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ABSTRACT: Alkali-activated materials were prepared from pond ash from the Darkhan city (Mongolia) ther-
mal power station. This ash contains about 60 wt % X-ray amorphous material in addition to quartz, mullite, 
hematite and magnesioferrite, and presents significant storage problems since it is accumulating in large amounts 
and is a hazardous waste, containing 90–100 ppm of the heavy metals As, Pb and Cr, and about 800 ppm 
Sr. Alkali-activated materials synthesized from the as-received pond ash achieved compressive strengths of only 
3.25 MPa. Reduction of the particle size by mechanical milling for up to 30 min progressively increases the com-
pressive strength of the resulting alkali-activated geopolymer up to 15.4 MPa. Leaching tests indicate that the 
combination of milling and alkali treatment does not cause the release of the hazardous heavy metals from the 
product, making it suitable for construction applications.
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RESUMEN: Propiedades de geopolímeros preparados a partir de cenizas de estanque. Se prepararon materiales 
activados alcalinamente a partir de cenizas de charca de la central térmica de Darkhan (Mongolia). Esta ceniza 
contiene alrededor de un 60% en peso de material amorfo además de mullita, hematita, cuarzo y magnesiofer-
rite. Presenta además importantes problemas de almacenamiento ya que se acumula en grandes cantidades y 
es un desecho peligroso, que contiene entre 90–100 ppm de metales pesados como Pb y Cr, y alrededor de 800 
ppm de Sr. Los materiales sintetizados a partir de las cenizas de estanque presentaron resistencias a compresión 
de tan sólo 3,25 MPa. La reducción del tamaño de partícula por fresado mecánico hasta 30 min aumentó las 
resistencias mecánicas hasta valores de 15.4 MPa. Las pruebas de lixiviación indican que la combinación de 
molienda y activación alcalina no causan la liberación de los metales pesados peligrosos del producto, por lo 
que resulta adecuado para aplicaciones en construcción.
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Microstructura
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1. INTRODUCTION

Coal combustion by-products from power sta-
tions constitute a significant amount of the total 
world waste, stated by some authors to be at least 750 
million tonnes of fly ash being produced annually 
(1). Coal combustion products can be categorized as 
fly ash, bottom ash or slags and flue gas desulfuriza-
tion products. Fly ash is generally extracted from the 
flue gases by electrostatic precipitation or cyclone 
separation, and has been used as a source of valu-
able metals and as a raw material for the production 
of ceramics, zeolites, adsorbents and geopolymers 
(2–5). Geopolymers, otherwise known as inorganic 
polymers, are alkali-activated aluminosilicates that 
develop strength at ambient temperatures and have 
found applications as environmentally-friendly 
building materials (6, 7). Bottom ash is pulverized 
fuel ash collected from the bottom of thermal power 
station boilers differs from fly ash in containing a 
range of particle sizes, including coarser particles 
(8). Although geopolymers are more commonly 
synthesized from fly ash, they may also be prepared 
from bottom ash (9–12). Depending on the composi-
tion of the coal source, both fly ash and bottom ash 
can contain heavy metals, and in the dry state this 
dust can constitute a health hazard; for this reason 
it is often stored under water in ponds or lagoons. 
The resulting pond ash can consist of either fly ash 
or bottom ash or a mixture of the two, and when 
the pond is full of the ash slurry it is usually mixed 
with soil and re-vegetated. Since such filled ponds 
are highly polluted and of no immediate further use, 
it is desirable to find a method of utilizing pond ash 
rather than its storage in ponds, in order to achieve 
sustainable use of the land that would otherwise be 
used for ash ponds.

The nomenclature of  bottom ash and pond ash 
can cause confusion, since bottom ash can be col-
lected either in the dry or wet state, but even if  a 
wet method of  collection is used, bottom ash is 
not the same as pond ash, which can also contain 
a significant proportion of  fly ash, and is stored 
under water, remaining in the wet state for long 
periods of  time.

