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a  b  s  t  r  a  c  t

The  use  of  an  industry  waste,  brown  coal fly  ash  collected  from  the  Latrobe  Valley,  Victoria,  Australia,  has
been  tested  for the  post-combustion  CO2 capture  through  indirect  minersalization  in acetic  acid  leachate.
Upon  the  initial  leaching,  the  majority  of  calcium  and  magnesium  in  fly  ash were  dissolved  into  solution,
the  carbonation  potential  of  which  was  investigated  subsequently  through  the  use  of  a  continuously
stirred  high-pressure  autoclave  reactor  and  the characterization  of  carbonation  precipitates  by  various
facilities.  A  large  CO2 capture  capacity  of  fly  ash  under  mild  conditions  has  been  confirmed.  The  CO2

was  fixed  in  both  carbonate  precipitates  and  water-soluble  bicarbonate,  and  the  conversion  between
these  two  species  was  achievable  at  approximately  60 ◦C and  a CO2 partial  pressure  above  3 bar.  The
kinetic  analysis  confirmed  a  fast  reaction  rate  for the  carbonation  of  the  brown  coal  ash-derived  leachate
O2 sequestration at  a  global  activation  energy  of  12.7  kJ/mol.  It is  much  lower  than  that  for  natural  minerals  and  is  also
very  close  to the  potassium  carbonate/piperazine  system.  The  CO2 capture  capacity  of  this  system  has
also  proven  to  reach  maximum  264  kg CO2/tonne  fly  ash  which  is comparable  to the  natural  minerals
tested  in  the  literature.  As  the  fly  ash  is  a valueless  waste  and  requires  no  comminution  prior  to  use,
the  technology  developed  here  is highly  efficient  and  energy-saving,  the  resulting  carbonate  products  of
which are  invaluable  for  the  use  as additive  to  cement  and  in  the  paper  and  pulp  industry.
. Introduction

Post-combustion CO2 capture (PCC) is one of the promising
ptions for a quick mitigation of the greenhouse gas emitted from
ower plants for the combustion of fossil fuels such as coal [1].  The
onventional concept for PCC consists of an initial on-site separa-
ion and compression of CO2 and subsequent transportation of CO2
o an appropriate storage site such as depleted oil fields or aquifers.
uch a way requires a costly and energy-intensive surveillance for
he prevention of CO2 leakage during transport and storage. In con-
rast, the CO2 mineralization process through carbonation presents

 leakage-free and permanent sequestration method [2],  which
an be achieved either on-site through the use of combustion by-
roduct and/or natural minerals, or off-site in a mineral mining
lace.

The on-site CO2 mineralization usually occurs in a liquid
edium, in which a mineral species is initially dissolved, and the
esulting basic cations specifically calcium and/or magnesium are
ubsequently carbonated through bubbling the CO2-containing flue
as into the leachate. Due to the relative easiness for scale-up [3],

∗ Corresponding author. Tel.: +61 3 9905 2592; fax: +61 3 9905 5686.
E-mail address: lian.zhang@monash.edu (L. Zhang).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.01.053
© 2012 Elsevier B.V. All rights reserved.

this route has been attracting plenty of attention worldwide [4].
The leaching media are either acidic reagents such as sulfuric acid
(H2SO4), chloric acid (HCl), acetic acid, ammonium chloride (NH4Cl)
and ammonium sulfate ((NH4)2SO4) or alkaline solutions such as
sodium/potassium hydroxide (Na/KOH) [5,6]. Of these, acetic acid
has been tested widely, principally due to the fact that it is prone to
recycle and hence to increase the cost-effectiveness of the whole
process [7],  as demonstrated by the reactions:

Extraction : CaO(s) + 2CH3COOH(aq)

→ Ca2+ + 2CH3COO− + H2O(l) (1)

Carbonation : Ca2+ + 2CH3COO− + CO2(g) + H2O → CaCO3(s)

+ 2CH3OOH(l) (2)

