

  inorganics-11-00298




inorganics-11-00298







Inorganics 2023, 11(7), 298; doi:10.3390/inorganics11070298




Article



The Mechanical Properties of Geopolymers from Different Raw Materials and the Effect of Recycled Gypsum



Henna Korhonen 1, Juha Timonen 2, Sari Suvanto 1, Pipsa Hirva 1,*, Kirsi Mononen 2 and Sirpa Jääskeläinen 1





1



Department of Chemistry, University of Eastern Finland, P.O. Box 111, Fi-80101 Joensuu, Finland






2



Apila Group Oy Ab, Hietalantie 7A, Fi-80710 Lehmo, Finland









*



Correspondence: pipsa.hirva@uef.fi







Academic Editor: Kenneth J. D. MacKenzie



Received: 23 May 2023 / Revised: 30 June 2023 / Accepted: 3 July 2023 / Published: 14 July 2023



Abstract

:

Geopolymers are amorphous inorganic polymers that are mainly used in the construction industry as an environmentally friendly alternative to ordinary cement. This study compared selected mechanical properties (setting time, shrinkage, strength) of geopolymer specimens made from different main raw materials, mainly at room temperature, and investigated the effects of recycled gypsum on these. A structural analysis of the specimens was conducted with XRD and SEM. Also, the leaching of aluminium, silicon, and calcium from the specimens was investigated. According to this study, raw materials have a significant impact on the properties of geopolymers. Recycled gypsum affected the setting time of the geopolymers, but the effect was not the same for all specimens. It increased the setting time of specimens made from calcium-rich raw materials, for example, and the ground-granulated blast furnace slag specimens hardened as fast as ordinary Portland cement (about 300 min), but the addition of gypsum decreased it to 1300 min. Gypsum-containing specimens, based on Ca-deficient metakaolin or fly ash, hardened even faster than OPC, in 100–150 min. Recycled gypsum significantly reduced the plastic shrinkage of most of the 28 d specimens to lower values than those achieved for OPC (0.07%). The only exceptions were the fly-ash-based specimens. However, gypsum had no effect on the drying shrinkage, which accounted for a larger proportion of the total shrinkage in most specimens. Therefore, it had no significant effect on the total shrinkage of the geopolymer specimens. The reducing effect of gypsum on the plastic shrinkage of geopolymers was attributed to ettringite, which was observed in all gypsum-containing specimens analysed with XRD. In this study, recycled gypsum decreased the compressive strength of the specimens, which could be prevented by using a finer gypsum powder.
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1. Introduction


Geopolymers are amorphous inorganic polymers with a network-like structure composed of tetrahedral (AlO4)− and (SiO4) units [1,2,3,4,5,6]. They are prepared via a geopolymerization reaction between aluminosilicate-rich main raw material and an alkaline activator [1,2,3,4,7]. The main raw materials are mainly derived from industrial side streams [5,8]. The most used alkaline activators are NaOH and a mixture of NaOH and Na2SiO3, but sometimes KOH is also used [1,2,3,7]. Currently, geopolymers are mainly utilized in the construction industry to replace ordinary cement, which is the most used construction material [9]. Ordinary cement is durable, relatively cheap, and has good strength properties, but its production causes 5–7% of all CO2 emissions [2,10,11]. Geopolymers have similar mechanical properties to cement but can be produced in a more environmentally friendly manner and from industrial side streams, making them an attractive alternative to ordinary cement [8,12,13].



The structure and properties of geopolymers vary depending on their raw materials and raw material ratios [14,15], and they can be tailored according to the intended use [16]. In general, geopolymers have excellent strength properties and they tolerate heat, sulphates, and acidic environments better than ordinary cement [14,17,18,19].



The setting time of geopolymers is more difficult to adjust than that of ordinary cement. It is affected by the chemical composition and particle size of solid raw materials, the water-to-solid ratio (w/s), the type and concentration of the alkaline activator, and the curing conditions [20], as well as the addition of accelerators and retarders [21]. Increasing the w/s ratio prolongs the setting time, which has also been observed with ordinary cement [22,23]. Instead, increasing the concentration of alkaline activator often accelerates the setting [20,23]. The curing temperature of geopolymers is usually 20–100 °C [22]. Raising the temperature accelerates curing, but also causes evaporation, which can result in greater shrinkage and cracking [20,24]. Gypsum (CaSO4·nH2O) is a well-known retarder of calcium-rich geopolymers. Dissolved calcium from gypsum prevents the dissolution reaction of aluminium and silicon, which is essential to a geopolymerization reaction. The dissolution reaction begins when calcium turns into an insoluble compound [21].



One of the main challenges with geopolymers is their strong tendency to shrink, which causes cracks and thus material fragility [13,25,26]. Shrinkage can be affected by the raw materials used and the type and concentration of the alkaline activator. Furthermore, the w/s ratio and curing conditions have been found to have an effect on shrinkage [14,25]. This can be reduced by adding shrinkage-reducing agents (SRAs) or fillers, most commonly aggregates. Most SRAs are commercially available patented surfactants, which remove the surface tension of water in the pores of a material and thus reduce the pressure generated during drying [27,28]. Gypsum also seems to reduce shrinkage. This effect derives from its tendency to form expanding ettringite crystals (aluminium trisulfate) with aluminium [29,30]. The volume of ettringite crystals is much larger than that of its precursors, which prevents the material from shrinking [21,31]. However, ettringite is not a stable compound and decomposes to aluminium monosulfate over time [30].