The properties of pond ash generally vary signifi-
cantly with the coal type, burning conditions, time 
spent in the slurry pond and particle size separation 
during wet storage (13). For this reason, only a few 
studies have been made of pond ash applications, 
including the production of geopolymers (14, 15). 
The reactivity of pond ash depends on its size frac-
tion; the fine fraction shows pozzolonic activity and 
can be used in cement and concrete (16), whereas 
the coarser fraction shows only weak pozzolanic 
activity. This has led to beneficiation using mineral 
processing techniques to separate the size fractions 
for possible use as a lightweight aggregate (17). 
Lee et al. also produced geopolymer pastes with 

reasonable strength from South Korean pond ashes 
after carbon removal and drying but without size 
fractionation (14, 15).

Previous research on pond ash utilization has 
not paid much attention to the change in the physi-
cal properties of pond ashes after storage under 
wet conditions for prolonged periods. Under these 
conditions, the soluble components of the ashes are 
dissolved, making more porous and of decreased 
density; upon alkaline production of geopolymers 
from stored pond ashes, these factors result in 
the absorption of a large amount of liquid phase, 
increasing the liquid:solid ratio of the mixture, 
thus weakening the mechanical properties of the 
geopolymers.

This is evidenced by the BET surface areas of the 
pond ashes which have been shown to be up to 25 
times higher and pore volumes up to 10 times greater 
than those of fly ashes from the same power plant 
(18). This suggests that ashes submerged in ponds 
have undergone chemical and/or physical changes 
by leaching out of soluble phases and hydroxylation 
(18). Such chemical and physical changes will also 
depend on how long the ashes been stored under 
water. Thus, the physical and chemical changes of 
the pond ash are expected to depend on the duration 
of storage under water.

The reactivity of  pond ash to alkali is influ-
enced, amongst other factors, by its particle size, 
which can be reduced by grinding. This technique 
has been successfully applied to modify the parti-
cle size and morphology of  fly ash used to prepare 
alkali-activated materials (19–21). In the same 
way, grinding might also be applied to improve 
the alkali reactivity of  pond ash, as we have pre-
viously suggested (8). Mechanical activation of 
the pond ash may pave an effective way of  utiliza-
tion of  pond ashes kept in ash pond for various 
duration. However, an additional drawback to the 
use of  Mongolian pond ash as a viable raw mate-
rial for the production of  geopolymers for con-
struction purposes is the presence of  significant 
amounts of  the heavy metals As, Pb and Cr. But 
it is also known that hazardous elements such as 
lead can be immobilized in flyash-based geopoly-
mers by their incorporation into the geopolymer 
matrix (22).

The present paper reports the effect of grind-
ing on the microstructure of Mongolian pond ash 
and on the improvement of the mechanical prop-
erties of alkali activated materials produced from 
this starting material by grinding for varying peri-
ods to reduce its particle size. Immobilization of the 
hazardous heavy metals in the geopolymer matrix 
was also studied by leaching experiments, indicating 
that this hazardous waste material can be utilized 
to produce safe alkali-activated materials of suffi-
cient mechanical strength for low-level construction 
applications.
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2. EXPERIMENTAL PROCEDURE

2.1. Sample preparation

The starting material was pond ash from Darkhan 
city thermal power station (Mongolia), collected in 
July 2013 the power station. Approximately 500 kg 
ash sample was collected by hand from about 20 m2 
of the surface of a filled ash pond. The ash was col-
lected from a number of points on the surface to 
provide a representative sample. Since the as-col-
lected ash was moist and sticky, it was dried at room 
temperature, then at 105oC for 24h to a constant 
weight loss. The global major elemental composi-
tion of the dried ash and some selected trace ele-
ments are shown in Table 1.

Semi-quantitative XRD indicates that the ash 
consists of about 60% amorphous phase and 
about 40% crystalline components, of which 
quartz is the main component, followed by mullite. 
Magnesioferrite, anorthite and hematite are minor 
crystalline phases.

The dried pond ash was milled for periods of 
5, 10, 20 and 30 min with a Fritsch (Pulverisette) 
planetary mill using steel balls as milling media. 
Rotation speed of  mill was 60 rpm and ball to pow-
der ratio was 30. The milling time was limited to 30 
min both to conserve the energy requirements of 
the processing, but also because milling for longer 
times caused the ash to stick to the surface of  mill-
ing media and milling pot, making it difficult to 
remove.

