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Abstract 13 

Biomass fly ash, a by-product of biomass power generation, often contains high levels of 14 

unburned carbon and irregular particle morphology, which can influence its suitability for 15 

geopolymer applications. In this study, biomass fly ash was modified through flotation method 16 

using a kerosene to oil system, which effectively reduced its loss on ignition, cleaned the 17 

particle surfaces, and increased specific surface area. The modified biomass fly ash was then 18 

used to partially replace coal fly ash in geopolymer mortar, with ground granulated blast furnace 19 

slag as precursors. 20 

To evaluate the effects of modified biomass fly ash on geopolymer mortar, three curing 21 

conditions (air, water, and high-temperature), two alkaline activators with different SiO2/Na2O 22 

ratios (2.31 and 0.86), and modified biomass fly ash replacement levels (0%, 20%, 40%, and 23 

60%) were investigated. Results showed that modified biomass fly ash reduced mortar 24 

flowability due to higher surface area and water absorption. The highest compressive strength 25 

(63.10 MPa) was achieved with 40% modified biomass fly ash under water curing and a high 26 

SiO2/Na2O ratio. In contrast, air and heat curing resulted in decreased strength and coarser pore 27 

structures. Low SiO2/Na2O ratio further increased microporosity and reduced strength. 28 

Modified biomass fly ash addition also led to higher drying shrinkage, especially in the early 29 

15 days. 30 

Correlation analysis confirmed that SiO2/Na2O contents were positively associated with 31 

strength and negatively with total porosity. Overall, modified biomass fly ash can serve as a 32 

viable alternative to coal fly ash in geopolymer mortar, provided appropriate activator 33 
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approximately 0.5% to 12% of the total fuel. BFA can be used as a substitute for PC. However, 67 

its production requires specific calcination temperatures and combustion durations. Otherwise, 68 

the ash can significantly reduce the performance of concrete [16]. In reality, most ash is 69 

produced through uncontrolled combustion, resulting in inadequate properties that prevent from 70 

effectively replacing PC [17]. It has been reported that 70% of BFA is currently disposed of in 71 

landfills [1,3,11,18,19]. Because this ash can easily contaminate soil and groundwater, any 72 

failure to utilize it effectively means it is treated as industrial waste. Due to various in 73 

combustion processes and raw materials, BFA is not included in existing standards for PC 74 

concrete additions, posing challenges for its application in PC concrete systems [20]. 75 

Consequently, establishing efficient methods for recycling and reusing BFA has become a major 76 

focus. 77 

Previous studies have explored the application of BFA in geopolymer systems [11]. Rossi et al. 78 

[21] used BFA and metakaolin as aluminosilicate sources and cured the mixture in a 40°C 79 

chamber for 28 days, achieving optimal compressive strength. Ates et al. [12] examined the 80 

treatment of BFA for geopolymer production. Their method involved calcining BFA at high 81 

temperatures, allowing it to cool, and then grinding it to a finer powder via ball milling. The 82 

results showed that treated BFA produced higher compressive strength than untreated BFA and 83 

exhibited lower porosity. Novais et al. [22] used BFA from a paper mill, combining it with pulp 84 

residue as precursors for geopolymer production. They found that adding pulp residue did not 85 

negatively affect the geopolymer and significantly improved both compressive and tensile 86 

strengths. Songpiriyakij et al. [23] investigated rice husk and bark ash, reporting a maximum 87 

compressive strength of 73 MPa when the Si/Al ratio was 8 (SiO2/Al2O3 = 15.9). Once the 88 

SiO2/Al2O3 ratio exceeded 15.9, the geopolymer shifted from a brittle to a more elastic material. 89 

Meanwhile, Yuan et al. [14] produced high-strength geopolymer using eggshell powder and 90 

rice husk ash. Replacing CFA with 10% and 20% eggshell or rice husk ash improved the 91 

concrete’s strength, whereas higher replacement rates (>20%) had adverse effects. Lei and 92 

