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Abstract: Brazil has set a goal to reduce greenhouse gas (GHG) emissions, which is a
significant opportunity to leverage calcium looping (CaL) technology for energy generation
in natural gas power plants. CaL is a promising technology, due to sorbent low cost and
availability, but its industrial implementation performance decay is a major challenge to face.
While evaluating carbon-capture technologies, net emissions perspective is essential, and
optimizing CaL capture through a partial carbonation cycle is a promising approach, both to
reduce net emissions and improve the number of cycles before deactivation. In this context,
a Brazilian dolomite was characterized and evaluated, to be used as sorbent in a CaL process
employed in natural gas power plants. For such a purpose, a novel methodology has been
proposed to evaluate the mass ratio of CO2 captured, to assess the energy consumed in
the process. A rotatable central composite design (RCCD) model was used to identify
the optimal temperature and residence time conditions in the carbonation stage of the
CaL process, focusing on achieving energy efficiency. The five most promising conditions
were then tested across 10 calcination–carbonation cycles, to examine the impact of partial
carbonation in capture efficiency over extended cycles. The results indicate that temperature
plays a critical role in the process, particularly in terms of capture efficiency, while residence
time significantly affects energy consumption. The conditions that demonstrated optimal
performance for both the single and the multi-cycle tests were 580 °C for 7.5 min and 550 °C
for 10 min, given that index of capture efficiency (IEC10,c) values of 1.34 and 1.20 were
found, respectively—up to 40% higher than at 475 °C. There was lower energy expenditure
at 580 °C (Esp) (33.48 kJ), 550 °C (Esp = 37.97 kJ), CO2 mass captured (CO2cap = 9.80 mg),
and the samples exhibited a more preserved surface, thus making it the most suitable
option for scale-up applications.

Keywords: CO2 capture; natural gas; calcium looping; RCCD; thermogravimetry; TGA

1. Introduction
Global temperatures rose by 0.9 °C, on average, in the initial two decades of the 21st

century compared to the last two decades of the 20th century, as a result of anthropogenic
factors [1]. Greenhouse gas (GHG) emissions is a key concern in modern society, given that
climate change starts affecting everyday lives through land-use and lifestyle change, and in
patterns of consumption and production across regions among individuals [1–3].
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Climate change has far-reaching consequences, in addition to temperature rise and
greenhouse gas emissions. It exacerbates extreme weather events, such as droughts, floods,
and wildfires, which, in turn, influence contaminant dispersion in terrestrial and aquatic
systems [4]. These environmental stressors threaten not only water resources but agricul-
tural productivity, leading to economic instability, particularly in regions which are heavily
reliant on farming [5]. In addition, climate variability impacts livestock supply chains,
altering food availability and increasing risks to animal health and labor productivity, due
to extreme heat waves and shifting ecological conditions [6]. These interconnected effects
highlight the necessity for comprehensive mitigation strategies integrating sustainable
land-use policies, technological advancements, and cross-sector collaborations to enhance
resilience in critical industries [4–7].

Rising energy consumption and the resulting increase in CO2 emissions have com-
pelled the scientific community to seek new technological solutions aimed at mitigating the
impact of CO2 on climate change. In this context, investments were made in projects aimed
at energy efficiency, renewable energy generation, and low-carbon technologies [8–13]; how-
ever, a reduction in anthropogenic CO2 emissions would de-escalate such consequences
even further [1].

Currently, as society strives for carbon neutrality, it faces numerous challenges. In ad-
dition to changing the energy matrix to renewable sources, carbon capture, utilization,
and storage (CCUS) technologies are presented as good alternatives to reach carbon
neutrality [14], while cleaner forms of energy, such as hydrogen, are still maturing [15].
Even though a great effort has been made to research and develop CCUS technologies,
many still require robust infrastructure, including CO2 capture devices, transportation
pipelines, storage facilities, and accurate prediction models to support long-term implemen-
tation [16]. Such developments, which were once limited to large and industrial facilities,
seem to have started being incorporated into society as a form of green transportation, green
supply chains, green tourism, and green economy [17]. Nonetheless, these are dependent
on a comprehensive system of financial incentives, tax policies, regulatory frameworks,
and public education to raise awareness about CCUS’s importance [14].

Given the global urgency to reduce emissions, there should be greater collaboration in the
advancement of relevant technologies. As noted by Chu et al. [14], CCUS technologies do not
represent a universal solution; rather, their applicability and effectiveness vary across regions.
In this regard, it is justifiable for specific regions, such as Brazil, to prioritize the development of
technologies aligned with their unique resource availability and national context.

Brazil has a longstanding commitment to reduce CO2 emissions and has set ambitious
GHG targets for the coming years. By 2025, Brazil aims to reduce its GHG emissions by
37% in relation to the 2005 levels, with a further reduction target of 43% below the 2005
levels by 2030 [18]. National emissions in 2022 amounted to 1.69 GtCO2, of which 18.0%
came from the energy sector [19].

