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Abstract - Lightweight geopolymers containing 50 wt.% of Si sludge were fabricated by using integrated gasification 

combined cycle slag, and were immersed in water to evaluate their stability under immersed conditions. The geopolymers 

that were cured for less than 14 days dissolved in water during an immersion period of 1 day, and their compressive strength 

only reached up to 63% of that of the specimens that were not immersed. In addition, the geopolymers that were cured for 

more than 21 days did not dissolve in water during the immersion period of 1 day, and their compressive strength was 
approximately same as that of the specimens that were not immersed. Thus, it is concluded that the geopolymerization of the 

specimen completes only after curing for 21 days, and the specimens that undergo complete geopolymerization are stable in 

water even though they contain a high percentage of Si sludge. The completion of geopolymerization can be estimated using 

the results of the pH change in water during immersion, comparison of compressive strength before and after immersion, and 

morphology changes after immersion at different curing periods.  
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I. INTRODUCTION 

 

One of the major carbon dioxide (CO2) producing 

industries is the cement industry, which generates 

approximately 1 ton of CO2 per ton of cement; this is 

equivalent to 7% of the total CO2 output worldwide 

[1]. Recently, the annual manufacturing volume of 

Portland cement has increased by 3%. In addition, 

1.35 million tons of greenhouse gas emissions are 

being produced from the manufacturing processes 

every year. These greenhouse gases are the main  

causes of global warming and abnormal weather 

conditions, which cause natural disasters [2]. Because 

greenhouse gases have become the major 

environmental issue since the 2000s, much research 

has been carried out to replace cement by more 

ecological materials for the future building materials. 

One of the prospective cement substitute materials is 

geopolymer comprising alkaline act ivators and fly 

ash, blast furnace slag, meta-kaolin, etc. [3]. French 

scientist, Davidovits activated alumino-silicate with an 

alkaline solution to develop a material with a structure 

similar to that of zeolite. This material uses the inorganic 

material „alumino-silicate‟ for polymerizat ion, and 

has a three-dimensional structure similar to  that of a 

polymer. For this reason, it is called  a geopolymer. 

Alkali-activated materials react with alumino-silicates 

and alkaline solutions, and hence are referred to as set 

and hardened materials [4]. Geopolymer consists of 

an alumino-silicate gel network including SiO4 

connected to tetrahedral AlO4, and has cations such 

as Na
+
 in  the framework cavities to strike a  charge 

balance. Therefore, the quantities of SiO2 and Al2O as 

well as the concentration of alkali act ivator 

significantly affect geopolymer properties [5–7]. 

Artificial lightweight concrete (ALC) has been 

widely used in many fields of construction because it 

is low cost, reusable, and simple to apply in the 

construction of build ings. However, a  large amount 

of energy is required for the production of ALC as it  

is comprised mainly of cement, and furthermore a 

large amount of energy is required for steaming and 

heating processes. Specifically, the autoclaving 

process used for bloating, which is used to form 

pores, requires the application o f h igh pressure and 

high temperature for at least 12 h [1, 8]. Therefore, 

the studies on the development of new ecological 

materials that can replace ALC should consider both 

energy and environmental conservation. It is thus 

necessary to develop and study new and ecological 

construction materials that possess fire-proof and 

refractory propert ies as replacements for existing 

ALC panels [9]. Therefore, the basic data required  for 

producing lightweight geopolymers, which  can 

replace ALC and can also act as a substitute material 

for cement, are accumulated in this study. Integrated 

gasification combined cycle (IGCC) is an innovative 

power generation method that is used in a 

combination of conventional coal thermal power 

plants, chemical plants, and combined cycle power 

plants, and has higher efficiency and lower pollution 

when compared with the conventional coal thermal 

power plant. As an eco-friendly pure power 

generation technology, the IGCC of Taean Western 

Power Plant has drawn a lot of attention. Integrated 

gasification technology is not only applied  for the 

generation of IGCC power, but also applied in the 

production facilities of Gwangyang Synthetic Natural 

Gas (SNG). If the fac ilit ies are operated on a full 

scale, then approximately  165,000 tons of fused slag 

would be generated per year in Korea. Therefore, it is 

necessary to develop an efficient recycling 

technology. Thus, the IGCC slag is used as the raw 

material in this study; this industrial byproduct 

generated during IGCC is rich in SiO2 and Al2O3 [10–

12]. Si sludge is used as the bloating material to form 

pores in geopolymers. It is an industrial byproduct 

produced during the processing of Si wafers, and is 

generated by cutting and polishing Si ingots. Herein, 

these environmentally friendly materials are used as 
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the raw materials, and the possibility of replacing 

existing construction materials that require a large 

amount of energy during their production is studied 

with the aim to achieve ecological sustainability [9, 

13]. When more than 10 wt .% of Si sludge was used 

for making lightweight geopolymer, a  dissolution 

phenomenon was observed upon immersion if there 

was an insufficient curing period after production 

[14]. Therefore, geopolymers containing higher 

contents of Si sludge (50 wt.%) than normally used 

were prepared and tested for dissolution under 

immersion. 

