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Research Article 1 

Prediction of High Temperature Behavior of Geopolymer from Solid Wastes Using Gibbs 2 

Energy Minimization Approach 3 

 4 

Abstract 5 

Geopolymer, alumino-silicate inorganic polymer, has the potential to substitute Portland cement 6 

because of its lower energy consumption and CO2 emissions, as well as its raw material can use 7 

solid wastes such as fly ash, slag, and biomass ash. Geopolymer as Portland cement substitute in 8 

addition to having good mechanical strength must also have resistance to high temperature exposure 9 

which can be predicted from its solidus and liquidus temperatures. Solidus temperature indicates the 10 

occurrence of melting when the solid is heated, while the liquidus temperature indicates the 11 

occurrence of precipitation when the liquid is cooled. Thus geopolymer having high solidus and 12 

liquidus temperatures demonstrates its resistance to high temperature exposure. In this paper, 13 

composition effect of raw material mixture (fly ash, slag, and biomass ash) on the solidus and 14 

liquidus temperatures of geopolymer had been studied using experimental design of 3-components 15 

mixture. Solidus and liquidus temperatures of geopolymer in each mixture composition were 16 

determined using Gibbs energy minimization approach by FactSage 6.3 software, while the effect 17 

of mixture composition on solidus and liquidus temperatures was determined statistically by 18 

Minitab 17 software. Phase changes were observed in temperature range of 100-2500 oC and 19 

simulation results showed that geopolymers had solidus temperatures of 500-972.4 oC and liquidus 20 

temperatures of 2146.1-2491.5 oC. Solidus and liquidus temperatures obtained in each simulation 21 

were treated statistically resulting linear regression model for solidus temperature and special cubic 22 

regression model for liquidus temperature. Fly ash component had the highest positive effect on 23 

both solidus and liquidus temperatures of geopolymer compared to slag and biomass ash 24 

components. Therefore, geopolymer product having high solidus and liquidus temperatures was 25 

obtained with composition of raw material mixture dominated by fly ash.  26 
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Keywords: experimental design of 3-components mixture; geopolymer; Gibbs energy minimization 27 

approach; liquidus temperature; solid waste; solidus temperature 28 

 29 

1. Introduction 30 

Portland cement is a building material that has been widely used and its use tends to increase. 31 

World cement production in 2006 is about 2540 million tons and increase to about 4080 million 32 

tons in 2013 [1]. Cement production, which requires temperature of 1400 oC, is an energy intensive 33 

process. The dry process consumes energy about 4.60 GJ per ton of clinker, while for wet process 34 

the required energy can reach 5.85-6.28 GJ per ton of clinker [2]. The CO2 emissions generated in 35 

the production of cement around 0.9 ton CO2 per ton of cement and CO2 emissions of cement 36 

industry has contributed approximately 5% of global CO2 emissions [3]. 37 

Several alternatives to Portland cement with lower energy consumption and CO2 emissions are 38 

calcium sulphoaluminate cement, magnesium-based cement, and geopolymer. Geopolymer is more 39 

potential to be developed as a Portland cement substitute because geopolymer production takes 40 

place at low temperatures (below 100 °C) and can use waste materials such as fly ash, biomass ash, 41 

and slag [4]. Geopolymerisation process involves complex reactions between materials containing 42 

alumino-silicate oxide with alkali hydroxide/silicate at temperature below 100 °C. This produces Si-43 

O-Al polymeric bond with the empirical formula of Mn(-(SiO2)z-AlO2)n.wH2O, where: M = cation 44 

Na+/K+; z = 1,2,3 ; n = degree of polycondensation. Reaction of geopolimerisation is as follows [5]: 45 

 46 

 47 

                            (Si2O5,Al2O2)n + 3nH2O 
NaOH/KOH
→         n(OH)3-Si-O-Al–-(OH)3 (1) 48 

(Si–Al material)    Orthosialate 49 

 50 

                                                                         |         |            51 

n(OH)3–Si–O–Al––(OH)3 
NaOH/KOH
→         (Na,K)(–Si–O–Al––O–)n + 3n H2O (2) 52 

                                         |         |       53 

                                                O       O            54 

                                                                                             |         |          55 

                         Orthosialate             (Na,K)-poly(sialate) 56 
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Three-dimensional structure of geopolymer products are amorphous to semi-crystalline and can be 57 

poly(sialate)/(-Si-O-Al-O-) for Si:Al = 1:1, poly(sialate-siloxo)/(-Si-O-Al-O-Si-O-) for Si:Al = 2:1, 58 

or poly(sialate-disiloxo)/(-Si-O-Al-O-Si-O-Si-O-) for Si:Al = 3:1 [5].  59 

Sources of alumino-silicate material are natural mineral (for example: kaolin), waste from 60 

combustion of coal (fly ash) and biomass, and waste from steel industry (slag). Fly ash from coal 61 

combustion and slag has been used extensively in the cement production. In addition to improving 62 

the cement quality, fly ash or slag usage would reduce the amount of clinker in cement so that the 63 

energy for clinker production could also be reduced [2]. Utilization of waste products of 64 

combustion, i.e. fly ash and biomass ash, and slag for geopolymer as a Portland cement substitute is 65 

an attempt to reduce the burden on the environment and can also contribute to the reduction of CO2 66 

emissions.  67 

Geopolymer as a Portland cement substitute in addition to having good mechanical strength must 68 

also have resistance to high temperature exposure. Geopolymer has shown better resistance to fire 69 

than Portland cement [4]. Exposure of Portland cement-based mortars and concretes to temperature 70 

above 300 oC can decompose Ca(OH)2 into CaO and H2O which causes mortar shrinkage [6]. 71 

Furthermore CaO may react with water vapour in air to form Ca(OH)2 having greater volume than 72 

CaO so that mortar will crack resulting in mortar damage.  73 

To determine the resistance of geopolymer to high temperature exposure, it can be predicted from 74 

its solidus and liquidus temperatures. Solidus temperature indicates the occurrence of melting when 75 

the solid is heated, while the liquidus temperature indicates the occurrence of precipitation when the 76 

liquid is cooled [7]. Thus geopolymer having high solidus and liquidus temperatures demonstrates 77 

its resistance to high temperature exposure.  78 

This paper studies the composition effect of raw material mixture (fly ash, slag, and biomass ash) 79 

on high temperature behavior of geopolymer product, i.e. solidus and liquidus temperatures. 80 

Determination of solidus and liquidus temperatures was conducted using Gibbs energy 81 
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minimization approach with FactSage 6.3 software, whereas determination of the composition 82 

effect of raw material mixture statistically was conducted with Minitab 17 software. 83 

 84 

2. Experimental 85 

Determination of solidus and liquidus temperatures by FactSage software uses phase equilibrium 86 

calculation with minimization of the Gibbs energy change. 87 

∆𝐺 < 0 (3) 88 

𝐺 − ∑𝑛𝑚𝐺𝑚 < 0 (4) 89 

𝐺 = ∑𝑛𝑚𝐺𝑚 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 (5) 90 

where: ΔG = Gibbs energy change, nm = mole numbers of component m, and Gm = Gibbs energy of 91 

component m. One of the models used in FactSage software for oxides, salts, and metal alloys with 92 

short-range-ordering is modified quasi-chemical [8].  93 

The Gibbs energy for solution is: 94 

𝐺 = ∑𝑛𝑚𝑔𝑚
𝑜 − 𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 + ∑ ∑𝑛𝑚𝑛(

∆𝑔𝑚𝑛

2
) 𝑛>𝑚
 
 (6) 95 

where: 𝑔𝑚
𝑜  = Gibbs energy of pure component m, T = temperature, ∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = configurational 96 

entropy of mixing, nmn = mole numbers of m-n pair, and ∆𝑔𝑚𝑛 = nonconfigurational Gibbs energy 97 

change for formation of 2 moles of m-n pair. 98 

For multicomponent solution [9]: 99 

𝐺 = (𝑛11𝑔11
𝑜 + 𝑛12𝑔12

𝑜 + 𝑛22𝑔22
𝑜 + 𝑛13𝑔13

𝑜 +⋯) − 𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 + ∑ ∑(
𝑛𝑚𝑛

2
) (∆𝑔𝑚𝑛 − ∆𝑔𝑚𝑛)