Natural gas has strong potential for energy production, and it is often used as a bolster
through thermal plants, to assist their power generation systems in preventing blackouts
due to water shortages in reservoirs during years of low rainfall. Its use represents 7.5% of
all Brazilian energy matrix generation [20].

Figure 1 shows natural gas utilization countrywide in 2015, 2019, and 2024 classified
by region. It can be seen that the Southeast, Northeast, and South regions were accountable
for the large majority of all gas utilization, with 66.4%, 18.1%, and 11.0%, respectively.
Industries in the state of São Paulo were responsible for up to 80% of its total consumption
of natural gas [21]. The current industrial gas consumption scenario in Rio de Janeiro
requires a demand of over 2.38 million m3/day [22]. The state of Bahia focuses most of its
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natural gas use on industrial facilities, where 53.3% is utilized by fuel industries, followed
by 30.2% in co-generation [23].

Figure 1. Total Brazilian natural gas consumption in 2015, 2019, and 2024 classified by region.
Adapted from [20].

The expanding nationwide reliance of Brazil’s energy matrix on natural gas power
plants presents a key opportunity to reduce emissions from this source.

Calcium looping (CaL) is a CCUS technology performed through a reversible cyclic
reaction consisting of several steps of calcination, as in Equation (1), and carbonation, as in
Equation (2) [24,25]. CaL uses calcium-based sorbents, such as limestone CaCO3, which
have different components and physical–chemical characteristics depending on their site of
extraction [26].

CaCO3(s) −−→ CaO(s) + CO2(g) ∆H◦
r = −178 kJ/mol (1)

CaO(s) + CO2(g) −−→ CaCO3(s) ∆H◦
r = +178 kJ/mol (2)

Limestone is an abundant low-cost material suitable for an economically viable process,
due to being natural; thus, it is largely utilized for such purposes [27–29].

Despite having been developed, CaL technology still poses technical challenges to be
faced before being widely implemented. A limited number of cycles in which limestone
can be used during CaL reactions is a limiting factor for industrial applications, due to
particle elutriation (entrainment and removal of fine particles) [26,30] and deactivation of
limestone surfaces after several calcination–carbonation stages [31–33]. Some solutions
were proposed to make the CaL process application viable in real-world scenarios, such
as pelletization and doping with other elements, leading to an increase in CO2 capture
efficiency and abrasion resistance [33]. However, these processes raise the cost of base raw
materials and make the process economically unfeasible [34–37].

Partial carbonation was another solution proposed to address issues regarding the
number of carbonation–calcination cycles required. In partial carbonation, the carbon-
ation is stopped before the sorbent is able to reach its maximum CO2 capture capacity.
Grasa et al. [38] demonstrated that partial carbonation cycles significantly reduce decay
in sorbent capture capacity. Their experiments showed that sorbents undergoing partial
carbonation maintained higher reactivity over multiple cycles, behaving as “younger” par-
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ticles compared to fully carbonated sorbents. This effect became particularly pronounced
after more than 20 cycles. The authors reached no definitive conclusion on the mechanism,
but proposed two possibilities: during carbonation, some of the sorbent remains preserved
in the form of CaO, with no decay of its CO2 capture capacity, or the movement of Ca atoms
during CaCO3 formation facilitates sorbent sintering. Other authors have also found that
partial carbonation leads to better performance over the cycle, although their focus was on
discussing how the increased solid circulation affects the overall reactor efficiency instead
of the mechanism of partial carbonation [39].

Liu et al. [40] have proposed the opposite, stating that sorbent has a memory effect
in carbonation, and they found that longer and deep carbonation leads to longer and fast
carbonation phases in the next cycles. The authors also cited crack formation during car-
bonation, increasing mesoporosity and leading to longer fast-phase carbonation. Although
this contradicts the previous authors’ arguments, this work used synthetic material, which
may behave differently compared to natural sorbents [35,41].

An alternative to mitigating the decay of natural sorbents, partial carbonation presents
an option that has not been fully explored, presenting an accessible implementation
to all current developments in CaL technologies. Nevertheless, as was pointed out by
Rodríguez et al. [39], a fluidized bed design adjustment might be necessary to accommo-
date faster particle transfer due to smaller residence time. Such a solution requires no
additional equipment, as in the case of hydration, but only a natural sorbent, which is the
lowest cost of all the proposed solutions.

In this context, partial carbonation can be coupled with CaL technology as a means
to optimize CO2 capture, aiming to reduce total emissions initially by measuring then
optimizing the amount of energy spent per mass of CO2 captured. Although other authors
have used the approach of optimizing general configurations of CaL coupled to power
plants [42–44], to the best of the authors’ knowledge no other work has attempted to
optimize CO2 capture on the carbonator by relating carbonation temperature and residence
time to the energy spent in the process.

