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Abstract: An in-depth investigation into Ca0-based carbonation reaction kinetics for CO, sorption is being conducted
using simultaneous thermal analysis (STA), with the application of advanced thermogravimetric and differential scanning
calorimetry techniques. Utilizing advanced thermal analysis system for real-time monitoring of simultaneous measurements
of mass changes and thermal effects are conducted, ensuring precision and versatility in data acquisition. The study
explores the intricacies of the non-isothermal carbonation process across a wide range of temperatures, shedding light
on the temperature-dependent trends in reaction rates. Innovative statistical methods, combining regression techniques
and Arrhenius equation, are employed to determine energy and reaction kinetics. The sensitivity of carbonation process
to varying pressure conditions is meticulously examined in the study, providing pivotal discernment for optimization of
reaction parameters across diverse applications. The integration of STA with statistical modeling alongside systematic
analysis of temperature-dependent trends and pressure-order relationships not only enhances the understanding of CO,
capture efficiency but also improves the robustness and accuracy of the findings. Furthermore, meticulous cross-validation
with existing studies provides a critical evaluation of the experimental approach’s precision and limitations. This study
enhances understanding of Ca0 carbonation kinetics, providing practical implications for carbon capture processes and
contributing to sustainable industrial processes.
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AnHOTaUMA: Yriy6rneHHoe UCCeaoBaHne KUHETUKN peakuun Kap6oHusaL i Ha ocHose Ca0 ana copbuun CO, NpoBo-
LMTCS C MOMOLLbIO OJHOBPEMEHHOr0 TEPMUYECKOr0 aHanuaa ¢ NpuMeHeHnem nepeaoBbiX METOA0B TepMOrpaBuMeTpuin
N anchdepeHLmanbHoN cKaHupyoLein kanopumeTpuu. icnonb3oBaxne nepesoBoi CUCTEMbI TEPMUYECKOr0 aHanuaa
LNs MOHUTOPWHra B PeanbHOM BPEMEHU OfHOBPEMEHHbIX U3MEPEHN N3MEHEHUA MACChl U TeNnoBbIX 3h(EKTOB 06e-
CreYMBaeT TOYHOCTb U YHUBEPCANbHOCTb COOPA AaHHbIX. B UCCeA0BaHN N3YYaOTCA TOHKOCTY HEU30TePMUYECKOro
npoLecca Kap6oHM3aLMi B LUMPOKOM [UanasoHe TemMneparyp, nposinBas CBET Ha 3aBUCALLME OT TEMNEpaTypbl TeHASHLIMN
B CKOPOCTU peakuuu. [1ns onpeeneHnsa sSHeprum u KUHETUKN peakLnin MCMoNb3yTCcA MHHOBALMOHHbIE CTATUCTUYECKIE
METO[bl, COYETAIOLME PErPecCUOHHbIE METOAbI U YpaBHeHne AppeHiyca. B nccneoBaHni TLLATENbHO U3Y4aeTca YyB-
CTBUTENbHOCTb NPOLIECCa Kap6OoHU3aLMI K PasINYHbLIM YCIIOBUAM [ABEHNS, 4TO NO3BOMAET ONTUMU3NPOBATL NapameTpbl
peakLun B PasanyHbIX 061aCTAX NpUMeHeHns. IHTerpauma 04HOBPEMEHHOr0 TEPMIUYECKOr0 aHaN3a CO CTATUCTUYECKUM
MO/IeNIMPOBAHNEM, @ TAKXKE CUCTEMATUYECKNIA aHaNN3 3aBUCUMbIX OT TeMNEpaTypbl TEHAEHLMIA U COOTHOLLEHWI MeXay
[aBNIEHUEM W NOPALKOM He TOMbKO Yriy6nsaeT NnoHUMaHue 3thDeKTUBHOCTY ynaBnuBanHnsa CO,, HO M NOBbILLAET HAZEXHOCTb
1 TOYHOCTb MOMYYEHHbIX Pe3ybTaToB. KpoMe TOro, TLiaTesibHas NepekpecTHas Banuaauns ¢ CyLIeCTBYIOWUMI Ncche-
LOBAHUAMM [AeT KPUTUYECKYIO OLEHKY TOYHOCTM U OTPAHNYEHUIA SKCMIEPUMEHTaNbHOTO NoAXo4a. [JaHHoe uccnefoBaqme
yrny6nsieT NoHUMaHNe KNHETUKN Kap6oHu3aLun Ca0, o6ecneynBan NnpakTMYecKoe 3Ha4eHne A9 npoLeccoB ynasnnsaHus
yrnepoja 1 crnoco6CTBYS PasBUTUI0 YCTOMNYNBLIX NPOMbILLEHHBIX MPOLIECCOB.

KntoueBble cNoBa: KNHETUKA KapGOHW3aLMU, TEPMOTPaBUMETPUYECKIUI aHANI3, HEU30TEPMUYECKINE YCIIOBUA, SDdEK-
TUBHOCTb COPGEHTA, YNaBfMBaHNE U XpaHeHue yrnepoaa

CtaTbs noctynuna B pegakumio 22.02.2024; ono6peHa nocne peueH3nposanns 04.06.2024; npuHata K nybnnkaymn
25.09.2024.

Introduction

The escalating levels of carbon dioxide (CO,) emissions
resulting from combustion of fossil fuels such as coal have
spurred a global initiative to explore innovative strategies
for carbon capture and storage, with the aim of reducing
carbon footprint associated with energy production and
industrial processes [1]. With over 40 % of the world’s
€0, emissions originating from burning of coal, oil, and
natural gas in power plants to generate energy[2], [3]
the imperative to mitigate climate change has prompted

into carbon capture and storage (CCS) technologies [4].

