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Abstract: The effect of cyclic carbonation—decarbonation operating parameters on Zr-doped CaO
sorbent CO, uptake capacity evolution is examined. It is revealed that the capacity steady state value
increases with the decrease in the carbonation temperature, CO, concentration in the gas flow upon
carbonation and with the increase in the heating rate from the carbonation to the decarbonation stages.
The rise in decarbonation temperature leads to a dramatic decrease in the sorbent performance. It is
found that if carbonation occurs at 630 °C in the gas flow containing 15 vol.% CO, and decarbonation
is carried out at 742 °C, the sorbent shows the highest values of the initial and steady state CO,
uptake capacity, namely, 10.7 mmol/g and 9.4 mmol/g, respectively.

Keywords: CaO-based sorbent; high-energy milling; CO, capture; cyclic carbonation-decarbonation;
sorbent sintering

1. Introduction

Nowadays, three technologies are considered promising for large-scale post-combustion
CO; capture, namely, amine scrubbing, pressure swing adsorption and calcium looping
(CaL) [1-4]. The main disadvantages of amine scrubbing are a significant energy penalty
due to solvent regeneration, equipment corrosion, limitation on the operating temperature,
solvent loss and accompanied environment impact. The pressure swing adsorption using
physical sorbents is characterized by low selectivity, limitations on operating temperature
and high operating pressure to achieve high CO, uptake capacity. Both amine scrubbing and
pressure swing adsorption can only be used for CO, sorption from the flue gas produced
during fossil fuel combustion after the flue gas precooling. The use of CaL to capture CO,
from flue gases was first suggested in 1999 [5]. The CaL process involves the reversible
reaction CaO + CO;, <+ CaCOj3. CaO s circulated between two fluidized bed reactors called the
carbonator and the calciner. The CaL process has a number of major advantages: operating at
atmospheric pressure and the use of circulating fluidized bed reactors—a mature technology at
a large scale, the energy efficiency penalty is relatively small compared to amine scrubbing, the
possibility of selective CO, trapping from hot flue gas, synergy with the existing power plants
and cement plants and use of sorbent derived from cheap environmentally benign friendly raw
materials (limestone and dolomite) [5-7]. The CaL process is also a promising approach for
CO, utilization since it provides a high-concentrated CO, stream during decarbonation [5,6].

CaO is inexpensive and possesses higher CO, uptake capacity (the maximum value is
about 17.9 mmol/g) compared to alkaline ceramics (for example, Li4SiO4—8.3 mmol/g,
LipZrO3—6.5 mmol/g) also suitable for CO, capture at elevated temperatures [4].

The main disadvantage of CaO is a rapid decline in reactivity under the cyclic
carbonation—-decarbonation process caused by the following major factors: low Tammann
temperature of CaCO3, carbonation process high exothermicity and a big difference in
molar volumes of CaO (16.9 cm®/mol) and CaCOj3 (36.9 cm?/mol). One of the approaches
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used to improve the cyclic stability of CaO is the development of CaO-based synthetic sor-
bents via incorporation of the dopant into CaO. Inertness to CO; in the temperature range
of the CaL process and high sintering temperature (Tammann temperature) are the criteria
for the dopant selection. The dopant acts as a spacer, preventing CaO/CaCOjs sintering
during cyclic carbonation—decarbonation. The sol-gel method, co-precipitation and flame
spray pyrolysis are commonly used to fabricate different CaO-based sorbents [8,9] and, in
particular, the Zr-doped CaO sorbents which exhibit superior performance and durabil-
ity [10,11]. These techniques deal with CaO and the dopant precursors and give rise to
nanosized composite sorbents with enhanced CO, capture performance and cyclic stability.
High-energy milling also ensures efficient particle size reduction and effective dispersion,
while being easier to implement, thus this method seems to be more promising for the
industrial application than the above laboratory methods [12-14]. Moreover, high-energy
milling is the most obvious approach to fabricate composite materials from chemically inert
components. In [14] we used high-energy co-milling of calcium carbonate and baddeleyite
(natural zirconia mineral), followed by heat-treatment of the obtained nanopowder to
fabricate CaO sorbent doped with well-dispersed CaZrO3; nanoparticles to prevent its
sintering. The prepared Zr-doped CaO sorbent was characterized by a high enough steady
state CO, uptake capacity of 8.6 mmol/g under a multi-cycle carbonation—decarbonation
process. The Tammann temperature of CaZrOs is 1218 °C [11]. We used natural zirconia
since it is much cheaper than chemically synthesized zirconia and its precursors. Previ-
ously, high-energy milling has already been successfully applied to baddeleyite to produce
engineering-nanostructured zirconia ceramic with competitive mechanical properties [15].