Pavia [15] enhanced the reactivity of crop biomass ash using alkali fusion. For a geopolymer 93 

composed of 100% crop biomass ash, alkali-fused ash achieved a compressive strength of 39.35 94 

MPa, compared with only 7.46 MPa when using untreated ash. Similarly, Liu et al. [24] 95 

replaced metakaolin with rice husk ash, discovering that compressive strength increased with 96 

replacement levels of 5%–20%. The addition of rice husk ash also boosted the geopolymer’s 97 

thermal stability; none of the samples containing rice husk ash exhibited spalling when exposed 98 

to 900°C. these studies offer valuable insights into effective BFA management and underscore 99 

the high potential of BFA in geopolymer applications. 100 

Owing to variations in the feedstock used to produce BFA, its composition can differ 101 

significantly [1]. Even within the same power plant, the properties of BFA may vary 102 
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considerably across different batches [25], leading to substantial differences in BFA’s 103 

physicochemical characteristics and affecting its performance in concrete. Research has shown 104 

that to achieve acceptable mechanical properties, the replacement ratio of BFA should remain 105 

below 20% [3,11], posing challenges for large-scale BFA utilization.  106 

Moreover, unburned carbon is a key component of fly ash [26], arising from incomplete 107 

combustion in coal- or biomass-fired power plants, where residual organic matter remains in 108 

various coke-like forms [27]. In coal-fired power generation systems, the unburned carbon 109 

content is typically quantified using loss on ignition (LOI) [26,28]. LOI refers to the mass loss 110 

of solids, estimating the organic or carbon content [29]. According to JIS A6201-2024, Class I 111 

Fly ash should have an LOI under 3%, while Class IV Fly ash should be under 5%. Elevated 112 

LOI negatively impacts the mechanical properties of concrete. To use BFA as a construction 113 

material, unburned carbon must be separated and removed from the ash. Existing separation 114 

methods primarily involve dry techniques (e.g., dry sieving, gravity separation, electrostatic 115 

separation) or wet procedures (e.g., density separation, flotation, oil agglomeration) [30]. 116 

In flotation method, a frother (often pine oil) and a collector (often kerosene) are employed so 117 

that hydrophobic particles attach to the bubbles and float, while hydrophilic particles settle and 118 

are collected as tail ash [30,31]. Compared with other separation methods, flotation effectively 119 

removes unburned carbon and heavy metals from ash through agitation during pretreatment and 120 

microbubble formation [28]. Takasu et al [32] improved the device for removing unburned 121 

carbon from CFA by focusing on the effect of bubble size. After flotation, the ash particles 122 

became finer, and their surfaces were smoother. As a result, the fly ash-based concrete exhibited 123 

higher compressive strength and splitting tensile strength. In addition, Takasu et al. suggested 124 

recommended values for the dosages of kerosene and pine oil, namely: 3% kerosene and 0.3% 125 

pine oil. The quantities of kerosene and pine oil used in this study were based on these 126 

recommended values. Incorporating fly ash modified by flotation into concrete enhances 127 

workability, lowers the heat of hydration, reduces alkali-aggregate reactions, increases long-128 

term strength, and improves water tightness [33]. Accordingly, applying flotation to refine BFA 129 

and use it effectively as a construction material is essential.  130 

The novelty of this study lies in the use of a flotation method to effectively remove unburned 131 

carbon from BFA, which increased the specific surface area and cleaned the particle surfaces, 132 

thereby enhancing the reactivity with alkaline activators and improving mechanical 133 

performance. To evaluate the effects of various factors, two types of alkaline activators with 134 

different SiO2/Na2O ratios and three distinct curing conditions (air, water, and high-temperature 135 

curing) were employed. Correlation analysis was conducted to explore how porosity affects the 136 

mechanical properties of the mortar, including compressive strength and drying shrinkage. In 137 

addition, MBFA was used to partially replace CFA, thereby altering the chemical composition 138 
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of the precursor and enabling a more detailed investigation into the role of individual oxides 139 

