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a b s t r a c t

A thermochemical cyclic process and associated reactor is presented for the continuous removal of CO2

from ambient air via consecutive CaO-carbonation and CaCO3-calcination steps using concentrated solar
energy as the source of high-temperature process heat. A fluidized-bed solar reactor is applied to accom-
plish the carbonation at 365–400 ◦C and the calcination at 800–875 ◦C, with reacting particles directly
exposed to high-flux solar irradiation. Water vapor was introduced during the carbonation step to enhance
its kinetics. Five consecutive cycles were performed, yielding complete removal of CO2 from a continuous
airflow containing 500 ppm of CO2 within a residence time of 1.3 s during each carbonation step, and
subsequent complete release of CO2 and regeneration of the CaO reacting particles during the calcination
step. The reactor design, set-up, and experimentation using a high-flux solar simulator are described.
nergy
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. Introduction

Most CO2 capture technologies deal with the decarbonization
f fossil fuels prior to combustion or with the separation of CO2
rom combustion flue gases [1–3]. CO2 capture from ambient air
ould become necessary for achieving stabilization of the global
O2 concentration in the atmosphere in view of increasing emis-
ions derived from transportation and other distributed sources
4,5]. The capture of CO2 from air-vis-à-vis capture from a flue gas
tream-is thermodynamically unfavorable because of the higher
ibbs free energy change needed to separate a much more diluted
as. However, in this case, the capture plant could be strategi-
ally located next to a source of renewable energy and to the

nal storage site, such as inhabited deserts with high solar irradia-
ion and vast geological storage reservoirs. There are logistical and
nvironmental advantages for capturing CO2 from the air, taking
lace far away from populated cities and without generating addi-
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ional CO2 for its capture and transportation. Several processes have
een proposed previously for accomplishing this separation [6–11].
f special interest is the carbonation-calcination thermochemical
ycle based on CaO, represented by the net reversible reaction:

aO(s) + CO2(g) = CaCO3(s) (1)

This reaction has been extensively studied for separating CO2
rom combustion flue gases [12–15], and is presently being consid-
red for separating CO2 from air using solar energy [16]. Steam is
sually added to the carbonation step to enhance its reaction rate
y the intermediate formation of Ca(OH)2 [17,18]. The recyclability
f the reactants and products is crucial. The carrying capacity of
aO has been reported to drop to 60% after five cycles [19,20]. Par-
ial reactivation of the sorbent has been accomplished with H2O
nd pure CO2, or by doping with Na2CO3 and NaCl [17,18,21,22].

A thermodynamic analysis of the CaO–Ca(OH)2–CaCO3 based
ycle for capturing CO2 from air was carried out to calculate the

quilibrium compositions and reaction enthalpies as a function
f temperature for the pertinent reactions, and theoretical net
nergy requirements and maximum energy conversion efficien-
ies when using concentrated solar energy to supply for process
eat [16]. The reaction kinetics and associated reaction rates were

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:aldo.steinfeld@eth.ch
dx.doi.org/10.1016/j.cej.2008.06.005
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etermined by thermogravimetry [23]. This paper describes the
esign of a solar reactor for effecting both steps of the cycle
carbonation and calcination) and presents the experimental set-
p and results of the reactor system applied to five consecutive
ycles.

. Solar reactor and experimental set-up

The solar reactor concept is illustrated in Fig. 1. It features a
uidized bed that serves the functions of both the carbonator and
alcinator, eliminating the need for transportation of solids. During
he carbonation step, ambient air with added steam is the fluidizing
as, particles of CaO are transformed to CaCO3, and CO2-depleted
ir leaves the reaction site. During the calcination step, H2O or
O2 is (optionally) the fluidizing gas, particles of CaCO3 are trans-
ormed to CaO, and pure CO2 (after H2O condensation if necessary)
eaves the reaction site. The operation of two equivalent reactors of
his type side by side further allows the conduction of both car-
onation and calcination steps simultaneously by switching the
orresponding gaseous reactants between the reactors and adjust-
ng the corresponding temperatures as required by the carbonation
nd calcination steps.