Therefore, this research aimed to evaluate the performance of a Brazilian dolomite in
a synthetic environment of natural gas emissions (4%CO2-balance air) to maximize CO2

capture in the carbonator while minimizing energy consumption. As such, the Brazilian
dolomite was characterized in terms of particle size, through sieving and chemical compo-
sition using X-ray fluorescence (XRF). A rotatable central composite design (RCCD) was
then employed to investigate the effects of carbonation temperature and residence time on
the optimization of partial carbonation. Tests were conducted using a TGA in a synthetic
environment of natural gas emission. The most promising conditions were subjected to
10 calcination–carbonation cycles, to evaluate the impact of the number of cycles on the
capture efficiency of CO2 and the dolomite surface. The results contributed to determining
how previous tested conditions perform in a multi-cycle scenario.

2. Material and Method
2.1. Material

The dolomite used in this study was from Piracicaba, São Paulo, Brazil, extracted
from ground sedimentary dolomite rocks. It was selected due to Piracicaba’s strategic
location, with convenient access to major routes in São Paulo, which could support future
applications. The sample was prepared using quartering, to prevent variations in granulo-
metric distribution between samples. The dolomite, comprising 356.49 g, was separated
into seven samples having 50 g in mass [45] each, which were weighted on a SHIMADZU
BL3200H semi-analytical scale, Kyoto, Japan. Seven samples of different particle sizes were
separated, using 18 consecutive sieves of varying mesh sizes, ordered from the largest
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(>1 mm—top) to the smallest (<18 µm—bottom). Replicates were used to assess the devia-
tion of results. Figure 2 shows the particle size distribution of the dolomite:

Figure 2. Dolomite particle size distribution.

Particle sizes ranging from 780 µm to 231 µm were selected for optimization tests, to
provide a better and actual representation of the CaL technology on larger scales.

XRF analysis was performed, to determine the chemical composition of the dolomite.
Samples were sent to Central de Análises Químicas Instrumentais—CAQI at Chemistry In-
stitute (EESC/USP) in São Carlos—SP for XRF analyses. The CAQI lab personnel conducted
tests using their own protocol, and their XRF equipment was a PANalytical—Model: Mini-
PaI4, Malvern Panalytical B.V., Almelo, Netherlands. Table 1 shows the initial composition
of the samples used in this work:

Table 1. Elementary chemical composition of dolomite.

Chemical Composition (% Mass/Mass)

Ca Si Mg Fe In S Mn Sr
57.59 18.15 17.22 3.60 1.40 0.91 0.84 0.28

Morphological observations were made using a ZEISS EVO LS-15 scanning electron
microscope manufactured by Carl Zeiss Microscopy GmbH in Oberkochen, Germany. (SEM).
Samples were sent to the Laboratório de Imagens de Materiais (LAIMAT) at the Materials
department (FEG/UNESP) in Guaratinguetá—SP for SEM analyses. Morphological analyses
were conducted, to assess the impact of the process on the surface integrity of the samples.

2.2. TGA Setup and Experimental Conditions for CaL Testing

CaL tests were conducted on a TA Instruments (SDT Q600) simultaneous thermal
analysis system, New Castle, Delaware, USA (TGA-DTG-DSC). TGA systems offer excellent
control over temperature, heating rate, and atmosphere, typically working with small
samples and having high mass precision, making them ideal for small-scale experiments.
The carrier gas was introduced through its main inlet and the reagent gas was injected by
means of an Aalborg flow controller (GFC-17), Orangeburg, NY, USA through its side inlet.
Figure 3 illustrates the experimental setup used.
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These tests were performed in a synthetic-environment natural gas-emission atmo-
sphere, due to Brazil’s large consumption of natural gas for energy production [20]. A search
was made in the literature on experimental data, to determine the concentration of CO2

required for the exhaustion of natural gas combustion [46–54], which resulted in an average
of 4.2%vol. wet CO2 for exhaust gases from natural gas combustion. Due to mass flow
controller limitations, an approximate value of 4% vol. was adopted. Prior to the tests, the
TGA system was calibrated, as described in the manufacturer’s manual. Details on the
accuracy and resolution of measurements are provided in Table 2.

Figure 3. Schematic representation of the experimental configuration.

Table 2. Instrument properties information.