Several studies have been conducted on the factors influencing the strength properties of geopolymers [8,17,23,32,33,34,35,36,37,38]. The compressive strength of geopolymers is often high and develops even faster than that of ordinary cement [8,17]. As with cement, the flexural strength of geopolymers is relatively weak [27,39]. In general, blast furnace slag increases the strength properties of geopolymers. Therefore, they are often added to other raw materials when high compressive strength is required [8,32]. Among the alkaline activators, NaOH produces stronger geopolymers than KOH. The main raw materials and their chemical composition affect the optimal concentration of NaOH [17,23,35,40]. However, in many studies, the highest compressive strengths were achieved with 14 M NaOH [17,35,37,40]. Increasing the w/s ratio weakens the strength properties, which has also been observed with ordinary cement [17,23]. The highest compressive strength was achieved with a SiO2/Al2O3 ratio of 3.5–4.5 [41,42]. In small amounts, ettringite can make a material stronger because its expanding crystals fill the small pores of a material. However, in larger amounts, it can cause the material to crack and therefore also become brittle [21,43].



In recent years, geopolymers have been a topic of intensive research because of their potential to replace cement in construction. The effect of additives and fillers on shrinking, hardening, final strengths, and other properties of geopolymers has still not been sufficiently elucidated, even though much developmental work has been conducted [44,45]. Therefore, there is good reason to continue basic research on materials in order to achieve their practical applications.



The construction industry produces a lot of demolition waste, such as waste gypsum. The plasterboard industry is not capable of using only recycled gypsum [46]. In addition to gypsum, other waste materials are present in demolition waste, which hampers the recycling of these materials back into plaster sheets. On the other hand, the other residues of gypsum do not have a very large impact on the properties of geopolymers. The availability of side stream gypsum is good and its use, instead, of virgin gypsum would bring significant benefit to geopolymer production. In recent years, rational environmental management and synthesis of green materials has been directed towards the development of geopolymer-based materials with various bio-based and industrial wastes and by-products. Among organic fillers, for example, palm fiber or ground walnut shells have been tested [44,47]. Inorganic additives, such as limestone [45], nanosilica [48], and gypsum-bearing wastes [49,50,51,52] are extensively studied. In addition, construction cementitious materials [53] or ceramic waste [54] have been used as fillers. The effect of different additives on structural, morphological, and mechanical properties have been evaluated to meet the desired technical requirements. Among these, workability, strength, resistance to climate conditions, and durability are important, for example, since they have influence on the applications [48]. Typically, these studies describe the preparation and properties of geopolymers based on a few starting materials. However, some general overviews on various precursors and their effect on material properties and potential applications are available [8,55].



In this study, the focus was on the use of recycled gypsum as an additive in geopolymers and alkali-activated materials. We compared the mechanical properties of geopolymers made from the most common and accessible side stream raw materials. In contrast to most of the previous studies, the samples examined were hardened mostly at room temperature, which is necessary to widen the applications of the materials [56,57]. Furthermore, the hardening of geopolymers at low temperatures contributes to achieving a lower carbon footprint.



We also wanted to clarify the effect of gypsum on the structures. Since the structure of geopolymers is amorphous, XRD is a great tool for finding and identifying the crystalline phases of the materials. SEM was used to support the structural analysis. The leaching of silicon, aluminium, and calcium from the materials was also studied, because there is little information available.




2. Results and Discussion


2.1. Setting Time


A series of specimens 1–13 from various starting materials were prepared in pairs, without gypsum (odd numbers) and with gypsum (even numbers). The preparation process is presented in Section 3.1 and Section 3.2. The detailed composition of the specimens is given in Materials and Methods, Table 1 and Table 2.



Figure 1 shows the setting times of the specimens. The main raw materials of the specimens had a significant effect on their setting times. Of the gypsum-free specimens, the metakaolin-based specimen (1) and the GGBS-based specimen (7) hardened as fast as OPC (11). The setting of the other gypsum-free specimens was slower than the OPC-based specimen. The recycled gypsum affected the setting time of the specimens, but the effect was not the same for all. The effect seemed to depend on the main raw materials of the specimens, especially their calcium content. Gypsum slowed down the setting of specimens made from calcium-rich raw materials (biomass ash and blast furnace slag), while it accelerated the setting of the other materials. Therefore, gypsum-containing specimens based on metakaolin (2) and fly ash (4) hardened even faster than OPC (11). Gypsum did not affect the setting time of OPC (cf. 11 and 12). The decreasing effect of gypsum on the setting time of calcium-rich geopolymers is due to the inhibition of the dissolution reaction of aluminium and silicon caused by calcium in gypsum. This was also observed in a previous study [21].




