantly increased the slump flux. According to Zuda et al. [388], the augmented silica was probably associated with the high module activator solution, which promoted the precipitation of larger molecular species and led to a stronger gel of improved density. Additionally, a solution with a high module activator presented an elevated quantity of Na2SiO3. Moreover, Chindaprasirt [350] accounted for analogous findings and explained that these owed to an elevated concentration of activator, which would have led to the enhanced viscosity property of the mix. A high module also reduced the slump flow. The mitigation was more rigorous for pastes with a higher concentration of activator. The elevated viscosity of Na2SiO3 might also have influenced the flowability of the paste [355]. As per Lee et al. [269], the measurement upshots for the flow and images of the geopolymeric paste in the context of the Si/Al ratio were as follows: The flow measurements were 187.5 mm, 177.5 mm and 167.5 mm on maintaining the Si to Al ratios as 1.5, 3.5, and 4.0, correspondingly, suggesting that the flow reduced the increase in the ratio of Si/Al. When the value of the ratio of Si/Al was fixed as 3.5 and 4.0, the flow possibly diminished on account of the higher viscosity of the activator of Na2SiO3·H2O, compared to the case whereby the value of the Si to Al ratio was 1.5. For this reason, while Na2SiO3·H2O is used as the activator to synthesize geopolymers, it is highly important to observe it for any deterioration concerning the fluidity.





4.6.2. Setting Time


Saha and Rajasekaran [389] observed from their experimental investigations that the setting time for both the early and final stages of geopolymer paste that was prepared with fly ash were found to be considerably lower with the augment of the GGBFS in the mixtures. It was found that a blending of GGBFS in mixtures increases the initial setting time from 420 to 480 min, to 25 to 130 min, and the final setting time from 1425 to 1600 min, to 90 to 355 min. The initial and final setting times of geopolymer paste were observed to change from 73 to 94% and by 77 to 92%, respectively, on the addition of slag from 10 to 50% in the mixtures, in comparison to the setting time of geopolymer paste mixtures with no slag. The discrepancies of geopolymer paste occurred with a variety of GGBFS within the initial setting time and final setting time. The geopolymer paste is found to rely characteristically upon the production of NASH gel. Since the quantity of calcium oxide is significantly greater in the slag, geopolymer paste mixtures that are developed incorporating slag may also develop CSH gel in association with NASH gel in the initial period. Consequently, geopolymer paste that is incorporated with a higher amount of GGBFS takes considerably less time for both the initial and final settings, according to the findings of setting time by Hanjitsuwan et al. [243]. The initial and final set-up times were both enhanced by NaOH concentration acceleration. The final times were recorded for various samples, including 130, 160, 205, 245, as well as 260 min. The leakage of alumina and silica was also found to be low when the NaOH concentration remained low [254]. The leakage of Ca2+ ions into the solution was not disrupted and, therefore, the solution was full of calcium. The referred quantity of calcium was adequate for precipitation and reacted to develop CSH gel and CAH gel that result in the paste setting. Consequently, the setting time became shorter [390,391]. As a result, the geopolymer paste setting time is connected to the quantity of the accessible calcium [240]. When the concentration of NaOH was high, the leaking of alumina and silica was superior to a great extent. The leaking of Ca ions was delayed, and the quantity of Ca in the solution was restricted.




4.6.3. Compressive Strength


The discrepancy in the context of the compressive strength property of aerated geopolymer paste formed with fly ash was studied by Kumar and Ramamurthy [386]. Kumar and Ramamurthy [386] illustrated that (i) for a provided alumina dose, the density and the compressive strength improved with the NaOH molarity value. This may be assigned to the higher fly ash dissolution and increased NaOH concentration with advanced geopolymerization, and that a liquid alkaline/ashes ratio of 0.4 provides a comparatively higher strength-to-density ratio. (ii) On the other hand, an increase of 2 in a ratio of Na-Si to NaOH extends a number of lower densities such as 1250 to 700 kg/m3, matching compressive strength mitigation, which is altered in pH by modification in the silicate [224].



