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a b s t r a c t

Gas–solid carbonation of Air Pollution Control (APC) residues is a CO2 Capture and Storage (CCS) technol-
ogy, where highly reactive Mg- or Ca-bearing materials adsorb CO2 and form stable Mg- or Ca-carbonates.
The carbonation kinetics of this reaction have been studied at different temperatures, CO2 concentrations,
and at atmospheric pressure in order to select the best operative conditions on the basis of CO2 stored
and reaction time. The samples were initially heated up to the operative conditions under argon atmo-
sphere and then carbonated under a CO2–argon atmosphere. All carbonation kinetics were characterized
by a rapid chemically controlled reaction followed by a slower product layer diffusion-controlled process.
Maximum conversions between 60% and 80% were achieved, depending on the operative temperature
and CO2 concentration. Temperature did not notably affect the maximum conversion obtained in the
experiments performed at temperatures equal or above 400 ◦C; the influence on the kinetics was masked
by the change in initial composition due to dehydroxylation reaction and surface area while heating up to
the operative temperature. A slight influence of CO2 concentration on the kinetics was observed, whereas

no influence on the maximum conversion was noticed. The obtained results suggest that the flue gases
with 10 vol.% CO2 concentration can be directly used to form stable carbonates, thus lumping capture and
storage in a single step. The APC residues produced from the existing incineration plants would cover only
0.02–0.05% of the total CO2 European storage capacity required to comply with the Kyoto protocol objec-
tives. Nevertheless, the proposed carbonation route could be applied to other residues, such as Cement
Kiln Dust, Paper mill residues and Stainless Steel Desulphurization slags, characterized by a high content
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of free calcium oxides and

. Introduction

Anthropogenic emissions of carbon dioxide are considered the
ain cause of climate change [1]. The last IPCC report [2] carries

hat emissions of CO2 and other Greenhouse gases (GHGs) have
ncreased by approximately 70% since 1970. This has prompted
n increase in CO2 concentration of almost 100 ppm in compari-
on to its pre-industrial level of 280 ppm [1]. Given that, prompt
ction in order to reverse this trend should be taken in the next
ecades, in particular stabilizing the GHGs concentrations in the
tmosphere, e.g. CO2. The main human activity producing CO2 is
ossil fuels combustion for energy supply, which is projected to be

he dominant one until 2030 with a 40–110% CO2 emission increase
2]. Reduction in CO2 emissions by fossil fuels requires the imple-

entation of Carbon Capture and Storage (CCS) systems. These first
oncentrate (capture) CO2 from diluted sources to a rather pure CO2

∗ Corresponding author. Tel.: +39 06 72597022; fax: +39 06 72597021.
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oxides, thus increasing the impact of this process option.
© 2008 Elsevier B.V. All rights reserved.

tream, which is then conveyed to storage. The most accredited CO2
torage options rely on in-situ technologies, which consist in inject-
ng CO2 into deep saline aquifers, coal bed seams (enhanced coal
ed methane recovery), oil reservoirs (enhanced oil recovery), and
otentially into deep oceans (ocean storage) [1]. Although a few
ilot-scale in-situ storage facilities are running, still many doubts
re raised on how to assess the fate of CO2 after injection reliably,
nd to avoid leakage back to the atmosphere. An alternative to the
n-situ CO2 storage approach consists in an ex-situ process based
n the chemical reaction with alkaline materials bearing either cal-
ium or magnesium. This process, known as mineral carbonation,
imics natural weathering, where CO2 reacts exothermically with

lkaline elements present in natural metal-oxide bearing material,
orming thermodynamically stable and benign carbonates. Seifritz
3] proposed it for the first time, and since then several authors, e.g.

4–9], have been studying the slurry system using natural silicates
uch as olivine, serpentine, and wollastonite. Residues from dif-
erent industrial activities have been proposed because they are a
aluable source of alkalinity for the carbonation process: pulverized
uel ash produced by coal fired power stations, ground-granulated

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:baciocchi@ing.uniroma2.it
dx.doi.org/10.1016/j.cej.2008.08.031
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characterized by the presence of: CaOHCl, Ca(OH)2, CaCO3, CaSO4,
NaCl, and KCl. Among them, only CaOHCl and Ca(OH)2 can undergo
a carbonation reaction. CaOHCl amount was calculated assuming
that Cl was distributed among the three phases NaCl, KCl and CaO-
HCl, while Ca(OH)2 content was calculated from the TGA analysis of

