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Abstract 

The objective of this study was to investigate the effect of curing temperature on the mechanical properties of sanitary 

ware porcelain powder-based geopolymer paste and mortar under various curing temperatures. The setting time, porosity, 

water absorption, and compressive strength of specimens mixed with alkaline concentrations of 8M, 10M, 12M, and 14M 

were compared. All mortar cube (50×50×50 mm) specimens were placed into drying ovens for 24 hours at 60°C, 75°C, 

90°C, and 105°C, respectively. The specimens were then air-cured for 1, 3, 7, 14, and 28 days. The results showed that the 

elevated curing temperature accelerated the polymerization process of the porcelain geopolymerization reaction. The 

setting time varied between 89 mins and 380 mins. It showed variability depending on alkaline concentration and initial 

curing temperature. The setting time of pastes decreased when alkaline concentrations increased. An increasing 

temperature in the drying oven decreased the initial and final setting times. Similar to this, the rate of water absorption and 

permeability of porcelain-based geopolymer mortar specimens decreased with drying oven temperatures and increments 

in alkaline concentration. The lowest water absorption and porosity of the specimen were 2.1% and 15.7%, respectively. 

The compressive strength increased as drying oven temperatures and alkaline concentrations increased. The highest 28 day 

compressive strength was found in 14M specimens with 105°C curing temperatures. The ultimate compressive strength 

was 64.45 N/mm2. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were investigated to study the 

microstructural properties of the geopolymers. 

Keywords: Geopolymer; Setting Time; Porosity; Porcelain; Mortar. 

 

1. Introduction 

During the period of 2010-2020, the global demand for sanitary ware has grown up by 53%, from 2.16 to 3.3 million 

tons. Asia holds the largest consolidated global sanitary ware exporter position with 62.6% of the total global export 

share. While Thailand shares 3% (87,129 tons) of global export sanitary ware [1]. In domestic consumption, sanitary 

ware shares 44.8% of total production (1.83 million pieces) [2]. Sanitary ware is categorized as a white ceramic product 

that consists of kaolin having low amounts of iron oxide. However, it has been estimated that the good performance of 

the production process causes defective products around 5–12% of total daily production. There are three main waste 

types from porcelain sanitary ware production: porcelain mud wastes (PMW), crushed porcelain wastes (CPW), and 

porcelain dust wastes (PDW). The use of waste porcelain in experiments is primarily focused on its environmental 

impact. The geopolymerization technique is a promising and environmentally alternative decision that can alleviate 

waste pollution problems. By replacing either partially or totally the amount of waste material, it helps to reduce CO2 

emissions and utilize waste material. 
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Currently, alkali-activated materials (AAM) can be categorized into two levels of calcium content. First, a binder 

with high calcium oxide content (fly ash class C, blast furnace slag, and silica fume). Second, a binder with low calcium 

oxide content (fly ash class F, rice husk, and metakaolin). Ceramics and porcelain have similar in raw material 

compositions. Both material compositions have low in calcium oxide. The differences between ceramic and porcelain 

are the rate of material absorbs water, density, and durability. Most porcelain tiles/sanitary ware absorb less than 0.5% 

of water, while ceramic has a higher ability to absorb water. Density of material: porcelain has a high density, which 

leads to less in porosity when it is compared with ceramics. As far as durability is concerned, porcelain is denser than 

ceramic and therefore less porous. Porcelain is harder, more durable, and lesser absorb water. Table 1 shows the results 

of other researchers’ studies on porcelain and ceramic-based geopolymers. For sanitary ware porcelain, the major raw 

materials used are kaolin, clay, feldspar, quartz, and ground-fired waste. These raw materials are mainly composed of 

SiO2 and Al2O3. The feldspar is acting like a fluxing agent for densification, promoting the formation of a liquid phase. 

This phase eventually becomes denser with low porosity and high amorphous content [3]. Thus, it gives a potential 

alternative choice as a substitute cementitious material [4]. The strength of geopolymer depends on various factors, 

including curing temperature and curing duration [5, 6]. 

However, the selection of the alkali activator, alkali concentration, and chemical composition cannot be overviewed. 

A comprehensive review of the low-calcium geopolymer binders shows slow reactivity at ambient temperature. 

Reasonable heat (above 60°C) must be applied to enhance the geopolymerization process. In addition, both curing 

temperature and curing time affect the durability of geopolymer specimens [7]. The reduction in water content also 

affects the concentration of alkali activator, which substantially assists the chemical reaction. Hence, an increase in the 

concentration of sodium hydroxide results in durability. The workability and durability of low-calcium binder-based 

geopolymer paste are influenced by the properties of the constituent material [8]. The properties of the alkaline silicate 

solution had a great impact on the characteristics of viscosity and setting of the geopolymer paste [9]. The slump of 

fresh geopolymer concrete increases as the water content of the mixtures increases. The compressive strength of 

geopolymer concrete decreases as the molar ratio of H2O to Na2O increases. For this reason, reviews have drawn 

attention to the study of the mechanical properties of kaolin geopolymer (low-calcium) porcelain mortar-based alkaline 

activators. Although ceramic and porcelain can be made with low calcination temperatures, the interaction of various 

parameters on workability and mechanical properties of geopolymer paste is still complex. In addition, utilizing sanitary 

ware porcelain waste from the porcelain sanitary ware industry is encouraged. Therefore, several parameters of low-

calcium porcelain-based geopolymer paste and mortar are subjected to testing to establish the effect of curing 

temperature and curing time on setting time, workability, and compressive strength of porcelain-based geopolymer mortar. 

Table 1. Cases of geopolymer –based and curing temperature 

Case Strength (N/mm2) Curing Temp (C) Curing Period Reference 

Porcelain 30.0 paste 65 7 Luhar et al. (2021) [10] 

Ceramic 24.3 paste 90 7 Shoaei et al. (2019) [11] 

Ceramic 20.9 paste 60 7 Shoaei et al. (2019) [11] 

Porcelain 36.0 paste 65 7 Reig et al. (2013) [12] 

Metakaolin 98.0 concrete 60 7 Mo et al. (2014) [13] 

Furnace Slag 38.0 paste 60 3 Naral et al. (2014) [14] 

2. Materials and Experiment Methods 

The temperature helped to increase the degree of kinetic reaction in which silica and alumina dissolved. As a 

consequence, the bond strength of geopolymers increased. The optimum temperature for maximizing strength could be 

varied. Depending on the type of binder material used, it ranged from 60°C to 90°C [8–10]. It was further found that 

curing temperatures between 40-80°C for 4 to 48 hours were vital aspects for the synthesis of geopolymer materials [15, 

16]. The length of curing time affected the moisture content level of geopolymer specimens, which caused significant 

shrinkage, the formation of cavities and cracks, and reactions in the geopolymer. The longer period of curing time led 

to water loss, which caused carbonation and delayed the activation of precursors. The appropriate thermal curing at mid-

range temperature was around 60°C–70°C up to 7 days [17–19]. In addition, the temperature of the initial geopolymer 

paste affected the formation of minerals and the physical and mechanical properties of metakaolin-based geopolymer 

pastes. A higher initial paste temperature accelerated the formation of geopolymer structures [20]. 

