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for CO2 capture under realistic
calcium-looping conditions

Juan Miranda-Pizarro,ab Antonio Perejón,*ac Jose Manuel Valverde,b

Pedro E. Sánchez-Jiméneza and Luis A. Pérez-Maquedaa

In this study, CaO derived from steel slag pretreated with diluted acetic acid has been tested as a dry sorbent

for CO2 capture under realistic Ca-Looping (CaL) conditions, which necessarily implies calcination under

high CO2 partial pressure and fast transitions between carbonation and calcination stages. The

multicycle capture performance of the sorbent has been investigated by varying the precalcination time,

carbonation/calcination residence times and with the introduction of a recarbonation stage. Results

show that the sorbent can be regenerated in very short residence times at 900 �C under high CO2

partial pressure, thus reducing the calciner temperature by about 30–50 �C when compared to

limestone. Although the introduction of a recarbonation stage to reactivate the sorbent, as suggested in

previous studies for limestone, results in a slightly enhanced capture capacity, the sorbent performance

can be significantly improved if the main role of the solid-state diffusion-controlled carbonation is not

dismissed. Thus, a notable enhancement of the capture capacity is achieved when the carbonation

residence time is prolonged beyond just a few minutes, which suggests a critical effect of solids

residence time in the carbonator on the CO2 capture efficiency of the CaL process when integrated into

a power plant.
1. Introduction

Capture and storage of CO2 from fossil fuel power plants are
recognized as a necessary short- to mid-term approach to help
mitigate climate disruption.1 The currently mature technique to
capture CO2 from post-combustion gas streams is based on
chemical absorption by aqueous amines;2,3 however, in the last
few years, adsorption and chemisorption by dry solids are being
considered as potentially more environmentally friendly alter-
natives to tackle CO2 capture at reduced cost.4,5 In this sense,
the Ca-Looping (CaL) process, which is based on the multicycle
carbonation/calcination of CaO, yields expectedly lower energy
penalties on plant performance at high capture efficiency when
compared to amine-based capture systems, as suggested from
large pilot-scale (�1 MWt) plants.6–10 In the CaL process, CO2

from the ue gas stream (in a volume concentration of about
15%) is captured by carbonation of CaO particles in a uidized
bed reactor (carbonator) that operates at �650 �C under atmo-
spheric pressure. At this temperature, carbonation takes place
in short residence times, whereas the concentration of CO2 in
the gas leaving the carbonator is signicantly reduced to �1%
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vol.11 Aerwards, the carbonated particles are circulated into
a second uidized bed reactor (calciner) wherein a highly
concentrated stream of CO2 is released and compressed to be
transported for storage or used for other purposes.

An important constraint of the CaL process is that calcina-
tion must be carried out in short residence times under high
CO2 partial pressure, which implies that the calciner tempera-
ture must be increased over 930 �C to achieve sufficiently fast
decarbonation kinetics if natural limestone is used as CaO
precursor.12 Thus, the development of the CaL process presents
some drawbacks determined by the conditions in which the
process takes place, such as CaO deactivation as a result of
marked sintering during calcination at high temperature under
high CO2 partial pressure, the loss of ne sorbent particles due
to attrition by mechanical and thermal stresses and the pres-
ence of SO2 and ashes (in the case of postcombustion capture)
that enhance further CaO deactivation.13 The irreversible loss of
CaO activity for reaction with CO2 in short residence times
requires feeding the calciner periodically with a large make-up
ow of fresh limestone, which imposes a notable energy
penalty to the technology.14,15 Nevertheless, the CaL process has
attracted much attention mainly because CaO may be derived
from natural limestone, which is widely available at very low
cost ($10/ton) and is benign towards the environment. More-
over, the CaL process could be applicable as a retrot to capture
CO2 in existing industrial processes in the power sector such as
postcombustion CO2 capture from coal combustion16 and
This journal is © The Royal Society of Chemistry 2016
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steam methane reforming (SE-SMR).17,18 In addition, the CaL
process presents an interesting synergy with the cement
industry since purged CaO shows optimum properties for
cement production.19–21

