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Abstract

:

The use of waste from industrial activities is of particular importance for environmental protection. Fly ash has a high potential in the production of construction materials. In the present study, the use of fly ash in the production of geopolymer paste and the effect of Fe2O3, MgO and molarity of NaOH solution on the mechanical strength of geopolymer paste are presented. Samples resulting from the heat treatment of the geopolymer paste were subjected to mechanical tests and SEM, EDS and XRD analyses. Samples were obtained using 6 molar and 8 molar NaOH solution with and without the addition of Fe2O3 and MgO. Samples obtained using a 6 molar NaOH solution where Fe2O3 and MgO were added had higher mechanical strengths compared to the other samples.
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1. Introduction


One of mankind’s most important problems is climate change, which is occurring as a result of the significant increase in annual temperatures [1]. Anthropogenic industrial activities release large amounts of greenhouse gases such as carbon dioxide (CO2) into the atmosphere, which adversely affect the climate [2]. The construction industry is one of the main sources of greenhouse gas emissions, accounting for half of global emissions [3].



After water, concrete is the most widely used material in the world, with annual production exceeding 20 billion tonnes [4,5,6,7]. Portland cement is the most widely used powder to bind different constituents of concrete. According to a report, about 4.2 billion tonnes of Portland cement were manufactured in 2016 just to meet the high market demand [8]. Energy consumption for Portland cement manufacturing is estimated at 3% of global energy consumption [9]. In addition, one tonne of Portland cement production causes one tonne of CO2 emissions, and the cement industry contributes with 7–8% of global CO2 emissions [10,11]. Due to high emissions and energy consumption, the Portland cement industry is considered one of the main causes of climate change and contributes about 65% to global warming [12]. Approximately 1.5 tonnes of virgin raw materials are used to manufacture one tonne of Portland cement, leading to the depletion of natural resources [13,14]. Climate experts suggest that mankind should reduce emissions to zero by 2050 to limit global warming to 1.5 °C [1]. Therefore, scientists are focusing on limiting Portland cement production by finding environmentally friendly and energy efficient concrete binders. A first step is to substitute a quantity of Portland cement with fly ash and obtain concrete with self-healing properties [15,16].



One of the most important alternative binders to Portland cement are geopolymers also called inorganic polymers, consisting of alternating tetrahedral chains of SiO4 and AlO4, connected by a common oxygen atom and balanced by cations [17,18]. Some precursor materials used to produce geopolymers contain large amounts of iron. Although the presence of iron could play an important role in the structure and properties of geopolymers, Al substitutions with Fe have not yet been fully studied, even though they might occur in clays [19,20,21]. For example, fly ash, with an iron content of about 10%, stands out among these commonly used iron-rich precursor materials and up to 40% for some low-calcium ferric slag materials [22]. The compressive strength of samples obtained with these types of materials ranged from 20 to 80 MPa.



Studies on geopolymers are largely based on traditional precursor materials such as metakaolinite (2% Fe2O3 content), fly ash (10% Fe2O3 content) and blast furnace slag (0.5% Fe2O3 content). However, recent studies have shown that precursors with higher iron content than typically found in fly ash can be activated in alkaline mediums [20,21] with engineering applications. The presence of iron trioxide in the heat-treated geopolymer paste results in the formation of a ferro-silicate geopolymer [-Fe-O-Si-O-Al-O]. The amount of substituted Fe atoms can vary between 5% and 50% of the total amount of Fe2O3 contained in the geopolymer binder [23].



Additionally, several studies [23,24,25,26,27] indicate that binders and concrete obtained from alkali-activated slag show high mechanical strength and good performance to chemical attack, freeze–thaw cycles and high temperatures.



However, previous research [28,29,30,31] has shown that alkali-activated slag mortar and concrete is subject to substantial shrinkage by drying. This is one of the main disadvantages of the definitive use of alkali-activated slag as an alternative to traditional Portland cement binders. There are a number of factors that determine the drying shrinkage of alkali-activated slag, including the type and content of alkali activators [30,32,33,34], aggregate and slag properties [28,35], and the curing environment [36,37,38,39].



In general, sodium silicate-activated slag has higher shrinkage than sodium hydroxide-activated slag, and the drying shrinkage of alkali-activated slag increases with increasing activator dosage as well as with slag fineness [34,40]. In addition, the shrinkage of alkali-activated slag is very sensitive to the curing medium.



The use of magnesium oxide, MgO, as a shrinkage-reducing mineral additive dates back to the mid-1970s. Volume compensation during the drying process was due to the chemical reaction between MgO and water forming brucite (Mg(OH)2), which results in a 118% increase in volume [41]. The effect of MgO in alkaline-activated slag systems has been investigated recently, either in terms of its naturally variable content in different slag compositions [42] or as an additive [43]. Ben Haha et al. [42] investigated the effect of the natural MgO content in different slags on the performance of alkali-activated slag and showed that although the main hydration product is still C-S-H gel, MgO reacts with slag to form hydrotalcite (Mg6Al2(OH)16CO3•4H2O), the content of which increases as the MgO content of the slag increases. They also concluded that because these hydrotalcite-like phases are bulkier than C-S-H, they lead to higher strength, therefore the higher the MgO content, the higher the strength. In the work of Fei Jin et al. [44], the effect of adding MgO as a commercial reagent on the drying shrinkage and strength of alkali-activated slag was studied. It was found that MgO with high reactivity accelerated the early hydration of alkali-activated slag, while MgO with medium reactivity had little effect. Drying shrinkage was significantly reduced by highly reactive MgO, but cracking resulted after drying the samples. On the other hand, MgO with medium reactivity caused a reduction in shrinkage only after one month, but cement strength was improved.



In general, as the concentration of NaOH solution increases, the compressive strengths of samples obtained by alkali-activation of fly ash increase, but there are situations where the strength decreases. This variation in the effect of NaOH concentration on compressive strength is probably due to the different nature and type of molecules that form the fly ash particles. These differences between the types of molecules affect the degree of leaching of SiO2, Al2O3, CaO and Fe2O3 in the alkaline activator, where SiO2 leaching is slower than the other components [45]. According to Fernández-Jiménez and Palomo [46], NaOH concentration is responsible for the decomposition of the bonds of the main oxides. Thus, fly ash with higher SiO2 content requires a higher NaOH concentration to release SiO2 and the other oxides from fly ash particles to initiate geopolymerization.



The presence of coarser particles in the fly ash reduces the surface area that is exposed to the alkaline activator [47]. This means that a low chemical reaction and partial dissolution may occur on the surface of the coarse particles. As a result, these unreacted particles will be a weak point in the geopolymer matrix, which consequently reduces the compressive strength of the geopolymer specimens.



In terms of the mechanism of geopolymerization reactions, it is currently estimated worldwide that this process is a result of the dissolution of Si2O3 and Al2O3 oxides into atoms under the influence of the Na+ and hydroxyl (OH−) ion supplying alkali activator. These dissolved atomic species of Si and Al, in the presence of water, form a gel in which the atoms move freely, allowing the formation of monomers, followed by poly- and oligomerization, finally leading to the formation of three-dimensional chain networks. In contrast to the hydration-hydrolysis mechanism specific to Portland cement, geo-polymerization expels water in the polymerization/hardening/maturation process. This process is called “dehydroxylation”, water having only the function of facilitating the mobilities of the constituent groups in the gel matrix to form the specific bonds, the whole process can be represented in a generalized equation of the form (Equation (1)) [48,49]:


   R  − O − Si − Si −   OH      R  − Si − O −  r  +  H 2  O  



(1)




where:



[R] = atoms connected to -O-Si-OH, (Al or Fe)



[r] = new chain sequences that connect to [R]-Si-O- to form a larger chain



“+H2O” indicates the expulsion of water for the bonds to form. The geopolymer acquires its strength by creating long networks of three-dimensional chains, leading to the initial use of a large amount of capillary H2O, followed by its expulsion once a suitable bond can form.