(SiO2, Al2O3, CaO, Na2O) in strength development and microstructural evolution. 140 

Unlike CFA, BFA often contains high levels of unburned carbon and exhibits inconsistent 141 

chemical composition, making it unsuitable for use as a standard supplementary material in 142 

cementitious systems. This study addresses this challenge by applying flotation method to 143 

modify BFA, enabling its use as a viable precursor in geopolymer mortar production. The 144 

research further investigates the influence of MBFA on mortar performance through varying 145 

CFA replacement ratios, and evaluates the role of curing conditions and activator composition 146 

in optimizing the mechanical behaviour of the resulting geopolymers. 147 

2. Materials and methods 148 

2.1. Materials 149 

The geopolymer mortar was prepared using CFA, GGBS, and BFA as raw materials. The 150 

physical properties of the binder are given in Table 1. CFA and GGBS was supplied by Kyushu 151 

Electric Power Co., Inc and Nippon Steel Blast Furnace Slag Cement Co., Ltd, respectively. 152 

BFA was supplied by the Shimonoseki Power Station. In this research, all BFA was used after 153 

modification by flotation, namely modified biomass fly ash (MBFA). Sea sand was used as the 154 

fine aggregate.  155 

The activator consisted of sodium hydroxide pellets (NaOH, supplied by Kishida Chemical Co., 156 

Ltd) with a purity of 97% and a sodium silicate solution (Na2SiO3, marked as GPW, supplied 157 

by Toso Sangyo Co., LTD, Japan). The chemical composition of GPW was Na2O: 11.08%, SiO2: 158 

24.84% and H2O: 64.08%. The NaOH pellets were dissolved in distilled water from a Pure 159 

Water Generation Unit (WG203, Yamato Scientific Co., Ltd, Japan) to prepare a 30% (by mass) 160 

NaOH solution, and the solution was cooled for at least 24 hours before use. NaOH solution 161 

was used to adjust the Na2O content in alkaline solution, enabling the preparation of alkali 162 

activators with different SiO2/Na2O ratios. 163 

Table 1: Physical properties of raw materials 164 

 Marks  Physical properties 

Binders CFA JIS II standard coal fly ash Density: 2.22 g/cm3 

LOI: 1.3% 

Specific surface area: 3410 

cm2/g 

GGBS Ground granulated Blast-

furnace slag 

Density: 2.91 g/cm3 

LOI: 0.6% 

Specific surface area: 4100 
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a) Small mixer for pretreatment b) 13L small flotation tank with 

microbubble generators  

Figure 1: Flotation devices (a)small mixer, (b) unburned carbon remover 190 

 191 

Table 2: Kerosene, pine oil and water content used for pretreatment and flotation 192 

BFA content  

(kg) 

Mixing time 

(min) 

Water content 

(%) 

Kerosene 

content 

(%) 

Pine oil content 

(%) 

2.0 3.0 35.0 3.0 0.3 

Chemical compositions obtained by X-ray fluorescence (XRF) of CFA, BFA and GGBS are 193 

shown in Table 3. 194 

Table 3: Bulk oxide compositions of CFA, BFA and GGBS as determined using XRF 195 

Materials SiO2 CaO FeO3 Al2O3 K2O MgO TiO2 SO3 Other LOI 

CFA 47.6 14.1 12.3 13.1 2.6 1.3 3.1 1.7 2.8 1.3 

BFA 22.3 40.8 5.6 3.0 6.7 2.8 1.0 3.4 6.0 8.3 

GGBS 32.7 41.6 0.5 13.4 0.6 3.3 0.7 6.3 0.4 0.6 

2.3. Mix proportions 196 

The mortar mix proportions used in this study are given in Table 4. The mix design is based on 197 

the optimisation carried out by Liu et al. [34,35]. The mix design followed these principles: 198 