The CaL process is now being validated in a few pilot-scale
(1–2 MWt) plants around the world.22–25 In addition, several
integration schemes have been proposed to further reduce the
energy demand andminimize the penalty on global efficiency at
still high capture efficiency.26–30 On the other hand, lab-scale
experiments demonstrate that limestone-derived CaO (lime)
suffers a severe sintering at CaL conditions for CO2 capture,
which leads to a drastic drop of the CaO surface available for
fast reaction-controlled carbonation in just a few cycles.31–33

Thus, an intense research activity is being focused on nding
methods to enhance the performance of potential CaO precur-
sors, mainly modied limestone and dolomite due to their high
availability and low cost,16,18,34 as well as on the formulation of
synthetic Ca-based sorbents with enhanced stability.35–38 A
proposed modication of the CaL process is to introduce
a recarbonation stage at high CO2 partial pressure and high
temperature aer carbonation, which is intended to reactivate
the regenerated CaO sorbent even though it would involve
increasing the cost and complexity of the process.39,40

Every day diverse industries generate huge amounts of high
calcium content wastes whose conversion into useful products
has attracted considerable interest from both an environmental
and economic points of view.41 Thus, Ca-based wastes have been
considered as potential candidates for CO2 capture at the large
scales necessarily needed. Steel slag, y ashes, waste cements
and tail-wollastonites can be treated to confer on them CO2

sorption capacity by leaching with acetic acid and recrystallizing
aerwards.42 On the other hand, a different treatment is carried
out for carbide slags, whereby Al(NO3)3$9H2O and glycerol are
added to obtain a synthetic CO2 sorbent with varying CaO : Al2O3

ratios.43 Other authors have prepared pellets of carbide slags
using an extrusion–spheronization technique, although the
dense inner structure of the pellets hinders CO2 diffusion, which
limits the CO2 capture capacity.44 Lime mud, derived from the
papermaking industry, also presents high Ca content. Aer
a pre-wash process with distilled water to eliminate impurities, it
shows a certain CO2 capture capacity albeit lower than lime-
stone.45 A diverse approach to treat lime mud consists of puri-
cation with sucrose and the preparation of a composite by
adding different amounts of bauxite.46 Interestingly, these works
show that the presence of diverse impurities such as alumina
and silica may lead to contrasting noticeable effects on the CO2

capture performance of these sorbents.
Steel production is one of the largest sources of CO2 emis-

sions in the industrial sector due to the massive amounts of
energy required and the combustion of coke, obtained from the
carbonization of coal, to covert iron ore to iron.47 Thus, steel
slag (with a high Ca content) has recently attracted some
interest as a possible CaO precursor due to its abundance, low
cost and non-toxicity for in situ CO2 capture in the steel industry
by means of the CaL process.48,49 Steel slag is obtained as a by-
product from the separation of the molten steel from impuri-
ties using limestone in the steelmaking furnaces and currently
This journal is © The Royal Society of Chemistry 2016
is of value for use in agriculture, as asphalt aggregate and in
construction. Nevertheless, considerable amounts (around 24%
in EU) are treated as waste for landll or stored onsite at the
steelmaking works.50 In order to obtain CaO suitable for CO2

capture from steel slag, a pretreatment with acetic acid has been
proposed as a possible technique; however, the multicycle CO2

capture behavior of this material under realistic CaL conditions
has been scarcely explored to the best of our knowledge.51,52

The objective of this study is to investigate the multicycle
CO2 capture performance of CaO derived from steel slag
modied with acetic acid under realistic CaL conditions, which
necessarily involves CaO regeneration by calcination under high
CO2 concentration as well as fast transitions between carbon-
ation and calcination stages. Moreover, the introduction of
a recarbonation stage and thermal pretreatment will be studied
as feasible techniques to enhance CO2 capture.
2. Experimental materials and
methods