To date, the parameters governing the leaching behavior of
numerous minerals by reaction (1) have been examined exten-
sively. The feedstock used includes natural mineral resources such
as serpentine, wollastonite and olivine [8],  and industrial wastes

such as steelmaking slag [9],  concrete [10] and fly ash derived from
coal combustion and municipal solid waste incineration (MSWI)
[11]. Of these, fly ash is potentially the most suitable source as it is
generated on-site with CO2 together in a combustion plant, thereby

dx.doi.org/10.1016/j.jhazmat.2012.01.053
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lian.zhang@monash.edu
dx.doi.org/10.1016/j.jhazmat.2012.01.053
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Nomenclature

A constant in Peng–Robinson equation [–]
As exponential factor, s−1

a constant in Peng–Robinson equation [–]
B constant in Peng–Robinson equation [–]
b constant in Peng–Robinson equation [–]
Ea activation energy, kJ/mol
f fugacity, atm
ks rate constant of carbonation, s−1

ntotal CO2,t CO2 reacted at time t during carbonation, mol/L
ntotal CO2,max maximum CO2 reacted at equilibrium during

carbonation, mol/L
p pressure, atm
R  ideal gas constant, kJ/mol K
Tc critical temperature, K
Tr relative temperature [–]
v volume of gas, m3

vi initial rate of CO2 transfer, mol/s
z compressibility factor [–]
Z constant in Peng–Robinson equation [–]

Greek symbols
�  constant in Peng–Robinson equation
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Table 1
Elemental composition of the Victoria brown coal fly ash tested here.

Element Content (wt%)

CaO 29.7
MgO 25.5
SiO2 9.2
Al2O3 2.5
Fe2O3 11.1
Na2O 6.5
K2O 0.5
ω eccentric factor

equiring no transportation. In addition, its particle size is usually
n the micro and sub-micron scale, thus requiring no comminution
rior to being used. For the fly ash samples that have been tested in
he literature, those bearing a relatively high concentration of cal-
ium have proven effective in terms of carbon capture. However,
s the mode of occurrence of calcium varies significantly with fly
sh type and particle size, a generalized conclusion has yet to be
chieved with respect to the optimum conditions for maximizing
he elution of calcium upon leaching and its carbonation capacity.
or instance, for calcium in a water–ash slurry system, its carbona-
ion was optimized at a temperature of 30 ◦C and a pressure 4 MPa
12], which, however, is contradictory to the statement that car-
onation efficiency is largely independent of the initial pressure of
O2 as well as is little affected by reaction temperature [13].

Victorian brown coal is the single largest source meeting over
5% of the electricity needs in the State of Victoria, Australia. Due to

ts high moisture content, i.e. up to 75 wt%, the Victorian brown coal
ombustion exhibits a CO2 emission rate of approximately 1300 kg-
O2/MWh-electricity sent out, relative to ∼900 kg-CO2/MWh  for
he power plants burning high-rank black coal in Australia [14].

 carbon tax of AUD $23/tonne has been priced and to be imple-
ented as of July 2012 in Australia. It is pivotal to develop a

ost-effective PCC technique to be implemented shortly in the
atrobe Valley, Victoria, otherwise, the sustainability of brown coal
nd the whole industry in Victoria would be negatively impacted.
he use of Victorian brown coal fly ash for CO2 on-site mineral-
zation has being tested by us, based on the consideration that, as

 very young low-rank coal, Victorian brown coal is rich in alkali
nd alkaline earth metals [15]. The alkaline earth metals are highly
oncentrated in solid ash whereas the alkali metals preferentially
aporize into gaseous vapors leaving the chimney [15]. To date,
pproximately 1.3 million tons per annum fly ash is being produced
n the Latrobe Valley, most of which is stored into ash dam as a

aste. Changes to the local groundwater quality have been con-

erned [16]. The use of brown coal fly ash is expected to achieve

 permanent capture of approximately 0.3 million tonnes CO2 per
nnum, which concurrently leads to the production of calcium car-
onate to be used as a value-added additive in local paper and
SO3 15.0
P2O5 0.03

pulp industry, thereby increasing the brown coal product diver-
sification and creating new income stream. It is envisaged that,
the CO2 sequestration capacity of fly ash is not comparable to the
total amount emitted in the Latrobe Valley. However, such a study
is expected to act as ‘icebreaker’ for introducing CO2 permanent
mineralization technology that eventually may  be picked up by the
power producers. The mature technique for carbon capture using
monoethanolamine (MEA) is highly sensitive to flue gas composi-
tion/quality and highly energy-demanding [17].