The synthesis method, the nature of the dopant and the dopant concentration in the
sorbent are usually considered as the main factors affecting performance and durability
of the developed CaO-based sorbents. At the same time, due attention is not paid to
the effect of the cyclic carbonation—-decarbonation operating parameters on the perfor-
mance of sorbents, although it is important in terms of prospects and limitations to their
practical application.

The aim of this work is to investigate the effect of cyclic carbonation—decarbonation
operating parameters on the performance of CaO-based sorbents promoted with chemically
inert and heat-resistant dopants on the example of the Zr-doped CaO sorbent produced
using high-energy milling. Such operating parameters as carbonation and decarbonation
temperatures, CO, concentration in the gas flow upon carbonation and the heating rate
from the carbonation to the decarbonation stages were varied.

2. Materials and Methods

Baddeleyite concentrate powder (5 um, 99.3%, Kovdorsky GOK, Kovdor, Russia) and
CaCO3 powder (99.5%, Sigma-Aldrich, Saint Louis, MO, USA) were mechanically mixed to
prepare the composite powder with the Zr/Ca molar ratio of 2:10. High-energy milling of
the composite powder using distilled water was performed on a planetary mill Pulverisette
7 Premium Line (Fritsch, Idar-Oberstein, Germany) during 5 h. The resulting product was
dried in air at 80 °C for 24 h in an OV-11 oven (Jeio Tech Co., Ltd., Seoul, Korea).

The thermal analyzer EXSTAR TG/DTA7200 (SII Nano Technology, Tokyo, Japan) was
used to measure CO, uptake capacity of the Zr-doped CaO sorbent. Before measurements,
the sorbent was activated by heat treatment under N, for CaCO3 decomposition. Then,
the sorbent was cooled to the target carbonation temperature at a rate of 10 °C/min and
held for 30 min in the gaseous stream of 100 mL/min. The flow of CO, and N; contained
15, 30, 50 or 100 vol.% CO,. After carbonation, the sorbent was heated up to the target
decarbonation temperature at a rate of 20 °C/min, and held for 20 min under a N; flow
of 100 mL/min. The carbonation—decarbonation cycle was repeated 25 times. For each
cycle, the CO, uptake capacity (mmol/g) of the sorbent was determined as the amount of
captured CO, divided by the sorbent weight before carbonation. The target carbonation
and decarbonation temperatures were determined using differential thermogravimetric
(DTG) analysis as temperatures when carbonation and decarbonation rates were maximal.
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DTG analysis was performed in a N, flow when the sorbent was heated from 500 to 900 °C,
and in the flow of CO, and N, with 15, 30, 50 or 100 vol.% CO, when the sorbent was
cooled from 900 to 500 °C.

The specific surface area (Sggt) of the Zr-doped CaO sorbent as microstructure degra-
dation characteristic was measured by nitrogen adsorption at—196 °C in a relative pressure
range of 0.05-0.35 with a gas sorption analyzer Autosorb iQ-C (Quantachrome Instru-
ments, Boynton Beach, FL, USA) using the Brunauer-Emmett-Teller (BET) method. All the
samples were degassed under vacuum at 300 °C for 3 h before BET analysis.

