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Abstract 
Porous geopolymers (PG) are attractive due to their simple fabrication and diverse applications. 

This work presents a method for fabricating PG by using aluminum salt slag (ASS) as a foaming agent 
and metakaolin (MK) as the precursor. Sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) are used 
as alkali activator solutions. The results show that the PG is fabricated by using the sequence mixing 
method. ASS was milled to a size of 4 µm, then mixed with an NaOH solution for 30 min. After that, 
MK and Na2SiO3 solution were added. The weight ratio of Na2SiO3/NaOH and solid/liquid was 2.0 and 
0.6, respectively. The 7-day cured PG with 5 wt% ASS achieves a strength of 15 MPa, which is close to 
the minimum requirement of Portland cement of 19 MPa. PG strength decreases, while setting time and 
pore size increase with increasing ASS content. The knowledge of this work enables the utilization of 
ASS as a valuable geopolymer foaming agent. 

1. Introduction 
 

Aluminum is one of the most used metals in the world [1]. The 
demand for aluminum is on the rise annually [2]. A rapid demand 
growth of aluminum leads to an increase in aluminum salt slag (ASS) 
waste, which is generated during the secondary aluminum recycling 
process [3]. Dai and Apelian [4] have reported that the annual amount of 
ASS may exceed 5 million tons. ASS is mainly composed of aluminum 
(Al), alumina (Al2O3), aluminum nitride (AlN), salt and other oxides 
[5]. ASS is unusable for engineering applications and is typically 
disposed of in landfills, which is detrimental to the ecosystem [6-8]. 
Numerous studies have been conducted to find a solution for managing 
ASS waste. The use of ASS in construction applications has been reported. 
Stiffness and corrosion resistance of asphalt is improved by using ASS 
as a filler [9]. Dai and Apelian [10] reported that a 40% increase in 
flexural strength, and a 15% increase in compressive strength by using 
ASS as the filler in the mortar between 10 wt% to 20 wt% [10]. One 
effective way is to utilize ASS as a valuable material, specifically as a 
foaming agent for the development of the porous geopolymer (PG). 

A geopolymer is a green material, is a cement replacement material, 
and is synthesized by mixing aluminosilicate materials with an alkali 
activator solution. Aluminosilicate materials are mainly composed 
of alumina (Al2O3) and silica (SiO2) such as fly ash, metakaolin (MK), 
and slag [11-13]. Alkali activator solution is usually a combination 
of alkali hydroxide (NaOH or KOH) and alkali silicate (Na2SiO3 or 
K2SiO3) [11-13]. The geopolymer synthesizing process emits a small 
amount of carbon dioxide (CO2) gas, which is a major cause of global 
warming and is released in large quantities by the cement production 