𝑜
𝑛>𝑚100 

 (7) 101 

with: 102 

∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = −𝑅∑𝑛𝑚 ln𝑋𝑚 − 𝑅(∑𝑛𝑚𝑚ln(𝑋𝑚𝑚/𝑌𝑚
2) + ∑ ∑𝑛𝑚𝑛ln(𝑋𝑚𝑛/2𝑌𝑚𝑌𝑛)𝑚>𝑛 )  (8) 103 

∆𝑔𝑚𝑛 = ∆𝑔𝑚𝑛
𝑜 + ∑ 𝑔𝑚𝑛

𝑖𝑗
𝑋𝑚𝑚
𝑖 𝑋𝑛𝑛

𝑗
(𝑖+𝑗)≥1  (9) 104 

where: R = universal gas constant , 𝑋𝑚 = mole fraction of component m, 𝑋𝑚𝑛 = mole fraction of  m-105 

n pair, and 𝑌𝑚 = coordination-equivalent fraction of component m.  106 
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Module of calculation used in FactSage software was Equilib with SLAGE solution phase, namely 107 

an oxide mixture of Al, Ca, Cu, Fe, K, Mg, Mn, Na, Si, Ti with H2O/OH, Cl, SO4, PO4. Data 108 

required to determine solidus and liquidus temperatures were oxide compositions of geopolymer 109 

raw material, in this case fly ash, slag, and biomass ash (palm oil fuel ash) as presented in Tab. 1. 110 

In each simulation run by FactSage software, it was used 100 grams mixture of fly ash, slag, and 111 

biomass ash as alumino-silicate material with certain composition reacted with 5 N KOH as 112 

alkaline activator with weight ratio of 2:1 to form geopolymer. The composition of raw material (fly 113 

ash, slag, biomass ash) used in each simulation was based on experimental design of 3-components 114 

mixture generated by Minitab software with 10 compositions as shown in Fig. 1. Phase changes of 115 

formed geopolymer were observed in temperature range of 100-2500 oC. 116 

Solidus and liquidus temperatures obtained in each simulation then statistically were treated by 117 

Minitab software. Regression model of mixture experiment can be linear, quadratic, full cubic, or 118 

special cubic equation [11]. By analysis of variance (ANOVA) the adequate equations for solidus 119 

and liquidus temperatures could be determined. These equations could be used to predict solidus 120 

and liquidus temperatures of geopolymer with fly ash, slag, and biomass ash as raw material. 121 

Furthermore, the composition effect of raw material mixture on solidus and liquidus temperatures 122 

could be determined from the equations.  123 

 124 

 125 

3. Result and Discussion 126 

3.1 Solidus and liquidus temperatures of geopolymer 127 

Solidus and liquidus temperatures of geopolymer resulted by simulation using FactSage software on 128 

each mixture composition of raw material are presented in Tab. 2. The range of the solidus 129 

temperature of geopolymer is 500-972.4 oC, while the liquidus temperature is 2146.1-2491.5 oC. 130 

At various temperature ranges geopolymer can undergo dehydration of free water (100-300 oC); 131 

dehydroxylation (250-600 oC); densification by viscous sintering (550-900 oC); and crystallization, 132 

expansion due to cracking, further densification (>900 oC) [12]. Thus at temperature of 550-900 oC 133 
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it begins to form liquid. This range is not much different with the solidus temperatures obtained by 134 

FactSage (500-972.4 oC) where at that temperature molten slag begins to be formed.  135 

Mineral phases that occur from FactSage calculation are presented in Tab. 3 on simulation with a 136 

mixture of fly ash:slag:biomass ash = 1/3:1/3:1/3 (M7). This agrees with the results of XRD (X-Ray 137 

Diffraction) analysis to geopolymer exposed to high temperatures [12]. Leucite (KAlSi2O6) is a 138 

major phase encountered in geopolymer synthesized with alkaline activator containing potassium at 139 

temperature about 1000 oC, while hematite (Fe2O3) at temperature about 1200 oC. Garnet 140 

(Ca3Fe2Si3O12) and wollastonite (CaSiO3) will be found in geopolymer with slag as raw material 141 

due to high calcium content [13].  142 

The liquidus temperature which indicates geopolymer in wholly liquid form is obtained above 2000 143 

oC. Mineral formed or start precipitated at liquidus temperature generally is (SrO)(SiO2) or 144 

(SrO)2(SiO2), but for geopolymer with slag composition  = 1 (M2), slag:biomass ash = 1/2:1/2 145 

(M6), and fly ash:slag:biomass ash = 1/6:2/3:1/6 (M9) mineral formed is Ca3(PO4)2. This is possible 146 

because of the high content of CaO in the slag compared to that in the fly ash and in the biomass 147 

ash.  148 

Among the raw materials of fly ash, slag, and biomass ash, solidus and liquidus temperatures of 149 

geopolymer from fly ash is the highest. This can be explained by observing the oxides content in 150 

raw materials. The oxides composition of silica, alumina, alkali oxide, and water forming 151 

geopolymer can affect the mechanical strength of geopolymer, as well as the solidus and liquidus 152 

temperatures of geopolymer. To obtain strong geopolymer products, ratios of silica, alumina, alkali 153 

oxide, and water are in the following ranges: SiO2/Al2O3 = 3.0-4.5; M2O/SiO2 = 0.2-0.5; H2O/M2O 154 

= 10-25; and M2O/Al2O3 = 0.6-1.6 [14]. Result of research in [15] showed that the ratio of alkali 155 

(K2O) on alumina (Al2O3) had the most effect on the mechanical strength of geopolymer and 156 

geopolymer with ratio of K2O/Al2O3 = 0.8 had the highest mechanical strength. In this simulation, 157 

ratio of K2O/Al2O3 in the fly ash is 0.79 or close to 0.8, while for slag and biomass ash 1.52 and 158 

4.91, respectively, or greater than 0.8, likewise ratio of K2O/Al2O3 in all mixture of fly ash-slag-159 



7 

 

biomass ash are greater than 0.8 (Tab. 2). The greater the ratio of K2O/Al2O3 or more K2O in 160 

geopolymer, the lower solidus and liquidus temperatures of geopolymer due to the lowest melting 161 

point of K2O (740 oC) compared to SiO2 (1600-1725 oC) and Al2O3 (2072 oC). Thus the ratio of 162 

K2O/Al2O3 in addition affects the mechanical strength of geopolymer also solidus and liquidus 163 

temperatures of geopolymer. 164 

3.2 The composition effect of raw material mixture on solidus and liquidus temperatures of 165 

geopolymer 166 

The composition effect of raw material on solidus and liquidus temperatures of geopolymer can be 167 

observed from regression models generated by Minitab software. Analysis of variance (ANOVA) 168 

for each regression model obtained for the solidus and liquidus temperatures is presented in Tab. 4 169 

and Tab. 5, respectively. The regression model for solidus temperature of geopolymer that has P-170 

value <0.05 is linear model with R2-value of 69.91% and RAdj
2 -value of 61.31%. Meanwhile 171 

regression model for liquidus temperature of geopolymer that has P-value <0.05 with the highest 172 

value of R2 and RAdj
2  is special cubic.  173 

Adequacy checking for each regression model is conducted from normal probability plot and 174 

residual versus fitted value as shown in Fig. 2 for linear model of geopolymer solidus temperature 175 

and Fig. 3 for special cubic model of geopolymer liquidus temperature. The normal probability 176 

plots of residuals in Fig. 2(a) and Fig. (3a) show that residuals are distributed normally. 177 

Furthermore, plots of residuals versus fitted value in Fig. 2(b) and Fig. (3b) indicate that residuals 178 

do not form a specific pattern. Thus, it can be concluded that each regression model is adequate. 179 

