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a b s t r a c t

The increasing CO2 concentration in the Earth’s atmosphere, mainly caused by fossil fuel combustion, has
led to concerns about global warming. A technology that could possibly contribute to reducing carbon
dioxide emissions is the in-situ mineral sequestration (long term geological storage) or the ex-situ min-
eral sequestration (controlled industrial reactors) of CO2. In the present study, we propose to use coal
combustion fly-ash, an industrial waste that contains about 4.1 wt.% of lime (CaO), to sequester carbon
dioxide by aqueous carbonation. The carbonation reaction was carried out in two successive chemical
reactions, first, the irreversible hydration of lime.

CaO + H2O → Ca(OH)2

second, the spontaneous carbonation of calcium hydroxide suspension.

Ca(OH)2 + CO2 → CaCO3 + H2O

A significant CaO–CaCO3 chemical transformation (approximately 82% of carbonation efficiency) was
estimated by pressure-mass balance after 2 h of reaction at 30 ◦C. In addition, the qualitative comparison
of X-ray diffraction spectra for reactants and products revealed a complete CaO–CaCO3 conversion. The
carbonation efficiency of CaO was independent on the initial pressure of CO2 (10, 20, 30 and 40 bar) and
it was not significantly affected by reaction temperature (room temperature “20–25”, 30 and 60 ◦C) and
by fly-ash dose (50, 100, 150 g). The kinetic data demonstrated that the initial rate of CO2 transfer was
enhanced by carbonation process for our experiments.
The precipitate calcium carbonate was characterized by isolated micrometric particles and micrometric
agglomerates of calcite (SEM observations). Finally, the geochemical modelling using PHREEQC software
indicated that the final solutions (i.e. after reaction) are supersaturated with respect to calcium carbonate
(0.7 ≤ saturation index ≤ 1.1).

This experimental study demonstrates that 1 ton of fly-ash could sequester up to 26 kg of CO2, i.e.
n of C

f
e
n
t

38.18 ton of fly-ash per to
for CO2 mitigation.

. Introduction

.1. General concepts
Motivated by concerns about climate change, technical solutions
re searched to minimize these harmful consequences. The main
ctions include: (I) the increase of the efficiency of energy conver-
ion, (II) the reduction of energy demand and (III) the use of carbon

∗ Corresponding author.
E-mail addresses: German.MONTES-HERNANDEZ@obs.ujf-grenoble.fr,

erman montes@hotmail.com (G. Montes-Hernandez).

g
a

t
c
e
g
c
a

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.04.104
O2 sequestered. This confirms the possibility to use this alkaline residue
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ree energy sources (nuclear, solar, wind, geothermal and biomass
nergy) [1–3]. However, fossil fuels account for 85% of world energy
eeds in the current energy system, and hence, rapid variations of
he demand or the prices in the market may seriously harm the
lobal economy. Likewise, the use of fossil fuels will likely continue
t the next decades owing to both its low cost and high availability.

An alternative to reduce the CO2 emission without modifying
he energy production system is the retention or sequestration of

arbon dioxide in stable geological reservoirs [4–7]. Such a strat-
gy, so-called geological carbon sequestration, consists of capturing
aseous CO2 from emissions sources and injecting it as a supercriti-
al fluid in terrestrial reservoirs, such as saline aquifers, depleted oil
nd gas fields or deep coal seams. In geological reservoirs, the super-
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http://www.elsevier.com/locate/jhazmat
mailto:German.MONTES-HERNANDEZ@obs.ujf-grenoble.fr
mailto:german_montes@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2008.04.104