For terracotta tile, a curing temperature of 65°C for 24 hours gave the optimum yield [21]. For high-strength 

geopolymer concrete, an increase in curing time and additive material (superplasticizer) dose were required [22]. In 

order to increase the further compressive strength of geopolymer material, a larger particle size of reinforcement material 

(> 0.6 mm) was needed with a curing temperature of 50°C [23]. For the ultra-high-strength concrete, sanitary ceramic 

wastes were used as fine and coarse aggregate. It was found that sanitary ceramic material helped to increase 

compressive and tensile strength by about 24.74% and 34.25%, respectively [24]. Regarding external temperature, the 
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temperature of the thermal load applied to the specimen affects the flexural and compressive strengths of porcelain-

based geopolymer waste (an electrical insulator). The ultimate strength of compressive force (95 N/mm2) was found 

when the temperature of the thermal load was at 1,200°C [25]. The literature on porcelain-based geopolymers for 

sanitary ware was limited. Most researchers studied other low-calcium materials, such as fly ash class F and metakaolin. 

It might be due to the scrutiny process of hammering, grinding, and sieving. The technical data on the effect of curing 

temperature and alkaline solution on such paste and concrete was further needed. This paper focused on the suitability 

of the curing temperature of porcelain-based geopolymer powder in terms of mechanical properties. The authors selected 

the three most crucial factors in this study to comprehensively understand the effects of curing temperature, curing 

period, and modulus ratio on porcelain-based geopolymer pastes and mortars. 

2.1. Materials 

The porcelain waste was collected from a sanitary ware manufacturer in Saraburi province. The raw material was 

largely composed of kaolin, clay, feldspar, flint, calcium carbonate, dolomite, and sodium silicate. The sanitary ware 

porcelain waste was initially reduced to 10 mm in size by a crushing machine. The particles were further reduced by 

grinding and steel ball mill machine (passing sieve No.200 (75mm) (Figure 1), which was then kept in a sealed container. 

 

Figure 1. Raw materials used for preparing specimens 

The sodium hydroxide used in this study was in flake shape (NaOH, 99.9%). It was an alkali source to produce the 

alkali-activated binder (AAB). A sodium silicate solution (Na2SiO3) with 11.67% Na2O, 28.66% SiO2, and 59.67% H2O 

was used as a liquid activator. A fine aggregate was a land-based sand with particle sizes less than 0.475 mm. The 

specific gravity in SSD condition and water absorption of the fine aggregate were 2.67 and 0.25%, respectively. A 

scanning electron microscopy (JSM-IT500HR model) was used to analyze the morphology of cement and porcelain 

powder. Micrographs with high magnification (500X and 10,000X) of the surfaces of cement and porcelain powder are 

shown in Figure 2. It could be seen from 500X magnification that OPC contained smaller particles than porcelain. In 

10,000X magnification, it appeared that the porcelain element had a more flat and shaped edge. Therefore, the 

morphology of porcelain is irregular, and the particles vary in shape and size. The particles of porcelain used were 

angular since the material was crushed by a grinding machine. In order to reduce the internal friction of the mixture and 

improve its workability, superplasticizer was used to increase its workability [26]. 

  

(a) (b) 

  

(c) (d) 

Figure 2. SEM particle images of (a) OPC at 500X (b) Porcelain at 500X (c) OPC at 10,000X 
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Figure 3 shows the comparative particle size distribution of OPC and porcelain powder, which was determined by a 

laser particle size analyzer (Mastersizer 3000 model). The porcelain particles were larger than those of OPC. The average 

particle size, d90, of porcelain and OPC was 51.43 mm and 32.70 mm, respectively. Both specimens presented an 

optimum pore size of 31.1 mm and 16.4 mm, respectively. The OPC particles were largely in micro-porosity material, 

whereas mesoporosity was mostly in the geopolymer-based porcelain. The porcelain consisted mainly of SiO2 (54.90%) 

and Al2O3 (17.50%), while OPC consisted mainly of CaO (62.70%) and SiO2 (17.80%). These major oxides play roles 

in alkaline activation and hydration, respectively [9]. For metal oxides having composition, porcelain has 4.48% 

(CaO+Fe2O3), whereas OPC has 65.58% (CaO+Fe2O3). These summations of oxide composition had an impact on 

compressive strength [14]. The greater values of summation of metal oxide composition, the higher the compressive 

strength that could be obtained. Additionally, the analysis of mineralogical compounds of OPC and porcelain powder 

was also further investigated by X-ray diffraction (XRD; Bruker D8 Discover model), which provided the chemical 

composition (Table 2). 

 

Figure 3. Particle size distribution of OPC and Porcelain 

Table 2. Composition of OPC and Porcelain material 

Oxide OPC Porcelain 

CaO 62.70 2.85 

SiO2 17.82 54.90 

Al2O3 3.82 17.50 

SO3 2.90 0.01 

Fe2O3 2.88 1.63 

MgO 1.84 0.55 

K2O 0.48 2.99 

TiO2 0.30 0.30 

Na2O 0.28 1.09 

Cl 0.19 0.05 

P2O5 0.10 0.06 

MnO 0.05 0.04 

SrO 0.03 0.01 

ZnO 0.03 0.47 

CuO 0.02 0.01 

ZrO2 0.01 0.67 

Rb2O - 0.03 

NiO - 0.01 

Figure 4 shows crystalline phases obtained by XRD. It was found from porcelain powder specimens that the 

predominance of SiO2 (Quartz, Q) and Al6Si2O13 (Mullite, M) and Fe2(SiO4) (Fe-Ringwoodite, Fe), which consisted of 
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silicon and oxygen, were mainly found. However, mullite was formed during the heat-sintering process in porcelain 

production [27]. It was a common phase in electrical insulators in which quartz and mullite were found [28, 29]. While 