In the present paper, the performance of a typical Victorian
brown coal fly ash for CO2 mineralization in acetic acid has been
reported. As will be shown later, the brown coal fly ash derived
leachate is dominated by the co-existence of calcium and magne-
sium, rather than mainly one metal in a natural mineral-derived
leachate. Parametric investigation and intensive characterization
have been conducted to clarify the influences of individual factors
on the carbonation efficiency of these two metals and the proper-
ties of the resulting carbonates. In addition, kinetic modeling has
been carried out to extract the activation energy and compare it
with other carbon capture sources.

2. Experimental work

2.1. Victorian brown coal fly ash properties

The fly ash tested here is a dry ash sample collected directly
from an electrostatic precipitator in International Power Hazel-
wood Pty Ltd., which provides approximately 33% of the electricity
needs in Victoria. As indicated in Table 1, the sample tested includes
30 wt% CaO and 25.8 wt%  MgO. The total amount of these two
oxides is far higher than in a bituminous coal fly ash which is over-
whelmingly dominated by Al/Si oxides. Moreover, as determined
by computer-controlled scanning electron microscopy (CCSEM) by
the methodologies explained elsewhere [18], the ash sample tested
here is very fine in particle size, most of which fall into the size bins
of 2.2–4.6 �m and 4.6–10 �m,  see Fig. 1. Both calcium and mag-
nesium are also mainly present in these two  size bins. These size
bins are even smaller than the optimum size range of 20–150 �m
for maximum carbon capture mentioned in the literature [12]. It
is desirable that the dissolution rate of this fly ash sample is very
fast as well as highly cost-effective as the comminution for coarse
particle is unnecessary.

2.2. Fly ash leaching in acetic acid and carbonation conditions

According to the reaction Eqs. (1) and (2) shown above, the acetic
acid was  used to dissolve fly ash. The resulting leachate was subse-
quently bubbled by CO2 for carbonation. Simultaneously, the acetic
acid was regenerated. The conditions including 6% (v/v) acetic acid,

a liquid to solid ratio of 10 and stirring duration of 1 h were used for
ash leaching at ambient conditions, resulting in the extraction of the
majority of calcium and magnesium into the leachate, in which the
other elements are much lower and even under the detection limit
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ig. 1. Particle size distribution of overall fly ash and CaO and MgO  determined by
CSEM.

f the inductively coupled plasma optical emission spectroscopy
ICP-OES, PerkinElmer 7100DV), as shown in Table 2.

Carbonation of fly ash leachate was conducted in a batch-scale
ontinuously stirred high-pressure autoclave (BR-300, Berghof)
ith a capacity of 300 mL.  For each run, approximately 50 mL

eachate was firstly poured into a Teflon beaker, which was  then
laced into the autoclave under immediately mechanical stirring
nd heated up to the desired temperature at a heating rate of
pproximately 5 ◦C/min. Note that, the autoclave was protected
y inert nitrogen in the heating stage. Once the temperature was
eached, the pure CO2 (Grade 4.5 Linder gas) was injected at a cer-
ain pressure, and the reaction was then held for a certain period.
ventually, the system pressure was released, and the solution was
ltrated using ADVENTEC filter GC-50 under vacuum. The result-

ng solid powders were dried at 105 ◦C overnight and stored for
nalysis.

Considering that the soluble bicarbonate can also be formed dur-
ng carbonation, the pressure drop of CO2 over time was  monitored
eal-time to estimate its consumption rate. A control experiment
or blank solution containing no cations was also conducted. The
O2 consumed by the carbonation of the fly ash-derived leachate
as calculated according to [13]

carbonation = Pglobal − Pblank solution (3)

Fig. 2 shows a typical pressure drop caused by the carbonation of
◦
y ash leachate and black solution at 80 C and 10 bar. The resulting

carbonation was converted to the quantity of CO2 consumed [13]:

CO2 = PcarbonationV

RT
(4)

able 2
oncentrations of the elements dissolved in the leachate.