The binder consisted of CFA, MBFA and GGBS. GGBS was fixed at 40% of the total binder. 199 

MBFA was used to replacing CFA at rates of 0%, 20%, 40% and 60%, marked as BF0, BF20, 200 

BF40 and BF60, respectively. The sand to binder ratio was fixed at 2:1. 201 

The dosage of the alkaline solution (AS) was set at 65% mass ratio of the total binder. Two 202 
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the complete combustion of wood rather than coal, resulting in minimal residual carbon. 316 

Additionally, the specific surface area of the MBFA significantly increased, which can enhance 317 

the reactivity between the ash and the alkaline solution, thereby influencing the physical 318 

properties of the concrete, such as strength. Similarly, the differences in physical properties 319 

caused by the modification may lead to variations in the strength development, flowability, and 320 

other properties of the concrete. 321 

Table 5:Physical properties of BFA before and after flotation 322 

Ash Density 

(g/cm3) 

LOI  

(%) 

Blain 

Specific 

surface 

area 

(cm2/g) 

BET 

Specific 

surface 

area 

(m2/g) 

Unburned 

carbon  

(%) 

pH 

BFA 2.6 8.3 4090 1.8 2.4 11.9 

MBFA 2.4 6.4 9375 14.5 1.5 10.4 

 323 

Table 6 Chemical composition of BFA before and after flotation 324 

 SiO2 CaO Fe2O3 Al2O3 K2O MgO TiO2 SO3 other LOI 

BFA 22.3 40.8 5.6 3.0 6.7 2.8 1.0 3.4 6.0 8.3 

MBFA 29.3 36.7 5.9 4.6 4.7 6.0 1.1 2.2 3.2 6.4 

3.1.2. Particle size distribution 325 

The particle size distribution of CFA, BFA and MBFA is shown in the Figure 3. As a result of 326 

the flotation method, particles in the range of 100-1000 µm were eliminated, and the quantity 327 

in the 50-100 µm range was significantly reduced. This is because the unburned carbon particles 328 

in the original BFA were relatively coarse and were entirely removed through the flotation 329 

process, along with impurities on the surface of the fly ash. The MBFA after flotation exhibited 330 

a finer particle size distribution curve. Furthermore, CFA demonstrated a significantly higher 331 

proportion of particles in the 0-10 µm range than both BFA and MBFA. The proportion of 332 

particles larger than 10 µm was lower. Among the three ash, CFA had finest overall particle size 333 

distribution. 334 
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Figure 3: Particle size distribution of CFA (Black), BFA (Red) and MBFA (Blue) 
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3.1.3. Microstructure of BFA before and after flotation 335 

The SEM image for CFA is shown in the Figure 4. CFA particles exhibited a predominantly 336 

spherical morphology with smooth surfaces. The particles were relatively uniform and well-337 

rounded, with minimal surface attachments or irregularities.  338 

Figure 5 shows the microstructure of BFA before and after flotation. Before flotation, spherical 339 

particles can be observed in the BFA groups. These particles had fibrous attachments. EDS 340 

analysis showed high concentrations of Ca and C in these areas, suggesting the presence of 341 

unburned carbon and other impurities. The particles exhibited significant agglomeration, 342 

adhering closely to one another and resulting in poor dispersion. After flotation, spherical 343 

particles were still visible, but surface impurities were noticeably reduced. EDS results 344 

indicated a significant decrease in C content. This confirmed the efficiency of unburned carbon 345 

removal through flotation. In addition, Al, Si and Ca were detected on the particle surface. This 346 

suggested that the removal of surface impurities exposed the original morphology of BFA 347 

particles. These evidence proved that the flotation process effectively removed surface 348 

contaminants and unburned carbon from the BFA. Additionally, the reduction in particle 349 

agglomeration and the improvement in dispersion confirmed that flotation separated BFA 350 

particles from impurities effectively.  351 

 
Figure 4: Microstructure of CFA 

 352 
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a) BFA 
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b) MBFA 

Figure 5: Microstructure and chemical composition of BFA (a) before flotation treatment, 

and (b) after flotation treatment. 