Powdered steel slag from Acerinox Europe S.A.U. (Los Barrios,
Spain) has been employed as a raw material in the present
study. Elemental composition of the raw steel slag was deter-
mined by X-ray microuorescence in an Eagle III Micro XRF
analyzer (EDAX, New Jersey, USA) equipped with a 50 W
rhodium tube with a maximum operating potential of 40 keV, 1
mA and an energy dispersive X-ray detector. X-ray diffraction
patterns were collected on a Panalytical X'Pert Pro diffractom-
eter working at 45 kV and 40 mA, using Cu-Ka radiation and
equipped with an X'Celerator detector and a graphite diffracted
beam monochromator. Particle size distribution was measured
using a Malvern Mastersizer 2000 instrument by laser diffrac-
tometry of samples dispersed in 2-propanol. Themicrostructure
of the samples was analyzed by scanning electron microscopy
(SEM) using a Hitachi S5200 microscope.

The raw powder was pretreated with diluted acetic acid (VWR
Chemicals, 99.9% pure), 25 wt% in aqueous solution. Thus, 50
mL of diluted acetic acid was added per gram of steel slag and
the mixture was magnetically stirred at room temperature for 2
h. The solid phase was extracted by vacuum ltration, and
heated at 120 �C for 2 hours to yield a dry rosaceous powder.

Carbonation/calcination (carb/cal) and carbonation/
recarbonation/calcination (carb/rec/cal) cycles were carried out
by means of thermogravimetric analysis (TGA) using a TA
instrument Q5000 IR equipped with a high sensitive electro-
balance (TA Instruments, Crawley, UK) and a furnace heated by
infrared halogen lamps allowing fast and controlled heating
runs up to 300 �C min�1. In this instrument, the sample is
placed inside a SiC enclosure in order to minimize undesirable
heat transfer phenomena. Temperature is registered by a ther-
mocouple positioned close to the sample and below it. Small
ow rates (100 cm3 min�1) were employed with the objective of
eliminating any possible inuence of the gas velocity on the
reaction rate. TGA experiments consisted of 20 cycles of
carbonation/calcination or carbonation/recarbonation/
calcination preceded by a precalcination stage. In a typical
RSC Adv., 2016, 6, 37656–37663 | 37657
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TGA test, the sample is introduced into the furnace and the
precalcination stage is performed from room temperature up to
900 �C under a 70% CO2/30% air vol/vol atmosphere at a heat-
ing rate of 300 �C min�1. The temperature is then decreased at
300 �C min�1 to 650 �C to introduce the carbonation stage
under a 15% CO2/85% air vol/vol atmosphere for 5 minutes. The
sample is subsequently calcined by again increasing the
temperature at 300 �C min�1 to 900 �C for 5 minutes under
a 70% CO2/30% air vol/vol atmosphere. In some of the tests,
a recarbonation stage between carbonation and calcination has
been introduced, which consisted of heating the sample at 800
�C under a 90% CO2/10% air vol/vol atmosphere for 3 minutes.

A small amount of sample (�5 mg) was used in the experi-
ments to avoid undesired effects related to gas diffusion resis-
tance through the sample. The average particle size of the
powder was below 300 mm. Thus, intra-particle diffusion resis-
tance effects on the reaction rate can also be neglected.

3. Results and discussion

Fig. 1a shows the elemental composition of the raw steel slag
powder as obtained from the X-ray uorescence analysis. The
sample contains about 37 wt% of calcium, 13% silicon, 5%
manganese, 4% chromium and 2% of magnesium, mostly in
the form of oxides, carbonates or silicates. It also has small
amounts of aluminum, iron and titanium oxides. Expectedly,
only CaO derived from the calcium-based compounds in the
steel slag suffers carbonation under the CaL conditions applied,
whereas the rest of the compounds remain inert, as shown
in previous studies.51,52 Fig. 1b illustrates the particle size
Fig. 1 (a) Elemental composition of the steel slag raw powder used in
this study as obtained from the X-ray fluorescence analysis. (b) Particle
size distribution obtained from laser diffractometry.

37658 | RSC Adv., 2016, 6, 37656–37663
distribution of the steel slag powder used in the experiments,
with a volume weighed mean diameter of 106 mm.