Equation with linear model to predict the solidus temperature of geopolymer indicated by Eq. 10 180 

and equation with special cubic model to predict the liquidus temperature of geopolymer indicated 181 

by Eq. 11.  182 

𝑇𝑠𝑜𝑙( 𝐶
𝑜 ) = 935.2𝑥1 + 536.9𝑥2 + 619.9𝑥3               (10) 183 

𝑇𝑙𝑖𝑞( 𝐶
𝑜 ) = 2488𝑥1 + 2148𝑥2 + 2132𝑥3 − 83𝑥1𝑥2 + 472𝑥1𝑥3 + 290𝑥2𝑥3 − 1506𝑥1𝑥2𝑥3       (11) 184 
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where: Tsol = solidus temperature of geopolymer; Tliq = liquidus temperature of geopolymer; x1 = fly 185 

ash fraction , x2 = slag fraction, and x3 = biomass ash fraction in the mixture.  186 

At both Eq. 10 and Eq. 11, fly ash fraction (x1), slag fraction (x2), and biomass ash fraction (x3) have 187 

positive coefficients or positive effects on solidus and liquidus temperatures of geopolymer. Fly ash 188 

component has the highest positive effect compared to slag and biomass ash components. Equation 189 

11 denotes that mixing of fly ash-biomass ash or slag-biomass ash provides positive effect on the 190 

liquidus temperature, while mixing of fly ash-slag or mixing of fly ash-slag-biomass ash provides 191 

negative effect. 192 

From the contour plots of solidus temperature and liquidus temperature as shown in Fig. 4 and Fig. 193 

5, we can determine the composition of the raw material mixture (fly ash, slag, and biomass ash) 194 

that produce geopolymer with expected solidus temperature and liquidus temperature. Higher 195 

solidus temperatures in Fig. 4 and higher liquidus temperatures in Fig. 5 are indicated by darker 196 

shades, obtained in mixtures with fly ash as the dominant component.  197 

Geopolymer as a Portland cement substitute is expected having resistance to high temperature 198 

exposure or fire. In general, temperature will reach 800 °C quickly in about 30 minutes during fire. 199 

After that, temperature will increase more slowly from 900 °C to 1200 °C within 6 hours [16]. 200 

Therefore geopolymer having solidus temperatures above 800 °C indicates having better resistance 201 

to fire. From Fig. 4 geopolymer with solidus temperatures above 800 °C is obtained at mixture of 202 

fly ash, slag, and biomass ash with slag composition not more than +30% and biomass ash 203 

composition not more than +40%. 204 

 205 

4. Conclusions 206 

Results of FactSage simulation indicate that geopolymers with raw material mixture of fly ash, slag, 207 

and biomass ash have solidus temperatures of 500-972.4 oC and liquidus temperatures of 2146.1-208 

2491.5 oC. Using a mixture experimental design, the effect of raw material composition on solidus 209 

and liquidus temperatures of geopolymer can be determined. Fly ash has the highest positive effect 210 
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on solidus and liquidus temperatures of geopolymer compared to slag and biomass ash so that 211 

geopolymer having high solidus and liquidus temperatures can be obtained at raw material mixtures 212 

with fly ash as the dominant component. 213 

 214 
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NOMENCLATURE 247 

ΔG   Gibbs energy change 248 

∆𝑔𝑚𝑛   nonconfigurational Gibbs energy change for formation of 2 moles of m-n pair 249 

∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔  configurational entropy of mixing 250 

Adj MS  adjusted mean squares 251 

Adj SS  adjusted sum of squares 252 

DF  degrees of freedom 253 

Gm   Gibbs energy of component m 254 

𝑔𝑚
𝑜    Gibbs energy of pure component m 255 

nm   mole numbers of component m  256 

nmn   mole numbers of m-n pair  257 

R   universal gas constant 258 

T   temperature 259 

Tliq   liquidus temperature of geopolymer 260 
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Tsol   solidus temperature of geopolymer 261 

𝑋𝑚   mole fraction of component m 262 

𝑋𝑚𝑛   mole fraction of m-n pair 263 

𝑌𝑚   coordination-equivalent fraction of component m 264 

x1   fly ash fraction  265 

x2   slag fraction   266 

x3   biomass ash fraction  267 

 268 
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Introduction 
 
The introduction provides a good, generalized background of the topic with the wide range 
of applications. However, to make the introduction more substantial, the author may provide 
more references to substantiate the claim made in introduction (that is, provide references 
that have done research in this area). The literature cited is relevant to the study.  
 
Motivation 
 
In order to make motivation clearer and to differentiate the paper from other papers, the 
author may provide some of the applications of this technology, along with appropriate 
references. I think the motivations for this study need to be made clearer.  
 
The main focus of the paper is the determination of solidus and liquidus temperatures using 
Gibbs energy minimization approach with FactSage 6.3 software and the composition effect 
of raw material mixture with Minitab 17 software.  
 
 
 Methods  
 
The experimental works is quite standard, and is appropriate for the study, especially 
determination of solidus and liquidus temperatures by FactSage software uses phase 
equilibrium calculation with minimization of the Gibbs energy change. 
 
 Results/ Discussion                                                                                                                                                                                                                                   
                                                                                                                                                                                                                 
 
The results are clearly explained and presented in an appropriate format. The findings are 
properly described in the context of the published literature. However, no significant 
limitations are discussed. 
 
 Comments 
 
The paper sufficiently has the novelty for possible publication. The paper provides an 
excellent technique for validation of experimental work. 
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Research Article 1 

Prediction of High Temperature Behavior of Geopolymer from Solid Wastes Using Gibbs 2 

Energy Minimization Approach 3 

 4 

Abstract 5 

Geopolymer, alumino-silicate inorganic polymer, has the potential to substitute Portland cement 6 

because of its lower energy consumption and CO2 emissions, as well as its raw material can use 7 

solid wastes such as fly ash, slag, and biomass ash. Geopolymer as Portland cement substitute in 8 

addition to having good mechanical strength must also have resistance to high temperature exposure 9 

which can be predicted from its solidus and liquidus temperatures. Solidus temperature indicates the 10 

occurrence of melting when the solid is heated, while the liquidus temperature indicates the 11 

occurrence of precipitation when the liquid is cooled. Thus geopolymer having high solidus and 12 

liquidus temperatures demonstrates its resistance to high temperature exposure. In this paper, 13 

composition effect of raw material mixture (fly ash, slag, and biomass ash) on the solidus and 14 

liquidus temperatures of geopolymer had been studied using experimental design of 3-components 15 

mixture. Solidus and liquidus temperatures of geopolymer in each mixture composition were 16 

determined using Gibbs energy minimization approach by FactSage 6.3 software, while the effect 17 

of mixture composition on solidus and liquidus temperatures was determined statistically by 18 

Minitab 17 software. Phase changes were observed in temperature range of 100-2500 oC and 19 

simulation results showed that geopolymers had solidus temperatures of 500-972.4 oC and liquidus 20 

temperatures of 2146.1-2491.5 oC. Solidus and liquidus temperatures obtained in each simulation 21 

were treated statistically resulting linear regression model for solidus temperature and special cubic 22 

regression model for liquidus temperature. Fly ash component had the highest positive effect on 23 

both solidus and liquidus temperatures of geopolymer compared to slag and biomass ash 24 

components. Therefore, geopolymer product having high solidus and liquidus temperatures was 25 

obtained with composition of raw material mixture dominated by fly ash.  26 
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Keywords: experimental design of 3-components mixture; geopolymer; Gibbs energy minimization 27 

approach; liquidus temperature; solid waste; solidus temperature 28 

 29 

1. Introduction 30 

Portland cement is a building material that has been widely used and its use tends to increase. 31 

World cement production in 2006 is about 2540 million tons and increase to about 4080 million 32 

tons in 2013 [1]. Cement production, which requires temperature of 1400 oC, is an energy intensive 33 

process. The dry process consumes energy about 4.60 GJ per ton of clinker, while for wet process 34 

the required energy can reach 5.85-6.28 GJ per ton of clinker [2]. The CO2 emissions generated in 35 

the production of cement around 0.9 ton CO2 per ton of cement and CO2 emissions of cement 36 

industry has contributed approximately 5% of global CO2 emissions [3]. 37 

Several alternatives to Portland cement with lower energy consumption and CO2 emissions are 38 

calcium sulphoaluminate cement, magnesium-based cement, and geopolymer. Geopolymer is more 39 

potential to be developed as a Portland cement substitute because geopolymer production takes 40 

place at low temperatures (below 100 °C) and can use waste materials such as fly ash, biomass ash, 41 

and slag [4]. Geopolymerisation process involves complex reactions between materials containing 42 

alumino-silicate oxide with alkali hydroxide/silicate at temperature below 100 °C. This produces Si-43 