This change was further supported by the increase in specific surface area, from 4090 cm²/g 353 

before flotation to 9375 cm²/g afterwards. The significant increase in specific surface area 354 

enhanced the contact between particles and alkaline activators, thereby accelerating the 355 

geopolymerization process. As a result, flotation of BFA offers improved reactivity and holds 356 
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greater potential for use in geopolymers and other industrial applications. 357 

3.2. Fresh mortar flow 358 

The flowability of fresh mortar is shown in Figure 6. The flow of samples ranged from 150 to 359 

240 mm. As the MBFA content increased as a replacement of CFA, the flowability of both 360 

mortar groups decreased, a trend that was more pronounced in Series 1. This decrease could be 361 

attributed to the differences in particle shape between FA and MBFA, as shown in the SEM 362 

images (Figure 5). Even after flotation, irregularly shaped particles still comprised a large 363 

proportion of MBFA. Compared with CFA, MBFA contained significantly fewer smooth, 364 

spherical particles. These irregular particles increased friction between the particles, resulting 365 

in a loss of flowability. This observation aligned with the findings reported by Cantero et al. 366 

[36]. Although that study used recycled tile, recycled concrete, and recycled brick instead of 367 

CFA, the irregular shapes also led to a significant decrease in flowability. Irregular particles 368 

significantly increased the specific surface area of MBFA, thereby resulting in a direct influence 369 

on the water demand of precursors [37]. Consequently, a higher water content was required to 370 

achieve satisfactory flowability. Additionally, MBFA particles retained surface impurities, 371 

which affected their interaction with water and alkaline activators. As a result, MBFA required 372 

more water to interact with the particles, causing lower flowability under the same water-to-373 

binder ratio. A similar phenomenon was reported by Rihan et al. [38], where replacing CFA 374 

with sugarcane bagasse ash increased water demand and consequently reduced slump. 375 

According to Hwalla et al. [39], GGBS contained a higher CaO content, which promoted early 376 

reactions in silica–alumina binders and led to a reduction in flowability. In this study, the MBFA 377 

used also had a high CaO content (35.84%), which might have been another factor contributing 378 

to the decrease in flowability. 379 

When comparing Series 1 and 2, a lower SiO2/Na2O resulted in a lower flowability. This 380 

indicates that the addition of sodium hydroxide negatively affected the flowability of the mortar. 381 

The addition of sodium hydroxide increased the Na2O content in the alkaline activator. The 382 

increase in Na2O not only raised the alkalinity of the solution but also increased the reactants 383 

in the alkaline activator. As a result, the reaction rate between the alkaline activator and the 384 

precursor accelerated, leading to a reduction in mortar flowability. This phenomenon has also 385 

been demonstrated by previous studies [40]. As the KOH concentration increases, the mortar’s 386 

flowability decreases. High-concentration alkaline solutions contain a greater amount of 387 

reactive alkali species, resulting in earlier setting of the mixture. 388 

According to previous reports [41,42], sodium silicate solution enhanced the dissolution of raw 389 

materials in an alkaline environment. The more raw materials dissolved, the higher the 390 

workability became. Additionally, a higher molar concentration of NaOH solution can cause 391 

the mixture’s viscosity to increase, thereby reducing its flowability [43]. 392 
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 393 
Figure 6: Flowability of Series 1 and Series 2 fresh mortar with different MBFA replacement 394 

3.3. Microstructure and mineralogy of geopolymer 395 

Figure 7 shows the microstructure of the BF0-2.5 (Figure 7 a, b and c) and BF60-2.5 (Figure 7 396 

d, e and f) in Series 2 after air curing, high-temperature curing, and water curing. These three 397 

curing conditions exhibited distinct microstructures. In all samples, the geopolymer matrix was 398 

mainly composed of an amorphous phase resulting from the reaction of CFA/MBFA with 399 