Ling et al. [387] confirmed the value for the compressive strength of geopolymeric paste. Ling et al. [387] suggested that geopolymeric pastes possess superior strength to ordinary Portland cement pastes at every age, except the mixtures containing a molar ratio of 1.5 SiO2/Na2O at twenty percent concentration for 28 days. On the 7th day, 90% of geopolymer pastes had a 28th-day compressive strength, whereas the strength of cement pastes was more or less established for approximately 60% of their strength after 28 days. Following seven days, the compressive strength property of geopolymer pastes improved at a snail’s pace, but that of PC pastes was augmented quickly. The molar mixtures of 1.0 for SiO2/Na2O had the best possible concentration compressive strength at the 25% concentration, followed by those of the 1.0 molars at the 20% concentration. Keeping the constant water/binder ratio of 0.33, the fly ash-based geopolymer paste that was synthesized using an activator with a ratio of molar 1.0 SiO2/Na2O and twenty-five percent concentration demonstrated the compressive strength value of 76.0 MPa after 28 days, whereas the cement-paste exhibited the value of compressive strength as 59.4 MPa. The impacts of geopolymerization that were encouraged by an increased alkaline concentration could also be determined by the effects on the fluctuating porosity of the ultimate geopolymer products [392]. The referred tendencies correspond with the outcomes of not only Fernandez and Palomo [393], but also Rattanasak and Chindaprasirt [254]. The value of the compressive strength of the geopolymeric pastes with a range of substitutions of fly ash with water glass powder were studied by Liu et al. [394]. The upshots designated that the levels of substitution for both fluorescent lamp glass (FP), as well as ground container glass (CP), had imperative influences on the compressive strength properties of geopolymeric pastes. The best possible presentations for FP, as well as CP substitutions, are achieved from the samples with 10 FP and 20 CP content, with the compressive strength values as 41.1 MPa and 47.6 MPa, correspondingly, whereas the reference paste exhibited the compressive strength value of 45.7 MPa. The value of compressive strength has the propensity to reduce as the echelon of substitution by FP is boosted. Due to its higher silicone content, the decreasing value of the compressive strength can be assigned to FP substitution and can change the ratio of silicon/aluminium. The higher ratios of silicon/aluminium encouraged the development of lower cross-linked alumino-silicate materials with mitigated strengths, which was intimated by Rattanasak et al. and Fletcher et al. [395,396]. The characteristics of geopolymers are drastically modified with comparatively lower alterations in the contents of aluminium and silicon during geopolymerization of alumino-silicates, as revealed by De Silva et al., [397]. Davidovits [63], as well as Chindaprasirt et al. [390], who found that for a good-quality strength geopolymer, the optimum ratio of silicon/aluminium was among 3.5 to 4.0. Nevertheless, the geopolymer samples employing 10% to 30% FP displayed the values of compressive strength of 87% to 90%, compared to the reference paste, due to the FP-particles being and finer. The finer particles of FP performed as micro-fillers and induced matrix densification to the geopolymeric paste. Moreover, the compressive strengths performance of geopolymer pastes incorporating CP dropped, analogous to those possessing FP, on account of the enhanced ratios of silicon/aluminium. Nevertheless, the compressive strengths measurement of the pastes blended with CP, i.e., CaO as 12.80%, were greater than those that were manufactured with FP, i.e., with 7.43% CaO content, at the identical substitution echelons. The high CaO levels for the geopolymer pastes were considered as a generating factor in the formation of denser structures and enhanced strengths in combination with other rates of geopolymerization, following Saha and Rajasekaran, [389] and Temuujin et al. [398]. The twenty percent CP geopolymer paste represents the best compressive strength value of 47.6 MPa, a little higher than the reference paste. This is possibly attributed to the blending of an appropriate quantity of finer particles of CP with a higher content of CaO. In relation to the ratio of amorphous Si/Al in fly ash, Lee et al. [269] analyzed the results of compressive strength measures in the geopolymer paste. When the compressive strength of the samples was cured at 70 °C for one day, the attained values were 15.0, 23.0, and 9.5 MPa for 1.5, 3.5, and 4.0 as the ratio of Si/Al, correspondingly. After more than one day of age, the values for compressive strength were augmented when cured at 20 °C. The compressive strength values of the samples were 43 MPa following the 28 days and showed the most compressive strength possible for the sample with an Si to Al ratio of 3.5 and with NaOH plus Na2SiO3·H2O used as the alkali activator. In the meantime, the value of compressive strength for the samples that were cured at a temperature of 70 °C between one and 28 days at 3 days of age was about 1.29–1.45 times greater than for the samples that were healed 20 °C between the age of two and 28 days. Moreover, for the samples with a ratio of Si/Al as 1.5, the value of compressive strength due to curing at a higher temperature until the age of 28 days was found as 48.1 MPa, which was more than the compressive strength value of the sample that had a ratio of Si/Al as 3.5. The compressive strength of the geopolymer paste that was preserved as cube specimens and at ambient curing temperature by Saha and Rajasekaran [389] was recorded to have an escalating drift, whereas the concentration of the solution of NaOH and the GGBFS quantity percentage in the mixtures were both found to be enhanced. An enhancement in the compressive strength was monitored more while the slag was present in an elevated amount. The compressive strength of the geopolymer paste is assigned to develop a 3D network of silicon aluminium structures through the manufacture of a gel of sodium aluminium silicate hydration (NASH). The elevated concentration of the solution of NaOH helps to produce an adequate gel of sodium-aluminate-silicate-hydrate (NASH) and leads to polycondensation. Consequently, the stable 3D network of silico-aluminates is developed to offer greater strength to the geopolymer based on fly ash. Moreover, the development of CSH gel besides structures of silico-aluminates in the paste mixtures provide a notably improved strength. The compressive strength of geopolymer paste is improved after 7, 28 and 56 days with a various percentage of slag. The best possible compressive strength value of geopolymer paste on the 7th, 28th and 56th days were monitored as 66.4, 78 and 78.2 MPa, correspondingly, for the mixture with a solution of 16 M NaOH and 50% quantity by weight of GGBFS. of the compressive strength value for geopolymer paste mixtures following 28 days is found to be greatly reduced. The mixture that was manufactured with the solution of 16 molarity concentration of NaOH and 50% by weight of slag demonstrated optimum compressive strength, and exhibited a 14.8% increase in compressive strength after 7 days, and 0.26% growth after 28 days. This is according to the findings of the compressive strength by Hanjitsuwan et al. [243]. The recorded value of compressive strength accelerated with an augment in NaOH concentration such as 43.3, 46.7, 50.0, 54.1, as well as 56.0 MPa of pastes, in that order. The dissolution of Si4+ and Al3+ ions from fly ash increased, while the concentration of NaOH was higher and the development of sodium-alumino-silicate was augmented, leading to an increase in the compressive strength [251,254,399].




4.6.4. Water Absorption


Kumar and Ramamurthy [386] studied the geopolymer paste and mortar water absorption property. Generally, the absorption of water reduces with an increase in the density of the geopolymer composites (paste and mortar). For an analogous density, an acceleration in the temperature for curing resulted in inferior water absorption. When the ratio of Na-Si/NaOH was elevated, although the mitigation in density could be obtained, the resultant absorption of water was much higher. For an equivalent density, where the curing temperature was 90 °C for a ratio of Na-Si/NaOH as 1, the disparity in the absorption of water among ratios of La/ash as 0.4 and 0.45 was trivial; therefore, the selection of the mixture should be that which contributes superior strength for a required density.




4.6.5. Drying Shrinkage


Ling et al. [387] investigated the drying shrinkage attribute of geopolymers. The drying shrinkage tests of all mixtures were made up of Portland cement (PC) and fly ash-based geopolymer (FG) for a drying period of 56 days. However, the main free drying shrinkage also occurred in the initial 14 days, and the trend in the free drying shrinkage test results was not the loss of paste mass. FG pastes with a high activator solution concentration usually had more drying shrinkage. The pastes with 25% activator concentration suffered high shrinkage, whereas the pastes with a lesser concentration of activator solution of 20% demonstrated less free drying shrinkage than their respective PC pastes.