Current CCS methods, while effective [5], often suffer from
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resourceintensive and site-specific limitations [6], hindering
their widespread adoption. Recognizing the need for more
efficient and versatile solutions, studies have shifted their
focus towards the development of novel sorbents [7] and
advanced technologies that can enhance the overall efficacy
of CO, sorption [8]. Among various approaches being
investigated, reversible calcium-based sorbents carbonation
process has emerged as a promising avenue[9]. This process
involves the use of calcium oxide (Ca0) as a CO, absorber,
making it a sustainable and economically viable option for
carbon capture[10], [11]. The promising opportunities in
this area, particularly under different conditions, makes
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the development of optimized carbon capture systems and
sustainable €O, mitigation technologies. The variability
in experimental conditions and lack of standardized
methodologies further complicate the comparison of results
across diverse applications of Ca0 [12]. A comprehensive
thermogravimetric study is needed to analyze the kinetics of
Ca0 for enhanced CO, capture, examining the relationships
between temperature, reaction rates, and efficiency. This will
not only contribute to the understanding of Ca0 carbonation
but also provide practical insights for system design and
improvement.

In this study, we investigate carbonation kinetics of
calcium oxide (Ca0) under thermogravimetric experimental
conditions using simultaneous thermal analysis (STA) and
mass spectrometry (MS). The objectives include analyzing
the experimental conditions and setup, conducting non-
isothermal experiments by employing specific configurations,
investigating reaction kinetics and thermodynamics,
analyzing, and interpreting experimental results, and
comparing and validating calculated activation energy
with existing studies. The study aims to advance our
understanding of calcium oxide’s carbonation kinetics,
contributing to the optimization of carbon capture and
mineralization processes. By delving into intricacies of
the reaction under varying conditions, our work provides
valuable revelation for the design and improvement of
systems utilizing Ca0 in carbon capture strategies. The
study enhances the efficiency and applicability of Ca0-based
carbonation in addressing carbon emissions. The primary
focus of this investigation is on carbonation kinetics of
Ca0, encompassing the examination of thermodynamic and
kinetic aspects under diverse experimental conditions. The
study aims to shed light on temperature-dependent behavior
of carbonation process, providing a detailed analysis
of the reaction kinetics and associated factors. Special
attention is given to the configuration of the experimental
setup, choice of materials, and utilization of advanced
analytical techniques for a comprehensive understanding
of carbonation kinetics of Ca0.

In essence, this study investigation delves into
intricacies of Ca0-based carbonation process, aiming
to contribute valuable understanding into the kinetics of
€0, capture. Outcomes of the study not only advance our
understanding of sustainable carbon capture technologies
but also hold promise of facilitating development of more
efficient and widely applicable solutions for mitigating the
impact of anthropogenic €0, emissions on global climate.
Furthermore, the chosen non-isothermal approach, involving
distinct temperature programs, adds a layer of complexity to
the study, allowing to simulate real-world conditions where

temperature fluctuations are common. The non-isothermal
kinetic analysis includes validation and comparison with
existing studies, ensuring consistency with established
studies. The study contributes to the broader field of carbon
capture and mineralization research by deepening our
understanding of how Ca0 behaves under non-isothermal
conditions, fostering advancements in sustainable
technologies aimed at reducing carbon emissions. Findings
have implications for industrial applications, environmental
sustainability, and global efforts to mitigate the impact of
carbon emissions on the climate.

Our study significantly advances understanding of
Ca0 carbonation kinetics through a multifaceted approach,
leveraging simultaneous thermal analysis and statistical
modeling. The study is structured into six distinctive
sections. Initially, literature review of existing studies
in section two through reveals the research gap within
this domain, establishing the theoretical framework and
highlighting the novelty and contribution of the proposed
study. The experimental setup and theoretical foundation for
kinetic calculations form the basis for subsequent analyses
in section three. In the core of the study, thermogravimetric
analysis and results unveil intricate kinetics in section
four. A critical comparison with existing studies and key
findings takes place in discussion section five, and the study
concludes in section 6 by succinctly outlining the broader
implications and future direction for sustainable industrial
practices.

Literature Review

In the context of mitigating escalating CO, emissions
and the associated global warming, adoption of low-carbon
technologies, such as Carbon Capture and Storage (CCS),
is underscored as crucial for achieving reduction in global
€0, emissions. Notably, investigation of sorbent-based
carbonation reactions holds significant relevance in this
domain [13], [14]. Efforts in current existing research are
centered on optimizing Ca0-based carbonation reaction
to elevate the effectiveness of CO, capture [15], [16] thus
representing a prominent issue in present-day discussions
and analysis.

In addressing rising carbon dioxide emissions and
global warming, authors [17] highlight low-carbon
technology, including CCS. CCS, especially with Ca(Ac),,
is essential to lowering global €O, emissions by 50% by
2050. Ca(Ac), to Ca0 is studied using TGA, XRD, and TEM.
Testing shows that heating rate considerably impacts Ca0
formation temperature and sintering. Slower breakdown
yields bigger, porous Ca0 particles that may trap CO,.
The review suggests modifying calcination temperature,
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heating rate, and particle spacers to limit Ca0 sintering and
increase CO, uptake in future experiments. The calcium
additions Ca0 and CaC03 impact maize cob pyrolysis to
obtaining kinetic parameters is studied [18]. Ca0 enhances
activation energy while CaC0, lowers it. Kinetic Coats-
Redfern integral investigation exposes thermal degradation.
Challenges to linear regression models emphasize the need
for optimization. Results indicate that maize cob can be
a sustainable energy source and highlight the function of
pyrolysis catalysts. A new solid sorbent technology for
atmospheric €O, removal is studied [19]. This initiative
develops low temperature €0, sorbents based on potassium,
specifically 3K/Ca0. Thermogravimetric, FTIR, and X-ray
diffraction study the sorbent’s properties and processes.
The study prioritizes sorbent stability and avoids potassium
carbonate loading, which damages pores. The high surface
area and potassium carbonate concentration of 3K/Ca0
make CO, extraction possible and fast. The Greenhouse
Calcium Looping (GCL) process may solve greenhouse
heating issues [20]. Photosynthesis and nighttime heat
require CO, in greenhouses. The GCL method produces
€0, and heat using limestone sorbent cyclic carbonation/
calcination, according to the study. Aspen Plus simulations
and thermogravimetric research generate GCL carbonation/
calcination reaction kinetic parameters. After identifying
suitable kinetic models, the study illuminate’s reaction
mechanisms and GCL process operational needs. We also
found temperature-dependent carbonation and calcination
kinetics. Compared to burner systems, GCL emits little
C0,. Ca0-based biomass materials for CO, sorption and
separation are covered in [21]. The study highlights such
material’s CO, capture capabilities, cost- effectiveness,
and benefits. An exothermic carbonation reaction is
used to regenerate the endothermic Ca0-based sorbent
during calcination-carbonation. For example, calcination
residence time, biomass with Si0, and A,0s, and alkaline
ions affect sorbent performance. Biomass like cockle shell,
empty fruit bunches, rice husk, and coal bottom ash being
studied for sorbent synthesis. The study found that biomass
components improve sorbent cyclic stability and €O, capture.
In chemical looping reforming, a €O, reduction method,
naturally generated dolomite is examined [22]. Dolomite,
mostly Ca0 and Mg0, undergoes calcination and carbonation
cycles. Study examines how sample weight, set-up scale,
and steam affect CO, capture performance. Incomplete
dolomite calcination due to non-uniform temperature
gradients and sintering is seen at macroscale. Over cycles,
steam stabilizes sorbent, reducing sintering. Experimental
results suggest that sorbent regeneration without steam
may improve in situ €O, collection for chemical looping
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reforming. This study underlines the need of maximizing
dolomite’s use in chemical looping systems for stability,
efficiency, and repeated cycles.

