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Abstract

:

This study aimed to determine the impact of the initial temperature of the paste (from 5 °C to 35 °C) and the addition of water, which reflects a decrease in the molarity of activation solutions (AS) by diluting 10 M NaOH with distillate water, on the rheological properties of geopolymer pastes. Additionally, this resulted in changes to the physical–mechanical properties of geopolymers after curing. A higher amount of water in the AS composition and higher initial paste temperature led to an increase in the spread values up to 28% and decreases viscosity. A smaller amount of water in the AS composition and a higher initial paste temperature accelerated the speed of the geopolymer structure formation up to 1.5 times during the curing period, increased compressive strength and reduced apparent porosity and pore size. X-ray diffraction confirmed the compressive strength test results and revealed that the lower amount of water in the AS and the higher initial paste temperature for the geopolymer preparation significantly affected the mineral formation and physical and mechanical properties of the samples.
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1. Introduction


Based on numerous studies conducted in recent years, geopolymer binders are considered to be sustainable and environmentally friendly cementitious materials and are attractive in terms of their good cost–performance ratio due to low energy consuming production process and use of secondary raw materials instead of virgin ones [1,2].



Millions of tons of industrial wastes are being stored and disposed in landfills annually creating a pollution risk. The environmental aspect is a great driver to initiate as human society strives for cleaner production by finding opportunities for re-cycling of waste materials instead of landfilling. Disposal of industrial waste also requires the use of land, which can be potentially utilized for agricultural purposes or other needs. Reuse of secondary raw materials in production of alkali-activated aluminosilicate materials could not only expand the raw material base of the construction industry without increasing the use of natural mineral resources, but also reduce the effect of greenhouse gases associated with ordinary Portland cement and concrete production. Production of geopolymers requires significantly less energy than the production of Portland cement [3,4,5,6]. In addition, Portland cement-based concrete is subject to certain durability problems, including aggregate–alkali reactions, chloride-induced corrosion in reinforcing steel, retarded ettringite and thaumasite formation [7], which are not characteristic for geopolymers.



The proportion of the raw materials, viscosity of the fresh mixes and molarity of the alkaline activation solutions for geopolymer synthesis can be varied over a wide range, depending on the chemical and mineralogical composition of the precursors, which can also alter the reaction kinetics, chemical properties and microstructure of the geopolymers [8]. Hydroxide solutions with different molarities, as well as mixes of hydroxides and sodium silicates, are most frequently used as alkaline activation solutions to generate a high pH and activate source materials [9]. In cases where the molarity of the alkaline activation solution is insufficient (for example, the molarity of NaOH is less than 1 M), incomplete ion dissociation can occur, which results in an insufficient amount of intermediate from which new compounds can be formed. Alternatively, the opposite—if the molarity of the alkaline activation solution is too high (greater than 15 M), dissolved products can form a layer around unreacted particles restricting or significantly slowing ion dissociation. Even if an undesirable layer is established around the particles, it has been found that the geopolymerization process does not happen completely, which results in a lower mechanical strength of the material [10,11].



Some studies show an important effect of the alkaline activation solution on the rheology of geopolymer paste [9,12] that plays a key role in its practical applications [13]. In particular, NaOH-activated slag pastes behave as Bingham fluid [9,14], while slag pastes activated by using a sodium silicate solution alone-fit the Herschel–Bulkley model [9,12]. In most cases, a higher water/alkaline ratio of the activation solution improves the flowability and workability of the paste [15]. The size, shape and other geometrical properties of the precursor’s particles effect the rheological properties of the fresh geopolymer paste [16]. Mixing time and mixing speed have an influence on the rheology of geopolymer pastes as well. According to the research of Kaur et al. [16], the active mixing of raw materials results in increased viscosity of the paste and improved mechanical properties of the hardened samples. This is explained by the input of mixing energy, which can partially break down the size of the raw material “aggregates” which can occur due to agglomeration of the powdered raw materials during milling to allow the complete reaction to continue. Mixing is also a temperature-dependent process, which is influenced by the activation energy of raw materials used for geopolymer production. The viscosity and geopolymerisation reaction rate depends on the paste temperature because Brownian motion is slowing down and the dissolution rate of aluminum decreases at lower temperatures [9,16].



It is reported that the higher molarity of activation solution made of sodium hydroxide increases the viscosity of the mixture, which results in the increased strength of the hardened samples [15,17]. Moreover, regardless of the alkaline activation solutions used (NaOH, Na2CO3 or sodium silicate solution), an increased concentration of Na2O in the activation solution increases the viscosity of the mixture [18]. Furthermore, when sodium silicate solution is used as the alkaline activation solution, a rise in the SiO2-Na2O ratio decreases the workability of the geopolymer paste [9,18,19]. There is an opinion that the water in a geopolymer mixture does not play any role in the chemical reaction and merely provides for the workability of the paste [8], but other studies discuss the positive effects of water retention on the geopolymerisation process and on the final properties of metakaolin-based and fly ash-based geopolymers [20,21,22].