2.2. Shrinkage


2.2.1. Plastic Shrinkage


Plastic shrinkage, or autogenous shrinkage, i.e., early-stage shrinkage occurs when the mass is in a binding phase. Under sealed curing conditions it is a complicated and not fully understood consequence of the reorganization of matter and the interactions between capillary humidity and the cement/binder paste [58]. It may cause the formation of small cracks on the material [25,26]. The plastic shrinkage of the specimens (7 d and 28 d) is presented in Figure 2. Most of the plastic shrinkage occurred during the first week, after which it slowed down. In the 7 d measurement, the largest plastic shrinkage was measured for the gypsum-free specimens based on metakaolin (1), fly ash (3), GGBS and biomass ash (9), and GGBS (7), and the smallest shrinkage for the gypsum-containing specimens based on GGBS (8) and GGBS and biomass ash (10). Their shrinkage was even smaller than the OPC-based specimen (11). Other materials, whose shrinkage was smaller than the OPC, were the gypsum-free specimen based on fly ash and biomass ash (5), and the gypsum-containing specimens based on fly ash and biomass ash (6), metakaolin (2), and OPC (12). In the 28 d measurement, the largest shrinkage was measured for the gypsum-free specimens based on GGBS (7), fly ash (3), GGBS and biomass ash (9), and metakaolin (1). The plastic shrinkage smaller than that of the OPC (11) was achieved with the gypsum-free specimen based on fly ash and biomass ash (5), the gypsum-containing specimens based on fly ash and biomass ash (6), GGBS (8), GGBS and biomass ash (10), and metakaolin (2). Of these specimens, 5, 6, 8, and 10 were cured at 70 °C and their initial length was measured later than 1 d, which may affect the results. Unlike the other specimens, most of the plastic shrinkage of the aggregate-containing specimen (13) occurred after 7 d. Its plastic shrinkage was 0.04% (28 d), which is significantly smaller than the shrinkage of the same specimen without aggregates (1: 0.17%).



The effect of the recycled gypsum on the plastic shrinkage of the specimens (28 d) is shown in Figure 3. Gypsum did not affect the plastic shrinkage of the specimens whose shrinkage was already very small (cf. fly ash and biomass ash-based specimens 5 and 6) and it increased the plastic shrinkage of OPC (cf. 11 and 12). The plastic shrinkage of the other specimens was reduced by gypsum. The shrinkage of gypsum-free specimens (except 5) was higher than that of OPC (11). However, the shrinkage-reducing effect of gypsum was significant, so that plastic shrinkage of gypsum-containing specimens was even smaller than the shrinkage in OPC (except the fly-ash-based specimen 4). Based on previous studies, the shrinkage-reducing effect of gypsum is based on its tendency to form ettringite crystals with aluminium [29,30].




2.2.2. Drying Shrinkage


Drying shrinkage occurs when the mass dries because of water evaporation. It causes large cracks that extend through the material. Drying shrinkage is usually the most significant cause of shrinkage [25,27]. Figure 4 shows the drying shrinkage of the specimens and the effect of the recycled gypsum on it. The drying shrinkage of fly ash and biomass ash-based specimens 5 and 6 could not be measured because they were so fragile that there were no intact pieces left. The smallest drying shrinkage was measured for the GGBS-containing specimens (7, 8, 9, and 10). Their drying shrinkage was even smaller than the OPC-based specimen (11). The largest drying shrinkage was measured for fly-ash-based specimens (3 and 4). The recycled gypsum reduced the drying shrinkage of the GGBS-based specimen (cf. 7 and 8) and increased the drying shrinkage of the metakaolin-based specimen (cf. 1 and 2). Gypsum did not significantly affect the drying shrinkage of the other materials. The aggregates reduced drying shrinkage notably. The drying shrinkage of the specimen containing aggregates (13) was 0.07%, and the shrinkage of the same specimen without aggregates (1) was 0.17%.




2.2.3. Total Shrinkage


Figure 5 presents the total shrinkage of the specimens, and the proportions of plastic shrinkage and drying shrinkage. The smallest total shrinkage was measured for the gypsum-containing GGBS-based specimens (8 and 10). Their total shrinkages were even smaller than the OPC-based specimen (11). However, specimens 8 and 10 were cured at 70 °C and their initial length was measured later than the others, which may affect the results. The largest total shrinkage was measured for fly-ash-based specimens (3 and 4). The aggregates significantly reduced the shrinkage, which was expected based on a previous study [27]. The total shrinkage of aggregate-containing specimen (13: 0.10%) was significantly smaller than the shrinkage of the same specimen without aggregates (1: 0.35%).



For nearly all specimens, at least half of the total shrinkage was caused by drying shrinkage, which was expected based on previous studies [25,27]. Although gypsum reduced the plastic shrinkage of the specimens, it did not affect their drying shrinkage. Therefore, the recycled gypsum had no significant effect on the total shrinkage of most specimens. For instance, gypsum reduced the plastic shrinkage of the metakaolin specimen, but it increased its drying shrinkage. Therefore, the total shrinkage of metakaolin-based specimens (1 and 2) remained almost the same (0.29% and 0.35%). Gypsum seemed to reduce the total shrinkage of the GGBS-containing specimens (cf. 7, 8, 9, and 10), but the effect could also be a result of the curing conditions.