Existing studies predominantly concentrate on specific
facets, such as the breakdown of calcium acetate (CaAc)
to calcium oxide (Ca0), the influence of temperature and
heating rate on CaO formation, and utilization of Ca0
in diverse contexts, including maize cob pyrolysis and
€O, sorbent technology. Nevertheless, there exists an
opportunity for integration of empirical observations and
theoretical models across these discrete investigations.
The augmentation of a comprehensive comprehension
regarding the intrinsic kinetics, activation energy, and
reaction rates within these varied applications is imperative.
A methodical approach is requisite to amalgamate variables
across distinct experimental configurations, given that the
divergence in experimental conditions and absence of a
standardized methodology pose challenges in comparison
and generalization of findings across studies. Additionally,
an investigation into potential synergies arising from distinct
applications of Ca0 in mitigating carbon emissions emerges
as a fertile area for study. Addressing these aspects would
significantly contribute to a more holistic understanding of
carbonation kinetics of Ca0 to CO, sorption and its manifold
applications.

In this study, we investigate the kinetics of C0, capture
through Ca0-based carbonation processes using STA and
MS. This innovative approach allows real-time monitoring
of evolution and simultaneous measurement of thermal
effects and mass changes during carbonation reaction,
providing a comprehensive understanding of reaction
kinetics and evolution dynamics. The experimental setup
is characterized using cutting-edge instrumentation such as
thermogravimetric analysis device and QMS 403C AEOLOS
mass spectrometer. This study delves into the intricate
kinetics of carbonation reaction, unraveling activation
energy, reaction rate constants, and half-lives across
diverse temperature ranges. The utilization of Arrhenius
plots has unveiled the intriguing temperature dependence
of reaction rates, shedding light on the energy barriers
within the carbonation process. Furthermore, the study
has ventured into exploring the pressure-order relationship,
elucidating the profound impact of pressure variations on
enhancing C0, capture efficiency. The study demonstrates
temperature-dependent CO, capture capacity, identifying
temperature thresholds and efficiency variations at different
temperature ranges. This provides critical insights into
optimal temperature conditions for enhancing CO, capture
efficiency and informs the design and optimization of
€O, capture technologies. Comparisons with existing
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studies validate the accuracy and reliability of the findings,
enhancing the credibility of the study and highlighting the
proposed methodology’s significance in advancing CO,
capture and utilization. The contribution of the study are
as follows:

a) The study utilizes advanced instrumentations such as
thermogravimetric analysis (NVETZSCH STA 449 F3 Jupiter)
device and mass spectrometer (QMS 403C AEOLOS)
for precise and real-time data acquisition, enhancing
experimental results reliability and accuracy.

b) Analysis of carbonation process across various
temperatures reveals temperature- dependent trends in
reaction rates, crucial for optimizing reaction conditions in
industrial applications for process efficiency.

c) The study investigates the pressure-order relationship
in carbonation, revealing how pressure changes affect CO,
capture efficiency that offers valuable insights for designing
and optimizing CO, capture systems in industrial settings.

d) The study explores temperature-dependent CO,
capture capacity, identifying thresholds and efficiency
variations across different temperature ranges which
improves understanding of optimal CO, capture conditions
and informs CO, capture technology design, advancing
sustainable emission reduction strategies.

e) The dual-method approach, combining linear
regression and least-squares methods, enhances the
robustness of statistical models in analyzing activation
energy and reaction rates.

Methodology

This section details the experimental setup and kinetics
modeling used to study the carbonation process of calcium
oxide and carbon dioxide for CO, capture applications. The
setup includes simultaneous thermal analysis and mass
spectrometry, integrating components like the STA 449 F3
thermogravimetric analysis device and QMS 403C AEOLOS
mass spectrometer.

Configuration of experimental setup

Thermal analysis is a comprehensive analytical
approach that involves the concurrent application of
thermogravimetric (TGA) and differential scanning
calorimetry (DSC) techniques to a singular sample within
a unified instrument [23]. Figure 1 represents the workflow
diagram of the study. TGA — DSC allow simultaneous
measurement of heat flow and mass changes, providing
a more comprehensive understanding of reaction
kinetics [24]. Mass Spectrometry (MS) has been used
in the experiment to analyze the gas composition and
evolution as the carbonation reaction progressed. MS

in STA enables real-time monitoring of gas evolution,
identifying reaction intermediates, and quantifying gas
concentrations [25].