4.6.6. Microstructures of Fly Ash-Based Geopolymers Composites


The chemistry and microstructure of geopolymer composites based on fly ash are controlled through the particle size distribution analysis and mineralogical composition of the primary fly ash, the type of activator and a few other variables. The microstructure of geopolymer concrete that is formed with fly ash regarding reaction, and the type of activator that is employed have been studied by many renowned scientists [400,401]. In the SEM images of the fly ash, the referred figure shows that the dissimilar, spherical size, shaped series of glass particles vary in length from 10 to 20 µm, and a few of these spherical particles might hold other particles of a lesser size in internals.



Akin to Weir et al.’s models [402], which clarify the microstructure of OPC concrete, as well as its hydration reaction, the reaction that occurs while fly ash is geopolymerized is characterized by Fernández-Jiménez and Palomo [393]. In the commencement, the attack against the chemical initiates at a particular place on the surface of the particle and subsequently forms to manufacture a larger hole; Dissimilar smaller particles either vacate or else are partially filled with other small ashes, toward a bi-directional alkali attack, in accordance with Brouwers and Van [403]. Afterwards, the reaction form is developed in both the exterior and interior of the sphere-shell until the ash particle is entirely or more or less completely utilized. A few significant outcomes regarding the microstructure of geopolymer concrete that is formed with fly ash have been characterized. Nevertheless, the similarity among investigations has been frequently restricted on account of disparities in experimental points of view.



X-ray Diffraction (XRD)


Abdulkareem et al. [385] accounted for a wide hump from 20 to 35 that was indicative of the presence of amorphous geopolymeric yields. On the basis of a precedent investigation, the presence of mullite, as well as quartz, reflected the composition of characteristic fly ash. Fly ash consists of Ca and Fe. Hence, it described the crystalline phases in the geopolymeric paste. A few peaks were made known in nano silica blended geopolymer concrete that designated the development of the novel phases of Albite NaAlSi3O8; silica SiO2; anhydrous aluminium silicate Al2Si2O5(OH)4; mullite 3Al2O3∙2SiO2; calcium silicon oxide Ca3SiO5; and calcium hydroxide Ca(OH)2 crystalline type compound. After the addition of the alkaline solution, the crystalline phases were exposed, followed by a comparison of the amorphous hump. Zeolite was produced after dissolution, while all of the fly ashes had mullite (2Al2O3·SiO2); quartz (SiO4); and hematite (Fe2O3). The XRD analyses for fly ash-based geopolymers with a ground glass container (CP) for 7 days were explained by Tho-In et al. [394]. The geopolymeric fly ash paste has a broad hump with 25–35 phases and is in the lower calcite phase, which corresponds to the geopolymerization level [404]. Fly ash–CP pastes have the same XRD drifts as 100FA paste. The calcite and quartz spikes were nevertheless monitored, with the higher CaO and SiO2 presence increasing the percentage of ground CP [405]. At a high percentage of CP substitution, tridymite and cristobalite peaks were noticed.




Fourier Transform Infrared Spectroscopy (FTIR)


Adak et al. [406] endeavoured to determine the geopolymeric structure by means of an FTIR analysis. The distinct intensity band in the vicinity of 460 cm−1 was identified for the Si-O-Si vibration bending. Due to the AlO4 vibration, the band between 750 cm−1 and 800 cm−1 was monitored. The asymmetrical span of Si-O-T is further enhanced by T = Al, Si; the most powerful band was described and recorded in the area of 950 cm−1 to 1050 cm−1 [407]. The position, i.e., 1420 cm−1 of Si-O-Si in 12GC0H was moved to the exact position, i.e., 1485 cm−1, in 12GC6. Moreover, an important band was situated at just about 3450 cm−1 for OH stretching bonding. Tho-In et al. [394] carried out the FTIR analysis on geopolymer with fly ash with container glass pastes and a ground fluorescent lamp (FP). The absorption bands at more or less 3450 cm−1 and the band, which is weak at 1650 cm−1, are accompanied by O-H and H-O-H bond vibrations in the molecules of the water. The preceding investigations accounted that the bands were recorded and uncovered [394]. Tho-In et al. [394] stated that the water molecules were incorporated into pores or absorbed on a surface during geopolymerization [393,408,409]. The band at approximately 1450 cm−1 was the indication of the expansion of O-C-O in carbonate groups because of the reaction to atmospheric CO2 of alkali metal hydroxides. Every sample shows an irregular Si-O-X stretch at 1050 cm−1, in which the X represents an aluminium or tetrahedral silicon. The Si-O-X bond assisted the course of geopolymerization with the phases of amorphous alumino-silicates that were developed. Researchers also explained that the sharp absorption band connects to many tetrahedral aluminium particles in the geopolymeric gel [410]. Additionally, the stretching of Si-O-Si and O-Si-O bonds is alike to that of the Si-O-Al group and is located at 450 cm−1 [411]. Moreover, the corresponding wide bands accounted for both fly ash that was incorporated with GP and FP, as well as 100 FA specimens. On the other hand, samples of 100 FA evidenced the elevated rate of geopolymerization kinetics because of the absorption band at 1050 cm−1, which was greater than the FP and GP samples.