process. Currently, the development of geopolymer materials is widely 
studied [14]. Many parameters effect on property of geopolymer 
have been reported. Concentration of NaOH affects porosity and 
compressive strength of geopolymer. Compressive strength and denser 
microstructure increased with higher NaOH concentration [15]. Higher 
concentrations enhanced dissolution and formation of reaction products 
resulted in denser matrices and smaller average pore diameters [15]. 
Prasanphan et al. suggested that the highest compressive strength of 
MK-based geopolymer was obtained with a NaOH concentration of 
10 M [15]. The Na2SiO3 to NaOH ratio, also known is a key parameter 
that impacts the engineering efficiency of geopolymer [16]. Mousavinejad 
and Sammak reported that an increasing of Na2SiO3 to NaOH ratio 
leads to the production of a silica-rich geopolymer network and 
accelerates the geopolymerization process result in enhancing the 
mechanical strength [17]. The solid to liquid ratio influences the 
compressive strength, density, and workability efficiency of geo-
polymers. Lower solid to liquid ratios can lead to improved workability 
efficiency. The compressive strength of metakaolin-based geopolymers 
at 30 MPa to 60 MPa for solid to liquid ratio of 0.6 to 1.1 has ever been 
reported [18]. Curing conditions are one of the important parameters 
that affect the properties of PG. Curing at higher temperatures, leads 
to a decrease in porosity in geopolymers [19]. Liu et al. showed that 
curing at 40℃ demonstrated the best mechanical properties, with 
dense microstructures [20]. Yilmaz et al. reported that curing times 
were more effective than curing temperatures in terms of porosity values, 
which decreased as the curing times increased [21]. Extended curing 
periods leading to denser microstructures, reduce porosity and enhance 
mechanical properties [19]. 
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The PG is classified as porous material, and can be used for various 
applications including ion or gas adsorption, water purification, catalyst 
support, thermal insulation, lightweight parts, pH buffering, and 
drug release [22,23]. The synthesis of PG can be accomplished by 
a variety of techniques, including direct foaming, sacrificial template 
method, freeze casting, replica method, sacrificial filler method, gel 
casting [14,22]. Direct foaming is the most popular due to it is simplicity 
method. The commonly used foaming agents are aluminum [24-26], 
hydrogen peroxide [27,28] and silicon or silica fume [14,22,29]. 
Zoude et al. [30] developed 3D-printed metakaolin-based porous 
geopolymers (MK-PGs) using aluminum powder as a foaming agent. 
The MK-PGs have a compressive strength of 2.0 ± 0.5 MPa and 
a total porosity of 71.27 ± 0.75 vol%. Sornlar et al. [31] fabricated the 
MK-PGs by using sodium lauryl ether sulfate (SLES) as the foaming 
agent. The results show that the porosity increased with the increased 
amount of the SLES leading to the decrease of compressive strength. 
The compressive strength of samples containing SLES of 0, 5, 10, 
and 15 wt% are 48.80 ± 3.15, 14.82 ± 0.50, 7.69 ± 0.24, and 4.69 ± 
0.97 MPa, respectively. Sanguanpak et al. [32] developed MK-PGs 
using an air foam to generate the pores. The researchers found that 
varying air foam content affected the physical and mechanical 
properties of geopolymers. With an increase in air foam content 
from 0% to 15 wt%, the apparent porosity increased from 32.37% to 
71.31%. On the other hand, the compressive strength decreased from 
41.46 MPa to 3.28 MPa. Jaya et al. [33] investigated the combination 
effect of foaming agent (H2O2) and surfactant (polyethylene glycol-
sorbitan monooleate) on properties of MK-PGs. The results show 
that incorporation of foaming agent and surfactant reduced the 
compressive strength, while increasing the porosity of MK-PGs. By 
adding foaming agent of 0.25% and surfactant of 1% produced MK-
PGs foam with acceptable compressive strength of 6.0 MPa with 
porosity of 36%. Fiset et al. [34] fabricated MK-PGs using hydrogen 
peroxide and canola oil as the foaming agent and surfactant, 
respectively. The pores of the MK-PGs were infused with an unsaturated 
polyester resin (UPE). The results showed that the pore diameter 
and size distribution are controlled by the synergistic effects of foaming 
agent and surfactant. In addition, the compressive strength of the 
MK-PGs improved up to 40 times with the incorporation of the UPE. 
Numerous studies have investigated the effect of foaming agent 
content on the properties of PG. The optimal amount of foaming 
agent depends on the type of foaming agent used and the intended 
application of the PG. Xu et al. [35] reported the effect of hydrogen 
peroxide on porosity and compressive strength of PG. By adding 
hydrogen peroxide in the range of 1% to 3.5%, the obtained PG contain 
porosity and compressive strength in the range of 32.3% to 63.1% 
and 44.81 MPa to 3.2 MPa, respectively. This strength is possible to 
use as the lightweight geopolymer foams. Liu et al. [36] developed 
PG using fly ash as the precursor and silica fume as the foaming agent.  
With the addition of 15% to 45% silica fume, the resulting PG exhibits 
porosity in the range of around 40% to 25% and compressive strength 
around 20 MPa to 7 MPa. These properties make it suitable for use 
as sound insulation. Wattanasiriwech et al. [37] developed geopolymer 
foams using aluminum powder as the foaming agent. The geopolymer 

foams exhibit porosity of around 45% with 0.1% aluminum content. 
This porosity increases to 52% at 0.2% to 0.3% aluminum content. 
The compressive strength of the geopolymer foam was in the range 
of 0.9 MPa to 4.35 MPa, which was suitable for use as bricks, and 
fire-resistant panels. Jaya et al. [38] added hydrogen peroxide in the 
range of 0.25 wt% to 1.25 wt% to MK-based geopolymer to produce 
geopolymer foam (GF). The GF exhibits acceptable compressive 
strength ranging from 0.4 MPa to 6 MPa. Masi et al. [39] synthesized 
light weight geopolymers (LWG) using aluminum powder and hydrogen 
peroxide solution as foaming agents. By adding aluminum powder 
in the range of 0.01 wt% to 0.05 wt% to the fly ash-based geopolymer, 
the LWG exhibits compressive strength values between 1.7 MPa and 
2.4 MPa. While with the addition of hydrogen peroxide from 0.1 wt% 
to 0.4 wt%, the compressive strength of LWG is in the range of 2.9 MPa 
to 4.7 MPa. 