STA is a method that allows non-isothermal experiments,
providing insights into temperature-dependent behavior [26].
It uses data from TGA and DSC, along with MS analysis,
to calculate critical kinetic parameters, such as activation
energy, for predicting reaction rates under different
conditions [27]. STA and MS help optimize systems for
€O, capture, improving reaction efficiency and overall
design. TGA monitors changes in a sample’s mass over
time as temperature varies, providing insights into physical
phenomena like phase transitions, absorption, desorption,
and chemical processes like thermal decomposition
and solid-gas reactions [28], [29]. The integration of
synchronous thermal analysis with MS involves components
such as NETZSCH STA 449 F3 thermogravimetric analysis
device, QMS403C AEOLOS mass spectrometer, high-
precision pulsed gas supply, steam generator unit, and
auxiliary apparatus. Netzsch STA F3 Jupiter enables
simultaneous measurements of mass change and
thermal effects using the same sample, accommodating
a wide range of thermogravimetric applications [30]. The
introduction of argon into the furnace safeguards the balance
block from gases, with controlled gas flow for thorough
mixing and heating, followed by gas analysis in a mass
spectrometer [31]. In our study, Table 1 delineates the
experimental conditions utilized for our comprehensive
analysis, while Figure 2 presents the block diagram depicting
the intricacies of mass spectrometry.

Kinetics Modeling for Ca0- based Carbonation

Ca0 served as absorber in the experimental setup, with
test average sample mass of 30.664 mg. The experiment
has been conducted three times to ensure the acquisition
of precise and dependable data. Ca0 particles range in
size from a few micrometers to tens of micrometers, with
a uniform distribution in TGA. Their low to moderate porosity
affects their reactivity and surface area, influencing the
reaction with €O, to form CaC0O3. Ca0 particles have a
relatively low surface area, which plays a significant role in
their reactivity with C0,. They exhibit high thermal stability
at elevated temperatures, with minimal weight loss until
reacting with €O, to form CaC03.When converting Ca0 to
CaCO03, the size and porosity of the particles change. The
size decreases due to the solid-state transformation, while
the porosity may decrease due to the filling of pores. TGA
analysis typically shows changes in the weight loss curve,
providing insights into the reaction’s kinetics and extent. STA
449 F3 Jupiter instrument accommodates various crucible
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Simultaneous Thermal Analysis (STA)

Integration for

Unified Instrument K—Cco2 capture analysis ™| Integration of Mass Spectrometry (MS)
Non-Isothermal Experiments
Thermogravimetric Differential Scanning T
Analysis (TGA) Calorimetry (DSC)
Data Integration for Kinetic Analysis
Experimental Setup Configuration
|
Ca0 as absorber, Diverse crucible types, CO2 as primary gas
Carbonation Reaction Equations and Calculations
Molar Basis for CaQ Particle Cenversion
Results and Analysis

Pressure-Order
Relationship

Temperature and time
relationship in TGA

Reaction Kinetics and
Activation Energy Determination

Effectiveness of CaO-based
Carbonation System

Comparison with Reference Activation Energy

Optimization of CO2 Capture Systems

System optimization

Enhanced efficiency and design

Fig. 1. A schematic framework for the analysis of CO, capture by Ca0-based carbonation processes

types for diverse applications, and for this experiment, a

DSC/TG pan made of AI203 was employed as the crucible.

The experimental duration extended over 48 minutes. The
primary gas employed was C0,, while argon was utilized to
safeguard the weighing unit. The experiment was conducted
in a non-isothermal mode, wherein the sample underwent
heating from room temperature to 1240 K at a rate of
20 °K/min. This heating rate has been chosen to accurately
represent the reaction’s kinetic and thermodynamic
characteristics within experimental conditions. The
carbon absorption reaction under investigation during the
experiment is represented by Eq. (1) which involves the
absorption of CO, by Ca0, resulting in the formation of
calcium carbonate (CaC03). This chemical transformation
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is central to various industrial applications, such as carbon
capture and utilization [32].

CaO + CO,— CaCO; (1)

To ascertain theoretical mass of CaC0s, a series of
calculations is being conducted. Subsequently, molar mass
of Ca0 is determined to be 56 g/mol. and molar mass of
CaC03 is established at 100.09 g/mol. The theoretical
mass of CaCO, is then calculated 54.73 mg, revealing a
theoretical mass that corresponds to 178.480 % of the actual
mass. In the context of carbonation reactions, Ca0 plays
a pivotal role as a reactant. To determine reaction kinetics,
general equation for a gas-solid reaction is expressed as
Eq. (2). which provides a framework for analyzing kinetics
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Table 1 Experimental Conditions for Therma Analysis

SL Parameters Specification Units Description / Remarks
1 | Absorber Cca0 - Sample to analyze reactivity, performance in carbonation
2 |Mass 30.664 (average) mg Mass of test sample
3 | Crucible Type Al,0, - Alumina as DSC - TGA pan
4 | Crucible Holder St 4‘.1'9 FS - Sample holder used in STA apparatus
Jupiter

Main Gas co, _ To simulate carbonation coqdltlons, degradation and
5 assesses Ca0-based materials

Flow Rate 133.33 mL/min -

Protective Gas Ar B Ar as inert gas to prevent unvyanted reachon.s, parncularly
6 when studying heat degradation and carbonization

Flow Rate 40 mL/min -

Experimental . To study carbonation kinetics, Ca0-based performance
7 Nonisothermal - .

Mode under dynamic temperatures

Temperature 298 to 1240 K Heating profile
8

Heating Rate 20 °K/min -

Fig. 2. Synchronous thermal analysis complex featuring
mass spectrometry: 1 — weighing unit, 2 — furnace, 3 — mass
spectrometer, 4 — sample holder, 5 — heated gas supply line,

6 — heated gas sampling line at the outlet of the furnace, 7,
8 - €0, gas cylinders, 9 — argon cylinder, 10 — PulseTA prefix,
11 — thermostat, 12 — exhaust system

of gas-solid reactions and offers insight into factors such as
gas pressure (P 2’eq), temperature, and reaction mechanism
influencing reaction rates.