Thermogravimetric Analysis


In order to measure the mass loss in terms of temperature between 25 °C and 800 °C, a thermal analysis was performed by Abdulkareem et al. [385]. The water loss due to the evaporation of both the geopolymer chemically bound water and free water was confirmed by a fast reduction in mass prior to 150 °C [385]. A sharp loss in weight was exemplified by more or less 55 to 60% of the free water in the geopolymeric matrix, which evaporated ahead of 100 °C in specimens. Nevertheless, it is monitored that the loss rate in weight is steady from 150 °C to 780 °C, because of the disappearance of the hydroxyl groups-OH and chemically bonded water. No added loss in mass was noticed with the augment of at 800 °C temperature. The average mass following the heating at 800 °C was found to be 79.8%, which was depicted. According to Abdulkareem et al. [385], the loss in weight that was found at 250 °C in place of 150 °C was also assigned to the evaporation of hydroxyl group-OH [238]. The modification in weight is somewhat stable after 300 °C. Kong and Sanjayan [311] analyzed the behaviour of fly ash-based geopolymer paste that was subjected to a very high temperature. Kong and Sanjayan [311] hypothesised that the slower rate of shrinkage that was witnessed from 300 °C and beyond was accompanied by a lower rate of weight loss. The average mass that was evidenced following heating at 800 °C was found to be 89. Duan et al. [412] investigated the thermal analysis of geopolymeric paste with iron ore tailing (IOT). The calcium hydroxide content diminished when the IOT quantity that was assigned to the smaller loss in mass augmented, in comparison with the specimen of reference. It is comprehended that the supplement of iron ore tailing (IOT) aided the CSH gel development by employing Ca(OH)2. Nonetheless, Ca(OH)2 decomposition was demonstrated to correspond to the endothermic peak, even after making a thirty percent IOT supplement in the mixture. Following Abdulkareem et al. [385], each specimen had an insignificant mass loss rate at high temperatures following 800 °C. In order to investigate the thermal stability for geopolymers, Okoye et al. [413] conducted a thermal analysis. The weight loss for the fly ash geopolymer specimens that were incorporated in kaolin occurred at approximately 100 °C. When the temperature increased, while the fly ash-based geopolymer-incorporated kaolin showed a complex curve type, a relatively sharp dip in weight was monitored. The examination of both specimens made it obvious that the ideal temperature for curing might range from 80 °C to 100 °C. Cai et al. [414] explained that the earliest method of quality deterioration was dehydration. The authors toughened fly ash-based geopolymer by using polyvinyl alcohol (PVA) fibre and powder geopolymer composites. In the temperature range of 0–150 °C, all the samples lost 7–9% of their quality. This process was connected to the evaporation of free water on the sample’s surface or in the pores. Then, at around 650 °C, all the samples lost their weight entirely, including the loss of bound water and the disintegration of polyvinyl alcohol, accounting for around 8% of the overall mass.




Mercury Intrusion Porosimetry (MIP)


Das et al. [412] studied the pore structure dimension of geopolymer fly ash ranging from 0.0036 to 10 lm through MIP to endorse the X-ray tomography (XRT) investigations. The cumulative porosity for the geopolymer that was formed with fly ash was more or less 32%. Nevertheless, the bulk of the pores in the geopolymeric matrix were of 0.0036–1 lm dimension. Kaze et al. [415] The assessment of mercury intrusion porosimetry (MIP) and the porosity of hardened geopolymer binders revealed that using a silica modulus of 1.5 and MH as the precursor provided the best performance in terms of porosity, cumulate pore area, and pore size distribution. The reduction in the pore characteristics of geopolymers that were created with a silica modulus of 1.5 can be attributed to the creation of additional aluminosilicate products when compared to bulk density values that were obtained with a silica modulus of 1.3. Higher porosity is predicted to be harmful to the mechanical characteristics of the geopolymer binders; therefore, these results are compatible with the mechanical performance results. Ramli et al. [416] investigated the pore structure of alkali-activated kaolin at various sintering temperatures in this work. The results of the research revealed the presence of open and closed pores in alkali-activated kaolin geopolymer ceramic samples. The distributions of the key components within the geopolymer ceramic edifice were discovered using Si and Al maps, allowing the kaolin geopolymer to be identified. The results further verified that raising the sintering temperature to 1100 °C resulted in big holes with an average size of 80 µm3 and a layered porosity distribution in the alkali-activated kaolin geopolymer ceramic samples.







5. Advantages of Fly Ash-Based Geopolymer Concrete


Fly ash-based geopolymeric composites attract researchers universally, since their manufacturing generates 90% less CO2 than that of the OPC system. This simply means that nine times more fly ash-based geopolymeric cement for building and infrastructure applications can be obtained for the sake of an equal quantity of CO2 emissions [80,417]. This proves that geopolymer technology is capable of reducing CO2 emissions in the environment [79,418], ameliorating the course of global climate modifications. Consequently, the development of geopolymer technology helps to relieve concern for the dilemma of global warming and can help for systematic fly ash waste disposal, which would otherwise fill land spaces and create health hazards, and contaminate the environment, soils, surface and subsurface waters. This innovative kind of sustainable, user- and eco-benign construction composite has proved to be a promising building material for the future. The composites possess numerous benefits such as:




	
The abundant waste of fly ash will find its systematic disposal;



	
Necessitates 60% less energy than OPC and only needs a low, or room temperature, as well as low atmospheric pressure, to be produced;



	
Emits nine times less carbon dioxide as compared to OPC [419,420];



	
Even short curing periods at room temperature can achieve analogous strength to OPC composites [419,420];



	
The formation of fly ash-based geopolymers is trouble-free, since they can be obtained directly through mixing alumina silicates and alkaline activator solutions [421,422];



	
Suffers 80% less shrinkage than OPC [419,420];



	
Does not drop functionality even at 1000–1200 °C, proving its low thermal conductivity and excellent resistance to fire [100,419,420];



	
It is effectively employed for residential buildings, pedestrian driveways, etc., due to its light weight;



	
Exhibits brilliant durability and strength, sustainability, immobilization of toxic waste, relief from global warming by lowering emissions of GHG, and the organized solution of the disposal of diverse wastes by consuming them for their manufacturing; otherwise, they would fill land spaces and pollute the environment, soils, surface and subsurface water;



	
Conservation of limited natural resources such as limestones, coals, etc., otherwise they would be exhausted by using them as either raw material or be burned up for obtaining an elevated temperature for calcination to produce OPC;



	
Fly ash-based cement can be used underground as a sealant to store CO2;



	
Demonstrate excellent mechanical properties; remarkable resistance to chemicals, acid, sulphate, fire and thermal; fast curing speed; and high interfacial binding force, etc.;



	
CFA-based adsorbents are efficient and eco-benevolent in comparison with commercial adsorbents, and they are utilized to clean up real wastewaters containing dyes, petroleum compounds, heavy metals, agricultural nutrients, radionuclides, etc;



	
The radiological characteristic of fly ash is an important parameter. Research on uses of radioactive fly ash for mine acid water or the fixation of radioactive elements could be of interest in terms of applicability, as mine locations are usually far from residences.