The as-received and milled pond ash samples 
were formed into geopolymer pastes by activation 
with 8M NaOH solution. Our previous research has 
shown the most suitable alkaline activator for high 
calcium Mongolian fly ashes to be 8 M NaOH with-
out the addition of sodium silicate (23); since the 
CaO content of the pond ash is >5%, the present 

research used 8M NaOH as the alkaline activa-
tor. This CaO content makes this ash a borderline 
Class-C fly ash, and its Ca content is lower than 
those of the high calcium Mongolian fly ashes used 
in previous studies. The composition of the pastes 
prepared from the raw and milled pond ash is shown 
in Table 2.

Preliminary experiments indicated that a higher 
amount of alkaline liquid was required to produce a 
flowing paste from the as-received pond ash (liquid 
to solid ratio R = 0.44) than from the milled samples 
(R = 0.33 – 0.30). The greater liquid demand of the 
as-received pond ash is probably due to the pres-
ence of mesopores in these samples (see Section 3.1 
below). Water demand, and consequently the alkali 
content of the solution used to activate the raw pond 
ash paste, was higher than in the milled samples. 
Thus, the Na content of activated material based on 
the raw pond ash is higher than in the milled sam-
ples. The optimal paste preparation procedure and 
consistency of the pastes were determined by a trial 
error method described elsewhere and which were 
correlated with the compressive strength (23).

The paste was hand mixed to a homogeneous 
consistency for 5 minutes before casting in 20 mm 
cubic metal molds, wrapping in plastic, curing in a 
dry oven at 70oC for 22 h. After removing from the 
oven samples were demolded and kept at room tem-
perature for 6 days, after which the surface was pol-
ished for mechanical testing. The standard deviation 
of the reported compressive strengths was based on 
a minimum of four measurements.

2.2. Sample characterization

The major chemical composition of the as-
received pond ash was determined by XRF on 
samples prepared by borate fusion. Glass disks were 
prepared by fusing 1g calcined sample and 10 g 

Table 1. Chemical composition of Darkhan pond ash

SiO2 Al2O3 Fe2O3 CaO K2O TiO2 MgO Na2O P2O5 LOI* Sr As Cr

52.13 22.09 8.47 5.53 1.61 1.19 1.77 0.42 0.29 5.46 0.0836 0.01 0.009

*Determined at 1000oC

Table 2. Composition of the synthesized pastes

Milling time, (min.) Water: Geopolymer solid(mass) Si:Al Na:Al

Darkhan pond ash 0 0.44 2 1.16

5 0.33 2 0.83

10 0.3 2 0.72

20 0.33 2 0.83

30 0.32 2 0.80

Note: Si:Al and Na:Al are elemental ratios.
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flux consisting of 49.5% Li2B4O7, 49.5% LiBO2 and 
0.50% LiI at 1150 °C. Trace element analysis was 
carried out by mixing 12 g of sample with 3 g Lico 
wax and pressing into a briquette at a pressure of 25 
tonnes. The glass disks and wax pellets was analyzed 
using a PANalytical wavelength dispersive Axios 
X-ray fluorescence spectrometer equipped with a 4 
kW Rh tube.

The crystallite sizes of the quartz and mullite 
minerals in the pond ash were determined by the 
Scherrer equation [1] using the 011, 100 reflections 
for quartz and 110, 220 reflections for mullite.

 D
K
cos

hkl
λ

β q
= ⋅  [1]

where K = 0.9, l = 0.15418 nm (Cu Ka), b = is 
the line broadening at half the maximum intensity 
(FWHM), q = is the Bragg angle of the measured 
peak.

The particle sizes and surface areas of  the as-
received and milled pond ash powders and crushed 
samples of  the alkali-activated materials were 
determined using a Horiba LA950 particle size 
analyzer and a Micromeritics Tristar 3000 BET 
analyzer on samples outgassed at 200oC for 6 h. 
Although some previous workers reported the use 
of  milder outgassing conditions, in the present 
experiments all the samples were treated similarly, 
to enable a robust comparison to be made between 
them. The starting materials and alkali-activated 
products were coated with gold and characterized 
by SEM (Topcon SM-300 electron microscope 
operated at 20 kV) attached with the EDS (C10012 
(Thermo Noran)), TEM (JEOL, JEM-2100) and 
FTIR using a Shimadzu FTIR 8200PC infrared 
spectrometer. The specific gravity of  the powders 
was determined using an automatic pycnometer 
(Micromeritics AccuPyc 1330) with 10 measure-
ments being made on each sample. The compressive 
strengths of  the 2 cm edge cubes were determined 
on four samples of  each composition after curing 
for 7 days, using a Jinan WDW-50 universal test-
ing machine. Since the compressive strength of  the 
alkali activated materials tested after 7 days was 
found not to increase significantly at longer times, 
7-day testing was adopted (24).