3. Results and Discussion

According to DTG analysis, the increase in CO, concentration in the gas at the sorbent
carbonation stage leads to a rise in both carbonation and decarbonation effective tempera-
tures (Figure 1). The positions of the carbonation and decarbonation rate peaks are shifted
toward higher temperatures and the peaks become narrower (Table 1).
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Figure 1. Normalized DTG signals (a) during the sorbent carbonation at different CO, concentrations in the gas flow;
(b) during the sorbent decarbonation if different CO; concentrations are used at the carbonation stage.

Table 1. The carbonation and decarbonation rates peaks characteristics.

. . Carbonation Rate Peak Decarbonation Rate Peak
CO; Concentrations in the Gas
Flow during Carbonation, vol.% eps ° Peak width at Half eps ° Peak Width at Half
Position T, °C Height AT, °C Position T, °C Height AT, °C
15 630 48 742 37
30 707 26 779 34
50 755 22 803 27
100 813 14 857 21

The half-height width of the carbonation and decarbonation rate peaks can be con-
sidered as the temperature ranges in which the sorbent performs best during carbonation
and decarbonation. Table 1 shows that the ranges of operating temperatures of the sorbent
depend on CO, concentration in the gas flow during carbonation.

The effect of cyclic carbonation—decarbonation on the sorbent CO, uptake capacity at
different CO, concentrations in the gas flow during carbonation is shown in Figure 2. The
carbonation and decarbonation are performed at the temperatures indicated in Table 1. It is
observed that the initial CO, uptake capacity of the sorbent slightly decreases from 10.7 to
10.2 mmol/g with the CO, concentration increase from 15 to 100 vol.%. Stoichiometric
capacity of the sorbent is about 12.4 mmol/g. The CO, uptake capacity of the sorbent de-
creases with a rise in the cycle number attaining 9.2, 8.9, 8.2 and 7.7 mmol /g in the 25th cycle
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at 15, 30, 50 and 100 vol.% CO,, respectively. The drop in the capacity value increases
from 1.5 to 2.5 mmol/g with a rise in CO, concentration from 15 to 100 vol.%. The depen-
dence of the sorbent CO, uptake capacity on the number of carbonation—-decarbonation
cycles attains saturation near the 25th cycle if the sorbent is carbonated in the atmosphere
containing 15 vol.% CO,. Thus, it can be concluded that the sorbent is more resistant to
cyclic carbonation—-decarbonation if carbonation occurs at lower CO, concentrations and
low temperatures. In further experiments, carbonation is performed at 630 °C in the gas
flow containing 15 vol.% CO; because such a concentration corresponds to the typical
CO; content in the exhaust gases of coal-fired power plants and the indicated carbonation
temperature corresponds to the average exhaust gases temperature [16].
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Figure 2. The dependencies of the sorbent CO, uptake capacity on the number of carbonation—
decarbonation cycles at different CO, concentrations in the gas flow upon carbonation. The insert
shows the dependence of zirconium-undoped sorbent CO, uptake capacity on the number of
carbonation—calcination cycles at 15 vol.% CO in the gas flow upon carbonation.

In terms of steady state CO, uptake capacity, the studied sorbent is not inferior to CaO
sorbents doped with CaZrOj; previously prepared by co-precipitation (9.6 mmol/g) [17], a
sol-gel auto-combustion synthesis (9.2 mmol/g) [18] and the surfactant template /ultrasound-
assisted technique (3.4 mmol/g) [19].

It should be noted that if the sorbent is undoped, it shows higher initial CO, uptake
capacity than the Zr-doped one on a weight basis, due to the inertness of the dopant to
CO,. However, the capacity of pure CaO sorbent decreases dramatically by the 25th cycle
(insert in Figure 2).