According to the World Bank, global metropolitan areas generate around 3.5 million tons of MSW every day, with this figure expected to rise to 6.1 million tons by 2025 [423]. In 2017, the quantity of MSW that was generated per capita in the EU, Australia, and the United States was 482, 558, and 742 kg, respectively [424]. The planet is anticipated to create 3.4 billion tons of municipal solid garbage per year by 2050 [425]. Waste management has evolved into a set of issues across the world. MSWI FA-based geopolymer maintained remarkable durability in acidic or alkaline environments. The use of MSWI FA as a precursor in geopolymers can significantly minimize or even eliminate environmental problems. It also allows MSWI FA resource usage, while avoiding the constraint of limited landfill disposal space.




6. Conclusions and Discussion


This comprehensive review on a geopolymer based on fly ash leads to the conclusion that the development of novel and ultramodern geopolymer technology, together with relevant advanced research in the past couple of decades, has revolutionized the geopolymeric constructions and infrastructure industries. Consequently, a modern era of green building materials through the feasible replacement of ordinary Portland cement (OPC) with geopolymer cement (GPC) has commenced. Moreover, this innovative, user and an eco-benevolent inorganic class of geopolymeric materials has a low carbon footprint and can be synthesized with a straightforward process at a low temperature, and with lower energy at atmospheric pressure, in comparison with present OPC production. This is why higher energy or elevated temperature reactions are no longer necessary, as found in the case of the OPC system. The unique attribute of ninefold lower carbon dioxide emissions also provides relief to the gigantic dilemma of global warming. Not has only this, the quandary of the degradation of natural confined resources such as limestones, coals, etc., will be addressed and, thus, geopolymer technology will save natural resources that are necessary to consume as raw materials for producing OPC construction composites. At this juncture, the coal fly ash—an industrial waste—can be employed as a source of alumino-silicate to manufacture fly ash-based geopolymers productively. It is not only highly accessible and low-priced, but also found with a pozzolanic nature. The size, spherical shape and fineness of fly ash particles are the key parameters found to noticeably impact the properties of eventual geopolymers based on fly ash. The finer size of fly ash particles helps to develop the strength of the geopolymer, and the coarser size particles possess definite constructive performances. Remarkably, when both finer and coarser particles are employed collectively in the proper ratio, the strength and durability attributes of an ultimate geopolymer composite based on fly ash are improved. Additionally, extremely amorphous fly ashes are more efficient in picking up the pace of the pozzolanic reaction. Fly ash with a low calcium content reacts slowly because of the existence of more crystalline phases, which are considered as chemically inert. Green geopolymer based on fly ash; paste, mortar and concrete envelop a wide range of possible future materials for construction. Moreover, the organized disposal of copious wastes of fly ash by utilizing “the Best from the Wastes” strategy makes it cost-effective too. Not only this, the application of fly ash for manufacturing fly ash-based geopolymers and as supplementary cementitious material will reduce the pollution of the environment, soils, surface and sub-surface waters, owing to their heaps filling land spaces. The excellent attributes of fly ash in particular and fly ash-based geopolymers such as sealant for storing CO2 in the underground; the immobilization of heavy metals containing compounds; fast curing rate, greater force of interfacial binding; low emissions of gaseous pollutants such as CO2, SO2, H2SO4, H2S, NO, Hg, BTX, etc., have altogether proved outstandingly beneficial. More recently, the use of the categorization tools viz., X-ray diffractometer, scanning electron microscopy, Fourier transform infrared analyzer, thermo-gravimetric analyzer, etc., has returned favourable results regarding the physical and chemical characteristics of fly ash-based geopolymers, enabling them to be employed more competently. The penetration rate of chloride reduced with the increase in the concentration of NaOH activator liquid that was employed during the geopolymerization, owing to the enhancement of the pore structure. This is attributed to the reaction of polycondensation. Fly ash supports the production of more porous NASH gels, which decrease chloride resistance. Even though geopolymer was more porous compared to the OPC system, the geopolymer still showed improved chloride resistance. Noteworthily, the synthesis of the geopolymer, whereby NaOH was used as an activator, displayed the highest resistance to sulphate because of its more steady cross-linked structure. Moreover, the influence of silica fume and calcium on the resistance to acid by fly ash-based geopolymer is quite significant. Furthermore, curing at an elevated temperature is noted to be advantageous in the case of the geopolymer’s resistance to acid. While the geopolymer based on the fly ash is exposed to very high temperatures, it undergoes a shrinkage in the amount of water that is evaporated from its structure. There were no signs of spalling, and only insignificant surface cracking was found in the case of geopolymer concrete that was formed by fly ash. Extraordinarily, fly ash-formed geopolymer did not indicate deterioration, even following 150 freeze–thaw cycles. The efflorescent nature of fly ash-based geopolymers is very much dependent on the type of alkali activator liquid solution, the content of calcium and the curing temperature. Fascinatingly, fly ash-based geopolymer concrete is noticeably vulnerable to a smaller quantity of ASR than its OPC counterpart. Overall, the chief factors that are found to affect the mechanical performances of geopolymer concrete based on fly ash are: the interactions between the alumino-silicate framework; alkali cations; aggregates, additives, etc. The size of the aggregates also influences the performances of the geopolymer concrete that is formed with fly ash. The thermal incompatibility among the aggregates and the matrix of the geopolymer resulted in a loss in strength for geopolymer concrete at very high temperatures. The bigger aggregates size of more than 10 mm showed superior performances concerning the strength at ambient temperature, as well as elevated temperatures, while those with a size that was smaller than 10 mm supported both the spalling and extensive cracking at an elevated temperature. Likewise, the inferior permeability of geopolymer based on fly ash proved to be competent enough to proficiently seal the leakage of CO2. The geopolymer cement based on fly ash has huge potential for its application in the storage of carbon. The chemistry and microstructure of geopolymer composites based on fly ash are controlled through the particle size distribution analysis, a mineralogical component of the primary fly ash, the type of activator and a few other variables. The SEM images of fly ash-based geopolymer composites, along with EDS, exhibit the composition of numerous hydrated products. The case of low calcium fly ash-,based concrete after 28 days shows non-reacted fly ash and non-hydrated spots, while the cases with higher calcium are less sensitive to unsatisfactory curing and react more swiftly to contribute enhanced early age strength. Fly ash-based geopolymers are excellent-quality binders and, hence, could be employed as cement to bind with aggregates with a view to manufacture the fly ash-based geopolymer concrete. Geopolymer concrete based on fly ash has a denser microstructure with an inferior chloride ion diffusion, as well as low porosity, as compared to OPC concrete. The fly ash/sand ratio accelerates the flow-value of the geopolymer mortar. The flowability and uniformity of the geopolymer mortar enhances with augmenting the ratio of SiO2 to Na2O ratio. The uniformity and flowability of the mortar are found to be affected by the particle size and grading of the aggregate. The ratio of binder/sand impacts the compressive strength property of geopolymer mortars. The geopolymer mortar based on fly ash is normally considered to have exceptional performance under the loading action of a compressive