Leaching tests were carried out on all samples 
before and after alkali activation, by a test method 
based on EN 12457-2, modified as follows: prior to 
testing, the samples were passed through a 100 μm 
sieve (this particle size is finer than normally used in 
this test procedure, but was chosen to allow greater 
contact of the sample with the leaching water). In 
each test, 10 g of powdered sample was mixed with 
100 ml of doubly distilled water and stirred mag-
netically at 700 rpm for 24 hr. The suspensions were 
then filtered and the leachate analyzed by ICP-OES 
(Optima 7300DV).

3. RESULTS AND DISCUSSION

3.1. Characterisation of raw and milled pond ash

The XRD patterns of the raw and milled Darkhan 
pond ash are shown in Figure 1. The unmilled pond ash 
shows a broad asymmetric diffraction peak between 
about 16° and 30° 2q, typical of an X-ray amorphous 
glassy material on which are superimposed sharp 
reflections of crystalline components, mainly quartz 
and mullite. Milling the pond ash makes very little dif-
ference to the XRD patterns, apart from a broadening 
of the crystalline peaks corresponding to a decrease in 
the average crystal size of the quartz from 32.5 nm to 
30 nm and from 27.6 nm to 23.5 nm in the mullite crys-
tals, these values being derived from Eq. 1. Increasing 
the milling time also produced a significant broaden-
ing of the broad amorphous peak, particularly in the 
lower angle region centered at 12.3° 2q (Figure 1). A 
diffraction peak at lower angle is generally associated 
with a poorly crystalline crystalline layered structure, 
but the precise origin of this peak is not apparent from 
the present results.

SEM micrographs of the pond ash, as-received 
and after milling for various times (Figure 2) show 
the as-received material to consist of agglomerates 
with a gel-like morphology.

This morphology is probably the result of stor-
age under water for prolonged periods.

The TEM micrograph of the raw pond ash 
(Figure 3) shows the surface of the pond ash, with 
a partially dissolved morphology in agreement with 
the SEM microscopy.

30 min milled
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10 min milled

5 min milled

Raw pond ash
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Figure 1. XRD patterns of the as-received and milled pond 
ash. Key: Unmarked peaks correspond to quartz (JCPDF 
file no. 46-1045); M, mullite (JCPDF file no. 79-1275); Mf, 
magnesioferrite (JCPDF file no. 17-0464); An, anorthite (JCPDF 
file no. 73-1435); H, hematite (JCPDF file no. 33-0664).
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Milling the ash produces the expected decrease 
in the particle size and the appearance of  discrete 
spherical particles may arise from  milling  media 

debris (Figure 2c, 2d, 2e). The  particle size dis-
tributions of  the as-received and milled pond ash 
(Figure 4) shows a bimodal distribution centered 

(a) (b)

(c)

(e)

(d)

1.0 µm

1.0 µm 1.0 µm

1.0 µm

1.0 µm

Figure 2. SEM micrographs of the as-received and milled pond ash. (a) as-received, (b) milled for 5 min, (c) milled for 10 min, 
(d) milled for 20 min, (e) milled for 30 min.

Figure 3. TEM micrograph of the raw pond ash with low (A) and high magnification (B).
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at about 14 and 70  µm in the  as-received ash, 
which is converted after milling for 5 min. into a 
unimodal distribution at about 9 µm.

Further milling decreases the average particle size 
to about 5 µm and significantly decreases the rela-
tive number of larger particles, as evidenced by the 
reduction in the half-width of the particle size dis-
tribution with a concomitant increase in the specific 
gravity from 2.38 g/cm3 to 2.76 g/cm3 after 30 min. 
milling (Figure 5).