Instrument Measurement Range Accuracy Resolution

SDT Q600
Mass (mg) 0–200 ±1.0% 0.1 µg
Gas flow

(mL/min) 20–1000 ±2.0% 1.0

GFC-17 Gas flow
(mL/min) 0–50 ±1.0%f.s 0.1

2.3. Partial Cycle Optimization CaL Experiments

CO2 capture by dolomite rises with increased residence time and temperature up to
a certain limit. Above a given temperature, the reaction begins to occur predominantly
in the form of calcination [55] while residence time reaches saturation; thus, it cannot be
optimized, because the maximum CO2 capture is achieved at the highest-possible residence
time and temperature. In this case, an additional variable is needed to evaluate the carbon
capture rate in terms of the newly created variable.

Figure 4 shows an example of the behavior of a carbonation reaction for an evalu-
ated sample. It is possible to observe that carbonation has three well-defined regions.
The methodology proposes that the mass capture-to-energy ratio used in regions I and II
should be greater than that in region III.

In this context, this methodology proposes to interrupt the cycle around region II, to
investigate an optimization region when investigating the CO2 mass captured and energy
spent in the process.

Dolomite samples weighing (10 ± 0.5) mg—the maximum amount allowing a single-
layer distribution at the bottom of the crucible—ensured that all the particles remained
in contact with the reactant gas, calcined up to 800 °C at a heating rate of 10 °C/min in a
synthetic air atmosphere flowing at 100 mL/min. The calcination temperature was selected
as the minimum temperature necessary to guarantee a 100% conversion of CaCO3 while
minimizing sintering and the high-temperature calcination effect on the carbon capture
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[56,57]. After the calcination step, the samples were cooled at a controlled rate of 10 °C/min
to their respective carbonation temperatures. Then, the reaction atmosphere was changed
to a composition of 4% CO2 balanced with synthetic air. Tests were conducted for the
residence time specified in the experimental planning matrix (Table 3).

Figure 4. Brazilian dolomite representation of the three stages of carbon capture. Region I represents
the fast chemical reaction. Region II is saturation and transition to Region III, where diffusion takes
over the process.

Table 3. RCCD matrix.

Test x1 x2 t (min) T (°C)

1 −1 −1 5 400
2 +1 −1 10 400
3 −1 +1 5 550
4 +1 +1 10 550
5 0 0 7.5 475
6 0 0 7.5 475
7 0 0 7.5 475
8 0 0 7.5 475
9 −1.4 0 4 475
10 +1.4 0 11 475
11 0 −1.4 7.5 370
12 0 +1.4 7.5 580

The calcined mass (mcalc) and carbonated mass (mcarb) were recorded from the TGA
weight signal, as illustrated in Figure 5, and the CO2 mass (CO2cap) could be calculated
by Equation (3):

CO2cap = mcarb − mcalc [mg] (3)

The total energy spent (Esp) in the process of each experiment was calculated by inte-
grating the signal of instantaneous energy spent by the reactor along the process, i.e., from
the beginning of calcination to the end of carbonation. In order to avoid the magnification
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effect produced by different magnitudes of Esp (kJ) and CO2cap (mg), both equations were
normalized by their maximum value as presented in Equations (4) and (5), respectively.

Esp,n =
Esp

Esp,max
[−] (4)

CO2cap, n =
CO2cap

CO2cap, max
[−] (5)

A response variable IEC was determined as in Equation (6), which calculated the ratio
between Esp,n and CO2cap, n. The index of capture efficiency (IEC) was then used as a
response, which related the CO2 mass captured by the system and the furnace energy spent
during the test:

IEC =
CO2cap, n

Esp,n
[−] (6)

In practice, the IEC indicates the energy efficiency of CO2 capture. This index reveals
how much CO2 is being removed per unit of energy spent and is, therefore, a direct metric
of the relationship between the performance and the energy cost of the process. Higher
values indicate greater efficiency, i.e., more excellent CO2 capture with lower relative energy
consumption. In comparison, lower values suggest a loss of efficiency, possibly due to
sorbent degradation, reduced reactivity over the cycles, or suboptimal operating conditions.

Figure 5. CaL cycle of the Brazilian dolomite used to show mcalc, mcarb, and residence time (t).
Calcination temperature: 800 °C. Carbonation temperature: 550 °C. Heating rate of 10 °C/min.
Residence time of 10 min. Atmosphere: 100 mL/min—4%CO2 balance synthetic air for carbonation.

The Rotatable Central Composite Design Model

A rotatable central composite design (RCCD) model was used, due to having a reduced
number of tests for two parameters, with residence time (t/min, as presented in Figure 5)
and process temperature (T/°C) as independent variables coded as x1 and x 2, respectively,
as in Equation (7). Temperature and time were selected based on their relationship with
the efficiency of the CaL reaction and energy consumption, as the furnace was the primary
energy consumer.