type. The kinds of alkali activator solutions and curing temperature are worth mentioning due to their impact on the tensile strength of geopolymer mortars. The kinds of alkali activator solution and curing temperature considerably affect the flexural strength property of geopolymer mortar. An inclusion of nano silica showed a momentous effect on the flexural strength of the geopolymer mortars. In the context of the good-quality compressive strength property of geopolymer paste formed by fly ash, the optimum ratio of silicon/aluminium was found to range from 3.5 to 4.0. In the case of water absorption in the context of the geopolymer paste and mortar of an analogous density, acceleration with regard to the curing temperature was observed as inferior. When the ratio of Na-Si/NaOH was elevated, the result of the water absorption was much higher; however, the reduction in density could be observed. The lower shrinkage and the higher tensile strength that were demonstrated by geopolymer composites based on fly ash provides technical advantages over the traditional counterpart of the OPC system—in particular, in structural components that are subject to exterior restraint, proving them a workable alternative solution to their counterpart of a conventional system, and contributing to systematic fly ash waste management. The compressive strength property of geopolymers based on fly ash is found to be influenced by Si/Al ratios, the type of alkali activators, the content of calcium, selection of additives, the process of separate activation, the co-existence gels of NASH and CSH, as well as the curing temperature and age. The elevated ratios of Si to Al increase the magnitude of the –Si-O-Si- bond, obtaining an improved compressive strength of an entirely condensed structural geopolymer matrix. This is because the –Si-O-Si- bonds are authentically stronger than the –Al-O-Al- and –Si-O-Al- bonds. A slow but sure plunge in the tensile strength property of geopolymer based on fly ash is evidenced through augmenting the ratio of sand/fly ash. While the splitting tensile strength of geopolymer concrete that is formed with fly ash is similar to the design values that are provided by the ACI standard, on the other hand, the flexural strength performance of geopolymer concrete based on fly ash is found to be influenced by the kind of additive that is utilized with fly ash. Additives of calcium hydroxide and GGBFS are compatible with the OPC supplement by fly ash to increase the flexural strength of geopolymer concrete-based fly ash. The potential applications of a typical type of structure of geopolymer based on fly ash, i.e., silicon tetrahedral and aluminium tetrahedral, form ring chain type structures such as closed cage cavity, which favours its application as a building material. Geopolymer composites that are formed with fly ash come in various forms viz., fly ash-based geopolymer paste, mortar, binder and concrete, all of which offer a facile approach for fly ash utilization and have attracted researchers, and construction and infrastructure industries universally. This is because their manufacturing generates 90% less CO2 than that of the OPC system, helping to relieve concern for the dilemma of global warming, and offering a method of systematic fly ash waste disposal management—otherwise, it would fill land spaces, create health hazards, and contaminate the environment, soils, surface and sub surface waters. Other advantages of geopolymer composites are as follows: they are an innovative kind of sustainable material, user- and eco-benign construction composites; necessitate 60% less energy than OPC and only need low (as low as room) temperature and atmospheric pressure for a simple and trouble free synthesis process; the accelerated polymerization places a supplement in the amorphous content, which augments the strength performance of GPC that is prepared with fly ash; even short curing periods at room temperature can achieve equivalent strength to OPC composites; they suffer an 80% lower shrinkage than the OPC system; they are not found to drop in functionality, even at 1000–1200 °C, proving their low thermal conductivity and excellent resistance to fire and championing them as exceptional heat-insulating materials; they can be efficiently utilized for residential buildings, pedestrian driveways, etc., on account of their light weight; they exhibit brilliant durability, strength and sustainability because of their inorganic origin and generally content of massive minerals of zeolitic nature viz., sodalite, analcime, etc.; they can immobilize toxic waste; they have an extremely low level of creep and permeability; inferior shrinkage, no water curing requisite; conservation of natural restricted resources such as limestones, coals, etc.; fly ash-based geopolymer binder can be utilized as a sealant to store carbon dioxide in the underground; they have outstanding mechanical properties such as high early strength due to the quicker speed of curing and higher interfacial binding force with the rapid development of gel and fast dehydration in comparison with OPC system, contributing sustainable composites; they show extraordinary resistance to chemicals, acid, sulphate and chemicals on account of possessing the Si-O and Al-O bonding; swift curing; higher interfacial binding force, etc.; their adsorbents are competent and enough in comparison with commercial adsorbents and utilized to clean up real waste-waters enclosing dyes, heavy metals, petroleum compounds, radionuclides, agricultural nutrients, etc.; radioactive fly ash either for mine acid water or fixation of radioactive elements and thus, proving competent enough to immobilize even peril wastes of radioactive type into geopolymer matrix; they have an exceptional resistance to freeze–thaw conditions, providing evidence of being a structurally steady and intact material even under severe conditions, owing to a special 3D network structure of aluminosilicate and a network framework of [–Si-O-Al-O]n bonding that is equivalent to zeolites (as this structure does not depend on lower strength bonds, as found with the OPC system); their hardening mechanism is swifter and at lower temperatures; they are found to be strongly bonded to aggregate; they have a lower cost and extensive sources of fly ash rich in silica plus alumina; and their pozzolanic nature, etc. Nevertheless, advanced research and examinations of fly ash-based geopolymeric materials concerning their properties are still needed to establish them as proper substitutes of OPC-based counterpart composites. The production of geopolymers based on fly ash with advanced inputs on a huge industrial scale, as well as their latest applications, are worth exploring and desirable. Nevertheless, while prepared through employing profusely accessible economical precursors, activators and supplementary cementitious materials under the acceptable and necessitated quality control of diverse attributes—chiefly strength, durability and low carbon footmarks of fly ash-based geopolymers—are a significant potential component of the future toolbox of sustainable and affordable construction materials. The all-embracing applications of fly ash-based geopolymers, especially in the context of construction and infrastructure industries, have proved to be acceptable. Furthermore, these excellent attributes and advantages of fly ash-based geopolymeric composites have not merely attracted researchers but also established them as the “promising construction materials of very near future to “go green”! However, establishing and promoting the feasibility of geopolymer based on fly ash as a most promising, durable, sustainable, affordable, green, user and eco-friendly building composite necessitates full awareness and promotion of these innovative materials, in order to offer full confidence to construction and infrastructure-related persons and engineers. Eventually, it can be said that fly ash-based geopolymer technology has enough potential competencies to establish it as a fully durable, sustainable, cost-effective and promising one. It has proved to be a great strategy of “convert the waste for the best”, which is a need of the hour for the novel concept of “Go Green and Live Green”!
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Table 1. The chemical composition of fly ash in previous research.
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	Reference
	Type of Fly Ash
	CaO
	SiO2
	Al2O3
	Fe2O3
	SiO2 + Al2O3 + and Fe2O3
	Na2O
	K2O
	MnO
	MgO
	SO3
	TiO2
	LOI