XRD patterns for calcined kaolin-based geopolymer paste had higher crystalline peaks. The crystalline peaks of 

porcelain were lower than those of calcined kaolin by approximately 1,700 counts [30, 31]. From the mineralogical 

composition analysis result, porcelain could develop further reactions as a secondary aluminosilicate source in the alkali-

activation process. While cement found calcium silicate (Ca3SiO5), calcium silicate oxide [Ca3 (SiO4)O], lizardite 

(Mg,Fe,Ca3)(Si,Al2)O5(OH)4), and Magnesia (MgO). In this study, the specimens were prepared by using porcelain 

ground powder as a precursor, a solution of sodium hydroxide and sodium silicate were used as an alkaline activator, 

mixed with sand as a fine aggregate. The alkaline activator solution (AAS) was prepared by using sodium hydroxide 

flake with sodium silicate solution. The ratio of AAS/binder is 0.7. 

 
(a) 

 

(b) 

Figure 4. X-Ray diffraction analysis of (a) OPC and (b) porcelain 

The concentrations of NaOH were 8M, 10M, 12M, and 14M. The AAS was fixed at 550 kg/m3. The preparation of 

specimens was divided into two parts. First, preparation of geopolymer paste. Geopolymer pastes were subjected to 

initial and final setting time tests and flowability tests. Ground porcelain was stirred in the mixing pan for 5 minutes, 

then the alkaline solution was gradually introduced to the mixer. It was continuously mixed for 5 minutes. Homogenous 

paste was ready for setting time and the mini-slump test. The flowability of the paste was evaluated by measuring the 

diameter of the paste spread. Second, preparation of geopolymer mortar. Dry porcelain powder was mixed in a mixer 

for 3 minutes. The alkaline activator solution was added to the mixer and blended for 5 minutes. Fine aggregate was 

added to the mix, which continued for another 5 minutes. As a consequence, geopolymer mortar was poured into mortar 

molds for absorption, porosity, and compressive strength tests as described in the experiment methods. Immediately 

after each placing end, all filled molds were cured in the oven at various temperatures for 24 hours. After the oven curing 

period ended, all specimens were allowed to cool down at room temperature for 2 hours before being demolded and 

wrapped with polypropylene film. These demolded specimens were kept at room temperature condition until testing 

date. The temperature and relative humidity of each day were recorded. 
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2.2. Experimental Methods 

All specimens were both oven-dried and air-cured. The curing of the specimens was divided into two steps. First, 24 

hours oven-dried. All specimen pastes and mortars were subjected to four curing temperatures (60°C, 75°C, 90°C, and 

105°C). And second, air-cured at ambient temperature. After specimens were oven-dried at a specific temperature for 

24 hours. Specimens were wrapped with polyethylene film until the experiment date was met. For sodium hydroxide 

solution molarity, four concentrations were used: 8 M, 10M, 12M, and 14M. These concentrations of alkaline liquid 

were used because they were reported to have high strength. The workflow of the experimental process in this study is 

shown in Figure 5. 

 

Figure 5. Schematic of process methodology 

A flow table of the pastes was conducted by using a conical mold. The dimensions of the conical mold were 19 mm. 

in upper diameter, 38 mm. in diameter for the base, and a height of 57 mm. The porcelain geopolymer paste was poured 

into the mold and slowly lifted. The height was then measured. However, the workability test was started after 10 

minutes when the dry mixture was mixed with the alkali-activated solution. The equation of flowability was given in 

Equation 1: 

Flow table (%) = (
𝐷𝑠−𝐷𝑜

𝐷𝑜
) × 100  (1) 

where Ds is diameter of specimen spread after test has done (mm), and Do is diameter of specimen spread before test has 

started (mm). 

Water absorption was made in accordance with ASTM C642 [32]. For the water absorption test, the cube specimens 

were fully dried in an air-dry oven at 105°C for 24 hours. The weight of the specimens was in grams (wd). Before, when 

those specimens were fully immersed in still water for 24 hours and weighted repeatedly (ws), the values of fully 

saturated and complete dry weight could be obtained. The water absorption (WA) was calculated using Equation 2 [33]. 

The classification of specimens was according to their water absorption capacity. Using EN ISO 10545 standard 

classification [34, 35], the level of water absorption could be categorized into three levels. Low water absorption: 

0%WA0.5%, medium water absorption: 0.5%WA10.0% and high water absorption: WA>10%. 

Water absorption (WA,%) = (
𝑤𝑠−𝑤𝑑

𝑤𝑑
) × 100  (2) 

where Ws is weight before oven drying (g), Wd is weight after oven drying (g). 

The porosity test was a guideline to indicate the effect of additives that had been added. The porosity of geopolymer 

concrete plays an important role in strength, permeability, and the long-term effect of durability in geopolymer concrete. 

The porosity of the specimens was then examined. The cube (50×50×50 mm) specimens were tested at different ages. 

The testing ages were 3, 7, 28, and 60 days. The specimens were placed in a vacuum-filled glass desiccator. The air was 

withdrawn from the desiccator and continued for 3 hours. Stilled water was introduced to the level that submerged the 
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specimens. The process of depressurization was repeated for three hours. Immediately after specimens were 

depressurized with stilled water, they were placed on a weight scale to measure their masses. After the porosity test, the 

saturated specimens were then oven-dried at 105°C for 72 hours. This helped to remove all the moisture from specimens 

and reweight oven-dried specimens repeatedly in air conditioning. The equation governing the porosity test was given 

in Equation 3. 

Porosity (%) = (
𝑚𝑎(𝑠𝑎𝑡)−𝑚𝑎(𝑑𝑟𝑦)

𝑚𝑎(𝑠𝑎𝑡)−𝑚𝑤(𝑠𝑎𝑡)
) × 100  (3) 

where ma(sat) is Mass of saturated specimens in air (g), mw(sat) is Mass of saturated specimen in water (g), and ma(dry) = 

Mass of oven-dried specimens in air (g). 