Fig. 2 shows the X-ray diffraction pattern recorded in a 2q
range from 5� to 30� for the steel slag aer pretreatment with
diluted acetic acid. The main Bragg reection peaks correspond
to partially hydrated calcium acetate, whereas smaller reec-
tions related to calcium magnesium acetate are also observed,
as would be expected.53,54

The surface microstructure of the modied steel slag was
analyzed before and aer the multicycle tests by scanning
electron microscopy (Fig. 3).

Micrographs of steel slag pretreated with diluted acetic acid
are shown in Fig. 3a and b. The sample presents the typical rod-
shape particles of calcium acetate55 together with impurities
that correspond to the other oxides present in the material such
as Mn, Cr and Si oxides. On the other hand, the cycled samples
(Fig. 3c and d) show a clear segregation of the CaO grains and
other impurities similar to the segregation observed for CaO
and MgO grains in dolomite aer multicycle CaL tests.56 Thus,
while CaO grains exhibit a marked sintering, small grains of the
other oxides, which remain inert to carbonation, appear
dispersed on the surface of the CaO particles.

Thermal decomposition of calcium acetate obtained from
the pretreatment of the steel slag with diluted acetic acid was
studied by thermogravimetry heating the sample from room
temperature to 950 �C at 10 �C min�1 in an airow of 50 cm3

min�1 (Fig. 4). The thermogram shows that calcium acetate
decomposition occurs mainly in three steps, as pointed out by
other authors.57,58 The initial mass loss occurs by dehydration of
the material, which takes place in two stages from room
temperature to approximately 250 �C. Once dehydrated,
calcium acetate decomposes in a second stage from 300 �C to
450 �C, which releases acetone and gives rise to CaCO3, with
a total mass loss of �40%. Finally, from 620 �C to 700 �C, the
third mass loss observed (20%) is due to CaCO3 decomposition.
Thus, calcination is completed when a nal mass of 35% of the
initial mass is achieved, which corresponds to a mixture of CaO
and other inert metal oxides initially present in the steel slag.
Fig. 2 X-ray diffraction pattern of steel slag powder after pretreatment
with diluted acetic acid.

This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra03210a


Fig. 3 SEM micrographs of (a and b) steel slag modified with acetic acid and (c and d) CaO derived from the modified steel slag after 20
carbonation/calcination cycles. Precalcination at 900 �C (70% CO2/30% air vol/vol) for 10 minutes, carbonation at 650 �C (15% CO2/85% air vol/
vol) for 5 minutes, and calcination at 900 �C (70% CO2/30% air vol/vol) for 1 minute.

Fig. 4 Temperature time evolution of mass (% of initial mass) and its
time derivative (right axis) during thermal decomposition of calcium
acetate obtained from steel slag pretreated with diluted acetic acid
(heating rate 10 �C min�1 under air).
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3.1. CO2 capture performance

3.1.1. Inuence of thermal pretreatment. Multicycle CO2

capture capacity of CaO obtained from steel slag decomposition
was studied by employing different thermal pretreatments and
residence times for calcination and carbonation in order to look for
This journal is © The Royal Society of Chemistry 2016
the conditions leading to the best capture performance under the
specic constraints imposed by the CaL process for CO2 capture.

Fig. 5a shows a typical calcination/carbonation thermogram
with a precalcination stage of 5 minutes at 900 �C under a 70%
CO2/30% air vol/vol atmosphere (heating rate of 300 �C min�1),
and residence times of 5 minutes for calcination at 900 �C and 5
minutes for carbonation (50/50 carb/cal). As may be seen in the
gure, complete decarbonation of CaCO3 formed during decom-
position of calcium acetate is not achieved in the 5 minutes of the
precalcination stage nor during the calcination stages of the
subsequent rst cycles. Thus, CaO is not fully regenerated until
the h cycle. As a consequence, the CO2 capture capacity in these
rst cycles will be low.

