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Using thermogravimetric experiments, the kinetic characteristics of magnesite thermal decomposition
were investigated under the condition of 10% (vol) CO; in the actual production atmosphere of an
entrained-flow dynamic roasting furnace. Based on a multi - method collaborative framework, the three
kinetic factors in the magnesite thermal decomposition process were systematically calculated through
parameter cross - verification between the Hu - Gao - Zhang integral method and the Kissinger differential
method. The kinetic mechanism was initially screened by the double equal and double step method and
further determined by combining with the Malek maximum probability method. The study revealed that
CO; in the atmosphere exerts an inhibitory effect on the decomposition of carbonate species within
magnesite. Furthermore, the presence of impurities (e.g., calcium carbonate) was found to interfere with
the determination of reaction mechanisms via Malek's method at elevated temperatures. The results show
that in a 10% (vol) CO, atmosphere, the main decomposition temperature of magnesite ranges from 550°C
to 650 °C, the average activation energy is 66.00 k]-mol ', the pre-exponential factor is 1.05 x 10° s~!, and
the decomposition process conforms to the random nucleation and growth model.
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1. Introduction

China possesses abundant magnesite reserves, with the re-
sources highly concentrated in Liaoning and Shandong provinces
[1]. Light-burned magnesia (MgO) produced from magnesite
calcination serves as a crucial raw material in metallurgy, chemical
engineering, refractory materials, and construction industries.
Calcination, as the initial processing step, plays a pivotal role in
downstream applications, making the optimization of its tech-
nology and equipment essential for sustainable industrial devel-
opment [2]. In recent years, driven by environmental policies and
resource integration, the industry has undergone significant
technological transformation. Traditional high-energy-
consumption and high-pollution shaft kilns are being phased
out, while fluidized dynamic calcination furnaces—characterized
by 40% lower energy consumption, broad raw material adapt-
ability, and high product qualification rates—have emerged as the
core direction for cleaner refractory production upgrades. How-
ever, current furnace designs predominantly rely on empirical
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experience and limited data, lacking sufficient theoretical support
regarding heat transfer mechanisms, decomposition behavior, and
structural influences within the reactor [3]. Therefore, in-depth
research on the thermal decomposition process and kinetic char-
acteristics of magnesite in such furnaces holds significant scien-
tific importance for optimizing calciner design and enhancing
resource utilization efficiency.

The combined thermogravimetric analysis and differential
scanning calorimetry (TG-DSC) technique is a widely employed
approach for investigating thermal decomposition behaviors, re-
action kinetics, and phase transitions in various materials. In
studies focusing on carbonate decomposition, TG-DSC analysis has
revealed distinct mass loss stages associated with pyrolysis and
dehydration processes. Furthermore, this technique has proven
effective in quantitatively assessing the influence of heating rates
and particle size on the decomposition kinetics of carbonates [4,5].
Regarding the decomposition mechanism of magnesite, multiple
reaction models have been proposed. Bai et al. [6] suggested that
magnesite decomposition follows a three-dimensional phase
boundary reaction-controlled mechanism, whereas Liu et al. [7]
argued that the process is governed by three-dimensional diffu-
sion control. Reported activation energy values for magnesite
decomposition in inert or air atmospheres vary considerably
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across literature. Mancarella et al. [8] investigated magnesite
thermal decomposition under vacuum conditions, demonstrating
that particles sized 20-50 pm began decomposing at 620 °C with
an activation energy of 120 kJ-mol~’. Conversely, Bai et al. [9] re-
ported an activation energy of 172 k]-mol~! for 0.074 um particles
in air atmosphere. These discrepancies highlight the sensitivity of
activation energy to material composition, particle size, and
experimental conditions. In practical magnesite calcination pro-
cesses, the decomposition occurs in an atmosphere containing
substantial CO, from fuel combustion, which significantly in-
fluences the decomposition behavior. Studies by Ma et al. [10] and
Subagjo et al. [11] revealed that the activation energy of magnesite
decomposition increases with rising CO, concentration, while the
reaction mechanism also undergoes alterations. However, these
investigations failed to account for the actual CO, concentration
levels present in industrial furnace environments, resulting in
findings that deviate from real-world decomposition characteris-
tics and cannot accurately reflect in-furnace processes.

