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Abstract Direct agricultural use of most Australian coal
fly ashes is limited by their (1) extreme alkalinity, (2)
extreme salinity and (3) trace metal leachability. Therefore,
in order to use fly ash as a fertiliser source, the bio-avail-
ability of its nutrients needs to be improved by reducing its
toxic elements and salinity. Application of fly ash as an
amendment to carbonaceous compost has the potential to
dilute the toxic effects of fly ash while enhancing the
release of more nutrients to the soil through the chemical
reaction between compost and fly ash. However, the ele-
vation of pH and salinity levels in compost by the addition
of fly ash may reduce the availability of some indigenous
micro-organisms in the compost, soil respiration, and
nitrogen release and may cause toxic heavy metal intrusion
into crops, creating health issues. Therefore, the present
study examined the applicability of coal fly ash as an
amendment to compost for agricultural use, after neutral-
ization by mineral carbonation, taking into consideration
the changes which occur in the geo-chemical properties of
fly ash, after the mineral carbonation reactions for CO,
sequestration. The changes in the alkalinity (pH), salin-
ity/electrical conductivity and trace metal concentration of
the leachates from column leaching tests were measured
and compared before and after the carbonation of three
types of Victorian brown coal fly ashes. The results showed
a significant drop of pH of the coal fly ash samples from
11-12 to 7.5-8.5 after mineral carbonation, and the salinity
reduced from 6-7 to 3.2-3.8 dS/m. Along with the pH
reduction, the leachable concentrations of a number of
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heavy metals, including B, Cd, Cu, Pb, Hg, Zn, As and Se,
reduced in the carbonated ash. These favourable changes
indicate the enhanced capacity of Victorian brown coal fly
ashes as a compost amendment after mineral carbonation
reactions.

Keywords Coal fly ash - Compost amendment -
Accelerated mineral carbonation - Chemical properties -
Heavy metal leachability

Introduction

Coal fly ash has vast potential as a soil amendment for
agriculture, especially due to its physical properties and the
presence of macro and micro-nutrients (Pathan 2003). A
number of studies have demonstrated the positive effects of
coal fly ash for improving soil’s chemical and physical
properties, soil nutrient status, plant growth and nutrient
uptake (Aitken et al. 1984; Page and Elsiwee 1979).
However, the continuous use of fly ash, particularly
unweathered and untreated ash, as a soil ameliorant may
create problematic situations, depending on the type of soil
and the dosage of ash applied (Yunusa et al. 2006). The
primary concern is the potential leaching of hazardous
metals into the soil from some fly ashes, especially at
comparatively high application rates (Palumbo et al. 2005).
Fly ash contains some biologically toxic elements in con-
centrations that greatly exceed their concentrations in soil
(Sikka and Kansal 1994; Pandey and Singh 2010). There-
fore, the continuous loading of soils with fly ash may lead
to a tendency to accumulate these elements in the soil.
From the soil, they can be taken up by vegetation or per-
colated into groundwater sources and cause serious con-
tamination (Sikka and Kansal 1994). Trace elements are
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persistent global pollutants and accumulation up to toxic
levels of these elements is responsible for reductions in
crop yields, leading to negative consequences for animal
and human health (Sharma and Kalra 2006; Sharma 1989).
The toxicity of Boron (B) in particular has become one of
the major limiting factors in the agricultural use of coal
combustion ash (Pandey and Singh 2010).