Initial and final setting times of porcelain with and without superplasticizer paste were investigated according to 

ASTM C191 using Vicat needles [36]. The specimens were placed into the oven for curing at the required temperatures 

of 60°C, 75°C, 95°C, and 105°C. Every 10 minutes, specimens were taken out for testing and immediately returned to 

the oven. The initial setting time test was carried out using a 1 mm-diameter needle. The depth of penetration was 

repeatedly recorded until the penetration of the needle reached 25 mm in depth or less. The final setting time was then 

determined when a 5-mm-diameter needle could not penetrate into the paste. 

The strength of the specimen was subjected to compression. The compressive strengths of mortar were evaluated on 

a cube (50×50×50 mm). The strength of the specimens was tested and recorded by the Universal Machine (maximum 

load of 150 kN). The curing ages of the specimens were 3, 7, 14, and 28 days. 

2.3. Mix Design 

Mix design geopolymer mortar: The mixture proportion of porcelain-based geopolymer specimens was calculated: 

1) AAS content and air fix AAS content: 550 kg/m3 with assuming air 3 % 

2) 
AAS

Binder
= 0.7 with concentration of NaOH = 12M 

(2.1) 
Na2SiO3

NaOH
=2.50 

NaOH=
AAS Content×

AAS

Binder ratio

3.5
=110 kg/m3 

Na2SiO3 = NaOH content × 2.5  =275 kg/m3 

)2.2) Water content 

Solid content in NaOH   = 48.5% 

Water content in NaOH = 110)1-0 .485) = 56.6 kg/m3 

Therefore, Solid content in NaOH  =110 -56.6 = 53.4 kg/m3 

Water content in Na2SiO3 Solution =  275×
50

100
 = 137 .5 kg/m3 

Total Water content = 56.6+137.5 = 194.1 kg/m3 

3) Determination of Total Aggregates :VTA1-
3

100
-(

550

2.7
+

110

1.4
+

275

1.56
)×

1

1000
 = 0.5 m3 

4) Calculation of fine and aggregates: Mass of fine aggregate MFA = 0.5×2.6×1,000  =1,328.6 kg/m3 

5) Superplasticizer: Used at 0.5% of porcelain content  =2.8 kg/m3 

3. Results and Discussions 

3.1. Chemical Analysis 

3.1.1. X-Ray Fluorescence Spectroscopy 

Porcelain was ground and run through the XRF spectrometer. It found that porcelain has both lower number ratio of 

(
𝑆𝑖𝑂2

𝐴𝑙2𝑂3
) and the sum of CaO+Fe2O3 when was compared with OPC. The (

𝑆𝑖𝑂2

𝐴𝑙2𝑂3
) and the sum of CaO+Fe2O3 determines 

the compressive strength of geopolymer porcelain. It appeared that porcelain-based geopolymers have good compressive 

strength. 

3.1.2. X-Ray Diffraction 

The X-Ray diffraction patterns of porcelain showed quartz alpha (SiO2) and mullite (Al6Si2O13) amorphous phases. 

The characteristic high intensities at 2q values of porcelain were 16.5, 20.9, and 26.8, while the high-intensity of OPC 
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2q values were 29.7, 33.3, and 34.2, respectively. However, the intensity of the porcelain decreased after calcination 

and geopolymerization. This might be due to the amorphous phase, which was the main component after 

geopolymerization [37, 38]. 

3.2. Standard Consistency and Setting Time 

3.2.1. Standard consistency and Workability 

The standard consistency of paste and workability of porcelain-based geopolymer mortar were examined. In this 

study, superplasticizer was used at a level of 0.5%. It was found that the normal consistency of porcelain-based 

geopolymer paste with/without superplasticizer (sp) decreased when the concentration of alkaline liquid increased. The 

consistency of 8M, 10M, 12M, and 14M geopolymer paste was 48%, 45%, 43%, and 43%, respectively. The workability 

of porcelain-based geopolymer mortar decreased when the concentration of alkaline liquid increased (Table 3). 

However, the effect of adding superplasticizer increased the workability of 8M, 10M, 12M, and 14M flow table 

specimens by 31.37%, 30.39%, 28.92%, and 27.45%, respectively. The workability of mini-slump increased by 85%, 

82%, 80%, and 71%, respectively (Figure 6). The effect of using superplasticizer was great in low-concentration alkaline 

solution specimens. Applying a 0.5% dosage of superplasticizer was found to be insufficient to produce flowability in 

a high concentration of alkaline solution. An additional superplasticizer was needed when the concentration of the 

alkaline solution increased. The decrease in workability was due to the setting time of porcelain-based geopolymer 

pastes. The values of workability were relatively low on both flow table and mini-slump specimens without 

superplasticizer. Similar results were also found in high-calcium geopolymer materials [39]. 

    

(a) (b) (c) (d) 

Figure 6. Flowability and Slump of 14M (a), (b) and 8M specimens (c), (d) 

Table 3. Workability of porcelain based geopolymer mortar 

Concentration (M) 
Flow table (%) Mini-Slump (mm) 

w/sp without/sp w/sp without/sp 

8 35.29 3.92 20 3 

10 32.35 3.92 17 3 

12 30.39 1.96 10 2 

14 28.43 1.47 7 2 

As far as workability was concerned, the porcelain-based geopolymer mixture paste required a lesser amount of 

superplasticizer than low-calcium fly ash [40], iron, and steel slag [41] binder. This might be due to the specific surface 

area of fly ash, iron, and steel slag particles being greater than porcelain particles. Although, considering the fact that 

fly ash particles were spherical in shape, the specific surface area had greater influence than the shape of the particle. In 

order to maintain desired workability, it was advisable to increase workability by increasing the fine materials. In 

addition, the porcelain particles had a straight, flaky, elongated shape with sharp edges and a rough surface texture when 

compared with cement or fly ash particles. Therefore, an increment of alkali solution or superplasticizer was required 

to attain standard consistency. The low workability of fresh specimens led to high porosity and low strength. However, 

it might be suitable for non-load-bearing applications that need lighter structures. 

3.2.2. Initial and Final Setting Time 

Setting time penetration of porcelain-based geopolymers at various curing temperatures is shown in Figure 7. The 

ambient temperature and relative humidity of the environment were in the range of 34°C±2 and 72% ±1 respectively. 