In addition to shrinkage measurements, the cracks caused by the plastic shrinkage and the drying shrinkage in the specimens were observed (Figure 6). Plastic shrinkage caused cracks in the gypsum-free specimens based on metakaolin (1), GGBS (7), and fly ash (3), as well as in the fly-ash-based specimen with gypsum (4). Drying shrinkage caused cracks in the gypsum-containing specimens based on metakaolin (2), GGBS (8), and GGBS and biomass ash (10). Although specimens 8 and 10 had the lowest total shrinkage, they still showed shrinkage cracks. Therefore, it is reasonable to assume that their small shrinkage is due to the curing conditions. There were no cracks in the gypsum-free specimens based on fly ash and biomass ash (5) and OPC (11), and the gypsum-containing specimens based on fly ash and biomass ash (6), GGBS and biomass ash (9), and OPC (12).





2.3. Strength


2.3.1. Flexural Strength


The flexural strength of the specimens (7 d and 28 d) is presented in Figure 7. The flexural strength of the specimens developed mainly during the first week and, as expected from previous studies, the specimens were all quite weak [27,39]. In the 7 d measurement, the weakest specimens were gypsum-free and based on fly ash (3) and fly ash and biomass ash (5). The strongest specimens were based on GGBS without gypsum (7) and OPC with gypsum (12). Their flexural strength was even higher than that of the gypsum-free OPC (11). In the 28 d measurement, the weakest specimens were based on fly ash and biomass ash without gypsum (5) and with gypsum (6). The strongest was the gypsum-free GGBS-based specimen (7), which was even stronger than OPC with gypsum (12) and OPC (11). In addition, the gypsum-free specimens based on metakaolin (1) and GGBS and biomass ash (9) were also stronger than OPC (11). This has been observed in a previous study with a fly-ash-based specimen, which also had higher flexural strength than OPC [36].



The effect of the recycled gypsum on the flexural strength of the specimens (28 d) is shown in Figure 8. Gypsum reduced the flexural strength of the GGBS-containing specimens (cf. 7 and 8; 9 and 10). The flexural strength of OPC was increased by gypsum (cf. 11 and 12). There was no effect on the flexural strength of the other specimens.




2.3.2. Compressive Strength


Figure 9 shows the compressive strength of the specimens (7 d and 28 d). The compressive strength of the OPC-based specimens 11 (28 d) and 12 (7 d and 28 d) exceeded the limit of the device, therefore their true strength could not be determined. In the 7 d compressive strength measurement, the weakest were fly ash and biomass ash-based specimens without gypsum (5) and with gypsum (6), and the strongest were the specimens based on metakaolin (1) and OPC with gypsum (12), which were stronger than OPC without gypsum (11). In the 28 d compressive strength measurement, the weakest specimens were, again, 5 and 6, and the strongest specimens were the ones based on OPC (11) and OPC with gypsum (12). The strongest of the geopolymer specimens was based on metakaolin (1). The strength of the other materials was below 50 MPa. Based on previous studies, the GGBS-based specimens are generally the strongest and, therefore, GGBS is often added with other raw materials to improve strength properties [8,32]. According to this study, the GGBS-based specimen (7) was as strong as the fly-ash-based specimen (3), but weaker than the metakaolin-based specimen (1).



The effect of recycled gypsum on the compressive strength of the specimens (28 d) is presented in Figure 10. It had no effect on the compressive strength of the already weak specimens (cf. fly ash and biomass ash-based specimens 5 and 6, and biomass ash and GGBS-based specimens 9 and 10), but it reduced the strength of the others. The effect of gypsum on the compressive strength of OPC could not be measured.





2.4. Leaching of Si, Al, and Ca


Figure 11 presents the amount of aluminium leached from the specimens (7 d and 28 d). In general, less aluminium leached from the specimens at 28 d than at 7 d. For those specimens, from which aluminium leaching was already low (6, 8, and 10–12), there was no time dependence. In the 7 d measurement, leaching of aluminium was lower from the gypsum-containing specimens than from the other materials. In the 28 d measurement, the recycled gypsum reduced leaching of aluminium from the GGBS-based specimens (cf. 7, 8, 9, and 10) and increased it from the metakaolin-based specimens (cf. 1 and 2). Gypsum had no significant effect on the other specimens.



The amount of silicon leached from the specimens (7 d and 28 d) is shown in Figure 12. The amount of leached silicon was lower from specimens 1–6, 8, and 9 at 28 d than at the 7 d measurement. For the other materials, there was no difference in the amount of leached silicon from the specimens of different ages. Gypsum reduced leaching of silicon from the fly-ash-based specimens (cf. 3 and 4), and increased it from the GGBS- and biomass ash-based specimens (cf. 9 and 10). For the other specimens, it reduced slightly or had no effect on the amount of leached silicon.



Figure 13 shows the amount of leached calcium in specimens 5–12 (7 d and 28 d). Specimens 1–4 are missing because the amount of calcium leached from them was negligible. The amount of leached calcium was mainly influenced by the calcium content of the raw materials in the specimens. More calcium leached from the specimens made from calcium-rich raw materials (OPC, GGBS, and biomass ash) than from the specimens made from low-calcium raw materials (metakaolin and fly ash). The OPC-based specimens (11 and 12) clearly showed the largest amount of calcium leached. In general, the amount of leached calcium was lower from the specimens at 28 d than at 7 d. The exception was the OPC-based specimen (11), from which slightly more calcium was leached at 28 d than at the 7 d measurement. Gypsum increased the amount of leached calcium, which is explained by the fact that it brings more calcium into the specimen. The results measured by AAS supported the photometrically measured results presented in Figure 13.