Moreover, the addition of fly ash to soil can cause
changes in soil alkalinity (expressed as soil pH) and
salinity. Soil salinity (total soluble salts) is commonly
evaluated using the parameter electrical conductivity (EC).
The pH of fly ash can be acidic or alkaline, depending on
the type of coal burnt. Accordingly, fly ash is used as a
buffering agent to reclaim problem soils with undesirable
alkalinity or acidity (Jala and Goyal 2006). However, most
coal fly ashes produced worldwide have strong alkalinity in
the pH range of 8§—12, and therefore their addition as a soil
ameliorant to soils can bring about unfavourable changes to
soil pH (Pandey and Singh 2010). This may lead to
increased bio-availability of some trace metals to levels
that are toxic for plants and animals. For example, Riehl
et al. (2010) observed an increase in soil pH from 8.1 to 12
in calcaric soils amended with alkaline coal fly ash, which
ultimately caused the mortality of soil microfauna and
increased mobility of Co, Ni and V. Reduced concentration
of water-soluble phosphate nutrients in soil is another
result of fly ash addition (Menon et al. 1993). Fly ashes
with excessive concentrations of soluble salts (B, Mo, Se,
Ca, Mg) may cause salinity problems when applied to soil,
and thereby suppress plant growth. Yunusa et al. (2008)
observed adverse effects of fly ash application on plant
growth at high application rates (<125 Mg/ha), which were
attributed to the increased soil salinity. Weathered ash
often contains comparatively low concentrations of salts as
a result of leaching, which may also limit its nutritional
potential due to elemental leaching (Ghodrati et al. 1995).
Consequently, salt-tolerant plant species are mostly rec-
ommended to grow on soils amended with fly ash in order
derive the best agronomic benefits (Yunusa et al. 2006). As
the research literature states, the use of coal fly ash in
agricultural soil needs to be done paying special attention
to the characteristics of the specific fly ash, the properties
of the soil and the type of plant (Ukwattage et al. 2013a;
Yunusa et al. 2011). Coal combustion fly ash, when applied
in conjunction with carbonaceous compost, may act as a
favourable amendment to compost as a result of the
chemical reactions between the compost and fly ash (Hu-
penyu et al. 2015). Thermophilic composting is the tradi-
tional composting technique during which the high
microbial activities enhance soil respiration, creating a
greater fertiliser value while killing pathogens. Microbial
activities in biological decomposition create organic acids
that have the ability to dissolve phosphates containing
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minerals in fly ash. Therefore, the use of fly ash in com-
posting significantly enhances the phosphates available for
plant growth. For example, Menon et al. (1993) observed
up to 378 and 348% increments in yields of collard greens
and mustard greens, respectively, with 20% of fly ash in
organic compost made from grass. According to Basu et al.
(2009), fly ash is an ideal amendment for sewage sludge
compost, in which lime is normally used to raise the pH,
remove pathogens and reduce the heavy metals. Since coal
fly ash has significant amounts of CaO, it can be replaced
by lime, which reduces the heavy metals through adsorp-
tion and precipitation created by its high pH, also consid-
erably reducing the cost. Chou et al. (2005) reported that
the addition of fly ash to soil negatively affects plant
growth due to the associated high alkalinity and high sur-
face tension. This situation can be overcome by adding
around 12.5% of fly ash to a sandy soil and compost mix.
This significantly accelerated their tomato plant growth
without creating any issue with yield. However, the
researchers highlighted that the addition of unnecessarily
large quantities of fly ash to compost may negatively affect
seed germination. This study clearly showed the necessity
to use fly ash appropriately (i.e. in adequate quantity and
appropriate medium) when using it in agricultural soils.
Likewise, the addition of controlled amounts of fly ash to
composts is a very common practice in agriculture to
reduce pathogen content and to immobilize heavy metals.

However, there are many issues associated with the
direct use of fly ash in compost (Fang et al. 1997). Com-
posting is a biological process that decomposes micro-or-
ganisms and oxidizes organic matter. The high salinity and
high pH condition generated by fly ash in compost may
cause significant reductions in soil respiration and nitrogen
content through ammonia volatilization, which in turn
affects micro-organism growth during the composting
process (Wong et al. 2009). On the other hand, the large
amounts of heavy metals in fly ash may create issues by
introducing toxic elements to crops, thereby causing health
issues.

When subjected to carbonation, fly ash appears to pos-
sess more favourable properties, which help mitigate the
adverse health and environmental effects currently associ-
ated with its final disposal and re-use. Carbonation of ash is
achieved during carbon capture and storage, which is ter-
med mineral sequestration (Huijgen and Comans 2003;
Sanna et al. 2014). Coal combustion fly ash contains a
variety of thermodynamically unstable oxides, hydroxides
and silicates, which can react with CO, to form carbonates
(Sanna et al. 2012). However, the natural ambient reaction
takes geological times to complete and is enhanced by
accelerated carbonation in gaseous CO, rich environments
and under controlled reaction conditions (Huijgen et al.
2005; Nyambura et al. 2011; Sun et al. 2012; Ukwattage
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et al. 2013b). As discussed by Pathan (2003), the changes
in physico-chemical properties during the carbonation
reaction make the end-product of sequestration amendable
for beneficial re-uses, such as in construction material and
in agriculture. Therefore, mineral sequestration, while
achieving carbon sequestration advantages, helps to man-
age the enormous quantities of solid waste coal fly ash
generated each year, through its beneficial re-use as fly ash-
based compost. Especially for countries whose agricultural
soils need continuous amelioration and liming, such as
Australia, fly ash may present an encouraging low-cost
substitute to liming agents and costly compost amendments
(Yunusa et al. 2011).

Most of the studies to date on the use of fly ash for
compost have been primarily focussed on raw or weathered
fly ash in combination with other soil ameliorants, in order
to overcome the limitations of fly ash in compost. No
research work has been reported to date on the carbonation
of fly ash as a measure to improve its physico-chemical
properties before its use. Hence, the aim of the present
study was to investigate the suitability of coal fly ash in
applications, including as a compost amendment for agri-
cultural soils, after neutralization by mineral carbonation.
The re-use capacity of fly ash was evaluated based on the
changes observed in chemical properties (pH and EC) and
the trace metal leachability of Victorian brown coal fly
ashes. The paper provides a brief description of the prop-
erties of Victorian brown coal fly ash used in the present
work, the accelerated carbonation and chemical properties
testing procedure, the test results and a discussion of the
results. Finally, the changes in the chemical properties are
discussed in relation to the agricultural utilization of coal
fly ash as an amendment to carbonaceous compost.

Materials and experimental methods

This section describes the different fly ashes used in the
study, the accelerated carbonation procedure in brief, the
testing of alkalinity and salinity and the column leaching
test procedure.