The initial and final setting times with curing temperatures at 60°C, 75°C, 90°C, and 105°C are shown in Table 4. It 

was found that the initial and final setting times of porcelain-based geopolymer paste decreased when NaOH solution 

molarity increased. This was due to an increasing NaOH molarity, which enhanced the dissolution rate of the 
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aluminosolicate precursors and stimulated the geopolymerization process [42]. Porcelain was a low-calcium material, 

which gave it a low rate of geopolymerization at an early age. This was attributed to the low reactivity of porcelain 

material, which required time to change from plasticity to solid state. In the case of a high concentration of NaOH 

solution molarity, it was found that porcelain-based geopolymer paste took longer to reach solidification state when 

compared with a low concentration of NaOH solution molarity. Therefore, heat was then required to stipulate the 

geopolymerization rate. 

  

(a) (b) 

  

(c) (d) 

Figure 7. Effect of alkaline liquid concentration on setting time (a) 8 Molar (b) 10 Molar (c) 12 Molar (d) 14 Molar 

Table 4. Setting time of specimens at various temperatures 

Curing temp (C) Concentration (M) Initial (mins) Final (mins) 

60 8 352 380 

75 8 318 340 

90 8 201 240 

105 8 165 180 

60 10 331 360 

75 10 210 240 

90 10 171 210 

105 10 126 150 

60 12 329 360 

75 12 211 240 

90 12 143 170 

105 12 126 150 

60 14 321 350 

75 14 146 165 

90 14 114 135 

105 14 89 135 
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However, when applying heat to specimens, the rate of evaporation of water also increased as the curing temperature 

increased. This led to a higher concentration of the remaining alkali activator. In addition, the coverage of specimens 

also affected the rate of solidification. By opening the surface of specimens to expose curing heat. It accelerated the rate 

of evaporation of water, which increased the dissolution rate of aluninosilicate particles. Therefore, the rate of 

solidification of porcelain-based geopolymer paste depends on the initial curing temperature. The solidification of 

specimens started from surface to core. The hot air caused the surface of the specimens to harden while the internals 

were still soft. 

In this study, the authors had not yet found a situation where an increase in NaOH solution molarity led to an increase 

in initial and final setting times. This behavior is usually found in high-calcium materials [43]. The influence of 

superplasticizer on the setting time of pastes had not been noticed. In general, penetration depth and setting time 

depended on the alkaline solution and its activator composition, which affected workability. It was also found that an 

increase in curing temperature stimulated the geopolymerization process. At low curing temperatures (60°C and 75°C), 

the geopolymer pastes set slowly. The initial and final setting times were longer than the other curing temperatures. A 

similar result was found by Liew et al. [44]. The 8M geopolymer paste reached its setting times (initial and final) at 352 

minutes, 380 minutes, and 318 minutes, 340 minutes, respectively. While at high curing temperatures (90°C and 105°C), 

the initial and final setting times were 201 minutes, 240 minutes, 165 minutes, and 180 minutes, respectively. At 8 M, 

solidification of porcelain paste was noticed when porcelain-based geopolymer pastes reached 300 minutes (60°C and 

75°C) and 180 minutes (90°C and 105°C). The effect of curing temperature on NaOH molarity was clearly pronounced 

when the concentration of alkaline liquid was above 8 molar and the temperature of curing was above 60°C. The setting 

time decreased when the curing temperature increased. Similar results were found in fly ash [45] and metakaolin [13, 

46] based geopolymers. The high rate of setting was due to the temperature-controlled dissolution of aluminosilicate 

precursors that were reactive at high temperatures [47]. The characteristic setting time of porcelain powder mixed with 

alkaline liquid was found to be similar to that of other low-calcium geopolymer materials [48]. However, the 

concentration of alkaline liquid had a lesser effect on paste hardening than high-curing-temperature pastes. The 

geopolymerization process was easily stimulated when the concentration of alkaline liquids was high. 

In addition, an increment in the concentration of alkaline liquid also caused less consistency in the paste, which led 

to less dissolution of the activator solution. For the effect of alkaline concentration on the geopolymerization process, it 

was found that the concentration of alkaline liquid affected the starting time of the second stage of the geopolymerization 

process. The starting time of the second stage of the geopolymerization process decreased as the concentration of 

alkaline liquid increased. At 10M or above, the concentration of alkaline liquid showed an obvious effect on the starting 

point of the second stage of the geopolymerization process. While, at 8M, a curing temperature above 75°C is required 

to stimulate the geopolymerization process. It could be noted that porcelain-based geopolymer mix activated with alkali 

solution decreased the final setting time, whereas fly ash type F and ground granulated blast furnace (GGBS)-based 

geopolymer paste increased the final setting time [49].  

Table 5 shows the initial and final setting times of geopolymer mortar with different binders. It can be noticed that 

the initial and final setting times of fly ash mixes increased with calcium content. While ground granulated blast furnace 

slag (GGBS) was a cementitious material with a high calcium content. The setting time of the slag paste rapidly 

decreased. In this study, the setting time of porcelain-based geopolymer was acceptable when compared with other 

binder materials. From this study, the initial and final setting times of 12 M specimens at a curing temperature of 105°C 

were 89 minutes and 135 minutes, respectively. While fly ash, with 24 hours of oven drying at 110 °C, had initial and 

final setting times of 190 minutes and 230 minutes, The faster setting time of fly ash was due to the formation of micro-

cracks on fly ash particles during rapid water escapement, which caused more reactive materials to enter the activation 

environment. The strength of the paste depended on the amount of aluninosilicate gel produced during the 

geopolymerization process [50]. The interface bonding between gel and fine aggregate was expected to have a 

significant bearing on the strength of geopolymer paste specimens. In order to increase the interface bonding, higher 

heat was required. 

Table 5. Setting time and heat conditions of various binder materials based geopolymer 

Binder Heat treatment 
Initial setting 

(min) 

Final setting 

(min) 

Particle size, 

d50 (m) 

Compressive strength 

(N/mm2) 

Fly ash [51] 1 hr. oven dried at 110 C 170 220 12 70±3 

Fly ash [51] 24 hrs. oven dried at 110 C 190 230 12 73±3 

Ferrochrome slag [52] 96 hrs. at 22 C 235 870  43 1.52 (paste), curing at 80C 

50% Fly ash+35% 

GGBS+15% Silica Fume [53] 
48 hrs. oven dried at 90 C 40 110  45 31 

50% Fly ash+ 50% GGBS [53] 48 hrs. oven dried at 90 C 20 65  45 28 
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3.3. Absorption and Porosity 

The water absorption and porosity of porcelain-based geopolymers were studied (Figure 8). All cube specimens 

were oven-dried at 60°C, 75°C, 90°C, and 105°C for 24 hours. The air curing temperature was ambient temperature (35-

37°C). According to the findings, the absorption of specimens showed the large voids contained within specimens, while 

the porosity showed the capillary small voids. The water absorption of all specimens was high in the early curing ages, 

regardless of curing temperature, oven-drying time and air curing time. Table 6 shows that the rate of absorption 

gradually improved after specimens reached saturation level. The initial rate of water absorption decreased as the 

concentration of alkaline liquid increased. The decrease in water absorption was noticed at 3, 7, 14, and 28 days. It was 

found that specimens at day 28 showed the lowest percentage of water absorption and porosity, whereas specimens at 

day 1 showed the highest water absorption and porosity. 

