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Abstract

A thermogravimetric analysis of the carbonation of CaO and Ca(OH), with 500 ppm CO;, in air at 200450 °C is performed as part of a three-step
thermochemical cycle to capture CO, from air using concentrating solar energy. The rate of CaO-carbonation is fitted to an unreacted core kinetic
model that encompasses intrinsic chemical reaction followed by intra-particle diffusion. In contrast, the Ca(OH),-carbonation is less hindered
by diffusion while catalyzed by water formation, and its rate is fitted to a chemically-controlled kinetic model at the solid interface not covered
by CaCOs;. The rates of both carbonation reactions increase with temperature, peak at 400-450 °C, and decrease above 450 °C as a result of the
thermodynamically favored reverse CaCOs-decomposition. Avrami’s empirical rate law is applied to describe the CO, uptake from the continuous
air flow by CaO and Ca(OH),, with and without added water. The addition of water vapor significantly enhances the reaction kinetics to the extent
that, in the first 20 min, the reaction proceeds at a rate that is 22 and nine times faster than that observed for the dry carbonation of CaO and

Ca(OH),, respectively.
© 2006 Elsevier B.V. All rights reserved.

Keywords: CO, capture; Kinetics of carbonation; Solar thermal energy cycles

1. Introduction

In a previous paper [1], a novel solar thermochemical cycle
for the capture of CO, from air was proposed and thermody-
namically analyzed. The cycle encompasses three steps: the
carbonation of Ca(OH);, the decomposition of CaCO3, and
the hydrolysis of CaO. The last two steps involve reactions
that are performed in conventional calciner and slaker reactors,
respectively, applied in the lime and cement industry [2,3]. How-
ever, the first step of the cycle involves a carbonation reaction
that further requires fundamental studies and reactor technology
development. Two basic carbonation reactions are considered:

Ca0 + CO, — CaCOj 1
Ca(OH), + CO, — CaCO3 + H,0 2)

These CO,-consuming reactions have been proposed for the
separation of CO; from flue gases at concentrations usually
exceeding 10%, produced by the integrated coal gasifica-
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tion and methane steam reforming processes [4—6]. Kinetic
data on reaction (1) revealed that its rate is initially rapid
and chemically controlled, but undergoes a sudden transition
to a slower diffusion-controlled regime [7-11], as proven in
the case of sulfidation [12] and sulfation reactions [13]. Fur-
ther, the carbonation conversion decreases with the number of
the carbonation—calcination cycles [14—16]. CaO—CO; interac-
tions studied by thermogravimetry indicated that chemisorption
occurs at temperatures between 50 and 300 °C, while bulk car-
bonate formation is observed at higher temperatures [8]. To
some extent, the reactivity of CaO was improved by synthe-
sizing meso-porous sorbents via a wet precipitation technique,
but their exposure to a series of heating/cooling cycles resulted
in significant morphology changes [11,17]. CaO sintering was
observed in a fluidized bed combustor at 700-900 °C and 15%
CO; concentration [18]. Ca-based sorbents, tested during the
steam-gasification of coal, exhibited a decrease in their CO;
uptake capacity with the number of cycles under both atmo-
spheric and pressurized conditions, as a result of sintering and
crystal growth at high temperatures [19]. These types of sor-
bents have also been tested for the steam reforming of natural
gas [5]. The kinetic limitations of reaction (1) may be overcome
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Nomenclature

Ca concentration (mol m_3)

dp particle diameter (m)

D diffusion coefficient (cm?s~1)

E, apparent activation energy (kJ mol~!)
k kinetic rate constant (min—!)

ke reaction rate constant (min—!)

kg mass transfer coefficient (mol/m? Pas)
ko frequency factor (min~!)

m mass (kg)

M molecular weight (kg mol~!)

n number of moles (—)

q frequency distribution fraction (%)

R radius of particle (m)

RMS  root mean square

rc radius of the unreacted core (m)
t time (min)

T temperature (°C)

X reaction extent (—)

Greek letters

I powder density (kgm™3)

I3 fitting error (—)