Coal fly ashes

Three types of Australian coal fly ash samples (F1, F2,
F3) from three power stations located in the Latrobe
Valley Victoria were used for the present study. Victo-
rian brown coal is the origin for all three fly ashes
(Perera et al. 2011). The ash samples for testing were
collected from the waiting ponds at the power plant sites.
For the characterization of the fly ash, morphological
analysis was carried out using a Nova Nano 450 scan-
ning electron microscope equipped with a field emission

gun. According to the images, the Latrobe Valley ash
particles are generally irregular and range from sub-an-
gular through to rounded, sometimes spherical. The age
and degree of weathering of each ash type were judged
using morphological indices such as colour, texture,
composition and impurities. The mineralogy of the fly
ashes was determined by X-ray diffraction spectroscopy
using a Panalytical Empyrean diffractometer coupled
with Cu Ko radiation at 45 kV and 40 mA. Chemical
analysis was conducted using X-ray fluorescence. Before
being used in carbonation, the bulk ash material was
sieved with a 1.18 mm sieve to obtain uniform-sized
particles. The samples were then oven-dried at 105 °C to
a constant weight, to remove all the moisture in the
samples.

Accelerated carbonation test procedure

The carbonation of fly ash samples was carried out
inside a continuously stirred closed reactor under con-
trolled reaction conditions. Figure 1 shows the front view
of the reactor tank after setting up for the test. For each
test run, a dried fly ash sample of 300 g mixed with 30%
(w/w) deionized water was used. The sample was placed
inside the reactor which was charged with gaseous CO,
to an initial pressure of 3 MPa. The inside temperature
of 40 °C was maintained throughout the test. Continuous
stirring was provided to accelerate the reaction speed.
The drop of initial gas pressure was recorded as a
measure of the carbonation reactions progression for a
period of 48 h.

Stirring motor

Gas outlet Gas inlet

Reactor cell

Heating jacket

Fig. 1 The reactor set-up used for fly ash carbonation (Ukwattage
et al. 2014)
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Fig. 2 Column leaching test device. a Sketch of column. b Actual
column

Testing of chemical properties and leachability of fly
ash

From each type of fly ash, five replicates of carbonated and
non-carbonated ashes were used for alkalinity (pH) and
salinity (EC) tests. 1:1 solutions of fly ash to distilled water
were used for the tests, according to the ASTM Standard
D4972-01. The metal leachability of the fly ashes was
measured by analysing the leachates collected from the
column leaching tests. The leaching column used in the
study is shown in Fig. 2.

The column was 56 mm in diameter and 300 mm in
height and made with Perspex material. A 10-mm thick
porous disc was fixed at the bottom of the column to hold
the sample. The micro-pores of 5 pm diameter in this
porous disc facilitated the slow migration of water through
the sample. The column was filled with fly ash to a height
of 150 mm without applying compaction. A distilled water
column of 150 mm was maintained above the fly ash
throughout the test. The leachate drops were accumulated
into a collection unit. Three replicates of carbonated and
non-carbonated for each type of fly ash were used in the
column leaching tests. The collected leachate was analysed
for metal composition using inductively coupled plasma
optical emission spectrometry (ICP-OES) and inductively
coupled plasma mass spectrometry (ICP-MS). The trace
elements were analysed by ICP-MS owing to its lower
detection limit, particularly for heavy metals.

Results and discussion
The pressure drop inside the tank reactor was plotted

against time in order to confirm the carbonation of the fly
ash samples before using them for chemical testing. A
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Fig. 3 Pressure drop with time during fly ash carbonation test and
control test

control test with an equivalent weight of water was carried
out under the same test conditions and the drop of pressure
over time was plotted for comparison. Figure 3 compares a
set of tests conducted for F1 fly ash carbonation.

According to the results, in both tests, the initial pressure
inside the reactor reduced gradually over time and came to
a constant. In the control test, the pressure drop was caused
by the dissolution of CO, in water. When the water
becomes saturated, further dissolution reduces and equi-
librium is achieved. Therefore, the pressure drop is stabi-
lized. In contrast, in the carbonation test, the pressure drop
was caused by (1) dissolution of CO, in water and (2)
participation of CO, in the carbonation reaction. Therefore,
the difference between the two curves simply represents
the drop of CO, pressure caused by the carbonation of the
fly ash sample. This method of carbonation estimation has
been reported in a number of other research studies
(Nyambura et al. 2011; Montes-Hernandez et al. 2009;
Ukwattage et al. 2013b).

Effect of carbonation on pH of fly ash

The results of the pH tests before and after carbonation are
shown in Fig. 4.

According to the results, the Latrobe Valley fly ashes as
received are extremely alkaline, with initial pH values of
11.3-11.95. This can be explained in relation to the
chemical composition of the three ash samples. Table 1
shows the chemical composition of the three Latrobe
Valley fly ashes used in the study.