However, a higher water/alkaline ratio in the activation solution can negatively affect the formation of the geopolymer structure, pore structure, mechanical properties and durability, as well as the modulus of elasticity, due to the increased pore volume and pore size [23,24].



The water in the micro-structure of the geopolymers accumulates in the pores, providing only alkaline transfer functions; it is not directly involved in the geopolymerisation process [25] but has an effect on the rheological properties of the material [26,27]. The decrease in workability of the geopolymer paste is associated with an increase in the molarity of the activation solution [17,28]. Koutnik et al. [24] conclude that the viscosity of the geopolymer paste, and later compressive strength of the specimens, strongly depends on the amount of filler (sand) and additional water used in the composition: increasing the amount of water results in a decrease in viscosity and compressive strength. On the contrary, when the water content of the composition is decreased from 45% to 30%, the viscosity increases from 0.68 Pa·s to 8.1 Pa·s—that is, 12 times higher—and the compressive strength increases from 11 MPa to 85 MPa, which is eight times higher.



Only a few studies discuss the influence of decreasing the alkaline solution molarity by diluting it with water to obtain better workability of the mixture or the properties of the hardened geopolymers after the initial curing at an elevated temperature and prolonged curing time at room temperature [29]. A higher water/alkaline ratio in the alkaline activation solution can negatively affect the structure of the geopolymers by increasing the size of the dominant pores and total porosity, which decreases its mechanical properties and reduces long-term durability [30,31].



Although viscosity is an important property affecting fluidity, workability and applicability of geopolymer paste, only a few detailed studies have been published clarifying this complex issue [9,19,20].



The rheological properties of geopolymer pastes depend on the ratio of water to alkaline in the activation solutions and can strongly influence durability of the hardened geopolymers. This is important for adapting geopolymer compositions for practical use in construction sites in ambient temperatures, which depend on the weather conditions and period of year.



The present study aims to ascertain the effects of the alkaline activation solution, which is diluted with a certain amount of water, and the initial temperature (5 °C–35 °C) of the raw materials on the rheological behavior of geopolymer pastes and their structural evolution during initial curing at an elevated temperature and curing at room temperature for 28 days. The mechanical properties of samples prepared from pastes with initial temperatures between 5 °C and 35 °C were evaluated. The results of the study may make a significant contribution to the development of a knowledge in sustainable geopolymer creation.




2. Materials and Methods


2.1. Raw Materials


In this study waste metakaolin powder (MK) from Stikloporas Ltd., Lithuania was used as the source of aluminum silicate for geopolymer production. The MK is generated during foam glass pellet processing at a temperature of 820–850 °C. In the provided X-ray diffractogram (Figure 1), the most intensive crystalline phase of MK is quartz minerals. The specific surface area of MK is 892 m2/kg and the chemical composition (in mass %) is: SiO2—46.1, Al2O3—37.2, Fe2O3—1.10, CaO—0.20, MgO—0.20, K2O+Na2O—0.7, TiO2—0.70 and others—13.8. The MK consists of thin flake-shaped particles with a size between 1 μm and 20 μm.



To ensure the geopolymerisation process, commercially available sodium hydroxide flakes produced by Tianye Chemicals were used for the alkaline solution preparation. The alkaline solutions (AS) were obtained by diluting 10 M NaOH with distilled water. The water/10 M NaOH ratio was from 0.6 to 1.8. The amount of NaOH in all activation solutions stayed the same, but the amount of water differed to detect the effect of water on the rheological properties of the paste as well as on the mechanical and physical properties of the hardened specimens.




2.2. Mixture Design and Sample Preparation


Fresh pastes were prepared according to the mixture design given in Table 1. The mass proportion of MK and 10 M NaOH was constant for all compositions (1.00/0.25). The activation solution (AS) was prepared from the 10 M NaOH by adding distilled water in a ratio of 0.25/0.15 ÷ 0.45 and mixing for 30 min with a magnetic mixer. Before use, all raw materials were maintained at temperatures of 5 °C, 15 °C, 25 °C and 35 °C for 24 h. The fresh paste containing AS and MK was prepared at the standard room temperature of +20 ± 1 °C by mixing for 3 min using a hand mixer with 140 rpm. Physical and mechanical properties were studied for three selected compositions: MK0.6, MK1.0 and MK1.4, prepared from the pastes with different initial temperatures depending on the temperature of the raw materials.



The paste was filled into metallic molds (70 × 70 × 70 mm), covered with plastic and immediately placed in a pre-heated curing chamber at a temperature of 80 °C for 24 h. The samples were weighed and ultrasonic pulse velocity (UPV) was measured during curing after 2, 4, 6, 8, 22 and 24 h. The material density, UPV and compressive strength of the samples were measured after 24 h of curing at 80 °C, as well as after curing at room temperature at days 7, 14, 28 and 56.