 

II. EXPERIMENTAL 

 

2.1. Raw materials 

 

 
Fig. 1. (a) XRD pattern of IGCC slag and (b) Si sludge. 

 

Finely  milled  IGCC slag  is p roduced by coarse 

grinding the as-received IGCC slag, and then fine 

grinding it to an  average particle size of 128 m. Fig. 

1(a) shows the X-ray diffract ion (XRD, Rigaku  

MiniFlex2, 40 kV, 40 mA, and Cu Kα radiation) 

pattern of the raw material. Table 1 lists its chemical 

composition based on X-ray fluorescence (XRF). The 

XRD pattern shown in Fig. 1(a) indicates that the 

IGCC slag has a complete amorphous phase. Si 

sludge was produced as a by-product during the 

cutting and polishing processes of Si ingot used for 

making solar cells. This Si sludge consists mainly of 

pure Si (97.8%) as shown in Table 1, and Fig. 1(b) 

shows the XRD peaks of Si sludge.  

 
Table1: Chemical  composition of IGCC slag and Si sludge 

based on XRF 

 

The bloating reaction of Si sludge with the alkaline 

activator occurs according to the reaction expressed 

in Eq. (1); the hydrogen gas produced during the 

reaction forms pores in the ceramic paste. 

Si + 2NaOH + H2O → Na2SiO3 + 2H2 -------------- (1) 

The Gibbs free energy of the bloating reaction is 

858.23 kJ mol
−1

, which is lower than that of the 

geopolymerizat ion reaction [15]. During 

geopolymerizat ion, the dissolution level and degree 

of polymerizat ion of the starting material change 

depending on the type and molar concentration of 

alkali solutions. In this study, the mixed alkaline 

activator was prepared by using sodium silicate 

solution (Na2 SiO3 ∙ nH2O; Daejung Co.) and 98.0% 

NaOH solution. The mixing ratio was 1:1, and this 

ratio was maintained throughout this study. 

 

2.2. Method 

 

Geopolymers were prepared by using the IGCC fused 

slag and Si sludge. Generally, only a small amount of 

Si sludge (usually less than 5 wt.%) was added to 

produce lightweight geopolymer; however, when 

higher quantities of Si sludge were added, the surplus 

Si components present in geopolymers did not 

participate in the geopolymerization reaction, and 

remained in an unreacted state. These unreacted Si 

components dissolved in water when the geopolymer 

was immersed for a long time. Therefore, an optimum 

Si surplus condition instead of a normal condition 

was considered in order to examine the exaggerated 

effect of d issolution of the geopolymers under 

immersion. The experimental conditions were as 

follows: 12 M of mixed alkaline act ivator, 50 wt.% of 

Si addition, and a water/solid ratio  (W/S ratio) of 0.4. 

The IGCC fused slag, Si sludge, and mixed  alkaline 

activator were added and mixed  in  a bowl. This 

mixture was then transferred into a brass cube mold 

(50 mm × 50 mm × 50 mm) for determin ing the 

compressive strength. A demolding aid (form o il) was 

applied to the interior of the mold before transferring 

the mixture for the smooth removal o f the form. 

Curing was performed in a dryer at a  temperature of 

70 °C and relat ive humidity of 100%for 24 h. To  

prevent the generation of cracks caused by the 
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temperature induced rapid moisture evaporation, 

curing was conducted in a polyethylene zipper bag. 

After the removal of the form, the test specimen was 

maintained at room temperature and was aged for 1, 

7, 14, and 28 days before the immersion test and 

other analyses. 

 

III. RES ULTS AND DISCUSSION 

 

3.1. pH Change 

 

The pH of the geopolymers was measured as a 

function of time in the water. It  was observed that the 

pH of all the geopolymer specimens rapid ly increased 

to 12 with time up to 15 min, and then slowly 

decreased to 11 with an increase in time up to 40 h. It  

is speculated that this behavior of pH is because the 

speed of dissolution of alkaline materials might be 

faster than that of bloating. 
 

 
Fig.2. Change in pH of geopolymers with time for different 

curing times up to 28 days after demolding. 