The BET surface areas of the powders are relatively 
unchanged from 10 m2/g in the as-received ash up to 
a milling time of 10 min. (Figure 5), but thereafter the 
surface area is progressively reduced to about 8.5 m2/g 
after 30 min. milling. Longer milling times also result in 
narrower particle size distributions (D50 for raw pond 
ash was 27.9 mm, reducing to 7.7, 6, 4.6 and 4.5 mm in 

samples milled for 5, 10, 20 and 30 min. respectively), 
suggesting that the samples milled for the longer times 
are significantly less porous than the raw samples and 
those milled for shorter times. Agglomeration of the 
fine particles does not explain the decrease in the BET 
surface areas, since the particle size distribution is 
shifted to finer particle sizes (Figure 4).

The sorption isotherms (Figure 6) are of  type II, 
characteristic of  non-porous or macroporous adsor-
bents (25). The hysteresis loops of these samples 
are a combination of type H3 and type H4 shapes, 
suggesting the presence of pores with aggregates of 
plate-like particles giving rise to slit-shaped pores.

Mesopores in the as-received pond ash most 
likely result from particle aggregates which are con-
verted to discrete particles by milling; this is also 
consistent with the change in density with milling 
which reduces the number of mesopores formed 
between the ash aggregates, in agreement with the 
reduction in specific surface area.

The isotherms also suggest that the pond ash 
samples also contain some micropores that are not 
affected by milling.

Results of the particle size, specific gravity, BET 
and nitrogen sorption isotherm measurements sug-
gest that the pond ash exhibits mesoporous micro-
structure with bimodal size distribution. Such 
microstructure was destroyed upon milling and 
formed particles of low porosity with a uniform 
particle size distribution. Thus, milling the pond ash 
influences its microstructure.

3.2. Characterization of the geopolymer pastes

Figure 7 shows the 7-day compressive strengths 
of the pastes derived from the as-received and milled 
pond ashes.
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The as-received pond ash samples are much 
weaker (3.5 MPa) than geopolymers prepared from 
Mongolian fly ashes for which values >30 MPa have 
been reported (23). The compressive strength of 
land-filled fly ash reported by Mucsi et al. was also 
less than 3 MPa (21) (but note that the land-filled 
fly ash materials described by Mucsi et al. was based 

on brown coal fly ash from a dumpsite). It appears 
that the compressive strengths of the pond ash 
based geopolymers are generally lower than those 
prepared by using fly ashes. Milling the as-received 
pond ash progressively increases the compressive 
strength of the resulting geopolymers (Figure 7) up 
to 15 MPa in the sample milled for 30 min. While it 
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is possible that milling for longer times may further 
improve the compressive strengths of the geopoly-
mers, the maximum milling time used in the pres-
ent experiments was chosen as a trade-off  between 
the achievement of reasonable strength and the 
expenditure of excessive grinding energy, although 
relatively mild milling conditions were used in the 
present work. Another reason for the choice of a 
short milling time is related to difficulties of remov-
ing ground ash particles from the milling media 
and pot, as already mentioned. This effect at longer 
milling times may also militate against the intro-
duction of further structural distortion. Although 
the strength and setting properties of geopolymers 
are strongly dependent on the water content, this 
factor is not the reason for the present increase in 
compressive strength with milling, since the ratio of 
water to geopolymeric solid used in the present syn-
theses remained generally constant for all the milled 
materials (Table 2). For this reason, the increase in 
compressive strength with increased milling times 
appears to be a result of the particle size reduction 
and improved geopolymerization reaction in the 
pond ash milled for longer times. The same behav-
ior also reported by Mucsi et al. for mechanically 
activated land-filled fly ash (21). The BET specific 
surface area of the geopolymer synthesized from 
as-received (unmilled) pond ash was 34.09 m2/g, 
decreasing to 24.41 m2/g in the geopolymer prepared 
from pond ash milled for 30 min. This is consistent 
with a more compact structure in the geopoly-
mer prepared from mechanically milled pond ash 

compared with that prepared from the as-received 
pond ash. The higher density follows on from hav-
ing a more compact structure due to improved pack-
ing of the particles leaving less void space.