A laboratory-scale solar reactor prototype was fabricated. It
onsists of a quartz tube, 25 mm-outer diameter, 22 mm-inner
iameter, and 25 cm-height, containing a fluidized bed of react-

ng particles (CaO or CaCO3). It is positioned at the focal plane of
he solar concentrator and subjected to lateral and top irradiation.

ith this arrangement, the particles are directly exposed to con-
entrated solar radiation, providing efficient heat transfer to the
eaction site. Such a reactor concept is characterized by its uniform
rradiation, temperature and gas–solid contacting surface scheme
ver the reaction domain, to provide efficient heat and mass trans-
ort, and also to serve as a suitable tool for measuring interfacial
inetics [24].

The schematic diagram of the experimental set-up is depicted
n Fig. 2. Experimentation was carried out at the ETH’s High-Flux
olar Simulator. This research facility provides a rapid external
ource of intense thermal radiation that approaches the heat

ransfer characteristics of highly concentrating solar systems.
he light source is a high-pressure Ar arc close-coupled to a
recision elliptical trough reflector, with one of the linear foci
oinciding with the arc and the second with the solar reac-

ig. 1. Schematic of a solar fluidized-bed reactor for the consecutive conduction of
he carbonation and calcination steps using solar energy.
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Fig. 2. Experimental set-up at ETH’s High-Flux Solar Simulator.

or. With this arrangement, up to 75 kW of continuous radiative
ower at peak fluxes exceeding 4250 suns1 and confined within
45◦ rim angle are attained at the focal plane, mostly at visi-

le wavelengths with additional power in the near infrared and
ltraviolet regions of the spectrum. Power, power fluxes, and
emperatures can be adjusted to meet the specific requirements
y simply varying the electrical input power to the arc elec-
rodes.

The nominal fluidized-bed and off-gas temperatures are mea-
ured by a thermocouple Type S and K, respectively. Quartz
ool is introduced into the outlet port to trap elutriated parti-

les. The incoming Ar, CO2, and H2O flows are controlled using
lectronic flowmeters (Bronkhorst HI-TEC). The concentration of
O2 in the off-gas was continuously analyzed by an IR ana-

yzer (Siemens Ultramat 23) equipped with two detectors for the
anges of 0–1000 ppm and 0–5%, at 1 Hz sampling rate and 0.2%
f range detection limit. In addition, the composition of the off-
as was verified every 90 s by gas chromatography (2-channel
arian Micro GC, equipped with a Molsieve-5A and a Poraplot-
columns), at 0.33 min−1 sampling rate and 100 ppm detection

imit. Solid samples were characterized by means of their par-
icle size distribution determined by laser scattering (HORIBA
A-950 analyzer), BET specific surface area determined by N2
dsorption at 77 K (Micromeritics TriStar 3000), and composition
etermined by X-ray powder diffraction (XRD, Philipps XPert-
PD powder diffractometer FeK�, � = 1.93740 Å, 2� = 20–80◦, 0.05◦

tep).

. Experimental procedure

.1. Sorbent preparation (Cycle “0”)

A typical sorbent preparation consisted of using Ca(OH)2 (Fluka
21181) of 96% purity and specific surface area of 17.43 m2/g. SiO2

articles (MERK #1.07711.1000) of specific surface area of 1.73 m2/g
ere added to help fluidization. The minimum fluidization [25]

nd terminal velocities [26] for the coarse SiO2 particles were
.0345 m/s and 1.56 m/s, respectively, and the terminal velocity of

1 1 sun = 1 kW/m2.
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Fig. 3. Particle size distributions of (a) Ca(OH)2, (b) SiO

he fine Ca(OH)2 particles was 6.34 × 10−3 m/s, assuming a spheric-
ty of 0.95 for the coarse particles and 0.70 for the fines. An initial
inary mixture Ca(OH)2/SiO2 with 1:9 mass ratio was prepared,
lassified as Geldart B-C mixture [25,27]. Particle size distributions
f Ca(OH)2, SiO2, and the binary mixture, are plotted in Fig. 3a, b,
nd c, respectively. The mean particle sizes of Ca(OH)2 and SiO2
re 11 �m and 229 �m, respectively. This mixture is subjected to
carbonation–calcination step, yielding 3%wt CaO in SiO2, with a
ean CaO particle size of 9 �m, as determined by the bimodal dis-

ribution function shown in Fig. 4. This CaO/SiO2 mixture is used
or the five consecutive carbonation–calcination steps. The tubular
eactor is initially charged with 7 g of the CaO/SiO2 mixture and
eated to 375 ◦C under Ar flow. No particles were added during
he cyclic runs. The prepared CaO/SiO2 mixture preformed bet-
er than the initial Ca(OH)2/SiO2 mixture, as it will be shown in
he analysis that follows. The reaction extent of the carbonation is
efined as