O-Al polymeric bond with the empirical formula of Mn(-(SiO2)z-AlO2)n.wH2O, where: M = cation 44 

Na+/K+; z = 1,2,3 ; n = degree of polycondensation. Reaction of geopolimerisation is as follows [5]: 45 

 46 

 47 

                            (Si2O5,Al2O2)n + 3nH2O 
NaOH/KOH
→         n(OH)3-Si-O-Al–-(OH)3 (1) 48 

(Si–Al material)    Orthosialate 49 

 50 

                                                                         |         |            51 

n(OH)3–Si–O–Al––(OH)3 
NaOH/KOH
→         (Na,K)(–Si–O–Al––O–)n + 3n H2O (2) 52 

                                         |         |       53 

                                                O       O            54 

                                                                                             |         |          55 

                         Orthosialate             (Na,K)-poly(sialate) 56 
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Three-dimensional structure of geopolymer products are amorphous to semi-crystalline and can be 57 

poly(sialate)/(-Si-O-Al-O-) for Si:Al = 1:1, poly(sialate-siloxo)/(-Si-O-Al-O-Si-O-) for Si:Al = 2:1, 58 

or poly(sialate-disiloxo)/(-Si-O-Al-O-Si-O-Si-O-) for Si:Al = 3:1 [5].  59 

Sources of alumino-silicate material are natural mineral (for example: kaolin), waste from 60 

combustion of coal (fly ash) and biomass, and waste from steel industry (slag). Fly ash from coal 61 

combustion and slag has been used extensively in the cement production. In addition to improving 62 

the cement quality, fly ash or slag usage would reduce the amount of clinker in cement so that the 63 

energy for clinker production could also be reduced [2]. Utilization of waste products of 64 

combustion, i.e. fly ash and biomass ash, and slag for geopolymer as a Portland cement substitute is 65 

an attempt to reduce the burden on the environment and can also contribute to the reduction of CO2 66 

emissions.  67 

Geopolymer as a Portland cement substitute in addition to having good mechanical strength must 68 

also have resistance to high temperature exposure. Geopolymer has shown better resistance to fire 69 

than Portland cement [4]. Exposure of Portland cement-based mortars and concretes to temperature 70 

above 300 oC can decompose Ca(OH)2 into CaO and H2O which causes mortar shrinkage [6]. 71 

Furthermore CaO may react with water vapour in air to form Ca(OH)2 having greater volume than 72 

CaO so that mortar will crack resulting in mortar damage.  73 

To determine the resistance of geopolymer to high temperature exposure, it can be predicted from 74 

its solidus and liquidus temperatures. Solidus temperature indicates the occurrence of melting when 75 

the solid is heated, while the liquidus temperature indicates the occurrence of precipitation when the 76 

liquid is cooled [7]. Thus geopolymer having high solidus and liquidus temperatures demonstrates 77 

its resistance to high temperature exposure.  78 

This paper studies the composition effect of raw material mixture (fly ash, slag, and biomass ash) 79 

on high temperature behavior of geopolymer product, i.e. solidus and liquidus temperatures. 80 

Determination of solidus and liquidus temperatures was conducted using Gibbs energy 81 

minimization approach with FactSage 6.3 software, whereas determination of the composition 82 
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effect of raw material mixture statistically was conducted with Minitab 17 software. Several studies 83 

related to the use of FactSage software have been carried out such as determination of phase 84 

compositions in manganese ores calcination [8], determination of liquidus temperature in Portland 85 

clinker [9], determination of liquidus temperature in copper smelting [10], and prediction of ash 86 

behaviour and ash fusion temperature [11]. 87 

 88 

2. Experimental 89 

Determination of solidus and liquidus temperatures by FactSage software uses phase equilibrium 90 

calculation with minimization of the Gibbs energy change. 91 

∆𝐺 < 0 (3) 92 

𝐺 − ∑𝑛𝑚𝐺𝑚 < 0 (4) 93 

𝐺 = ∑𝑛𝑚𝐺𝑚 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 (5) 94 

where: ΔG = Gibbs energy change, nm = mole numbers of component m, and Gm = Gibbs energy of 95 

component m. One of the models used in FactSage software for oxides, salts, and metal alloys with 96 

short-range-ordering is modified quasi-chemical [12].  97 

The Gibbs energy for solution is: 98 

𝐺 = ∑𝑛𝑚𝑔𝑚
𝑜 − 𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 + ∑ ∑𝑛𝑚𝑛(

∆𝑔𝑚𝑛

2
) 𝑛>𝑚
 
 (6) 99 

where: 𝑔𝑚
𝑜  = Gibbs energy of pure component m, T = temperature, ∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = configurational 100 

entropy of mixing, nmn = mole numbers of m-n pair, and ∆𝑔𝑚𝑛 = nonconfigurational Gibbs energy 101 

change for formation of 2 moles of m-n pair. 102 

For multicomponent solution [13]: 103 

𝐺 = (𝑛11𝑔11
𝑜 + 𝑛12𝑔12

𝑜 + 𝑛22𝑔22
𝑜 + 𝑛13𝑔13

𝑜 +⋯) − 𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 + ∑ ∑(
𝑛𝑚𝑛

2
) (∆𝑔𝑚𝑛 − ∆𝑔𝑚𝑛)

𝑜
𝑛>𝑚104 

 (7) 105 

with: 106 

∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = −𝑅∑𝑛𝑚 ln𝑋𝑚 − 𝑅(∑𝑛𝑚𝑚ln(𝑋𝑚𝑚/𝑌𝑚
2) + ∑ ∑𝑛𝑚𝑛ln(𝑋𝑚𝑛/2𝑌𝑚𝑌𝑛)𝑚>𝑛 )  (8) 107 
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∆𝑔𝑚𝑛 = ∆𝑔𝑚𝑛
𝑜 + ∑ 𝑔𝑚𝑛

𝑖𝑗
𝑋𝑚𝑚
𝑖 𝑋𝑛𝑛

𝑗
(𝑖+𝑗)≥1  (9) 108 

where: R = universal gas constant , 𝑋𝑚 = mole fraction of component m, 𝑋𝑚𝑛 = mole fraction of  m-109 

n pair, and 𝑌𝑚 = coordination-equivalent fraction of component m.  110 

Module of calculation used in FactSage software was Equilib with SLAGE solution phase, namely 111 

an oxide mixture of Al, Ca, Cu, Fe, K, Mg, Mn, Na, Si, Ti with H2O/OH, Cl, SO4, PO4. Data 112 

required to determine solidus and liquidus temperatures were oxide compositions of geopolymer 113 

raw material, in this case fly ash, slag, and biomass ash (palm oil fuel ash) as presented in Tab. 1. 114 

In each simulation run by FactSage software, it was used 100 grams mixture of fly ash, slag, and 115 

biomass ash as alumino-silicate material with certain composition reacted with 5 N KOH as 116 

alkaline activator with weight ratio of 2:1 to form geopolymer. The composition of raw material (fly 117 

ash, slag, biomass ash) used in each simulation was based on experimental design of 3-components 118 

mixture generated by Minitab software with 10 compositions as shown in Fig. 1. Phase changes of 119 

formed geopolymer were observed in temperature range of 100-2500 oC. 120 

Solidus and liquidus temperatures obtained in each simulation then statistically were treated by 121 

Minitab software. Regression model of mixture experiment can be linear, quadratic, full cubic, or 122 

special cubic equation [15]. By analysis of variance (ANOVA) the adequate equations for solidus 123 

and liquidus temperatures could be determined. These equations could be used to predict solidus 124 

and liquidus temperatures of geopolymer with fly ash, slag, and biomass ash as raw material. 125 

