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Abstract

:

The feasibility of producing sustainable cement-free composites and its environmental impact were investigated in this research. Experimental parametric evaluation was carried out in this regard to explore the optimum mix design of the composites. The effect of synthesis parameters and curing conditions on the behavior of the produced geopolymer composites was investigated. The studied parameters included the molarity of the sodium hydroxide solution (12 M, 14 M, and 16 M), the sodium silicate to sodium hydroxide ratio (1, 1.5, 2, and 2.5), the fluid to binder ratio (0.6, 0.65, and 0.7), and the age. The curing conditions included ambient curing and heat treatment at 40 °C, 80 °C, and 120 °C for 24 h, 48 h, and 72 h. In addition, life cycle assessment was performed to compare the environmental impact of geopolymer and cementitious composites. The results reflected the possibility of producing geopolymer composites with significant positive environmental impacts over traditional cementitious composites. The synthesis parameters played a major role in the behavior of the produced geopolymers. Heat curing was necessary for the geopolymer mortar to achieve high early strength. However, strength development with age was more obvious for ambient-cured specimens than heat-cured specimens. The optimum fluid to binder ratio used in this research was 0.6. For this ratio, the compressive strength increased as the molarity of the sodium hydroxide solution increased for all sodium silicate to sodium hydroxide ratios. Finally, SEM images showed that the higher the molarity and as the amount of reacted FA particles increased, the better the microstructure of the geopolymer mortar was and the fewer pores the matrix had.
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1. Introduction


Concrete is the most used material in the construction industry all over the world; in this industry, ordinary Portland cement (OPC) is considered as the main binding material. Cement production requires a huge amount of energy and is responsible for about 7% of carbon dioxide emissions to the atmosphere [1,2]. The production of one ton of cement produces about one ton of CO2 [3]. Therefore, as the production of cement increases, the release of greenhouse gases also increases. Researchers in the field of construction tend to come up with new binding materials that have mechanical and durability properties comparable to those of cementitious materials as well as have a lower carbon dioxide footprint. Geopolymers have been proposed as a potential binding material.



The geopolymerization process can be defined as the formation of 3-D polymeric chain rings consisting of Si-O-Al-O due to the activation of the source material that is rich in silica and alumina by an alkaline activator [4]. The use of geopolymer as a binder in construction materials was introduced by Davidovits in 1978 [5]. Since then, geopolymer binders have shown their capability in achieving a similar or higher strength than cementitious binding materials [6,7,8]. Geopolymers utilize the polycondensation of silica and alumina, which then contribute to C-A-S-H and/or N-A-S-H matrix formation to achieve the required strength. Water is only needed to facilitate the workability and does not contribute to the impact of the resulting geopolymer structure. In contrast, OPC needs the C-S-H gel for matrix formation in order to develop strength and needs to be mixed with water for a hydration reaction to occur, thus producing the primary hydration products (C-S-H and CH). This difference has crucially led to the mechanical and chemical properties of the resulting geopolymer product and renders it more resistant to heat, chemical attack, and the ingress of chemical species [9].



The behavior of geopolymer mortar highly depends on many factors, mainly the chemical composition of the source materials and its particle size distribution, curing conditions, and the type and concentration of the alkali activators [10,11,12]. For the production of geopolymers, the choice of source materials creates challenges since it depends on many factors, including end-use availability, costing, and type of application used. Class F fly ash (low-calcium FA) has been considered as a suitable source material for geopolymer production due to its high content of silica and alumina as well as its wide availability [13,14]. However, the major challenge of using class F FA in geopolymer production is the poor strength of the FA-based geopolymer materials when cured at ambient temperature [15]. In addition to the source materials, alkaline activators play a major role in activating the reaction in the geopolymerization process. The most common alkaline activator solutions used in geopolymer production are sodium or potassium hydroxides combined with sodium or potassium silicates [7,10,11,15]. However, a mixture of sodium hydroxide and sodium silicates is usually used due to their lower cost as compared to other activators. A sodium hydroxide solution is used to increase the dissolution rates of the source materials and to allow for better formation of polymerization products due to its exothermic characteristics [4,15,16]. The addition of a sodium silicate solution leads to the improved strength and the hardening properties of the binder [17]. An increase in the concentration of alkali hydroxide is believed to increase the reaction rate. However, beyond the optimum concentration of the alkaline activator, the properties of the produced geopolymer decrease [18]. The effect of alkaline solution molarity on the compressive strength of the geopolymer mortar has been investigated by many researchers, who concluded that the compressive strength increased as the molarity of NaOH solution increased [19,20,21]. Curing processes refer to the treatment of the casted concrete during its setting and hardening. Curing conditions play a significant role in the geopolymerization process and in the mechanical properties of geopolymers [22,23,24,25,26]. Most of the published literature shows that geopolymers need heat treatment to achieve strength comparable to that of Portland cement [6,8,10,13,15,18,20,22,23]. Heat treatment accelerates the dissolution of silica and alumina from the source materials and then assists in the polycondensation process. Beyond a certain temperature, the polymerization process decelerates, which adversely affects the strength of the geopolymers [11,16].