Element Content (g/L)

Ca2+ 14
Mg2+ 7
Fe3+ 0.3
Al3+ 1
Mn  0.2
Si <0.2
Cr <0.0002
Cd ND
As ND
SO4

2− 0.02

D: non-detectable
Time/s

Fig. 2. CO2 pressure drop between leachate and black solution.

where V is the volume that occupied by gas, T is temperature of reac-
tion, and R gas constant (0.008314 kJ mol−1 K−1). Here, the pressure
P needs to be replaced by fugacity, considering the deviation of the
properties of CO2 from an ideal gas at the high pressure adopted
here. The Peng–Robinson equation was used to determine fugacity
and compressibility factor for CO2 according to:

p = RT

v − b
− a(T)

v(v + b) + b(v − b)
(5a)

Z3 − (1 − B)Z2 + (A − 3B2 − 2B)Z − (AB − B2 − B3) = 0 (5b)

a(T) = a(Tc) × ˛(Tr, ω) (5c)

a1/2 = 1 + �(1 − Tr
1/2) (5d)

� = 0.37464 + 1.54226ω − 0.26992ω2 (5e)

˛(Tr, ω) = [1 + �(1 − Tr
1/2)]

2
(5f)

ln
f

p
= Z − 1 − ln(Z − B) − A

2
√

2B
ln

Z  + 2.414B

Z − 0.414B
(5g)

where

A = aP

R2T2
; B = aP

RT
; Z = Pv

RT
. (5h)

A convergence function was  then formed:

f (Z) = exp(Z − 1 − ln(Z − B)) − A

(2 × B ×
√

2)
× ln

(Z + (1 +
√

2) ∗ B)

(Z + (1 −
√

2) ∗ B)
(6)

The parameters of CO2 in Peng–Robinson equation as shown in
the literature [19] were adopted.

Extra experiments were also carried out for the direct carbon-
ation of fly ash as a form of ash–water slurry to compare with the
indirect method proposed here. The ash–water slurry has being
tested by the existing power plant for a temporary storage of CO2
after it is purified by MEA  from flue gas. A typical condition of tem-
perature 60 ◦C, initial CO2 pressure 10 bar, stirring speed 400 rmp
and stirring time 60 min  has been tested and compared with the
ash-derived leachate.

2.3. Characterization of leachate and solid species

For both fresh and used leachate, the concentrations of cations

were quantified using ICP-OES. In the meanwhile, a variety of
techniques were used to characterize the carbonation precipitates,
including X-ray Fluorescence Spectrometry (XRF, Rigaku-2100) for
elemental composition, X-ray diffraction (XRD, Rigaku RINT) for
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41–42 wt% for the precipitates formed, which are close to the quan-
tity of 44% CO2 in calcite. With the increase in reaction temperature,
the CaO content in precipitate dropped evidently, in comparison
to a continuous increase for the content of MgO. A molar ratio of
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Fig. 3. Effect of stirring speed on carbonation pressur

rystallized structure identification using a diffractometer with a
u-K� radiation at a wavelength of � = 1.5406 Å, and scanning elec-
ron microscopy (SEM, JEOL5600) for morphology observation and
article size measurement. For SEM observation, the sample pow-
er was first dispersed into ethanol by ultra-sonication in 5 min.
he resulting slurry was then dropped onto a piece of carbon tape,
ried at 50 ◦C, and finally carbon-coated prior to microscopic obser-
ation. For particle size counting, more than 100 particles were
bserved and their diameters were measured by Image-Pro 6.2.
hermal gravimetric analysis was also conducted by TG-DTA851 to
uantify the loss-on-ignition (LOI) of the carbonation precipitate
y heating a sample up to 900 ◦C in nitrogen.

. Results and discussion

.1. Influences of autoclave stirring speed

Effect of stirring speed of the autoclave on CO2 capture was
rstly studied under the conditions of room temperature, 10 bar
O2 and 30 min. As demonstrated in the left panel of Fig. 3, the
ressure drop was equilibrated at approximately 2–3 bar for the
ase without stirring, which was quickly stabilized at ∼5 bar in
0 min  with stirring. The comparison here is a clear sign of a
oor mass transfer for CO2 into leachate. The right panel of Fig. 3
or the amount of CO2 captured as solid precipitate also sub-
tantiates that, a continuous stirring at 400 rmp  is sufficient for
inimizing/eliminating the diffusion limit for CO2 capture in the

atch-scale autoclave reactor adopted here.