& kX fOX (B =P ) )

Here, df represents time, 7 denotes reaction order, f{x)
signifies a function for reaction mechanism, and « is reaction
rate constant. Ca0-based carbonation reaction’s mechanism
can be depicted by diffusion function f{x)=x?. This
representation, which yields the optimal linear fit, indicates that

Ca0-based carbonation reaction follows a first- order kinetics.
The equilibrium pressure (Pco, eq) of 0 is established through
the introduction of CO, from external source, distinct from
the sample itself. Additionally, determining partial pressure
of CO, (Pco,) involves multiplying atmospheric pressure (Pyn)
by CO, volume fraction (ro,), specifically set at 1 (100 %). The
quantification of Ca0 particle conversion through carbonation
is imperative for understanding reaction kinetics and optimizing
process parameters. The molar basis, as expressed by Eq. (3),
facilitates a comprehensive assessment of this conversion
process. Investigating the conversion of Ca0 particles
provide crucial insights into the efficiency and dynamics of
carbonation reaction, offering valuable information for the
design and improvement of systems employing Ca0 as a key
component in carbon capture and mineralization strategies.
It is worth mentioning that while it seems counterintuitive to
conduct decarbonation reactions in a C0O, environment due to
potential thermal degradation of calcium carbonate, we chose
this approach to maintain consistent experimental conditions
and simulate real-world scenarios where CO, is present.

Moo (1) = M, (0)
44
M, (0)
56

Measurement Standards. Reference Materials. 2024. Vol. 20, no. 3. P. 65-80



. Ma T. P. WaoH, M. X. AHTop, Ma M. P. LLlapoH HenzoTepMuueckuit TepMorpaBuMeTpuUeCcKnii aHanus peakumm kapboHunsaumm...

In order to determine activation energy (E,), reaction
rate constant (k), and half-life (¢,,) for the degree of
conversion (0 <x < 1) in a first-order reaction (n = 1),
a crucial step involves the establishment of the relationship
InRr=f (1/T), where Rt represents the gaseous
conversion rate in sec™ and 1/7 denotes the reciprocal
of temperature in 1/K. The expression for Rz is defined
in Eq. (4).

_dtxdm
mt

Rt 4)

Where dm is mass changes in kg, mt is mass of the
sample at present in kg, and dt is time in seconds. For
the calculation of kinetic constants, temperature interval
corresponding to the initiation of sample weight change is
utilized. In this interval, rate of mass change is determined
by the rate of the chemical reaction using Eq. (5).

RXT

Rt(T)=kxe " (5)

Where k represents reaction rate constant in sec™!, Ea
is activation energy in J/mol, R is universal gas constant in
JAmol x K), and T'is temperature in K. The half-life (¢,,)
for a first-order reaction is defined in Eq (6) as the reaction
rate constant « divided by natural logarithm of 2.

Lk
2 2

The study considers the impact of sorption and
desorption processes on reactions, using thermogravimetric
analysis and mass spectrometry. Kinetics modeling
considers reaction mechanisms, kinetics, and activation
energy. Experimental conditions simulate carbonation
conditions, highlighting the potential effects of these
processes. This study provides a comprehensive
understanding of crucial steps in carbon capture and
mineralization methods, focusing on the role of Ca0 in
carbonation reactions. The complex interaction of factors
yields vital information for reaction optimization in industrial
applications. By employing linear regression (LR) and least-
squares (LS) methods, the study delves into the kinetics
of the carbonation reaction of Ca0 with CO,, crucial for
optimizing €O, capture systems. These methods involve
fitting experimental data to mathematical models, extracting
relevant parameters, and minimizing the differences between
observed and predicted values [33], [34]. Additionally, they
aid in estimating reaction kinetics parameters, validating
models, and optimizing CO, capture systems by identifying
suitable operating conditions and guiding system design
and scale-up.

(6)
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Result

The temperature and time relationship with mass retrieval
and conversion of Ca0 in TGA for Ca0-base carbonation
reaction is significant. Figure 3 provides valuable insights
into kinetics and thermodynamics of the reaction, offering
a deeper understanding of the underlying processes. The
low-temperature region of chemical reaction is characterized
by initiation phase with minimal mass loss, indicating a
slow reaction. As the temperature surpasses 323 K, a more
pronounced mass loss becomes evident, signifying an
acceleration of the reaction with a steady decrease in mass
over time. The transition stage within this region witnesses
a moderate to rapid increase in temperature, accompanied
by sustained mass loss, indicative of an active reaction.
This temperature range is likely associated with the primary
phase of the reaction, where Ca0 reacts with CO, to form
calcium carbonate. The relationship between mass loss and
conversion becomes particularly intriguing in this region. The
modest mass loss, coupled with a gradual rise in conversion,
implies a controlled and nuanced transformation of the
reactant. This suggests that the decomposition reaction
unfolds not only in response to temperature variations
but also in consideration of the intrinsic properties of the
material. In the high-temperature region (823-1233 K),
a notable trend emerges as the temperature surpasses
823 K; although the temperature continues to rise, the rate
of mass loss stabilizes, suggesting a potential completion of
the reaction or the establishment of a dynamic equilibrium.
The consistent time intervals indicate a sustained state
in the later stages of the regime. In the range of 973 K fo
1233 K, a potential steady- state behavior is observed, as
the mass loss reaches a plateau, indicating a relatively
stable condition. The interaction between mass loss and
conversion within this temperature range underscores the
nuanced nature of the Ca0 to CaCO; transformation. The
significance of comprehending the interdependence between
temperature, mass loss, and conversion becomes evident
in understanding the underlying mechanisms of the carbon
capture process.