Furthermore, the composition effect of raw material mixture on solidus and liquidus temperatures 126 

could be determined from the equations.  127 

 128 

3. Result and Discussion 129 

3.1 Solidus and liquidus temperatures of geopolymer 130 

Solidus and liquidus temperatures of geopolymer resulted by simulation using FactSage software on 131 

each mixture composition of raw material are presented in Tab. 2. The range of the solidus 132 

temperature of geopolymer is 500-972.4 oC, while the liquidus temperature is 2146.1-2491.5 oC. 133 
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At various temperature ranges geopolymer can undergo dehydration of free water (100-300 oC); 134 

dehydroxylation (250-600 oC); densification by viscous sintering (550-900 oC); and crystallization, 135 

expansion due to cracking, further densification (>900 oC) [16]. Thus at temperature of 550-900 oC 136 

it begins to form liquid. This range is not much different with the solidus temperatures obtained by 137 

FactSage (500-972.4 oC) where at that temperature molten slag begins to be formed.  138 

Mineral phases that occur from FactSage calculation are presented in Tab. 3 on simulation with a 139 

mixture of fly ash:slag:biomass ash = 1/3:1/3:1/3 (M7). This agrees with the results of XRD (X-Ray 140 

Diffraction) analysis to geopolymer exposed to high temperatures [16]. Leucite (KAlSi2O6) is a 141 

major phase encountered in geopolymer synthesized with alkaline activator containing potassium at 142 

temperature about 1000 oC, while hematite (Fe2O3) at temperature about 1200 oC. Garnet 143 

(Ca3Fe2Si3O12) and wollastonite (CaSiO3) will be found in geopolymer with slag as raw material 144 

due to high calcium content [17].  145 

The liquidus temperature which indicates geopolymer in wholly liquid form is obtained above 2000 146 

oC. Mineral formed or start precipitated at liquidus temperature generally is (SrO)(SiO2) or 147 

(SrO)2(SiO2), but for geopolymer with slag composition  = 1 (M2), slag:biomass ash = 1/2:1/2 148 

(M6), and fly ash:slag:biomass ash = 1/6:2/3:1/6 (M9) mineral formed is Ca3(PO4)2. This is possible 149 

because of the high content of CaO in the slag compared to that in the fly ash and in the biomass 150 

ash.  151 

Among the raw materials of fly ash, slag, and biomass ash, solidus and liquidus temperatures of 152 

geopolymer from fly ash is the highest. This can be explained by observing the oxides content in 153 

raw materials. The oxides composition of silica, alumina, alkali oxide, and water forming 154 

geopolymer can affect the mechanical strength of geopolymer, as well as the solidus and liquidus 155 

temperatures of geopolymer. To obtain strong geopolymer products, ratios of silica, alumina, alkali 156 

oxide, and water are in the following ranges: SiO2/Al2O3 = 3.0-4.5; M2O/SiO2 = 0.2-0.5; H2O/M2O 157 

= 10-25; and M2O/Al2O3 = 0.6-1.6 [18]. Result of research in [19] showed that the ratio of alkali 158 

(K2O) on alumina (Al2O3) had the most effect on the mechanical strength of geopolymer and 159 
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geopolymer with ratio of K2O/Al2O3 = 0.8 had the highest mechanical strength. In this simulation, 160 

ratio of K2O/Al2O3 in the fly ash is 0.79 or close to 0.8, while for slag and biomass ash 1.52 and 161 

4.91, respectively, or greater than 0.8, likewise ratio of K2O/Al2O3 in all mixture of fly ash-slag-162 

biomass ash are greater than 0.8 (Tab. 2). The greater the ratio of K2O/Al2O3 or more K2O in 163 

geopolymer, the lower solidus and liquidus temperatures of geopolymer due to the lowest melting 164 

point of K2O (740 oC) compared to SiO2 (1600-1725 oC) and Al2O3 (2072 oC). Thus the ratio of 165 

K2O/Al2O3 in addition affects the mechanical strength of geopolymer also solidus and liquidus 166 

temperatures of geopolymer. 167 

3.2 The composition effect of raw material mixture on solidus and liquidus temperatures of 168 

geopolymer 169 

The composition effect of raw material on solidus and liquidus temperatures of geopolymer can be 170 

observed from regression models generated by Minitab software. Analysis of variance (ANOVA) 171 

for each regression model obtained for the solidus and liquidus temperatures is presented in Tab. 4 172 

and Tab. 5, respectively. The regression model for solidus temperature of geopolymer that has P-173 

value <0.05 is linear model with R2-value of 69.91% and RAdj
2 -value of 61.31%. Meanwhile 174 

regression model for liquidus temperature of geopolymer that has P-value <0.05 with the highest 175 

value of R2 and RAdj
2  is special cubic.  176 

Adequacy checking for each regression model is conducted from normal probability plot and 177 

residual versus fitted value as shown in Fig. 2 for linear model of geopolymer solidus temperature 178 

and Fig. 3 for special cubic model of geopolymer liquidus temperature. The normal probability 179 

plots of residuals in Fig. 2(a) and Fig. (3a) show that residuals are distributed normally. 180 

Furthermore, plots of residuals versus fitted value in Fig. 2(b) and Fig. (3b) indicate that residuals 181 

do not form a specific pattern. Thus, it can be concluded that each regression model is adequate. 182 

Equation with linear model to predict the solidus temperature of geopolymer indicated by Eq. 10 183 

and equation with special cubic model to predict the liquidus temperature of geopolymer indicated 184 

by Eq. 11.  185 
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𝑇𝑠𝑜𝑙( 𝐶
𝑜 ) = 935.2𝑥1 + 536.9𝑥2 + 619.9𝑥3               (10) 186 

𝑇𝑙𝑖𝑞( 𝐶
𝑜 ) = 2488𝑥1 + 2148𝑥2 + 2132𝑥3 − 83𝑥1𝑥2 + 472𝑥1𝑥3 + 290𝑥2𝑥3 − 1506𝑥1𝑥2𝑥3       (11) 187 

where: Tsol = solidus temperature of geopolymer; Tliq = liquidus temperature of geopolymer; x1 = fly 188 

ash fraction , x2 = slag fraction, and x3 = biomass ash fraction in the mixture.  189 

At both Eq. 10 and Eq. 11, fly ash fraction (x1), slag fraction (x2), and biomass ash fraction (x3) have 190 

positive coefficients or positive effects on solidus and liquidus temperatures of geopolymer. Fly ash 191 

component has the highest positive effect compared to slag and biomass ash components. Equation 192 

11 denotes that mixing of fly ash-biomass ash or slag-biomass ash provides positive effect on the 193 

liquidus temperature, while mixing of fly ash-slag or mixing of fly ash-slag-biomass ash provides 194 

negative effect. 195 

From the contour plots of solidus temperature and liquidus temperature as shown in Fig. 4 and Fig. 196 

5, we can determine the composition of the raw material mixture (fly ash, slag, and biomass ash) 197 

that produce geopolymer with expected solidus temperature and liquidus temperature. Higher 198 

solidus temperatures in Fig. 4 and higher liquidus temperatures in Fig. 5 are indicated by darker 199 

shades, obtained in mixtures with fly ash as the dominant component.  200 

Geopolymer as a Portland cement substitute is expected having resistance to high temperature 201 

exposure or fire. In general, temperature will reach 800 °C quickly in about 30 minutes during fire. 202 

After that, temperature will increase more slowly from 900 °C to 1200 °C within 6 hours [20]. 203 

Therefore geopolymer having solidus temperatures above 800 °C indicates having better resistance 204 

to fire. From Fig. 4 geopolymer with solidus temperatures above 800 °C is obtained at mixture of 205 

fly ash, slag, and biomass ash with slag composition not more than +30% and biomass ash 206 

composition not more than +40%. Thus geopolymer from solid wastes can be predicted to have 207 

solidus temperatures above 800 °C with maximum slag composition of 30% and maximum biomass 208 

ash composition of 40%. 209 

 210 

 211 
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4. Conclusions 212 

Results of FactSage simulation indicate that geopolymers with raw material mixture of fly ash, slag, 213 

and biomass ash have solidus temperatures of 500-972.4 oC and liquidus temperatures of 2146.1-214 