The abovementioned literature shows that the production and characterization of geopolymer composites have been well-studied. However, less research has been directed towards investigating the environmental impact of such materials. The novelty of this research comes from the fact that it tries to combine the syntheses, characterization, and environmental impact of the proposed geopolymer composites. Hence, this research aims to identify the optimum mix design of a class F fly ash-based geopolymer mortar (GPM) and focuses on the variation of its characteristics. The influence of the molarity of the sodium hydroxide solution, the sodium silicate to sodium hydroxide ratio, the fluid to binder ratio, curing conditions, and age on the compressive strength, flowability, and microstructure of geopolymer mortar made of class F fly ash is experimentally investigated. After that, a life cycle assessment (LCA) is conducted to evaluate the environmental impact of the optimum mix design of the geopolymer mortar and is compared with a mix design of the cement mortar.




2. Experimental Program


2.1. Materials


The fly ash (class F) was acquired from SMEET Qatar, with chemical compositions specified in Table 1, in compliance with ASTM C618-12a standards. The fly ash passed sieve #200 (75 µm) and had a moisture content and density of 0.5% and 2.23 g/cm3, respectively. The particle size distribution of the fly ash is as shown in Figure 1.



Locally available silica sand conforming to ASTM Standard C778 was used for geopolymer mortar mixing. The fineness modulus, specific gravity, and water absorption of the sand were equal to 2.31, 2.56, and of 1.87%, respectively. Sodium hydroxide (NaOH) pellets with a purity of 98% was acquired from a local supplier and used in this study. A NaOH solution with concentrations of 12, 14, and 16 Molar were prepared by mixing 480 g, 560 g, and 640 g of NaOH pellets, respectively, in one liter of distilled water. The NaOH pellets were dissolved gradually in distilled water until reaching the desired concentration of the solution. Each solution was prepared in a big plastic container immersed in a water bath to accommodate the heat of the reaction between the NaOH and water as the reaction was an exothermic reaction. The solution was left at room temperature for 30 min to lower its temperature. The solution was then poured into an airtight glass jar to prevent a reaction with air and to be used later to prepare the different mix designs of the geopolymer mortar. The sodium silicate (Na2SiO3) solution was acquired from Qatar Detergent Company in Qatar, with a Na2SiO3 concentration of 40%. The solution was prepared by mixing anhydrous sodium silicate crystals under heat and pressure with water. Both sodium hydroxide and sodium silicate were prepared separately before casting the geopolymer specimens.




2.2. Mix Proportions, Mortar Casting, and Specimen Preparations


The experimental work was divided into three phases. In the first phase, three different molarities of the NaOH solution of 12 M, 14 M, and 16 M were considered. The fluid to binder (f/b) ratios of 0.60, 0.65, and 0.70 were studied, where the fluid was the total activator solution of both NaOH and Na2SiO3 and the binder was the fly ash. Four ratios of Na2SiO3 /NaOH of 1, 1.5, 2, and 2.5 were used. The fly ash to sand ratio of 1:2.75 was fixed for all GPM mixes. GPM specimens were cured at a fixed temperature of 80 °C and for a duration of 24 h. In the second phase, the mix associated with the highest compressive strength from phase one was used to optimize the curing conditions. That mix was cured at three different temperatures of 40 °C, 80 °C, and 120 °C for three various durations of 24 h, 48 h, and 72 h. In the third phase, the mix associated with the highest compressive strength from phase one and cured at the optimum curing conditions extracted from phase two was used to study the strength development of GPM with time. The results were compared with the results of other mixes cured at ambient temperature. The studied parameters for all phases and the detailed mix design are summarized in Table 2 and Table 3, respectively.