Although geopolymer pastes derived from 
mechanically activated pond ash or land filled fly 
ash (21) are weaker than those based on pure fly 
ashes (20), their mechanical strengths are sufficient 
for lower-specification construction applications.

The FTIR spectra of the as-received and milled 
starting materials and their corresponding geopoly-
mers (Figure 8) show a characteristic broad Si-O 
band centered at 1080 cm−1 and a characteristic 
doublet for quartz at 780 and 800 cm−1 in the as-
received pond ash. The spectra of the raw pond ash 
also contain peaks at 2360 and 2336 cm−1 arising 
from the doublet band of CO2.

Milling causes the broad band at about 1080 cm−1 
to become much broader, indicating an increased 
spread of Si-O environments. Alkali activation 
results in a new peak at 1004 cm−1 arising both from 
the geopolymeric structure with Si-O-Al bond (23) 
as well as influence of Ca ions on the Si-O vibra-
tion mode in the geopolymer structure (26). The 
raw pond ash contains 5.5 wt.% CaO and can be 
suggested that bound mostly to glass phase. Since, 
the glass phase will react with alkali treatment pref-
erentially, there occurred a partial substitution of 
Ca ions to the geopolymer structure. Alkali activa-
tion also produces broad bands at about 1420 cm−1, 
composed of two overlapping bands at about 
1400–1500 cm−1; this band arises either from sodium 
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Figure 8. FTIR spectra of raw and milled ashes and respective geopolymers.
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or calcium carbonate from atmospheric carbonation 
of sodium and calcium hydroxides (23). Peaks due to 
carbonates also appear at 2928 cm−1 and 2854 cm−1. 
Atmospheric carbonation clearly occurred continu-
ously both after curing and after compressive test-
ing, which was carried out about two weeks before 
the FTIR measurements were made. All the alkali-
activated materials show a broad band centered 
at 3420 cm−1 (the O-H stretch of absorbed water) 
and at 1630 cm−1 (H-O-H bending). These spectra 
confirm the formation of Al-O-Si atomic configura-
tions typical of a geopolymer structure in samples 
derived from both unmilled and milled pond ash. 
An interesting feature of the alkali activated pond 
ash spectra is the appearance of a shoulder at 
1100  cm−1 which is probably related to the S-O-Si 
band of quartz which becomes better resolved when 
the overlapping Si-O and Al-O bands shift to low 
wave numbers due to Al-O-Si bond formation.

SEM micrographs of the alkali activated materi-
als prepared from as-received and milled pond ash 
(Figure 9) show similar morphology at both low 
and higher magnification. The samples also contain 
some needle-like structures, probably either from a 
crystalline sodium zeolite or sodium carbonate.

Table 3 shows EDS analyses of the geopolymers 
prepared from the raw and milled pond ashes.

In general, EDS measurements of the Si:Al 
ratios in fresh fracture surfaces of geopolymers does 
not provide an accurate analysis, since the complex 
topography introduces uncontrolled geometric fac-
tors and results in very large systematic errors; the 

results of the EDS analyses should therefore be con-
sidered as approximate only. Geopolymers prepared 
from the 30 min. milled pond ash show an Si:Al ratio 
of almost 2, compared with 1.7 in the raw pond ash 
geopolymer. High compressive strengths are usu-
ally attributed to the presence of well-formed geo-
polymeric framework structures. Both milled and 
unmilled specimens also contain reasonably similar 
Ca contents, in agreement with the FTIR results 
(Figure8).

3.3. Leaching of heavy metals from the geopolymers

The results of the leaching tests of the as-received 
and 30 min. milled pond ash and the geopolymer 
prepared from 30 min. milled pond ash (Table 4) 
show that although the as-received ash contains 
significant concentrations of the toxic elements As, 
Pb, Cr and Sr, these are effectively retained within 
the pond ash itself  in a form that is not removed by 
leaching or milling of the ash, nor by formation of 
the ash into an alkali-activated geopolymer.

This result suggests that these elements are 
already immobilized within the ash, possibly as glass 
phase, and that they sufficiently tightly bound that 
they are not released even by grinding; this is unlike 
the behavior of ground flyash from which harmful 
elements are released upon grinding (22).