  

(a) (b) 

Figure 8. Porosity test (a) De-aired (b) Fully submerged specimens 

Table 6. Absorption of specimens at various curing days 

Concentration 

(M) 

24 hrs. oven-drying 

temp (C) 

Absorption (%) 

Air-cured (days) 

1 3 7 14 28 

14 60 12.8 12.1 11.6 11.3 11.1 

14 75 10.9 10.7 10.3 10.1 9.9 

14 90 9.8 9.5 9.1 8.9 8.5 

14 105 7.8 7.4 7.1 6.9 6.6 

12 60 14.9 14.1 13.7 13.1 12.7 

12 75 13.0 12.6 12.1 11.4 10.6 

12 90 10.1 9.9 9.4 9.0 8.8 

12 105 8.3 7.7 7.4 7.1 6.9 

10 60 19.1 18.4 18.2 18.0 17.6 

10 75 16.0 15.1 14.6 14.0 13.0 

10 90 13.2 12.8 12.1 11.6 10.8 

10 105 9.2 8.8 8.4 8.3 7.9 

8 60 19.3 18.8 18.5 18.2 17.5 

8 75 16.0 15.1 14.6 14.0 13.0 

8 90 13.2 12.8 12.1 11.6 10.1 

8 105 9.2 9.0 8.4 8.3 8.1 

A higher water absorption value at early curing age could be attributed to the existence of larger voids, while a lower 

water absorption value might be ascribed to the formation of geopolymerization products in the microstructure [54]. 

The internal structure of specimens became denser and improved crystallinity from day 1 onward. The formation of a 

well-compressed microstructure led to fewer vacancies. Similar results were found by Olivia & Nikraz [55], Lavanya 

& Jegan [56], and Zaidi et al. [57]. The porosity of specimens was affected by the pore structure of the specimens, which 

depended on the concentration of alkaline solution, the duration of submersion in still water with the porosity test, and 

the duration of curing in oven dry before specimens were subjected to the porosity test. 
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Addition, Figures 9a and 9b show the characteristic surfaces of 8M and 14M specimens with oven curing at 105°C, 

respectively. The number and size of pores decreased when the concentration of alkaline liquid increased. The rate of 

absorption rapidly decreased during the first 3 days. It appeared that the geopolymerization process of porcelain powder 

had better reacted with higher temperatures and higher alkaline concentrations. The results also confirmed the setting 

time test results. The pore size decreased, and the structure became denser. The porosity and permeability of the 

specimens decreased. The durability of specimens could potentially be expected. 

  

(a) (b) 

Figure 9. Surface of specimens at difference curing age (a) Surface of specimens at 8M with 28 days curing (b) Surface of 

specimens at 14M with 28 days curing 

Figure 10 shows the porosity of specimens at various concentrations after 24 hours of oven-curing temperatures. 

The characteristic of porosity was similar to the water absorption results. The 1-day-old specimens had difficulty 

measuring the weight of ingress water because they were still gelatinous and moist, which meant they might easily break 

from their original shape during the weight measurement. Especially the high NaOH concentrations (12M and 14M) 

and 60°C curing temperatures required extra time to measure the weight. The absorption rate decreased when alkaline 

concentrations increased. Even specimens had dissolution of alkaline liquid while submerged in desiccator water. In 

contrast, other works showed that slag mixed with low-calcium fly ash [58] and low-calcium fly ash mixed with steel 

fiber-reinforced geopolymer concrete [59] required less time to solidification. 

  

(a) (b) 

Figure 10. Porosity of specimens at various temperature (a) 8M and 10M (b) 10M and 12M 

For the effect of curing temperature, an increment of 15°C from 60°C to 75°C had the highest effect on reducing the 

porosity of specimens. At 28 days into the curing period, the rate of decrease in porosity was 0.70%/°C. while increments 

of temperature from 75°C to 90°C and 90°C to 105°C had a lesser rate of decreasing porosity values of 0.05%/°C and 

0.29%/°C, respectively. Overall, specimens with an initial curing temperature of 105°C had the lowest porosity value 

when each alkaline concentration level was compared. An increment in alkaline concentration influenced both non-

reacted and partly reacted particles, which led to an added porous structure. However, all specimens were subjected to 

24 hours of oven-dry curing, which helped advance the geopolymerization process and dry the specimens. It found that 

28-day air-cured specimens with an 8M concentration had the highest water absorption (17.5%), while the lowest water 
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absorption was found in 28-day air-cured specimens with a 14M alkaline concentration (6.5%). It was noticeable that 

the water absorption decreased with increasing cure time. However, the rate of absorption gradually decreased with time 

since pores had gradually filled with geopolymerization products. 

The higher temperature and longer curing period in oven resulted in rapid evaporation and heavy loss of water from 

pores. Larger pores were highly prone. An increasing volume of open pores by high curing temperatures increased 

porosity of geopolymer mixed with ceramics specimens. The percentage of porosity continuously increased with curing 

temperature and time [60]. An increase in percentage of high alkali concentration specimens which were subjected to 

high curing temperature, were not found in this study. An increment of internal surface area of pores was influenced by 

temperature and period of curing. The lowest porosity achieved with activator solution 14M when specimens were 

subjected to 24 hours oven-cured and 28 days air-cured (15.7%). It was also found that the relationship between 

absorption and porosity of specimens was exponential behavior as absorption increased porosity of specimens increased 

with decreasing in temperature of drying oven. The decreasing in water adsorption rate had been noticed since 1day air-

cured age (Figure 11). 