It has been revealed that both cyclic carbonation-decarbonation and the rise in CO,
concentration in the gas flow at carbonation lead to a decrease in the sorbent-specific
surface area (Table 2). After 25 carbonation-decarbonation cycles, the specific surface
area decreases by 3.7, 7.4, 15.2 and 20.3% in relation to the virgin sorbent-specific surface
area value of 21.7 m2/ g if carbonation occurs in the atmosphere containing 15, 30, 50 or
100 vol.% COy, respectively.
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Table 2. The sorbent-specific surface area after the 25th carbonation-decarbonation cycle at different
CO; concentrations in the gas flow during carbonation.

CO, Concentration in the Gas Flow, vol.% SBET, mZ/g
15 20.9
30 20.1
50 18.4
100 17.3

The Tammann temperature of CaCOj is 533 °C [11], which is much lower than the
used carbonation temperatures (Table 1). Therefore, CaCO3 forming during carbonation
gets sintered, which has a negative effect on the CO, uptake capacity of CaO. Previously, we
found that dopant nanoparticles homogeneously dispersed in the tested sorbent separate
the sorbent particles from each other, thus hindering CaCOj3 sintering that slows down
the CaO particle growth and the sorbent porosity reduction during cyclic carbonation—
decarbonation [14]. As a result, the decrease in the CO, uptake capacity of the CaO sorbent
functionalized by dopant nanoparticles is less pronounced with the increasing number of
cycles than the capacity of pure CaO sorbent (Figure 2).

The rise in CO; concentration in the gas flow increases the carbonation intensity
that results in densification of the CaCOj layer forming on the surface of CaO particles,
which impedes the penetration of CO, deep into the CaO particles; therefore, a higher
carbonation temperature is required to provide CO, penetration through the product
layer, and a higher decarbonation temperature is also required to decompose the dense
well-sintered product layer. The CaCOjs sintering results in CaO particles” growth with
each subsequent carbonation—decarbonation cycle. The higher the CO, concentration, the
more intense the CaO particles’ growth at carbonation, which is confirmed by the specific
surface area measurements (Table 2).

In [20], it was reported that at the product layer thickness of about 50 nm, an extremely
slow diffusion-controlled carbonation stage replaces the fast initial chemical reaction-
controlled one. Since the CaCO3 layer seals CaO inside the sorbent particle and makes
it inaccessible for carbonation, the amount of non-reacted CaO increases with each sub-
sequent cycle, due to the sorbent particles” growth. It explains the sorbent CO, uptake
capacity degradation during cycling (Figure 2). The intensive carbonation induced by a
high CO, concentration promotes the capacity reduction.

The influence of different decarbonation temperatures on the sorbent CO, uptake
capacity has been tested too (Figure 3). The carbonation is performed in the gas flow
containing 15 vol.% CO; at 630 °C (Table 1). The rise in the decarbonation temperature
induces a larger drop in CO, uptake capacity after the 1st decarbonation. Moreover, at
a higher decarbonation temperature the decrease in the CO, uptake capacity is more
notable with each increasing cycle number. In the 25th cycle, the CO, uptake capacity
value attains 9.2, 7.6 and 4.5 mmol/g at decarbonation temperatures of 742, 900 and
1000 °C, respectively. The initial CO, uptake capacity of the sorbent is 10.7 mmol/g for the
given carbonation parameters. The rise in the decarbonation temperature also results in
the sorbent-specific surface area decrease (Table 3). After 25 carbonation—decarbonation
cycles, the sorbent-specific surface area decreases by 3.7, 21.2 and 53.5% in relation to the
virgin sorbent-specific surface area value of 21.7 m? /g. It indicates that the increase in the
decarbonation temperature stimulates the CaO particles” growth.

The decarbonation temperature also affects the carbonation kinetics of the sorbent
(insert in Figure 3). It is revealed that the time to attain 90% of the maximum capacity
value in the cycle increases with the rise in the decarbonation temperature. The chemical
reaction-controlled stage becomes shorter and slower, and the diffusion-controlled stage
becomes longer and starts earlier.
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Figure 3. CO, uptake capacity evolution of the sorbent over cyclic carbonation—-decarbonation at different decarbonation
temperatures. The carbonation is performed in the gas flow containing 15 vol.% CO, at 630 °C. The insert shows the
carbonation profiles of the 25th cycle at different decarbonation temperatures.