In the field of geopolymer technology, ASS acts as the gas 
generation source for producing porous geopolymer or geopolymer 
foam. ASS reacts with alkali hydroxide and releases gas during the 
geopolymer curing process, which causes the formation of porosity. 
Walther et al. [40] investigated the use of ASS as a foaming agent 
to develop a self-foaming geopolymer. The composition included 
MK, Fly ash, a small amount of Portland Cement, alkaline activators, 
and ASS. Their results confirm that ASS is effective as a foaming agent 
for producing geopolymer foams. The foaming reaction completed 
after 30 min of mixing [40]. Bumanis et al. [41] produced geopolymer 
foam by adding ASS in the range of 10 wt% to 50 wt%. The obtained 
compressive strength is around 1.5 MPa to 3.8 MPa. Moreover, wastes 
from the aluminum industry [42,43] and phosphate washing sludge 
[44] have been utilized as a foaming agent. Although the direct foaming 
method enables easy pore production, the pore structure cannot be 
controlled [26]. By adding excessive amounts of foaming agent, 
large pore size is generated, resulting in low strength of PG [24-26]. 
Poowancum and Aengchuan [45] have been developed the sequence 
mixing (SM) method to control the pore generated during geopolymer 
hardening process. The SM method proceeds by mixing the geopolymer 
precursor with NaOH and then soaking it for a certain period before 
adding Na2SiO3. The SM method allows for the release of generated 
gas from the geopolymer before it hardens. 

There are numerous research reports on the use of ASS waste 
as a valuable material. However, the utilization of ASS waste as 
a foaming agent for the fabrication of PG has never been reported. 
The aim of this study is to develop the PG by using ASS as a foaming 
agent. The SM method is applied for fabrication of PG.  MK is used as 
a geopolymer precursor. The solution of NaOH and Na2SiO3 is used 
as the alkali activator solution. The effect of ASS on the properties 
of PG, and the effective method to utilize ASS as the foaming agent 
for the fabrication of PG is revealed in this work. 
 
 
2.  Materials and methods 
 

The schematic of the SM methods for fabricating PG is illustrated 
in Figure 1. The details are as follows:
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Figure 1. Schematic of the PG fabricating. 
 

 

Figure 2. (a) ASS, and (b) MK raw materials. 

2.1  ASS preparation 
 

ASS waste from an aluminum alloy melting process obtained 
from a die casting factory in Thailand (Figure 2(a)) was crushed by 
a jaw crusher and disc mill, then was milled by a ball mill for 2 h. 
The milled ASS powder was dried in an oven at 100℃ for 2 day and 
then passed through a 100-mesh sieve (150 µm). Average particle size 
of the obtained ASS powder was 4 µm as seen in Figure 3.  
 
2.2  Sample preparation  
 

The commercial MK used in this work was supplied by a company 
in Thailand. MK was chosen as the geopolymer precursor because 
it is considered one of the most effective materials for synthesizing 
geopolymers. The SM method is used to prepare PG samples. The 
10 M NaOH solution [15] was prepared by dissolving 400 g of the 
NaOH (99% purity) pellets in 1000 mL of deionized water. After 
dissolution, the NaOH solution was cooled to room temperature before 
being introduced to the mixing process. The ASS was mixed with 
the NaOH solution and soaked for 30 min [40], then MK and sodium 
silicate (Na2SiO3) solution were added. The Na2SiO3 used was composed 
of Na2O, SiO2, and H2O at 16.3%, 34.2%, and 45.5%, respectively. 

Average particle size of the commercial MK powder (Figure 2(b)) 
was 6 µm as demonstrated in Figure 3. Mixing ratios of MK:ASS 
was 95:5, 90:10, and 80:20 by weight. The ratio of Na2SiO3 to NaOH 
was 2.0 by weight [11]. The solid to liquid ratio was 0.6 by weight 
[18]. Table 1 shows the compositions of all mixtures. After mixing, 
the slurry mixture was poured into 50 mm × 50 mm × 50 mm molds. 
The samples were sealed with a vinyl sheet and were cured at room 
temperature for 7 day. 

 

 

Figure 3.  Particle size distribution of ASS after milling process and MK powder.
 
Table 1. Compositions of mixtures. 
 
