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Abstract: A binary geopolymer based on fly ash and ceramic residue was developed under ambient 
water curing. The alkaline medium comprises commercial Na2SiO3 and NaOH with concentration of 10 M 
and 12 M. Analyses were carried out to characterize the raw materials and their geopolymer properties. 
Characterization of materials was conducted through x-ray diffraction (XRD), x-ray fluorescence (XRF) and 
scanning electron microscope (SEM). The compressive strength, porosity and abrasion rates were 
measured to determine geopolymer performance. The ceramic residue consists mainly of SiO2 and Al2O3, 
which is similar to fly ash. Among the specimens, the highest compressive strength produced from the 
specimens was 25.2 MPa at the age of 28 days. This highest strength was followed by the lowest water 
absorption and abrasion rate, which are 1.99% and 0.007 mm/min, respectively. The microstructure 
showed geopolymer matrix with some unreacted particles from ceramic residue powder. There were no 
signs of efflorescence observed on the geopolymer specimens. Each mix demonstrated a slight increment 
in density and reduced the porosity during the curing period. 
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1. Introduction 
 

Concrete is one of the most used materials on Earth. The 
reliance on ordinary Portland cement (OPC) in producing 
concrete materials is prominent. However, the production of 
OPC cement generated a significant amount of CO2 into the 
atmosphere (Barcelo et al., 2014), which accelerated climate 
change issues to the environment. This has drawn the 
attention of researchers to develop such sustainable building 
materials. In the late 1970s, Joseph Davidovits firstly coined 
the term “geopolymer” (Davidovits, 1989), which can act as a 
geological glue or binder for producing new materials. This 
geopolymer system can completely replace cement binder in 
producing mortars or concretes. 

The development of the geopolymer materials derived 
from the reaction between solid materials rich in alumina-
silicate and alkaline solution, yielding Si-O-Al bonds 
(Davidovits, 1991). This alumina-silicate content can be found 
in many types of minerals, such as metakaolin. The utilization 
of waste materials for the source of alumina silicate in 
geopolymer encourages more sustainable development, but 
the performance of the geopolymer materials should be 
thoroughly addressed (Mohajerani et al., 2019). Those waste 
materials used in geopolymer include fly ash (Hardjito et al., 
2005), foundry slags (Shi & Day, 1999) and other building 
demolitions (Vásquez et al., 2016). 

Fly ash-based geopolymer has been progressively 
developed since it is a by-product from coal combustion 
process, which is still the main source for generating electricity 
globally. Therefore, the amount of fly ash is abundant near the 
power plant areas. However, fly ash showed slow gaining 
strength in geopolymer at ambient temperature due to a lack 
of calcium (Ekaputri et al., 2015) and the presence of 
crystalline, chemically inert phases (Luhar & Luhar, 2022). 
Ground granulated blast furnace slag (GGBFS) has been used 
to accelerate the early strength of such geopolymer, providing 
calcium silicate hydrate (C-S-H) and (A-S-H) at the early stage 
(Kumar et al., 2010; Shi & Day, 1999) or calcium alumina silicate 
hydrate (C-A-S-H) at the later stage formation (Puligilla & 
Mondal, 2013). 

A similar residue, rich in alumina silicate, was also 
generated by ceramic industries. This ceramic waste usually 
ended up not being used in a landfill or a dumping area. A 
previous study showed ceramic powder waste (CPW) has 
pozzolanic properties, which are suitable for concrete 
material, maintaining strength and durability (Samadi et al., 
2015). Another research has effectively utilized ceramic waste 
for fine aggregates, replacing conventional sand in concrete 
mortars (Pacheco-Torgal & Jalali, 2010). 

Mahmoodi et al. thoroughly reported geopolymer using 
ceramic tile waste with other supplementary cementitious 
materials (SCM) (Mahmoodi et al., 2020). The study revealed 

that the optimum compressive strength at ambient 
temperature curing was the combination of ceramic waste 
45% and fly ash 55%, resulting in around 40 and 60 MPa for age 
7 and 28 days, respectively. Wardhono et al. experimented 
with ambient water curing for fly ash and GGBFS mixture, 
obtaining optimum compressive strength at 62 MPa with the 
same percentage of both precursors (Wardhono et al., 2015). 
The geopolymer mortar based on fly ash and rice husk ash 
presented slightly higher compressive strength for water 
immersion than the room temperature treatment method 
(Rangan et al., 2020). Water-submerged curing was also found 
to be an effective means of preventing efflorescence in 
geopolymer specimens (Simão et al., 2021). 