2.3. Methods of Testing


The electrical conductivity was performed using the MPC 227 instrument manufactured by Mettler-Toledo (EC electrode InLab 730, measuring range 0 mS/cm–1000 mS/cm). The electrical conductivity of geopolymer pastes with initial temperatures of 5 °C, 15 °C, 25 °C and 35 °C was measured immediately after mixing at standard room temperature (20 ± 1 °C).



The viscosity was tested using the vibro-viscometer SV-10 to define the dynamic viscosity of pastes up to 12,000 mPa·s with 0.01 mPa·s accuracy for a small amount of paste (35 mL). The viscosity resistance of the paste was measured using the constant vibration of gauge plates at 30 Hz frequency, where viscosity resistance force was converted into an electrical signal and recorded. The tests were conducted at room temperature (20 ± 1 °C). The dynamic viscosity of fresh geopolymer pastes was measured immediately after mixing. The fluidity of geopolymer pastes was determined using the mini-slump test after mixing. To perform the mini-slump test, the paste was transferred into a cone (height 80 mm, upper diameter 90 mm, bottom diameter 100 mm) and placed on a glass plate. Measurements were repeated five times and the diameter of the paste was measured in two directions. The fluidity was measured immediately after mixing the paste and at 10 min and 20 min.



The development of the geopolymer structure was evaluated by using the UPV method with the Pundit 7 tester. Specimens were placed between two ultrasonic transducers (transmitter and receiver) operating at 54 kHz. The transducers were pressed against the specimens at two strictly opposite points. Vaseline was used to ensure good contact. The UPV (V) was calculated using Equation (1):


V = l/τ × 106



(1)




where l is the distance between the cylindrical heads and τ is the time of the pulse spread.



Material density and compressive strength were tested in accordance with EN 1097-6 and EN 196-1. The open porosity was determined by water absorption, considering the volume of the prepared specimens.



The pore size distribution was evaluated using a Pore Master PM33-12 porosimeter; the testing sample was taken from the internal layer of the specimens.



The mineralogical composition of the MK and the obtained geopolymer samples was determined using the X-ray diffraction (XRD) patterns of the powdered 28-day old samples. Data were recorded by a DRON-7 diffraction meter (Cu anode, Ni filter, anode operating voltage of 30 kV, anode emission current of 12 mA, goniometer apertures (0.5; 1.0; 1.5 mm)).





3. Results and Discussion


3.1. Viscosity of Alkali Activation Solution (AS) and Water at Different Temperatures


The dynamic viscosity depended on the initial temperature of the 10 M NaOH that was used for the preparation of the AS (Figure 2). The dynamic viscosity was studied in order to evaluate viscosity behavior of the AS and its impact on the viscosity of geopolymer pastes. The increase in temperature from 5 °C to 35 °C led to a significant (five-fold) decrease of 10 M NaOH viscosity. The viscosity of 10 M NaOH at 5 °C was 33 mPa·s; at 15 °C it was 13.1 mPa·s; at 25 °C-9.0 mPa·s; and at 35 °C the viscosity decreased to 6.5 mPa·s. The viscosity decreased two-fold for distilled water and then temperature increases from 5 °C to 35 °C.




3.2. Electrical Conductivity of Geopolymer Pastes


In order to better assess the temperature impact of the AS on geopolymer pastes, electrical conductivity was performed (Figure 3). It is known that electrical conductivity depends on the ions’ concentration in the solution. When the 10 M NaOH is diluted with water, the degree of dissociation increases, which causes an increase in electrical conductivity. In the case of a strong electrolyte with a decrease in concentration, the interaction of ions with each other is weakened, which increases the speed of their movement and therefore the conductivity of the solution [32]. By increasing the water/10 M NaOH ratio in the AS used for the preparation of the geopolymer pastes, the electrical conductivity was increased. It is known that the dissolution process is influenced by temperature; the number of ions in a solution increases by increasing the temperature of the solution and the degree of dissociation increases since the bonds in the electrolyte molecules are activated [33]. As the bonds become more mobile, they are more easily ionized; as a result, the concentration of ions in the solution increases. The obtained data (Figure 3) show that the electrical conductivity of the geopolymer paste is significantly influenced by the temperature of the paste. The lowest electrical conductivity was seen in the geopolymer pastes with the lowest initial temperature (5 °C). With the increase in the water/10 M NaOH ratio (from 0.6 to 1.8), the ion content in the paste decreased by 30% and the electrical conductivity of the paste increased from 90 to 120 mS. Insignificant changes in electrical conductivity were detected for the pastes made by using the AS with the lowest water/10 M NaOH ratio, with no significant effect from the initial temperature of the paste.



