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ABSTRACT

Pond ash is a mixture of mostly coarser fly ash and bottom ash. The recycling rate of pond ash is low because pond ash is

mixed with seawater and deposited in ponds. The pond ash is also subjected to natural weathering over a period of time. In this

study, we investigated whether pond ash can be used as a raw material of geopolymers, without any purification process or

through a minimal purification process. In addition, we investigated whether synthetic basalt made by adding foaming agent to

geopolymer or casting it into a mold can show the surface of the natural basalt as it is. The highest 7-day compressive strength

in geopolymers from pond ash without purification process was 26 MPa. The highest 7-day compressive strength in geopolymers

from pond ash with impurities removed through dry sieve analysis was found to improve to 80 MPa. On the other hand, syn-

thetic basalt made with geopolymer was shown to be more advantageous aesthetically when produced by casting it in a silicone

mold rather than by adding a foaming agent. Non-purified pond ash can be made into geopolymers having low strength. Pond

ash purified by sieving can, without use of an aggregate, be made into geopolymer having high-strength. Also, it is possible to

produce synthetic basalt with the same appearance as natural basalt and sufficient strength for commercialization. This process

will contribute to the mass consumption and recycling of pond ash.
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1. Introduction

he annual amount of coal ash generated in 2014 from

Coal-fired Power Plants (CFPPs) was nearly 8.5 million

tons or more, and the figure is expected to increase to 10

million tons or more by 2020.1) Nearly 53% of the coal ash

produced is recycled as ready-mixed concrete admixtures;

7%, as supplementary materials for cement; 20%, as fill

aggregates; and the other 20% is delivered to ash treatment

facilities located on coasts and disposed of in landfills.2)

Most of the ash treatment facilities in domestic CFPPs have

now reached the saturation point. But extending or con-

structing new ash treatment facilities is less feasible due to

concerns about the risk of soil and marine contamination

resulting from the disposal of coal ash, as well as resistance

from local residents.1,3) Pond ash, which refers to ash sub-

merged in seawater, is composed of reject ash which falls

into the category of large-particle fly ash, and bottom ash.

Pond ash has high unburned carbon content4) and impuri-

ties, such as soil and seawater salt. Also, this type of ash is

weathered because it has been exposed to the air for a long

period of time. Recent studies have indicated that some

pond ash may contain heavy metals, but the content of such

heavy metals does not exceed the harmful substance con-

tent limit under the Wastes Control Act. Having said that,

pond ash is not frequently recycled due to the perception

that heavy metals negatively affect the human body.1)

Thus far, several approaches have been proposed to recy-

cle pond ash, for example, as lightweight aggregates, road

fill materials, and backfill materials for structures.5,6)

Recently, there have also been studies on the manufacture

of geopolymers by dry sieving and grinding pond ash with a

caustic soda aqueous solution, used as an alkali activator.7-9)

It is worth noting that these studies used empirical formu-

lation methods where the molar concentration of alkali acti-

vator was adjusted in various ways regardless of the

mineralogical and chemical properties of the pond ash and

the content of amorphous aluminosilicate materials that

can react.7-9) Manufacturing geopolymers based on empirical

formulation methods may occasionally result in high-

strength when strong alkali is used, but the quality of the

fabricated geopolymers varies depending on the type of coal

ash used, making the overall process less reproducible. Also,

using a substantive amount of strong alkali may increase

unit production costs and cause efflorescence.10,11) Alterna-

tively, a geopolymer can be fabricated by quantitatively
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evaluating the mineralogical and chemical properties of the

coal ash and mixing it with an appropriate amount of alkali

activator. When this has been attempted, the average 7-day

compressive strength has reached 120 MPa, and the maxi-

mum compressive strength reached 140 MPa, while efflo-

rescence was prevented.10-12)