Figure 3(b) reveals that mass changes in carbonization
and decarbonation reactions are non-symmetric due to
various factors. These include temperature dependence,
thermodynamic factors, kinetic effects, intermediate formation,
catalytic effects, and microstructural changes. Carbonization
dominates at lower temperatures due to carbonaceous residue
stability, while decarbonation prevails at higher temperatures
due to increased energy availability. Kinetic effects also
influence the asymmetry, with certain temperature ranges
showing more substantial mass changes. Intermediate
formation can also affect the overall reaction pathway.
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Arrhenius plot is employed to investigate the relationship
between temperature and rate at which carbonation reactions
occur. Figure 4 (a)-(f) illustrate Arrhenius plot depicting
carbonation process, with a specific emphasis on different
temperature ranges. Activation energy is an essential indicator
for comprehending the kinetics of chemical reaction. It signifies
the energy barrier that must be surpassed for the reaction to
take place. Activation energy can be readily determined from
Arrhenius plot. Within the framework of Arrhenius plot for
carbonation, linear regression (LR) method can be employed
to ascertain the correlation between the logarithm of reaction
rate (In Rz) and the inverse of temperature (1/7). Activation
energy and pre-exponential factor for the reaction can be found
by applying a linear equation to the data. Conversely, least
squares (LS) method is employed to determine the optimal

curve that fits a given set of data points. The LS method can
be used in Arrhenius plot for carbonation to minimize the
sum of the squared differences between the observed and
anticipated reaction rates at various temperatures. By finding
the most accurate curve that shows the relationship between
the reaction rate and temperature, this method makes it
easier to figure out Arrhenius equation’s parameters, such
as activation energy and pre-exponential factor. The observed
temperature dependency is a prevalent pattern in chemical
reactions, consistent with the principles of reaction kinetics
from CO, sorting point of view. The precise equations derived
from the LS method provide mathematical comprehension of
the relationship between activation energy and temperature,
offering useful insights for estimating reaction rates in diverse
circumstances.

Fig. 3. Unraveling effects of temperature and time on TGA: (a) temperature and time on mass changes (%) (b) temperature and time
on mass changes (%) and conversion (%)

(d)

(f)

Fig.4. Arrhenius plot for carbonation reaction for different region: (a) LS Method — Low temperature (b) LR Method — Low
temperature (c) LS Method — High temperature (d) LR Method — High temperature (e) LS Method — Qverall (f) LR Method — Overall
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Table 2. Gomparative Analysis of Activation Energy and Reaction Rate Constants Using Linear Regression
and Least-Squares Methods

Pre exponent From Arrhenius Plot
Method R Activation Energy, ial Fact
2L ange E, (KJ/mol) lal Faclor, | peaction rate constant, Half-lives
InA k (sec * Pa’) (sec)

) Low temperature 15.59 6.86 1.036 x10-8 6.69 x 107
Linear

regression High temperature 20.36 6.48 2.449 x10-8 2.83 x 107
method

Overall 21.745 6 1.515 x10-8 4.57 x 107

Low temperature 15.3 6.85 1.049 x10-8 6.60 x 107
Least-

squares High temperature 20.44 6.89 6.609 x10-¢ 1.05 x 107
method

Overall 26.33 5.01 9.992 x 102 6.94 x 107

Table 2 investigates the carbonation process,
focusing to determining activation energy (Ea), reaction
rate constant (k), and half-lives at both low and high
temperatures. The linear regression and least-squares
approaches are essential in revealing the kinetics and
thermodynamics of carbonation reaction. Activation energy
quantifies the amount of energy needed for the reactants
to undergo a transformation into products. On the other
hand, In A reflects pre-exponential factor of Arrhenius
equation. The findings derived from using LR for low, high,
and overall temperatures (15.59, 20.36, and 21.745 k.J/mol,
respectively) indicate that the energy barrier for the
carbonation process is greater at high temperatures. This
is supported by the corresponding /r A, which demonstrate
a comparable pattern. Our investigation revealed a positive
correlation between temperature and the rate of the
carbonation reaction. The reaction rate constants (k) at low,
high, and overall temperatures are 1.036 x10-8, 2.449 x10-8,
and are 1.515 x10-8 sec™' » Pa™', respectively. This is
consistent with the principle that elevated temperatures

typically result in accelerated reaction rates. From LS
method, we can observe that the low, high, and overall
temperatures yield « values of 1.049 x10-8, 6.609 x 10-8
and 9.992 x10-8 sec™' * Pa~' respectively. The half-lives,
which represent the time required for half of the reactants
to be consumed, can be obtained through subtracting the
reciprocal of the reaction rate constant (1/k). LR and LS
methods provide valuable insights into the kinetics of the
carbonation process by determining half-lives at various
temperatures, including low, high, and overall values.
Significantly, the half-lives diminish as the temperature
rises, indicating an accelerated progression of the reaction
at higher temperatures.

Figure 5 depicts an in-depth assessment of the reaction
kinetics over a broad range of temperatures and the
corresponding rates of reaction. Figure 5(a) demonstrates
a gradual decline in reaction rates as the reaction advances,
with the most rapid rates happening at the beginning of the
low temperature range. Reaction rates eventually become
quantitative and show variations over the temperature

Fig. 5. Effects of temperature and time on reaction rates: (a) low temperature region (b) high temperature region
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range (300-600 K). Lower temperatures exhibit a steady
rise in reaction rates, which indicates the slower kinetics
associated with these temperatures. At temperatures
over 304.204 K, the reaction rates of carbonation process
decrease significantly, indicating a substantial slowing and
reaching a condition of equilibrium. Within the carbonation
process, significant observations and implications can be
identified at the higher temperature zone. Figure 5(b) on the
relationship between time, temperature, and reaction rate
demonstrates that higher temperatures have a significant
impact on the rate at which reactions occur. Upon analysis
in the higher temperature range, it becomes evident that
reaction rates generally increase as the temperature rises.
Higher temperatures lead to a greater frequency and energy
of molecular collisions. Increased energy levels promote
the surmounting of activation energy barriers, allowing a
greater number of molecules to acquire the requisite energy
for engagement in the reaction. As a result, the rates at
which reactions occur are greater when temperatures are
increased. When specific time intervals are analyzed within
the higher temperature range, the reaction rates consistently
show an increased tendency. At a temperature of 1118 K,
reaction rate is estimated to be 3.187 x 10-*. Subsequent
observations indicate a consistent rise in reaction rates with
increasing temperatures. Understanding the kinetics of the
carbonation process is essential, especially in situations
where controlling the reaction rate is key. This understanding
relies on recognizing the temperature-dependent nature
of the activity. In addition, Figure 5 (b) demonstrates
that at 1000 K, the reaction rates exhibit a pattern of
increasing to higher values, suggesting a faster and more
effective carbonation process at higher temperatures. This
is important for companies and applications that need
to adjust response rates to improve process efficiency
and productivity. However, when analyzing individual
temperature points, it is obvious that the reaction rate rises
as the temperature increases, indicating the temperature’s