Subscript

w water

by making use of Ca(OH), as a CO; sorbent [20], according to
reaction (2). At ambient temperature, the dissolution of lime at
the water-adsorbed surface appears to be the controlling mech-
anism [20]. Furthermore, the rate of the carbonation reaction is
augmented in the presence of water vapor because of its catalytic
effect [20-22]. The net reaction, with the intermediate formation
of Ca(OH),, can be represented by:

CaO + CO; +H0 — Ca(OH); 4+ CO; — CaCO3 +H;0
3

The capture of COy from air instead of its capture from
a flue gas stream is thermodynamically unfavorable because
of the higher Gibbs free energy change needed to separate a
much more diluted gas. However, in such a case, the capture
plant could be strategically located next to a source of renew-
able energy and to the final storage site, such as inhabited
deserts with high solar irradiation and vast geological storage
reservoirs [1]. There are logistical and environmental advan-
tages for capturing CO;, from the air, taking place far away
from populated cities and without generating additional CO,
for its capture and transportation. Solar energy could then be
used to drive the energy-intensive step for closing the material
cycle. Namely, the decomposition of CaCO3 to CaO at above
1200 °C could be effected using concentrated solar energy as
the source of high-temperature process heat, as demonstrated
recently at a power level of 10kW in a solar furnace [23].
The solar-driven calcination process eliminates the greenhouse

gas emission and other pollutants derived from the fossil-fuel-
driven process, and further avoids the contamination of the
pure CO; derived from the calcination reaction by combus-
tion byproducts. Large-scale solar concentrating technologies
based on tower systems have been demonstrated for electric-
ity generation at the MW power level and can also be applied
for the production of fuels and materials [24]. Furthermore,
if kinetic considerations require operating the carbonator at
above ambient temperature, solar energy may be also incorpo-
rated to pre-heat the air. For example, if the carbonator needs
to be operated at above 230 °C for kinetic reasons, the solar
energy requirement would exceed 2.3 MW per mol CO; cap-
tured, because 2000 mol air per mol CO, captured! will need to
be pre-heated. This paper investigates the kinetics of the car-
bonation reactions (1)—(3) by thermogravimetry at low CO»
concentrations (500 ppm), aiming to simulate the capture of CO,
from air.

2. Thermochemical cycle

Fig. 1 depicts the flow diagram of the solar-powered
thermochemical cycle for CO; capture from air [1].
This closed-material cycle encompasses three chemical
reactors: (1) a carbonator for the carbonation reaction
Ca(OH), + CO, — CaCO3 +H»0O, (2) a solar calciner for the
calcinations reaction CaCO3z — CaO +CO», and (3) a slaker
for the hydrolysis reaction CaO +H;O — Ca(OH),. Concen-
trated solar energy is used as the source of high-temperature
process heat in the endothermic calcination process, and/or
for pre-heating air in the carbonation process. For simplicity,
heat exchangers for the recovery of sensible heat of the hot
products exiting the calciner and carbonator have been omitted
in Fig. 1; their implementation has been examined previously

(1].
3. Experimental
3.1. Thermogravimetric analysis

Experimentation was carried out using a thermogravimetric
system (TG, Netzsch STA 409 CD) equipped with two furnaces:
a conventional high-temperature electric furnace with a maxi-
mum working temperature of 1550 °C and suitable for reactive
atmospheres having a dew point below room temperature, and a
special electric furnace with a maximum working temperature
of 1250 °C and suitable for reactive atmospheres containing up
to 100% steam at 1 bar total pressure. The reactive gas enters
the furnace chamber and flows upwards past a thin layer of solid
reactant mounted on a 17 mm-diameter Al,Os3 crucible. This
ceramic crucible is equipped with a thermocouple type S that
provides a direct temperature measurement of the sample. The
mass flow rates of the reactive gas are adjusted by electronic
flow controllers for Ar and CO, (Vogtlin Q-FLOW), and for