In RCCD 2k (k = number of factors), two factors were adopted (RCCD 22) and used
on five levels, to optimize the response variables of interest. Regarding the method used,
the coded levels were defined as follows: central level (0)—minimum of 3 to estimate
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experimental variability; low and high levels—factorial points (−1; +1), related to the
rotation of factors; and low and high axial levels—axial points (−

√
2; +

√
2), used to

determine the response curvature. To facilitate experimental analysis, the axial point
values were rounded to −1.4 and +1.4, resulting in integer temperature values rather than
fractional ones. Table 3 depicts this coding.

The RCCD planning matrix was set for the region related to the carbonation reaction,
based on preliminary tests to observe how the dolomite sample behaved in calcination
and carbonation. This region was defined by a change in the main reaction mechanism,
in which the whole surface reacted with CO2 and generated CaCO3, and the reaction still
took place in the form of CO2 diffusion towards the sample core, which was still composed
of CaO [58].

After performing the tests, a generic quadratic model was adjusted according to the
data, as in Equation (7):

y = b0 + b1x1 + b2x2 + b3x2
2 + b4x2

2 + b5x1x2 (7)

To find the model adjustment constants, the level matrix was written as in Equation (8),
where b0, b1, b2, b11, b22, and b12 were the constants adjusted experimentally according to
the RCCD levels and response variables:

X =


x11 x21 x2

11 x2
21 x11 × x21

x12 x22 x2
12 x2

22 x12 × x22
...

...
...

...
...

x1n x2n x2
1n x2

2n x1n × x2n

 (8)

where X was the planning matrix comprising time and temperature variables, i.e., the main
planning matrix of the curve region defined by the rotational design. The response vector z
was also found in Equation (9):

z =


y1

y2
...

yn

 (9)

Thus, it was possible to calculate the adjustment coefficients of Equation (7) using
Equation (10), where y1, y2, and yn were the response variables:

b = (XTX)−1XTz (10)

where b represented the coefficients of Equation (7).
A response surface was generated the moment the optimization methodology was

determined. The response surface aimed to show the energy mapping of the whole process,
highlighting the difference in the effect of the two process variables.

Analysis of variance (ANOVA) was used to verify the statistical significance of the
process parameters for the calcium looping process.

2.4. Multicycle Path Analysis

Samples showing distinct behavior and/or great performance in the RCCD model
were selected to investigate the effect of residence time and carbonation temperature on
multicycles of CaL. The ratio between the total mass CO2 captured, ∑(mcarb − mcalc), as
illustrated in Figure 6, and the energy spent in the process was calculated according to
Equation (11), not taking into account the first cycle of each test, due to their high variability.
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Thus, it was possible to evaluate the optimization process effect in the performance
decay and how energy consumption affected this analysis for a higher number of cycles:

IEC10,c =
∑(mcarb − mcalc)

∑ Esp

[
mg
kJ

]
=

∑ CO2cap, n
∑ Esp,n

[−] (11)

Repeating the methodology of the RCCD tests, the results of CO2cap and Esp were
normalized by their maximum value before analyzing their ratio.

Multicycle tests were conducted, using the previous experimental setup. After the
first cycle, the atmosphere was switched to synthetic air, and the temperature was again
raised to 800 °C at a rate of 20 °C/min, to reduce the total time spent during the tests,
followed by going through the carbonation stage once more. A total of ten complete
calcination/carbonation cycles were performed.

Figure 6. CaL multi-cycle of the Brazilian dolomite used to show mcalc, mcarb, and the first cycle
magnitude difference. Calcination temperature: 800 °C. Carbonation temperature: 580 °C. Heating
rate of 20 °C/min. Residence time of 7.5 min. Atmosphere: 100 mL/min—4%CO2 balance synthetic
air for carbonation.

3. Results
3.1. RCCD Response Variables

The response variables were energy spent (Esp) and mass of CO2 captured (CO2cap),
and those obtained from the RCCD model are shown in Table 4. It can be observed that
shorter residence times (t) and lower temperatures (T) indicated less energy consumption,
as expected. CO2cap was greater for tests 4, 5, 10, and 12, reaching 1.72, 1.44, 1.43, and
1.51 mg, respectively. The ratio between CO2cap, n and Esp,n was consistent with the results
presented above, and higher values were also found for tests 4, 5, 10, and 12, and their IEC
was 1.01, 0.88, 0.83, and 0.89, respectively. On the other hand, tests 1, 2, and 11 had low
CO2cap and IEC values.



Energies 2025, 18, 2285 11 of 21

Table 4. RCCD experimental results.