This study addresses this research gap by systematically
measuring operational parameters (including feed rate, fuel con-
sumption, and gas intake) from a 105 kg-h~! experimental setup
to determine actual in-furnace CO, concentrations. Using ther-
mogravimetric analysis, we investigate the thermal decomposi-
tion kinetics of magnesite under these industrially relevant
conditions. The findings provide theoretical support for under-
standing the necessity and impact of CO, concentration control in
the design of next-generation calcination furnaces.

2. Experimental
2.1. Materials

The experimental study employed magnesite ore from the
Liaodong Peninsula, which underwent manual sorting to remove
talc gangue constituents. The raw material was initially processed
through jaw crusher coarse crushing to achieve particle sizes
below 20 mm, followed by wet ball milling refinement to attain a
median particle diameter (Dsg) of 25 pm. The resultant particle
size distribution is graphically presented in Fig. 1, with corre-
sponding chemical composition data detailed in Table 1.

Fig. 1. Particle size distribution of magnesite sample.

2.2. Determination of experimental atmosphere

Within gas-flow bed dynamic calcination furnaces, magnesite
ore interacts with high-temperature flue gas, inducing rapid
decomposition of magnesium carbonate and calcium carbonate
constituents. Given the negligible concentrations of other mineral
phases, this investigation specifically focuses on the thermal
decomposition of magnesium carbonate. The decomposition re-
action is expressed as:

MgCO3(s) =MgO(s) + CO2(g) 1

The pilot-scale gas-flow bed dynamic calcination furnace
demonstrates operational parameters with a feed rate of
105 kg-h~! and natural gas consumption of 20 m>-h~! (normal
cubic meters per hour). The fuel exhibits a calorific value of
35.99 MJ-m~3, with its detailed composition provided in Table 2.

Based on the stoichiometry of the magnesium carbonate
decomposition reaction and the operational feed rate, the CO,
generation rate from the decomposition process was calculated as
follows:

_ Mpgco,Mrco,

Veo, =
Mrwvgco, Pco,

2 (1)
The calculation formula for determining the flue gas generation

volume in combustion processes is expressed as follows [12]:
0.264 0.018
V=V {a {vl (de + 0.02) } +0.38 + (WQ") } (2)

Where V; is the fuel consumption, in m3-h~!; Qq is the fuel calo-
rific value, in kj-m~3; V is the volume of combustion flue gas
generated, in m>-m~3; a is the combustion air coefficient, with a
value range of 1.10 to 1.30.

By substituting operational parameters into Egs. (1) and (2), the
pilot-scale system's air consumption was determined as
190.4 m>-h~!, with combustion-generated gas volume reaching
220.5 m3-h~L. Based on the composition of natural gas and at-
mospheric CO, content, the calculated CO, production rates were
determined to be 20.2 m*-h~! from combustion and 27.8 m3-h~!
from magnesium carbonate decomposition. This results in an
initial CO, concentration of 10%(vol) in the circulating fluidized
bed dynamic calciner, which increases to 20% upon complete
magnesite decomposition. Accordingly, thermogravimetric ex-
periments were conducted under controlled atmospheres with 0%,
10%, and 20%(vol) CO, concentrations to simulate the flue gas
composition at different operational stages of the dynamic
calciner, thereby systematically investigating the influence of CO,
concentration on decomposition kinetics.

2.3. Experimental method

The raw material pretreatment was conducted using a DHG-
9070A-T drying oven, where magnesite powder was continu-
ously dried at a constant temperature of 120 °C for 12 h to reduce
free water content to <0.5%, thereby minimizing interference from
moisture evaporation during thermogravimetric analysis. Thermal
decomposition experiments were performed using a Beijing
Hengjiu CHT-4 simultaneous thermal analyzer in the temperature

Table 1 Table 2

Composition of magnesite raw material. Natural gas composition.

Ingredient MgO Si0, Fe,03 Cao Loss on Ignition Ingredient CHy4 CHg C3Hg C4Hyp CO, O N, CgHia
Content/%(mass) 46.9 0.54 0.29 0.66 52 Content/%(vol) 86.31 4.15 1 0.24 1.84 040 6.05 0.02
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range of 25—900 °C.For each experiment, 10 mg of magnesite
sample was loaded into an alumina crucible and tested under
three controlled atmospheres: (1) 100% (vol) Ny, (2) 10% CO; + 90%
N,, and (3) 20% CO; + 80% Ny, with a constant gas flow rate of
120 ml-min~. The samples were heated to 900 °C at five different
heating rates (5, 10, 15, 20, and 25 °C-min~!) to obtain TG-DSC
curves under varying temperature programs. Non-isothermal ki-
netic analysis was performed using the Hu-Gao-Zhang integral
method and Kissinger differential method to determine the acti-
vation energy (E) and pre-exponential factor (A). The kinetic
mechanism was preliminarily screened through the double equal-
double steps method and subsequently verified using Malek's
maximum probability method to identify the most appropriate
kinetic model.