Geopolymer mortar was prepared by mixing the NaOH and Na2SiO3 solutions for 2 min in a glass measuring jar. Then, the activator solutions were placed in a mixing bowl, and fly ash was added to the activator solutions and mixed in the mixing bowl for 30 s at low speed. After that, the sand was added to the mix and was mixed for 30 s at low speed. The mixing speed was increased to high speed, and the mixing continued for 120 s. At this point, the flow table test was conducted, followed by 15 s of mixing at high speed. The mortar was then poured into 5 cm mortar cubes to complete two layers, and each layer was tamped with a tamping rod for 32 times, according to the ASTM C305 standards. The excess mortar was removed with a trowel to ensure a flat surface.




2.3. Test Procedures


2.3.1. Compressive Strength


The compressive strength of the geopolymer mortar was determined in a control universal testing machine, according to the ASTM C109. The loading rate was set to 1.3 kN/s, with a peak sensitivity of 5 kN. Geopolymer mortar samples were loaded until failure. Three specimens for each mix were tested, and the average strength was reported.




2.3.2. Flow Table Test


The flow table was performed for all mix designs prepared in this study, according to ASTM C1437. The flow table test was accomplished by calculating the average of four readings.




2.3.3. Scanning Electron Microscopy (SEM)


SEM was conducted on selected geopolymer mortar specimens to study the effect of the studied parameters on the microstructure of the geopolymer mortar. SEM analysis was conducted for small mortar fragments using a NOVA NanoSEM 450 device (Hillsboro, OR, USA). The procedure for conducting the SEM analysis was as per ASTM C1723 standards. Fractured mortar pieces of a size of 0.5 cm were placed on a round metallic holder, and then gold coating was applied onto the specimens for 40 s in order to enhance the conductivity of the specimen.




2.3.4. Life Cycle Assessment (LCA)


LCA is an approach used to analyze the impacts of a product/service/activity on the environment, from the stage of retrieving the raw materials from the planet until the products are recycled or wasted, that is, until their disposal. The LCA allows for the estimation of the product lifespan, in the stages of production, use, and waste, or in other words, the complete process of producing a product. The process of applying LCA is considered to be a systematic approach, which consists of four components: (1) goal and scope definition, (2) inventory phase, (3) impact assessment phase, and (4) interpretation phase [27]. This approach has been employed in assessing the environmental impact of geopolymers [28,29]. In this study, the goal was to evaluate the environmental impact of the optimum mix design of geopolymer mortar and to compare it with a mix design of cement mortar (CM). The scope was to study the four processes of cradle-to-gate of the production of GPM and CM. The LCA study was performed using the Centrum voor Milieukunde Leiden (CML) 2016 method [30]. CML 2016 indicators provided information on the environmental issues associated with the inputs and outputs of the product system [27]. The assessment principally focused on the global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), and abiotic depletion potential (ADP fossil) impact categories. These impact categories are relevant for the assessment of emissions generated during the production of binders [31,32,33,34]. LCA modelling was performed using the GaBi LCA modelling software (version 9.2.1.68).



Life Cycle Inventory (LCI)


Life cycle inventory (LCI) is the phase where all system boundary unit processes are quantified. The LCI data of the different processes considered in this study are listed in Table 4. Unit processes such as fly ash, cement, sand, sodium silicate, sodium hydroxide, water, and electricity were sourced from the GaBi database. The environmental impacts of capital goods such as equipment and buildings were not considered in this study. Oven curing is required in geopolymer mortar production, which is essential for initiating the chemical reaction of the binder at the first instance.







3. Results and Discussion


3.1. Compressive Strength


3.1.1. Effect of the Fluid to Binder Ratio and Activator Solution Characteristics


The effect of the fluid to binder ratio, the NaOH solution molarity, and the Na2SiO3/NaOH ratio on the compressive strength of the geopolymer mortar were studied in the first phase of this study. Three NaOH molarities: 12 M, 14 M, and 16 M; three fluid to binder ratios: 0.6, 0.65, and 0.7; and four sodium silicate to sodium hydroxide ratios: 1.0, 1.5, 2.0, and 2.5 were considered in this study. All specimens were cured at 80 °C for 24 h. The compressive strength results are depicted in Figure 2.