The amount of leached aluminium, silicon, and calcium depended on the age and the raw materials of the specimens, as well as the leaching of other substances. In general, less substance leached from the specimens at 28 d than at 7 d, indicating the maturation of the structure and the progress of the geopolymerization reaction. A notable leaching of a certain substance meant less leaching of the others. This was also observed in the gypsum-containing specimens. Gypsum increased calcium leaching but decreased the leaching of silicon and aluminium.




2.5. Crystalline Phase and SEM Measurements


Figure 14 and Figure 15 present diffractograms of the metakaolin-based specimens (1 and 2) and fly ash-based specimens (3 and 4). The diffractograms for the other specimens are given in the supplementary material (Figures S1–S4). The structure of geopolymers is mostly amorphous, which caused a broad signal in diffractograms (2θ ≈ 10–40°) (Figure 14, Figure 15 and Figures S1–S3). The most abundant impurities in the specimens were quartz and mullite, which are weakly reactive compounds originating from the raw materials [14,59]. They were observed mostly in specimens made from biomass ash and fly ash (3–6, 9, and 10). The specimens made from metakaolin (1 and 2) and OPC (11 and 12) had only traces of quartz and mullite impurities. Specimens 1–4 contained CAC, which caused calcium aluminate signal (27°) in the diffractograms (Figure 14 and Figure 15). Biomass ash and GGBS contain plenty of calcium, which caused calcium silicate hydrate signals (27–29°) in the diffractograms of specimens 5–10 (Figures S1–S3). As expected, based on previous studies, ettringite was observed in all specimens containing gypsum [29,30]. Although XRD measurement was not quantitative, conclusions could be drawn about the rate of ettringite formation and decomposition in the specimens. The formation is affected by the rate of diffusion and the amount of reactants [30]. Therefore, the rate varied a lot between the specimens and depended on the raw materials. The diffractogram of specimen 2 (Figure 14) shows that there was less ettringite in the specimen at 28 d than at 7 d, which means that the ettringite had already started to decompose. On the other hand, in some samples, the ettringite crystals persisted better, as can be seen in the diffractogram of specimen 4 (Figure 15).



SEM measurements were performed to obtain further support of the relationship between the material fine structure and the strength of the specimens (Figure S6).



For example, specimen 8, from blast furnace slag and biomass ash with added gypsum, showed low shrinkage. Its SEM figure shows needle-like crystals supporting the larger structural units (Figure 16a). It can be suggested that this prevents shrinkage when the residual water begins to leave the structure. By combining the EDS data of the observed crystals with the XRD analysis, it can be concluded that the crystals are formed from ettringite.



On the other hand, in specimen 4, which is based on fly ash and gypsum, similar crystals are not observed; instead, the material is mainly a fusion of spherical fly ash particles (Figure 16b). The shrinkage of the specimen was high. The structure also had remarkable cracks caused by the plastic shrinkage, as also seen visually in the specimen.



The EDS of 4 shows surprisingly low sulfur content compared to specimen 8. One possibility for this is that the reaction route or the kinetics are different in the formation of 4 than in the formation of 8. This could lead to the flotation of gypsum to the surface of the specimen instead of it remaining in the material. This idea is supported by the formation of efflorescence on the surface of specimen 4 (Figure S5).



It is possible that, in the preparation of 4, the solid substances were dissolved in the activator solution and the material was afforded strength so slowly in the geopolymerization reaction that the added gypsum did not form ettringite crystals. The progress of strength was slow even though the setting time was short. This indicates that the timely formed ettringite crystals support the structure units and hence prevent the collapse of the material when water starts to escape the structure.



Furthermore, the fragility of specimens 5 and 6 can be linked to the high crystallinity with poor interconnectivity between crystals.





3. Materials and Methods


3.1. Materials


In this study, 12 binder specimens with replicates were prepared from different raw materials (Table 1 and Table 2). The main raw materials were metakaolin, fly ash (class F), biomass ash, and ground-granulated blast furnace slag (GGBS). Other materials than metakaolin were obtained from industrial side streams. In addition, a metakaolin-based specimen (13) containing aggregates was prepared (water to binder ratio of 0.61) and used as a control in the shrinkage measurements. The aggregate mixture (grain size ≤ 2 mm) consisted of mine tailings and bottom ash from fluidized bed waste incineration plant. Six of the specimens contained 5% recycled gypsum (CaSO4·2H2O). Calcium aluminate cement (CAC) was used as an additive in specimens 1–4 and 13. Sodium hydroxide (specimens 5–10) or a mixture of sodium hydroxide and sodium silicate (specimens 1–4 and 13) were used as an alkaline activator. Specimens 11 and 12 were made from ordinary Portland cement (OPC) and they were used as controls in this study.
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Table 1. Elemental composition of raw materials as mass% of main cations.






Table 1. Elemental composition of raw materials as mass% of main cations.