Table 3. The sorbent-specific surface area after the 25th carbonation—-decarbonation cycle at different
decarbonation temperatures.

Decarbonation Temperature, °C SBET, mZ/g
742 20.9
900 17.1
1000 10.1

CaCO; sintering occurs during carbonation, heating up to the decarbonation temperature
and upon decarbonation. The Tammann temperature of CaO is 1154 °C [11], which is much
higher than the used carbonation temperatures. Therefore, CaO sintering does not occur at
carbonation. At a low decarbonation temperature, CaO particle growth is provided only by
CaCO; sintering. The intensity of CaCOj sintering can be reduced, for instance, by increasing
the heating rate from the carbonation to the decarbonation stages that decrease CaCOs resi-
dence time at high temperatures. It is revealed that the sorbent CO, uptake capacity decreases
less with the rise in the cycle number and reaches a stable value earlier if the heating rate is
increased (Figure 4). In the 25th carbonation—decarbonation cycle, the difference in capacity
values is 3.6% due to a change in the heating rate from 10 to 40 °C/min.

An increase in the decarbonation temperature leads to CaCOj3 sintering intensification
due to heating to a higher temperature. Moreover, when the decarbonation temperature
approaches 1154 °C it leads to the start of CaO sintering with partial sintering of CaO
particles that additionally promotes CaO particles growth during decarbonation.
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Figure 4. CO, uptake capacity evolution of the sorbent over cyclic carbonation—decarbonation at
different heating rates. The carbonation is performed in the gas flow containing 15 vol.% CO,
at 630 °C.

The rise in the CaO particles size decreases the sorbent-specific surface area with the
decarbonation temperature increase (Table 3). It indicates that the barrier function of the
dopant nanoparticles decreases with an increase in the decarbonation temperature due to
diffusion intensification promoting the sorbent sintering. A similar effect was observed
in [21], where Nd,O3 nanoparticles were used as spacers instead of CaZrO3; nanoparticles.

CaO sintering hampers CO, access to the reaction centers due to gas transport chan-
nels blocking. Thus, the amount of trapped unreacting CaO increases with each subse-
quent decarbonation. It results in the sorbent CO, uptake capacity reduction upon cyclic
carbonation-decarbonation. Wherein the sorbent CO, uptake capacity reduction is greater,
the higher the decarbonation temperature (Figure 3). The increased CaO particle size
and hindered CO, penetration deep into the CaO particles makes a diffusion-controlled
mechanism of carbonation dominant when decarbonation occurs at high temperatures
(insert in Figure 3).

4. Conclusions

It is revealed that the performance of the Zr-doped CaO sorbent increases with the de-
crease in the carbonation temperature, CO, concentration in the gas flow upon carbonation
and with the increase in the heating rate from the carbonation to the decarbonation stages.
Contrarily, the performance of the sorbent decreases with the rise in the decarbonation tem-
perature. These operating parameters influence the intensity of sorbent sintering, which in
turn affects the sorbent CO, uptake capacity during the cyclic carbonation—decarbonation
process. It is found that when carbonation occurs at 630 °C in the gas flow containing
15 vol.% CO; and decarbonation is carried out at 742 °C, the sorbent shows the high-
est values of the initial and steady state CO, uptake capacity, namely, 10.7 mmol/g and
9.4 mmol/g, respectively. At the decarbonation temperature of 900 °C, which is the typical
decarbonation temperature for the CaL process, the capacity steady state value decreases
to 7.6 mmol/g.

It can be proposed that variations in the carbonation and decarbonation temperatures,
CO; concentration in the gas flow upon carbonation and the heating rate from the carbon-
ation to the decarbonation stages might have a similar effect on the performance of all
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CaO-based sorbents promoted with chemically inert and heat-resistant dopants, regardless
of their fabrication method due to the similar operating principle of such sorbents.
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