A noticeable increase in electrical conductivity (from 22% to 46%) was observed by increasing the initial temperature of the geopolymer paste from 5 °C to 15 °C. The tendencies remained the same for all pastes across different initial temperatures: by increasing the water/10 M NaOH ratio in the AS, the electrical conductivity increased. Further increasing the paste’s initial temperature to 25 °C and 35 °C increased the electrical conductivity to 5.5–11% and 9–17.9%, compared to the electrical conductivity of the pastes with an initial temperature of 15 °C. The largest increase in electrical conductivity was detected for pastes made with an AS containing a higher water/10 M NaOH ratio. This means that the amount of water in a geopolymer paste plays an important role in increasing its electrical conductivity.




3.3. Viscosity of Geopolymer Pastes


Studying the dynamic viscosity of the geopolymer pastes (Figure 4) with activation solutions with differing water/10 M NaOH ratios showed that an increase of this ratio leads to a decrease in the viscosity of geopolymer pastes. The relation between electrical conductivity and viscosity can be seen. The higher viscosity of the paste leads to lower mobility of the ions and, therefore, lower conductivity [33]. The highest viscosity was observed for geopolymer pastes with an initial temperature of 5 °C. The significant decrease of viscosity (approximately two times, from 350 to 170 mPa·s) was observed for pastes with a water/10 M NaOH ratio in the AS from 0.6 to 1.2, respectively. The same results are presented in several papers [17,34,35] and it is concluded that viscosity is increased by increasing the concentration of NaOH in the activation solution. This is related to the higher OH− concentration in the AS and is confirmed by other researchers [36]. When the water/10 M NaOH ratio in the AS is higher than 1.2, the decrease in the paste’s viscosity is insignificant.



By increasing the initial temperature of the paste, the mobility of ions and the electrical conductivity of the AS also increases [32], effecting an increase in the degree of dissociation in the solution followed by a decrease in the viscosity and the degree of ion hydration of the solution.



The viscosity of the geopolymer pastes was reduced by increasing the initial temperature of the pastes. As the water/10 M NaOH ratio in the activation solution and initial temperature of the paste have an impact on the ion concentration and viscosity, those parameters can be used to control the workability of geopolymer pastes.




3.4. The Spread of Geopolymer Pastes


The mini-slump test was performed immediately after the pastes were mixed (and at 10 min and 20 min). It is known that the fluidity of fresh geopolymer pastes, tested by the mini-slump test, is closely related to the yield stress and plastic viscosity of the pastes [10,37]. An increase in the water/10 M NaOH ratio in the AS causes an increase of spread diameter. This tendency was observed for all the studied geopolymer pastes regardless of the initial temperature of the paste. An increase in the paste’s initial temperature also had an impact on the paste spread values.



This result is confirmed by other investigations [38,39]. It can be concluded that spread values depend on the electrical conductivity and viscosity of the pastes. The lowest spread diameter (10.4–16.0 mm depending on the water/10 M NaOH ratio) was observed in pastes with an initial temperature of 5 °C (Figure 5a). In the pastes with an initial temperature of 5 °C and a higher water/10 M NaOH ratio in the AS, spread changes were noticeable; but in pastes with a lower water/10 M NaOH ratio in the AS, the difference was small. After 10 min and 20 min, the changes in paste spread (i.e., the decrease of spread values) became insignificant.



By increasing the initial temperature of the geopolymer paste to 15 °C, a minor increase in spread diameter was observed (Figure 5b). The results obtained reflect the results demonstrated in Figure 3 and Figure 4, where it can be seen that the electrical conductivity and viscosity for the mentioned pastes significantly increased by increasing the initial temperature of the paste to 15 °C. The spread changes are not noteworthy at 10 min, but at 20 min the tendency for a slight decrease in spread value was observed.



A particularly significant spread increase was observed when the initial temperature was increased to 25 °C and 35 °C (Figure 5c,d). For the pastes with higher water/10 M NaOH ratios in the AS, the dilution process of the activation solution significantly affected the increase of electrical conductivity and viscosity (Figure 3 and Figure 4) and had an influence on the paste spread diameter. For these pastes, spread diameter reached 16–20 cm, which does not ensure proper workability of the paste. The same results were seen in studies where an increase in slump spread was observed when the amount of water in the mixture was increased [10,40].



A satisfactory spread diameter for sample preparation is 14 cm. This was determined only for pastes M0.6, M0.8 and M1.0. It can be emphasized that geopolymer pastes with a lower concentration of alkali in the composition can have molding difficulties because of their high fluidity. There is a clear tendency that the spread diameter of geopolymer pastes decreases a little over time (10 min and 20 min after mixing the paste). This indicates that the formation of the primary gel structure occurs more intensively in pastes with a higher initial temperature (25 °C and 35 °C) in the first 20 min after mixing, due to the higher electrical conductivity of the pastes [25].



It can be concluded that satisfactory fluidity is observed in pastes with a higher water/10 M NaOH ratio in the activation solution and with lower initial temperatures (5 °C and 15 °C); but with a higher initial paste temperature (25 °C and 35 °C), satisfactory fluidity is seen in pastes with a lower water/10 M NaOH ratio in the activation solution.