1 Hazar

c
(
p
t
c
t
c
t
r
e
d
f
c
c

l
e
C
a
s
p
l
s
H
n
s
v
a
L
e
t
m
c
i

(

t
a
u
fl
c
w
t
o
c
t
c
o
r
a

1

o
e
s
w
e
t
e
g
3
o

i
fl

r
t
c
p
o
t
z
r
p
o
t
o
b
t
m
p
t
v
f
c
t

c
P
i
a
t
w

s
n
a
i
b
i
p
g

2

2

e
s
t
o
a
c
i
(
s
a
a
a
m

348 G. Montes-Hernandez et al. / Journal of

ritical CO2 could be retained by stratigraphic or structural trapping
physical isolation), solubility trapping (dissolved in the aqueous
hase) and/or hydrodynamic trapping (associated to long residence
ime of dissolved CO2-bearing fluids in aquifers). However, the main
oncerns about the application of the geological carbon seques-
ration strategies in the high pressure and temperature variations
aused by the large CO2 accumulation on the reservoirs. These
hermodynamic variations could exert forces that diminish the
eservoir confinement due to the formation of cracks and faults
ither in reservoir itself or in the cap rocks. Moreover, the CO2
issolution into the pore water and the consequent carbonic acid
ormation can result in the dissolution of several minerals (mainly
arbonate, oxides and hydroxide minerals) affecting the long-term
onfinement properties of the reservoirs [8].

In terrestrial reservoirs, the CO2 pressure can decrease in the
ong term as a consequence of another retention mechanism: min-
ral trapping or mineralogical carbon sequestration. The stored
O2 may transform to stable carbonate minerals by reactions with
queous ions (mainly calcium, magnesium and iron) resulting from
ilicate weathering [9–12]. Although this mechanism favours the
ermanent CO2 sequestration, it is expected to be slow in geo-

ogical formation (hundreds of years) due to the slow kinetics of
ilicate mineral dissolution and carbonate mineral precipitation.
owever, mineralogical carbon sequestration could contribute sig-
ificantly to CO2 sequestration in the proximity of the emission
ource, without the need of storing the gas into a geological reser-
oir. This technology is called ex-situ mineral sequestration of CO2,
s originally proposed by Seifritz [13] and first studied in detail by
ackner et al. [14]. At the present time, several theoretical and/or
xperimental studies on CO2 sequestration have been reported in
he literature (see for example [4–12]). The basic concept behind

ineral CO2 sequestration is to mimic natural weathering pro-
esses in which calcium or magnesium silicates are transformed
nto carbonates:

Ca, Mg)SiO3(s) + CO2(g) → (Ca, Mg)CO3(s) + SiO2(s) (1)

Various publications (see for example [15–17]) have proposed
he mineral sequestration of CO2 in controlled reactors as a viable
pproach to reduce CO2 emissions into the atmosphere using liq-
id or solid alkaline residues such as municipal-waste combustion
y-ash, bottom ash, brine alkaline solutions, waste concrete and
ements, steel slag, coal combustion fly-ash, alkaline paper mill
aste, asbestos, etc. Obviously, the capacity to sequester CO2 for

hese alkaline residues depends directly on the proportion of binary
xides (CaO and MgO) and/or hydroxides (Ca(OH)2 and Mg(OH)2)
ontained in the waste matrix. This present study was focused on
he mineral sequestration of CO2 by aqueous carbonation of coal
ombustion fly-ash. Herein, a simplified method was proposed in
rder to estimate the waste capacity to sequester CO2 and the initial
ate of CO2 transfer during carbonation process from the water-fly
sh dispersion.

.2. General description of coal combustion fly-ash

Coal combustion in power plants provides approximately 40%
f world electricity generation. At present, the coal reserves are
stimated around 900 billion tons [18]. Considering that coal con-
umption reached 5 billion tons in 2003, coal-energy production
ill continue, and even increase, in the next centuries due to the

nergy demand for industrial and domestic uses [19]. Therefore,

he continuous building of power plants is envisaged to sustain this
nergy production system. This may cause serious disruption to the
lobal climate since each 500 MW coal power plant emits about
million tons of CO2 per year. Likewise, the worldwide production
f fly-ash, estimated currently at 600 million tons per year, will also

m
S
(
C
a
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ncrease exponentially in the near future. The main producers of
y-ashes are China, Russia and the United States of America.

Fly-ash material is used as cement raw material and as a partial
eplacement for cement in concrete. However, the global produc-
ion of fly-ash exceeds their potential uses [20], and hence, it is
onsidered a residual by-product. Only around a 30% of the total
roduction is used as a construction material. At present, numer-
us investigations are focused on the search of new applications for
his residue. Three main research lines use fly-ash: (i) to synthesize
eolites used as filter material in water decontamination and gas
etention [21,22], (ii) as an effective technique in metal retention
rocesses in contaminated soils [23,24] and, (iii) for the treatment
f acid mine drainage [25,26]. Recently, Soong et al. [15] propose
he use of coal combustion fly-ash and brine solutions (waste from
il and gas production) to sequester CO2 via aqueous mineral car-
onation. For this study, CaO-rich fly-ashes were added to increase
he pH level of the reactant brine (also containing Ca) in order to

aximize the reaction efficiency of the carbonation process. This
rocess was found to generate a high purity CaCO3 product. We
hink that the use of CaO-rich fly-ashes as reactant to sequester CO2
ia aqueous mineral sequestration could be an attractive possibility
or CO2 mitigation in punctual sources at industrial scale. For this
ase, a recyclable CaCO3-rich fly-ash material will be produced in
he process.