Meanwhile, coal ash-based geopolymers can be processed

into lightweight porous geopolymers which resemble natu-

ral basalt in color and shape, by adding foaming agents to

coal ash-based geopolymers.13) Recently, there has been

high domestic demand for natural basalt, which can be used

to fabricate various products, such as landscaping stepping

stones, boundary stone, and interior products, due to its

excellent durability and appearance. Since December 2005,

when natural basalt from Jeju Island was designated a

resource to be preserved, its quarrying and exporting have

been restricted. As a result, natural basalt materials have

been imported from foreign countries, such as China and

Vietnam. Meanwhile, there have also been studies on the

manufacturing of synthetic basalt. For example, some

researchers have attempted to do so by placing a compound

that contained cement, water, coarse aggregates, fine aggre-

gates, pigments, superplasticizers, etc. in a silicon mold

with basalt texture and curing it at 65oC.14) In another

study, a foaming agent was added to a compound of cement,

basalt powder sludge, and pigments, and the compound was

sintered at high temperatures, of over 1,100oC.15) The syn-

thetic basalt methods above, however, were not able to

faithfully reproduce the color and texture of natural basalt.

This study aimed to assess the possibility of using pond

ash, as it is or with the impurities removed, as a raw mate-

rial for geopolymers. Also, the developed pond ash-based

synthetic basalt was evaluated to determine if it faithfully

reproduced the surface of natural basalt. The major findings

of this study indicate that it is possible to fabricate high-

strength geopolymers and a synthetic basalt that has the

same appearance as natural basalt, as well as strength high

enough for commercialization, using pond ash, which is dif-

ficult to recycle.

2. Experimental Procedure

Figure 1 shows the experimental procedure of this study.

In this study, pond ash collected from the coal ash landfill of

a domestic CFPP was used. To remove moisture, the col-

lected pond ash samples were dried in an electric furnace at

a constant temperature of 105oC for 24 h. Representative

samples of pond ash to be use for characteristics analysis

were obtained by crushing the collected pond ash samples

with a steel rod and then applying a cone-and-quartering

sampling method.16) 

The particle size distribution of pond ash was analyzed

using a dry sieving method. To be more specific, about 500 g

of pond ash was sorted using a Ro-Tap sieve shaker (Rx-29,

W.S. TYLER®, US) for five minutes by allowing it to pass

through a series of sieves with mesh sizes of 0.5, 0.3, 0.2,

0.15, 0.10, 0.07, 0.06, and 0.04 mm. Dry sieving was per-

formed to remove impurities and unburned carbon, using a

sieve with a mesh size of 0.06 mm. The content of unburned

carbon was analyzed using a thermogravimetric analyzer

(TGA 701, Leco Corp., US). Pond ash that has been dried,

crushed, but not refined is hereinafter referred to as the

“unsieved pond ash” while pond ash that has been dried,

crushed, and dry sieved with a 0.06 mm sieve is hereinafter

referred to as the “0.06 mm or smaller pond ash.” The latter

only contains particles no larger than 0.06 mm.

X-ray diffraction analysis was performed using a D8

Advance diffractometer (Bruker-AXS, Germany) to analyze

the crystallographic properties of the pond ash according to

particle size. Diffraction patterns were obtained over a

range of 5100° 2θ with a step size of 0.01°, and the scan-

ning speed was 1 second per step. Qualitative analysis was

carried out using DIFFRAC.EVA V4.2 (Bruker-AXS, Ger-

many) and PDF-2 Release 2016 (ICDD, US). Also, to ana-

lyze the content of the crystalline phases and amorphous

substances, quantitative X-ray diffraction analysis was car-

ried out in the same analytical conditions. Quantitative

analysis was performed with DIFFRAC.PLUS TOPAS4.2

(Bruker-AXS, Germany) using a Partial Or NO Known

Crystal Structures (PONKCS) method17) where an unknown

Fig. 1. (a) Experimental procedure, (b) synthetic basalt production procedure.
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mineral phase is defined to have a virtual crystal structure,

and based thereon, other mineral phases that are mixed

with the unknown phase are quantitatively analyzed using

a Rietveld method. 3.0000 g of pond ash and 0.3333 g of flu-

orite (CaF2, Alfa Aesar, UK, 99.985%) as a standard sub-

stance were mixed with 8 ml of ethanol and then ground in

a McCrone micronizer for five minutes. By doing so, the

effects of different X-ray absorption rates and particle size

could be minimized. Also, the same analysis was conducted

on standard samples (LaB6, SRM660b, NIST, US) to cali-

brate the effects of the devices. The chemical composition of

the pond ash samples was analyzed using an X-ray fluores-

cence spectrometer (Shimadzu Sequential XRF-1800, Shi-

madzu, Japan), and the reactive Si/Al ratio of the samples

was calculated based on the method18) proposed by Williams

and Riessen (2010). As a result, the proper mix proportions

for the geopolymers were determined.