1" Assumption: predicted 500 ppm CO, concentration in the air by the time the
proposed technology would be commercially available for application.
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Fig. 1. Scheme of the solar thermochemical cycle for CO, capture from air using concentrated solar power, featuring three reactors: (1) a carbonator for the
carbonation reaction Ca(OH), + CO, — CaCO3 + H,0, (2) a solar calciner for the calcinations reaction CaCO3 — CaO + CO», and (3) a slaker for the hydrolysis
reaction CaO + HoO — Ca(OH),. Concentrated solar power is used as the source of high-temperature process heat for the endothermic calcination process, and/or

for pre-heating air in the carbonation process.

water (Bronkhorst LIQUI-FLOW). Product gas composition at
the TG exit is analyzed every 60s by gas chromatography (2-
channel Varian Micro GC, equipped with a Molsieve-5A and a
Poraplot-U columns).

For the dynamic runs, the sample was heated up to the desired
end temperature at a rate of 20 K/min and continuously sub-
jected to a constant reacting gas flow. For the isothermal runs,
the sample was heated to the desired temperature under Ar, kept
for 20 min under isothermal conditions to ensure stabilization,
and afterwards subjected to a constant reacting gas flow under
isothermal conditions. Corrections for buoyancy effects were
performed for every run. Three sets of experiments I-III were
carried out for CaO + CO; (Eq. (1)), Ca(OH); + CO; (Eq. (2)),
and CaO +CO; + H>O (Eq. (3)), respectively. Runs for sets |
and IIT were performed with 40 mg samples of CaO (Riedel-de
Haen, 12047-fine powder, 96—-100% purity), with a specific sur-
face area of 3.18 m?/g and mean equivalent particle diameter of
560 nm, as determined by BET (Micromeritics, Gemini 2306).
Runs for set IT were performed with 40 mg samples of Ca(OH)»
(Synapharm, 01.0325 powder, 96% purity), with a BET spe-
cific surface area of 13.53 m?/g and a mean equivalent particle
diameter of 200 nm. Particle size distributions for the CaO and
Ca(OH), samples, as determined by laser scattering (HORIBA
LA-950), are plotted in Fig. 2a and b, respectively, and indicate
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mean particle sizes of 17.3 and 15.6 pm, respectively. For the
experimental sets I and II, the reacting gas consisted of synthetic
air containing 500 ppm CO;. For the experimental set I1I, addi-
tional 50% of water vapor (73 ml/min) was introduced with the
reacting gas. The residence time of CO; in contact with CaO
and Ca(OH); was in the range 0.11-0.17 s.

The reaction extent is defined as:

For experimental set I:

ncao(r)
Xcao = 1————= “)
nCa0,0
For experimental set II:
NCa(OH), (1)
Xca©on)y, =1 — —CaO, (%)
NCa(OH),,0
For experimental set I11:
nCaO(w)(1)
Xcaow) = 1 — —2w (6)
nCaO(w),0

where n;(¢) and n; ¢ are the molar contents of the sample at time
t and initially, respectively, for i=CaO, Ca(OH),, and CaO,,
with added water vapor. Since the CaO-carbonation in the pres-
ence of water (Eq. (3), set III) leads to the intermediate formation
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Fig. 2. Particle size distributions of (a) CaO, and (b) Ca(OH);.
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of Ca(OH)a, ncaow) (1) is determined by applying mass conser-
vation:

nCaco;(t) = 1Ca0,0XCa0 + NCa(OH),,0 X Ca(OH),
NCa(OH), (1) = 1Ca0,0XCq0m), — "Ca(OH),,0X Ca(OH),

nCaOw)(1) = NCaOw),0 — 1Ca0,0XCy0m), T 1Ca0,0XCa0

typical for a chemically rate-controlling mechanism at the sur-
face of CaQ, although the external diffusion of CO; through

)

Moal () = Mcaoncao(t) + McaOH),Ca(OH), (t) + Mcaco;ncaco; ()

where X Ea(OH)z is the extent of Ca(OH), formation from CaO,
and myq) 1S the total mass of the sample at time ¢, measured by
TG. Similarly, the extent of CO; captured is defined for all three
experimental sets as:

nco,(?)
nC0,,0

Xco, =1— ®)
where nco, and nco,, are the CO, molar content of the gas at
the exit and inlet of the TG, respectively.