	Raw Material
	Na + K
	Ca
	Si
	Al





	Metakaolin
	1
	-
	25.7
	21.2



	CAC
	-
	27.2
	1.7
	22.0



	Fly ash
	1.7
	14.3
	21.0
	10.0



	Biomass ash
	5.3
	31.0
	6.1
	6.5



	GGBS
	0.9
	27.9
	17.8
	4.8



	OPC
	0.4
	36.3
	7.2
	7.3
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Table 2. Numbering, solid raw materials, and water content (WC) of the specimens.






Table 2. Numbering, solid raw materials, and water content (WC) of the specimens.













	Specimen
	Solid Raw Materials

(Mass% of Total)
	WC (%)
	Specimen
	Solid Raw Materials

(Mass% of Total)
	WC (%)





	1
	Metakaolin (34)

CAC (12)
	32.7
	2
	Metakaolin (32)

CAC (11.4)

CaSO4·2H2O (5)
	31.0



	3
	Fly ash (54)

CAC (9.1)
	22.3
	4
	Fly ash (51)

CAC (8.7)

CaSO4·2H2O (5)
	21.3



	5
	Fly ash (52)

Biomass ash (24)
	27.9
	6
	Fly ash (49)

Biomass ash (21)

CaSO4·2H2O (5)
	26.8



	7
	GGBS (74)
	25.1
	8
	GGBS (70)

CaSO4·2H2O (5)
	23.9



	9
	GGBS (48)

Biomass ash (21)
	25.8
	10
	GGBS (45.7)

Biomass ash (20)

CaSO4·2H2O (5)
	25.3



	11
	OPC (75.8)
	24.2
	12
	OPC (72.8)

CaSO4·2H2O (5)
	22.2



	13
	Metakaolin (10.3)

CAC (3.6)

Aggregates
	16.2
	
	
	







CAC = calcium aluminate cement; GGBS = ground-granulated blast furnace slag; OPC = ordinary Portland cement. NaOH was used as alkaline activator in specimens 1–4 and 13. Mixture of NaOH and Na2SiO3 was used as alkaline activator in specimens 5–10.












3.2. Preparation Process


Alkaline activator was added to solid substances (graded, d < 1 mm) and stirred for 3 min. The paste was poured into moulds (40 × 40 × 160 mm). Most of the specimens were cured sealed at room temperature for 1 d. However, specimens 5, 6, 8, and 10 cured slowly. Therefore, they were cured sealed at 70 °C. After curing, the specimens were stored at room temperature in sealed bags for 28 d. During this time, measurements of the plastic phase were made (7 d and 28 d). The specimens were then taken from the bags and allowed to dry at room temperature for 28 d, after which the drying shrinkage (56 d) and SEM images were measured (100 d).




3.3. Testing Methods


3.3.1. Setting Time


Setting time of the specimens was measured by using Vicatronic Matest apparatus, which uses penetrating method. In this method, the setting time is defined when the penetration of the Vicat needle is 40 mm. Measurements were performed under ambient conditions.




3.3.2. Shrinkage


The shrinkage of the specimens was measured by comparing their length with a wooden standard piece. A Testing Bluhm and Feuerherdt shrinkage analyzator (accuracy 1 μm) was used in this study. Specimens 5 and 6 broke during the demoulding. Therefore, their shrinkage was measured with a calliper (accuracy 10 μm). The initial length of the specimens was measured immediately after demoulding (mostly 1 d, except for specimens 5 and 6, for which the length was measured after 2 d and, for specimens 8 and 10, after 4 d). The plastic shrinkage of the specimens was measured at 7 d and 28 d, and the drying shrinkage was measured at 56 d. The last measurement could not be conducted for specimens 5 and 6, because they were so fragile that there were no intact pieces left.




3.3.3. Strength


Strengths of the specimens were measured with Instron 5581 (limit 50 kN). Flexural strength was measured from a prism (40 × 40 × 160 mm) by three-point flexing (press rate 25 MPa/s). Compressive strength was measured from a cube (40 × 40 × 40 mm) or rectangle (30 × 30 × 40 mm) if cube’s compressive strength was above the limit (press rate 10 mm/min). The strengths of the specimens were measured at 7 d and 28 d.




3.3.4. Leaching of Si, Al, and Ca


The amounts of leached silicon, aluminium, and calcium from the specimens were measured at 7 d and 28 d. The measurement followed the standard EN 12457-2:2002 [60]. The amount of leached aluminium and silicon was measured photometrically (model YSI 9500, YSI Incorporated, Yellow Springs, OH, USA), and the amount of leached calcium was measured photometrically and by atomic absorption spectrometer (AAS, model SpecrAA 220, Varian Medical Systems, Inc., Palo Alto, CA, USA). Both methods have specific interferences, therefore several measurements were performed to obtain reliable results.




3.3.5. XRD


XRD was used to qualitatively identify crystalline phases of the specimens at 28 d. XRD test was performed via Bruker Advance D8 (Bruker Corporation, Billerica, MA, USA) powder diffractometer with the scanning range 5–50° (2θ) at a step 0.05° and a rate 5°/min. A database and literature were used to help interpret the diffractograms [61,62,63,64,65,66,67].