.2. Influence of carbonation temperature

The influence of carbonation temperature was investigated sec-
ndly under a typical condition of 10 bar CO2 and 30 min  stirring
t 400 rmp. Fig. 4 illustrates the quantity of CO2 captured by a unit
ass of fly ash on two  aspects: CO2 pressure drop calculated by

qs. (3)–(6),  and solid precipitate amount collected after filtra-
ion. Interestingly, the calculation gave a much higher estimate
han the corresponding solid mass. Clearly, apart from solid pre-
ipitate, water-soluble species were also form to bind CO2, which

s principally Mg  bicarbonate, as will be further explained later. In
ddition, Fig. 4 demonstrates that, for either CO2 is captured in solid
r liquid phase, the CO2 capture capacity of the fly ash sample is
aximized at 60 ◦C. A further increase in temperature from 60 ◦C
Rmp/min

 and precipitate yield at 20 ◦C for 30 min  and 10 bar.

onwards resulted in insignificant change or slight if not negligible
drop on the mass of CO2 captured. This can be partly explained by
the fact that mineral carbonation is an exothermic process which is
negatively affected at elevated temperatures. Moreover, increasing
temperature plays a detrimental role on the solubility of CO2 in an
aqueous solution, which in turn inhabits the carbonation extent.

The XRD spectra for the precipitates are illustrated in Fig. 5,
where pure calcite (CaCO3) and dolomite (CaMg(CO3)2), were also
included for comparison. The angles of 25–35◦ were amplified as
inset in Fig. 5. For the room temperature precipitate, its strongest
peak centering at ∼30◦ overlaps largely with that of pure calcite.
A remarkable right shift was  however noticed upon the increase
in the temperature. For the spectrum of the precipitate formed at
80 ◦C, the strongest peak was  formed at 30.88◦, which is much
closer to dolomite (CaMgCO3) than calcite. The broad width of
this peak and others centering at higher degrees also imply the
slight discrepancy between the 80 ◦C precipitate and pure dolomite,
which can be caused by the presence of trace calcite and/or the dis-
tinct diffraction orientation of the carbonation precipitated formed
here. The TGA and XRF results in Table 3 indicate the LOI values of
80604020
0.00

Temperature/ºC

Fig. 4. Effect of carbonation temperature on CO2 capture capacity at 10 bar.
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Fig. 5. XRD of precipitate at different temperatures for 60 min  at 10 bar.

.05 for CaO to MgO  has been achieved at 80 ◦C, which is obviously
olomite. The incorporation of Mg  into dolomite at 80 ◦C should be
aused by the decomposition of its water-soluble bicarbonate.

The bubbling of gaseous CO2 into fly ash leachate is initiated
y its dissolution to form HCO3− by Eq. (7),  which subsequently
issolves to form CO3

2− by Eq. (8).  For the optimized stirring speed
00 rmp  adopted here, these two reactions are apparently fast and
xert very limited influence on the overall carbonation rate. For
he CO3

2− anion formed, its stabilization follows reaction (9) for
he formation of calcium carbonate. Such a reaction is exothermic
nd hence, it is depreciated at elevated temperatures. In contrast,
or magnesium ion, it initially reacts with HCO3− rather than CO3

2−

o form Mg  bicarbonate which is highly water-soluble, according
o Eq. (10). Upon heating, the resulting bicarbonate is expected to
ecompose into carbonate and release one molar CO2 as gas by Eq.
11). This explains a gradual increment on the content of Mg  in the
olid precipitate in Table 3.

O2(aq) + OH− → HCO3
− (7)

CO3
− + OH− → CO3

2− + H2O (8)

a2+ + CO3
2− → CaCO3↓ (9)

g2+ + 2HCO3
− → Mg(HCO3)2 (10)

g(HCO3)2
∇−→MgCO3 ↓ +H2O + CO2 (11)

Following the discussions on Figs. 4 and 5 and Table 3, the fate

f both Ca and Mg  ions upon carbonation in acetic acid solution
re elucidated quantitatively. Fig. 6 plotted the fraction of each ion
onverted to carbonate/bicarbonate versus carbonation tempera-
ure. Here again, the decrease in the fraction of Ca carbonate with

able 3
lemental compositions of the precipitates formed under the carbonation condition
f  10 bar CO2 and 30 min, wt%.