For the specimens casted with a fluid to binder ratio of 0.60, it was noted that an increasing trend for compressive strength was captured across the molarities of the NaOH solution; as the molarity increased, the compressive strength also increased for all Na2SiO3/NaOH ratios, as shown in Figure 2a. Using a sodium hydroxide solution with 16 M gave the highest compressive strength of more than 60 MPa, regardless of the sodium Na2SiO3/NaOH ratios. On the other hand, the minimum compressive strength of the geopolymer mortar casted with a fluid to binder ratio of 0.6 was attained in the case of using a 12 M NaOH solution with a Na2SiO3/NaOH ratio of 1.0. For specimens casted with a fluid to binder ratio of 0.65, an increasing trend for compressive strength with the molarities of the NaOH solution was noticed only in the case of using a Na2SiO3/NaOH ratio of 2.5, as shown in Figure 2b. A maximum compressive strength of 61.6 MPa was attained with the use of a 14 M NaOH solution and a Na2SiO3/NaOH ratio of 2.0. On the other hand, the minimum compressive strength was equal to 45.1 MPa and was attained with the use of a 14 M NaOH solution and a Na2SiO3/NaOH ratio of 1.0. For specimens casted with a fluid to binder ratio of 0.7, the maximum compressive strength was achieved in the case of using a NaOH solution of 14 M for all Na2SiO3/NaOH ratios, except for a ratio of 1.0, as shown in Figure 2c. For a Na2SiO3/NaOH ratio of 1.0, the compressive strength was the highest for specimens activated with a 12 M NaOH solution. The maximum compressive strength of 53 MPa was attained in the case of using a 14 M NaOH solution and a Na2SiO3/NaOH ratio of 2.0. On the other hand, the minimum compressive strength was equal to 36.8 MPa and was attained in the case of using a 16 M NaOH solution and a Na2SiO3/NaOH ratio of 2.0. The abovementioned results are in good agreement with the published literature [4,10,15,18,35]. Finally, the effect of the fluid to binder ratio on the compressive strength of the GPM varied for different molarities. For GPM specimens activated with a 16 M NaOH solution, a decreasing trend in compressive strength was achieved, which means that as fluid to binder ratio increased, the compressive strength decreased. This might be attributed to the excess amount of hydroxide ions in the mix; similar findings were reported by [36,37].




3.1.2. Effect of Curing Condition


It was good to know that the selection of the optimum mix design from among all mixes used in phase one had to be performed based on several parameters such as the strength, the workability, the cost, and the difficulties associated with the work. However, it was very complicated to choose one mix based on all of these parameters simultaneously. Thus, the optimum mix was chosen based on the strength due to the importance of this parameter in construction applications. In order to study the effect of curing conditions on the compressive strength of GPM, the mix design M25 was used to cast the specimens as it attained the highest compressive strength of all the mixes previously studied in phase one. Three curing temperatures of 40 °C, 80 °C, and 120 °C and three durations of 24 h, 48 h, and 72 h were considered in this phase of the study. The results are summarized in Table 5.



For all studied durations, the compressive strength of GPM increased by elevating the temperature from 40 °C to 80 °C, and then decreased at a curing temperature of 120 °C, as shown in Figure 3. The reason behind this trend can be attributed to the escape of water that occurs in the activator solutions; in the case of curing temperatures greater than 80 °C, numerous voids that affect the integrity of the matrix are left behind [15,22]. Similar results have been reported by many authors in the literature [6,38]. For specimens cured at 80 °C and 120 °C, Figure 3 shows that the compressive strength decreased with an increase in the curing duration. The loss of strength as the duration increased might be attributed to the breakup of the amorphous structure of the geopolymer mortar, thus exposing the matrix to extensive moisture loss [15,22]. Finally, it is good to mention that the optimum curing conditions for the compressive strength of the GPM were a heat-curing temperature of 80 °C for a duration of 24 h. These conditions helped the geopolymer mortar to gain a compressive strength of 43.1 MPa. The variation in the compressive strength for M25 between Phase 1 and Phase 2 may be attributed to the differences in the chemical composition of the source material (fly ash) within the same batch.