	[161]
	Class F
	0.87
	61.89
	28.05
	4.11
	94.05
	0.4
	0.82
	-
	0.38
	1.32
	-
	0.49



	[162]
	Class F
	2.24
	57.2
	24.4
	7.1
	-
	0.38
	3.37
	-
	2.4
	0.29
	-
	1.52



	[163]
	Class F
	2.38
	50.7
	28.8
	8.8
	88.3
	0.84
	2.4
	-
	1.39
	0.3
	-
	3.79



	[164]
	Class F
	5
	49
	31
	3
	83
	4
	1
	-
	3
	0
	2
	0



	[165]
	Class F
	1.55
	53.5
	28.8
	7.47
	89.77
	-
	-
	-
	0.81
	0.14
	-
	3.11



	[166]
	-
	3.05
	52.3
	28.0
	6.32
	-
	-
	2.51
	-
	-
	-
	-
	-



	[167]
	Class F
	10.58
	17.57
	36.37
	12.43
	66.37
	-
	1.77
	-
	3.05
	1.39
	0.88
	1.19



	[168]
	-
	3.6
	58.0
	29.08
	3.58
	-
	2.0
	0.73
	-
	1.91
	1.8
	1.75
	2.0



	[169]
	-
	5.41
	27.35
	50.85
	2.01
	80.21
	0.04
	0.33
	0.02
	0.28
	-
	2.12
	7.74



	[170]
	Class F
	5.31
	54.72
	27.28
	5.15
	87.15
	0.43
	1
	0.1
	1.1
	1.01
	1.82
	6.8



	[171]
	Class F
	0.2
	57.6
	28.9
	5.8
	92.3
	-
	0.9
	-
	0.9
	0.2
	-
	3.6



	[172]
	Class F and Class C
	14.14
	50.67
	18.96
	6.35
	75.98
	0.69
	-
	-
	3.12
	0.74
	-
	0.17



	[173]
	Class F
	1.64
	66.56
	22.47
	3.54
	92.57
	0.58
	1.75
	–
	0.65
	0.1
	0.88
	1.66



	[174]
	Class F
	2.58
	63.13
	24.88
	3.07
	91.08
	0.71
	2.01
	0.05
	0.61
	0.18
	0.96
	1.45



	[175]
	Class F
	3.81
	47.87
	28
	14.09
	89.96
	0.41
	0.62
	0.21
	0.93
	0.27
	1.99
	0.43



	[176]
	Class F
	4.3
	51.1
	25.7
	12.5
	89.3
	0.8
	0.7
	0.2
	1.5
	0.2
	1.3
	0.6



	[177]
	Class F
	12.92
	52.75
	18.05
	5.92
	76.72
	1.11
	2.09
	0.14
	3.86
	1.76
	1.01
	1.6



	[178]
	Class F and Class C
	1.29
	54.48
	27.72
	8.14
	90.34
	0.67
	-
	-
	-
	0.11
	-
	4.11



	[179]
	Class C
	17.16
	35.86
	15.05
	17.31
	68.22
	1.58
	3.12
	-
	2.34
	5.94
	-
	0.1



	[180]
	Class F
	7.32
	58.4
	23.8
	4.19
	86.39
	1.43
	1.02
	-
	1.11
	0.44
	-
	0.5



	[181]
	Class F
	-
	50.83
	23.15
	6.82
	80.8
	1.29
	2.14
	-
	1.7
	1.24
	1.01
	0.55
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Table 2. Existing literature properties of geopolymer concrete.
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Sr. No

	

	
Paper

	
Test Conducted

	
Observations






	
1.