3.5. The Density of Geopolymers Made of Pastes with Different Initial Temperatures


To determine the physical–mechanical properties, the three series of specimens were prepared with an activation solution containing different water/10 M NaOH ratios. The aim of the research was to evaluate the impact of the paste’s initial temperature and the amount of extra water in the activation solution on its physical and mechanical properties. The specimens made from the paste with an initial temperature of 5 °C were marked as M0.6-5, M1.0-5 and M1.4-5; those made from the paste with an initial temperature of 15 °C were marked as M0.6-15, M1.0-15 and M1.4-15; and those made from the paste with an initial temperature of 35 °C were marked as M0.6-35, M1.0-35 and M1.4-35. Specimens were cured at 80 °C and kept at standard room temperature for 7, 28 and 56 days.



The curing process has an obvious effect on the structural and mechanical properties of geopolymer specimens [41,42]. It is noted in several studies [16,28,43] that curing at a temperature between 40 °C and 80 °C for 4 to 48 h is one of the important aspects for the synthesis of geopolymer materials.



Specimens prepared from the pastes with initial temperatures between 15 °C and 35 °C were cured at an elevated temperature for two hours. They were then demolded and their density was measured (Figure 6). Previously prepared samples made with an initial temperature of 5 °C were not enough solid for demolding. The lower water/10 M NaOH ratio in the activation solution caused higher sample density (Figure 6) throughout the heat treatment period (2 h). Densities varied from 1844 kg/m3 to 1670 kg/m3 for samples prepared from the paste with an initial temperature of 15 °C. However, for samples prepared from the paste with an initial temperature of 35 °C, the density was higher and varied from 1875 kg/m3 to 1730 kg/m3.



The density of samples prepared from the paste with an initial temperature of 5 °C and cured for four hours at an elevated temperature (80 °C) varied from 1800 kg/m3 to 1598 kg/m3. It can be seen that there is not a significant change in the density of the samples with the same composition but different initial paste temperatures (5 °C, 15 °C and 35 °C). As shown by other researchers [44], the density of geopolymer specimens decreases when extra water is used for specimen production because water is released during hydrolysis, geopolymerisation and condensation. Significant decreases in density were observed for all specimens after six hours of exposure to elevated temperatures. The density of the specimens prepared from the paste with an initial temperature of 5 °C decreased by 9.6–11% compared to the density of the specimens prepared in same manner but cured for a shorter period of time (four hours) at elevated temperatures. Density decreased by 12.2–14.9%, and by 15.7–19.2%, for specimens prepared from pastes with initial temperatures of 15 °C and 35 °C, respectively, compared to the density of the specimens made in the same manner but only cured for two hours at the elevated temperature. Further retention of the samples for 22–24 h resulted in a significant decrease in density for all samples. The largest density decrease was detected for the samples made with an activation solution with a higher water/10 M NaOH ratio. The density decreased up to 17.5%, 21.6% and 23.4% for samples M1.4-5, M1.4-15 and M1.4-35, respectively. For samples with a lower water/10 M NaOH ratio in the activation solution, density decreased 14.3%, 16.6% and 18.9%.



After the extended curing process (7, 28 and 56 days) at room temperature, regardless of the paste’s initial temperature, the density of the specimens mostly decreased during the first seven days (1.7%). After 56 days, the density of samples decreased 0.5–0.6%.



This research shows that the amount of extra water (the water/10 M NaOH ratio) in the activation solution affects the density of samples. The same tendencies are shown in the reports of other researchers [38].




3.6. UPV of Geopolymer Specimens Made from Pastes with Different Initial Temperatures


The structural evolution process of samples depends on the initial paste temperature and the water/10 M NaOH ratio in the activation solution (Figure 7). By decreasing the water/10 M NaOH ratio in the activation solution, the UPV values of the samples increased. The UPV values for samples of the same composition prepared at 15 °C and cured for two hours at 80 °C was 1.5–1.8 times lower than for the samples prepared at 35 °C. This is apparently influenced by the higher electrical conductivity, which accelerates geopolymerisation reactions. After four to six hours curing at the elevated temperature, there was a marked change in the structure of the samples made using a lower water/10 M NaOH ratio in the AS. This is related to the decreased density: the UPV increased three times and reached 1359 m/s for M0.6-35, 880 m/s for M0.6-15, and 720 m/s for M0.6-5. For the samples with a higher water/10 M NaOH ratio (0.14) in the AS, the UPV value was significantly lower: 600 m/s (M1.4-5), 430 m/s (M1.4-35), and 330 m/s (M1.4-15).