= nCaCO3 (t)
n

(2)

CaCO3,max

here nCaCO3 (t) and nCaCO3,max are the CaCO3 molar contents of the
ample at time t and after the reaction goes to completion.

ig. 4. Particle size distributions of binary mixture CaO/SiO2 used in the cyclic pro-
ess.
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(c) binary mixture Ca(OH)2/SiO2 with 1:9 mass ratio.

.2. Carbonation step

The fluidizing gas was switched to synthetic air containing
00 ppm of CO2

2 and 17% of water vapor at a mass flow rate of
ln/min.3 The reactor was maintained in the temperature range
65–400 ◦C for 600 s. At the end of this step, the fluidized-bed par-
icles were not removed from the reactor and served as the solid
eactants for the subsequent calcination step.

.3. Calcination step

The fluidizing gas was switched to Ar at a mass flow rate of
.75 ln/min.4 The bed was heated to above 800 ◦C where the cal-
ination reaction is kinetically favored [28], and maintained below
75◦ to avoid sintering. The calcination completion was determined
hen CO2 concentration in the off gas flow went to zero. At the

nd of this step, the fluidized-bed particles were not removed from
he reactor and served as the solid reactants for the subsequent
arbonation step.

Note that to achieve calcination in a pure CO2 stream at a rea-
onable rate the reactor temperature should be increased to above
00 ◦C, but sintering may deteriorate the sorbent reactivity [29,30].
evertheless, limestone could be reactivated in humid, ambient air

31].

. Experimental results

Prior to the cycle study and for the purpose of determining the
O2-uptake capacity of the fluidized bed as a function of time, a

ong-term isothermal carbonation run at 364 ◦C was performed
sing Ca(OH)2/SiO2 and CaO/SiO2 (after cycle “0”) mixtures, flu-

dized in synthetic air containing 500 ppm CO2 and 17% H2O. The
eaction extent and the CO2 concentration in the off-gas are plot-
ed in Fig. 5 as a function of the reaction time. During the first
800 s of the experiment, all CO2 was practically removed from
ir since the off-gas contained less than 1 ppm CO . The reaction
2
roceeded through the formation of an H2O/OH− interface con-
rolled by intrinsic chemical reaction taking place over the surface
hat is not covered by CaCO3 [24,32–33]. Afterwards, the build-up
f a thin CaCO3 layer induced a progressive change in the reac-

2 Assumption: predicted 500 ppm CO2 concentration in the air by the time the
roposed technology would be commercially available for application.
3 ln means liters at normal conditions; mass flow rates are calculated at 273 K and
bar.
4 CO2 or H2O may be used as fluidizing gases for avoiding the energy penalty (and

osts) associated with the recycling of an inert gas.
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ig. 5. Variation of the reaction extent of the carbonation and CO2 concentration in
he off-gas as a function of time using Ca(OH)2/SiO2 and CaO/SiO2 mixtures fluidized
n synthetic air containing 500 ppm CO2 and 17% H2O.

ion mechanism towards a CO2 diffusion-controlled regime [23,33],
esulting in a decline of the CO2 uptake capacity of the fluidized bed
nd a subsequent increase in the CO2 concentration of the off-gas,
pproaching 500 ppm. After 4000 s, the reaction extent reached 61%
or the Ca(OH)2/SiO2 mixture and 71% for the CaO/SiO2 mixture.