3. Results and Discussion
3.1. Decomposition of magnesite

Under the aforementioned experimental conditions, the mass
loss behavior of magnesite decomposition at a heating rate of
10 °C-min~! was obtained for three different CO, concentrations,
as shown in Fig. 2. The three curves exhibit nearly identical
behavior in the low-temperature region, with minimal mass loss
(close to 1.0), indicating that decomposition had not yet initiated
or was extremely slow. As the temperature increased to
500—600 °C, all three curves displayed a sharp decline, signifying
the rapid completion of the primary decomposition reaction
within this temperature range. Beyond 700 °C, the mass loss
process approached completion, with the curves stabilizing at a
constant level, indicating that the decomposition reaction had
essentially finished. A comparison of the three curves reveals that
the presence of CO, significantly increased the decomposition
temperature of magnesite. In pure N, atmosphere, rapid mass loss
began at the lowest temperature (560—570 °C). In the 10%(vol) CO,
atmosphere, the onset of rapid mass loss shifted to a higher tem-
perature (590—600 °C), while in the 20%(vol) CO, atmosphere, the
onset temperature was highest (630—640 °C). This phenomenon
suggests that increasing CO, concentration in the gas phase in-
hibits the decomposition reaction by raising the equilibrium CO,
partial pressure in the system. Consequently, a higher initial
temperature is required to overcome the increased equilibrium
resistance.

Fig. 2. The mass loss curves of magnesite decomposition under different CO, con-
centration atmospheres.

During the rapid mass loss stage, the slope of the curve under
higher CO; concentration appears steeper than that under lower
CO, concentration, implying that although elevated CO, delays the
onset of decomposition, it may enhance the maximum reaction
rate to some extent. Upon completion of the reaction, all three
curves stabilized at a residual mass fraction of approximately 50%
(mass), whereas the theoretical residual mass fraction for pure
magnesite fully decomposed to MgO is 47.8%(mass). The higher
measured value strongly indicates the presence of impurities in
the sample. The single-step mass loss observed in all three curves
suggests that the decomposition follows a one-step reaction
mechanism [13].

3.2. Kinetic parameter calculation

The kinetic behavior of magnesite decomposition into magne-
sium oxide and CO, under high-temperature calcination condi-
tions can be systematically described using non-isothermal solid-
state reaction kinetics theory [14,15]. The mathematical formalism
governing this process is expressed as follows:

& - (5)kmr@ = Faexp( - ) 3

Where, « is the conversion rate of the magnesite decomposition
process; tis the time; § is the heating rate; K(T) is the temperature
dependence of the rate constant (reaction rate constant); f(«) is
the reaction mechanism function; A is the apparent pre-
exponential factor; E is the activation energy.

In non-isothermal kinetic analysis systems, the selection of
kinetic model functions significantly impacts the numerical pre-
cision of Arrhenius parameter solutions. When employing differ-
ential methods for computation, mathematical discrepancies in
the mechanistic functions f(«) induce systematic deviations in
calculated activation energy and pre-exponential factor. Conse-
quently, during the determination of kinetic triplets [f(«), E, A], it is
imperative to employ distinct computational approaches for at
least one parameter to ensure methodological robustness [7]. In
this study, the Hu-Gao-Zhang integral method and Kissinger dif-
ferential method [16,17] were systematically applied to derive ki-
netic parameters for magnesite thermal decomposition.

Through integral transformation of Eq. (3) in conjunction with
non-isothermal kinetic theory, the Hu-Gao-Zhang equation is
derived as follows:
ln{ 8

T1.882

AE E
} = [ln RG(@) +3.986 — 1.882nE| — 1.002R—T (4)

Based on non-isothermal kinetic analysis data obtained at
heating rates of 5—20 °C-min~!, Eq. (4) was applied to perform
linear fitting for is conversional points at o = 0.2—0.8, as illustrated
in Fig. 3. The near-parallel slopes of the fitted lines demonstrate
that the activation energy of magnesite decomposition remains
essentially constant throughout the main reaction stage, con-
firming that the decomposition follows a single reaction mecha-
nism [18].