3.1.3. Effect of Age on Compressive Strength Development


To investigate strength development with age for the geopolymer mortar, the mix design M25 was used to cast the specimens as it attained the highest compressive strength of all mixes previously studied in phase one. The specimens were cured at 80 °C for a duration of 24 h, as these conditions gave the highest compressive strength among all conditions previously studied in phase two of this study. After curing, the specimens were removed from the oven and were left at room temperature for the designated age before testing. For the sake of comparison, a second group of specimens was cured at ambient temperature (25 °C). Compressive strength development over age is shown in Figure 4. After 24 h, the heat and ambient-cured specimens attained about 43.1 MPa and 3.9 MPa, respectively. The big difference in the compressive strength emphasized the importance of heat curing in achieving high early strength value. The low value of early compressive strength of ambient-cured specimens could be attributed to the low content of iron oxide, calcium hydroxide, and reactive silica [11,13]. After 3 days, the heat-cured specimens did not gain any more compressive strength. On the contrary, the compressive strength of the ambient-cured specimens increased by 87%, reaching 7.3 MPa. Similar findings were reported by [11,20]. After 7 days, the compressive strength of both heat and RT-cured specimens increased by 19% and 213%, respectively. At 28 days, the compressive strength of heat and ambient-cured specimens reached 55 MPa (28% enhancement) and 20 MPa (413% enhancement), respectively. It can be noted that compressive strength development with age was more pronounced in the case of ambient curing as compared to heat curing. The huge development of strength with time for ambient-cured specimens might be attributed to the availability of moisture from the activator solution slowly reacting with the unreacted fly ash particles [13,18]. However, these results highlight the importance of heat curing in the strength development of geopolymer mortar. The heat-cured specimens in one day attained more than twice the compressive strength of the ambient-cured specimens at 28 days.





3.2. Failure Modes


Similar failure modes were observed for all test specimens under compression. During the compression tests, the GPM specimens failed explosively, which indicates a brittle failure. The cracks occurred at 45 degrees for all specimens, with fragments separating from specimens, as shown in Figure 5a. Moreover, it was observed that the color of the GPM samples cured at different temperatures varied, as it appeared to be darker in color for specimens cured at lower temperatures and brighter as the temperature increased, as shown in Figure 5b. This finding could be attributed to the degree of moisture in the GPM samples when subjected to heat curing.




3.3. Flowability of the Geopolymer Mortar


The flowability of the geopolymer mortar was tested using the flow table test according to the ASTM C230. The results are plotted in Figure 6. It is clear from the figure that the flowability of the GPM highly depends on the NaOH solution molarity, the fluid to binder ratio, and the sodium hydroxide to sodium silicate ratio. A wide range of flowability was achieved during the experiments. The minimum flow value (48%) was achieved with the use of mix design M1, whereas the maximum flow value (132%) was attained with the use of mix design M21. Different trends were observed in the flowability of the geopolymer mortar, as shown in Figure 6. The most common trend found was that the lower the molarity of the NaOH solution, the higher the flowability of the mix. This finding could be attributed to the following reasons: when preparing the activator solution by mixing NaOH and Na2SiO3, the gelation process started and the viscosity of the resultant solution increased, which might have caused a reduction in the flow value of the GPM. In Figure 6a and for the sodium silicate to sodium hydroxide ratio of 1, the trend observed was the opposite—the higher the molarity, the higher the flowability of the geopolymer mix. This finding might be attributed to the low amount of solution existing in the mix, which allowed for a faster gelation process to occur [39]. It was also noticed that for the same molarity, the flow of the GPM increased as the ratio of Na2SiO3/NaOH increased. Finally, it was noted that the flow value of the GPM increased with the fluid to binder ratio. This finding could be attributed to the increase in the total amount of the solution available in the mix [11,13].




3.4. Microstructure Investigation Using SEM Imaging


Scanning electron microscopic imaging was conducted for selected GPM specimens to visually investigate the development of the geopolymerization products and to study the effect of various parameters on the microstructure of the GPM. Firstly, the effect of the NaOH solution molarity was studied by performing SEM imaging for three specimens prepared with different molarities (M1, M13, and M25). Figure 7a shows the SEM images for the GPM mix design of M1. It reflects the existence of pores in the matrix with reacted and unreacted FA particles, and with amorphous geopolymerization products. The GPM mainly contains structures of the types Q4 (2 Al) and Q4 (3 Al). The microstructure of the geopolymer specimens revealed the formation of a heterogeneous matrix, which consists of a dense, continuous, gel-like substance with micro cracks and micro pores. Similar findings have been reported in the literature [8]. The effect of the molarity of the NaOH solution was clearly observed through the SEM images. The higher the molarity and as the amount of reacted FA particles increased, the better the microstructure of the GPM and the fewer pores in the matrix were observed, as shown in Figure 7b,c. These factors ultimately affected the compressive strength values of the GPM. The effect of curing temperature on the microstructure of the GPM was also investigated through SEM imaging. Three GPM specimens cured at temperatures of 40 °C, 80 °C, and 120 °C for a duration of 48 h were tested. The effect of heat curing with different temperatures can be clearly observed in the SEM images shown in Figure 7d–f. It is clear that as the curing temperature increased, the GPM became denser with fewer cracks and voids. This finding was observed in specimens where the curing temperature was up to 80 °C; any further increase in the curing temperature led to more voids and disintegration in the specimens. Finally, similar observations of the GPM microstructure have been reported by other authors [40,41].