Table 1
Mass fraction (x, %) of the main species in the untreated fly ash and measurement
methods [18]

Species x (%) Measurement/assumption

Ca(OH)2 37.8 Indirect calculation based on
the difference between TG/DTA
and calcimetry analysis and
CaOHCl content

CaOHCl 28.9 Indirect calculation based on
Na+, K+ leaching values from
EN12457-2 test, Cl− content
V. Prigiobbe et al. / Chemical Eng

last furnace and stainless steel slags from the steel manufacturing
ndustry, bottom and fly municipal solid waste incineration ashes,
s well as deinking ash, resulting from the waste produced during
he recycling of paper [10]. These materials contain alkaline ele-

ents in a more readily available form, so that carbonation could
n principle take place at less severe operative conditions than the
nes needed for silicate minerals. The amount of available alkaline
esidues is of a scale which will allow to store only a few hundreds
tCO2/y, i.e orders of magnitude below the current CO2 emissions
25 GtCO2/y). Nevertheless, the process can substantially reduce
he CO2 emissions of specific industrial sectors (e.g. cement or steel
ndustry) and can be a way to introduce the carbonation technol-
gy [1]. Moreover, carbonation might improve the environmental
ehavior of the residues allowing either for their reuse or make
heir disposal less expensive [11]. In particular, carbonation of alka-
ine residues can be performed by two different reaction routes: a
ry and a wet gas–solid route [11].

In the dry gas–solid carbonation route, the alkaline solid is
ontacted with a gas containing CO2 at atmospheric pressure
nd high temperatures. Gas–solid carbonation of pure calcium
nd magnesium oxides has been studied theoretically by Bha-
ia and Perlmutter and Butt et al. [12,13]. Bhatia and Perlmutter
12] investigated the kinetics of CaO carbonation by modified TGA
xperiments performed in a CO2 stream at different operative tem-
eratures, obtaining 70% calcium conversion at 500 ◦C, but a still
easonably fast process rate and high carbonation efficiency when
perative at 400 ◦C. Butt et al. [13] studied the gas–solid kinet-
cs of Mg(OH)2 carbonation. Under helium–CO2 atmosphere in
sothermal TGA experiments, they observed that dehydroxylation
f brucite and precipitation of magnesite occurred simultaneously
ith the fastest kinetics at 375 ◦C.

More recently, Abanades and Alvarez [14] proposed the use
f CaO in a fluidized bed to capture CO2 directly from combus-
ion gases. Up to 70% carbonation conversion was obtained for the
resh material, but a reduction in conversion yield was observed
fter several carbonation–calcination cycles, required to recover
he raw material from the process. The results obtained from direct
as–solid carbonation of natural alkaline oxides, such as MgO and
aO, provide the basis for applying this route to the carbonation of
lkaline residues, since such materials are largely composed of cal-
ium and magnesium oxides or hydroxides. Nikulshina et al. [15]
nvestigated CaO and Ca(OH)2 carbonation, observing that the addi-
ion of water vapor significantly enhances the reaction kinetics to
he extent that, in the first 20 min, the reaction proceeds at a rate
hat is 22 and 9 times faster than that observed for the dry car-
onation of CaO and Ca(OH)2. The first study dealing with direct
as/solid carbonation of alkaline residues was by Jia and Anthony
16], who performed pressurized TGA experiments of hydrated and
on-hydrated fluidized bed combustion ash, achieving CaO conver-
ion efficiencies up to 60% when operative at temperatures above
00 ◦C and in a 100% CO2 atmosphere. Nevertheless, in this work
either further independent evidence of the degree of carbonation
as provided, nor was any information given on the effect of the

arbonation reaction on leaching behavior of metals. More recently,
aciocchi et al. [17] have investigated in detail the gas–solid car-
onation of APC (Air Pollution Control) residues collected from
n hospital wastes incinerator. Carbonation experiments were per-
ormed under 100 vol.% CO2 atmosphere at atmospheric pressure
nd temperatures ranging between 300 and 500 ◦C. Carbonation
as observed to be effective above 400 ◦C, with a maximum Ca con-
ersion of 60%. Neither evidence of the temperature effect on the
eaction rate was provided nor the effect of CO2 concentration was
ddressed. Both these issues are investigated in this paper, with the
im of assessing the feasibility of APC residues gas–solid carbona-
ion for a possible industrial application. In this view, the kinetics