2491.5 oC. Using a mixture experimental design, the effect of raw material composition on solidus 215 

and liquidus temperatures of geopolymer can be determined. Fly ash has the highest positive effect 216 

on solidus and liquidus temperatures of geopolymer compared to slag and biomass ash so that 217 

geopolymer having high solidus and liquidus temperatures can be obtained at raw material mixtures 218 

with fly ash as the dominant component. 219 

 220 
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Abstract 

Geopolymer, alumino-silicate inorganic polymer, has the potential to substitute Portland cement because of its 

lower energy consumption and CO2 emissions, as well as its raw material can use solid wastes such as fly ash, 

slag, and biomass ash. Geopolymer as Portland cement substitute in addition to having good mechanical 

strength must also have resistance to high temperature exposure which can be predicted from its solidus and 

liquidus temperatures. Solidus temperature indicates the occurrence of melting when the solid is heated, while 

the liquidus temperature indicates the occurrence of precipitation when the liquid is cooled. Thus geopolymer 

having high solidus and liquidus temperatures demonstrates its resistance to high temperature exposure. In this 

paper, composition effect of raw material mixture (fly ash, slag, and biomass ash) on the solidus and liquidus 

temperatures of geopolymer had been studied using experimental design of 3-components mixture. Solidus and 

liquidus temperatures of geopolymer in each mixture composition were determined using Gibbs energy 

minimization approach by FactSage 6.3 software, while the effect of mixture composition on solidus and 

liquidus temperatures was determined statistically by Minitab 17 software. Phase changes were observed in 

temperature range of 100-2500 oC and simulation results showed that geopolymers had solidus temperatures of 

500-972.4 oC and liquidus temperatures of 2146.1-2491.5 oC. Solidus and liquidus temperatures obtained in 

each simulation were treated statistically resulting linear regression model for solidus temperature and special 

cubic regression model for liquidus temperature. Fly ash component had the highest positive effect on both 

solidus and liquidus temperatures of geopolymer compared to slag and biomass ash components. Therefore, 

geopolymer product having high solidus and liquidus temperatures was obtained with composition of raw 

material mixture dominated by fly ash.  

 

Keywords: experimental design of 3-components mixture; geopolymer; Gibbs energy minimization approach; 

liquidus temperature; solid waste; solidus temperature 

 

 

1. Introduction 

Portland cement is a building material that has been widely used and its use tends to increase. World cement 

production in 2006 is about 2540 million tons and increase to about 4080 million tons in 2013 [1]. Cement 

production, which requires temperature of 1400 oC, is an energy intensive process. The dry process consumes 

energy about 4.60 GJ per ton of clinker, while for wet process the required energy can reach 5.85-6.28 GJ per 

ton of clinker [2]. The CO2 emissions generated in the production of cement around 0.9 ton CO2 per ton of 

cement and CO2 emissions of cement industry has contributed approximately 5% of global CO2 emissions [3]. 

Several alternatives to Portland cement with lower energy consumption and CO2 emissions are calcium 

sulphoaluminate cement, magnesium-based cement, and geopolymer. Geopolymer is more potential to be 

developed as a Portland cement substitute because geopolymer production takes place at low temperatures 

(below 100 °C) and can use waste materials such as fly ash, biomass ash, and slag [4]. Geopolymerisation 

process involves complex reactions between materials containing alumino-silicate oxide with alkali 

hydroxide/silicate at temperature below 100 °C. This produces Si-O-Al polymeric bond with the empirical 
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formula of Mn(-(SiO2)z-AlO2)n.wH2O, where: M = cation Na+/K+; z = 1,2,3 ; n = degree of polycondensation. 

Reaction of geopolimerisation is as follows [5]: 

 

(Si2O5,Al2O2)n + 3nH2O 
NaOH/KOH

→         n(OH)3-Si-O-Al–-(OH)3 (1) 

(Si–Al material)    Orthosialate 

 

                                                            |         |            

n(OH)3–Si–O–Al––(OH)3 
NaOH/KOH

→         (Na,K)(–Si–O–Al––O–)n + 3n H2O  (2) 

       |         |       

                 O       O            

                                                                          |         |          

Orthosialate    (Na,K)-poly(sialate) 

Three-dimensional structure of geopolymer products are amorphous to semi-crystalline and can be 

poly(sialate)/(-Si-O-Al-O-) for Si:Al = 1:1, poly(sialate-siloxo)/(-Si-O-Al-O-Si-O-) for Si:Al = 2:1, or 

poly(sialate-disiloxo)/(-Si-O-Al-O-Si-O-Si-O-) for Si:Al = 3:1 [5].  

Sources of alumino-silicate material are natural mineral (for example: kaolin), waste from combustion 

of coal (fly ash) and biomass, and waste from steel industry (slag). Fly ash from coal combustion and slag has 

been used extensively in the cement production. In addition to improving the cement quality, fly ash or slag 

usage would reduce the amount of clinker in cement so that the energy for clinker production could also be 

reduced [2]. Utilization of waste products of combustion, i.e. fly ash and biomass ash, and slag for geopolymer 

as a Portland cement substitute is an attempt to reduce the burden on the environment and can also contribute to 

the reduction of CO2 emissions.  

Geopolymer as a Portland cement substitute in addition to having good mechanical strength must also 

have resistance to high temperature exposure. Geopolymer has shown better resistance to fire than Portland 

cement [4]. Exposure of Portland cement-based mortars and concretes to temperature above 300 oC can 

decompose Ca(OH)2 into CaO and H2O which causes mortar shrinkage [6]. Furthermore CaO may react with 

water vapour in air to form Ca(OH)2 having greater volume than CaO so that mortar will crack resulting in 

mortar damage.  

To determine the resistance of geopolymer to high temperature exposure, it can be predicted from its 

solidus and liquidus temperatures. Solidus temperature indicates the occurrence of melting when the solid is 

heated, while the liquidus temperature indicates the occurrence of precipitation when the liquid is cooled [7]. 

Thus geopolymer having high solidus and liquidus temperatures demonstrates its resistance to high temperature 

exposure.  

This paper studies the composition effect of raw material mixture (fly ash, slag, and biomass ash) on 

high temperature behavior of geopolymer product, i.e. solidus and liquidus temperatures. Determination of 

solidus and liquidus temperatures was conducted using Gibbs energy minimization approach with FactSage 6.3 

software, whereas determination of the composition effect of raw material mixture statistically was conducted 

with Minitab 17 software. Several studies related to the use of FactSage software have been carried out such as 

determination of phase compositions in manganese ores calcination [8], determination of liquidus temperature in 

Portland clinker [9], determination of liquidus temperature in copper smelting [10], and prediction of ash 

behaviour and ash fusion temperature [11]. 

 

2. Experimental 

Determination of solidus and liquidus temperatures by FactSage software uses phase equilibrium calculation 

with minimization of the Gibbs energy change. 

∆𝐺 < 0 (3) 

𝐺 − ∑𝑛𝑚𝐺𝑚 < 0 (4) 

𝐺 = ∑𝑛𝑚𝐺𝑚 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 (5) 
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where: ΔG = Gibbs energy change, nm = mole numbers of component m, and Gm = Gibbs energy of component 

m. One of the models used in FactSage software for oxides, salts, and metal alloys with short-range-ordering is 

modified quasi-chemical [12].  

The Gibbs energy for solution is: 

𝐺 = ∑𝑛𝑚𝑔𝑚
𝑜 − 𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 + ∑ ∑𝑛𝑚𝑛(

∆𝑔𝑚𝑛

2
) 𝑛>𝑚
 
 (6) 

where: 𝑔𝑚
𝑜  = Gibbs energy of pure component m, T = temperature, ∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = configurational entropy of 

mixing, nmn = mole numbers of m-n pair, and ∆𝑔𝑚𝑛  = nonconfigurational Gibbs energy change for formation of 

2 moles of m-n pair. 