3.5. Life Cycle Assessment Results


LCA results of the comparison between the geopolymer mortar (GPM) and the cement mortar (CM) for the GWP, AP, EP, and ADP fossil are summarized in Figure 8.



For the GPM with the highest compressive strength, the environmental impact on the GWP, AP, EP, and ADP fossil showed lesser emissions when compared to the CM of a similar compressive strength, with 72%, 65%, 41%, and 29%, respectively. The main contributor to the impact categories in the production of the GPM was the production of the alkaline solution, which accounted for 50%, 25%, 20%, and 44%, respectively. Three main processes were analyzed for the LCA results. Initially, the extraction of source materials, which studies the processes needed to extract the source material and prepare it for use in production, e.g., the extraction of fly ash from required processes such as collection and packing. This was followed by a transportation process, where the material was transported to the site where it was going to be used. Gabi software allowed for the capture of the emissions related to each process. This approach was applied to all other materials used in this study, e.g., sand, alkali activators, and cement production. The production process is related to the mixing and preparation of the final mortar, e.g., the mixing and curing of the geopolymer mortar.



The production of the alkaline solution is associated with a high amount of energy consumption [42]. On the contrary, cement mortar production releases much higher emissions to the environment. The four impact categories investigated in this study showed that the main contributor to environmental emission is the production of Portland cement, as the emissions are emitted from the calcination of limestone and the combustion of fossil fuels [43]. The results showed that the production of Portland cement was the main contributor to the environmental emissions and was responsible for 89%, 79%, 63%, and 69% for the GWP, AP, EP, and ADP fossil, respectively. These results reveal that the environmental impact of using GPM instead of CM is significant in reducing emissions related to the construction industry [44,45,46,47,48].



Finally, the results of the LCA emphasized the relevance of using geopolymer mortar instead of cement mortar. A significant impact reduction was demonstrated, which increased the chances for the construction industry to adapt and use such construction materials that achieve excellent mechanical and environmental performance.





4. Conclusions


The following conclusions could be drawn from the experimental study and the LCA of geopolymer mortar production:




	
The strength and flowability of heat-treated geopolymer mortar are highly dependent on alkaline activator solution characteristics such as the NaOH solution molarity, the Na2SiO3/NaOH ratio, and the fluid to binder ratio. Among the studied specimens, the optimum mix design of the fly ash-based geopolymer mortar in terms of compressive strength was achieved for specimens prepared with a NaOH molarity of 16 M, a Na2SiO3/NaOH ratio of one, and a fluid to binder ratio of 0.6.



	
Heat curing is necessary for geopolymer mortar to achieve high early compressive strength. The optimum curing conditions among the studied specimens are heat treatment at 80 °C and for 24 h.



	
The chemical composition of the fly ash used in the production of the geopolymer mortar (e.g., fly ash) is an important factor that affects the mechanical behavior of the geopolymer mortar. The variations in the chemical composition of fly ash leads to unreliable results in the mechanical behavior; thus, this needs to be carefully investigated.



	
Strength development with age is more obvious for ambient-cured specimens than heat-cured specimens. However, the heat-treated geopolymer mortar can gain, in one day, more than twice the compressive strength of the ambient-cured specimens at 28 days.



	
The microstructure of the fly ash-based geopolymer mortar is affected by the molarity of the NaOH solution. The higher the molarity and as the amount of reacted FA particles increased, the better the microstructure became and the fewer pores in the matrix were found.



	
The production of geopolymer mortar is more environmentally friendly than the production of cement mortar. The production of 1.0 m3 of geopolymer mortar generates, for GWP, AP, EP and ADP fossil, emissions 72%, 65%, 41%, and 29% less than the production of 1.0 m3 of cement mortar.
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Figure 1. Particle size distribution of the fly ash. 
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Figure 2. Effect of activator solutions on the compressive strength of the geopolymer mortar prepared with different fluid/binder ratios (a) 0.6, (b) 0.65, (c) 0.7. 
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Figure 3. Effect of curing conditions on the compressive strength of the geopolymer mortar. 