C
C

ng Journal 148 (2009) 270–278 271

f the carbonation process is of paramount importance in order to
esign a proper gas–solid contacting system, which should guar-
ntee an as low as possible residence time. Besides, the possibility
f performing carbonation using flue gases rather than pure CO2
s a reactant is also worth investigating, since this would allow
o lump capture and storage in a single step. To this aim, carbon-
tion kinetics studies of APC residues were performed in a TGA
urnace under constant temperatures varying from 300 up to 500 ◦C
nd in atmosphere of CO2-argon mixture of 10, 22, and 50 vol.%
f CO2. No water vapor was added to the gas mixture, in order to
implify the experimental procedure since in previous papers by
ikulshina et al. [15], water vapor was observed to positively affect

he carbonation kinetics, the results obtained in this paper provide
conservative estimate of carbonation using flue gases,where typ-

cally water vapor is also present. This range was selected based on
revious studies of our group [17], where carbonation was observed
o be effective only above 300 ◦C, whereas starting at 600 ◦C CaCO3
ecomposition may take place. The material was characterized
pplying chemical elemental analysis, thermogravimetric analysis
nd X-ray diffraction, in order to quantify both the total calcium
ontent and the corresponding calcium phases in the material
efore the carbonation experiments. The study of the chemical
eaction pathways was also investigated and supported by SEM,
-ray diffraction analysis, thermogravimetric analysis, surface area
nd porosity measurement of untreated and treated APC residues.

. Analytical methods

.1. Materials and methods

APC residues were sampled at a hospital waste incinerator,
ocated in the vicinity of Rome, from the bag-house section located
ownstream of a contact reactor for acid gases and organic micro-
ollutants abatement, where Ca(OH)2 and activated carbon are
sed as reactants. When the APC residues were received at the

aboratory, they were homogenized using a quartering procedure,
ven-dried at 60 ◦C to constant weight, and finally transferred into
ealed containers, where they were kept until the time of testing to
revent contact with atmospheric CO2.

The characterization of the APC residues, whose detailed
escription is reported elsewhere [18], is summarized in Table 1.
he other main species include NaCl (approximately 9.5% wt.) and
Cl (approximately 1.0% wt.). Their grain size ranged between 10
nd 40 �m while their mineralogy, obtained by X-ray diffraction, is
and XRD analysis
aCO3 18.0 TG/DTA and calcimetry analysis
aSO4 4.8 Direct calculation based on

SO4
2− content and XRD

analysis
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1.95 10 mol L at 350 C to 1.5 10 mol L at 500 C, at 22%
CO2, it ranges from 4.3 10−3 mol L−1 at 350 ◦C to 3.5 10−3 mol L−1 at
500 ◦C, at 50% CO2, it ranges from 9.8 10−3 mol L−1 at 350 ◦C to 7.9
10−3 mol L−1 at 500 ◦C. For the sake of simplicity, and without any
loss of generality, in the following, we will discuss all the exper-

Table 3
Experimental conditions of the carbonation experiments. t50% corresponds to the
time needed to achieve 50% Ca conversion.

Exp. no. T (◦C) CO2 (vol.%) Final conversion (%) t50%(s)

5 350 10 60.1 122
6 350 10 62.2 121
8 350 22 53.8 68
ig. 1. Typical weight variation [%] vs. time observed during carbonation experi-
ents.

ry fly ash once the amounts of H2O, carbon content, CaOHCl and
aCO3 were determined.

.1.1. X-ray diffraction
XRD analyses were carried out by means of XPERT-PRO (PAN-

LYTICAL), equipped with a copper anode (Cu K�; � = 1.54056 Å).
he equipment’s operational conditions were 40 kV, 50 mA. The 2�
ange between 5◦ and 109◦ was scanned at the rate of 0.2◦ min−1.
he database from the software TOPAS 2.0 produced by Bruker was
sed for the identification of the crystalline phases.

.1.2. Surface area
BET measurements of dehydrated APC residue samples were

arried out by means of Micrometrics Tristar 3000 in N2 atmo-
phere. The samples were heated up to the applied operative
emperatures (i.e., after steps 1 and 2 of the experimental pro-
edure, shown in Fig. 1 and described in Section 2.2) and then
nalyzed. The method and the interpretation of the data were
mplemented according to Sing et al. [19]. The results, reported
n Table 2, showed that the specific surface area decreased with
ncreasing temperature.