The pH of an ash-water system is mainly controlled by
the ratio of Ca and S concentrations in the fly ash (Querol
et al. 2002) and other minor alkalis or alkaline earth cations
such as Mg (Ward et al. 2009). Accordingly, the existence
of significant levels of alkaline Ca/Mg oxides makes Lat-
robe Valley fly ashes extremely alkaline, which is detri-
mental for their re-use (Montes-Hernandez et al. 2009).
The differences in the initial pH of the three ash types can
be discussed in relation to their degree of weathering and
the available alkaline oxide content. By the time of
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Table 1 Chemical composition of fly ashes (XRF and XRD analysis)

Fl F2 F3
Si0, 36 54 13
ALO; 2 95 2.1
Fe,0;5 16 3 23
K,O 0.4 12 0.4
MgO 10.7 55 13
Na,O 42 2.1 9
Ca0 12,5 18.5 24.8
SO, 12 25 12.8

collection, the F1 fly ash sample had already been signif-
icantly weathered in the waiting ponds and hence it showed
the lowest pH at the time of collection (Ukwattage et al.
2013b). Both F2 and F3 ashes were comparatively fresh
and showed higher initial alkalinity than F1. After

carbonation, the fly ash pH dropped significantly to average
values of around 8.15, 8.1 and 7.85, representing percent-
age pH drops of 28.5, 32.3 and 33.8%, respectively for F1,
F2 and F3 fly ashes. After carbonation, the drop of pH is
mainly attributed to the conversion of free lime into
stable carbonates (Pérez-Lopez et al. 2008). The chemical
and mineralogical changes in the aqueous fly ash CO,
system throughout the carbonation process can be evalu-
ated to better understand the pH and EC changes. For this
purpose, some researchers have analysed samples drawn at
regular time intervals during the progression of carbonation
(Druckenmiller and Maroto-Valer 2005; Back 2012).

As the research literature suggests, the pH of the reac-
tion between CO, and fly ashes in aqueous solutions is
mainly driven by the rates of alkalinity-providing reactions
and the rates of alkalinity-consuming reactions. For
example, the dissolution of lime and periclase (MgO) is an
alkalinity-providing step, whereas the precipitation of cal-
cite is an alkalinity-consumption step. According to Back
et al. (2008), three reaction phases can be identified within
the entire carbonation process, with respect to two pH
inflection points. The first phase (phase I) is characterized
by high pH values accompanied by a strong increase of EC.
These high pH values reflect the caustic alkalinity gener-
ated by the dissolution of lime, and the relevant reaction is
shown in Eq. 1.

CaO(s) + H,O(l) — Ca*"(aq) 4+ 20H (aq) (1)

Because of the above lime dissolution reaction, a high
Ca concentration occurs soon after the start of the test. In
addition, the dissolution of gaseous CO, into the aqueous
phase to form HCO;~ and CO5>~ also occurs through the
reaction path described in Eq. 2. The dissolution of CO, in
water is dependent on temperature, pressure, and brine
salinity, and it reduces the pH of the system (Drucken-
miller and Maroto-Valer 2005).

CO, + OH™ — H,CO; — H' + HCO; — CO;™ +H'
(2)

The pH determines which steps dominate in the above
reaction sequence and accordingly the proportions of the
carbonic species (Bond et al. 2002). At low pH (~4), the
production of H,CO5; dominates, at mid pH (~6) HCO;™~
production dominates, and at high pH (~9) CO5*~ domi-
nates (Soong et al. 2002). Therefore, at a basic pH, the
precipitation of carbonate minerals is favoured because of
the availability of carbonate ions. Conversely, the disso-
lution of carbonates may increase as the solution becomes
increasingly more acidic. After the formation of carbonate
ions, they react with the metals to form carbonate minerals
(Eq. 3). According to Stumm and Morgan (1996), in the
initial phase, the carbonation reaction appeared to proceed
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quickly relative to the transfer of CO, and therefore no
build-up of total dissolved inorganic carbon (HCO3™ and
CO5%7) could be observed. With the onset of the carbon-
ation reaction, a decrease of Ca in solution accompanied by
a drop of EC occurred.

Ca’>"(aq) + HCO; (aq) — CaCOs(s) + H' (aq) (3)

With the rapid calcite precipitation, a continuous drop in
pH occurs, which is related to the direct transfer of Ca from
the lime pool into calcite. While the reaction progresses,
the depletion of the lime pool decreases the further disso-
lution rate of lime to values significantly lower than the
carbonation rate. This leads to a significant shift of the pH
regime into the carbonate buffer system. Phase II is dom-
inated by the carbonation reaction, which consumes alka-
linity and drives the pH towards lower values. However, at
the end of phase II, the onset of HCO;~ formation indicates
a deceleration of the carbonation reaction, which is due to
exhaustion of the lime pool. The pH of the solution is now
buffered by the equilibrium between dissolved CO5*~ and
HCO;3;™, so that the pH rapidly decreases to values below
the equivalence point of the buffering system. CO, uptake
in phase III is to a significant extent controlled by the
formation of dissolved inorganic carbon. Periclase starts to
dissolve only at the beginning of phase III (since the dis-
solution rate of MgO is low at high pH of phase I and phase
II) which helps to neutralize CO, mainly as dissolved Mg
bicarbonate. Therefore, the pH remains nearly unchanged
during this phase. Moreover, Santos et al. (2013) state that
the formation of a carbonate layer blocks the access of
inner un-reacted alkaline minerals to the solution, which
may also contribute to a gradual pH reduction as a function
of carbonation progression.