  

(a) (b) 

 

(c) 

Figure 11. Correlation between porosity and absorption at 1 day age various curing temperature (a) 8M (b)-12M (c) 14M  

This was due to solidification of internal structure of specimens which led to denser and harder. The product 

(crystalline) of alkaline solution mixed with activator was developed. The durability and permeability of specimens had 

been improved with time. Similar results were also found toward the temperature of drying oven. Heat was required in 

development of internal structure. The relationship between water absorption and porosity decreased exponentially with 

a relative high correlation coefficient (R2). It showed that specimens with higher water absorption and porosity were 

potentially less durable. As far as porosity and absorption were concerned, the effectiveness of porcelain powder used 

as binding material could be insighted. The rate of decreasing porosity and voids in specimens were similar to low 

calcium fly ash material and slag [60]. 

3.4. Development of Strength 

3.4.1. Curing Temperature and Curing Period 

The compressive strength test was performed by taking three specimens from each set after 3, 7, 14, and 28 hours of 

curing in air. Figure 12 shows the failure of compressive specimens at various curing temperatures. The compressive 

strength results are shown in Figure 13. The compressive strength increased with the increase in concentration of NaOH 
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from 8M to 14M. However, oven-dry curing time was further extended from 2 hours to 24 hours. The two, four, six, 

and eight-hour periods in the oven were not long enough to make ready-to-test specimens. The specimens were still 

moist and soft. The compressive strength of the specimens was lower. Comparably, the specimens were oven-cured at 

75 °C, 90 °C, and 105 °C, which showed a faster increase in compressive strength. A similar result was found by Mo et 

al. [13]. This was due to the slow dissolution of porcelain particles. The geopolymerization products grew slowly. The 

amounts of precursors dissolved from amorphous phases in porcelain were insufficient to polymerize with amorphous 

Si precursors in activators to form enough aluminosilicate gels. As a result, a plentiful amount of sol phase and water 

were in the system, which caused the value of compressive strength to be lower than that of specimens cured at a higher 

temperature. It was found that the length of drying in the oven and curing in the air influenced the hardening of 

specimens. The 24-hour oven-dry specimens were then preferred. The specimens were denser and harder. The 

compressive strength of sanitary ware porcelain based geopolymer mortar increased with time and concentration of 

NaOH. High temperatures in oven-dry curing with a short curing time enhanced both the solidification of specimens 

and the development of compressive strength [61, 62]. 

The rate of increase in strength was significantly noticed when specimens were initially heated from 75°C upward 

for 24 hours. It was widely understood that curing geopolymer at a higher curing temperature resulted in increased early 

strength while having a negative effect on the final strength of the material. Curing temperature from 60 °C to 105°C, 

the compressive strength increased with curing temperature. The adverse effect on the final strength was not found when 

compared with metaokaolin [13, 63] and fly ash [64, 65]-based geopolymers. This was due to the low calcium content 

of porcelain. At high curing temperatures, dissolution and condensation occurred at a rapid rate. However, the rate of 

condensation was slower than that of metakaolin and fly ash. Plenty of reactive materials were generated to condense. 

The geopolymerization process caused reactive aluminosilicate particles to largely remain in the system. Therefore, the 

dissolution and condensation processes of unreactive particles could continue over time. However, the rate of increase 

in compressive force declined with time. This was due to the availability of aluminosilicate particles and the accessibility 

of solvent to the inner layers of aluminosilicate particles. The particles were obstructed by the formation of 

geopolymerization gel products that surrounded aluminosilicate particles. Prolonging oven-dry time was not advisable. 

An excessive drying oven period caused further moisture escapement through cracks and voids, which led to the 

shrinkage of specimens. With an appropriate period of curing time and drying oven temperature (105°C), the continual 

dissolution of porcelain powders was very fast, which helped to promote fast polymerization to form geopolymer gels 

and transformation into hard structures [40]. 

Figure 14 shows the formation of cracks on the surface of specimens. The formation and number of crack lines were 

greater and deeper in low-concentration alkaline solution specimens. The occurrence of cracks rapidly increased when 

high concentrations of alkaline specimens were cured for an excessive 24 hours. A similar result was also found when 

specimens with high alkaline concentrations were oven-dried at a high temperature. In this study, microcracks with 

discontinuous gel did not appear on the specimens after they were oven-cured. However, under microscopic, micro 

cracks were mostly found in low alkali concentration with early age of curing specimens. While, large cracks were 

identified in the other ceramic-based geopolymer mortar specimens following immersion in water [66]. It was due to 

the inclusion of calcium silicate hydrate phases that provided stiffness to the geopolymer specimens, improving the 

mechanical properties of porcelain-based geopolymers. The formation of early-age cracking also depended on the 

development of strength in specimens. 

 

Figure 12. Typical 28 days curing age specimens’ failure under compressive strength test 
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(a) (b) 

Figure 13. Compressive strength at various temperature and period of curing (a) 8M and 10M (b) 12M and 14M 

  

(a) (b) 

Figure 14. (a) Characteristic of crack on surface of 8M with 28 days curing specimen (b) Characteristic of cracks on surface 

of specimens at 14M with 28 days curing 

The overheating temperature was usually considered to be above 105°C. By applying an excessive curing duration 

and a high conventional curing temperature (105°C), it could harm the physical and mechanical properties of specimens. 

The crack lines might cause the strength of specimens to decrease as the concentration of alkaline solution increased. It 

might relate to the de-bonding between geopolymer materials, which held particles together were weak. The porcelain 

particles were mainly bonded by chemical bonding. The severe escapement of moisture and shrinkage of specimens 

occurred when high temperatures and a long period of oven-curing conditions were introduced. The development of 

cracks mainly occurred within the 24-hour oven-drying period. Therefore, an appropriate length of drying oven and a 

suitable temperature for curing should be taken into consideration. For the effect of curing temperature on the 

development of compressive strength, the rate of increase in strength was not steady. The specimens with the fastest 

rate of increase in strength had 14M specimens with a curing temperature of 105°C. 