Taking into account that the CaL process implies periodi-
cally feeding the calciner with a make-up ow of fresh sorbent
precursor to compensate for sorbent deactivation, the operation
conditions should ensure that full calcination of the sorbent is
attained from the rst cycle. When the precalcination stage in
our experiments was prolonged to 10 minutes full regeneration
of the sorbent was achieved from the rst cycle. It is noteworthy
that calcination at 900 �C takes place in very short residence
times during the cycles following precalcination, which
suggests that the residence times for calcination could
be shortened, as shown in Fig. 5b where the calcination/
carbonation thermogram obtained using a calcination resi-
dence time of just 1 minute is shown.
RSC Adv., 2016, 6, 37656–37663 | 37659
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Fig. 5 Thermograms for CaO derived from modified steel slag,
showing the time evolution of mass% of the initial mass and temper-
ature during precalcination and subsequent calcination/carbonation
cycles. Carbonation at 650 �C (15% CO2/85% air vol/vol) for 5 minutes
and calcination at 900 �C (70% CO2/30% air vol/vol) for (a) 5 min and
(b) 1 min. Precalcination at 900 �C (70% CO2/30% air vol/vol) for (a) 5
min and (b) 10 min.

Fig. 6 Capture capacity versus carbonation/calcination number for
CaO derived from modified steel slag. Precalcination (Pre) at 900 �C
(70% CO2/30% air vol/vol) for 5 and 10 minutes as indicated.
Carbonation (carb) at 650 �C (15% CO2/85% air vol/vol) for 5 and 10
minutes, and calcination (cal) at 900 �C (70% CO2/30% air vol/vol) for 1
and 5 minutes as indicated. A recarbonation (rec) stage (90% CO2/10%
air vol/vol) for 3 min is introduced in some tests between carbonation
and calcination.
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3.1.2. CO2 capture capacity. Experimental results obtained
from our thermogravimetric analysis have been compared in
terms of the capture capacity, dened as the ratio between the
mass of CO2 captured in the carbonation stage of each cycle to
the mass of the sorbent just before carbonation is started. Since
it takes into account the mass of the inert impurities present in
the sorbent, the capture capacity is the most practical param-
eter for comparison with other sorbents.

Fig. 6 illustrates the results obtained for the CO2 capture
capacity as a function of the cycle number (N) for the tests
performed under different conditions. As can be seen, the
sample precalcined for 5 minutes and subjected to residence
times of 5 minutes for calcination at 900 �C and 5 minutes for
carbonation exhibits a low capture capacity (below 0.1) due to
incomplete calcination during the rst cycles (as shown in
Fig. 5a). However, when a recarbonation stage is introduced, the
sorbent is reactivated leading to higher capture capacities from
the rst cycles, reaching a stable value of about 0.10 aer 20
cycles. In this case, therefore, recarbonation yields a remarkable
improvement of the material's performance for CO2 capture.

The multicycle CO2 capture behavior of the modied steel
slag was also tested when subjected to a precalcination stage of
10 minutes. Moreover, by taking into account that fast
37660 | RSC Adv., 2016, 6, 37656–37663
calcination rates are obtained at 900 �C (as seen in Fig. 5b), the
calcination residence times were shortened to 1 minute. The
results obtained for the multicycle capture capacity under these
conditions are also shown in Fig. 6. As can be seen, the capture
capacity of CaO is substantially enhanced from the rst cycle as
compared to that obtained for the 50/50 carb/cal test, with
capture capacities in the range 0.12–0.085. The introduction of
the recarbonation stage leads to a further improvement of the
capture capacity that attains a stable value of around 0.12.