A previous investigation showed that the carbonation of cal-
ium hydroxide suspension under high pressure of CO2 (initial
CO2 = 55 bar) and moderate and high temperature (30 and 90 ◦C)
s a potential method to synthesize fine particles of calcite [27]. In
ddition, the reported results have important ecological implica-
ions for the ex-situ mineral sequestration of CO2 by alkaline solid
aste containing CaO (lime) and/or Ca(OH)2 (portlandite).

The objective of integrated waste management is the search for
ustainable development, i.e. to balance the fulfilment of human
eeds with the protection of the natural environment in the present
nd indefinite future. With this in mind, the main aim of this work
s precisely to quantify the CO2 amount that may be sequestered
y calcite precipitation using fly-ash–water dispersion. This study
s in our opinion especially attractive since the residual solid by-
roducts from power plants could be used to mitigate the residual
aseous wastes produced by the same plants.

. Materials and methods

.1. Fly-ash material

The fly-ash used in the present study is a waste residue gen-
rated from coal combustion at Los Barrios power station, Cádiz,
outh Spain. It is a powder composed mainly of spherical micropar-
icles collected from electrostatic precipitators located at the outlet
f the chimney where combustion gases are liberated to the
tmosphere. Size distribution analysis indicates that the parti-
les have a median diameter of 40 �m. The specific surface area
s 0.63 ± 0.022 m2 g−1 determined by BET gas adsorption method
MICROMERITICS ASAP 2000 instrument). Mineral abundances are
imilar to those reported by Querol et al. [28], and show that fly-
sh is composed of mullite (20.8 wt.%), quartz (4.5%), lime (4.1%),
nhydrite (1.3%), K-feldspar (2.5%), magnetite (0.5%) and a chalco-
luminosilicate glass phase (66.4%). The chemical composition
easured by X-ray fluorescence (XRF, BRUKER PIONEER instru-

ent) shows that Los Barrios fly-ash is a residue rich in Si (41.3 wt.%

iO2), Al (27.5 wt.% Al2O3), C (16 wt.% CO2), Ca (5 wt.% CaO), and Fe
3.3 wt.% Fe2O3) with minor elements (wt.%): Sr (0.3%), Cl (0.02%),
r (0.01%), Ni (0.02%), Zn (0.01%), V (0.01%), Cu (0.01%), Co (0.01%)
nd Sc (0.003%). The presence of lime (CaO, 4.1 wt%) in fly-ash
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ccounts for the high potential of both alkalinity and dioxide carbon
equestration as discussed below.

.2. CO2 sequestration experiments in a stirred reactor

In the present study, the effects of fly-ash dose, the CO2 pressure,
he reaction temperature and the reaction time were investigate as
ollows.

One litre of high-purity water with electrical resistivity of
8.2 M� cm and 50, 100 or 150 g of fly-ash were placed in a tita-
ium reactor (autoclave Parr with internal volume of two litres).
he fly-ash particles were immediately dispersed by mechanical
tirring (450 rpm). The dispersion (solution + solid particles) was
hen heated to 30 ◦C or 60 ◦C using an oven specifically adapted to
he reactor. The experiments were also carried out at room temper-
ture (20–25 ◦C). When the dispersion temperature was reached,
0, 20, 30 or 40 bar of CO2 (provided by Linde Gas S.A.) was injected
n the reactor (see Fig. 1). This was the initial pressure of CO2 which
as equal to the total initial pressure in the system. After CO2 injec-

ion, the pressure drop was monitored as a function of time until
O2 equilibrium pressure in the system (anisobaric system) in order
o estimate separately the rate of CO2 transfer in pure water and
uring carbonation process from the dispersion.