Test t T mcalc mcarb CO2cap Esp CO2cap, n Esp,n IEC
Unit [min] [°C] [mg] [mg] [mg] [kJ] [− ] [−] [−]

1 5 400 6.10 6.45 0.35 8.04 0.20 0.93 0.22
2 10 400 6.04 6.53 0.49 8.26 0.28 0.96 0.29
3 5 550 6.04 6.99 0.95 8.16 0.55 0.95 0.58
4 10 550 5.90 7.62 1.72 8.52 1.00 0.99 1.01
5 7.5 475 5.87 7.31 1.44 8.26 0.84 0.96 0.88
6 7.5 475 5.87 7.18 1.31 8.29 0.76 0.96 0.79
7 7.5 475 6.11 7.33 1.22 8.35 0.71 0.97 0.73
8 7.5 475 5.82 7.19 1.37 8.29 0.80 0.96 0.83
9 4 475 6.82 7.66 0.84 8.03 0.49 0.93 0.53
10 11 475 6.26 7.69 1.43 8.60 0.83 1.00 0.83
11 7.5 370 6.33 6.66 0.33 8.14 0.19 0.95 0.20
12 7.5 580 6.05 7.56 1.51 8.50 0.88 0.99 0.89

From Table 4, it was possible to generate a response surface model as presented in
the methodology. Equation (12) describes its results, in which t is a variable representing
residence time (t/min) and carbonation temperature (T/°C):

IEC = −6.49 + 2.67E−2t + 2.61E−2T − 1.39E−2t2 − 2.77E−5T2 + 4.80E−4tT (12)

Figures 7 and 8 present the response surface plots and contour lines related
to Equation (12), respectively:

Figure 7. Response surface plot for the proposed RCCD model, Equation (12).

Figure 8. Surface plot contour lines for the proposed RCCD model, Equation (12).
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It is possible to observe a curved response surface, indicating a region of maximum
response for IEC. The contour lines allow identifying the peak region with greater precision,
which was located between 7.3 and 11 min and between temperatures of 490 and 580 °C.

Table 5 shows the ANOVA results for the model presented in Equation (12):

Table 5. ANOVA analysis of Equation (12).

Source DF Adj. SS F-Value p-Value

Model 5 0.4905 21.47 0.001

Linear 2 0.2605 28.45 0.001
t 1 0.0686 14.98 0.008
T 1 0.1919 41.91 0.001

Square 2 0.1976 21.58 0.002
t2 1 0.0469 10.23 0.019
T2 1 0.1508 32.93 0.001

2-Way Int. 1 0.0324 7.08 0.038
t × T 1 0.0324 7.08 0.038

Error 6 0.0275 - -

Lack-of-Fit 3 0.0154 1.28 0.423
Pure Error 3 0.0121 - -

Total 11 0.5190 - -

Table 6 presents measurement ranges for each response variable:

Table 6. Uncertainty interval for each measured response variable.

Parameter Accuracy

Esp [kJ] ±0.05
CO2cap [mg] ±0.13

Esp,n [−] ±0.01
CO2cap, n [−] ±0.08

IEC [−] ±0.09

3.2. Multi-Cycle

Table 7 shows the results achieved from those presented in Table 4 for the multi-
cycle path condition. It is possible to observe that the best responses were found at
higher temperatures:

Table 7. RCCD tests 2, 4, 5, 10, and 12 from Table 4 on 10 cycles of carbonation.

t [min] T [°C] CO2cap
[mg] Esp [kJ] CO2cap, n

[−] Esp,n [−] IEC10,c [−]

10 400 3.42 45.93 0.35 1.00 0.35
7.5 475 6.44 39.91 0.66 0.87 0.76
11 475 6.42 43.15 0.66 0.94 0.70
10 550 9.80 37.97 1.00 0.83 1.20
7.5 580 9.61 33.48 0.98 0.73 1.34

Figure 9a,b present the cycles for tests 5 and 10, respectively. It is possible to observe in
both images that there was great capture performance in the first cycle and loss of efficiency
in the following cycles with a slight difference on the degradation pattern during each cycle.
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Figure 10a shows test 2 for the cycle condition presenting a slight initial capture of around
0.4 mg and similar degradation behavior of other conditions.

(a) (b)
Figure 9. Ten-cycle reaction of 475 °C samples: (a) test 5 for carbonation at 475 °C and residence time
of 7.5 min; (b) test 10 for carbonation at 475 °C and residence time of 11 min.

Figure 10b,c shows tests 4 and 12, respectively. A similar performance with mass
capture above 1.2 mg can be observed for both tests. A similar pattern of degradation can
be seen with a slight difference on test 12 after the fifth cycle.

(a) (b)

(c)
Figure 10. Ten-cycle reaction at 400 °C, 550 °C, and 580 °C at a given carbonation time: (a) test 1
was carbonated at 400 °C for 10 min; (b) test 4 was carbonated at 550 °C for 10 min; (c) test 12 was
carbonated at 580 °C and residence time of 7.5 min.

The degradation curves corresponding to the tests in Table 7 are shown in Figure 11.
All the tests exhibited a decay in efficiency, regardless of time and temperature differences.
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The morphological structures of the dolomite were investigated, using samples 2, 4, 5,
10, and 12, as shown in Table 3, respectively. Figure 12 depicts SEM images of multi-cycle
tests at 5000× magnification.