A similar effect on the capture capacity to that observed for
recarbonation can be achieved just by prolonging the carbon-
ation time up to 10 minutes, as shown in Fig. 6. Thus, CaO
derived from the modied steel slag exhibits a high capture
capacity, in the range of 0.21–0.15, for the test performed with
a precalcination of 10 minutes and 100/10 carb/cal stages. A
stable value of 0.15 is reached aer 20 cycles. Remarkably, this
value is substantially higher than the residual value of the
capture capacity typically reported for limestone-derived CaO
(CCr ¼ 0.06).31,59 On the other hand, it must be stressed that
these results are obtained at CaL realistic conditions involving
calcination under high CO2 partial pressure, short residence
times and quick transitions between the carbonation and
calcination stages. Table 1 summarizes the values measured for
the capture capacity at the 20th cycle for the different tests,
including the capture capacity measured for limestone tested at
reference conditions.56

3.1.3. Role of solid-state diffusion-controlled carbonation.
Fig. 7 shows the time evolution of the capture capacity during
the carbonation stage of the 20th cycle for the different tests
whose results are reported in Fig. 6. As is well known, it is
observed that carbonation takes place along two well differen-
tiated stages: a fast reaction-controlled stage, where CO2 is
chemisorbed on the CaO surface, and a slow solid-state
diffusion-controlled stage, where the CO3

2� and O2� ions
This journal is © The Royal Society of Chemistry 2016
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Table 1 Capture capacity (CC) measured in the 20th cycle at the end of the carbonation stage and values measured in the fast reaction-
controlled stage and in the slow solid-state diffusion-controlled stage. Values are shown for CaO derived from modified steel slag tested under
different conditions and for limestone derived CaO at reference conditions56

Prec.
(min)

Carb.
(min)

Recarb.
(min)

Calc.
(min)

CC
(N ¼ 20)

CC fast reaction
stage

CC slow diffusion
stage

Steel slag 5 5 — 5 0.075 0.009 0.066
5 5 3 5 0.103 0.019 0.084
10 5 — 1 0.085 0.015 0.070
10 5 3 1 0.120 0.026 0.094
10 10 — 1 0.150 0.012 0.138

Limestone 5 5 — 5 0.076 0.028 0.048

Fig. 7 Time evolution of the modified steel slag CO2 capture capacity
during the 20th cycle, for carbonation/calcination residence times of
50/50, 50/10 and 100/10 with and without a 30 intermediate recarbonation
(rec) stage as indicated. Precalcination (Pre) is carried out at 900 �C
(70% CO2/30% air vol/vol) for either 5 or 10 minutes as indicated.
Carbonation (carb) at 650 �C (15% CO2/85% air vol/vol) for 5 and 10
minutes, and calcination (cal) at 900 �C (70% CO2/30% air vol/vol) for 1
and 5 minutes as indicated. I indicates the fast reaction-controlled
phase and II the slow solid-state diffusion-controlled phase.
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counter-diffuse through the carbonate layer built in the fast
phase.60 As can be seen in Fig. 7, the fast carbonation stage
exhibited by the sorbent tested in our study is much shorter
than the diffusion-controlled stage. Thus, most of CO2 is
captured in the latter stage. This observation has relevant
implications on the predicted capture efficiencies from carbo-
nator models,9 which generally consider the diffusion
controlled carbonation phase as negligible according to lab-
scale TGA results in which calcination is carried out under
low CO2 partial pressure.61 Our results show instead that calci-
nation under high CO2 partial pressure plays a fundamental
role in changing the carbonation kinetics across multiple
carbonation/calcination cycles. Thus, calcination under high
CO2 partial pressure yields a markedly sintered CaO structure
with quite a reduced surface area available for fast reaction-
controlled carbonation and consequently the capture capacity
in this stage is severely hindered. On the contrary, carbonation
in the diffusion-controlled stage is relatively enhanced.56,62

With regard to carbonation, it has been proposed that the
carbonate grows as islands on the surface of CaO with a critical
This journal is © The Royal Society of Chemistry 2016
size that depends on temperature. Surface diffusion is
promoted when the temperature is increased in the recarbo-
nation stage, which enhances the growth of these islands.
Therefore, new free surface becomes available for carbonation
in a fast reaction-controlled stage during the carbonation
stage.63,64 As seen in Fig. 7, the capture capacity in the fast stage
of the carbonation stage following calcination is signicantly
improved when a recarbonation stage is introduced before
calcination, which indicates that the enhanced carbonation in
the recarbonation process promotes the porosity of the regen-
erated sorbent. Note also in Fig. 7 that the carbonation rate in
the solid-state diffusion-controlled phase is increased. Thus,
the test carried out by precalcining for 10 minutes, with 50/10