3.3.6. SEM


The surface structure of the samples was studied with a Hitachi S4800 FE-SEM (Hitachi, Ltd., Tokyo, Japan). Elemental identification of the surface structures was obtained with energy dispersive X-ray spectroscopy (EDS, Thermo Fisher Scientific, Waltham, MA, USA). Acceleration voltages of 3 and 10 kV were applied. The specimens (over 100 d) were cut into smaller species (approximately 1 × 1 × 1 cm3), dried in an oven at 110 °C for 1 h, and cooled to room temperature in desiccator before the measurements. Additional drying of the specimens was necessary to obtain the required vacuum for the measurement.






4. Conclusions


The combination of different raw materials of a geopolymer has a great impact on its properties. Hence, it is difficult to produce a geopolymer with the same properties as ordinary Portland cement (OPC). In this study, we compared the mechanical properties of specimens of geopolymers with and without recycled gypsum to establish trends in the setting time, shrinkage, and strength of the materials. In addition, the leaching of Al, Si, and Ca was studied. The results were supported by further analysis of the materials by XRD and SEM measurements. The main results can be summarized as follows:




	
The metakaolin-based specimen (1) had the same setting time as OPC and its compressive strength was the closest to OPC, but the shrinkage was significantly greater, and the specimen had cracks caused by shrinkage. The GBSS and biomass ash-based specimen (9) was the closest to OPC in shrinkage without cracking, but had a much lower compressive strength and a much longer setting time.



	
The leaching of Al, Si, and Ca from the specimens was mostly affected by the age and the raw materials of the specimen, as well as the leaching of other substances. However, the leaching of the measured substances did not seem to be related to the mechanical properties of the specimen.



	
Recycled gypsum was found to have a notable effect on the setting time. Depending on the calcium content of the raw materials, it either accelerated or decreased the setting time.



	
Gypsum effectively reduced the plastic shrinkage of the geopolymer specimens but had no effect on, or even increased, their drying shrinkage. This indicates that the shrinkage-reducing effect of gypsum is based on ettringite, which is not a stable compound. It decomposes over time and thus its shrinkage-reducing effect is also gradually lost.



	
Gypsum had almost no effect on the total shrinkage of the geopolymers, as most of this consisted of drying shrinkage.



	
It could be concluded from the diffractograms that the formation and decomposition of ettringite depends on the raw materials of the geopolymer.



	
In this study, recycled gypsum reduced the compressive strength of the specimens, but this could perhaps be avoided by using a finer (<1 mm) gypsum powder. On the other hand, ettringite can also cause the material to become brittle.
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Figure 1. Setting times of the specimens 1–12. Colours indicate main raw materials; solid lines indicate specimens without gypsum and dotted lines indicate specimens with gypsum. 
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[image: Inorganics 11 00298 g001]







[image: Inorganics 11 00298 g002 550] 





Figure 2. Plastic shrinkage of the specimens at 7 d (blue) and 28 d (orange). 
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Figure 3. Effect of recycled gypsum on plastic shrinkage of specimens (28 d). Green columns indicate specimens without gypsum and yellow columns indicate specimens with gypsum. 






Figure 3. Effect of recycled gypsum on plastic shrinkage of specimens (28 d). Green columns indicate specimens without gypsum and yellow columns indicate specimens with gypsum.



[image: Inorganics 11 00298 g003]







[image: Inorganics 11 00298 g004 550] 





Figure 4. Drying shrinkage of specimens and effect of recycled gypsum on it. Green columns indicate specimens without gypsum and yellow columns indicate specimens with gypsum. 
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Figure 5. Total shrinkage of the specimens 1–13, and proportions of plastic shrinkage (blue) and drying shrinkage (orange). 
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Figure 6. Cracks of specimens caused by plastic shrinkage (above) and drying shrinkage (below). 
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Figure 7. Flexural strength of the specimens at 7 d (blue) and 28 d (orange). 
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Figure 8. Effect of the recycled gypsum on flexural strength of specimens (28 d). Green columns indicate specimens without gypsum and yellow columns indicate specimens with gypsum. 
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Figure 9. Compressive strength of the specimens at 7 d (blue) and 28 d (orange). * Compressive strength of the specimen exceeded the limit of the device. 
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Figure 10. Effect of the recycled gypsum on compressive strength of the specimens (28 d). Green columns indicate specimens without gypsum and yellow columns indicate specimens with gypsum. * Compressive strength of the specimen exceeded the limit of the device. 
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Figure 11. Amount of leached aluminium from the specimens at 7 d (blue) and 28 d (orange). 
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Figure 12. Amount of leached silicon from the specimens at 7 d (blue) and 28 d (orange). 
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Figure 13. Photometrically measured amount of leached calcium from the specimens at 7 d (blue) and 28 d (orange). Specimens 1–4 are missing because the amount of calcium leached from them was negligible. 
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Figure 14. XRD of specimens 1 and 2. 
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Figure 15. XRD of specimens 3 and 4. 
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Figure 16. SEM figure of specimen 8 (a) and specimen 4 (b). 






Figure 16. SEM figure of specimen 8 (a) and specimen 4 (b).