The fabricated geopolymer samples were labeled R or S,

depending on whether the used pond ash had been refined

or not. R refers to the geopolymer samples fabricated using

the unsieved pond ash, while S refers to the ones made of

the 0.06 mm or smaller pond ash (Table 1). The mix propor-

tions of these geopolymer samples were determined to set

the Si/Al ratio to 1.5, 2.0, and 3.2 while the Na/Al ratio was

set to 1.0, and the content of mixing water was maintained

at 20% (Table 1). Also, to assess the effect of enhanced

strength, a specific mix proportion, i.e., an Si/Al ratio of 3.2,

an Na/Al ratio of 1.0, and the mixing water content of 18%,

was employed to fabricate a geopolymer sample (Table 1).

To fabricate geopolymers with Si/Al ratios of 1.5 and 2.0,

sodium aluminate (NaAlO2, Junsei Chemical, Na2O 38.0 ~

42.0 wt%, Al2O3 51.0 ~ 55.0 wt%) and caustic soda (NaOH,

sodium hydroxide, Junsei Chemical, Japan, with a purity of

97.0 wt% or above) were used as alkali activators. Sodium

aluminate was added in powder form and dry mixed with

pond ash. The calculated amount of caustic soda was mixed

with distilled water and stirred for 24 h before being added

to the mixture of sodium aluminate and pond ash. 

To fabricate geopolymers with a Si/Al ratio of 3.2, a

sodium silicate aqueous solution (Na2SiO3H2O, Youngil

Chemical, Korea, SiO2 32.10 wt%, Na2O 12.5 wt%) and

caustic soda were used as alkali activators. The calculated

amounts of sodium silicate aqueous solution and caustic

soda were mixed and stirred for 24 h before being used. The

mixing process was conducted using a 5 L mixer (Kenwood

mixer, Kenwood Kitchen Appliances, UK). Mixing was per-

formed at a low-speed mode for 2 minutes and a high-speed

mode for 5 minutes. The fabricated geopolymer mixtures

were poured into cylindrical plastic molds with a diameter

of 29 mm and a height of 58 mm. As a result, four geopoly-

mer specimens for each mix proportion were manufactured.

When pouring these geopolymer mixtures into the molds, a

compact vibrator (Denstar-500, Denstar, Korea) was used to

remove air bubbles trapped during the mixing. The geopoly-

mer specimens were cured in an electric furnace with a con-

stant temperature of 70oC for 24 h and then kept at room

temperature. On the seventh day after the mixing, the spec-

imens were demolded. Each demolded specimen was pol-

ished with sandpaper to ensure that the ratio of its

diameter to height was set to 1:2, and its top and bottom

planes were parallel while being perpendicular to its sides.

The 7-day compressive strength of each geopolymer speci-

men was measured using a compressive strength test

machine (MTS 815, MTS, USA). For each mix proportion,

four specimens were measured according to KS F 2405

(Standard Test Method for Compressive Strength of Con-

crete), and the average compressive strength was calcu-

lated.