.1.3. Porosity
The porosity and the pore size distribution were measured

y mercury intrusion porosimetry using Micrometrics Autopore
220 with the software Autopore II 9220 v2.03. This technique
an be applied over a capillary range between 0.003 and 360 �m.
orosity measurements allowed identifying a change of the pore
tructure between the original sample, characterized by micro-
orous structure (<14 �m) and the pre-heated samples (at the end
f step 2), which were probably characterized by a meso-porous
tructure (2–50 nm). Given the analytical method applied, the

ata obtained at different pre-heating temperatures did not allow
ssessing the effect of pre-heating temperature on the pore struc-
ure. On the contrary, BET surface area was observed to decrease
ith increasing pre-heating temperature. This behavior might be

able 2
pecific surface area of APC residues heated up to the applied operative
emperatures.

eating temperature (◦C) BET (m2 g−1)

50 33.35 ± 0.61
00 29.01 ± 0.49
50 20.12 ± 0.42
00 15.90 ± 0.23

2

2
2
2
2
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xplained by a change of the pore structure towards the forma-
ion of larger pores with increasing pre-heating temperature or

ight suggest the occurrence of collapse of a fraction of the original
ores.

.1.4. Scanning electron microscopy (SEM)
The morphologies of the APC residues were observed under
scanning electron microscope using Leo 1530 microscope

Zeiss/LEO, Oberkochen, Germany).

.2. Carbonation kinetics experiments

Carbonation experiments were carried out in a thermogravi-
etric system (TGA, Netzsch STA 409 CD) coupled with Gas

hromatography (GC, 2-channel Varian Micro GC, equipped with
Molsieve-5A and a Poraplot-U columns) for measurement of the
volving CO2. An average amount of 44 mg of APC residues was
laced on an holder in a uniform layer of 3 mm and carbonated at
ifferent temperatures (300, 350, 400, 450, 500 ◦C), at a total pres-
ure of 1 bar, and under different CO2 concentrations obtained by
ixing CO2 (99.99% purity) with argon, as reported below:

10 vol.% of CO2 and 90 vol.% of argon and total flow rate
160.5 mL min−1;
22 vol.% of CO2 and 78 vol.% of argon and total flow rate
184.5 mL min−1;
50 vol.% of CO2 and 50 vol.% of argon and total flow rate
239 mL min−1.

Table 3 reports the operative conditions of the experimental
uns, together with the main results, which are discussed in Sec-
ion 3. It is worth pointing out that tests performed at the same CO2
artial pressure, but at different temperature, actually correspond
o slightly different CO2 concentration. Nevertheless, the differ-
nce in concentration is rather small: at 10% CO2, it ranges from

−3 −1 ◦ −3 −1 ◦
9 350 50 61.7 32
10 350 50 56.3 35

11 400 10 73.4 103
13 400 22 68.2 66
14 400 50 69.9 31

15 450 10 78.9 233
16 450 10 74.1 223
17 450 22 71.4 105
18 450 22 67.9 158
19 450 50 68.4 43
0 450 50 66.5 64

21 500 10 76.3 176
2 500 10 75.3 143
3 500 22 77.8 79
4 500 22 69.3 61
5 500 50 69.6 43
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ments performed at constant CO2 concentration as if they were
erformed also at constant CO2 partial pressure. Before starting the
xperiment, the furnace was flushed with argon in order to achieve
hree volumes exchanges.

Fig. 1 reports the weight variation observed during a typical
arbonation experiment, showing clearly the three steps of the
xperimental procedure:
Step 1: heating. TGA furnace heated up to the desired operative
temperature with a heating rate of 20 K min−1 and under argon
flow; the weight loss observed during this step can be attributed
mostly to the moisture and bond-water loss.

fl
t
b
w
G

ig. 2. X-ray patterns of APC residues performed in helium atmosphere at: (a) ambient
ymbols indicate CaO characteristic peak positions; upwards triangles indicate CaOHCl ph
ng Journal 148 (2009) 270–278 273

Step 2: idle. TGA furnace kept at the operative temperature for
15 min again under argon flow.
Step 3: carbonation. A constant flow of the argon–CO2 mixture
was applied while keeping T constant until the carbonation com-
pleted (2 h).