[image: Inorganics 11 00298 g016]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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
w7d w28d

©

v e oo -
(edIN) Y8uans [eanxal4

°

12

1

10

Specimen





media/file4.png
0.25%

0.20%

o
(WY
(V)]
X

0.10%

Shrinkage

0.05%

0.00%

m7d m28d

6 7 8
Specimen

10

i |

12

13






media/file30.png
4 (28d)

4 o
3 o)

E+M

E+M

CA — Calcium aluminate

CA+Q E - Ettringite
G - Gypsum
M — Mullite
Q—Quartz
M M E
) E M
Q
- MEe ewmg
| Q Q
M
M M
Q@ q
M
- Q

30 40 50
20





media/file18.png
w7d = 28d

8 8 8 8 R =2 °

(edIN) Yyi8uans aaissazdwo)

12

11

10

Specimen





media/file21.jpg
250

&
8

Al (mg/kg)
g

50

w7d w28d

5 6 7
Specimen

10

1

12





media/file26.png
~7d & 2&d

6000

5000
8 4000
W
£ 3000
& 2000 ¥
1000 Il I I

o —_—
" 6 F 4 8 9 10 1 B | 12

Specimen

88888588






media/file27.jpg
Q. CA- Calcium aluminate

partr
ZGypaam
& M- Mullite
- auns
¢ e
Py
fa [
.
Toar a N
2 ma
1(28d) q
wa m
N ——
1(7d)
. o . .
o » E) 3

20





media/file3.jpg
025%

020%

Shrinkage
2
g

2
g

005%

0.00%

“7d 284

6 7 8
Specimen

1

2

13





media/file22.png
250

200

[EEY
%
o

Al (mg/kg)

1
o

m7d m28d

5 6 7
Specimen

10

11

12





media/file19.jpg
without gypsum = with gypsum.

—
—

8

2 < R ] El °
(ediv) y8uans anissaidwo)

1 12

10

Specimen





media/file7.jpg
0.60% w without gypsum = with gypsum
0.50%
0.40%

0.30%

Shrinkage

0.20%

0.10% u

0.00% L - l

12 34 7 8 910 112 13
Specimen






media/file28.png
CA+Q CA - Calcium aluminate
E — Ettringite
G — Gypsum
M —= Mullite
Q- Quartz
WW“’MWWM
G
Q M+Q
M+Q ™M
1(7d)
L] ] ] ] I L L] ] ' ] L) ) ] ] L) L ] L] ] L] L) Ll Ll I ] L] L] L] I Ll L] Ll L] I ] L] L] L] ] L] 1 ] ]
10 20 30 40





media/file10.png
Shrinkage

0.80%

0.60%

0.40%

0.20%

0.00%

= plastic shrinkage

7

© drying shrinkage

8 9 10
Specimen

1 |

12

13





media/file32.png





media/file14.png
m7d m28d

O

wn < o (@] —
(edIA) YiduaJis |eanxa|q

o

12

" b |

10

Specimen





media/file11.jpg





media/file6.png
0.25% mwithout gypsum = with gypsum

0.20%

o
IR
9]
X

Shrinkage
(=}
2

0.05%

0.00%
i 2 3 4 5 6 7 8 9 10 a1 12

Specimen





media/file15.jpg
Flexural strength (MPa)

«

N

w

~

mwithout gypsum = with gypsum

nl

5 6 7 8
Specimen

9

10

1 12





nav.xhtml


  inorganics-11-00298


  
    		
      inorganics-11-00298
    


  




  





media/file16.png
Flexural strength (MPa)
N w H (92

[EEY

4

wwithout gypsum = with gypsum

5 6 7 8
Specimen

9

10

11 12





media/file2.png
Penetration depth (mm)

I
[¥a]

B
o

w
[¥y]

w
o

N
(9a]

N
o

[EEY
(9]

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Time (min)





media/file20.png
© with gypsum

m without gypsum

60

o o o o o
wn < e} o~ i

(edIAl) Yr8uauis anlssasdwo)

il 12

10

Specimen





media/file23.jpg
w7d =28d

5 6 7 8 9 10 1 12
Specimen






media/file5.jpg
0.25%

0.20%

o
£

Shrinkage
°
g

0.05%

0.00%

mwithout gypsum = with gypsum
- .
4 5 6 7 8 9 10

Specimen

1 12





media/file24.png
©7d = 28&d

140
120
100
80
60
40
20

0

5 6 F 8 9 10

Specimen






media/file29.jpg
A~ Calcium aluminate
E-Etringite

G- Gypsum

M- Mulite

Q-aur

10 2 30 ) 50
20





media/file1.jpg
Time (min)





media/file31.jpg





media/file25.jpg
6000
5000

% 4000

<

£ 3000

] 2000
1000

©7d =28d

Specimen

11

12





media/file12.png





media/file9.jpg
Shrinkage

0.80%

g

&

§

g

© plastic shrinkage = drying shrinkage

I‘ll-l-lll_
1 2 3 4 7 8 9 10 1 12 13

Specimen





media/file8.png
0.60%

0.50%

0.40%

0.30%

Shrlnkage

0.20%

0.10%

0.00%

m without gypsum = with gypsum

3 4

9 10

Specimen

a1 12

i3





media/file17.jpg
w7d =28d

8 8 8 B R =2 =°
(edINl) Ya8uans anissasdwio)

12

1

10

Specimen