In this study, ceramic waste residue and fly ash were used 
for geopolymer mortar and cured in water until the designated 
age for testing. The larger proportion of ceramic waste in this 
binary geopolymer system was applied to complement the 
previous research gap. 

 
2. Materials and method 

 
2.1. Materials 
Fly ash was derived from a coal combustion power plant in 
Banten province. The ceramic residue was collected from the 
Center for Ceramics in Bandung, which is in the form of debris 
from testing ceramic materials. The ceramic waste was firstly 
ground into powder prior to the mixing process. The 
photographs of those solid ingredients can be seen in  
Figure 1. Meanwhile, the alkaline solution medium is a 
combination between sodium hydroxide (NaOH) and sodium 
silicate Na2SiO3. The NaOH pellets and fresh water were used 
to prepare alkaline liquid of 10 M and 12 M, while sodium 
silicate granules were then added to the solution.  

 
Figure 1. A photograph of fly ash (a), ceramic debris (b),  

and ceramic waste powder (c). 
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2.2. Method 
The research design was carried out as shown in Table 1 All 
three mixes, denoted as code A, B and C, used sodium solution 
with concentrations 10 M and 12 M, each having a ratio with 
sodium silicate of 1:2 and 1:1 alkali activator. As a result, the 
variation of the binder (alkaline medium and fly ash) with 
ceramic waste was 1:1. This formulation was used for the high 
ceramic waste powder (CPW) incorporation in fly ash-based 
geopolymer, ranging between 60-71% CPW. Meanwhile, this 
also resulted in different liquid and solid ratios ranging from 
0.20 to 0.43. 

The geopolymer mixtures were manually cast in cube 
molds with the size of 50x50x50 mm3. Then, the specimens 
were left at ambient condition for 4 h prior to demolding. The 
specimens were kept in water until the time for testing at 7, 
14  and  28 days.  The mechanical performance of  the speci- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

mens was measured by compressive strength, water 
absorption and abrasion rate. A scanning electron 
microscope (SEM) was used to analyze the microstructure of 
the best-performance sample. 
 
3. Results and discussion 

 
3.1. Materials characterization 
The ceramic waste used in this study was firstly ground to obtain 
powder particle size. The ceramic waste powder was then 
measured for particle size distribution, as shown in Figure 2. The 
process of grinding seized the particle size ranging from 8 mesh 
to 200 mesh, which can be categorized as fine aggregate based 
on ASTM C-125-07 (America society for testing and material 
(ASTM) C125, 2007). Most of the particle size was at 70 mesh, 
accounted for approximately 30% of the total. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Mix design of geopolymer mortars. 
 

Mix 
codes 

Molarity 
NaOH 

solution 
(g) 

Na2SiO3 (g) FA (g) 
Binder 

(g) 
CWP (g) FA/CWP 

Liquid/ 
solid 

A 10 M 100 200 200 500 500 29:71 0.43 
 12 M 100 100 200 400 400 33:67 0.33 

B 10 M 100 200 300 600 600 33:67 0.33 
 12 M 100 100 300 500 500 38:62 0.25 

C 10 M 100 200 400 700 700 36:64 0.27 
 12 M 100 100 400 600 600 40:60 0.20 

 
 

 
 

Figure 2. Particle size distribution of ceramic waste powder (CWP). 
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The oxides content of fly ash and ceramic waste powder 
can be seen in Table 2. Fly ash in this study comprises mainly 
SiO2, Al2O3, CaO and Fe2O3. The significant amount of SiO2 and 
Al2O3 in the fly ash makes it widely used in the development of 
geopolymer (Amran et al., 2021). Meanwhile, the ceramic 
waste has relatively the same proportion of SiO2 and Al2O3, 
with significant magnesium oxide. Taking into account this 
chemical composition, the ceramic residue may have the 
same potential as the alumina silicate in fly ash for 
manufacturing geopolymer binder. 