Obviously, both the sorption–dissociation of CO2 in the solu-
ion and aqueous carbonation process produce a global pressure
rop in the system, Pglobal pressure-drop. In order to estimate the
ressure drop produced only by the process of CaO carbona-
ion (noted Pcarbonation pressure-drop), two complementary systems
ere proposed for each experiment. First, the pressure drop

water pressure-drop related to the sorption–dissociation of CO2 into
ure water only was measured. Secondly, the pressure drop
Ca-rich pressure-drop related to the sorption–dissociation of CO2 in

Ca-rich solution was measured independently. In this sec-
nd experiment, a concentration of 1 g/L of calcium was chosen,
hat represented the average concentration after fly-ash dis-

ersion in water. These two experiments demonstrated that
he Ca-concentration (0–1 g/L) has no measurable effect on the
orption–dissociation of CO2 because the monitored pressure drop
n pure water Pwater pressure-drop was equivalent to the monitored
ressure drop in presence of Ca PCa-rich pressure-drop. Consequently,

ig. 1. Schematic experimental system for mineral sequestration of CO2 by aqueous
arbonation of fly-ash in a stirred reactor.
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he pressure drop produced by the carbonation process of CaO was
alculated by a simple pressure balance:

carbonation pressure-drop = Pglobal pressure-drop − Pwater pressure-drop (2)

Under isothermal conditions, Pglobal pressure-drop and
water pressure-drop are proportional to the initial CO2 pressure.

At the end of the experiment, the reactor was removed from the
eating system and was immersed into cold water. The reaction
ell was depressurized for 15 min during the water cooling period.
pon cooling to 30 ◦C the reactor was disassembled, and the solid
roduct was separated by centrifugation (30 min at 12,000 rpm),
ecanting the supernatant solutions. Finally, the solid product was
ried directly in the centrifugation flasks for 48 h at 65 ◦C. The
upernatant solutions were filtered through a 0.2 �m Teflon filter.
dsorption on the filter and filter holder was considered negligible.
he filtered solutions were immediately acidified for measurement
f [Ca], [Ni], [Zn], [Cu] and [Sr] by Inductively Coupled Plasma
tomic Emission Spectrometry (ICP-AES). The pH was also mea-
ured by using MA235 pH/ion analyser in filtered solutions without
cidification.

.3. Characterization of the solid phase

The mineralogical characterization of the starting material and
olid products was carried out by X-ray diffraction (XRD, powder
ethod) using a D501 SIEMENS diffractometer. Working conditions

ere Co K� monochromatic radiation (� = 1.7902 ´̊A), 37.5 mA and
0 kV. The experimental measurement parameters were 12 s count-

ng time per 0.02◦ 2� step in the 5–80◦ 2� range. The detection was
erformed by a kevex Si(Li) detector. Morphological analyses were
lso characterized by means of a scanning electron microscopy
SEM), with a JEOL JSM-5410 instrument, equipped with an energy
ispersive system (EDS) for the chemical microanalysis.

.4. Calculation of saturation indexes

Solution saturation indexes with respect to solid phases
SI = log(IAP/Ks), where SI is the saturation index, IAP is the ion
ctivity product and Ks is the solid solubility product, and aqueous
peciation of the leachates were calculated using the equilibrium
eochemical speciation/mass transfer model PHREEQC [29] and
atabase of the speciation model MINTEQ. Zero, negative or positive
I values indicate that the solutions are saturated, undersaturated
nd supersaturated, respectively, with respect to a solid phase.

. Results and discussion

In the following sub-sections, the chemical reactions of CO2
equestration by fly-ash and, the calculation of the sequestrated
uantity of CO2 by calcite precipitation and kinetic modelling of
equestered CO2 in a fly-ash–water suspension are described and
iscussed. The effects of fly-ash dose, the CO2 pressure, the reaction
emperature and reaction time are also commented in the following
ub-sections.