Figure 3. Effect of curing conditions on the compressive strength of the geopolymer mortar.



[image: Sustainability 14 04942 g003]







[image: Sustainability 14 04942 g004 550] 





Figure 4. Compressive strength development of the GPM mortar with age. 
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Figure 5. (a) Representative failure mode and (b) color change of the GPM specimens cured at different temperatures. 
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Figure 6. Effect of activator solutions on the flowability of the geopolymer mortar prepared with different fluid/binder ratios (a) 0.6, (b) 0.65, (c) 0.7. 
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Figure 7. SEM images of the GPM specimens casted with (a) M1, (b) M13, and (c) M25 and cured at 80 °C for 24 h, and casted with M25 and cured for 48 h at (d) 40 °C, (e) 80 °C, and (f) 120 °C. 
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Figure 8. LCA results for the geopolymer mortar and the cement mortar. (a) Overall emissions, (b) Emissions based on processes. 
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Table 1. Chemical composition of the fly ash used in this study.
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	Oxide
	SiO2
	Al2O3
	CaO
	Fe2O3
	MgO
	SO3
	K2O
	Na2O
	Cl−
	LOI





	%
	49.9
	17.1
	11.8
	7.83
	4.9
	0.42
	0.2772
	0.1428
	0.011
	3.5
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Table 2. Studied parameters.
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Phases

	
Molarity

	
Fluid/Binder Ratio

	
Na2SiO3/NaOH

	
Curing

Temperature (°C)

	
Curing

Period (h)

	
Age (Days)






	
Phase One

	
12

	
0.60

	
1

	
80

	
24

	
1




	
14

	
0.65

	
1.5




	
16

	
0.70

	
2




	

	

	
2.5




	
Phase Two

	
16

	
0.60

	
1

	
25 (ambient)

	
24

	
1




	
40

	
48




	
80

	
72




	
120

	




	
Phase Three

	
16

	
0.60

	
1

	
80

	
24

	
1




	
3




	
7




	
28
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Table 3. GPM mix designs.
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Mix Design ID

	
NaOH Concentration (M)

	
F/B

	
Na2SiO3 /NaOH

	
Fly Ash (kg/m3)

	
Sand (kg/m3)

	
NaOH Solution (kg/m3)

	
Na2SiO3 Solution (kg/m3)






	
M1

	
12

	
0.6

	
1

	
711

	
1956

	
213

	
213




	
M2

	
1.5

	
711

	
1956

	
171

	
256




	
M3

	
2

	
711

	
1956

	
142

	
284




	
M4

	
2.5

	
711

	
1956

	
122

	
305




	
M5

	
0.65

	
1

	
711

	
1956

	
231

	
231




	
M6

	
1.5

	
711

	
1956

	
185

	
277




	
M7

	
2

	
711

	
1956

	
154

	
308




	
M8

	
2.5

	
711

	
1956

	
132

	
330




	
M9

	
0.7

	
1

	
711

	
1956

	
249

	
249




	
M10

	
1.5

	
711

	
1956

	
199

	
299




	
M11

	
2

	
711

	
1956

	
166

	
332




	
M12

	
2.5

	
711

	
1956

	
142

	
356




	
M13

	
14

	
0.6

	
1

	
711

	
1956

	
213

	
213




	
M14

	
1.5

	
711

	
1956

	
171

	
256




	
M15

	
2

	
711

	
1956

	
142

	
284




	
M16

	
2.5

	
711

	
1956

	
122

	
305




	
M17

	
0.65

	
1

	
711

	
1956

	
231

	
231




	
M18

	
1.5

	
711

	
1956

	
185

	
277




	
M19

	
2

	
711

	
1956

	
154

	
308




	
M20

	
2.5

	
711

	
1956

	
132

	
330




	
M21

	
0.7

	
1

	
711

	
1956

	
249

	
249




	
M22

	
1.5

	
711

	
1956

	
199

	
299




	
M23

	
2

	
711

	
1956

	
166

	
332




	
M24

	
2.5

	
711

	
1956

	
142

	
356




	
M25

	
16

	
0.6

	
1

	
711

	
1956

	
213

	
213




	
M26

	
1.5

	
711

	
1956

	
171

	
256




	
M27

	
2

	
711

	
1956

	
142

	
284




	
M28

	
2.5

	
711

	
1956

	
122

	
305




	
M29

	
0.65

	
1

	
711

	
1956

	
231

	
231




	
M30

	
1.5

	
711

	
1956

	
185

	
277




	
M31

	
2

	
711

	
1956

	
154

	
308




	
M32

	
2.5

	
711

	
1956

	
132

	
330




	
M33

	
0.7

	
1

	
711

	
1956

	
249

	
249




	
M34

	
1.5

	
711

	
1956

	
199

	
299




	
M35

	
2

	
711

	
1956

	
166

	
332




	
M36

	
2.5

	
711

	
1956

	
142

	
356
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Table 4. Source of unit processes.
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	Type of Data
	Source