The x-ray diffraction analysis showed that the fly ash has 
mullite, quartz and sillimanite phases (Figure 3). Mullite appe- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ars with an orthorhombic crystal structure (quartz with a 
hexagonal crystal structure) and sillimanite with an 
orthorhombic crystal structure. It can be seen that the 
maximum peaks in each phase of mullite, quartz, and 
sillimanite are at 26.26º, 26.63º and 26.67º, sequentially. The 
mullite phase is a transformation mineral consisting of SiO2 
and Al2O3 under high-temperature exposure. However, mullite 
phase was also found in as-received coal fly ash in companion 
with quartz, corundum, and glassy phases (Ma et al., 2019). 
This may be due to the high temperature in the coal 
combustion proses, which generated the fly ash. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. Oxides content of fly ash and ceramic waste obtained by XRF. 
 

Oxides 
Conc. (%) 

Fly ash Ceramic residue 
SiO2 44.97 46.26 
Al2O3 20.77 40.16 
CaO 13.43 0.794 

Fe2O3 10.1 1.64 
MgO 3.91 8.86 
Na2O 1.479 0.348 
SO3 0.912 0.022 
TiO2 0.997 0.515 
K2O 0.651 0.85 
P2O5 0.155 0.050 
MnO 0.187 0.024 
LOI 2.05 0.28 

 
 

 
 

Figure 3. XRD phase match analysis of fly ash. 
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3.2. Materials performance 
The cube geopolymer specimens in the water-submerged 
curing can be seen in Figure 4. There was no sign of 
efflorescence (crusty white sodium release) on the specimens 
after the curing. Each variation experienced a gradual increase 
in compressive strength during the curing until 28 days as 
shown in Figure 5. The highest compressive strength belonged 
to the 28-day code C specimen at 25.2 MPa, which 
incorporated the smallest CWP than the other mixes. 
Specimen C28 can withstand the most compressive force, 
even within a low liquid-to-solid ratio. This may be attributed 
to applying higher molarity of alkaline liquid at 12 M in turns of 
reducing the liquid to solid ratio. 
 

 
 

Figure 4. Geopolymer specimens under water curing. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The particle size of CWP may also play an important role in the 
compressive strength as, in this case, they are used in the fine 
aggregate range, mostly at 210 µm and above (+70 mesh), as 
shown in Figure 2. It was reported that the reduction in particle 
size of tile ceramic from -470 and -140 µm (d50 decreases from 
76 to 14 µm) for geopolymer demonstrated a significant 
increase in compressive strength (Komnitsas et al., 2015). 
Ceramic tile waste passing through 76 µm demonstrated 
higher strength with 55% proportion in fly ash-based 
geopolymer (Mahmoodi et al., 2020). This particle size may be 
an indication that applying more of this CWP would lower the 
strength. 

The result of water absorption measurement showed a 
pattern where it gradually declined in accordance with longer 
curing time until 28 days for all mixes (Figure 6). The data 
revealed the lowest water absorption at 1.99% for specimen 
C28. In addition, the abrasion rate, porosity, and density, as 
shown inTable 3, also showed a similar pattern, which can be 
related to their compressive strength. The abrasion rate 
reduced along with increasing curing time, resulted in lower rate 
for the most compressive strength. Moreover, the porosity and 
density data indicate the densification process during the water 
curing time. This can be clearly seen when the porosity 
declined, the density experienced an increase. Meanwhile, in a 
dry ambient curing temperature, density of the geopolymer 
would decrease during the curing time due to excess water 
evaporation (Albidah et al., 2021). In this case, the slight 
increment of density during water immersion was in agreement 
with normal concrete cured in water (Raheem et al., 2013). This 
may be due to the hydration reaction involved during the 
curing. Further, this densification phenomenon can also lead to 
better mechanical performance, as shown by each mix during 
the curing period. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 

Table 3. Abrasion rate, porosity, and density of geopolymer specimens. 
 