As an overall effect, a pH drop can be observed in
alkaline materials after carbonation. Previous researchers
have reported significant reductions in alkalinity in materials
subjected to carbonation. According to Hjelmar and van der
Sloot (2011), carbonation typically reduces the pH of
municipal solid waste incineration (MSWI) bottom ash
leachate from 11 to 12 to a level of 7 to 8. Similarly, Li et al.
(2007) and Fernandez Bertos et al. (2004) observed the
lowering of the pH of fresh MSWI fly ash from 12-12.5 to
7-10 and from 12 to below 8 (nearly neutral), respectively.
In the present study, the ash was collected from waiting
ponds at power plant sites. Hence, the initial pH values were
slightly lower than the pH of fresh Latrobe Valley fly ashes,
which was in the range of 11.5-12, as observed by Mudd
(2000). This is a result of natural ageing or weathering over
time. According to Li et al. (2007), fresh fly ash showed a
greater drop of pH with its higher reactivity compared to the
slight drop observed in aged ash. Therefore, to a large
extent, the pH drop of ash is related to the reactivity of
carbonation and the amount of CO, sequestrated.

@ Springer

Natural weathering can also bring about similar pH
changes to the accelerated carbonation reactions of solid
waste materials over time. For instance, Elseewi et al.
(1980) observed an initial increase of Ca content and pH of
agricultural soil with the addition of fresh fly ash, which
was attributed to the dissolution of Ca*" and OH™ ions
from the fly ash. However, over seasons, the enrichment of
these ions in the acid soil eventually led to CaCOj3 pre-
cipitation and the resultant pH was similar to that of a
calcite system. According to Hjelmar and van der Sloot
(2011), after dumping into landfills, fly ash can be sub-
jected to mineral carbonation over time through contact
with rainwater and atmospheric CO,. Due to preferential
flow, the carbonation-associated pH lowering may be sur-
prisingly rapid. This may negatively affect the leaching of
some contaminants (Pb and Zn) which are soluble and
hence released at high pH values. However, even after
several years, if the landfill is disturbed and the particles
are crushed, the alkalinity can emerge again since the ash
particles may still have a strong alkaline core which may
be exposed. According to above results, the use of fly ash
after the carbonation reactions in compost amendment
should be a better method of using it for crop cultivation,
since extreme pH may harm the micro-organisms in soil.

Effect of carbonation on soluble salt concentration
of fly ash

The changes in the total soluble salts of fly ash solution
before and after carbonation were evaluated using EC
measurements, and the results are shown in Fig. 5.
Before carbonation, the soluble salt content of the fly
ashes was in the range of 6—7 dS/m, which represents the
moderately saline class, based on soil salinity classifica-
tions (Richards 1954). According to mineralogical analysis,
this high EC in leachate can be directly attributed to the
presence of a large proportion of minerals in soluble form
(e.g. SO427, CI7, Ca0O, MgO) in the ash (Back et al. 2008;
Rai and Ainsworth 1987). Previous researchers have
observed even higher salinity of 18-19 dS/m for Victorian
brown coal fly ashes (Yunusa et al. 2011). However,
weathering and leaching over time in ash ponds has made
present fly ashes less saline than fresh precipitator ash.
After the carbonation reaction, the soluble salt content
reduced on average by 39, 46 and 47% for F1, F2 and F3
fly ashes, respectively. Accordingly, the final ECs of the
carbonated fly ashes were between 3.2 and 3.8 dS/m. The
reduction of the soluble salt content of fly ashes after
carbonation mainly occurs due to the conversion of oxides
and/or hydroxides into carbonates. This conversion chan-
ges most of the soluble forms of metals into insoluble or
less soluble forms, which can result in reduced levels of
salinity in fly ash solutions. Rai and Ainsworth (1987), on
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the basis of thermodynamic evaluations, suggested that in
raw fly ash samples, the dissolved Ca concentrations are
controlled by CaO and/or Ca(OH),, whereas in CO, reac-
ted samples the concentration would be controlled by cal-
cite (CaCOs3). Moreover, most of the other metals, such as
Ba, Cd and Pb, are probably present in the form of oxides
and/or hydroxides [e.g. Ba(OH),, CdO, Pb(OH),] in raw fly
ash soon after the combustion process. During carbonation,
these oxides and/or hydroxides are converted to carbonates
(e.g. BaCOj;, CdCO;5;, PbCO3) which are more insoluble
than oxides and/or hydroxides (Fernandez Bertos et al.
2004; Rai and Ainsworth 1987). In addition, the concen-
trations of the key trace elements B, Mo and Se are gen-
erally tied to the total amounts of soluble salts and hence to
the salinity of fresh fly ash (Yunusa et al. 2011). The
physical retention of these metals following carbonation
also leads to the reduced salinity of carbonated fly ash,
which is discussed in detail in relation to metal leachability
in the following section.

Effect of carbonation on heavy metal leachability
of fly ash

The leachability of trace metals was analysed in carbonated
and non-carbonated fly ashes using the column leaching
tests and the results of the leachate analysis are shown in
Fig. 6.