Worldwide, in the general study on the production of geopolymer binders, there are still a number of controversies or insufficiently clarified elements, as their mechanical strengths and other physical-mechanical performances are strongly influenced by the oxide composition of the main raw materials and additives, the type and molarity of the alkali activators, the existence or not of heat treatment. From the point of view of the oxide composition and other characteristics of the raw materials, depending on their origin, there is a great heterogeneity, which is the main difficulty in the production of geopolymer binders, the customization of the mixtures by the mass ratio of raw materials and the molarity of the alkaline activator, from case to case, being essential.



The aim of this paper is to analyse the possibility of producing geopolymer binders and the influence of Fe2O3 and MgO additions and the molarity of the NaOH solution on its mechanical strengths, under the conditions of using a local fly ash, specific for Romanian thermal power plants.




2. Materials and Methods


2.1. Materials


The raw materials used in this study for producing alkali-activated geopolymer pastes were selected locally and consisted of fly ash (F.A.), iron trioxide (Fe2O3), magnesium oxide (MgO), sodium hydroxide solution (6M, respectively, 8M) and sodium silicate solution Na2SiO3 34%.



Fly ash used in the production of the geopolymer binder was obtained from the Rovinari Thermal Power Plant, Romania. Iron trioxide, magnesium oxide, sodium silicate and NaOH in the form of micropearls with 99.7% purity were purchased commercially. The chemical composition of the fly ash is shown in Table 1.




2.2. Synthesis of Geopolymer


Two geopolymer pastes were prepared from fly ash, and an alkaline activating solution by combining NaOH solution (6M and 8M, respectively) with Na2SiO3 solution and two geopolymer pastes to which iron trioxide and magnesium oxide were added in addition to ash. The ratio of sodium silicate solution to Na2SiO3/NaOH sodium hydroxide solution was set to 2. The procedure used in the production of the alkali-activated fly ash based geopolymer binders with added iron trioxide and magnesium oxide is shown in Figure 1. The mixing of fly ash with iron trioxide and magnesium oxide was done for 3 min for complete homogenization using a paddle mixer. Subsequently, after mixing the fly ash with the iron trioxide and magnesium oxide, the alkali activator solution was poured in gradually over 70 s, initially at low speed. Pouring the alkaline activator too abruptly can lead to instant curing effect. The mixing of alkaline activators with fly ash, iron trioxide and magnesium oxide was done for 10 min. After mixing the obtained mixture was poured into rectangular moulds with inner dimensions of 40 × 40 × 160 mm. The geopolymer mixture was kept in the oven for 24h at an activation temperature of 70 °C. After removal from the oven the obtained samples were kept in the climate chamber at a temperature of 23 °C and relative humidity of 50% and their flexural and compressive strengths were measured at 7, 14 and 28 days.



Four geopolymer paste mixtures were prepared and investigated, two with NaOH solution (6M) and two with NaOH solution (8M). The mass ratio of sodium silicate solution to sodium hydroxide solution was set to 2, and the solution mass to dry mass ratio was 0.9. The proportions of substances used for the preparation of the four recipes are shown in Table 2. In order to understand the influence of Fe2O3, MgO and the molarity of the NaOH solution, 1% Fe2O3 and 1% MgO was added to the amount of ash used. This addition of Fe2O3 and MgO was done for both a NaOH solution molarity of 6M and a molarity of 8M.



The literature indicates the possibility of using NaOH solution for the preparation of alkaline activator, with various molarities, to obtain geopolymeric materials. For economic and environmental impact reasons, but also to create a basis for preliminary analysis for further research, using NaOH solutions with higher molarity, in this study the 6M and 8M variants were chosen.



Preliminary investigations carried out only with the addition of 1%, 5% and 10% iron trioxide (Fe2O3) in relation with mass ratio of fly ash and 6M NaOH solution molar concentration used for the production of the alkaline activator, showed that, in terms of mechanical strengths, as the amount of Fe2O3 increased, they decreased by up to 3.3%. Therefore, for further research, 1%, in relation to the amount of ash, was considered as the optimum addition of Fe2O3.



Similarly, for the sodium hydroxide solution with 6M molar concentration, the compressive strength of the samples produced using 1% Fe2O3 + 1% MgO, 1% Fe2O3 + 5% MgO and 1% Fe2O3 + 10% MgO were analysed. The experimental results showed a reduction of this parameter by up to 16% (compressive strength of the mixtures with 1% Fe2O3 + 10% MgO compared to that of the mixtures with 1% Fe2O3 + 1% MgO). Therefore, for further research, 1%, in relation to the amount of ash, was considered as the optimal addition of Fe2O3 and 1%, in relation to the amount of ash, as the optimal addition of MgO.



Based on preliminary results obtained for the situation using 6M NaOH solution, the hypothesis of preservation of the trend of evolution of the compressive strength in the variant using 8M NaOH solution was verified. The negative influence of excess addition of oxides was also observed, so the mixtures presented in Table 2 were established in order to analyse the influence of the molarity of the NaOH solution on the geopolymer mechanical performances.



Crystal structure analysis of the layers was performed by X-ray diffraction (XRD) using a high-resolution Brucker D8 diffractometer with copper anode (CuKα1 = 1.54056 Ǻ). X-ray diffraction (XRD) was used to estimate structural and microstructural properties.



Morphological and microstructural characterization was performed using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS)). A JEOL JSM 5600 LV (JEOL, Ltd., Tokyo, Japan) high-resolution scanning electron microscope (SEM) equipped also with an electron back-scattered diffraction detector (EBSD) was used in the present work.



The evolution of a three-dimensional shrinkage phenomenon was observed during the 7 days of specimen conditioning, prior to testing in terms of mechanical characteristics, and the shrinkage was evaluated as a volume reduction in relation to the initial volume (40 × 40 × 160 mm). Uniaxial bending and compressive strength were measured using the Advantest 9 testing machine (Advantest Corporation, Tokyo, Japan).



Flexural strength was determined using the three-point bending test (3PB) in accordance with EN 196-1. A digital flexural strength tester suitable for loads up to 10 kN (±10%) with a loading rate of (50 ± 10) N/s was used. The testing machine is provided with a bending device consisting of two steel support rollers with a diameter of (10 ± 0.5) mm, arranged at a distance of (100 ± 0.5) mm from each other and a third load roller, placed centrally.



The compressive strength of the specimens was determined in accordance with EN 196-1, using the compression test of the prismatic specimen halves resulting from the three-point bend test (3PB). The compressive loading rate used was 50 N/s (0.12 MPa/s). Samples were tested at 7, 14 and 28 days of age.



Experimental testing was carried out under laboratory conditions, ensuring compliance with repeatability and reproducibility requirements.





3. Results and Discussions


The experimental results show both the influence of the addition of Fe2O3 and MgO oxides and the molarity of the NaOH solution used for the preparation of the alkaline activator on the physical-mechanical performance of the geopolymer material. From the beginning, a volume shrinkage of the tested specimens between 1.5% and 5.0% was recorded. This can be attributed to the water content in the mixture, which is directly influenced by the molarity of the NaOH solution, water that is removed in the heat treatment process.