RT 40 ◦C 60 ◦C 80 ◦C

LOI 41.9 42.0 42.1 42.1
CaO 44.8 39.3 36.5 30.9
MgO  8.1 14.1 16.9 20.9
SiO2 1.7 1.5 1.5 2.3
Al2O3 0.6 0.5 0.6 0.8
Fe2O3 1.6 1.7 1.3 1.6
Na2O 0.7 0.5 0.7 0.7
K2O 0.04 0.05 – 0.05
SO3 0.5 0.3 0.3 0.6
Fig. 6. Conversion of different carbonates during carbonation at different tempera-
tures.

increasing temperature is evident, substantiating the exothermic
nature of reaction Eq. (9).  The un-reacted Ca2+ ratio is remarkably
higher, varying from 0.4 at 20 ◦C to 0.6 at 80 ◦C. This is an indica-
tor of the favored backward reaction of Eq. (2) for the dissolution
of CaCO3 into acetic acid. Regarding Mg,  its carbonation ratio was
improved stably with the increase in temperature, reaching from
approximately 0.4 at 20 ◦C to 0.97 at 80 ◦C. The formation of water-
soluble Mg  bicarbonate was promoted more pronouncedly than the
carbonate precipitate. This supports a slow reaction rate of Eq. (11)
for the decomposition of Mg  bicarbonate.

The co-precipitation of two  carbonates favors particle agglom-
eration and their filtration. As demonstrated in Fig. 7(a), for the
precipitate formed at room temperature, it exhibits a most proba-
ble size of approximately 0.95 �m.  A bimodal distribution with two
peaks of 2.0 and 5.0 �m were formed at 40 ◦C. A further increase on
the temperature to 60 ◦C shifted the whole distribution to larger
size range with two  peaks centering at 8.5 and 12.0 �m respec-
tively. Since no further shift was observed at 80 ◦C, it is conclusive
that 60 ◦C is the optimum temperature for carbonate agglom-
eration, which is also the best temperature for maximizing the
quantity of CO2 captured, as demonstrated in Fig. 4. The particle
morphologies in panels (b) and (c) also demonstrates the predomi-
nance of rod-like crystals with fine size and sharp edge in the 25 ◦C
precipitate, which is calcite as indicated in Fig. 5. Instead, the single
particles formed at 80 ◦C are mainly in round shape and agglomer-
ated noticeably. The change in the crystal shape is an extra evidence
of the incorporation of Mg  into calcite which losses the crystal edges
accordingly. This may  also explain the slight discrepancy between
80 ◦C precipitate and natural dolomite in terms of the XRD peak
position and width in Fig. 5.

3.3. Influence of CO2 partial pressure

For a given reaction period of 60 min  at 60 ◦C, the results in Fig. 8
indicate the insignificant variation of the quantity of CO2 captured
as solid with CO2 partial pressure. This further substantiates the
above hypothesis that CO2 diffusion is not a limit control step for
carbonation in the continuously stirred autoclave used here, pro-
vided that the reaction time is longer enough for the equilibrium
of Eqs. (9)–(11) to be achieved.
The XRD spectra in Fig. 9 demonstrate the preferential forma-
tion of high-purity calcium carbonate at the elevated CO2 pressure.
With the CO2 pressure increasing, the major peak centering on
approximately 29.8◦ continued to shift left towards an angle which
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Fig. 7. Particle size distribution (a) and morphologies ((b) for room temperat
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Fig. 8. Effect of CO2 pressure on CO2 capture as solid precipitate at 60 ◦C.
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Fig. 9. XRD spectra for the precipitates formed versus CO2 partial pressure.
ure and (c) for 80 ◦C) of precipitates formed at different temperatures.

is representative of pure calcite. The content of Mg  in the precipi-
tate was reduced noticeably. This is the evidence for the promotion
of reaction Eq. (9) whereas the inhibition of the forward reaction
for Eq. (11) upon the increase in the CO2 partial pressure.