4. Results and discussion
4.1. Carbonation of CaO with 500 ppm CO»

The reaction extent Xc,0 (defined by Eq. (4) and measured by
TG) as a function of the reaction time is plotted in Fig. 3 for the
isothermal runs of set I performed for the carbonation of CaO
with 500 ppm CO;. The parameter is the reaction temperature
in the range 300—450 °C. The data points are the experimentally
measured values; the curves are the numerically modeled val-
ues described in the following section. Data points were taken
every minute but, for clarity purposes, only every third data
point is shown in the following figures. Initially, and for about
the first 20 min, the reaction progresses following a rate that is
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Fig. 3. Experimentally measured (data points) and numerically modeled
(curves) extent of the carbonation of CaO, defined by Eq. (3), as a function
of time for the isothermal runs of set I in the range 300—450 °C with synthetic
air containing 500 ppm CO;.

the boundary gaseous film may also influence to some extent
the reaction kinetics. As the reaction proceeds, the build up of a
thin CaCOj3 layer induces a progressive change in the reaction
mechanism towards a diffusion-controlled regime governed by
CO, diffusion through the solid CaCOj3 layer. This behavior is
consistent with observations in previous studies with concen-
trated COy in flue gases, using CO; partial pressures 100-300
times higher than the ones considered in this study [7-11,25,26].
At below 325 °C, the reaction extent for CaO appears to stag-
nate at less than 2%, while above 450 °C (not shown in Fig. 3),
the reverse CaCO3-decomposition reaction becomes thermody-
namically favorable and slows the forward carbonation reaction.

The extent of CO; captured Xco, by the carbonation of CaO
(defined by Eq. (8) and measured by GC at the TG exit) as a
function of the reaction time for the experimental set I is shown
in Fig. 4. The parameter is the reaction temperature in the range
300-450°C. Up to 44% of the initial CO, content of the air
(500 ppm CO,) is captured during the first reaction minute,
within residence times of 0.11-0.17s. However, a significant
reduction in the CO, uptake is detected afterwards, decreas-
ing asymptotically after about 20 min, in full agreement with
the TG curves for the conversion of CaO (Fig. 3). For exam-
ple, Xco, asymptotically decreases from 12% after 20 min to
3% after 100 min. As expected, Xco, increases with tempera-
ture, peaks in the 400-450 °C range, and decreases above 450 °C
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Fig. 4. Experimentally measured extent of CO, captured by the carbonation of
Ca0, defined by Eq. (8), as a function of time for the isothermal runs of set I in
the range 300450 °C with synthetic air containing 500 ppm CO5.
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as a result of the thermodynamically favored reverse CaCOs-
decomposition reaction.

4.2. Carbonation of Ca(OH); with 500 ppm CO>

The reaction extent XcaoH), (defined by Eq. (5) and mea-
sured by TG) as a function of the reaction time is plotted in Fig. 5
for the isothermal runs of set II performed for the carbonation
of Ca(OH), with 500 ppm CO,. The parameter is the reaction
temperature in the range 200425 °C. The data points are the
experimentally measured values; the curves are the numerically
modeled values described in the following section. In contrast to
the experimental set I, there is no clear transition between chem-
ical and diffusion-controlled regimes during an isothermal run.
The rate appears to be diffusion-controlled at below 350 °C and
chemically controlled at above 350 °C. Furthermore, compari-
son of the curves of Fig. 5 with those of Fig. 3 reveals that the
carbonation of Ca(OH); proceeds at a faster rate and to a higher
degree of conversion than the carbonation of CaO. Similar con-
version extents were observed at lower temperatures (60-90 °C),
but at higher CO; concentrations (up to 13%) and relative humid-
ity (up to 70%) [22]. This behavior has been attributed to the
catalytic effect of HyO adsorbed on the solid surface; with dry
Ca(OH),, the reaction extent was reported to be only 10% at
100 °C [20-22].