3.1. Flexural Strength


Analysing Figure 2 shows an increase in flexural strength of all samples from 7 days to 14 days of age. It is also found that the samples containing Fe2O3 and added MgO have a higher strength than the control samples. For example, for a 6M molarity of NaOH solution, the sample (6MX1) containing 1% Fe2O3 and 1% MgO added to the ash used, has a flexural strength of more than 69% compared to the sample (6M) containing no additional elements, at 7 days, over 110% at 14 days and over 80% at 28 days. Similarly, but less obvious, for a molarity of 8M NaOH solution, we have an increase in the bending strength of the 8MX1 sample of 1%, 7% and 12% at 7, 14 and 28 days, respectively. The flexural strength of sample 6MX1 has the highest value compared to the other samples. Although the molarity of the NaOH solution for sample 8MX1 is higher than that of sample 6MX1 the bending strength of sample 6MX1 is higher by more than 15% at 28 days.




3.2. Compressive Strength


The evolution of the compressive strength of the samples obtained at different test intervals is shown in Figure 3.



It can be seen that the compressive strength for all samples increases with the age of testing. It is also observed that for a molarity of 6M of NaOH solution, the sample (6MX1) containing 1% Fe2O3 and 1% MgO added to the ash used has a compressive strength more than 11% and 15%, respectively, 19% higher than the sample (6M) not containing these additional elements, at the age of 7, 14 and 28 days.



The evolution of the compressive strength of the samples obtained using a NaOH solution of molarity 8 is almost identical whether 1% Fe2O3 and 1% MgO was added or not (increase of less than 1% for ages 14 days and 28 days after casting). The most significant increase in compressive strength due to the addition of iron and magnesium oxides in the case of 8M NaOH solution molarity is recorded early, at the age of 7 days after casting (4%).



The compressive strength of sample 6MX1 at the test age of 28 days has the highest value being more than 37% higher than samples 8M and 8MX1. The increase in compressive strength can also be attributed to the microcrack filling effect of Fe2O3 and MgO acting as inactive granular fillers by the presence of unreacted phases (hematite, forsterite and periclase) in the geopolymer specimens [50].



The increase in mechanical strength, with the increase in molarity of the NaOH solution used in the preparation of the alkaline activator, could be attributed, in addition to the maturation in time and the completion of the geopolymer reactions, to the contribution of Na+ ions and OH- groups provided by the alkaline activator. Thus, in accordance with the literature, with references on the main steps of the geopolymerization mechanism, it is appreciated that both Na+ ions and hydroxyl groups play an important role in the dissolution and hydrolysis processes, breaking the bonds existing in the Si and Al source raw materials, contributing to produce Si-O-Al bonds, bonds known as geopolymer precursors [51]. More specifically, Na+ ions contribute to the balancing of negative charges produced by Si-O-Al formation, while OH ions play an essential role in the hydrolysis process of the geopolymer, producing the geopolymerization reaction and the formation of the aluminosilicate network with stable, stronger bonds, which ultimately lead to better mechanical strength of the material. This assessment is also in agreement with Khale and Chaudhary who appreciate that to obtain good mechanical strengths of the geopolymer binder it is necessary to identify an optimal molarity of NaOH, which, by providing Na+ ions, contributes to balance and optimize the geopolymerization reactions, reactions strongly dependent on the oxidative nature of the raw materials [52]. On the other hand, an excess of Na+ ions or hydroxyl groups, resulting from a too high molarity of the NaOH solution used in the preparation of the alkaline activator, will result in an early precipitation of the aluminosilicate gel, respectively, a reduction of the geopolymer specific bonds and, consequently, a reduction of the mechanical strengths [53,54,55]. In the present case, the experimentally recorded values indicate that with the addition of iron and magnesium oxides, this positive influence of the NaOH solution size on the mechanical strength is not necessarily maintained. The best situation is identified as sample 6MX1, the influence of the addition of oxides being weaker than the influence of the molarity of the NaOH solution, the microstructural analysis presented below providing elements to support this hypothesis.



Quantitatively analysing the results obtained in terms of the mechanical strengths, it can be said that they are in agreement with some specifications in the literature and even exceed other reported results, Figure 4. This observation can be explained on the one hand based on the contribution of source elements for the geopolymerization reaction, i.e., the oxide composition of fly ash, and on the other hand on the basis of the differences in the grain size of the raw material, an element which by its influence on the specific reactive surface that influences the kinetics of the geopolymerization reactions.



This is due to the fact that geopolymer materials are very sensitive to the physical and chemical characteristics of the raw material, which is the reason why there are situations when mixtures, which although prepared with the same NaOH solution molarity, but using fly ash with different chemical/oxide composition or grain size (specific characteristics of the raw material source) or situations where the solution is prepared from NaOH flakes or pearls, the physico-mechanical performances are very different (Figure 4).



As can be seen from Figure 5, from the point of view of the evolution of the mechanical strengths, with the increase of the age of the specimens, there is also an increase of these parameters. It can also be seen that, in the case of the flexural tensile strength, this improvement is more evident in the 7–28 days period, while the compressive strength increases to a lesser extent in this period, a sign that, according to the literature, in the first days after preparation geopolymer binders tend to reach even 90% of the final compressive strength.




3.3. Scanning Electron Microscopy and Energy Dispersive Spectroscopy Analysis


Figure 6, Figure 7, Figure 8 and Figure 9 represent the SEM micrographs for the studied samples after 28 days of curing. These show the presence of pores (1), partially reacted raw materials (3), microcracks (2) and compact areas where the raw materials have fully reacted (4). The difference between the microstructure of samples 6M and 6MX1 is the portion of the geopolymer matrix and the amount of unreacted fly ash (Figure 6 and Figure 7). It can be seen that sample 6MX1 has a more compact geopolymer structure than 6M. The larger pore size of sample 6M and the larger amount of partially reacted fly ash were part of the reasons why its mechanical strength was lower than that of sample 6MX1.



The SEM micrographs for samples 8M and 8MX1 shown in Figure 8 and Figure 9 reveal that the pore number and microcracks size are higher compared to samples 6M and MX1. The higher number and size of pores may also be due to the higher molarity of the NaOH solution leading to an energetic reaction between the alkaline activator and the ash. Microcracks may be due to shrinkage during curing [56,57], exothermic dissolution of activators [58] and heat treatment. Although the molarity of 8M and 8MX1 is higher than that of 6M and 6MX1 samples, the presence of high pore numbers and high amount of unreacted ash has the effect of lowering the mechanical strengths of these samples.



Figure 10 and Figure 11 show the EDS images with the distribution of elements in the selected areas for the studied samples, and Table 3 gives the percentages of elements present in the samples.



The literature states that in EDS analysis for Si/Al ratio between 2.39 and 2.84 and for Na/Al between 0.34 and 0.53, respectively, the major reaction product is formed by alkaline hydroaluminosilicates of the zeolitic type in which Ca incorporation is also assumed. Additionally, for sufficiently high Si/Al ratio of 2.49 and a fairly high Na/Al ratio of 2.27, a carbonate variety of sodium and calcium hydroalumino-silicates is obtained [59]. Based on these clarifications and in accordance with the experimental results obtained and presented in Table 3, it can be stated that in the case of the studied samples (6M, 6MX1, 8M and 8MX1) the majority reaction product consists of zeolitic type hydroalumino-silicates and with slight tendencies to form carbonate variety of sodium and calcium hydroalumino-silicates.



Analysing Figure 10d and Figure 11d, areas where Fe2O3 is unreacted are noticed, which functions as a crack filler, while this could be a possible explanation for both the improvement in compressive strength and the macroscopic reddish colour identified in the tested specimens.