.1. Chemical reactions of CO2 sequestration by fly-ash

The SEM images of solid product (Fig. 2), the comparison of X-
ay diffraction spectra of the starting material and the solid product
Fig. 3), ICP-AES analysis in the solutions and thermodynamic cal-

ulations suggest a simple reaction mechanism for CO2 mineral
equestration by fly-ash in two successive steps: first, the irre-
ersible hydration of calcium oxide or lime:

aO + H2O → Ca(OH)2 (3)
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Fig. 2. (a and b) SEM images of fly-ash before reaction. (c and d)

econd, the spontaneous carbonation of calcium hydroxide suspen-
ion:

a(OH)2 + CO2 → CaCO3 + H2O (4)

It was assumed that this global reaction takes place at high pH

ecause the dispersion of the fly-ash in pure water at atmospheric
onditions for liquid to solid ratios (10 or 20) increases rapidly
he solution pH up to about 12.5 units. The aqueous carbonation
f Ca(OH)2 described by the global reaction (4) is an exothermic

ig. 3. XRD spectra of starting fly-ash and solid products after carbonation during
h. C: calcite, M: mullite, Q: quartz, L: lime. These spectra demonstrate the total
onsumption of lime and the production of calcite.
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te particles precipitated during CO2 sequestration experiments.

rocess that concerns simultaneously the dissolution of Ca(OH)2,

a(OH)2(s)
water−→ Ca2+ + 2OH− (5)

nd the dissociation of aqueous CO2,

O2(aq) + H2O → CO3
2− + 2H+ (6)

hese processes produce a fast supersaturation (SI) of solution with
espect to calcite,

I = (Ca2+)(CO3
2−)

Ksp
> 1 (7)

here (Ca2+) and (CO3
2−) are the activities of calcium and carbonate

ons in the solution, respectively, and Ksp is the thermodynamic
olubility product of calcite. Then, the nucleation stage (formation
f nuclei or critical cluster) takes place in the system,

a2+ + CO3
2− → CaCO3(nuclei) (8)

Finally, the crystal growth occurs spontaneously until the equi-
ibrium calcite and the solution is reached,

aCO3(nuclei) → CaCO3(calcite) (9)

The metastable crystalline phases of CaCO3, such as vaterite and
ragonite, were not identified in the X-ray diffraction spectra during
he Ca(OH)2 carbonation process in our experiments.

The precipitate calcium carbonate was characterized by isolated
icrometric particles and micrometric agglomerates of calcite
Fig. 2). In addition, the calcite precipitation and lime (CaO) disso-
ution were confirmed by comparison of X-ray diffraction spectra
Fig. 3).

The chemical-element concentrations for Ca, Ni, Zn, Cu and
r in the solution after two or eighteen hours of fly-ash-pure
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Fig. 4. Removal of selenite (SeO3
2−) by aqueous carbonation of Ca(O

ater-carbon dioxide interactions suggest a preferential and rapid
issolution of lime phase and possibly a slight dissolution of the
lass phase ([Ca] ≈ 800 mg/L) [26]. Concerning, of the trace ele-
ents contained in the fly-ash only the strontium was detected

n the solution by ICP-AES ([Sr] ≈ 8 mg/L). Consequently, the con-
entrations of Ni, Zn and Cu were considered to be smaller than
ppb (detection limit). This demonstrates that the fly-ash disper-

ion into pure water did not favour the liberation of toxic metallic
ons after two or eighteen hours of solid-fluid interaction at mod-
rate temperature. In fact, preliminary experiments show that the
elenite oxyanion (SeO3

2−) can be successfully sequestered during
alcite precipitation from aqueous solutions (Fig. 4). This eco-
omical and ecological method could allow the removal of toxic
ations and/or oxyanions as well as the mineral sequestration of
O2 [30].

Finally, the thermodynamic calculations by using PHREEQC
ode indicate that after reaction the solutions are slightly super-
aturated with respect to calcium carbonate. Saturation indexes
f calcite are in the range 0.7–1.1. The pH measured after car-
onation process varies from 6.5 to 6.7 units. Note that the pH
easurement was carried out at 25 ◦C after filtration, cooling
nd degasification of the solutions. Obviously, this measure-
ent is not representative of in situ pH behaviour, but, it

an give a reasonable quantification of the solution saturation
ndex with respect to the solid phases at standard conditions
25 ◦C and 1 atm).

n

w
T
c

nergy dispersive X-ray microanalysis (EDAX) and TEM micrographs.