The extent of COy captured Xco, by the carbonation of
Ca(OH); as a function of the reaction time is shown in Fig. 6 for
the experimental set II. The parameter is the reaction tempera-
ture in the range 200425 °C. Contrary to the result obtained for
the experimental set I (Fig. 3) and except for the experiments
performed at 200 and 250 °C, the GC curves do not asymptoti-
cally approach a constant value of Xc,(0n),, Which indicates that
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Fig. 5. Experimentally measured (data points) and numerically modeled
(curves) extent of the carbonation of Ca(OH),, defined by Eq. (5), as a function
of time for the isothermal runs of set II in the range 200-425 °C with synthetic
air containing 500 ppm CO;.
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Fig. 6. Extent of CO, captured by the carbonation of Ca(OH),, defined by Eq.
(8), as a function of time for the isothermal runs of set Il in the range 200-425 °C
with synthetic air containing 500 ppm COs.

intra-particle diffusion through a passivating layer of CaCOs3 is
less predominant in the overall kinetics.

4.3. Carbonation of CaO with 500 ppm CO; and 50% H;O
The reaction extent X cao(w) (defined by Eq. (6) and measured

by TG) as a function of the reaction time is plotted in Fig. 7
for the isothermal runs of set III performed for the carbonation
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Fig. 7. Experimentally measured (data points) and numerically modeled
(curves) extent of the carbonation of CaO, defined by Eq. (6), as a function
of time for the isothermal runs of set III in the range 300400 °C with synthetic
air containing 500 ppm CO; and 50% H,O.
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Fig. 8. Extent of CO, captured by the carbonation of CaO, defined by Eq. (8),
as a function of time for the isothermal runs of set III in the range 300400 °C
with synthetic air containing 500 ppm CO; and 50% H,O.

of CaO with synthetic air containing 500 ppm CO; and 50%
water vapor. The parameter is the reaction temperature in the
range 300-400 °C. The data points are experimentally measured
values; the curves are the numerically modeled values described
in the following section. In contrast with experimental set II,
there is no linear dependency between the reaction extent and
the temperature, even at higher temperatures. Notably, in the first
20 min, the reaction proceeds at a rate that is 22 and nine times
faster than that observed for the experimental sets I (Fig. 3) and
II (Fig. 5), respectively. This kinetic enhancement is attributed
to the adsorption of CO, on the solid surface by OH™ groups
[21,22]. The reaction extent reaches up to 80% at 400 °C after
100 min. Similar catalytic effect of water on the carbonation of
porous Ca(OH); was observed at 20 °C and relative humidity
between 40% and 90% [22].

The extent of CO; captured Xco, by the carbonation of CaO
in presence of water vapor as a function of the reaction time
is shown in Fig. 8 for the experimental set III. The parame-
ter is the reaction temperature in the range 300—400 °C. Up to
60% of the initial CO, content of air is captured during the first
minute of the reaction, within residence times of 0.11-0.17s.
Similar to the experimental set II, the GC curves do not approach
a constant value because the reaction is predominantly chemi-
cally controlled. The reaction extent increases with temperature,
peaks at 400 °C, and decreases above 400°C (not shown in
Fig. 8) as a result of the thermodynamically favored reverse
CaCOj3-decomposition reaction.

5. Kinetic modeling
5.1. Kinetic model for the carbonation of CaO

The unreacted core model, where the reaction zone is
restricted to a thin front progressing from the outer surface into

the core of the particle, is applied for particles of unchanging size
[27,28]. A simplified version of this model [9] was applied to
describe the CaO-carbonation with flue gases at high CO, con-
centrations [10,11], but failed to adequately describe the reaction
at low partial pressures of CO,. The general approach of the
unreacted core model is applied here [27]. The reaction mech-
anism consists of: (a) diffusion of the gaseous reactant through
the boundary film surrounding the solid particle; (b) penetration
and diffusion of the reactant through the layer of solid prod-
uct until reaching the surface of the unreacted core; (c) reaction
over the surface of the core. The reaction rate can be expressed
by combining the mass transfer and intrinsic chemical reaction
resistances [27]:

dre bea/p
dt  r2/R%*g + (R —ro)re/RD + 1/kc

C))