(@)

influence on the carbonation process. This is consistent
with well-established concepts in chemical kinetics, where
higher temperatures frequently lead to higher reaction rates
because of intensified molecule collisions.

The pressure-order relationship in Ca0-t0-CaCO0;
carbonation is illustrated in Figure 6. Carbonation converts
calcium oxide to calcium carbonate by reacting with €0, at
pressure, order, and temperature. Reaction order is the rate
equation power to which a reactant concentration is elevated.
As the pressure increases, the rate of carbonation tends to
decrease, as indicated by Figure 6(a) of the carbonation
rates for both LR and LS methods. For LR and LS at high
temperature, low temperature, and overall regions provide
insights into the kinetics of the carbonation process
under different conditions. Both LR and LS methods offer
statistical approaches to modeling the relationship between
pressure and the rate of carbonation. The differences in
Figure 6(a) obtained from these methods at different
temperatures can indicate the sensitivity of the carbonation
process to temperature variations. The comparison of LR
and LS values at high and low temperatures suggests that
the carbonation process is influenced by temperature,
with higher temperatures generally resulting in higher
carbonation rates. The overall LR and LS values provide a
comprehensive view of the carbonation kinetics across the
temperature range studied. Examining LR and LS values
for different reaction orders reveals distinct trends in the
carbonation process as shown in Figure 6(b). As the reaction
order increases, LR and LS values exhibit a systematic
decrease, signifying a diminishing reaction rate. This inverse
relationship between reaction order and reaction rate is
crucial for understanding the intricacies of the carbonation
kinetics. The differentiation between LR values at high
and low temperatures offers valuable information about
the temperature dependency of the carbonation reaction.
Higher LR values at elevated temperatures suggest a
temperature-dependent enhancement of the reaction rate,

(b)

Fig. 6. Exploring Reaction Rate Dependencies: (a) Pressure -Dependance of Reaction rate (b) Order-Dependance of Reaction rate
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emphasizing the significance of temperature in influencing
the carbonation kinetics. Comparing LR and LS values
provide a comprehensive assessment of the robustness of
the regression models. LS values, being more resilient to
outliers, offer an additional layer of understanding, ensuring
a more accurate representation of the relationship between
reaction order and the carbonation process.

The relationship between time dependent temperature,
and €O, capture capacity is represented in Figure 7, allowing
for analytical comparison. The escalating levels of CO,
emissions resulting from the combustion of fossil fuels,
such as different coal grade in power generation [35] or other
industrial processes [36], have prompted the exploration of
innovative alternatives to mitigate these emissions and reduce
the associated carbon footprint. The dynamic nature of the
€O, capture process at lower temperatures is highlighted
by the observed fluctuations in its capacity. The efficiency
of CO, capture is significantly influenced by factors such
as reaction kinetics and thermodynamics. Within the low
temperature region, observed CO, capture capacity (%)
stands at relatively low (Figure 6b). During low- temperature
phase, Ca0 is anticipated to demonstrate distinctive CO,
capture efficiency, marking the onset of the reaction as it
begins to adsorb C0,. In contrast CO, capture capacity at high
temperatures reveals a consistent and discernible increase in
efficiency as temperatures rise. Within high-temperature range,
capacity for capturing CO, per gram of Ca0 exhibits a notable
upward trajectory, indicating the complex interplay between
thermodynamic and kinetic factors governing the underlying
chemical reactions. Notably, optimal CO, capture capacity
peaks are observed at the highest temperature regions,
approximately around 1200 K, suggesting the existence of
temperature thresholds beyond which further improvements
in capture efficiency may yield diminishing returns (Figure 7a).

(a)

In high-temperature region, Ca0 experiences the most
substantial mass losses because of CO, absorption,
signifying the peak and, consequently, the maximum capture
efficiency (see Figure 7b). This observed trend aligns with
fundamental thermodynamic principles, where reactions tend
to be more favorable at elevated temperatures due to increased
kinetic energy and enhanced reactant mobility. Understanding
the temperature-dependent trend is crucial for developing CO,
capture systems tailored for high-temperature environments.
It provides valuable insights into the temperature ranges where
capture process is most effective, guiding the optimization of
conditions for industrial applications.

Discussion

In this study, we introduce 6TJ1-based methodology
for exploring carbonation kinetics of Ca0. The instrument
uses differential scanning calorimetry to capture thermal
effects, and LR and LS methods for modeling activation
energy and reaction rates. The study examines low and
high-temperature regions, assessing pressure influence,
to provide a holistic understanding of carbonation process
across different conditions. The dual-method approach
evaluates activation energy and reaction rates, ensuring
the reliability of statistical models. Carbonation process’s
sensitivity to reaction orders, reveals dependencies on
pressure and temperature. This is crucial for optimizing
reaction conditions in various industrial settings. The study’s
precision, versatility, and the application of dual-method
statistical modeling highlight its potential for enhancing
the understanding of carbonation processes. In light of the
foregoing analysis, the study’s observations lead to the

following conclusions.
a) TGA of the carbonation reaction reveals temperature
and time dependencies, providing insights into carbon

(b)