Fig. 6 shows the experimental results for five consecutive
arbonation–calcination cycles. Plotted is the measured concen-
ration of CO2 in the off-gas as a function of the reaction time for
ve consecutive carbonation–calcination cycles. During all carbon-
tion steps, CO2 was practically completely removed from air since
he off-gas contained less than 1 ppm CO2. During all calcination
teps, CO2 was released until reaction reached completion after

bout 500 s. XRD of the products after five cycles revealed pure CaO.
he total amount of CO2 removed from ambient air, calculated by
ntegration over the five carbonation steps, was 21.05 × 10−4 mol.
he total amount of CO2 released, calculated by integration over

ig. 6. Measured CO2 concentration in the off-gas for five consecutive
arbonation–calcination cycles. Indicated is the duration of each carbona-
ion/calcination step.
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ig. 7. Mean particle size and BET specific surface area of CaO particles after cycles
, 1, and 5.

he five calcinations steps, was 21.08 × 10−4 mol. Thus, the mass
alance on CO2 was closed to 99.9%. The calculated residence time
f the reacting airflow through the fluidized bed, was 1.3 s.

No sorbent deactivation was observed after five cycles. This
s partially attributed to the addition of water [15,17,18,34]. Dur-
ng hydration, H2O penetrates through the CaCO3 layer and reacts

ith the CaO core to form Ca(OH)2. The larger molar volume
f Ca(OH)2 induces cracks in the carbonate shell. Further, as the
eaction progresses, Ca(OH)2 dehydrates, exposing fresh and acces-
ible unreacted lime for further carbonation, as it was previously
bserved in the sulfation process [34,35]. The SiO2 grains, added to
elp fluidization, may also help reactivation. As these collide with
he reacting particles, breakage, attrition, and/or rounding off of the
aO particles occur [35,36]. This is corroborated by a remarkable
ecrease in the mean particle size (by a factor of 5 after five cycles)
nd increase in the BET specific surface area (by a factor of 2.3 after
ve cycles) of CaO particles with the number of cycles, as shown

n Fig. 7. Relatively low calcination temperatures and rates further
mprove the reversibility of the carbonation/calcination reactions,
nd consequently, help maintain the sorbent reactivity from cycle
o cycle [37–39].

The fluidized-bed system proved to be a suitable reactor con-
ept for effecting both steps of the thermochemical cycle. Switching
etween carbonation and calcination modes was trouble-free and
niform temperatures throughout the bed were rapidly achieved.
eeding or removal of solids was unnecessary. The direct solar irra-
iation of the reacting particles provided a very efficient mean of
eat transfer directly to the reaction site, where the energy was
eeded, thereby eliminating the need for indirect transfer of ther-
al energy by conduction/convection through the reactor walls or

ia heat exchangers. Although not yet proven, the absorption of
olar radiation may stimulate a photochemical enhancement of the
eaction kinetics.

For a scaled-up reactor capturing CO2 from air at a rate of 1 mol/s
O2, which corresponds to an air mass flow rate of 58 kg/s for a CO2
oncentration of 500 ppm, the inventory of CaO in the absorber
ould be 286 kg and the total solar thermal energy requirement
ould be 2.5 MW [16].
. Summary and conclusions

We designed, fabricated, and tested a laboratory-scale solar
eactor system for performing both steps of a carbonation–
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alcination thermochemical cycle for the removal of CO2 from
mbient air using solar energy. The solar reactor consisted of a
uidized bed of reacting particles that are directly exposed to
oncentrated solar radiation, providing effective heat and mass
ransfer. Five consecutive cycles were experimentally demon-
trated in a high-flux solar simulator. The carbonation step was
arried out at 365–400 ◦C with a continuous flow of synthetic air
ontaining 500 ppm of CO2 and 17% H2O. The calcination step was
arried out at 800–875 ◦C with a continuous flow of Ar. CO2 or H2O
ay be used as fluidizing gases for avoiding the energy penalty

and costs) associated with the recycling of an inert gas. Complete
emoval of CO2 from the ambient airflow was observed within 1.3 s
esidence time in each carbonation step of 600 s, and complete
elease of CO2 and regeneration of the CaO particles was observed
n each calcination step of about 500 s. The mass balance on CO2
fter five consecutive cycles was closed to 99.9%. CaO particles
ecreased in size and increased in BET specific surface with the
umber of cycles, as a result of attrition with SiO2 grains added for
elping fluidization. The addition of water vapor and the direct solar

rradiation were demonstrated to be beneficial for augmenting the
eaction and heat transfer rates.
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