Analysing the ratio of the identified concentration of Fe and Al, respectively, Na, according to the values presented in Table 3, it is observed that the Fe/Al ratio varies in the range 0.4–0.7, and the Fe/Na ratio varies in the range 0.5–0.8, always the ratio characteristic of the mixture recipe with the addition of Fe2O3 and MgO being higher, both for both molarity of the NaOH solution used in the preparation of the alkaline activator. This trend is also considered to be a possible explanation for the higher mechanical strengths in the samples recorded for samples prepared with the addition of oxides.




3.4. X-Ray Diffraction (XRD) Analysis


Analysing the X-ray spectra for samples 6M and 6MX1 in Figure 12, the presence of quartz, feldspar, calcite and mullite is observed, and for samples 8M and 8MX1 in Figure 13, the presence of quartz and feldspar in the geopolymer is observed.



Analysing Figure 12a and Figure 13a, it can be seen that the peaks with maximum intensities were for quartz, with the peak for the highest intensity 2θ maximum at 32° for sample 6M, respectively, at 50° for sample 8M, under the conditions of maintaining also an obvious peak at the 32° angle in the case of this sample characterized by a higher molarity of the NaOH solution used in the preparation of the alkaline activator. This displacement of the maximum 2θ angle is considered to be an indicator for preferential directions of crystallization, depending on the molarity of the NaOH solution used to prepare the alkaline activator. Comparing Figure 12b and Figure 13b, it is observed that the same major peak is identified for quartz at the maximum 2θ at 32° angle, but with a much higher intensity for the case of sample 8MX1, suggesting again the influence of the molarity of the NaOH solution used in the preparation of the alkaline activator on the crystallization mechanism. Comparing the samples preprepared with 6M NaOH solution, with and without the addition of Fe2O3 and MgO, no major differences in terms of the crystallization angles are identified (Figure 12). On the other hand, with increasing molarity of the NaOH solution to 8M, between the characteristic spectra of the samples prepared without, respectively, with addition of Fe2O3 and MgO, it is observed the maintenance of the characteristic quartz angle, 2θ, at 32°, but of a much higher intensity for the sample prepared with addition of oxides, concomitant with the maintenance of the characteristic feldspar peaks. In the literature it is stated that for a higher amount of iron trioxide and magnesium oxide added to fly ash the presence of hematite (Fe2O3), periclase (MgO) and forsterite (MgFeSiO4) mineral phases is observed in the X-ray spectrum [60], which in the present cases has not been confirmed.



From the study, it can be stated that iron trioxide, magnesium oxide and the molarity of the sodium hydroxide solution used in the preparation of fly ash-based geopolymer paste influence the physico-mechanical properties of the obtained heat-treated samples.



The bending tensile strength and compressive strength of the 6MX1 sample (containing iron trioxide, magnesium oxide and for which a molarity of 6M sodium hydroxide solution was used) had higher values compared to the other samples. This observation can be interpreted as a signal that for the specific case of fly ash with the oxide composition shown in Table 1, the most favourable case for obtaining the geopolymer binder would be the use of an alkaline activator prepared with 6M NaOH solution.



This increase in mechanical strengths can be explained by the action of iron trioxide which causes the formation of ferro-sialate groups and by the action of magnesium oxide which reduces the shrinkage of the sample. Additionally, the lower molarity of the hydroxide solution results in a less energetic reaction and fewer pores in the sample.



SEM micrographs reveal areas with fewer pores and fewer cracks for samples obtained with lower molarity of sodium hydroxide solution and smaller pore size, provided, however, that sufficient Na+ and OH− ions are available to allow good dissolution and extraction of Al and Si atoms from the raw material.



XRD analysis shows the presence of quartz, calcite, feldspar and mullite in samples obtained with a molarity of 6 of sodium hydroxide solution, and quartz and feldspar in samples obtained with a molarity of 8M. The formation of these elements is also influenced by the type of ash used and its chemical composition, and the addition of Fe2O3 and MgO leads to a preferential crystallization directive especially for quartz.



Identifying quartz (hardness 7, trigonal crystallization system), mullite (hardness 6/7.5, orthorhombic crystallization system), feldspar (hardness 6/6.5, tri- or monoclinic crystallization system) and calcite (hardness 3, trigonal or triclinic crystallization system), the following is estimated:




	-

	
The hardness of the crystallites as well as the specific crystallization system directly influences the compressive strength of the material;




	-

	
In the crystallite contact zone, for the crystallite combinations identified in the geopolymer material prepared with 6M NaOH solution, the cohesive energy would be higher than the cohesive energy specific to the intercrystallite contact zone of the geopolymer prepared with 8M NaOH solution.









The layered EDS images and the provided data reveal that in the case of the studied samples (6M, 6MX1, 8M and 8MX1) the majority reaction product is formed by zeolitic-type hydroaluminosilicates and with slight tendencies to form carbonate varieties of sodium and calcium hydroaluminosilicates. Iron trioxide and magnesium oxide are also observed to have a microcrack filling effect, i.e., they act as inactive granular fillers.



The mechanical strengths of the samples obtained, comparable to Portland cement, justify the use of these geopolymer pastes in the production of geopolymer concretes and in the production of precast concrete. Results obtained in the current study are in accordance with results previously obtained in the literature, while completing the knowledge about the production of alkaline-activated geopolymer materials [61,62,63,64,65,66,67,68,69,70,71,72,73,74,75].





4. Conclusions


The aim of this experimental study was to investigate the influence of the addition of Fe2O3 and MgO, respectively, and the influence of the molarity of the NaOH solution used in the preparation of the alkaline activator, on the mechanical strengths of the geopolymer binder prepared using locally sourced fly ash. Based on the obtained results, the following conclusions can be drawn:




	
The compressive and flexural strength of the 6MX1 specimen is higher than the other specimens (6M, 8M and 8MX1).



	
SEM micrographs reveal areas with fewer pores and fewer cracks for samples obtained with lower molarity of sodium hydroxide solution and smaller pore size.



	
XRD analysis shows the presence of quartz, calcite, feldspar and mullite in samples obtained with a molarity of 6M of sodium hydroxide solution, and quartz and feldspar in samples obtained with a molarity of 8M.



	
The EDS data show that the major reaction product is formed of zeolitic-type hydroaluminosilicates with slight tendencies to form carbonate varieties of sodium and calcium hydroaluminosilicates.



	
The addition of Fe2O3 and MgO to a geopolymer improves its physico-mechanical properties.








This paper contributes to the research developed so far worldwide on alkali-activated geopolymer materials with the following:




	-

	
The chemical, oxidic and mineralogical composition of the raw material used (flz ash) is specific only to the main source from which was provided and, according to the literature, has a major influence on the physico-mechanical characteristics of the geopolymer matrix;




	-

	
The NaOH solution used to prepare the alkaline liquid was prepared with local raw materials;




	-

	
Although some specifications in the literature analyse the influence of Fe and Mg oxides on the performance of geopolymer materials, in this case, these oxides do not represent the input of the basic raw material (fly ash), but are introduced as a controlled addition;




	-

	
The mix-design ratio and production technology are obtained following the analysis of literature but customized to the availability of resources and equipment. It is known that reproducibility is strongly influenced by the particularities of the materials and production techniques.









All these specific elements represented both challenges and risks, but also elements of novelty in the development of the experimental programme.



In the future, it is important to determine the optimum molar concentration of the NaOH solution used for the preparation of the alkaline activator and the optimal temperature range for obtaining samples with higher mechanical strengths.