The initial CO2 pressure is also influential in terms of carbon-
ate formation rate. As expected, for a CO2 pressure less than 1 bar,
the carbonation reactions (9)–(11) would be lengthy. The increase
in the initial CO2 pressure clearly favors its dissolution and diffu-
sion into the fly ash-derived leachate. Here, a pseudo-second-order
kinetic model was used to simulate the CO2 carbonation rate [13].

dntotal CO2,t

dt
= ks(ntotal CO2,max − ntotal CO2,t)

2 (12)

where ks is the rate constant of sequestered CO2 for a given initial
CO2 pressure and a given temperature, the ntotal CO2,max is the max-
imum quantity of CO2 sequestered at equilibrium (mol), ntotal CO2,t

is the sequestrated quantity of CO2 at t seconds. The initial rate of
CO2 transfer vi (mol/s) in the system can be calculated by [13]:

vi = ks(ntotal CO2,max)2 (13)

Fig. 10 depicts the initial rate of CO2 transfer as a function of
the initial CO2 pressure. As demonstrated, increasing pressure is
beneficial for increasing the initial rate of transfer for CO2. However,
since a pressurized vessel is difficult to operate and is also costly,
the result in Fig. 8 is a clear indicator that increasing reaction time
is beneficial for compensating the promoting effect of CO2 partial
pressure.

3.4. Kinetic modeling of CO2 transfer in leachate during
carbonation

The pseudo-second-order kinetic model was further used to
model the CO2 capture rate in the given reaction system, which is
described in Eq. (14). This differential equation was integrated with
analytical approach together for an initial condition of ntotal CO2,t =

0 at t = 0:

ntotal CO2,t = ntotal CO2,max × t

(ks × ntotal CO2,max)−1 + t
(14)
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Fig. 10. Effect of CO2 partial pressure on the initial rate of CO2 transfer.
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The fminsearch function in MATLAB was used for the fitting
f experimental results via the error minimization algorithm. An
xcellent agreement between fitting and experimental observation
or a relative variance R2 over 0.98 has been confirmed, see Fig. 11.

The obtained rate constant at different temperatures can be

xpressed through Arrhenius law (Fig. 12):

s = As × e−Ea/RT (15)
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ig. 12. Activation energy for carbonation with an initial CO2 partial pressure of
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Fig. 13. Pressure drop during the carbonation of fly ash–water slurry.

where As is the pre-exponential factor (s−1), R is gas constant
(0.008314 kJ mol−1 K−1), T is experimental temperature (K), and Ea

the activation energy of carbonation (kJ/mol). The calculated appar-
ent activation energy was  found to be 12.7 kJ/mol with a relative
variance R2 over 0.96 for the carbonation of calcium and magne-
sium ions in the brown coal fly ash leachate. Such a figure falls
between the value for the apparent activation energy obtained
from aqueous Ca(OH)2 carbonation, 9.92 kJ/mol [20] and that for
carbonation of aqueous Mg(OH)2 solution, 54 kJ/mol [21]. This fur-
ther confirms the involvement of Eqs. (9)–(11) for the carbonation
of the brown coal fly ash-derived leachate tested here. In addi-
tion, according to the literature report [22], the apparent activation
energy of gas–solid reaction between CaO and CO2 over 400 ◦C is
180 kJ/mol and 98 kJ/mol for the absence and presence of 15% water
in the reaction system, respectively, which is much higher than our
results achieved in aqueous solution. It is also noteworthy that, the
apparent activation energy achieved here is comparable to potas-
sium carbonate with piperazine which has a heat of adsorption of
42–63 kJ/mol CO2 [23]. Since the overall chemistry for carbonation
is exothermic and brown coal fly ash is small enough for no com-
minution requirement, the system developed here could operate
at zero or negative energy input. It is thus a very energy-saving
and efficient process when compared with the high-temperature
gas–solid carbonation process.