 

As shown in Fig. 2, the time taken to attain the 

maximum pH tends to increase with an increase in  

curing time, and in  contrast, the maximum pH 

decreases with an  increase in curing time. This is 

because the specimens that have been cured for a 

longer time undergo a larger degree of 

geopoylmerizat ion. In addition, the reason why the 

specimens with longer curing time require more t ime 

to attain the maximum pH is because the 

geopolymerizat ion is enhanced with an increase in  

curing time after demolding, and the unreacted 

materials in geopolymers dissolve less in water.  

 

3.2. Morphology 

 

Fig. 3 shows the morphology of the geopolymer 

specimen after being immersed in water for 15 min  

right after being t reated at a h igh temperature without 

curing. As shown in Fig. 3, the specimen that was not 

cured dissolved a few minutes after being immersed 

in water, and a large number of bubbles were 

produced because unreacted Si sludge reacted with 

water and  produced hydrogen gas. Therefore, the 

region of the specimen indicated with an elliptical red  

circle in  Fig. 3 is being d issolved in water after being 

immersed for 15 min; however, the region indicated 

with a red circle was stable and intact in structure. 
 

 
Fig. 3. Morphology of the geopolymer specimen after being 
immersed in water for 15 min without curing. This figure 

shows the pH measurement that was used during the 
immersion of geopolymer in water. 

 

 
Fig. 4. Morphologies of the geopolymer specimens right after 

curing (left figures) and after being immersed for 24 h in water 
(right figures): (a) after 7 days of curing, (b) after 7 days of 

curing and 1 day of immersion, (c) after 14 days of curing, (d) 
after 14 days of curing and 1 day of immersion, (e) after 21 

days curing, (f) after 21 days of curing and 1 day of immersion, 
(g) after 28 days of curing, and (h) after 28 days of curing and 1 

day of immersion. 
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The unreacted Si sludge in the geopolymer specimen  

that was cured for less than 14 days dissolved in 

water after being immersed because the 

geopolymerizat ion did not complete within this 

curing time. However, the geopolymer specimens that 

were cured for over 21 days did not dissolve in water 

and retained their shape as shown in Fig. 4 even 

though they were immersed in water for more than 24 

h. As shown in Fig. 4(b), the specimen that was cured 

for 7 days and immersed for 1 day dissolved 

completely in water and turned into a slurry foam. 

The specimen that was cured for 14 days and 

immersed for 1 day dissolved partly and retained 

some of its structure as shown in Fig. 4(d). In  

contrast, the specimens that were cured  for more than 

21 days and immersed for 1 day in water did not 

dissolve at all and retained their original structure as 

shown in Fig. 4(f) and Fig. 4(h). 
 

3.3. Compressive Strength 

 

The compressive strength of the geopolymer 

specimens was measured before and after immersing 

for 1 day after each curing period. The relative 

compressive strength was compared  and is shown in  

Fig. 5. As shown in Fig. 5, the compressive strength 

of the specimens that were cured for 7 days and 

immersed for 1 day was meaningless because most of 

the specimen dissolved in water and did not retain its 

shape. The compressive strength of the specimen that 

was cured for 14 days and immersed for 1 day 

exhibited appro ximately  63% of that of the same 

specimen before immersing. In addition, the 

compressive strength of the specimens that were 

cured for more than 21 days and immersed for 1 day 

was approximately same as that of the same 

specimens before immersion. Thus, it is evident from 

these results that the geopolymerization of the 

specimen completes only after more than 21 days, 

and these specimens are stable in water.  
 

 
Fig. 5. Relative compressive strength of the geopolymer 

specimens before and after immersing for 1 day. 

IV. CONCLUS ION 

 

The dissolution phenomenon of geopolymers in water 

can be concluded as follows: 

1. The geopolymers that were cured for less than 14 

days dissolved in water during the immersion 

period of 1 day, and their compressive strength 

only reached up to 63% of that of the specimens 

that were not immersed. The pH of the 

geopolymers that were cured for more than 14 

days was stabilized between 11 and 12, and it  

decreased with an increase in time.  

2. The geopolymers that were cured for more than 

21 days did not dissolve in water during the 

immersion period of 1 day, and their 

compressive strength was approximately  same as 

that of the specimens that were not immersed. 

Therefore, geopolymers, especially containing a 

large Si component should be cured for more  

than 21 days for ensuring stability in water.   

3. Geopolymerizat ion of the specimen completes 

only after curing for more than 21 days, and the 

specimens that undergo a complete 

geopolymerizat ion are stable in water even 

though they contain a high percentage of Si 

sludge.  
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