The reaction extent can be expressed in terms of the unreacted
core radius as:

re\3
X=1- (E) (10)
Substituting in (9) yields:

dx Pi(1 — X)*¥3

d 1= +pP0-X)"P0-0-Xx"%+p

an

where Py = 3kgbcy/Rp, P> = kg/D, P3 = kg/ k. are defined
for the purpose of mathematically fitting Eq. (11) to the exper-
imental data by varying their values via an error minimization
algorithm of MATLAB? [29]. As discussed in the previous sec-
tion, the experimental data may be divided into a first regime
(0-20 min) that is apparently controlled by the intrinsic chemi-
cal reaction, and a second regime (20—100 min) that is apparently
controlled by internal diffusion. The solid curves in Fig. 3 cor-
respond to the parameter fit for both regimes, and Table 1 lists
the numerically calculated values of P1—P5.

Note that P3 is 10 orders of magnitude smaller than P;, indi-
cating that the intrinsic chemical reaction proceeds faster than
the external or internal diffusion. The suitability of the kinetic
rate law applied to fit the experimental data is characterized by
means of its relative error e = |1 — X experimental / X model | and the

root mean square RMS = \/|5(2 X2 . |1/n of the

experimental — “* model

absolute error between the experimental and the modeled values,

averaged over all temperatures. ¢ =0.93 and RMS=1.6 x 10~*

for the 1stregime, £ =0.82 and RMS = 0.0011 for the 2nd regime.

The diffusion coefficient can be expressed in terms of P; and
P;:

Rp P1

= 12
bcy Py (12)

The calculated values of D obtained for both regimes at dif-
ferent reaction temperatures are listed in Table 2. As expected,

2 MATLAB’s command “fininsearch” finds the minimum of a scalar function
of several variables with the Nelder-Mead nonlinear minimization algorithm,
generally referred to as unconstrained nonlinear optimization [29].
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Table 1
Values of P1—P3 used in Eq. (11)

T(°C) First regime Second regime

Py P Ps3 Py Py x 100 P3
300 0.0714 238673.3 2.96 x 10710 0.98 19.9 1.75 x 10~11
325 0.0086 5444.7 1.8x 1078 0.98 7.2 6.57 x 10712
350 0.0041 1229.4 239 x 10712 0.98 2.4 4.17 x 10712
400 0.0026 403.81 456 x 1078 1.00 0.37 1.16 x 10710
450 0.0021 231.67 33x 1071 1.00 0.23 8.5x 10~
Table 2

Diffusion coefficient (cm?/s) for the carbonation of CaO

T(°C) First regime Second regime
300 0.0018 0.0003

325 0.0095 0.00086

350 0.023 0.0028

400 0.061 0.021

450 0.086 0.039

D increases with temperature and is higher for the 1st regime.
The diffusivity of CO, decreases with time, as the thickness
of the passivating CaCOj3 layer increases and the rate becomes
diffusion-controlled. Previous reported values of D are some-
what higher than the ones presented herein [30], presumably
because of a different rate-controlling step.

5.2. Kinetic model for the carbonation of Ca(OH);

As stated before, carbonation rates are faster with Ca(OH),
than with CaO and, especially at above 300 °C, resistance by
internal diffusion is not noticeable. Furthermore, the reaction is
thought to proceed through the formation of an interface of water
molecules or OH-ions at the solid surface, and to be controlled
by intrinsic chemical reaction taking place only over the surface
that is not covered by CaCOs, as being described by [21]:

dx

— =hlll = @ - mk X))/

dr (13)

Ink,
4

2 25 3 35 4 4.5 5
(a) /7 K x 16°

where k; and k; are the proportionality constants and »n is the
reaction order. Equation (13) was fitted to the experimental data
set II by varying the values of ki, k>, and n via an error mini-
mization algorithm (“fminsearch” command in MATLAB [29]).
Fig. 5 presents the results of the parameter fit, characterized by
£=0.96 with RMS =2.3 x 10~%. The mean value for n is 1.43,
which compares well to the one previously reported [21].
Assuming that the carbonation reaction is of zero order with
respect to the partial pressure of CO» [9,20,21], the temperature
dependency of kj is determined by imposing the Arrhenius law:

=t (3 )
=koexp | ——=
RT

The Arrhenius plot for k; is shown in Fig. 9a. The
apparent activation energy and frequency factors obtained by
linear regression are E,1=9.92kJ mol~!, ko1 =1 x 107351,
No Arrhenius-type dependency was obtained for k2, as already
reported [21].