	Fly Ash
	GaBi database 2020, Fly Ash



	Cement
	GaBi database 2020 RER: Portland cement (CEM I ELCD/CEMBUREAU)



	Sand
	GaBi database 2020 (Sand 0/2 ts)



	Sodium hydroxide
	GaBi database 2020, (EU-28, sodium hydroxide, 100% caustic soda)



	Sodium silicate
	GaBi database 2020, (sodium silicate, waterglass)



	Water
	GaBi database 2020, Water (desalinated; deionized)



	Electricity
	GaBi database 2020, EU-28: Electricity grid mix ts



	Transportation
	GaBi database 2020 Truck, Euro 3, up to 7.5 t gross weight/2.7 t payload capacity



	Diesel
	GaBi database 2020, EU-28: Diesel mix at refinery ts
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Table 5. Mechanical and fresh properties of GPM.






Table 5. Mechanical and fresh properties of GPM.





	Mix Design
	Compressive Strength (MPa)
	Flow

Davg. (cm)
	Flow (%)





	M1
	33.42
	14.81
	48.13



	M2
	47.37
	17.81
	78.13



	M3
	51.23
	20.38
	103.75



	M4
	51.19
	20.00
	100.00



	M5
	48.53
	20.13
	101.25



	M6
	50.53
	20.81
	108.13



	M7
	49.09
	20.81
	108.13



	M8
	48.66
	21.00
	110.00



	M9
	47.15
	22.56
	125.63



	M10
	49.87
	21.06
	110.63



	M11
	43.17
	21.81
	118.13



	M12
	40.85
	23.06
	130.63



	M13
	54.28
	15.50
	55.00



	M14
	59.70
	16.69
	66.88



	M15
	58.49
	18.00
	80.00



	M16
	55.74
	20.06
	100.63



	M17
	45.13
	20.00
	100.00



	M18
	52.43
	18.38
	83.75



	M19
	61.58
	19.06
	90.63



	M20
	52.87
	21.13
	111.25



	M21
	38.06
	23.19
	131.88



	M22
	52.64
	22.19
	121.88



	M23
	52.98
	19.42
	94.17



	M24
	52.40
	21.44
	114.38



	M25
	63.86
	19.31
	93.13



	M26
	62.38
	16.56
	65.63



	M27
	61.83
	16.19
	61.88



	M28
	62.89
	18.50
	85.00



	M29
	48.42
	19.69
	96.88



	M30
	48.53
	16.13
	61.25



	M31
	53.85
	15.13
	51.25



	M32
	56.12
	18.63
	86.25



	M33
	41.46
	19.31
	93.13



	M34
	39.30
	20.13
	101.25



	M35
	36.77
	17.31
	73.13



	M36
	49.59
	20.94
	109.38



	M25(D1T1)
	19.83
	19.31
	93.13



	M25(D1T2)
	43.13
	19.31
	93.13



	M25(D1T3)
	37.21
	19.31
	93.13



	M25(D2T1)
	18.17
	19.31
	93.13



	M25(D2T2)
	39.80
	19.31
	93.13



	M25(D2T3)
	36.10
	19.31
	93.13



	M25(D3T1)
	24.37
	19.31
	93.13



	M25(D3T2)
	29.98
	19.31
	93.13



	M25(D3T3)
	29.24
	19.31
	93.13



	M25(RT-1 day)
	3.93
	19.31
	93.13



	M25(RT-3 days)
	7.26
	19.31
	93.13



	M25(RT-7 days)
	12.20
	19.31
	93.13



	M25(RT-28 days)
	20.00
	19.31
	93.13



	M25 (Heat-1 day)
	43.13
	19.31
	93.13



	M25 (Heat-3 days)
	42.11
	19.31
	93.13



	M25 (Heat-7 days)
	51.08
	19.31
	93.13



	M25 (Heat-28 days)
	55.00
	19.31
	93.13
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