Author Contributions


Conceptualization, B.A.I., M.C. and A.-V.L.; methodology, B.A.I., M.C., A.H. and A.-V.L.; formal analysis, H.V., A.-V.L. and T.G.; investigation, B.A.I., M.C., H.V., A.H., A.-V.L., G.T., B.V.N., T.G. and I.M.S.; resources, B.A.I., M.C. and H.V.; data curation, M.C., H.V., G.T., B.V.N., T.G. and I.S; writing—original draft preparation, B.A.I., M.C. and A.H.; writing—review and editing, H.V. and A.-V.L.; visualization, B.A.I., M.C., H.V., A.H., A.-V.L., G.T., B.V.N., T.G. and I.M.S.; supervision, H.V., A.-V.L., G.T., B.V.N., T.G. and I.M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This paper was financially supported by the Project “Entrepreneurial competences and excellence research in doctoral and postdoctoral programs—ANTREDOC”, project co-funded by the European Social Fund financing agreement no. 56437/24.07.2019. Partial support was received from Programme Research for sustainable and ecological integrated solutions for space development and safety of the built environment, with advanced potential for open innovation—“ECOSMARTCONS”, Programme code: PN 19 33 04 02: “Sustainable solutions for ensuring the population health and safety within the concept of open innovation and environmental preservation”, financed by the Romanian Government.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Shahmansouri, A.A.; Yazdani, M.; Ghanbari, S.; Akbarzadeh Bengar, H.; Jafari, A.; Farrokh Ghatte, H. Artificial neural network model to predict the compressive strength of eco-friendly geopolymer concrete incorporating silica fume and natural zeolite. J. Clean. Prod. 2021, 279, 123697. [Google Scholar] [CrossRef]

	



Kabirifar, K.; Mojtahedi, M.; Wang, C.; Tam, V.W.Y. Construction and demolition waste management contributing factors coupled with reduce, reuse, and recycle strategies for effective waste management: A review. J. Clean. Prod. 2020, 263, 121265. [Google Scholar] [CrossRef]

	



Khasreen, M.M.; Banfill, P.F.; Menzies, G.F. Life-cycle assessment and the environmental impact of buildings: A review. Sustainability 2009, 1, 674–701. [Google Scholar] [CrossRef]

	



Fernando, S.; Gunasekara, C.; Law, D.W.; Nasvi, M.C.M.; Setunge, S.; Dissanayake, R. Life cycle assessment and cost analysis of fly ash–rice husk ash blended alkaliactivated concrete. J. Environ. Manag. 2021, 295, 113140. [Google Scholar] [CrossRef]

	



Kazmi, S.M.S.; Munir, M.J.; Wu, Y.-F. Application of waste tire rubber and recycled aggregates in concrete products: A new compression casting approach. Resour. Conserv. Recycl. 2021, 167, 105353. [Google Scholar] [CrossRef]

	



Munir, M.J.; Kazmi, S.M.S.; Wu, Y.-F.; Patnaikuni, I.; Zhou, Y.; Xing, F. Stress strain performance of steel spiral confined recycled aggregate concrete. Cem. Concr. Compos. 2020, 108, 103535. [Google Scholar] [CrossRef]

	



Munir, M.J.; Kazmi, S.M.S.; Wu, Y.-F.; Patnaikuni, I.; Wang, J.; Wang, Q. Development of a unified model to predict the axial stress–strain behavior of recycled aggregate concrete confined through spiral reinforcement. Eng. Struct. 2020, 218, 110851. [Google Scholar] [CrossRef]

	



Jamora, J.B.; Gudia, S.E.L.; Go, A.W.; Giduquio, M.B.; Loretero, M.E. Potential CO2 reduction and cost evaluation in use and transport of coal ash as cement replacement: A case in the Philippines. Waste Manag. 2020, 103, 137–145. [Google Scholar] [CrossRef]

	



Damtoft, J.S.; Lukasik, J.; Herfort, D.; Sorrentino, D.; Gartner, E.M. Sustainable development and climate change initiatives. Cem. Concr. Res. 2008, 38, 115–127. [Google Scholar] [CrossRef]

	



Juenger, M.C.G.; Winnefeld, F.; Provis, J.L.; Ideker, J.H. Advances in alternative cementitious binders. Cem. Concr. Res. 2011, 41, 1232–1243. [Google Scholar] [CrossRef]

	



Davidovits, J. Global warming impact on the cement and aggregates industries. World Resour. Rev. 1994, 6, 263–278. [Google Scholar]

	



Zhou, W.; Yan, C.; Duan, P.; Liu, Y.; Zhang, Z.; Qiu, X.; Li, D. A comparative study of high- and low-Al2O3 fly ash based-geopolymers: The role of mix proportion factors and curing temperature. Mater. Des. 2016, 95, 63–74. [Google Scholar] [CrossRef]

	



Rashad, A.M. A comprehensive overview about the influence of different admixtures and additives on the properties of alkali-activated fly ash. Mater. Des. 2014, 53, 1005–1025. [Google Scholar] [CrossRef]

	



Dehghani, A.; Aslani, F.; Ghaebi Panah, N. Effects of initial SiO2/Al2O3 molar ratio and slag on fly ash-based ambient cured geopolymer properties. Constr. Build. Mater. 2021, 293, 123527. [Google Scholar] [CrossRef]

	



Toader, T.P.; Mircea, A.C. Self-healing concrete mix-design based on engineered cementitious composites principles. Proceedings 2020, 63, 5. [Google Scholar]

	



Toader, T.P.; Mircea, A.C. Designing concrete with self-healing properties using engineered cementitious composites as a model. IOP Conf. Ser. Mater. Sci. Eng. 2020, 877, 012035. [Google Scholar]

	



Davidovits, J. Ancient and modern concretes: What is the real difference? Concr. Int. 1984, 9, 23–35. [Google Scholar]

	



Palomo, A.; Lopez de la Fuente, J.I. Alkali-activated cementitious materials: Alternative matrices for the immobilisation of hazardous wastes. part I: Stabilisation of boron. Cem. Concr. Res. 2003, 33, 281–288. [Google Scholar] [CrossRef]

	



Bland, W.; Roll, D. Weathering: An Introduction to the Scientific Principles; Arnolds: London, UK, 1998. [Google Scholar]

	



Gomes, K.C.; Torres, S.M.; De Barros, S.; Barbosa, N.P. Geopolymer Bonded Steel Plates. In Proceedings of the ETDCM8—8th Seminar on Experimental Techniques and Design in Composite Materials, Sant’Elmo Beach Hotel, Castiadas, Costa Rei, Sardinia, Italy, 3–6 October 2007. [Google Scholar]

	



Gomes, K.C.; Torres, S.M.; de Barros, S.S.; Barbosa, N.P. Solid Mechanics in Brazil 09. In Associação Brasileira de Engenharia e Ciências Mecânicas; Mattos, H.S.C., Alves, M., Eds.; ABCM: Rio de Janeiro, Brazil, 2009; Volume 2. [Google Scholar]

	



Komnitsas, K.; Zaharaki, D. Structure, Processing, Properties and Industrial Applications PART II: Manufacture and Properties of Geopolymers; Provis, J., van Deventer, J.S.J., Eds.; CRC Press: Boca Raton, FL, USA; Woodhead Publishing Ltd.: Oxford, UK, 2009. [Google Scholar]

	



Rashad, A.M. A comprehensive overview about the influence of different additives on the properties of alkali-activated slag—A guide for civil engineer. Constr. Build. Mater. 2015, 47, 29–55. [Google Scholar] [CrossRef]

	



Palacios, M.; Puertas, F. Effect of shrinkage-reducing admixtures on the properties of alkali-activated slag mortars and pastes. Cem. Concr. Res. 2007, 37, 691–702. [Google Scholar] [CrossRef]