For multicomponent solution [13]: 

𝐺 = (𝑛11𝑔11
𝑜 + 𝑛12𝑔12

𝑜 + 𝑛22𝑔22
𝑜 + 𝑛13𝑔13

𝑜 +⋯) − 𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 + ∑ ∑(
𝑛𝑚𝑛

2
) (∆𝑔𝑚𝑛 − ∆𝑔𝑚𝑛)

𝑜
𝑛>𝑚  (7) 

with: 

∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 = −𝑅∑𝑛𝑚 ln𝑋𝑚 − 𝑅(∑𝑛𝑚𝑚ln(𝑋𝑚𝑚/𝑌𝑚
2) + ∑ ∑𝑛𝑚𝑛ln(𝑋𝑚𝑛/2𝑌𝑚𝑌𝑛)𝑚>𝑛 )  (8) 

∆𝑔𝑚𝑛 = ∆𝑔𝑚𝑛
𝑜 + ∑ 𝑔𝑚𝑛

𝑖𝑗
𝑋𝑚𝑚
𝑖 𝑋𝑛𝑛

𝑗
(𝑖+𝑗)≥1  (9) 

where: R = universal gas constant, 𝑋𝑚 = mole fraction of component m, 𝑋𝑚𝑛 = mole fraction of  m-n pair, and 

𝑌𝑚 = coordination-equivalent fraction of component m. 

Module of calculation used in FactSage software was Equilib with SLAGE solution phase, namely an 

oxide mixture of Al, Ca, Cu, Fe, K, Mg, Mn, Na, Si, Ti with H2O/OH, Cl, SO4, PO4. Data required to determine 

solidus and liquidus temperatures were oxide compositions of geopolymer raw material, in this case fly ash, 

slag, and biomass ash (palm oil fuel ash) as presented in Tab. 1. In each simulation run by FactSage software, it 

was used 100 grams mixture of fly ash, slag, and biomass ash as alumino-silicate material with certain 

composition reacted with 5 N KOH as alkaline activator with weight ratio of 2:1 to form geopolymer. The 

composition of raw material (fly ash, slag, biomass ash) used in each simulation was based on experimental 

design of 3-components mixture generated by Minitab software with 10 compositions as shown in Fig. 1. Phase 

changes of formed geopolymer were observed in temperature range of 100-2500 oC. 

 

 

Table 1. Composition (wt-%) of fly ash, slag, and biomass ash [14] 

Component Fly ash Slag Biomass ash 

SiO2 55.30 32.68 63.49 

Al2O3 27.28 13.71 5.55 

Fe2O3 5.15 0.76 4.19 

CaO 5.31 45.83 4.34 

MgO 1.10 3.27 3.74 

Na2O 0.43 0.25 0.16 

K2O 1.00 0.48 6.33 

TiO2 1.82 0.73 0.33 

MnO 0.10 0.35 0.17 

P2O5 1.12 0.04 3.78 

SO3 1.01 1.80 0.91 

SrO 0.36 0.08 0.02 

Cl 0.01 0.02 0.45 

CuO 0.01 - 6.54 
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Fig.1. Experimental design of 3-components mixture 

 

Solidus and liquidus temperatures obtained in each simulation then statistically were treated by Minitab 

software. Regression model of mixture experiment can be linear, quadratic, full cubic, or special cubic equation 

[15]. By analysis of variance (ANOVA) the adequate equations for solidus and liquidus temperatures could be 

determined. These equations could be used to predict solidus and liquidus temperatures of geopolymer with fly 

ash, slag, and biomass ash as raw material. Furthermore, the composition effect of raw material mixture on 

solidus and liquidus temperatures could be determined from the equations. 

 

3. Result and Discussion 

3.1 Solidus and liquidus temperatures of geopolymer 

Solidus and liquidus temperatures of geopolymer resulted by simulation using FactSage software on each 

mixture composition of raw material are presented in Tab. 2. The range of the solidus temperature of 

geopolymer is 500-972.4 oC, while the liquidus temperature is 2146.1-2491.5 oC. At various temperature ranges 

geopolymer can undergo dehydration of free water (100-300 oC); dehydroxylation (250-600 oC); densification 

by viscous sintering (550-900 oC); and crystallization, expansion due to cracking, further densification (>900 
oC) [16]. Thus at temperature of 550-900 oC it begins to form liquid. This range is not much different with the 

solidus temperatures obtained by FactSage (500-972.4 oC) where at that temperature molten slag begins to be 

formed.  

 

Table 2. Solidus and Liquidus temperatures of geopolymer, calculated using Factsage software 

Mixture No. 

Component 
K2O/Al2O3 

ratio 

Responses 

Fly ash 

(x1) 

Slag  

(x2) 

Biomass ash 

(x3) 

TSolidus 

(oC) 

TLiquidus 

(oC) 

M1 1 0 0 0.79 972.4 2491.5 

M2 0 1 0 1.52 500 2146.1 

M3 0 0 1 4.91 600 2124.4 

M4 1/2 1/2 0 1.03  851.1 2298.6 

M5 1/2 0 1/2 1.48  700 2423.8 

M6 0 1/2 1/2 2.50  700 2202.8 

M7 1/3 1/3 1/3 1.50 700 2256.8 

M8 2/3 1/6 1/6 1.04  750 2391.6 

M9 1/6 2/3 1/6 1.51 500 2223.0 

M10 1/6 1/6 2/3 2.40 700 2277.3 

 

Mineral phases that occur from FactSage calculation are presented in Tab. 3 on simulation with a 

mixture of fly ash:slag:biomass ash = 1/3:1/3:1/3 (M7). This agrees with the results of XRD (X-Ray Diffraction) 

analysis to geopolymer exposed to high temperatures [16]. Leucite (KAlSi2O6) is a major phase encountered in 

geopolymer synthesized with alkaline activator containing potassium at temperature about 1000 oC, while 
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hematite (Fe2O3) at temperature about 1200 oC. Garnet (Ca3Fe2Si3O12) and wollastonite (CaSiO3) will be found 

in geopolymer with slag as raw material due to high calcium content [17].  

 

Table 3. Equilibrium phases in geopolymer (M7) at temperature of 900-1200 oC, calculated using Factsage 

software 

Temperature 

(oC) 
Phases 

900 Leucite (KAlSi2O6), merwinite (Ca3MgSi2O8), andradite (garnet) 

(Ca3Fe2Si3O12), K2SO4, Cu2O, perovskite-a (CaTiO3), hydroxyapatite 

(Ca5HO13P3), wollastonite (CaSiO3), (SrO)(TiO2), Mn3O4 

1000 Leucite (KAlSi2O6), merwinite (Ca3MgSi2O8), andradite (garnet) 

(Ca3Fe2Si3O12), K2SO4, (Cu2O)(Fe2O3), perovskite-a (CaTiO3), hydroxyapatite 

(Ca5HO13P3), wollastonite (CaSiO3), (SrO)(TiO2) 

1100 Leucite (KAlSi2O6), merwinite (Ca3MgSi2O8), andradite (garnet) 

(Ca3Fe2Si3O12), (Cu2O)(Fe2O3), perovskite-a (CaTiO3), hydroxyapatite 

(Ca5HO13P3), (SrO)(TiO2) 

1200 Leucite (KAlSi2O6), Ca3(PO4)2, hematite (Fe2O3), akermanite (Ca2MgSi2O7), 

(SrO)(TiO2) 

 

The liquidus temperature which indicates geopolymer in wholly liquid form is obtained above 2000 oC. 

Mineral formed or start precipitated at liquidus temperature generally is (SrO)(SiO2) or (SrO)2(SiO2), but for 

geopolymer with slag composition  = 1 (M2), slag:biomass ash = 1/2:1/2 (M6), and fly ash:slag:biomass ash = 

1/6:2/3:1/6 (M9) mineral formed is Ca3(PO4)2. This is possible because of the high content of CaO in the slag 

compared to that in the fly ash and in the biomass ash.  

Among the raw materials of fly ash, slag, and biomass ash, solidus and liquidus temperatures of 

geopolymer from fly ash is the highest. This can be explained by observing the oxides content in raw materials. 