Geopolymer samples intended for the fabrication of the

synthetic basalt were manufactured using pond ash with a

particle size of 0.06 mm or smaller while setting the Si/Al

ratio to 3.2, Na/Al ratio to 1.0, and the content of mixing

water to 18%. The mixing process was conducted using a 50

L mortar mixer. Mixing was performed at a low-speed mode

for 5 minutes and at a high-speed mode for 10 minutes. The

synthetic basalt was fabricated in two ways: by adding a

foaming agent to the geopolymer mixtures and by placing

the geopolymer mixtures in a silicon mold. Aluminum pow-

der (Goodfellow, UK, with a purity of 99.9%) was used as a

foaming agent. The foaming agent was added to the geo-

polymer mixtures that had gone through the high-speed

mixing process with an amount that corresponds to 0.05

wt% of the total mixture weight. The mixtures were then

subjected to low-speed mixing for 30 seconds to ensure that

the added foaming agent was dispersed. Following that, the

mixtures were poured into metal molds with dimensions of

100 × 100 × 400 mm. To fabricate a silicone mold that has

the same bubble patterns on the surface as natural basalt,

an outdoor decorative lamp was fabricated using natural

basalt and dismantled so that it could be molded with sili-

cone. The silicone film was then peeled off (Fig. 2). After the

high-speed mixing process, the geopolymer mixtures were

poured into the silicone mold to fill nearly 90% by volume of

each mold. Once poured into the mold, the synthetic basalt

samples were sealed to prevent the occurrence of efflores-

Table 1. Formulation of Geopolymers Using Unsieved Pond
Ash (R-1, 2 ,3) and 0.06 mm or Smaller Pond Ash (S-
1, 2, 3, 4)

Sample
name1)

Si/Al
ratio

Na/Al
ratio

Water 
content 

(%)
Curing scheme2)

R-1 1.5

1.0 20 70oC for 1d + RT for 6d 

R-2 2.0

R-3 3.2

S-1 1.5

S-2 2.0

S-3 3.2

S-4 3.2 1.0 18 70oC for 1d + RT for 6d 

1)R: unsieved pond ash, S: 0.06 mm or smaller pond ash
2)RT: Room temperature, d: day or days
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cence and cured in an electric furnace for 24 h at 70oC and

for another 24 h at 90oC.

3. Results and Discussion

3.1. Characteristics of Pond Ash

Dry sieving of the pond ash was performed, and as a

result, it was determined that nearly 4% of its particles

were 0.5 mm or larger, which fell into the largest size group

and contained various-sized impurities, such as bottom ash,

unburned coal, and soil (Fig. 3). Particles no larger than

0.06 mm accounted for 62%, the largest portion (Fig. 3(a)).

Here, the pond ash appeared black due to unburned carbon,

but the 0.06 mm or smaller particles were light brown (Fig.

3(b)). The larger the particles were, the higher the portion of

unburned carbon was, and the darker the color of coal ash

became.19-21) Unburned carbon has been known to negatively

affect the geopolymer reaction20-22) by adsorbing part of the

alkali activator23) and thus increasing the content of mixing

water. Kang et al. (2013) reported a slight increase in the

compressive strength of geopolymers when made of coal ash

from which unburned carbon had been removed using an

air classification method.20) Alternative ways of removing

unburned carbon include sieve analysis, triboelectrostatic

separation, froth flotation, and agglomeration methods.24) In

this study, a sieve analysis method was employed. The

method was capable of removing unburned carbon and

reducing the particle size of coal ash through simple pro-

cesses. This is because smaller coal ash particles are more

quickly dissolved by alkali activator,23) thereby accelerating

the geopolymer reaction. 

Industrial chemical analysis results indicated that the

content of unburned carbon in the unsieved pond ash was

3.61%. In contrast, in the 0.06 mm or smaller pond ash,

unburned carbon was not detected. 

X-ray diffraction analysis of each particle size group of

pond ash revealed that all particle size groups contained

various crystalline phases, such as mullite, quartz, cristob-

alite, calcite, rutile, maghemite, hematite, and halite (Fig.

4). Kim et al. (2018) reported that in fly ash domestically

used as a cement admixture, crystalline phases, including

mullite, quartz, maghemite, calcite, hematite, and rutile,

were detected.11) Here, the halite originated from the combi-

nation of Na+ and Cl in the coal ash and existed on the sur-

Fig. 2. (a) Silicone molds used for synthetic basalt production, (b) protrusions for expressing the porosity.

Fig. 3. Dry sieve analysis results of the unsieved pond ash (a) and photos (b). 0.06 mm or smaller pond ash accounted for about
62% of total pond ash. Pond ash was mainly black due to unburned carbon but 0.06 mm or smaller pond ash was light
gray.
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face of the coal ash in the form of inorganic chloride.25) 

X-ray fluorescence analysis results indicated that in both

the unsieved pond ash and the 0.06 mm or smaller pond

ash, the combined content of SiO2, Al2O3, and Fe2O3 was not

less than 70%, and the content of CaO was less than 7%

(Table 2). Thus, it was confirmed that the pond ash above

fell into Class F Fly Ash under ASTM C618. Meanwhile, in

the 0.06 mm or smaller pond ash, the ignition loss was

about 4.7%, and the figure was about 1.5% lower than that

in the unsieved pond ash (Table 2). 