	



Collins, F.; Sanjayan, J.G. Effect of pore size distribution on drying shrinking of alkali-activated slag concrete. Cem. Concr. Res. 2000, 30, 1401–1406. [Google Scholar] [CrossRef]

	



Lou, Z.; Ye, Q.; Chen, H.; Wang, Y.; Shen, J. Hydration of MgO in clinker and its expansion property. J. Chin. Ceram. Soc. 1998, 26, 430–436. [Google Scholar]

	



Gao, P.-W.; Wu, S.-X.; Lu, X.-L.; Deng, M.; Lin, P.-H.; Wu, Z.-R.; Tang, M.-S. Soundness evaluation of concrete with MgO. Constr. Build. Mater. 2007, 21, 132–138. [Google Scholar] [CrossRef]

	



Cincotto, M.A.; Melo, A.A.; Repette, W.L. Effect of different activators type and dosages and relation to autogenous shrinkage of activated blast furnace slag cement. In Proceedings of the 11th International Congress on the Chemistry of Cement, Durban, South Africa, 11–16 May 2003; Grieve, G., Owens, G., Eds.; pp. 1878–1888. [Google Scholar]

	



Collins, F.; Sanjayan, J.G. Workability and mechanical properties of alkali activated slag concrete. Cem. Concr. Res. 1999, 29, 455–458. [Google Scholar] [CrossRef]

	



Bakharev, T.; Sanjayan, J.G.; Cheng, Y.B. Alkali activation of Australian slag cements. Cem. Concr. Res. 1999, 29, 113–120. [Google Scholar] [CrossRef]

	



Puligilla, S.; Mondal, P. Role of slag in microstructural development and hardening of fly ash-slag geopolymer. Cem. Concr. Res. 2013, 43, 70–80. [Google Scholar] [CrossRef]

	



Shi, C. Strength, pore structure and permeability of alkali-activated slag mortars. Cem. Concr. Res. 1996, 26, 1789–1799. [Google Scholar] [CrossRef]

	



Shi, C.; Day, R.L. Some factors affecting early hydration of alkali-slag cements. Cem. Concr. Res. 1996, 26, 439–447. [Google Scholar] [CrossRef]

	



Krizan, D.; Zivanovic, B. Effects of dosage and modulus of water glass on early hydration of alkali-slag cements. Cem. Concr. Res. 2002, 32, 1181–1188. [Google Scholar] [CrossRef]

	



Andersson, R.; Gram, H.E. Properties of alkali-activated slag. In Alkali-Activated Slag; Sweedish Cement and Concrete Institute Report 1.88; Anderson, R., Gram, H.E., Malolepszy, J., Deja, J., Eds.; Sweedish Cement and Concrete Institute: Stockholm, Sweden, 1988; pp. 9–65. [Google Scholar]

	



Hikkinen, T. The influence of slag content on the microstructure, permeability and mechanical properties of concrete Part 1 Microstructural studies and basic mechanical properties. Cem. Concr. Res. 1993, 23, 407–421. [Google Scholar] [CrossRef]

	



Kutti, T.; Berntsson, L.; Chandra, S. Shrinkage of cements with high content of blast-furnace slag. In Proceedings of the Fourth CANMET/ACI International Conference on Fly Ash, Silica Fume, Slag and Natural Pozzolans in Concrete, Istanbul, Turkey, 3–8 May 1992; pp. 615–625. [Google Scholar]

	



Douglas, E.; Bilodeau, A.; Malhotra, V.M. Properties and durability of alkali-activated slag concrete. ACI Mater. J. 1992, 89, 509–516. [Google Scholar]

	



Li, Y.; Sun, Y. Preliminary study on combined-alkali–slag paste materials. Cem. Concr. Res. 2000, 30, 963–966. [Google Scholar] [CrossRef]

	



Melo Neto, A.A.; Cincotto, M.A.; Repette, W. Drying and autogenous shrinkage of pastes and mortars with activated slag cement. Cem. Concr. Res. 2008, 38, 565–574. [Google Scholar] [CrossRef]

	



Holt, E.E. Early Age Autogenous Shrinkage of Concrete; Technical Research Center of Finland: Espoo, Finland, 2001; p. 446. [Google Scholar]

	



Ben Haha, M.; Lothenbach, B.; Le Saout, G.; Winnefeld, F. Influence of slag chemistry on the hydration of alkali-activated blast-furnace slag—Part I: Effect of MgO. Cem. Concr. Res. 2011, 41, 955963. [Google Scholar]

	



Shen, W.; Wang, Y.; Zhang, T.; Zhou, M.; Li, J.; Cui, X.J. Magnesia modification of alkali-activated slag fly ash cement. J. Wuhan Univ. Technol. Mater. Sci. Ed. 2011, 26, 121. [Google Scholar] [CrossRef]

	



Jin, F.; Gu, K.; Al-Tabbaa, A. Strength and drying shrinkage of reactive MgO modified alkali-activated slag paste. Constr. Build. Mater. 2014, 51, 395–404. [Google Scholar] [CrossRef]

	



Marjanović, N.; Komljenović, M.; Baščarević, Z.; Nikolić, V. Improving reactivity of fly ash and properties of ensuing geopolymers through mechanical activation. Constr. Build. Mater. 2014, 57, 151–162. [Google Scholar] [CrossRef]

	



Fernández-Jiménez, A.; Palomo, A. Composition and microstructure of alkali activated fly ash binder: Effect of the activator. Cem. Concr. Res. 2005, 35, 1984–1992. [Google Scholar] [CrossRef]

	



Kumar, S.; Kristály, F.; Mucsi, G. Geopolymerisation behaviour of size fractioned fly ash. Adv. Powder Technol. 2015, 26, 24–30. [Google Scholar] [CrossRef]

	



Davidovits, J. Geopolymer Chemistry and Applications, 3rd ed.; Institute Geopolymer: Saint-Quentin, France, 2011. [Google Scholar]

	



Abullah, M.M.; Hussin, K.; Bnhussain, M.; Ismail, K.; Ibrahim, N. Mechanism and chemical reaction of fly ash geopolymer cement—A review. Int. J. Pure Appl. Sci. Technol. 2011, 6, 35–44. [Google Scholar]

	



Lăzărescu, A.; Szilagyi, H.; Baeră, C.; Hegyi, A. Alternative concrete—Geopolymer concrete. Emerging research and opportunities. Mater. Res. Found. 2021, 109, 138. [Google Scholar]

	



Tahir, M.F.M.; Abdullah, M.M.A.B.; Rahim, S.Z.A.; Mohd Hasan, M.R.; Sandu, A.V.; Vizureanu, P.; Ghazali, C.M.R.; Kadir, A.A. Mechanical and durability analysis of fly ash based geopolymer with various compositions for rigid pavement applications. Materials 2022, 15, 3458. [Google Scholar] [CrossRef] [PubMed]

	



Khale, D.; Chaudhary, R. Mechanism of geopolymerization and factors influencing its development: A review. J. Mater. Sci. 2007, 42, 729–746. [Google Scholar] [CrossRef]

	



Shukla, A.; Chaurasia, A.K.; Mumtaz, Y.; Pandey, G. Effect of Sodium Oxide on Physical and Mechanical properties of Fly-Ash based geopolymer composites. Indian J. Sci. Technol. 2020, 13(38), 3994–4002. [Google Scholar] [CrossRef]

	