The structural formation of the samples prepared from paste with an initial temperature of 5 °C was prolonged, taking 24 h. The same tendency was observed for the compositions prepared using paste with an initial temperature of 15 °C. The structural formation depends on the water/10 M NaOH ratio in the activation solution and takes four to six hours. The UPV values after the samples had hardened for 24 h at an elevated temperature (80 °C) does not depend on the composition of the specimens, but mainly depends on the initial temperature of the paste used. The UPV for samples prepared from paste with an initial temperature of 5 °C was lower by 11% and 19% compared with the UPV of the same samples prepared from paste with temperatures of 15 °C and 35 °C, respectively. According to previously published research [29,44,45,46], the amount of water in the activation solution is the dominant factor affecting the density and open porosity of geopolymers after curing at elevated and room temperatures. It is possible to conclude that not only the increased water content in the activation solution but also the low initial temperature of the paste negatively impacts on structural formation, prolonging structural formation and resulting in lower UPV values. Higher paste temperatures and a lower water/10 M NaOH ratio in the activation solution led to the acceleration of structural formation and can significantly reduce the curing time of specimens.



The water/10 M NaOH ratio in the activation solution had a significant impact on the hardening process of the geopolymers over time: a lower water/10 M NaOH ratio in the AS promoted a higher UPV value for the samples after 7, 28 and 56 days of curing at room temperature. The UPV mostly increased during the first seven days: up 14.3–16.7% for the samples prepared from paste with an initial temperature of 5 °C; up 9.6–16.6% for samples prepared from paste with an initial temperature of 15 °C; and up 4.2–10.1% for samples prepared from paste with an initial temperature of 35 °C. The same tendencies were observed for samples after curing for 28 and 56 days: the UPV for the samples increased 3–8%. The higher the initial temperature of the paste, the lower the UPV increment for samples cured for between seven and 56 days.




3.7. Porosity and Pore Size Distribution of Geopolymers


Density and UPV tests were confirmed by an apparent porosity test of the samples after curing (Figure 8). It was determined that samples with a lower water/10 M NaOH ratio (0.6 respectively) in the activation solution presented a higher open porosity of 25.0% (M0.6-5), 29.3% (M0.6-15) and 34.8% (M0.6-35) compared with other specimens made using activation solutions with higher water/10 M NaOH ratio. A lower water/10 M NaOH ratio in the activation solution resulted in higher open porosity. According to previous research [29], the amount of water is the dominant factor affecting the density and the open porosity of geopolymers after curing at elevated and room temperatures. The UPV values, which are comparably lower for the samples prepared with a higher water/10 M NaOH ratio in the activation solution, are linked to a higher open porosity of the hardened samples.



According to mercury porosimeter results (Figure 9a,b), specimen M0.6-5 mainly has pores within three intervals of diameter: from 0.01 μm to 0.1 μm, from 0.3 μm to 0.8 μm and from 1.0 μm to 4.0 μm. The total pore volume of M0.6-5 reaches 0.2798 cm3/g. On the contrary, specimen M0.6-35, made of paste with a higher initial temperature of 35 °C, has only two intervals of diameter for its dominant pores: from 0.01 μm to 0.1 μm and from 0.3 μm to 0.5 μm. The total pore volume of M0.6-35 reaches 0.2670 cm3/g. This means that by increasing the initial paste temperature, the porosity of the geopolymer specimens decreases and pores with sizes larger than 1 μm disappear. The pore size becomes smaller.



The analysis showed that the pore size distribution for the M1.4-5 sample is different (Figure 10a). The range of sizes of the dominant pores increases in two diameter intervals, from 0.05 μm to 0.5 μm and from 0.8 μm to 8 μm. The total pore volume of M1.4-5 reaches 0.381 cm3/g. This means that the higher water/10 M NaOH ratio in the activation solution results in higher porosity with a larger size of dominant pores compared with the specimens made from paste produced by an activation solution with less water in it. As observed earlier, a higher initial temperature of the paste used for sample preparation promotes the formation of smaller pores and the total porosity is comparably smaller (the total pore volume of M1.4-35 reaches 0.358 cm3/g).



It can be seen that a lower water/10 M NaOH ratio in the activation solution results in the formation of smaller pores and the total porosity decreases compared with specimens made with an activation solution with a higher water/10 M NaOH ratio.



The initial temperature of the paste effects pore formation as well. A higher initial temperature of the paste initiates the formation of small sized pores and the total pore volume is smaller, which shows the relationship between the viscosity of the paste and the dominant size of the pores. Larger pore size and pore volume appear in the specimens made from paste with lower initial temperatures, apparently due to the lower viscosity of the paste [19].




3.8. Compressive Strength of Geopolymers Made from Pastes with Different Initial Temperatures


Mechanical properties were determined for the specimens after curing them at 80 °C for 24 h and extended curing at room temperature for 7, 28 and 56 days. It was detected that a lower water/10 M NaOH ratio in the AS and a higher temperature of the paste used for the geopolymer preparations led to a higher compressive strength after 24 h of curing (Figure 11). Such a tendency is also described by other researchers [47]. By increasing the water/10 M NaOH ratio in the AS used for the paste preparation, the compressive strength of the geopolymers decreased up to three times. Similar results are noted in several other studies [12,35,48,49], where it was found that the compressive strength of the geopolymer increased with the increased alkali concentration.