After 2 h at constant temperature and argon–CO2 flow, the CO2

ow was switched off and the system was cooled down to room
emperature keeping only argon flowing through the furnace cham-
er. The sample weight and CO2 concentration in the off-gas line
ere measured over time during all the experiment using TGA and
C, respectively. The final solid product was analyzed with X-ray

temperature, (b) 300 ◦C, (c) 350 ◦C, (d) 400 ◦C, (e) 450 ◦C, and (f) 500 ◦C. Diamond
ase; and downwards triangles indicate Ca(OH)2 phase.
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iffraction methods to assess the formation of CaCO3 at the end of
ach experiment.

. Results and discussion

.1. Identification of reactants and reaction pathways

As shown in Fig. 1, a weight decrease of the APC residue was
ypically observed at the end of step 1 and further also through
tep 2. This decrease was ascribed either to moisture loss or to
he transformation of the existing phase, with water loss. Based
n this evidence, and on the nature of the compounds present
n the residues, it was supposed that the reacting phases avail-
ble at the beginning of the carbonation experiments could be
ifferent from those present in the original material, depend-

ng on the operative temperature. X-ray diffraction analysis, SEM
mages and TGA measurements of the untreated material have been
sed as analytical techniques to identify the reactive phases at the
pplied operative temperatures and to describe the reaction path-
ays.

The identification of the reacting species by performing XRD
nalysis of pre-heated samples was carried out at different tem-
eratures under helium atmosphere, i.e. 25, 300, 350, 400, 450,
nd 500 ◦C. From the patterns shown in Fig. 2, it can be noticed that
he characteristic peaks of Ca(OH)2 and CaOHCl are still present
n the sample pre-heated at 300 ◦C, suggesting that the mineral-
gy of the samples was substantially unchanged with respect to
he as-received material, at least as far as Ca(OH)2 and CaOHCl are
oncerned. On the contrary, XRD patterns of all the other samples,
re-heated at a temperature equal or higher than 350 ◦C, showed
he peaks of CaO; whereas those corresponding to Ca(OH)2 and
aOHCl were not detected. However, Ca(OH)2 and CaOHCl could
till be present in the material, but as amorphous phases that cannot
e observed with X-ray analysis.

The results of TGA of untreated APC ash under argon atmo-
phere at 20 K min−1 from 25 to 1000 ◦C reported in Fig. 3 clearly
how two main weight changes. The first one took place between
00 and 500 ◦C, and it can be attributed to the dehydroxylation
f both Ca(OH)2 and CaOHCl to CaO in agreement with the find-
ngs of Allal et al. [20]. The second one, between 500 and 700 ◦C is
inked to CaCO3 decomposition and confirmed the results already
btained in a previous paper [17]. The total weight loss observed

p to 700 ◦C is equal to about 21%, it is very close to the stoichio-
etric weight loss expected from the dehydroxylation of Ca(OH)2

nd CaOHCl (reactions (1) and (2)), equal to 12%, and from the
aCO3 decomposition, equal to 8%, (reaction (5)). The difference

Fig. 3. TGA thermogram of a sample of untreated APC residue.

F
a
a

b
t
h

m
p
t

ig. 4. SEM pictures of APC residues before and after the carbonation experiment 10
t 350 ◦C and applying 50 vol.% of CO2. (a) Untreated sample; (b) dehydrated sample,
t the end of step 2; (c) carbonated sample, at the end of step 3.

etween the expected value from the dehydroxylation (12%) and
he measured one (8%) suggests that a fraction of undecomposed

◦
ydroxides might still be present at 500 C.
Fig. 4 reports the SEM images of APC samples. These measure-

ents have been carried out in order to characterize the reacting
hases by the morphology of the samples. They correspond to the
hree experimental steps described in Section 2.2 during run 10,
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erformed at 350 ◦C. A visual analysis of these images leads to the
ollowing observations:

The morphology of the untreated sample, shown in Fig. 4(a),
is layer-like which is the characteristic shape of CaOHCl and
Ca(OH)2.
After dehydroxylation (step 2), shown in Fig. 4(b), some crystals
were observed, which could be attributed to CaO, character-
ized by an iso-rhombic–hexagonal morphology. Nevertheless, the
layer-like morphology of Ca(OH)2 and CaOHCl is still evident. This
suggests that the sample still contains unreacted CaOHCl and
Ca(OH)2 at this temperature but part of the CaOHCl might have
already been transformed into CaO.
After the carbonation reaction (step 3) sample particles, shown
in Fig. 4(c), are more rounded and the layer-like structure
disappeared completely. Such a variation can be attributed
to the formation of CaCO3, whose typical crystal shape is
trigonal–hexagonal–scalenohedral.