Figure 11. Deactivation curves corresponding to the tests presented in Table 7.

(a) (b)

(c) (d)

(e)
Figure 12. SEM images of all multi-cycle samples: (a) Test 5—475 °C and 7.5 min; (b) test 10—
475 °C and 11 min; (c) test 2—400 °C and 10 min; (d) test 4—550 °C and 10 min; (e) test 12—580 °C
and 7.5 min.
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4. Discussion
Concerning response variables, IEC had excellent performance on tests 4, 5, 10, and 12,

as can be seen in Table 4. However, as shown in Table 6, the tests had equivalent efficiency
by adding estimated accuracy intervals. Such deviation was expected, since the sample
had open particle size in a wide particle size range. This hindered the replication of the
same distribution using a small 10 mg alumina crucible. This phenomenon was observed at
central points of the experimental design where IEC, for example, varied from 0.73 to 0.88.
Furthermore, the sample consisted of three original rock types with distinct compositions,
as shown in Figure 13, which presented XRF analysis results for white, gray, and dark gray
particles. These particles visually corresponded to three different rock colors observed at
larger particle sizes.

Figure 13. Oxide composition of white, gray, and dark gray particles present on dolomite.

Thus, although care was taken to ensure that particle size distribution was represented
within the crucible, it is unlikely that the chemical composition of each test could be
replicated according to Figure 13. Despite the variability presented, the sample in question
simulated a real use of dolomite in application.

Table 5 presents the ANOVA results, which revealed that the quadratic model
was statistically significant (p = 0.001), with T showing the strongest effect (F = 41.91,
p < 0.001). Both the linear and quadratic terms for temperature (T, T2) were highly significant
(F = 41.91 and 32.93, respectively, p ≤ 0.001); t and its quadratic term were demonstrated to
be significant as well, but had weaker effects (F = 14.98, p = 0.008 and F = 10.23, p = 0.019).
The time–temperature interaction (t × T) was marginally significant (F = 7.08, p = 0.038). The
lack-of-fit test (p = 0.423) confirmed that the model adequately fitted the experimental data.

Despite the extrapolation experiments (±1.4) used in RCCD, it was impossible to cross
the upper limit of carbonation so that calcination reaction became predominant, and a
reduction in capture efficiency was expected for carbonation temperature, since different
particle sizes should have different calcination temperatures [59]. The use of the proposed
model was limited to temperatures outside the evaluated ranges, especially higher ones.

Variability in composition and particle size distribution might not have been fully
captured by the replicates at central points. Open particle size samples are a challenge to
representing small quantities accurately, as required by instruments such as thermogravi-
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metric balances. To address this issue, a new investigation is proposed, using a system
capable of handling larger sample masses, combined with the quartering method and an
increased number of replicates.

The tests at 370 and 400 °C are unsuitable for real-world applications, due to their
extremely low mass capture. Figure 10a supports this observation, showing that despite
having achieved low capture capacity, the deactivation effect remained significant, even at
reduced temperatures. This effect alone rules out the possibility of improving the number
of cycles through reduced temperatures, which might have been beneficial, considering the
emissions associated with transporting make-up dolomite. Instead, the findings suggest
that operating conditions with higher capture capacities and shorter residence times could
be more emission-efficient, even if they increase the material make-up ratio. However,
confirming this hypothesis would require further investigation on a large-scale fluidized
bed, considering factors such as particle fragmentation and the net emissions of the process.
Figure 12c shows an intact surface with few temperature cycling marks resembling natural
dolomite [60–62], which might indicate that a larger particle was unable to react, due to low
temperature. This mechanism is attributed to the amount of defects associated with smaller
particle size, which reduces the temperature necessary for the reaction [59], i.e., carbonation.
When dealing with open particle size samples in calcium looping, it seems pertinent to
maintain a carbonation temperature high enough to allow most particles to react.

The 475 °C samples showed similar capture performance and energy efficiency, as
in Figure 9. The presented cycles were in agreement, both regarding the amount of CO2

capture and the deterioration between cycles. Figure 12a,b do not show apparent differences
that might have been caused by longer carbonation times. However, from the perspective
of elutriation, it is possible that shorter residence time favored the test in a fluidized bed
application. When analyzed from the perspective of an interrupted cycle, no evidence of
improved capture capacity was observed, as both samples exhibited a similar degradation
pattern and CO2cap.

The samples at 580 °C and 550 °C showed the best CO2cap results, which, given
the uncertainties, presented the same CO2cap value and energy efficiency for the RCCD
experiments, respectively. The surface shown by Figure 12e has an uneven appearance
without sharp corners, unlike the other images. If compared to Figure 12d, the surface of
Figure 10c shows fewer irregularities, appearing to be more deteriorated. The sample at
580 ºC with 10 cycles was the only one showing signs of sintering by a visual analysis.