The compressive strength of the samples with different water/10 M NaOH ratios in the AS prepared from paste with an initial temperature 35 °C was the lowest: 16.3 MPa (M0.6-35), 8.60 MPa (M1.0-35) and 5.10 MPa (M1.4-35). The compressive strength of the same samples prepared at 15 °C was, respectively, 12.1%, 15.4% and 15.9% higher than in the samples prepared at 35 °C. The compressive strength of the same samples prepared at 5 °C was, respectively, 9.3%, 6.4% and 11.9% higher than in the samples prepared at 15 °C. The mechanical properties obviously correlate with porosity and the results obtained from the research on structural development, which shows that a higher initial temperature of the paste used for sample preparation visibly accelerates structural formation, reduces porosity and increases compressive strength.



During the whole curing period of up to 56 days, the compressive strength of the samples prepared from paste with an initial temperature of 5 °C increased 1.65–2 times compared with samples prepared from paste with an initial temperature of 15 °C, and samples prepared from pastes with higher initial temperatures (35 °C) increased 1.3–1.7 times compared with samples prepared from paste with an initial temperature of 15 °C.



Mostly, the compressive strength of samples increased during the first seven days. It is detected that the compressive strength growth rates were higher for compositions with a higher water/10 M NaOH ratio in the AS and prepared from paste with an initial temperature of 5 °C. Compressive strength increases become noticeably slower after 28 days of curing.



For samples cured for 56 days, the compressive strength growth rates were significantly lower by 4–8%. The same results are observed by Nurruddin et al. [50], where it is pointed out that the change in strength with an extended curing time at room temperature for samples initially cured in the oven at an elevated temperature is not significant. The strength values of samples prepared at different temperatures with the same water/10 M NaOH ratio in the AS practically levelled off.




3.9. X-ray Diffraction Analysis of Geopolymer Pastes with Different Initial Temperatures


The XRD patterns (Figure 12) show that all the samples have the same crystalline phases: quartz (SiO2), which comes from raw metakaolin; hydroxy sodalite (1.08Na2O·Al2O3·1.68SiO2·1.8H2O; sodalite group zeolites); and geopolymer gel, which is formed during the metakaolin geopolymerisation process [15]. The shift to higher degrees of halo at 2Θ = 10–30° that shows in the amorphous phase in raw materials is characterized as geopolymer gel formation during the alkali activation process [27,39,51,52].



The lowest water/10 M NaOH ratio in the AS used for geopolymer preparation led to a higher geopolymerisation reaction rate and crystallization of the hydroxy sodalite crystallization. The diffraction peak intensities of hydroxy sodalite for samples M0.6-5 and M0.6-35 were significantly higher than for M1.4-5 and M1.4-35. In addition, significantly fewer quartz diffraction peaks were seen in the XRD patterns in the M0.6-5 and M0.6-35 samples than in the M1.4-5 and M1.4-35 samples. The hydroxy sodalite diffraction peaks intensity was higher for the samples prepared from the paste with an initial temperature of 35 °C compared with samples prepared from the paste with a temperature of 5 °C. These studies confirm the compressive strength test results and reveal that a lower water/10 M NaOH ratio in the AS and a higher paste temperature for geopolymer preparation can significantly affect the mineral formation and, as a consequence, affect the physical and mechanical properties of the samples.





4. Conclusions


The acceptance of alkali-activated materials by the construction industry is needed at industrial scale. To do so, it is important to determine key parameters affecting workability and fluidity of the fresh paste of geopolymers. It is especially important for construction sites where temperature can rapidly change during daytime or to be extremely different depending on the time of year. Initial temperatures of the geopolymer paste and extra water addition to the composition can change workability of the fresh mix, which will result in different properties of the hardened materials compared with planned ones.



The paste’s initial temperature and extra water in activation solution, reflected in an increase in the water/10 M NaOH ratio, significantly affected the electrical conductivity, viscosity and spread values of geopolymer pastes and, therefore, the structural development, density, porosity and compressive strength of the samples after curing.



Increasing the initial temperature of the paste from 5 °C to 35 °C led to an increase in the paste’s electrical conductivity and spread values of up to 33.0%, 3.1% and 14.0% (for pastes with a water/10 M NaOH ratio of 0.6) and up to 73.0%, 4.6% and 28.0% (for pastes with a high water/10 M NaOH ratio of 1.4). On the contrary, increasing the initial temperature of the pastes from 5 °C to 35 °C caused a 2.6–2.8-fold decrease in viscosity for pastes with a low water/10 M NaOH ratio (0.6) and a three-fold decrease for pastes with high water/10 M NaOH ratios (1.4). The fluidity of pastes varied according to the initial paste temperature.