The immobilization of  arsenic by flyash geo-
polymers is reported to be more efficient than by 
metakaolin-based geopolymers, possibly due to its 
association with the iron or calcium component of 

(a) (b)

(c) (d)

5.0 µm

500 nm500 nm

5.0 µm

Figure 9. SEM micrographs of alkali activated pastes prepared from (a, c) as-received pond ash, (b, d) pond ash milled for 30 min.
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the flyash (27), and the presence of  both elements 
in the present pond ash suggests a similar mecha-
nism may be operating. Geopolymerization reac-
tions generally involve dissolution of  the glassy 
phase in the alkaline medium, with further poly-
condensation and hardening of  the binder phase. 
In the present case it is unclear whether the haz-
ardous elements in the pond ash are released from 
glassy phase by alkali activation, then immobi-
lized within the binder phase or whether the glassy 
phase is not dissolved fully in the alkali, retaining 
the hazardous elements within the glassy structure, 
but since geopolymer formation requires the glassy 
phase to be dissolved preferentially, it is more likely 
that released hazardous ions are trapped within 
the geopolymer structure. Immobilization of  lead 
by geopolymers has attracted much study, and has 
been suggested to occur by the chemical formation 
of  an insoluble lead silicate rather than by physi-
cal entrapment within the geopolymer pore struc-
ture (27). Immobilization of  heavy metals such 
as Cr3+, Pb2+, Cu2+, Cd2+ by kaolin/zeolite-based 
geopolymers occurs via substitution these cations 
for the Na+ or K+ charge-balancing cations in the 
unreacted zeolite (28). Incorporation of  radioac-
tive Sr in the amorphous geopolymer matrix does 

not occur to any great extent, mostly by the forma-
tion of  crystalline SrCO3 rather than in a charge-
balancing role (29). All these studies suggest that 
by analogy with flyash-based geopolymers, the 
present materials prepared by alkali treatment of 
milled pond ash might result in the retention of 
the hazardous elements inside the the geopolymer 
binder paste, as has been found to be the case.

In summary, this research suggests a method 
by which a toxic pond ash waste could be con-
verted into a safe and useful product for low-
specification construction applications or for use 
as an additive to other cementitious materials to 
improve their performance. The problem of  low 
mechanical strengths of  alkali-activated geopoly-
mers derived from pond ash can be overcome by 
milling for a relatively short time to break up the 
particle aggregates, and the potential leaching of 
harmful elements from the milled pond ash or its 
corresponding geopolymer is shown not to present 
a significant problem.

4. CONCLUSIONS

Pond ash stored under water for long periods 
contain partially leached agglomerated grains 
with a bimodal size distribution. Alkaline activa-
tion of  this material produces a geopolymer-type 
binder of  low compressive strength (3.5 MPa) 
which can be increased to 15 MPa by milling the 
pond ash for 30 minutes. The increase in compres-
sive strength results from increased reactivity of 
the finer particles in the milled pond ash, and an 
increase in the content and density of  the resulting 
geopolymer binder. Leaching tests indicate that 
the presence of  toxic elements (As, Pb, Cr, Sr) in 
the original pond ash does not militate against its 
safe utilization as a raw material for the produc-
tion of  useful products for low-specification con-
struction applications or as an additive to other 
cementitious materials.
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Table 3. EDS analyses of the geopolymers prepared from 
raw and 30 min. milled pond ashes

Raw pond ash 
geopolymer

30 min. milled pond 
ash geopolymer

Element. Wt% Wt%

C 21.1 30.3

O 32.8 31.6

Na 7.2 5.5

Mg 1.6 1.1

Al 9.1 7.4

Si 15.6 14.5

K 1.2 1.2

Ca 3.7 3.1

Ti 0.6 0.9

Fe 7.0 4.1

å 100 100

Table 4. Leaching of the as-received and milled pond ash and the corresponding alkali activated geopolymer

Element

Concentration of toxic elements (ppm)

As-received  
pond ash

eluate from as-received 
pond ash 

eluate from 30 min. 
milled pond ash 

Eluate from geopolymer prepared from 
30 min. milled pond ash 

As 102 <5 <5 <5

Pb 24 <2 <2 <2

Cr 90 <10 <10 <10

Sr 836 <5 <5 <5
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