(14)

5.3. Kinetic model for the carbonation of CaQ in presence
of water vapor

Because of similar influence of water in the experimental sets
II and III, the same kinetic model is applied [21]. Eq. (13) was
fitted to the experimental data set III by varying the values of
k1, k2, and n via an error minimization algorithm (“fminsearch”
command in MATLAB [29]). Fig. 7 presents the results of the
parameter fit, characterized by £ =0.98 with RMS =0.0065. The

-2
2.5 4
=3l J
=
= 35 ;
-4+ of
% i ; ; ;
24 2.6 28 3 3.2 34
(b) 1T K x 10°

Fig. 9. Arrhenius plot for k; as defined by Eq. (13) for: (a) the carbonation of Ca(OH);; (b) the carbonation of CaO with 50% water—air.
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Fig. 10. Avrami plots, given by Eq. (15), for the carbonation of: (a) CaO; (b) Ca(OH);; (c) CaO with added water.

mean value for n is 1.94, which correlates well with the one
obtained for the experimental set II and with the previously
reported data [21]. The Arrhenius plot for k; is shown in Fig. 9b.
The apparent activation energy and frequency factors obtained
by linear regression are E, 1 =17.44kJ mol ™1, ko,1 =23.08 s~1
Analogous to the experimental set II, no Arrhenius-type depen-
dency was obtained for k.

5.4. Avrami rate law

For heterogeneous chemical reactions, empirical Avrami rate
laws can be employed to model the CO, uptake by CaO or
Ca(OH); [26,31]:

Xco, = exp (—kt)" (15)

where k and n are empirical parameters. The Avrami plots are
shown in Fig. 10(a)—(c), for the carbonation of CaO (set I),
Ca(OH); (set II), and CaO with added water (set III), respec-
tively. Note that Eq. (15) fails to describe the data sets II and III
after 20 min. For the carbonation of CaO (set I), k=1.06 min~!
and n=0.23, and the quality of the fit for Xco, is €=0.89
with RMS =0.042. For the carbonation of Ca(OH), (data set
I), k=1.18min~! and n=0.06, and the quality of the fit for
Xco, 1s €=0.93 with RMS =0.07. For the carbonation of CaO

with added water (data set IIT), k= 0.54 min—! and n=0.12, and
the quality of the fit for Xco, is €=0.93 with RMS =0.07.

6. Conclusions

We have experimentally investigated by thermogravime-
try the capture of CO, from air via two carbonation
reactions: (I) CaO + air (500 ppm CO;) — CaCOs in the tem-
perature range 300-450°C, and (II) Ca(OH); + air (500 ppm
CO;) — CaCO3 + HO0 in the temperature range 200—425 °C.
The rate of CaO-carbonation is initially chemically-controlled
but undergoes a transition to a diffusion-controlled regime, and
can be well described by the unreacted core kinetic model.
The rate of Ca(OH);-carbonation is predominantly chemically-
controlled and can be well described by a kinetic model that
considers the formation of an interface of water molecules or
OH-ions, and the intrinsic chemical reaction taking place only
over the surface that is not covered by CaCO3. Water catalyzes
the CaO-carbonation to such an extent that, in the first 20 min,
the reaction proceeds to 50% extent at a rate that is about 22 times
faster, and the reaction extent attains up to 80% at 400 °C after
100 min. Within residence times of 0.11-0.17 s, the uptake of
CO; from air containing 500 ppm is high during the first reac-
tion minute (for example, it reaches up to 60% for CaO with
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added H,O) and decreases with time following Avrami’s empir-
ical rate law. The kinetic models applied for the carbonation of
Ca0, Ca(OH),, and CaO with added H,O are able to describe
the reaction rates with reasonable accuracy.
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