Fig.7. Effectiveness of Ca0-based carbonation system in capturing CO,: (a) On gC0,/gCa0 basis (b) In terms of % capacity
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capture capacity. In low-temperature ranges, a gradual
initiation with mass loss and conversion suggests a
controlled transformation of Ca0. In high-temperature
ranges, a stable condition and potential completion suggest
a nuanced transformation for optimizing carbon capture
processes in industrial applications.

b) Arrhenius plot and derived activation energy values
offer a quantitative understanding of the temperature
dependency of the carbonation process for the assessment
and optimization of CCS. The observed temperature
dependency suggests higher energy thresholds at elevated
temperatures, impacting carbon capture efficiency.

c) Figures 3 and 4 reveal the carbonation process’s
dynamics, revealing a deceleration in reaction rates in
low-temperature ranges and a surge in rates at elevated
temperatures. The trajectory beyond 1000 K suggests a
more streamlined process, requiring optimized reaction
rates for industries to improve carbon capture efficiency
and productivity.

d) The study reveals that pressure-order relationships in
Ca0-to-CaC0; carbonation negatively impact carbon capture
capacity, with higher pressures affecting efficiency. The
inverse relationship between reaction order and reaction
rate is crucial for understanding carbonation kinetics.
Temperature control is essential for optimizing carbon
capture processes, and robust LS values enhance accuracy
in assessing reaction order.

In evaluating calculated activation energy values for
carbonation process obtained through both LR and LS
methods, a comparison with reference reveals insights
into the accuracy and reliability of the calculated results
as dissipated in Figure 8. Activation energy (£,) obtained
through LR method at low temperature, high temperature,
and overall are in line with theoretical expectations. In
comparison of calculated values, with existing studies
provides additional insights. Grasa et al. [37] reported
E, of 21.3 KJ/mol at high temperatures with varying
partial pressures of €O, (Pgo,) between 0.01 and 0.1 MPa.
Sedghkerdar et al. [38] obtained a value of 28.3 KJ/mol
at high temperatures using a Thermogravimetric Analyzer
operating at atmospheric pressure. Ramezani et al. [20]
conducted experiments at low temperatures with Pg,
ranging from 0.05 to 0.1 %, resulting in £, of 19.7 KJ/mol.
Furthermore, Fedunik-Hofman et al. [39] reported an
overall E, of 17.45 KJ/mol under isothermal conditions,
where Pechini-synthesized Ca0 was initially heated
isothermally under 100% N, and then subjected
to carbonation under a mixed atmosphere. Sun
et al. [40] observed an overall E, of 24 KJ/mol at high
pressures (Pgo,>101 kPa), while another study by Grasa et

al. [37] indicated E, of 19.2 KJ/mol for cyclic carbonation
and calcination reactions with varying P, between 0.01
and 0.1 MPa. Upon review of £, it appears that there is a
discrepancy between the calculated £, and those obtained
from existing studies:

a) The calculated activation energy using both linear
regression and least-squares methods generally fall within
the range of the existing studies, but there are slight
differences in specific temperature ranges.

b) Forthe high-temperature range, the calculated values
from both methods tend to be lower than some of the existing
studies.

c) The low-temperature calculated values, particularly
with the least-squares method, are notably lower than
Ramezani et al. [20].

d) Fedunik-Hofman et al. [39] overall activation energy
is in closer alignment with the least-squares overall than
with the linear regression overall.

e) Sun et al. [40] overall activation energy is within
the range of the calculated values. Diverse experimental
conditions, methodological choices, and complexities in
reaction kinetics contribute to disparities in calculated
activation energy compared to existing studies. Variances
in equipment, temperature ranges, €O, partial pressures,
reaction mechanisms, synthesis methods, and data analysis
techniques introduce additional variables. Additionally,
measurement uncertainties and the use of varied analytical
tools impact results. It is important to mention that
calculated values are approximations and are subject to
limitations based on the assumptions and models employed
in the linear regression and least- squares methods. The
discrepancies in the total activation energy calculated by
the linear regression method and the least squares method,
despite similar values for the low and high temperature
ranges, stems from factors such as the distribution and
weighting of data points, assumptions in models, the
temperature dependence of rate constants, and potential
statistical fluctuations in the data.

In this study, we explore the dynamic relationship
between temperature and CO, capture capacity, highlighting
the efficiency of Ca0 at varying temperatures. The
study suggests the existence of temperature thresholds,
indicating diminishing returns from further enhancements.
Significant mass losses at higher temperatures align with
thermodynamic principles, crucial for developing CO, capture
systems in high-temperature environments. The pivotal role
of activation energy in Ca0 — based carbonation enhances
reaction kinetics and aids in temperature optimization,
influencing the design of energy-efficient capture systems
for sustainable emission reduction.
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Fig. 8. Comparison of activation energy with reference

Conclusion

The thermogravimetric analysis of the carbonation
reaction unveils distinct phases at low and high temperatures,
shedding light on the nuanced transformations of Ca0.
Arrhenius plot and activation energy values offer a
quantitative understanding of the temperature dependency,
indicating higher energy thresholds at elevated temperatures,
impacting carbon capture efficiency. Dual-method statistical
modeling provides comprehensive analysis of the dynamic
nature of the carbonation process, revealing temperature-
dependent reaction rates and CO, capture capacity.

The findings of this study hold significant potential
for the optimization of carbon capture and storage (CCS)
technologies, with the capacity to enhance efficiency and
cost- effectiveness in the management of greenhouse gas
emissions. By leveraging these insights, the development
of more sustainable energy solutions, particularly in the
realms of power generation and industrial applications,
stands to benefit. Furthermore, the study’s implications
extend to the advancement of scientific knowledge in fields
such as chemical engineering, environmental science, and
thermodynamics, thereby contributing to the progression of
these disciplines. Future work could focus on exploring novel
sorbent materials with enhanced long-term stability and
durability, integrating computational modeling and simulation
techniques. This could lead to the development of optimized
sorbent materials tailored for diverse applications and
sustainable synthesis routes, contributing to comprehensive
sustainability and environmental impact analyses.
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