Sample Compositions  Alkali-activator  Solid : liquid  

(weight ratio)  MK ASS  NaOH concentration  
(molar) 

Na2SiO3:NaOH  
(weight ratio) 

 

PG1 95 5  10 2.0  0.6 
PG2 90 10  10 2.0  0.6 
PG3 80 20  10 2.0  0.6 

Mixing 

Soaking 
(30 min) 

Mixing 
(Na2SiO3/NaOH = 2  
Solid/liquid = 0.6) 

Forming 

Curing at room temperature  
for 7 days 

Testing 

ASS 
(5, 10, and 20 wt%) 

Jaw crusher 

Disc mill 

Ball mill 

Drying 
100℃, 24 h 

Sieving 
#100 mesh 

NaOH 
(10 M) MK Na2SiO3 
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2.3  Characterization techniques 
 
Chemical compositions of ASS and MK were examined by X-ray 

fluorescence (XRF; HORIBA XGT-5200). The phase compositions of 
ASS were evaluated by X-ray diffraction (XRD; Bruker D2 PHASER). 
Scanning electron microscopy (SEM; Neoscope JCM-5000) was used 
to observe the microstructure of PG. The setting time of PG was 
examined according to ASTM C266 [46]. The initial and final Gillmore 
needles used were a needle of 113.4 g (diameter of 2.12 mm) and 
a needle of 453.6 g (diameter of 1.06 mm), respectively. The initial 
setting time was measured after mixing the sample for 60 s. The initial 
Gillmore needle was placed on the sample surface. This procedure 
was repeated every 60 s until the sample surface was no longer marked. 
The final setting time was evaluated immediately after the initial 
setting time was determined. The same procedure as the initial setting 
time measurement was used with the final Gillmore needle. Pore size 
of PG was measured by using Martin's diameter technique [47]. The 
sample size for pore size measurement was 200. The porosity (%P) 
was measured in accordance with ASTM C642 [48] with a sample 
size of 8 pieces and calculated using the following Equation: 

 
%P  =  [(M3 ‒ M1)/(M3 ‒ M2)] × 100  (1)  

 
where M1, M2, and M3 are dry weight, immersed weight in 

water, and wet weight, respectively.  
The compressive strength (S) of PG was measured following 

ASTM C109 [49] using a universal testing machine with a cross-speed 
of 0.5 mm∙min‒1 and calculated according to the following formula: 

 
S = L/A (2) 

 
where L is the load at the sample fracture and A is the cross-

sectional area of the test specimen. The sample size for testing was 3.  
The standard deviation of porosity and pore diameter data was 

expressed by error bars. The raw data of compressive strength and 
setting time are demonstrated.  
 
3.  Results and discussion 
 

Chemical compositions of MK and ASS are presented in Table 2. 
The main compositions of MK are Al2O3 and SiO2 in the percent 
weight of 36% and 59%, respectively. The chemical compositions 
of ASS compose of Al2O3 (62 wt%), Na2O (12 wt%) and SiO2 
(11 wt%). Small amounts of MgO, K2O, Fe2O3, SO3, Cl, ZnO and 
CaO have also been detected. The oxides of K, Ca, and Fe, along with 
salts such as NaCl and KCl are used in the smelting process for the 
secondary production of aluminum [50]. 

Figure 4 shows the XRD pattern of ASS, the peaks of NaCl, 
MgAl2O4, Al, KCl, AlN, Si, Al2O3 and SiO2 are detected. The Al and Si 
contain in ASS are essential components for using as a foaming agent.  

Figure 5 shows the variation in the porosity of PG with the addition 
of ASS. The porosity increases with an increase in the content of 
ASS. The porosity of PG containing 5%, 10%, and 20% by weight of 
ASS is 34 ± 2%, 35 ± 1%, and 42 ± 2%, respectively. Porosity of 
PG is generated through the reaction between Al and Si in ASS with 
NaOH solution as following Equation (1) - (2) [22].   

 

Figure 4. XRD diffractogram of ASS. 
              

       

Figure 5. Porosity of the 7 days cured PG with different amounts of ASS 
addition. 