The Latrobe Valley fly ashes contain significant quan-
tities of B, Cu, Zn and Se as trace metals in the ash
matrices. Taking into consideration the availability of trace
metals (especially B), their extreme alkalinity and high

level of salinity, Victorian brown coal ashes are the least
suitable Australian fly ashes for soil application (Yunusa
et al. 2011). However, as the results of the leachate analysis
stand, the concentration of trace elements in the leachate
was reduced after carbonation in all three types of brown
coal ashes. In particular, the reductions in leachable B in
the carbonated ash samples are remarkable. In F1, F2 and
F3 ashes, respectively, 33, 36 and 48% of B removal was
observed after carbonation. In fresh fly, ash B may occur in
several modes which directly influence its mobility. Nev-
ertheless, earlier studies have shown that a large fraction of
B in fly ash is in soluble forms that can cause toxicity
problems in soils and plants when used in agriculture (Cox
et al. 1978; Manoharan et al. 2010). The significant
reduction of B removal from the leachate can be explained
by the pH changes following carbonation. The pH of the
fresh fly ash as received was in the range of 11-12, which
is extremely alkaline. After carbonation, the ash pH drop-
ped to around 7.5-8.5, within which the solubility of B has
been found to be the lowest. For example, Tabelin et al.
(2014) observed the minimum leachability of B around the
circumneutral pH range due to its strong adsorption onto
minerals like Al-/Fe-oxyhydroxides and clays. Under
acidic pH, the dissolution of mineral phases, which incor-
porated and/or adsorbed the element, creates increased B
release into the solution, while under strongly alkaline
conditions the enhanced desorption causes increased
leachability (Tabelin et al. 2014). In addition, the results
showed that CO, treatment was effective in significantly
reducing the concentrations of contaminants such as Zn,
Pb, As, Cu and Se in the leachate. As mentioned above, the
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Fig. 6 Trace metal concentrations in leachate before and after
carbonation. a F1 fly ash. b F2 fly ash. ¢ F3 fly ash

effect of pH change following carbonation appeared to be
the dominant mechanism for a number of heavy metals
when considering the possible leachability reduction
mechanisms (Wang et al. 2010). At the alkaline pH of fresh
fly ash, the leaching concentration of heavy metals, espe-
cially Pb, Zn and Cu, is very high. The final ash pH
achieved after carbonation coincides with minimum solu-
bility pH of a number of heavy metals. For instance, Cu, Pb
and Zn show their minimum solubilities at a pH range of
7-9 in their V-shaped leaching versus pH curves.
Accordingly, the metals are soluble at low and high pH
values and are relatively insoluble at neutral to slightly

@ Springer

alkaline pH values. The leachability of Ni is also known to
reduce after carbonation due to pH reduction (Santos et al.
2013; Wang et al. 2010). However, in the present study, Ni
leaching in both fresh and carbonated ash was minute,
making it difficult to use the varying pH results to confirm
the mechanism. Hg leaching reduced due to the basicity
reduction after carbonation. According to Zhang et al.
(2008), Hg is relatively stable under weak acidic conditions
(pH up to 6) and starts releasing when the acidity increases.
In addition, the decrease of pH may cause the co-precipi-
tation of certain metals as carbonates, which can lead to the
reduced leachability of those elements (Wang et al. 2010).
Metals such as Pb, Cd, Cu and Zn have a strong affinity
with calcite and they are reduced by sorption onto CaCOs,
leading to co-precipitation (Freyssinet et al. 2002).

Another mechanism is the absorption of trace metals
into other forms of metal compounds which causes sig-
nificant immobilization of those elements following car-
bonation. For example, the reduction in leachable As and
Se is attributable to increased sorption by iron oxides at
reduced pH (Theis and Wirth 1977). Moreover, a geo-
chemical study suggested that carbonation can play a role
in the solubility control of As and Se through co-precipi-
tation into pure calcite (Roman-Ross et al. 2006). Change
in speciation and formation of calcium arsenate complexes
in the aqueous phase was observed by Yokoyama et al.
(2012). Physical retention following carbonation is another
reason for the reduction of heavy metal leaching (Wang
et al. 2010). The carbonation reaction starts at the surface
of the granular mineral waste particles and slowly moves
inwards (Hjelmar and van der Sloot 2011). With time, the
formation of an encapsulating carbonate layer, although
detrimental to the progression of the carbonation reaction,
may play an important role in limiting heavy metal
leaching by reducing exposure of the unreacted or unre-
active phases in the particle core to the aqueous medium
(Santos et al. 2013). In addition, it is well established that
by decreasing the soluble concentration of a contaminant,
the mobility of that contaminant can also be reduced
(Reddy et al. 1986; Schramke 1992).

As discussed thus far, the carbonation reaction exerts
numerous favourable effects on the reduction of the
leachability of a range of trace metals. Nevertheless, as the
results of the study stand, the release of V and Sb from coal
fly ash is enhanced after carbonation. This is caused by the
reduction of basicity after carbonation, since V is known to
be more prone to solubilization with the lowering of pH
(Reddy et al. 1986; van Zomeren et al. 2011). Similarly, the
leaching of the oxyanion Cr also shows a slight increase
after carbonation. According to Rai and Ainsworth (1987),
both Cr and V leaching is proportional to the basicity
reduction in the ash-water system. Leaching of Cr
decreases with carbonate formation, whereas the decrease
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in pH increases leaching more substantially (Cornelis et al.
2008; van Gerven et al. 2005). Fernandez Bertos et al.
(2004) found that there is the possibility of Cr associating
with calcium silicate hydrate (CSH) as a silicon substitute
at higher pH values, and this mineral phase can undergo
solubilization at lower pH, re-releasing Cr. However, as
observed by Santos et al. (2013), Cr leaching only becomes
significant below pH 5 and therefore does not cause sig-
nificant problems under the ultimate ash pH achieved in the
present study. At the same time, Van Gerven et al. (2005)
showed that Cr-containing untreated bottom ashes brought
to the same lower pH as carbonated ashes by acidification
show much higher Cr leaching, meaning that Cr speciation
in carbonated samples at least offers a buffer that hinders
drastic solubilization. Molybdenum leaching remained
constant or slightly increased after carbonation due to pH
reduction. Nonetheless, all the increased elemental con-
centration of the leachate after carbonation still appeared to
remain below regulatory defined limits for the safe disposal
of coal fly ash.