Quantitative X-ray diffraction analysis results showed

that the content of crystalline phases, such as mullite,

quartz, and cristobalite, was lower in the 0.06 mm or

smaller pond ash than in the unsieved pond ash. In con-

trast, the content of other crystalline phases, including cal-

cite, rutile, maghemite, hematite, and halite, as well as

amorphous substances, was higher in the 0.06 mm or

smaller pond ash than in the unsieved pond ash (Fig. 5).

Previous studies have reported that when sieved, coal ash

ended up with a lower content of crystalline mullite and

quartz, while the content of amorphous substances

increased.23) This is because kaolin contained in coal turns

into crystalline mullite and quartz through dehydroxylation

and calcination reactions during the coal combustion pro-

cess, but when the particle size becomes small, coal ash

cools down more quickly, providing little time for kaolin to

Fig. 4. Results of X-ray diffraction analysis by particle size.
Some crystalline phases are present in the pond ash.
There was no difference in the type of crystalline
phase depending on particle size.

Table 2. Bulk Chemical Composition of Pond Ash (wt%). Samples R and S are Categorized as ASTM Class Fly Ash (SiO2 + Al2O3 +
Fe2O3 ≥ 70%, CaO < 7%)

Sample SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 MnO P2O5 Igloss

R 53.87 20.70 6.79 5.76 2.13 1.02 0.99 1.16 0.08 0.77 6.19

S 53.48 21.40 7.33 5.97 2.33 1.14 1.02 1.22 0.08 0.83 4.71

Fig. 5. X-ray diffraction pattern of unsieved pond ash (a) and 0.06 mm or smaller pond ash (b) for quantitative Rietveld analysis
of crystalline and amorphous phases. The content of amorphous substance and four crystalline phases (maghemite, cal-
cite, hematite, and halite) in the 0.06 mm or smaller pond ash was higher than in unsieved pond ash.



370 Journal of the Korean Ceramic Society - Byoungkwan Kim et al. Vol. 56, No. 4

transform into crystalline phases. It thus remains as amor-

phous SiO2-based substances.23) For that reason, the smaller

the coal ash particle size is, the higher the content of amor-

phous substances it contains. 

Meanwhile, based on the results of the X-ray fluorescence

analysis and quantitative X-ray diffraction analysis, the

reactive Si/Al ratio was calculated according to the method

proposed by Williams and Riessen (2010)18) as follows: 2.93

for the unsieved pond ash and 2.71 for the 0.06 mm or

smaller pond ash (Table 3).

3.2. Characteristics of Compressive Strength of Geo-

polymers Made of Pond Ash

The average 7-day compressive strength of the geopoly-

mer samples made of the unsieved pond ash when setting

the Na/Al ratio to 1.0 and the content of mixing water to

20% was found to increase with the increasing Si/Al ratio

(Fig. 6). The average 7-day compressive strength was high-

est, at 26 MPa, when the Si/Al ratio was 3.2 (R-3) (Fig. 6). In

contrast, the average 7-day compressive strength of the geo-

polymer samples made of the 0.06 mm or smaller pond ash

while setting the Na/Al ratio to 1.0 and the content of mix-

ing water to 20% was found to be comparable to the

strengths achieved when the Si/Al ratio was 1.5 (S-1) and

2.0 (S-2), i.e., 22 MPa and 21 MPa, respectively (Fig. 6). The

average 7-day compressive strength was highest at 37 MPa

when the Si/Al ratio was 3.2 (S-3). The figure was even

higher than that measured from the R-3 specimen made of

the unsieved pond ash when setting the Si/Al ratio to 3.2

(Fig. 6). Regardless of the Si/Al ratio, the compressive

strengths were higher in the specimens made of the 0.06

mm or smaller pond ash (S-1, 2, and 3) than in the speci-

mens made of the unsieved pond ash (R-1, 2, and 3). This

was considered to be due to the combined effect of the

reduced content of unburned carbon, the decreased pond

ash particle size, and the increased content of reactive

amorphous substances during the sieving process.