.2. The sequestered quantity of CO2 by calcite precipitation

A simplified method was developed to estimate the sequestered
uantity of CO2 by carbonate precipitation. This method was par-
ially described in the Section 2.2. Herein, the pressure drop
roduced by the carbonation process of CaO (Eqs. (3) and (4)) in the
ystem was calculated by a simple pressure balance described by
q. (2). The carbonation pressure drop, Pcarbonation pressure-drop was
lose to 1.5 bar and it was independent on the initial pressure of CO2
10, 20, 30, 40 bar) after 18 h of solid–liquid interaction (Fig. 5a).
or these experiments, water to fly-ash ratio equal to 10 (w/w) and
0 ◦C of reaction temperature were used. Systematically, the pres-
ure drop was monitored with the time. These kinetic data showed
hat the CO2 equilibrium pressure was reached after about 2 h of
y-ash–fluid interaction. In contrast, the CO2 equilibrium pressure

n pure water was reached after about 3 h (Fig. 5b). This means that
he carbonation process enhances the rate of CO2 transfer in the
ystem. For more details, see the following sub-section.

Considering that CO2 is an ideal gas, the quantity of CO2 con-
umed by the carbonation process can be calculated as follows:

Pcarbonation pressure-dropV

CO2 =

RT
(10)

here, the V is the reactor volume occupied with gas (1 L),
is the temperature of reaction (≈303 ◦K) and R is the gas

onstant (0.08314472 L bar/◦K mol). Using the calculated value
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ig. 5. (a) Linear correlation between the pressure decrease at equilibrium and the
nitial pressure of CO2 (from 10 to 40 bar). (b) Kinetic behaviour of pressure decrease
n the reactor at 30 ◦C and for 20 bar initial pressure of CO2.

carbonation pressure-drop = 1.5 bar, we calculated that 0.05954 mol of
O2 were consumed by the carbonation process. Taking into
ccount reactions (3) and (4) and the fact that the fly-ash con-
ains 4.1 wt.% of lime (CaO), the carbonation efficiency CE can be
alculated by the following expression:

E = nCO2 MCO2

(wCaO/MCaO)MCO2

× 100 (11)

here nCO2 is the mol number of consumed CO2, calculated by Eq.
10) (0.05954 mol), MCO2 is the molar mass of CO2 (44.01 g/mol),

CaO is the starting mass of CaO in the reactor (4.1 g) and MCaO is the
olar mass of CaO (56.077 g/mol). The carbonation efficiency was

hen calculated to 82% after 18 h of solid–fluid interactions at 30 ◦C.
n contrast, the qualitative comparison of X-ray diffraction spectra
or reactants and products revealed a complete CaO–CaCO2 conver-
ion. Two hypotheses could explain this incoherence, (1) significant
rror on the lime content estimation, (2) solution acidification by
O2 excess in the system.

The carbonation efficiency is not significantly affected by reac-
ion temperature (room temperature “20–25”, 30 and 60 ◦C) and by

y-ash dose (50, 100, 150 g).

Theoretically 1 ton of fly-ash containing 4.1% of lime could
equester 32.17 kg of CO2. With our experimental protocol, 26.19 kg
f CO2 per ton of fly-ash could be successfully sequestered into
table calcite, i.e. 38.18 ton of fly-ash per ton of CO2 sequestered.
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ndeed, this is an attractive result concerning the ex-situ mineral
equestration of CO2, preferentially, if the lime content in the solid
aste is >10% wt.

.3. Kinetic modelling of CO2 transfer in pure water and in a
y-ash–water suspension

The monitoring of the pressure drop for any controlled sys-
em under ideal gas conditions allows the kinetic modelling of
O2 transfer after gas injection in an aqueous solution or in a
olid–liquid system (fly-ash–water dispersion for this study). This
an be done using a simple correlation function, ntotal CO2

= f (t),
here ntotal CO2

is the total mol quantity of CO2 to be sequestered
n pure water or in the fly-ash–water dispersion and t is the time
fter gas injection.

Several kinetic models including first-order, pseudo-first-order,
econd-order, pseudo-second-order, parabolic diffusion and power
unction kinetic expressions are reported in the literature for fitting
he kinetic experimental or calculated data of the solid-fluid inter-
ction processes. For this study, the kinetic modelling concern the
otal sequestered quantity of CO2 in pure water or in a fly-ash–water
ispersion, i.e. the CO2 sorption–dissociation in water, possibly the
O2 adsorption on the fly-ash and, sequestered CO2 by carbonation
rocess. For this case, the best fit (attested by a correlation fac-
or close to 1) of the experimental–calculated data was achieved
hen using a pseudo-second-order kinetic model according to the

ollowing expression:

dntotal CO2,t

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

2 (12)

here ks is the rate constant of sequestered CO2 (1/mol s) for a
iven initial pressure of CO2 in the system, ntotal CO2,max is the max-
mum sequestered quantity of carbon dioxide at equilibrium [mol],
total CO2,t is the sequestered quantity of carbon dioxide at any time,
(mol).