In addition to the above analytical results, scanning
electron microscopic (SEM) imaging and EDX analysis
were conducted for the fly ash samples before and after
carbonation and after leaching, to determine the morpho-
logical changes which occurred in the ash. Figure 7 shows
the resultant SEM images.

Fig. 7 SEM images of F3 fly
ash sample. a Before
carbonation. b After
carbonation. ¢ After leaching

In the SEM images, the non-carbonated ash sample
shows the spherical shape of the ash particles with some
irregularities. In the carbonated fly ash sample, the for-
mation of calcite crystals is visible as hexagonal rod-
shaped objects. It is evident that there has been a trans-
formation of the dense particles of raw fly ash into particles
that are more porous, after leaching.

Effect of carbonation on final disposal and reuse
of fly ash

As discussed in the above sections, accelerated carbonation
is shown to have a significant potential to improve the
chemical stability and the leaching behaviour of potentially
hazardous solid waste residues. The reactions involving Ca
and CO, are expected to mainly control the pH, solubility
and mobility of inorganic contaminants in fly ash
(Schramke 1992). In terms of the final disposal of fly ash,
the changes brought about through carbonation are of great
importance. When considering the use of fly ash as an
amendment for composting, the reduction of the fly ash pH
to values corresponding to the minimum solubility ranges
of a number of heavy metals helps to reduce potential soil
and crop contamination following application. When con-
sidering the land-filling of fly ash, the lowering of the fly
ash pH to values corresponding to the minimum solubility

Carbonate

crystals
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of many heavy metals helps to reduce potential soil and
groundwater contamination following disposal. Moreover,
at pH < 9.5, the reduced leachability of trace elements can
be sometimes expected up to within regulatory defined
limits. (Wong et al. 2009). In addition, the decrease in free
oxides and hydroxides and the formation of calcites during
accelerated carbonation can improve the acid neutralization
capacity (ANC) or the pH buffering capacity of the ash,
which enhances its capacity for use in reclaiming problem
soils (Chimenos et al. 2000). Fresh fly ash is characterized
by poor pH buffering capacity and therefore when applied
to soil the resulting pH sometimes becomes closer to the
pH of the soil rather than the pH of the fly ash (Yunusa
et al. 2011). However, after carbonation, the ANC of fly
ash appeared to be improved. For instance, under acidic
conditions, the ANC of bottom ash increased from
0.46-0.48 to 0.88 meq/g (at pH 5) after 48 h of accelerated
carbonation (Sharma and Kalra 2006). Similarly, according
to Cappai et al. (2011), MSWI fly ash showed a significant
buffering capacity between neutral and alkaline values at
pH around 7-8 after carbonation treatment.

In relation to the agricultural utilization of coal fly ash,
Yunusa et al. (2009) identified extreme alkalinity, salinity
and elemental toxicity as the most important environmental
considerations. In Australia, almost half of the 100 million
ha of agricultural soils are acidic with a pH below 5.5 and
as much as 11 million ha of land is identified as extremely
acidic (pH < 4.5; Yunusa et al. 2006). Therefore, gypsum
is routinely applied as a liming agent to correct the prob-
lematic pH of the soil. Furthermore, fly ash is a perfect
amendment for sewage sludge compost, in which lime is
normally used to raise the pH, remove pathogens and
reduce the heavy metals. Coal fly ash has significant
amounts of CaO and therefore it can be replaced by lime,
which reduces the heavy metals through adsorption and
precipitation through its high pH, also considerably
reducing the cost (Basu et al. 2009). As shown by
Ukwattage et al. (2013a), Australian coal fly ashes, espe-
cially alkaline coal ashes, have the potential to substitute
this costly soil and compost amendment when used at
appropriate application rates. Depending on the soil salinity
level and the fly ash EC, it is advisable that the EC of the
fly ash not exceed 1.5 dS/m, and the salt concentration
should be <960 mg/L (Yunusa et al. 2011). However,
according to the results of the current study, even after
carbonation, the salinity of Victorian brown coal fly ash did
not achieve this low level, which is desirable for applica-
tion to most crops. Nevertheless, the EC of carbonated ash
ranged between 3.2 and 3.8 dS/m, which is below the
prohibited level of fly ash salinity of 4 dS/m for agricul-
tural application, as regulated by the Protection of the
Environmental Operations Act 2005 prepared by the
Environment Protection Authority and the Department of
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Environment and Climate Change, New South Wales,
Australia (PEOR 2005). Hence, carbonated fly ash can be
applied to crop lands of moderately salt-tolerant crops such
as oats, sorghum, wheat, canola, safflower, soybean, and
sunflower, which can be grown in 4 dS/m salinity
(Richards 1954). In this regard, the use of this carbonated
fly ash as an amendment to carbonaceous compost would
be a better option, as it will assist in diluting the toxic
effects of fly ash, further reducing the salinity level through
the chemical reactions initiated between the compost and
the fly ash (Menon et al. 1993).