Within the experimental scope of this study, the compres-

sive strengths were higher in the specimens with the higher

Si/Al ratio (R-3 and S-3) than in the specimens with the

lower Si/Al ratio (R-1, R-2, S-1, and S-2). It is worth noting

that the specimens with the lower Si/Al ratio were fabri-

cated using sodium aluminate as an alkali activator, and

thus there were more aluminum atoms, which may substi-

tute silicon in the silicate tetrahedron when the Si/Al ratio

is lower. As a result, the total number of silicate tetrahe-

drons, which have a strong bonding structure, i.e., by

mesodesmic bonds,26) decreased while the number of alumi-

num tetrahedrons, which are deficient in positive charges,

increased. Despite the contribution of network modifiers,

such as sodium, supplementing the deficiency in positive

charges, the geopolymer reaction cannot fully take place,

Table 3. Amorphous Composition of Pond Ash Used in This Study (wt%). The Reactive Si/Al Ratio of Samples R and S were
Determined to be 2.93 and 2.71, Respectively 

Sample SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 MnO P2O5

Si/Al
(molar)

R 36.60 10.61 4.25 5.51 2.13 1.02 0.86 1.11 0.08 0.77 2.93

S 37.78 11.81 4.58 5.69 2.33 1.14 0.87 1.17 0.08 0.83 2.71

Fig. 7. Surface of the natural basalt (a), synthetic basalt made using foaming agent (b), and synthetic basalt made using a sili-
cone mold (c).

Fig. 6. 7-day compressive strength of unsieved pond ash-
based geopolymers (R-1, 2, 3) and 0.06 mm or smaller
pond ash-based geopolymers (S-1, 2, 3, 4). Higher
strength was developed by geopolymers having 18%
water content (S-4).
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and thus part of those aluminum tetrahedrons may remain

deficient of charges. Furthermore, part of the network mod-

ifiers tends to combine with oxygen to form non-bridging

oxygens, thereby degrading the overall connectivity of the

network structure.27) When the Si/Al ratio is lower, the con-

tent of aluminum is higher, and thus more network modifi-

ers are needed, and more non-bridging oxygens are thought

to be formed in the specimens with the lower Si/Al ratio.

Simply put, in the specimens with the lower Si/Al ratio, the

total number of silicate tetrahedrons was lower, and thus

more non-bridging oxygens could be formed, presumably

resulting in the lower compressive strengths. 

The S-4 specimen was fabricated using the same mix pro-

portion as in the S-3 specimen whose average 7-day com-

pressive strength was the highest, except that the content of

mixing water was reduced by 2%. The average 7-day com-

pressive strength of S-4 was determined to be 80 MPa,

which was nearly 2.2 times higher than that of S-3, where

the content of mixing water was higher (Fig. 5). Vora et al.

(2013) also reported a similar observation, that the reduced

content of mixing water led to an increase in the compres-

sive strength of the geopolymers, and this phenomenon has

similarly been observed in cement.28) In geopolymers, mix-

ing water serves as a medium to facilitate the dissolution of

aluminosilicate materials and thus promote the geopolymer

reaction.29) The addition of excessive mixing water causes

the relative content of the alkali activator to decrease, thus

reducing the concentration of the alkali activator. When the

concentration of an alkali activator is low, it is known that

the dissolution of aluminosilicate materials and the hydro-

lysis process—the first phase of the geopolymer reaction—

may be limited,30) and therefore the geopolymer reaction

will be hindered. In this regard, it is considered that adding

the minimum amount of mixing water necessary to ensure

sufficient flowability in the mixing process will contribute to

increasing the compressive strength of the resulting geo-

polymers.

In this study, the geopolymer pastes made solely of pond

ash and alkali activator exhibited high-strengths depending

on the chemical composition and the content of mixing

water, i.e., the average 7-day compressive strength was up

to 80 MPa. In the case of cement, high-strength aggregate

should be used to produce high-strength concrete. In addi-

tion, It is necessary to minimize the water-cement ratio

using superplasticizer and to densify the microstructure of

the cement paste with a cement binder such as silica

fume.31,32) However, fabricating a geopolymer only requires

the mixing of pond ash and alkali activator, and thus its

manufacturing process is simpler than that of cement con-

crete. Also, pond ash disposed of in landfills is used as the

main raw material, and therefore it is possible to consume a

large amount of pond ash in landfills, thereby contributing

to reducing pond ash dust. 