Chindaprasirt, P.; Jaturapitakkul, C.; Chalee, W.; Rattanasak, U. Comparative study on the characteristics of fly ash and bottom ash geopolymers. Waste Manag. 2009, 29, 539–543. [Google Scholar] [CrossRef] [PubMed]

	



Arafa, T.A.; Ali, A.Z.M.; Awal, A.S.M.A.; Loon, L.Y. Optimum mix of fly ash binder based on workability and compressive strength. IOP Conf. Ser. Earth Environ. Sci. 2018, 140, 01215. [Google Scholar]

	



Dong, M.; Elchalakani, M.; Karrech, A. Development of high strength one-part geopolymer mortar using sodium metasilicate. Constr. Build. Mater. 2020, 236, 117611. [Google Scholar] [CrossRef]

	



Yousefi Oderji, S.; Chen, B.; Ahmad, M.R.; Shah, S.F.A. Fresh and hardened properties of one-part fly ash-based geopolymer binders cured at room temperature: Effect of slag and alkali activators. J. Clean. Prod. 2019, 225, 1–10. [Google Scholar] [CrossRef]

	



Askarian, M.; Tao, Z.; Samali, B.; Adam, G.; Shuaibu, R. Mix composition and characterisation of one-part geopolymers with different activators. Constr. Build. Mater. 2019, 225, 526–537. [Google Scholar] [CrossRef]

	



Georgescu, M.; Cătănescu, I.; Voicu, G. Microstructure of some fly ash based geopolimer binders. Rev. Romana De Mater. 2011, 41, 183–191. [Google Scholar]

	



Kaya, M.; Koksal, F.; Gencel, O.; Munir, M.J.; Kazmi, S.M.S. Influence of micro Fe2O3 and MgO on the physical and mechanical properties of the zeolite and kaolin based geopolymer mortar. J. Build. Eng. 2022, 52, 104443. [Google Scholar] [CrossRef]

	



Lăzărescu, A.-V.; Szilagyi, H.; Baeră, C.; Ioani, A. Parameters affecting the mechanical properties of fly ash-based geopolymer binders—Experimental results. IOP Conf. Ser. Mat. Sci. Eng. 2018, 374, 012035. [Google Scholar] [CrossRef]

	



Ng, H.T.; Heah, C.Z.; Liew, Y.M. The effect of various molarities of NaOH soluton on fly ash geopolymer paste. AIP Conf. Proc. 2045 2018, 2018, 020098. [Google Scholar]

	



Hardjito, D.; Wallah, S.E.; Sumajouw, D.M.J.; Rangan, B.V. On the development of fly ash-based geopolymer concrete. Mater. J. 2004, 101, 467–472. [Google Scholar]

	



Ibrahim, W.M.W.; Abdullah, M.M.A.B.; Ahmad, R.; Sandu, A.V.; Vizureanu, P.; Benjeddou, O.; Rahim, A.; Ibrahim, M.; Sauffi, A.S. Chemical distributions of different sodium hydroxide molarities on fly ash/dolomite-based geopolymer. Materials 2022, 15, 6163. [Google Scholar] [CrossRef] [PubMed]

	



Nordin, N.; Abdullah, M.M.B.B.; Tahir, M.F.M.; Sandu, A.V.; Hussin, K. Utilization of fly ash waste as construction material. Int. J. Conserv. Sci. 2016, 7, 161–166. [Google Scholar]

	



Burduhos Negris, D.D.; Abdullah, M.; Vizureanu, P.; Tahir, M.F.M. Geopolymers and their uses. IOP Conf. Ser. Mat. Science Eng. 2018, 374, 012019. [Google Scholar] [CrossRef]

	



Bouaissi, A.; Li, L.Y.; Moga, L.M.; Sandu, I.G.; Abdullah, M.M.A.; Sandu, A.V. A review on fly ash as a raw cementitious material for geopolymer concrete. Rev. Chim. 2018, 69, 1661–1667. [Google Scholar] [CrossRef]

	



Shahedan, N.F.; Abdullah, M.M.A.; Hussin, K.; Sandu, I.; Ghazali, C.M.R.; Binhussain, M.; Yahya, Z.; Sandu, A.V. Characterization and design of alkali activated binder for coaling application. Technology 2014, 51, 258–262. [Google Scholar]

	



Razak, R.A.; Abdullah, M.M.A.; Hussin, K.; Ismail, K.N.; Sandu, I.G.; Hardjito, D.; Yahya, Z.; Sandu, A.V. Assessment on the potential of volcano ash as artificial lightweight aggregates using geopolymerisation method. Rev. Chim. 2014, 65, 828–834. [Google Scholar]

	



Abdullah, M.M.A.; Tahir, M.F.M.; Hussin, K.; Binhussain, M.; Sandu, I.G.; Yahya, Z.; Sandu, A.V. Fly ash based lightweight geopolymer concrete using foaming agent technology. Rev. Chim. 2015, 66, 1001–1003. [Google Scholar]

	



Ibrahim, W.M.W.; Abdullah, M.M.A.; Sandu, A.V.; Hussin, K.; Sandu, I.G.; Ismail, K.N.; Radir, A.A.; Binhussain, M. Processing and characterization of fly ash-based geopolymer bricks. Rev. Chim. 2014, 65, 1340–1345. [Google Scholar]

	



Nergis, D.D.B.; Vizureanu, P.; Sandu, A.V.; Nergis, D.P.B.; Bejinariu, C. XRD and TG-DTA study of new phosphate-based geopolymers with coal ash or metakaolin as aluminosilicate source and mine tailings addition. Materials 2022, 15, 202. [Google Scholar] [CrossRef] [PubMed]

	



Abdila, S.R.; Abdullah, M.M.A.; Ahmad, R.; Nergis, D.D.B.; Rahim, S.Z.A.; Omar, M.F.; Sandu, A.V.; Vizureanu, P. Potential of soil stabilization using ground granulated blast furnace slag (GGBFS) and fly ash via geopolymerization method: A review. Materials 2022, 15, 375. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Yilmaz, E.; Cao, S. Analysis of strength and microstructural characteristics of mine backfills containing fly ash and desulfurized gypsum. Minerals 2021, 10, 922. [Google Scholar] [CrossRef]

	



Li, J.; Cao, S.; Yilmaz, E. Characterization of macro mechanical properties and microstructures of cement-based composites prepared from fly ash, desulfurized gypsum, and steel slag. Minerals 2021, 12, 6. [Google Scholar] [CrossRef]








[image: Materials 15 06965 g001 550] 





Figure 1. Methodology used for the preparation of the geopolymer paste. 
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Figure 2. Flexural strength of the alkali-activated geopolymer samples. 
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Figure 3. Compressive strength of the alkali-activated geopolymer samples. 
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Figure 4. Comparative analysis of experimental results with literature reports. 
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Figure 5. Percentage increase in flexural strength and compressive strength over 7–28 days after casting. 
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Figure 6. SEM micrographs of: (a,b) Sample 6M, ×250, respectively, ×1000 magnification (1—pores, 2—microcracks, 3—partially reacted fly ash and 4—dense zone of reacted fly ash). 
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Figure 7. SEM micrographs of: (a,b) Sample 6MX1, ×250, respectively, ×1000 magnification (1—pores, 2—microcracks, 3—partially reacted fly ash and 4—dense zone of reacted fly ash). 
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Figure 8. SEM micrographs of: (a,b) Sample 8M, ×250, respectively, ×1000 magnification (1—pores, 2—microcracks, 3—partially reacted fly ash and 4—dense zone of reacted fly ash). 
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Figure 9. SEM micrographs of: (a,b) Sample 8MX1, ×250, respectively, ×1000 magnification (1—pores, 2—microcracks, 3—partially reacted fly ash and 4—dense zone of reacted fly ash). 