The oxides composition of silica, alumina, alkali oxide, and water forming geopolymer can affect the 

mechanical strength of geopolymer, as well as the solidus and liquidus temperatures of geopolymer. To obtain 

strong geopolymer products, ratios of silica, alumina, alkali oxide, and water are in the following ranges: 

SiO2/Al2O3 = 3.0-4.5; M2O/SiO2 = 0.2-0.5; H2O/M2O = 10-25; and M2O/Al2O3 = 0.6-1.6 [18]. Result of 

research in [19] showed that the ratio of alkali (K2O) on alumina (Al2O3) had the most effect on the mechanical 

strength of geopolymer and geopolymer with ratio of K2O/Al2O3 = 0.8 had the highest mechanical strength. In 

this simulation, ratio of K2O/Al2O3 in the fly ash is 0.79 or close to 0.8, while for slag and biomass ash 1.52 and 

4.91, respectively, or greater than 0.8, likewise ratio of K2O/Al2O3 in all mixture of fly ash-slag-biomass ash are 

greater than 0.8 (Tab. 2). The greater the ratio of K2O/Al2O3 or more K2O in geopolymer, the lower solidus and 

liquidus temperatures of geopolymer due to the lowest melting point of K2O (740 oC) compared to SiO2 (1600-

1725 oC) and Al2O3 (2072 oC). Thus the ratio of K2O/Al2O3 in addition affects the mechanical strength of 

geopolymer also solidus and liquidus temperatures of geopolymer. 

 

3.2 The composition effect of raw material mixture on solidus and liquidus temperatures of geopolymer 

The composition effect of raw material on solidus and liquidus temperatures of geopolymer can be observed 

from regression models generated by Minitab software. Analysis of variance (ANOVA) for each regression 

model obtained for the solidus and liquidus temperatures is presented in Tab. 4 and Tab. 5, respectively. The 

regression model for solidus temperature of geopolymer that has P-value <0.05 is linear model with R2-value of 

69.91% and RAdj
2 -value of 61.31%. Meanwhile regression model for liquidus temperature of geopolymer that has 

P-value <0.05 with the highest value of R2 and RAdj
2  is special cubic.  
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Table 4. Anova for regression model of geopolymer solidus temperature, calculated using Minitab software 

Model DF Adj SS Adj 

MS 

DF 

Error 

Adj SS 

Error 

Adj 

MS 

Error 

F P R2  

(%) 

RAdj
𝟐  

(%) 

Linear 2 132439 66219.7 7 57007 8143.9 8.13 0.015 69.91 61.31 

Quadratic 5 154916 30983.3 4 34530 8632.6 3.59 0.120 81.77 58.99 

Special 

cubic 

6 163274 27212.3 3 26173 8724.4 3.12 0.189 86.18 58.55 

Full cubic 8 182684 22835.5 1 6763 6763.2 3.38 0.399 96.43 67.87 

 

 

Table 5. Anova for regression model of geopolymer liquidus temperature, calculated using Minitab software 

Model DF Adj SS Adj MS DF 

Error 

Adj SS 

Error 

Adj MS 

Error 

F P R2  

(%) 

RAdj
𝟐  

(%) 

Linear 2 115420   57709.9   7 14564    2080.6 27.74   0.000 88.80 85.59 

Quadratic 5 126230.9   25246.2   4 3753.1     938.3 26.91   0.004 97.11 93.50 

Special 

cubic 

6 128435.4   21405.9   3 1548.6     516.2 41.47   0.006 98.81    96.43 

Full cubic 8 129086.5   16135.8    1 897.5     897.5  17.98    0.181  99.31 93.79 

 

Adequacy checking for each regression model is conducted from normal probability plot and residual 

versus fitted value as shown in Fig. 2 for linear model of geopolymer solidus temperature and Fig. 3 for special 

cubic model of geopolymer liquidus temperature. The normal probability plots of residuals in Fig. 2(a) and Fig. 

(3a) show that residuals are distributed normally. Furthermore, plots of residuals versus fitted value in Fig. 2(b) 

and Fig. (3b) indicate that residuals do not form a specific pattern. Thus, it can be concluded that each 

regression model is adequate. 

 

  

(a) (b) 

Fig. 2. Adequacy checking for linear model of geopolymer solidus temperature: (a) normal probability plot and 

(b) residual versus fitted value 
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(a) (b) 

Fig. 3. Adequacy checking for special cubic model of geopolymer liquidus temperature: (a) normal probability 

plot and (b) residual versus fitted value 

 

Equation with linear model to predict the solidus temperature of geopolymer indicated by Eq. 10 and 

equation with special cubic model to predict the liquidus temperature of geopolymer indicated by Eq. 11.  

𝑇𝑠𝑜𝑙( 𝐶
𝑜 ) = 935.2𝑥1 + 536.9𝑥2 + 619.9𝑥3               (10) 

𝑇𝑙𝑖𝑞( 𝐶
𝑜 ) = 2488𝑥1 + 2148𝑥2 + 2132𝑥3 − 83𝑥1𝑥2 + 472𝑥1𝑥3 + 290𝑥2𝑥3 − 1506𝑥1𝑥2𝑥3       (11) 

where: Tsol = solidus temperature of geopolymer; Tliq = liquidus temperature of geopolymer; x1 = fly ash 

fraction, x2 = slag fraction, and x3 = biomass ash fraction in the mixture.  

 At both Eq. 10 and Eq. 11, fly ash fraction (x1), slag fraction (x2), and biomass ash fraction (x3) have 

positive coefficients or positive effects on solidus and liquidus temperatures of geopolymer. Fly ash component 

has the highest positive effect compared to slag and biomass ash components. Equation 11 denotes that mixing 

of fly ash-biomass ash or slag-biomass ash provides positive effect on the liquidus temperature, while mixing of 

fly ash-slag or mixing of fly ash-slag-biomass ash provides negative effect. 

From the contour plots of solidus temperature and liquidus temperature as shown in Fig. 4 and Fig. 5, 

we can determine the composition of the raw material mixture (fly ash, slag, and biomass ash) that produce 

geopolymer with expected solidus temperature and liquidus temperature. Higher solidus temperatures in Fig. 4 

and higher liquidus temperatures in Fig. 5 are indicated by darker shades, obtained in mixtures with fly ash as 

the dominant component.  

 

 
Fig. 4. Contour plot of geopolymer solidus temperature 
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Fig. 5. Contour plot of geopolymer liquidus temperature 

Geopolymer as a Portland cement substitute is expected having resistance to high temperature exposure 

or fire. In general, temperature will reach 800 °C quickly in about 30 minutes during fire. After that, temperature 

will increase more slowly from 900 °C to 1200 °C within 6 hours [20]. Therefore geopolymer having solidus 

temperatures above 800 °C indicates having better resistance to fire. From Fig. 4 geopolymer with solidus 

temperatures above 800 °C is obtained at mixture of fly ash, slag, and biomass ash with slag composition not 

more than +30% and biomass ash composition not more than +40%. Thus geopolymer from solid wastes can be 

predicted to have solidus temperatures above 800 °C with maximum slag composition of 30% and maximum 

biomass ash composition of 40%. 

 

4. Conclusions 

Results of FactSage simulation indicate that geopolymers with raw material mixture of fly ash, slag, and 

biomass ash have solidus temperatures of 500-972.4 oC and liquidus temperatures of 2146.1-2491.5 oC. Using a 

mixture experimental design, the effect of raw material composition on solidus and liquidus temperatures of 

geopolymer can be determined. Fly ash has the highest positive effect on solidus and liquidus temperatures of 

geopolymer compared to slag and biomass ash so that geopolymer having high solidus and liquidus 

temperatures can be obtained at raw material mixtures with fly ash as the dominant component. 
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NOMENCLATURE 

ΔG   Gibbs energy change 

∆𝑔𝑚𝑛   nonconfigurational Gibbs energy change for formation of 2 moles of m-n pair 

∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔   configurational entropy of mixing 

Adj MS  adjusted mean squares 

Adj SS  adjusted sum of squares 

DF  degrees of freedom 

Gm   Gibbs energy of component m 

𝑔𝑚
𝑜    Gibbs energy of pure component m 

nm   mole numbers of component m  

nmn   mole numbers of m-n pair  

R   universal gas constant 

T   temperature 

Tliq   liquidus temperature of geopolymer 

Tsol   solidus temperature of geopolymer 

𝑋𝑚   mole fraction of component m 

𝑋𝑚𝑛   mole fraction of m-n pair 

𝑌𝑚   coordination-equivalent fraction of component m 

x1   fly ash fraction  

x2   slag fraction   

x3   biomass ash fraction  

 

 

 

 

 

 