GGBS, which produced sodium/calcium-silicate-hydrate (N/C-A-S-H) gel [44–46]. 400 

For the BF0-2.5 air-curing group, unreacted or partially reacted CFA spheres were surrounded 401 

by the amorphous matrix. There were gaps at the interface between the CFA spheres and the 402 

matrix. The reaction-generated gel appeared homogeneous and dense, and long visible cracks 403 

were observed in the gel. The morphology of these cracks suggested that they formed during 404 

the sample-crushing process rather than being caused by rapid drying under high-temperature 405 

curing [44]. Cracks generated by water evaporation during curing typically showed a “alligator 406 

skin” appearance with distinct flaky regions [47]. When 60% MBFA was added, the porosity 407 

between gel phases increased significantly, and the amount of flake gel also increased. 408 

Unreacted GGBS was embedded in the gel, and the MBFA particles exhibited clear 409 

agglomeration, causing the overall structure to become loose. This behaviour was related to the 410 

different mineralogical characteristics and particle shapes of MBFA versus CFA. The flake gel 411 

morphology indicated that MBFA particles were reacting; however, many particles remained 412 

smooth and unreacted, which implied a slower reaction rate of MBFA compared with CFA [48]. 413 

This reduced reaction rate led to fewer gel products, increased pore spaces between particles, 414 

and particle agglomeration, ultimately diminishing the homogeneity of the overall structure. 415 
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which in turn improved flowability and promoted the polymerization reaction of FA. In this 457 

study, the MBFA used had an LOI of 6.7%, significantly higher than the 1.9% LOI of the CFA. 458 

Consequently, as the MBFA content increased, the workability and strength development of the 459 

mortar were adversely affected. Conversely, in Series 2, the addition of MBFA resulted in a 460 

substantial improvement in compressive strength. Specifically, replacing CFA with 20% MBFA 461 

resulted in a 65% increase in strength. The other two groups (BF40-2.5 and BF60-2.5) also 462 

exhibited considerable strength gains of 44% and 53%, respectively. Despite the overall 463 

improvement, a higher MBFA content continued to correlate with a decrease in strength, 464 

mirroring the observations from Series 1. 465 

 
a) Air Curing 
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b) Water Curing 

 
c) High Curing 

Figure 9: Compressive strength under a) air , b)water and c) high temperature curing. 
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In contrast, under water curing, the replacement of CFA with MBFA improved strength, 466 

particularly in Series 1. The highest compressive strength was observed under water curing 467 

conditions for the BF40-0 group (63.10 MPa at 28 days). After 3 days of water curing, the 468 

addition of MBFA had minimal impact on strength. Both Series 1 (23 MPa) and Series 2 (7 469 

MPa) displayed similar compressive strengths. This strength was comparable to that of air-470 

cured samples, indicating that neither air curing nor water curing showed a pronounced effect 471 

on the early strength of geopolymers. During the early stage of strength development, the 472 

addition of 40% GGBS contributed the most to strength development. In contrast, CFA and 473 

MBFA reacted more slowly with the activator under air conditions. This phenomenon was also 474 

confirmed by other authors [55]. According to network theory, GGBS contained more network 475 

modifiers than CFA, which disordered and depolymerized glassy phases, thereby accelerating 476 

the dissolution of precursors. Furthermore, incorporating GGBS changed the Si/Al ratio in the 477 

mixture and determined the amounts of AlO4 and SiO4 formed in the geopolymer gel, thus 478 

influencing early strength development [56]. 479 

After 7 days of curing, strength development increased with MBFA content, and this trend 480 

continued until 28 days. However, with a 60% MBFA replacement, a notable decline in 481 

compressive strength occurred, dropping below the maximum strength attained by the BF0-0 482 

group (both air and water curing) and aligning closely with the compressive strength of BF60-483 