3.3. Characteristics of Synthetic Basalt Made of

Pond Ash-based Geopolymers 

Small and large blow holes were observed on the surface

of the synthetic basalt specimens that were fabricated by

adding a foaming agent to geopolymers, as occurs in natural

basalt (Fig. 7(b)). Also, black bands were visible all over the

surface, which represented the presence of unburned car-

bon. This was because unburned carbon, which is relatively

light, floated to the surface along with the gases that were

released with the addition of the foaming agent (Fig. 7(b)).

Lee et al. (2016) fabricated lightweight porous geopolymer

samples by adding aluminum powder to geopolymers and

found that the average 7-day compressive strength of those

porous geopolymers was only 6 to 18% that of solid geopoly-

mers.13) Although in this study, the compressive strength of

the foaming agent-added geopolymer samples was not mea-

sured, it was fairly predictable that their compressive

strength would be lower than that of their solid counter-

parts.

In the meantime, the black bands were not detected on

the surface of the synthetic basalt specimens that were fab-

ricated by placing the geopolymer mix in silicone molds. The

size of the blow holes and surface patterns were found to be

the same as those for the natural basalts that was used to

fabricate those silicone molds (Fig. 7(c), Fig. 8(a)). These

fabricated synthetic basalt specimens were then assembled

using Araldite adhesive to make an outdoor standing lamp,

which precisely resembled the original natural basalt lamp

(Fig. 8(b)). These results confirm that to fabricate synthetic

basalt products that have the same appearance as their nat-

ural basalt counterparts, the method of placing geopolymers

in a silicone mold is more advantageous than the method of

adding a foaming agent to the geopolymers. 

In current synthetic basalt products, specific pigments are

added to make them look like natural basalt. But while the

addition of pigments may make them look similar to natu-

ral basalt for a time, discoloration may occur over time. In

contrast, synthetic basalt products made of pond ash-based

geopolymers tend to appear dark grey, and thus there is no

need to add any pigments. This means that it is possible to

fabricate synthetic basalt products that have the same sur-

Fig. 8. Geopolymer-based synthetic basalts made by mold-
ing (a) and outdoor standing lamp made with geo-
polymer-based synthetic basalts (b).
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face pattern and color as natural basalt simply by mixing

pond ash with an alkali activator.

4. Conclusions

Mineralogical and chemical characteristics of pond ash

collected from the landfill of a domestic coal-fired power

plant were analyzed quantitatively and the amounts of

reactive amorphous SiO2 and Al2O3 were calculated. Based

on these results, mix proportions of geopolymers were deter-

mined. The Si/Al ratio was set to 1.5, 2.0, and 3.2 while the

Na/Al ratio and the content of mixing water were fixed. The

average 7-day compressive strength of the geopolymer sam-

ples made of the unsieved pond ash was found to increase

with the increasing Si/Al ratio, and the figure was highest

at 26 MPa when the Si/Al ratio was 3.2. For the geopolymer

samples made of 0.06 mm or smaller pond ash, from which

unburned carbon had been removed, the average 7-day com-

pressive strength was highest, at 37 MPa, when the Si/Al

ratio was 3.2. Notably, decreasing the content of mixing

water by 2% significantly increased the average 7-day com-

pressive strength to 80 MPa. Based on these results, remov-

ing unburned carbon from pond ash, as well as adding the

minimum amount of mixing water necessary to ensure suf-

ficient flowability in the mixing process, will likely contrib-

ute to increasing the compressive strength of the resulting

geopolymers. To fabricate geopolymer-based synthetic

basalt products that have the same bubble patterns as their

natural basalt counterparts, a method of placing geopoly-

mers in a silicone mold was more advantageous than a

method of adding a foaming agent to geopolymers. Unsieved

pond ash can be processed into low-strength geopolymer

products, and when sieved, they can be used to fabricate

high-strength geopolymer products without being mixed

with aggregates. Also, it is possible to fabricate synthetic

basalt products that have the same appearance as natural

basalt and are strong enough to be commercialized. There-

fore, it is expected to contribute to promoting the mass con-

sumption and recycling of pond ash. 
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