The evidence gained from the different qualitative analysis sug-
ests that Ca(OH)2 and CaOHCl were only partially converted to
alcium oxide, so that all three calcium species were present at the
ifferent operative temperatures, before the onset of the carbon-
tion reaction. The amount of the calcium species available at the
ifferent operative temperature was estimated from the weight loss
ata measured in each experiment during steps 1 and 2. In doing
his, the following assumptions were made:

The weight loss at the end of step 2 was assumed to be only due to
the release of water from the following decomposition reactions
[20]:

2CaOHCl(s) → CaCl2(s) + CaO(s) + H2O(g) (1)

Ca(OH)2(s) → CaO(s) + H2O(g) (2)

Reactions (1) and (2) were supposed to occur in parallel and at
the same rate. This assumption may not correspond to physics,
but is considered reasonable for the scope of this work.

Using these assumptions, the actual fraction of water loss was
alculated as the ratio between the weight loss measured at the

nd of step 2 and the theoretical total water released as if CaO-
Cl and Ca(OH)2 were dehydroxylated completely. These values
re shown in Fig. 5 for each applied temperature. The average water
oss measured at 300 ◦C was negligible in comparison to the total
ater content bound to Ca(OH)2 and CaOHCl whereas it increased

ig. 5. Water weight loss (©) and mass of CaO (�) formed from Ca(OH)2 and CaOHCl
ehydroxylation for 100 g of untreated APC residues at different applied operating
emperatures. The lines are only a visual guide.
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or temperatures from 300 to 400 ◦C, and stabilized at temperatures
igher than 450 ◦C. Given the assumption discussed above, the per-
entage of water loss with respect to the stoichiometric value was
sed to estimate through reactions (1) and (2) the percentage of
a(OH)2 and CaOHCl converted to CaO.

From these data, it was also straightforward to characterize
uantitatively the composition of the sample at the beginning of
tep 3, in terms of CaOHCl, Ca(OH)2, and CaO content, the latter
ne also reported in Fig. 5.

.2. Estimation of carbonation conversion

The thermogravimetry data corresponding to the carbonation
eaction (step 3 in Fig. 1) were analyzed assuming that all the
hree calcium species available could react with CO2 simultane-
usly through the following gas–solid exothermic reactions:

aOH2(s) + CO2(g) → CaCO3(s) + H2O(g) (3)

CaOHCl(s) + CO2(g) → CaCO3(s) + CaCl2(s) + H2O(g) (4)

aO(s) + CO2(g) → CaCO3(s) (5)

The conversion of the carbonation reaction was evaluated as
he ratio between the measured weight increase, �W(t) [g], and the

aximum weight increase expected from the complete carbona-
ion of the reacting phases, i.e. Ca(OH)2, CaOHCl, and CaO, �Wconv

stoic
g], calculated as follows.

Wconv
stoic = nCa(OH)2

(ω − �) + nCaOHCl(ω − �)
2

+ nCaOω (6)

here ω and � are the molecular weights of CO2 and water,
espectively; nCa(OH)2

, nCaOHCl, and nCaO correspond to the moles
f Ca(OH)2, CaOHCl, and CaO, respectively, at the beginning of step
. This equation clearly shows that the weight change is due to the
ptake of CO2, but also due to the water loss because of the dehy-
roxylation of Ca(OH)2 and CaOHCl. This needs to be accounted for

n order to evaluate the extent of the carbonation reaction, �conv(t),
orrectly, which is given by:

conv(t) = �W(t)
�Wconv

stoic

100 (7)

The conversion measured at the end of step 3, which represents
he maximum conversion of the carbonation reaction for each run,
s reported for the different applied operative conditions in Table 3.
he complete data of the carbonation kinetics in terms of conver-
ion vs. time are reported in Figs. 6 and 7.