0 (air curing). After water curing, the 28-day compressive strength of the BF0-0 group was 484 

lower than that of the air curing samples. However, with the addition of MBFA, the compressive 485 

strengths of the BF20-0, BF40-0, and BF60-0 groups all exceeded those observed under air 486 

curing, suggesting that water curing may be more conducive to the strength development of 487 

MBFA. Additionally, other authors have reported that replacing GGBS with low-calcium 488 

metakaolin leads to a reduction in strength [57]. This decrease was attributed to the lower 489 

calcium content in the mixture, which impeded the geopolymer reaction. The MBFA used in 490 

this study was a precursor with a high calcium content (35.84%). Replacing CFA with MBFA 491 

consequently increased the calcium content in the system, thereby showing a favourable 492 

influence on strength development. 493 

In the high temperature curing group, the 3-day compressive strength exceeded that of samples 494 

subjected to air curing, indicating that MBFA was activated at elevated temperatures and 495 

contributed to early strength development. A similar phenomenon was observed under water 496 

curing, where samples attained comparable early strength, resulting in only minor differences 497 

between the two conditions. The influence of high temperature curing was more pronounced in 498 

Series 2, with the compressive strength of high temperature curing samples increasing by over 499 

30%, and the BF60-2.5 group exhibiting a 96% increase. The authors indicated that elevated 500 

temperature accelerates the geopolymerization of MBFA, thereby substantially enhancing early 501 
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strength [58]. 502 

However, as curing progressed, strength development was negatively affected. The 28-day 503 

strength was substantially lower than that under other curing conditions, with the 3-day strength 504 

already accounting for over 75% of the 28-day strength. Previous research has demonstrated 505 

that high-temperature curing provided little benefit for later-age strength, and air-cured 506 

specimens can achieve higher strengths [56]. The authors have shown that when the system 507 

contained 30% or more GGBS, air curing specimens exhibited higher compressive strength 508 

than those cured at elevated temperatures [59]. Additionally, it has been reported that increasing 509 

the curing temperature from 20°C to 80°C led to higher strength, with a peak compressive 510 

strength of 54.5 MPa observed at 80°C [58]. This observation, however, contrasted with the 511 

findings of the this study. 512 

Additionally, using an activator with a lower SiO2/Na2O ratio negatively affected strength 513 

development. The increased Na2O content in the alkaline solution raised the pH, but excessively 514 

high alkalinity had an adverse effect on the strength development of the geopolymer. Lei and 515 

Pavia [15] reported that the optimal SiO2/Na2O ratio in the alkaline solution was 1.2. When the 516 

SiO2 content exceeded this ratio, geopolymer strength declined. The author explained that an 517 

overly high ratio provided insufficient alkalinity to effectively dissolve MBFA, while 518 

simultaneously introducing an excess of water-soluble SiO2. As a result, some of the SiO2 might 519 

polymerize around the MBFA particles, thereby hindering MBFA dissolution. Additionally, 520 

Puertas and Fernandez-Jimenez [60] confirmed that the paste cured at 22 °C exhibited higher 521 

mechanical strength than that cured at 65 °C. Meanwhile, Phoo-ngernkham et al. [61] 522 

demonstrated that using NaOH solution alone as the alkaline activator reduced the 523 

geopolymer’s compressive strength. In contrast, using only sodium silicate solution accelerated 524 

geopolymerization, thereby enhancing compressive strength. 525 

3.5. Drying Shrinkage 526 

Figure 10 shows the drying shrinkage and mass reduction of Series 2 samples, respectively, 527 

under air curing conditions. 528 

The drying shrinkage of all samples increased with curing time, showing a pronounced increase 529 

during the first 15 days, after which the rate of shrinkage gradually stabilized. The samples 530 

without MBFA exhibited the lowest drying shrinkage, while the shrinkage increased 531 

progressively with higher MBFA content. 532 
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b) Water curing 

 
c) High temperature curing 
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