The integrated form of Eq. (12) for the boundary conditions t = 0
o t = t and ntotal CO2,t = 0 to ntotal CO2,t = ntotal CO2,t is represented
y a hyperbolic equation:

total CO2,t = ntotal CO2,maxt

(1/ksntotal CO2,max) + t
(13)

In order to simplify the fitting of experimental-calculated
ata, we have defined the constant t1/2 = ksntotal CO2,max. Physi-
ally, t1/2 represents the time after which half of the maximum
equestered quantity of carbon dioxide was reached and is called
half-sequestered CO2 time”. It can be used to calculate the initial
ate of CO2 transfer, v0,s (mol/s).

0,s = ntotal CO2,max

t1/2
= ks(ntotal CO2,max)2 (14)

The numerical fit of the experimental-calculated kinetic curves
t 20 bar and 30 ◦C (ntotal CO2,t vs. t) using Eq. (13) are shown in Fig. 6.
he parameters t1/2 and ntotal CO2,max were estimated by applying
non-linear regression using the least-squares method. The initial

ates of CO2 transfer in pure water and in water-fly ash suspension
ere calculated using Eq. (14). These results demonstrated that the

nitial rate of CO2 transfer was enhanced by carbonation process for
ur experiments. In addition, it’s well known that the CO2 solubility

n pure water increase with an increase of pressure. The present
tudy showed that initial rate of CO2 transfer in pure water also
ncreases with pressure (from 10 to 40 bar) (Fig. 7). We think that
his simplified kinetic method could be extended to estimate the
ffects of organic/inorganic impurities on the carbonation rate.
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Fig. 6. Kinetic modeling of sequestered CO2 in pure water and in a fly-ash–water
suspension for 20 bar initial pressure of CO2.
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ig. 7. (a) Kinetic modeling of sequestered CO2 in pure water for 10, 20, 30 and
0 bar initial pressure of CO2. (b) Linear increase of initial rate of CO2 transfer with
O2 initial pressure (from 10 to 40 bar).
. Conclusion

The main purpose for this study was to demonstrate the fea-
ibility to use coal combustion fly-ash to sequester CO2 under
ineral form via CaO carbonation. The results revealed a signifi-

[

[

dous Materials 161 (2009) 1347–1354 1353

ant CaO–CaCO3 chemical transformation (approximately 82% of
arbonation efficiency) by using a simplified pressure-mass bal-
nce method. The carbonation efficiency of CaO was independent
n the initial pressure of CO2 (10, 20, 30 and 40 bar) and it was
ot significantly affected by reaction temperature (room tempera-
ure “20–25”, 30 and 60 ◦C) and by fly-ash dose (50, 100, 150 g). In
ddition, the kinetic data demonstrated that the initial rate of CO2
ransfer was enhanced by carbonation process in our experiments.

In conclusion, the results presented of this study reveal that the
x-situ mineral sequestration of CO2 by aqueous carbonation of fly-
sh could be an attractive method to reduce the CO2 emission in
he atmosphere from power plants. This experimental investiga-
ion demonstrated that 1 ton of fly-ash, an industrial waste that
ontains about 4.1 wt.% of lime (CaO), could sequester up to 26 kg of
O2, i.e. 38.18 ton of fly-ash per ton of CO2 sequestered. This capac-

ty to sequester CO2 seems small compared with CO2 sequestration
apacity in production of steel slag. However, the annual average
roduction of fly-ash in Los Barrios power station was approxi-
ately 1 million ton. This confirms the possibility to use this residue

or CO2 mitigation in punctual sources. Other advantages of the pro-
osed method are (1) that the carbonation process takes place at

ow temperature (30 ◦C) and reduces the energy costs of the pro-
ess at industrial scale and, (2) the use of moderate pressure in the
ystem does not require expensive materials for reactor design.
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