	
Strength studies

	
Hardjito [317],

Llyod [318],

Panias et al. [319],

Sofi et al. [320]

Rangan [321],

	
Compressive strength

	
Geopolymer composites based on fly ash exhibited high early strength compressive strength, compared to cement concrete. Higher temperature and higher sodium hydroxide concentration give the highest compressive strength. There is no major reduction in compressive strength with concrete age.




	
Sofi et al. [320]

	
Flexural strength

	
The flexural strength determines the tensile properties of concrete under internal or external loading. The flexural strength of geopolymer concrete is more privileged than that of cement concrete, which exhibits a decreasing rate of crack

propagation due to corrosion of embedded steel bars in the concrete.




	
Sofi et al. [320]

	
Split tensile strength

	
The split tensile strength of geopolymer concrete decreased as the proportion of rubber tyre waste increased. However, the strength is higher than that of cement concrete due to good bonding between the geopolymer paste and aggregates.




	
Sofi et al. [320]

Fernande et al. [322]

Neville [323]

Hardjito et al. [324]

	
Modulus of elasticity

	
The modulus of elasticity of geopolymer concrete is dependent on the modulus of elasticity of the aggregate, as well as the microstructure and modulus of elasticity of the geopolymer paste. Geopolymer concrete exhibits good

bonding between the geopolymer paste and aggregates. However, geopolymer concrete has a higher modulus of elasticity than cement concrete.




	
2.

	
Durability studies

	
Cheema et al. [325]

	
Permeability

	
The coefficient of water permeability is low in geopolymer concrete as compared to OPC concrete. As the alkaline ratio increases,

the water permeability of geopolymer concrete decreases.




	
Adam et al. [326],

Thokchom et al. [327]

Mishra et al. [328]

	
Sorptivity

	
As the alkaline liquid ratio increased from 0.75 to 1.25, the sorptivity of geopolymer concrete decreased. An increase in Na2O content in geopolymer concrete decreased the sorptivity.




	
Song [329]

Sathia et al. [330]

	
Water absorption

	
The water absorption of geopolymer concrete is lower than in cement concrete.




	
Bakharev [331]

Wallah et al. [332]

Thokchom et al. [327]

	
Sulphate resistance

	
Geopolymer concrete exhibits excellent performance against sulphates. Significant changes in mass and compressive strength have been observed in geopolymer concrete, as compared to cement concrete,

as a result of alkaline liquid enhancing the stability of the geopolymeric

structure. Increased alkaline content in the geopolymer mixture

can improve the performance of geopolymer concrete against sulphates.




	
Bharkdev [333]

Song et al. [334]

	
Acid resistance

	
The degradation of mass and compressive strength of specimens after immersion in acid solution is less than observed in cement

concrete specimens under an acidic environment.




	
Monita et al. [335]

	
Corrosion

	
The corrosion of steel reinforcement embedded in geopolymer

concrete is similar to that of steel embedded in cement concrete.




	
Adam et al. [326]

Roy [336]

	
Carbonation

	
The carbonation performance of geopolymer concrete is excellent compared to that of cement concrete.




	
Monita et al. [335]

	
Chloride ion penetration

	
The chloride-ion penetration of fly ash geopolymer was higher than for OPC concrete.




	
Wallah and Rangan [337]

	
Shrinkage

	
Geopolymer concrete has very little drying shrinkage

compared to that of OPC concrete.




	
3.

	
Elevated temperature effect

	
Rashad and Zeedan [338]

	
Residual strength of alkali-activated fly ash paste at a different temperature

	
Sodium silicate is more resistant to degradation caused by exposure to elevated temperatures than Portland cement specimens. The compressive strength and thermal shock resistance decreased.




	
Kong and Sanjayan [339]

	
Residual thermal damage of geopolymer composites

	
Geopolymer strength increased by approximately 53% after exposure to elevated temperatures. Aggregate expanded with temperature. At 800 °C, expansion reached approximately 1.5–2.5%.




	
Luhar et al. [340]

	
Compressive strength of geopolymer paste

	
Aggregates larger than 10 mm show higher strength at both ambient and elevated temperatures.




	
Zhu pan et al. [341]

	
Compressive strength of geopolymer mortar

	
The compressive strength of geopolymer mortar decreases in some cases and increases in others after exposure to high temperatures.




	
Ranjbar et al. [342]

	
Compressive strength, density and TGA of fuel ash-based geopolymer mortar

	
Palm oil fuel ash and fly ash used as source materials. Geopolymer mortar accelerated micropore formation at elevated temperatures.




	
Kong et al. [343]

	
Compressive strength of fly ash and metakaolin

	
The compressive strength of fly ash-based geopolymer concrete is increased beyond 800 °C but the strength of the metakaolin based geopolymer concrete decreases at the same temperature.




	
Zhu pan et al. [344]

	
Compressive strength and transient creep of geopolymer and OPC composites

	
At 550 °C, the strength of geopolymer paste increased, whereas the OPC paste exhibited little change.




	
Hussain et al. [345]

	
Mass loss, compressive strength of blended ash geopolymer concrete

	
In comparison to OPC concrete at high temperatures, geopolymer concrete provides better compressive strength.




	
4.

	
Fenghong Fan [346]

	
Thermo-Mechanical Properties

	
Study includes the thermo-mechanical properties of class F

fly ash based geopolymer materials prepared using KOH and Na2SiO3 alkaline activators

with different curing and cooling methods.




	
Omar et al. [347]

	
Compressive strength of lightweight geopolymer paste, mortar, and concrete

	
The unexposed geopolymers have excellent mechanical and microstructural properties. The deterioration of the properties of geopolymers begins at 800 °C.




	
Sun et al. [348]

	
Compressive strength, TGA, SEM and FT-IR analysis of geopolymer paste

	
As source material, ceramic waste is used. A compressive resistance of 28 days of 71.1 MPa before and 75.6 MPa after thermal treatment at 1000 °C was presented with the synthesized geopolymer paste.
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