Based on the trace metal concentrations in Australian fly
ashes, elemental toxicity does not cause any serious issues,
except for the concentration of B. Rather, Victorian brown
coal fly ash is a good source of a range of essential nutri-
ents for soil fertility and plant growth, including Ca, Mg, S,
K and N. Other elements of major concern (such as As, Cd,
Hg, Mo, Pb and Se) and of moderate concern (such as Cr,
Cu, Ni, V, Zn and F), in terms of environmental risk are
present in comparatively low concentrations in Australian
fly ashes (Yunusa et al. 2006). However, it should be noted
that there is only a small difference between beneficial and
toxic levels of trace elements. Therefore, full chemical
characterization of the ash should be repeated every three
years if the fly ash is used for agricultural applications,
even as compost amendment (PEOR 2005). In addition,
special care should be taken with the B concentration of fly
ash, since it has been reported to be phytotoxic to a number
of crops planted under fly ash amendment. For instance,
Manoharan et al. (2010) observed B phytotoxicity in canola
plants grown at fly ash dosages above 39 Mg/ha. However,
certain soils, such as those with high clay content, can
absorb most of the fly ash-derived B, making it less
available to plants (Goldberg 1997). Moreover, according
to the guidelines of the Protection of the Environmental
Operations Act 2005, almost all Australian fly ashes readily
pass the 60 mg/kg of B concentration limit for land
application. According to Yunusa et al. (2011), especially
when used at prudent rates not more than 10 Mg/ha,
Australian fly ashes do not have any negative impacts on
the environment. Nevertheless, after carbonation, the sig-
nificant reduction observed in B concentration of fly ash is
highly important in terms of the establishment of accept-
able soil application rates for Victorian brown coal fly
ashes. As an overall effect, accelerated carbonation helps to
fully or partly overcome the three major environmental
concerns regarding fly ash application as a compost
amendment.

However, it should be noted that soil characteristics vary
greatly. Therefore, fly ash should only be used under
specific conditions. In particular, the pH and salinity of the
fly ash should be counter-checked with the above charac-
teristics before its application to soil. For example, in
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Australia, almost half of the 100 million ha of agricultural
soils are acidic with a pH below 5.5 (Yunusa et al. 2000).
Therefore, fly ash with higher pH values may be suit-
able for such soils, but not suitable for other soils with
relatively higher pH. Furthermore, soils with high clay
content can absorb most of the fly ash-derived B, making it
less available to plants (Goldberg 1997). Therefore, fly ash
with high B concentration can be safely applied to such
soils, which is certainly not the case for other soils, such as
sandy soils. The interaction of fly ash with soil causes
properties such as pH, salinity and heavy metal concen-
trations to vary over time, and it is therefore necessary to
frequently check soil conditions upon the application of fly
ash, even as a compost amendment.

Conclusion

The present study examined the effect of carbonation on the
alkalinity, salinity and trace metal leachability of Victorian
brown coal combustion fly ashes collected from the waiting
ponds of three power plants in the Latrobe Valley, Australia.
According to the results, the alkalinity of all three types of fly
ashes significantly reduced from extremely alkaline pH
values of 11-12 to slightly alkaline or neutral pH values of
7.5-8.5. This reduction of pH is solely attributable to the
conversion of alkaline metal oxides (Ca/Mg) to metal car-
bonates during the carbonation reaction. Of the three tested
fly ashes, the lowest percentage pH drop of 28% was recor-
ded for the F1 fly ash, which had been initially weathered to a
significant degree in the collection pond. With regard to the
salinity (EC) of the fly ashes, all three types of ashes fall into
the classification category of moderately saline, with the
initial EC in the range of 6—7 dS/m. This dropped to values
below 4 dS/m, which is the threshold EC for land application
of Australian coal fly ash. However, even with the EC range
achieved after carbonation (3.2-3.8 dS/m), the brown coal
fly ashes can only be recommended for application to crops
which can tolerate moderate to slight salinity. The leacha-
bility of a number of trace metals, including B, Cd, Cu, Pb,
Hg, Zn, As and Se, reduced after carbonation, mainly due to
the change of pH and mineral speciation during carbonation.
The leachable concentration of Cr, Sb and V appeared to
increase with the drop of alkalinity in fly ash after carbona-
tion, but with slight to moderate increments which do not
exceed the safe disposal limits. Considering these improve-
ments, carbonated fly ash provides a better option than fresh
fly ash as an amendment for compost. However, more
research is needed on crop responses to carbonated fly ash to
better understand its value as a compost amendment. As an
overall conclusion, the mineral carbonation of coal fly ash
not only serves to capture CO,, but is also beneficial in

improving the geo-chemical properties of the material, thus
helping to meet safe disposal or re-utilization requirements.
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