3.5. Comparison between this study and the ash–water
carbonation system

After being collected from electrostatic precipitator, the Victo-
rian brown coal fly ash is mixed with water and pumped as slurry
into ash storage dam. The ash–water slurry is being used directly
for the storage of CO2 after flue gas separation in the Latrobe Valley.
Extra effort was  thus made to compare our process with this exist-
ing system. As demonstrated in Fig. 13,  a pressure drop of 0.25 bar
CO2 has been achieved for the ash–water slurry system, which is
much lower than that achieved for the fly ash acetic acid leachate,
∼3 bar shown in Fig. 2. This is mainly attributed to the immobi-
lization of Ca and Mg  in the original fly ash matrix, which is less
reactive unless being liberated. Based upon the net CO2 consumed,
it is referable that, the quantity of CO2 captured by ash–water slurry
reached 26.4 kg/tonne fly ash, which is 37.9 tonne mineral/tonne
CO2 in terms of the concept RCO2 , a theoretical mineral mass nec-

essary to bind a unit mass of CO2 as carbonate. In contrast, for the
system developed by us, by taking both contributions of solid car-
bonates and water-soluble bicarbonate into account, the maximum
CO2 capture capacity reached 264 kg/tonne fly ash and 3.79 tonne
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Table 4
Comparison of the CO2 capture capacity of natural minerals and various fly ashes.

Carbonation condition CO2 capture capacity, (kg CO2/tonne fly ash) Fly ash type Reference

36 ◦C, 10 bar suspensions 579 h 46 Lignite fly ash [11]
36 ◦C, 10 bar suspensions with shaking 614 h 78 Lignite fly ash [11]
30 ◦C 40 bar, 2 h together with brine 71.8 Black coal fly ash [12]
25 ◦C, 40 bar, 2 h 26.2 Black coal fly ash [13]
43 ◦C, 1 bar, 2 min, in fluidized bed 11 Black coal fly ash [25]
25 ◦C, 10 bar, 1 h 26.4 Victorian brown coal fly ash–water slurry This work
This  study at 60 ◦C 10 bar, 1 h 123 Victorian brown coal fly ash This work
This  study at 60 ◦C 10 bar, 1 h 264a Victorian brown coal fly ash This work
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Refers to the calculation with Mg(HCO3)2 inclusive.

ineral/tonne CO2 equivalent, which is ten-folds larger than the
sh–water slurry system. It is also comparable to the capture capac-
ty of a variety of natural minerals with the RCO2 typically ranging
rom 1.8 to 3.0 tonne mineral/tonne CO2 [24]. Even in the case that
he magnesium bicarbonate is excluded, a maximum CO2 capture
apacity of 123 kg CO2/tonne fly ash is also achievable, which is still
ignificantly higher than the other fly ash samples summarized in
able 4. For the fly ash rich in aluminum and silicon, a maximum
apture capacity of 26.2 kg CO2/tonne fly ash and 11 kg CO2/tonne
y ash are achievable, which is just comparable to the brown coal
y ash-waster slurry system.

. Conclusions

Intensive investigation on the propensity of a brown coal fly
sh-driven acid-soluble alkaline earth metals on CO2 fixation by
arbonation has been conducted in this paper. Apart from para-
etric investigation on the influence of stirring speed, carbonation

emperature and CO2 partial pressure, kinetic simulation has also
een carried out to explore the fundamental knowledge governing
he co-carbonation of calcium and magnesium cations in acetic acid
olution. The major conclusions are drawn as follows:

1) The co-existence of calcium and magnesium irons in aqueous
solution captured the CO2 in both solid carbonate precipitate
and water-soluble magnesium bicarbonate. Increasing tem-
perature deteriorated the carbonation of calcium, whereas it
favored the decomposition of magnesium bicarbonate into car-
bonate precipitate. In contrast, increasing CO2 partial pressure
is beneficial for increasing the purity of calcium carbonate by
inhibiting the precipitation of magnesium as carbonate.

2) The magnesium carbonate preferentially co-precipitated with
calcium carbonate together into micron-scale aggregates, the
size of which varies noticeably with carbonation temperature.

3) A global activation energy of 12.7 kJ/mol during carbonation
has been confirmed for the brown coal fly ash acid-soluble
alkaline earth metals, which is highly energy-efficient. The
maximum capacity of the system developed here can reach
264 kg CO2/tonne fly ash. Such a capacity is substantially higher
than the direct carbonation of ash–water slurry and comparable
to a variety of natural mineral resources.
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