.3. Results of carbonation kinetics

Most of the kinetics of carbonation, reported in Fig. 6, showed
similar shape, characterized by a first induction period corre-

ponding to CaCO3 nucleation, followed by a rapid growth reaction
nd by a slower final reaction stage at higher conversions. As sug-
ested by Bhatia and Perlmutter [12] for CaO carbonation, the initial
apid growth step increase can be assumed to be kinetically con-
rolled by the carbonation reactions (reactions (3–5)) during which
aCO3 crystals form a layer gradually reducing the porosity of the
ample. This behavior is consistent with the observation that the
esidues are characterized by large pores (mesoporous structure),
hich exclude diffusion-controlled kinetics. After a given reaction

ime, the product layer hinders further diffusion of CO2 into the

aterial, switching the process to a diffusion-controlled one.
Looking at the results reported in Fig. 6, it can be noticed that at

50 ◦C the final Ca conversion values varied between 54% and 62%,
nd no trend could be recognized among the runs carried out at
ifferent CO2 concentrations.
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Fig. 7. Calcium conversion vs. time in the first 5 min: (a) 10 vol.% of CO2; (b) 22 vol.%
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ig. 6. Calcium conversion vs. time: (a) 10 vol.% of CO2; (b) 22 vol.% of CO2; (c)
0 vol.% of CO2 at different temperatures: 350 ◦C (- - -) runs 5, 8, and 9; 400 ◦C (—)
uns 11, 13, and 14; 450 ◦C (· · ·) runs 15, 17, and 19; 500 ◦C (-·-·-) runs 21, 23, and 25.

The experiments performed at 400 ◦C (11, 13, and 14) showed a
ifferent characteristic shape of calcium conversion vs. time curves.
onversion was observed to increase very rapidly, reaching in few
inutes approximately the maximum value, and to remain almost

onstant until the end of the run. Such a discontinuity in the reac-
ion rate could be attributed to the particular physical changes of

he particles, i.e. a sudden decrease in porosity, tortuosity and total
ore size due to CaCO3 precipitation, agglomeration of particles,
intering, etc. occurring only at this temperature value. During run
4 characterized by the fastest observed kinetics the curve reached
maximum value and then slightly decreased until a stable one.

t
o
T
a
C

f CO2; (c) 50 vol.% of CO2 at different temperatures: 350 C (- - -) runs 5, 8, and 9;
00 ◦C (—) runs 11, 13, and 14; 450 ◦C (· · ·) runs 15, 17, and 19; 500 ◦C (-·-·-) runs 21,
3, and 25.

his behavior might be due to a buoyancy effect which takes place
t the very beginning of step 3 when the total gas flux fed to the
GA furnace is suddenly increased since CO2 is added to the Ar
ow. For this reason, such an effect could be appreciated only in
he experiment characterized by the fastest kinetics and not in the

ther ones. Also at this temperature calcium conversion, shown in
able 3, was not much affected by the applied CO2 concentrations
lthough the highest calcium conversion was measured at 10 vol.%
O2 concentration (run 11).
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At 450 ◦C, the shape of the kinetics curves was characterized by
smooth change between the chemically-controlled phase and the
iffusion-limited one, as observed in the experiments performed at
50 ◦C. The values of maximum conversion achieved were higher
han at 400 ◦C varying between 68% and 73%, with the highest value
chieved in runs at 10 vol.% of CO2 (15 and 16), while the conversion
ecreased as the applied CO2 concentration increased.

Finally, at 500 ◦C, the highest maximum extent of reaction was
chieved although the carbonation kinetics was not the fastest one.
hat could be due to a faster CaCO3 precipitation in the material
ore that soon further hindered CO2 diffusion into the material.
ummarizing the main experimental evidence, it can be concluded
hat the operative temperature did not greatly affect the final

aximum conversion of the reaction, despite the decrease of the
aterial surface area with increasing temperature (see Table 2).

he only exception was represented by the experiments performed
t 350 ◦C, where the maximum reaction conversion was lower
han the one measured under other operative conditions. On the
ontrary, experiments at the same operative temperature but at dif-
erent CO2 concentrations did not show any special trend, although
he highest conversion was obtained at 10 vol.% CO2. This is an
ncouraging result, in the perspective of applying carbonation
irectly to the flue gases of a combustion plant whose composi-
ion is typically around 10 vol.% CO2, thus opening the possibility
f lumping both CO2 capture and storage in a single process.