Code Abrasion rate (%) Porosity (%) Density (g/cm2) 
10 M 12 M 10 M 12 M 10 M 12 M 

A;7 0.51 0.62 7.53 17.43 1.69 1.87 
A;14 0.53 0.34 6.1 9.61 1.7 1.87 
A;21 0.19 0.13 3.77 5.57 1.71 1.89 
A;28 0.11 0.06 3.57 5.49 1.86 2.12 
B;7 0.15 0.11 8.98 7.66 1.83 1.58 

B;14 0.08 0.64 7.85 6.76 1.85 1.59 
B;21 0.07 0.03 5.49 5.37 1.89 1.67 
B;28 0.04 0.02 4.84 4.99 2.06 1.69 
C;7 0.01 0.01 15.42 4.47 1.78 1.8 

C;14 0.08 0.04 11.03 4.45 1.93 1.82 
C;21 0.01 0.02 9.83 3.62 1.93 1.93 
C;28 0.02 0.007 9.83 3.46 2 1.93 
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Figure 5. Compressive strength of geopolymer specimens. 
 

 
 

Figure 6. Water absorption of geopolymer specimens. 
 
The morphological image of fly ash and specimen C28 

performed by SEM in 500x magnification can be seen in Figure 
7 . Fly ash particles were indicated by spherical shape with a 
size under 50 µm, which can be effective in promoting 
geopolymer reaction. Furthermore, the microstructure of C28 
showed geopolymer matrix produced through the bonding 
within dissolved/reacted fly ash and a smaller size of CWP in 
an alkaline medium. The fine aggregate particles seemed to 
incorporate in the matrix where the gap between particles was 
connected by the binder, supporting denser geopolymer 
mortar. This denser microstructure would induce the 
geopolymer performance. However, microcracks markedly 
appeared on the surface. This may be the effect of sorptivity in 
the specimen during the water immersion, which leads to 
microcracks (Giasuddin et al., 2013). The interconnected 
microcracks on the surface can also be in relation to the high 
uptake of water (Collins & Sanjayan, 2001). In this case, water 
exposure might lead to water uptake in the specimens during 
hardening time so that microcracks propagate. This can 

create channeling network through the weak points of the 
bonding between the geopolymer matrix and the larger 
particle size from CWP. Some voids also appeared on the 
surface, which was more likely due to unreacted sodium 
leached during the water curing. 

The SEM image at higher magnification (Figure 7c) 
represented some incomplete geopolymer reaction of CWP. 
This may occur due to the exposure of water on the surface, 
which hinders geopolymerization. Meanwhile, fly ash seems 
completely dissolved and thus contributing to the geopolymer 
matrix of the mortar specimen. 

 

 
 

Figure 7. Microstructure of fly ash (a), geopolymer specimen C28 
with 500x-, (b) and 3000x magnification (c). 
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4. Conclusion 
 

Taking into account all of the data provided, it can be 
concluded that ceramic waste material possesses significant 
alumina silicate, which is essential in geopolymer reaction. In 
combination with fly ash, this ceramic waste powder (CWP) 
can contribute to the production of geopolymer matrix. The 
microcracks propagation on the surface may be associated 
with the weak interaction within particles in the matrix and the 
influence of water exposure. This must be noted that the CWP 
used in this study is within the category of fine aggregate 
particle size. Therefore, the mechanical properties decreased 
with the further addition of the CWP in the mix. There is also a 
linear correlation between compressive strength, water 
absorption and abrasion rate. The compressive strength 
experienced an increase while the water absorption and 
abrasion rate decreased. In addition, densification occurred 
with the indication of a slight increment in density followed by 
a decrease in porosity. 

The best mechanical properties are shown by specimen 
C28, owing compressive strength at 25.2 MPa, water absorption 
at 1.99%, abrasion rate at 0.007 mm/min. Therefore, the ceramic 
waste can be of potential value for utilization in fly ash-based 
geopolymer mortars. It was confirmed that water curing can be 
applied to develop this geopolymer and potentially reduce the 
risk of efflorescence. Further research is required to optimize 
this binary geopolymer system and thus can be put in place in 
the near future. 
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