 
2Al + 2NaOH + 2H2O → 2NaAlO2 + 3H2(g) (1) 

 
  Si + 2NaOH + H2O → Na2SiO3 + 2H2(g) (2) 

 
The generated gas, i.e., H2, is trapped in the geopolymer during 

the geopolymer hardening process. An increase in the amount of 
ASS leads to an increase in the amount of H2 gas, which results in 
the high porosity of PG. Typically, by using ASS as foaming agent 
with the conventional fabrication process, the quantity of porosity 
cannot be controlled due to lot of gas generated during the geo-
polymer hardening process [26]. On the other hand, the porosity of 
PG is controlled by SM. The geopolymer is hardened through the 
geopolymerization process which is an integrated process involving 
the dissolution of the geopolymer precursor to form aluminate and 
silicate species, and the condensation of aluminate and silicate species 
[51]. NaOH affects the dissolution process, while Na2SiO3 influences 
the condensation process [45]. The dissolution and condensation 
processes are separated by SM. Therefore, the generated gas is partially 
released from the geopolymer before it hardens.  
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Table 2. Chemical compositions of MK and ASS. 
 
Raw materials Chemical compositions (wt%) 
 Al2O3 SiO2 Na2O MgO SO3 Cl K2O CaO Fe2O3 ZnO TiO2 
MK 36 59 0 0 0 0 1 0 2 0 2 
ASS 62 11 12 8 2 2 1 1 1 1 0 

 

Figure 6. Compressive strengths of the 7 days cured PG with different addition 
of ASS. 

 
The compressive strength of PG is reduced with an increasing 

amount of ASS, as seen in Figure 6. Compressive strength is related to 
porosity. High porosity leads to low compressive strength. Increasing the 
amount of ASS results in an increase in porosity, which in turn reduces 
the compressive strength of PG. The compressive strength of PG 
containing ASS of 5%, 10%, and 20% by weight is 15, 10, and 4 MPa, 
respectively. The compressive strength of PG containing 5 wt% of ASS 
is 15 MPa, which is close to the minimum requirement of Portland 
cement of 19 MPa [52]. This value is sufficient for engineering applications.  

The initial and final setting times represent the time for hardening 
and are the parameters controlling the workability. Figure 7 shows 
the effect of the ASS content on the setting time of PG, which increases 
with an increasing amount of ASS. Setting time relates to the rate 
of the geopolymerization reaction. A lower reaction rate results in 
a longer hardening time. ASS has a low geopolymerization reaction. 
Therefore, the time for the hardening of PG is delayed, i.e., the initial 
setting time is 72 min for the PG containing 5 wt% ASS, whereas it  

is 127 min for the PG containing 20 wt% ASS. The advantage of delayed 
setting times is an increase in the working time.  

 

 

Figure 7. Setting times of PG with different addition of ASS.  
 

 

Figure 8. Pore diameters of the 7 days cured PG. 

   

Figure 9. SEM micrograph of the 7 days cured PG containing ASS of (a) 5 wt%, (b) 10 wt%, and (c) 20 wt%. 

(a) (b) (c) 
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The pore size of 7 days cured PG are seen in Figure 8. The average 
pore size of sample contains ASS of 5, 10 and 20 wt% is 128 ± 42, 
123 ± 26, and 136 ± 70 μm, respectively. Pore size is increased with 
increasing of ASS amount. The agglomeration of pores causes the 
formation of larger pores. The quantity of pores increases with an increase 
in ASS content (Figure 5). As a result, it agglomerates, and pore size 
increases, which agrees with the SEM micrograph as seen Figure 9. 
The SEM micrographs of 7 days cured PG demonstrate that there is 
the agglomeration of pores, and the pore size is significantly larger 
in the 20 wt% ASS sample. 

 
4.  Conclusions 
 

In the present work, porous geopolymers (PG) have been developed. 
Aluminum salt slag (ASS) is utilized as the foaming agent, and 
metakaolin is used as the geopolymer precursor. Sodium hydroxide 
(NaOH) and sodium silicate (Na2SiO3) are used as the alkali activator 
solution. The sequence mixing (SM) method is essential for the 
fabrication of PG due to the gas generated from the reaction between 
ASS and the alkali solution is entrapped in the sample during hardening 
process. By using SM, the produced gas can be released before the 
sample hardens. The porosity and compressive strength of PG containing 
5 wt% ASS are 34 vol% and 15 MPa, respectively. The compressive 
strength value is close to the minimum requirement of Portland cement 
and is useable for engineering applications. ASS influences the setting 
time of PG, causing an increase in the setting time. Additionally, 
the pore size of PG increases with higher amounts of ASS. 

The knowledge of the present work opens an opportunity to 
utilize the ASS as a hazardous waste to be a useful material, i.e., 
a geopolymer-foaming agent, and provides a sustainable solution 
for managing ASS waste. 
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