Figure 9. SEM micrographs of: (a,b) Sample 8MX1, ×250, respectively, ×1000 magnification (1—pores, 2—microcracks, 3—partially reacted fly ash and 4—dense zone of reacted fly ash).



[image: Materials 15 06965 g009]







[image: Materials 15 06965 g010 550] 





Figure 10. EDS analysis for sample 6M: (a) SEM image of selected area and (b) EDS stratified image of selected area; for sample 6MX1: (c) SEM image of selected area and (d) EDS stratified image of selected area. 
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Figure 11. EDS analysis for sample 8M: (a) SEM image of selected area and (b) EDS layered image of selected area; for sample 8MX1: (c) SEM image of selected area and (d) EDS layered image of selected area. 
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Figure 12. XRD analysis of geopolymer binders for (a) sample 6M and (b) sample 6MX1, where Q represents quartz, F—feldspar, C—calcite and M—mullite. 
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Figure 13. XRD analysis of geopolymer binders for (a) sample 8M and (b) sample 8MX1, where Q represents quartz, F—feldspar. 
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Table 1. Fly ash chemical composition.
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	Oxides
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	SO3
	Na2O
	K2O
	TiO2
	L.O.I



	F.A %
	46.9
	23.8
	10.1
	10.7
	2.7
	0.5
	0.6
	1.7
	0.9
	2.1
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Table 2. Mass ratio of materials used in the production of the mixtures.
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	Sample

(NaOH conc.)
	     m  F A    ( g )    
	     m  F  e 2   O 3     ( g )    
	     m  M g O    ( g )    
	     m  s o l    ( g )    
	       m  N  a 2  S i  O 3       m  N a O H        
	       m  s o l      m  d r y        





	6M (6M)
	267
	
	
	240.30
	2
	0.9



	6MX1 (6M)
	267
	2.67
	2.67
	245.10
	2
	0.9



	8M (8M)
	267
	-
	-
	240.30
	2
	0.9



	8MX1 (8M)
	267
	2.67
	2.67
	245.10
	2
	0.9
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Table 3. EDS data for selected zones corresponding to samples 6M, 6MX1, 8M and 8MX1.






Table 3. EDS data for selected zones corresponding to samples 6M, 6MX1, 8M and 8MX1.





	
6M

	
Element

	
O

	
Si

	
Al

	
Na

	
Fe

	
Ca

	
K

	
Mg

	
Ti




	
Weight%

	
44.9

	
27.4

	
10.1

	
7.9

	
4.1

	
2.4

	
1.5

	
1.2

	
0.5




	
σ

	
0.2

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.0

	
0.0

	
0.1




	
6MX1

	
Element

	
O

	
Si

	
Al

	
Na

	
Fe

	
Ca

	
K

	
Mg

	
Ti




	
Weight%

	
40.1

	
27.1

	
9.6

	
8.1

	
5.7

	
4.6

	
2.3

	
1.8

	
0.7




	
σ

	
0.2

	
0.2

	
0.1

	
0.1

	
0.2

	
0.1

	
0.1

	
0.1

	
0.1




	
8M

	
Element

	
O

	
Si

	
Al

	
Na

	
Fe

	
Ca

	
K

	
Mg

	
Ti




	
Weight%

	
42.0

	
28.5

	
9.4

	
9.2

	
4.8

	
2.0

	
2.1

	
1.2

	
0.7




	
σ

	
0.2

	
0.2

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.0

	
0.1




	
8MX1

	
Element

	
O

	
Si

	
Al

	
Na

	
Fe

	
Ca

	
K

	
Mg

	
Ti




	
Weight%

	
41.7

	
25.2

	
8.9

	
8.1

	
6.5

	
3.8

	
2.7

	
2.8

	
0.4




	
σ

	
0.2

	
0.2

	
0.1

	
0.1

	
0.2

	
0.1

	
0.1

	
0.1

	
0.1

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Flexural strength [N/mm?]

4.5

3.5

2.5

1.5

0.5

e6M

M Flexural strength 7 days

6MX1

M Flexural strength 14 days

8M 8MX1

M Flexural strength 28 days






media/file18.png
18 0m

009






media/file21.jpg





media/file26.png
Intensi

Q
] Q
Q i
-y
- [¥ 4]
=
T
E
| (R Q F Q
Q F Q Q ] Q . 0
' ot e Mol
ll A .
! ‘L 1: (.l : N L__“J" ™ o2 o ¥ %1- 4 ...__.J ,'Jh._;“..':.i‘,: ‘-w--.."r" L .'r—:L...l'.-'__'_r-
T T T || T T T T T T T T T T T T T. T T -‘I V' T T T I T lI I T T I I T I I T I I I I T I I T I I
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 B85 90 95 100 105 110 115 120 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 BO B85 90 95 100 105 110 115 120
2 Theta (degree) 2 Theta (degree)

(a) (b)





media/file3.jpg
Flexural strength [N/mm?]

as

-

35

25

0s
0

al Al il

6MXL a1

® Flexural strength 7days M Flexural strength 14 days = Flexural strength 28 days





media/file22.png
"' Y .
K

]
&






media/file19.jpg





media/file7.jpg
Compressie stength (Wim]
¥

o g m wea oM o B e e

(Mgt (B ot (Bt (s (s (Laaescy (Mgt
2018 oL, 202) o,202) et ol 201}t o, 018 2008 2008

Compresiv srrgth7das





media/file10.png
Mechanical strength percentage growth [%]

70

60

50

40

30

20

10

60.3

7—28 days
Flexural strength percentage growth

m6M

m6MX1 m8M

m 8MX1

47.2

7—-28 days

Compressive strength percentage growth





media/file14.png
X250

A0 um BPDO6B
:

SE 1

.
. e,
- 5
-~
SR
. -

.
.
4
-
T
N &
\AA -

)

.





media/file11.jpg





media/file6.png
Compressive strength [N/mm?]

35

30

25

20

15

10

e6M 6MX1 8M 8MX1

m Compressive strength 7 days m Compressive strength 14 days m Compressive strength 28 days






media/file15.jpg





nav.xhtml


  materials-15-06965


  
    		
      materials-15-06965
    


  




  





media/file16.png
18980 BOOO

18 28 SE]

SO

8088






media/file2.png





media/file20.png
" ez

- QL Zi
Hesing RE : x
EenEE e
R T ———— i ]

25um






media/file23.jpg
®)

-






media/file5.jpg
35

30

ZsIII “I

2 I“ III
1

1

o

€
£
H
H
£
8

X1

m Compressive strength 7 days  Compressive strength 14 days = Compressive strength 28 days





media/file24.png
Intensity
Intensity

0 5

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 0

2 Theta (degree)

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 B85 90 95 100 105 110 115 120

2 Theta (degree)
(a) (b)





media/file1.jpg





media/file25.jpg
Intensity

Inensiy

hetategen
Fy

prsn—
)





media/file12.png
X2Sp 1eerht-aooe 2 ) AZEE e






media/file9.jpg
H
£
£
H
i

T-2mdars 2800

L — Comprsivesuengih pecenoge gonth





media/file0.png





media/file8.png
Compressive strength [N/mm?]

40

35

30

25

20

15

10

JIII|I||||

6MX1

8MX1

(Ng et al., (Ibrahlm et (Ibrahlm et (Lazarescu (Lazarescu (Lazarescu (Ng et al.,

2018) al., 2022) al., 2022) et al., 2021)et al., 2018)et al., 2018)

B Compressive strength 7 days

2018)





media/file17.jpg