The strength of specimens increased at 0.70 N/mm2 per day. While the 8M specimens with a curing temperature of 

60°C gained strength at a rate of 0.12 N/mm2 per day. It was found that both curing temperature and curing period had 

an effect on the increment of porcelain-based geopolymer mortar strength. However, it appeared that the sensitivity of 

curing temperature to strength was higher than curing time. In addition, porcelain material was a slow-reacting material 

when compared with low-calcium fly ash and slag. The geopolymerization process of porcelain binder was then slower 

than that of low-calcium fly ash and slag [67]. The increment of strength from 1 to 7 days was significantly higher than 

the increment of strength during the 7 to 28-day period. This was due to the availability of calcium hydroxide and 

calcium silicate to react with the porcelain binder. The formation of calcium aluminosilicate and geopolymerization 

products (calcium silicate hydrate) rapidly occurred during the geopolmerization process [68]. The results showed that 

as the concentration of alkaline solution increased, the initial and ultimate strengths increased significantly. This 

indicated that the aluminosilicate source underwent further dissolution, which led to its chemical structure changing [52, 

69]. It appeared that the porcelain powder had a good response to an alkaline solution. The concentration of alkaline 

solution had a significant effect on the strength of porcelain-based geopolymer mortar. 
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However, an appropriate drying oven at a high temperature was also needed to achieve the desired strength. The 

strength of porcelain-based geopolymer mortar increased with time once specimens were initially cured by heat. At 

ambient temperatures, a heating system was required to provide heat to the geopolymer members when the formwork 

had been removed. Thus, individual work required a specific initial heat-curing temperature and duration to fit the needs 

of practical application. Table 7 shows that the compressive strength of a geopolymer depends on several factors from 

prior studies. These factors included binding materials and curing methods. However, curing at an elevated temperature 

above 60 °C for more than 24 hours appeared to promote the development of compressive strength. It appeared that 

curing specimens above 75°C increased the compressive strength significantly. In this study, it was found that 

introducing porcelain as a binding material gave reasonable high compressive strength when compared with calcined 

kaolinite claystone (68 N/mm2) [66] and kaolin (19.83–48 N/mm2) [67, 68]. Selecting a suitable water glass type of 

alkali activator also enhanced the mechanical properties of the geopolymer mortar used, as porcelain has good 

compressive strength. However, the state of the material (liquid or solid) also affected compressive strength due to phase 

and bond formation in the geopolymerization process. 

Table 7. Compressive strength and binding material used 

Reference Binding materials Curing method Compressive strength Activator 

Hájková (2018) [70] 
Calcined kaolinite 

claystone 

Ambient, oven dry, 

microwave 
68 N/mm2 at 28 days curing 

Sodium silicate, sodium 

hydroxide 

Matalkah et al. (2020) [71] Kaolin Heat and ambient curing 48 N/mm2 
Potassium silicate and 

calcium hydroxide 

Ababneh et al. (2020) [50] Kaolin Heat and ambient curing 
7-day 19.83 N/mm2 (heat cure) 

16.47 N/mm2 (room-cure) 

Sodium silicate, sodium 

carbonate, calcium oxide 

4. Conclusions 

The mechanical properties of sanitary ware porcelain powder used as binder material for geopolymer were discussed 

concerning four principal characteristics (consistency, setting time, porosity, and compressive). This research found that 

the consistency of 8M, 10M, 12M, and 14M porcelain-based geopolymer paste was 48%, 45%, 43%, and 43%, 

respectively. The setting times and workability of the porcelain-based geopolymer paste increased when the 

concentration of NaOH molarity decreased. An increasing alkaline concentration decreased the overall viscosity of 

porcelain-based geopolymers. Thus, mixing for a longer period was not advisable. The rapid clotting of the geopolymer 

slurries caused the undissolved porcelain particles to be covered with geopolymer gel. Extra attention should be paid 

when the curing temperature is between 90°C and 105°C, the viscosity of geopolymerization products increases rapidly 

at the onset of polycondensation. The initial and final setting times rapidly decreased. An excessive curing time and 

overly high temperature caused microcracks and contraction in geopolymer specimens. Hence, full coverage of the 

specimen during oven curing should be applied. Otherwise, dehydration, excessive moisture loss, and shrinkage at high 

temperatures occurred. In addition, the efficiency and potentialities of compaction were also affected. Voids and 

capillary pores. Superplasticizer was then needed to increase the workability of pastes. The alkali concentration level 

had an obvious effect on the final setting time. By increasing the alkali concentration level, the final setting time 

decreased. The setting time of porcelain-based geopolymer paste at low curing temperatures (60°C and 75°C) sets 

slowly. Therefore, the solidification of specimens required time. 

From the SEM analysis, lower alkaline concentrations caused the unreacted porcelain particles. In addition, 

prolonged curing periods in oven-dry with high temperatures caused internal crack lines in low alkaline-concentration 

porcelain-based geopolymer mortar. 

The research found that increasing the length of the drying oven decreased porosity and water absorption rate. The 

capillary voids of the specimen decreased as the concentration of alkaline solution increased. The optimal alkaline 

concentration of the porcelain-based geopolymer mortar was 14M when cured for 24 hours at 105°C. This governed 

condition provided the lesser value in water absorption and porosity of porcelain-based geopolymer mortar. The sanitary 

ware porcelain had potential to be used as an alternative binder for geopolymer products. Although porcelain-based 

geopolymer mortar could be cured at ambient temperature, heat curing was recommended. Hot air curing helped 

complete the chemical reaction in the geopolymerization process. 

The compressive strength of porcelain-based geopolymer mortar was influenced by the constituent binder materials 

that make the geopolymer paste. The test results also showed that higher concentrations (molar concentrations) of 

sodium hydroxide solution enhanced the compressive strength of geopolymer mortar. In addition, the compressive 

strength increased as pores decreased. The ultimate compressive strength was 64.45 kN/mm2 for 28 days of air curing. 

The rapid rate of increase in compressive strength occurred during 7 days of curing in air. The compressive strength 

increased with an increase in alkaline concentration. The rate of increase in strength increased as the alkaline 

concentration increased. Therefore, the specimens with higher alkaline concentrations had lesser water absorption and 

porosity values. Hence, the permeability of ingress water was reduced. The durability of porcelain-based geopolymer 

mortar was also improved. 
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For sanitary ware porcelain powder-based geopolymer mortar, a definite mix design was not clearly available in the 

past literature, which was incorporated into the present work. Trials and errors were conducted to seek an appropriate 

mix proportion. However, the addition of a naphthalene sulfonate-based superplasticizer dosage greater than 0.5% 

resulted in higher flowability and viscosity of the geopolymer paste. The viscosity of the geopolymer paste rapidly 

decreased with time. Therefore, speed and enormous energy for placing and compacting were needed for producing 

geopolymer mortar specimens. 
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