Finally, a deeper insight into the carbonation reaction was
btained by looking at the detail of the kinetics in the very first
inutes of the reaction (Fig. 7), and considering the t50% values in

able 3 which correspond to the time required to achieve 50% of the
nal Ca conversion. Looking at Fig. 7, it is evident that CO2 concen-
ration has an important effect on the first stage of the carbonation
inetics. The slope of the chemically-controlled stage, during which
he conversion increases rapidly and almost linearly with time, was
bserved to increase with increasing CO2 concentration. This dif-
erent behavior is also reflected in increasing values of the time
equired to achieve 50% of the maximum conversion, t50%, reported
n Table 3. On the other hand, the effect of temperature cannot be
learly assessed from the trend of both t50% and �conv(t) during the
rst 5 min. That could be due to two main phenomena occurring
uring the experiments:

1) the composition of the material changed as the operative tem-
perature changed, as highlighted above;

2) the specific surface area, reported in Table 2, decreased as the
operative temperature changed.

Nevertheless, it is worth pointing out that the lowest t50% val-
es were observed in the experiments performed at 400 ◦C, which
as always characterized by the steepest conversion curve in the

hemically-controlled stage. In view of a full scale application, a
hort residence time would be desired in order to reduce the reac-
or size. Therefore, the operative condition of T = 400 ◦C and CO2
oncentration 50 vol.%, where 1 min is needed to achieve the max-
mum conversion, should be selected. However, this would require
o capture CO2 previously from the flue gases, where the typical
O2 concentration is around 10 vol.% An alternative approach would
onsist in performing the process at the same temperature but at
0 vol.% CO2 concentration, which, despite requiring a longer resi-

ence time (i.e., 2.5 min), would allow to lump capture and storage

n a single step since flue gases could be directly used as the gas
eed. It is worth pointing out that in real combustion flue gases, the
resence of water vapor is actually expected to speed up the car-
onation kinetics [15], thus further reducing the required residence
ime.

R
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. Conclusion

Mineral carbonation is a CCS technology where CO2 reacts with
atural silicate and industrial alkaline materials and forms sta-
le carbonate. Although the latter are available in smaller amount
han the former, the use of industrial alkaline materials is attract-
ng since they are very reactive and, most of the time, available at
he CO2 production. In this paper, we have reported the study of
as–solid carbonation of a type of alkaline material, APC residues.
fundamental study based on XRD, TGA and SEM analysis allowed

o evaluate the composition of the APC residues after pre-heating
nder inert atmosphere and just before carbonation started. It was
hown that, by increasing the pre-heating temperature, the weight
raction of Ca(OH)2 and CaOHCl originally present in the mate-
ial is reduced, whereas the CaO one is increased. In this way,
he raw isothermal TGA data (weight vs. time), measured in a
GA furnace under a CO2/Ar flux, could be transformed in terms
f calcium conversion vs. time at different operating conditions.
he results of carbonation kinetics, shown and discussed in this
aper, confirmed that the carbonation process is effective at tem-
eratures equal to or above 350 ◦C. Maximum conversions between
0% and 80% were obtained, depending on the operative tempera-
ure and CO2 concentration. The kinetics were characterized by a
apid chemically-controlled reaction followed by a slower product
ayer diffusion-controlled process. Apart from the tests performed
t 350 ◦C, the influence of temperature on the maximum conver-
ion was negligible. Besides, the influence of temperature on the
ate of the carbonation reaction was masked by the different com-
osition and surface area of the residues at the tested operative
emperatures. Kinetics was slightly affected by CO2 concentration,
lthough the fastest kinetics was observed at 400 ◦C and 50 vol.%
O2. Reasonably fast reaction rates were observed at 10 vol.% CO2
oncentration. The data collected in this paper show for the first
ime that carbonation of APC residues, i.e. an alkaline residue rich
f free calcium oxides and hydroxides, can be carbonated under a
as stream whose composition closely resembles that of combus-
ion flue gases. The latter would also contain water vapor, but it
s likely that this would actually speed up rather than slow down
he carbonation kinetics. This makes possible lumping the capture
nd storage processes in a single step by directly contacting the
ue gases with the residues. The required operative condition can
e reasonably found along the flue gas pathway of any combus-
ion plant, making the implementation of the process feasible. The
PC residues produced from the existing incineration plants would
over only 0.02–0.05% of the total CO2 European storage capacity
equired to comply with the Kyoto protocol objectives. Neverthe-
ess, the proposed carbonation route could be applied to other
esidues, such as Cement Kiln Dust, Paper mill residues and Stain-
ess Steel Desulphurization slags, characterized by a high content
f free calcium oxides and hydroxides, thus increasing the impact
f this process option.
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