When analyzed solely by CO2cap, Figure 11 exhibits a characteristic decay curve of de-
activating limestone/dolomite, which is consistent with the findings in the
literature [63–65], including studies conducted on setups of different scales [26]. Tempera-
ture appeared to influence degradation, as lower-temperature curves exhibited a smoother
transition from the initial high-capacity cycle to a steady deactivated state. However, this
effect was negligible compared to the overall loss of capture capacity due to temperature
differences. Notably, even at the tenth cycle, higher-temperature conditions still achieved
greater capture efficiency than the first cycle under lower-temperature conditions.

These results, along with Table 7, suggest that while an optimal zone may have been
identified in the initial analysis, a multi-cycle perspective indicates that the most effective
strategy for CO2 capture is to operate at the highest-possible temperature without inducing
calcination. However, such a conclusion requires validation in larger-scale setups, as the
shape of the deactivation curve may be influenced by increased carbon capture as well as
elutriation and fragmentation effects due to fluidization [66,67].

Regarding residence time, longer residence makes a relevant impact on the total
energy spent when compared to temperature, and this impact is related to the carbonation
reaction. This result emphasizes that residence time must be found using others means [68].
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Although increasing residence time enhances the efficiency of carbon capture following
the fast reaction phase, the most efficient conditions appear to result from an optimal
combination of carbonation temperature and residence time. Both parameters influence
surface degradation and elutriation [56,57,69], which, in turn, impacts the requirement for
the make-up material in the reactor, contributing to additional emissions from its transport
and preparation.

One factor contributing to a high value of IEC for elevated temperatures in this
experimental configuration was the fact that the majority of the process energy was spent
in the calcination stage. Thus, the energy required to heat up to 800 °C from 580 °C was
lower than in other conditions; therefore, it had the lowest energy consumption among all
the conditions. This suggests the need to repeat this analysis on dual fluidized beds, which
are commonly used configurations in calcium looping plants.

5. Conclusions
The optimization of the CaL process using Brazilian dolomite in low-CO2-concentration

flue gas, such as that from a natural gas thermoelectric plant, has promising potential for
efficient CO2 capture within Brazil’s energy production matrix. The investigated dolomite
showed good performance in CO2 capture in a TGA setup. However, further studies
using fluidized bed reactors should be conducted to evaluate its behavior on a larger, more
industrially relevant scale. Such studies would provide a better representation of energy
consumption, sorbent elutriation and sintering effects that could influence performance
over a longer number of cycles. Within the scope of this work, the following results were
found:

1. Even though the energy consumed during the process was accounted for, temper-
ature remained the most critical factor affecting carbon capture, given that higher
temperatures demonstrated greater energy efficiency in this particular setup. As for
the RCCD design, the optimal conditions were 580 °C for 7.5 min (IEC = 0.89), 550 °C
for 10 min (IEC = 1.01), and 475 °C for both 11 min (IEC = 0.83) and 7.5 min (IEC =
0.88). Among these, there was less surface damage at 475 °C compared to 580 °C
and 550 °C. However, in multi-cycle tests, there was greater performance at 580 °C
for 7.5 min and 550 °C for 10 min, since IEC10,c values of 1.34 and 1.20 were found,
respectively—a 40% improvement over the conditions at 475 °C. In this case, the best
result of this analysis was at 580 °C for 7.5 min, presenting lower Esp (33.48 kJ) and
almost the same CO2cap as test 550 °C. However, for a scale-up application, 550 °C for
10 min appeared to be a more suitable condition, as it demonstrated good performance
(Esp of 37.97 kJ) and CO2cap of 9.80 mg) and no signs of sintering were observed on
the surface, which might enhance its feasibility in a fluidized bed system.

2. Residence time had a substantial impact on the overall energy consumption, where
3.5 min per cycle had an increase of 8% of total energy spent during the 475 °C multi-
cycle tests, underscoring the importance of identifying an optimal balance to maximize
net carbon capture efficiency.

3. The variability of composition and particle size associated with the selected Brazilian
dolomite was of critical importance, due to replicability difficulties. Tests using this
type of dolomite should be carried out, preferably in narrow particle size ranges and
larger quantities of mass.

4. Higher temperatures (>475 °C) had a significant impact on the surface degradation of
the dolomite, whereas residence time appeared to have a minimal effect.

5. The deactivation curves presented in this work showed no signs of interaction between
partial carbonation and variations in deactivation performance when compared to the
literature data, as all conditions exhibited the expected decay curve shape. However,
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a further study comparing complete and partial carbonation should be carried out, to
confirm this hypothesis.
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