The formation and compaction of the geopolymer structure is accelerated by increasing the initial temperature of the paste and decreasing the extra water in the activation solution (decreasing the ratio of water/10 M NaOH). This is confirmed by the UPV measurements: the highest UPV values were detected for the specimens made using an alkali activation solution with a lower water/10 M NaOH ratio (0.6), meaning an accelerated formation of structure during the curing process compared to other compositions. The basic formation of the structure for the samples with a lower water/10 M NaOH ratio (0.6) in the activation solution with initial paste temperatures of 35 °C, 15 °C and 5 °C occurred during the first four, eight and twenty-four hours. The structure formation was delayed until 22–24 h for samples with the highest water/10 M NaOH ratios (1.4) in the activation solution. The UPV measurements also depended on the water 10 M NaOH ratio of the activation solution used for geopolymers: a lower water/10 M NaOH ratio (0.6) of the activation solution led to an increase in the UPV values (8–17%) for the samples after seven to fifty-six days of curing. Increases to the initial temperatures of the pastes used to prepare the samples led to the UPV increment becoming slower for the samples during their curing period.



Decreasing the amount of water in the activation solution led to a higher density (from 1510 kg/m3 to 1530 kg/m3), three times the compressive strength (from 5.1–6.7 MPa to 16.3–20.4 MPa), lower apparent porosity (from 36.6–37.8% to 26.9–28.0%) and a predominance of pores with a smaller diameter (from 0.02–0.3 μm to 0.007–0.06 μm) in the samples after curing at 80 °C. The influence of paste temperature appears in the following sequence: after curing, the compressive strength of the samples prepared from paste with a temperature of 5 °C was 12.1–15.9%, which is lower than those of the corresponding compositions manufactured from pastes with an initial temperature of 15 °C or 35 °C (20.0–23.9% lower). The apparent porosity of the samples prepared from paste with an initial temperature of 5 °C was 2.1–3.1%, which is higher than those of the corresponding compositions prepared from the paste at 15 °C and 3.9–5.8% higher than those of the corresponding compositions manufactured by using paste at 35 °C.



During the whole curing period of up to 56 days, the compressive strength of the samples prepared from paste with an initial temperature of 5 °C increased more than 1.65–2 times; for samples prepared from pastes with higher temperatures (15 °C and 35 °C), the increase was 1.3–1.7 times. After 56 days of curing, the strength and density of the samples prepared at different temperatures with the same water/10 M NaOH ratio in the activation solution, had practically levelled off.



The XRD confirms the compressive strength test results and reveals that a lower water/10 M NaOH ratio in the activation solution and a higher initial paste temperature leads to a more intensive geopolymerisation reaction and formation of the reaction by-product, hydroxy sodalite.
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Figure 1. X-ray diffractogram of the metakaolin. 
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Figure 2. The viscosity of 10 M NaOH and distilled water at different temperatures. 
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Figure 3. The electrical conductivity of geopolymer pastes affected by the water/10 M NaOH ratio of activation solution used and the paste’s initial temperature. 
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Figure 4. The viscosity of geopolymer pastes affected by the water/10 M NaOH ratio of activation solution used and the paste’s initial temperature. 
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Figure 5. Spread diameter of the geopolymer paste depending on the water/10 M NaOH ratio in the alkaline solution (AS) immediately and at 10 min and 20 min after mixing: (a) initial geopolymer paste temperature of 5 °C; (b) initial geopolymer paste temperature of 15 °C; (c) initial geopolymer paste temperature of 25 °C; (d) initial geopolymer paste temperature of 35 °C. 
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Figure 6. The density of geopolymer specimens prepared from pastes with initial temperatures of 5 °C, 15 °C and 35 °C during curing at elevated temperature and room temperature. 
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Figure 7. The ultrasonic pulse velocity (UPV) of geopolymer specimens prepared from the pastes with initial temperatures of 5 °C, 15 °C and 35 °C and cured at elevated and room temperatures. 
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Figure 8. Open porosity changes of the studied geopolymer. 
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Figure 9. Pore size distribution: (a) M0.6-5; (b) M0.6-35. 
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Figure 10. Pore size distribution: (a) M1.4-5; (b) M1.4-35. 
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Figure 11. Compressive strength changes over time in geopolymers prepared at 5 °C, 15 °C and 35 °C. 
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Figure 12. X-ray diffraction (XRD) analysis of geopolymer pastes. 
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Table 1. Compositions of studied samples.
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Name of Composition

	
Mixture Design, Mass Part

	
Water/10 M NaOH Ratio

	
Molarity

	
AS/MK




	
Metakaolin (MK)

	
Alkaline Solution (AS)




	
10 M NaOH

	
Water






	
M0.6

	
1.00

	
0.25

	
0.15

	
0.6

	
8.7

	
0.40




	
M0.8

	
0.20

	
0.8

	
8.3

	
0.45




	
M1.0

	
0.25

	
1.0

	
8.0

	
0.50




	
M1.2

	
0.30

	
1.2

	
7.7

	
0.55




	
M1.4

	
0.35

	
1.4

	
7.4

	
0.60




	
M1.6

	
0.40

	
1.6

	
7.1

	
0.65




	
M1.8

	
0.45

	
1.8

	
6.9

	
0.70
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