carb/cal cycles and introducing the recarbonation stage exhibits
the higher capture capacity in the fast carbonation stage as well
as the higher diffusive carbonation rate, which leads to
a signicant enhancement of the total capture capacity at the
end of carbonation. Moreover, due to the relevance of diffusion
controlled carbonation, the overall capture capacity is further
increased by lengthening the carbonation residence time to 10
minutes, as demonstrated for the 100/10 test with a precalcina-
tion of 10 minutes. Table 1 lists the values of the capture
capacity in the fast reaction-controlled stage and in the slow
solid-state diffusion-controlled stage measured for the 20th

cycle of each test. As can be seen, the superior capture capacity
of modied steel slag as compared to limestone aer a large
number of cycles is mainly due to the enhancement of
carbonation in the solid-state diffusion-controlled carbonation
phase. The above mentioned results may be taken as relevant
inputs for carbonator models in which carbonation during the
diffusion-controlled phase is considered to predict the capture
efficiency of the CaL process when integrated into a power plant
as a function of relevant process parameters such as the resi-
dence time of the solids in the carbonator.9

The presence of metallic oxides inert to carbonation in the
modied steel slag can improve the thermal stability of the
sorbent and promote diffusion, as in the case of MgO grains in
dolomite. According to the XRF analysis, the steel slag presents
a large amount of SiO2, which has been also reported to act as
a thermally stable support for CaO in CaO/SiO2 composites.65

Other authors have proposed that the presence of alumina in
small amounts also improves the CO2 capture capacity of solid
wastes.42
RSC Adv., 2016, 6, 37656–37663 | 37661
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4. Conclusions

In this study, the multicycle CO2 capture behavior of CaO
derived from steel slag modied with acetic acid has been
studied at realistic Ca-looping conditions for CO2 capture
necessarily involving calcination under high CO2 partial pres-
sure and fast transitions between carbonation and calcination
stages. Aer treatment with acetic acid, almost pure calcium
acetate is obtained together with metal oxide impurities that
remain inert to carbonation and play a role in stabilizing the
CaO capture capacity along multiple carbonation/calcination
cycles. The effects of varying the precalcination time as well as
the carbonation/calcination residence times and of introducing
a recarbonation stage have been investigated.

An important conclusion from this study is that the use of
modied steel slag allows operation of the calciner at 900 �C as
compared to the 930–950 �C needed for limestone, which would
serve to mitigate the energy penalty of the technology. More-
over, if a recarbonation stage is introduced, the modied steel
slag shows an increased and stable capture capacity from the
rst cycle. According to our observations, the marked
enhancement of the solid-state diffusion-controlled phase leads
to a further noticeable increase in the capture capacity if the
carbonation residence time is increased by just a few minutes,
which should be considered in the formulation of carbonator
models to predict the capture efficiency and energy penalty
arising from the integration of the CaL process into power
plants.30

The results also demonstrate that under realistic CaL
conditions, the calcination residence time for CaO regeneration
can be notably shortened when using modied steel slag as
a CaO precursor instead of limestone. Thus, the best multicycle
capture performance has been obtained by employing a pre-
calcination time of 10 minutes, carbonation for 10 minutes and
calcinations of just 1 minute at 900 �C. Under these conditions,
modied steel slag exhibits a stable capture capacity in the
range of 0.21 to 0.15, which is substantially higher than the
residual capture capacity usually reported for limestone-derived
CaO.

Acknowledgements

Financial support by the Spanish Government Agency Minis-
terio de Economia y Competitividad (contracts CTQ2014-52763-
C2-2-R and CTQ2014-52763-C2-1-R) and Andalusian Regional
Government (Junta de Andalucia-FEDER contracts FQM-5735
and TEP-7858) is acknowledged. The authors thank VPPI-US
for the AP current contract. PESJ is supported by a Marie
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