Through differential derivation of Eq. (3) under non-isothermal
reaction conditions, the Kissinger equation is obtained as follows:

ln(%) :lnlgf% (5)

When applying the Kissinger equation to calculate kinetic pa-
rameters for magnesium carbonate thermal decomposition, it is
essential to acquire TG-DTG curves at varied heating rates § uti-
lizing the peak temperatures from the mass loss inflection points
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Fig. 3. The relationship between In(8 /T'882) and 1/T

Fig. 4. Fitting relationship between In(8 /T2) and 1/T in the calcination of magnesite
powder.

of each curve, the activation energy E and pre-exponential factor A
can be determined through the linear correlation between
In(8/T?) and 1/T, as illustrated in Fig. 4.

The activation energies and pre-exponential factors derived
from experimental data through the Hu-Gao-Zhang equation and
Kissinger equation are summarized in Table 3. These kinetic pa-
rameters serve to quantitatively characterize the decomposition
behavior of magnesium carbonate, providing critical foundational
data for subsequent model construction and reaction mechanism
analysis. Notably, the Hu-Gao-Zhang equation, grounded in integral
methodology, demonstrates broad applicability across diverse
experimental conditions, while the Kissinger equation facilitates
rapid estimation via differential approaches. Comparative analysis
of computational results from these two methods further validates

Table 3

Kinetic parameters of magnesite thermal decomposition.
Method E/k]-mol~! InA/s~! 2
Hu-Gao-Zhang equation 67.19 12.06 >0.988
Kissinger equation 64.82 11.05 0.989

Average 66.00 11.56

Table 4

Basic data of fitting curves for Assumed mechanism functions.
Mechanism Gla) —k r?
R2 1-(1-a'? 0.9426 0.9987
R3 1-(1-w 0.9668 0.9987
Al —In(1 - a) 1.0169 0.9985
A2 [In(1 — @))'72 0.5083 0.9985
A3 [In(1 — @))'/3 0.3389 0.9992
D2 a+(1-a)n(l —a 0.3829 0.9986
D3 [] —a- a)]/3]2 1.9335 0.9987

1.8685
D4 1= 20 (1 —apP 0.9987
3
experimental reliability through methodological cross-
verification.

3.3. Determination of the reaction mechanism function

This study employed a dual equal-step methodological
approach to ascertain the reaction mechanism function governing
magnesite decomposition [19]. Through phase-shift trans-
formation of the Flynn-Wall-Ozawa equation, the derived func-
tional relationship expressed as Eq. (6) was systematically
established.

AE E
Ig G(a) = [1g(7> ~2.314- 04567 | —Ig (6)

Given that magnesite decomposition adheres to a single-step
reaction mechanism, the dual equal-step method allows for
mechanistic function determination through analysis at any
selected temperature during the reaction process. By incorpo-
rating the o values (0.1-0.9) from thermogravimetric (TG) curves
within the isothermal nodal range of 550—750 °C, the predefined
mechanism function G(«), and heating rates § = 5—25 °C-min "
into Eq. (6), linear regression analysis was performed to derive the
correlation coefficient r* and slope k of the fitted linear profiles.
The computational results across varying temperatures are sys-
tematically tabulated in Table 4.

Based on the results presented in Table 4, the slopes of the
predefined mechanism functions R2, R3, and A1 all
approximate —1 with high correlation coefficients, suggesting that
further determination of the mechanism function governing
magnesite decomposition remains necessary. To minimize exper-
imental uncertainties, the effective reaction interval of conversion
rate « € [0.1,0.9] was selected. By identifying characteristic tem-
perature points within this range and applying consistent
computational methodology, the slopes and correlation co-
efficients corresponding to mechanism functions R2, R3, and Al
were recalculated. These refined results are systematically sum-
marized in Table 5.

Table 5
Basic data of fitting curves for three mechanism functions.
Temperature/°C Function —k r?
576 R2 0.9426 0.9987
R3 0.9825 0.9996
Al 1.0547 0.9987
588 R2 0.9839 0.9983
R3 1.0471 0.9988
Al 1.1463 0.9957
600 R2 1.0156 0.9983
R3 1.0885 0.9957
Al 1.2496 0.9914
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The results demonstrate that at lower temperatures, the Al
mechanism function (random nucleation) yields fitted linear
slopes demonstrating close proximity to —1 with high correlation
coefficients %, whereas at elevated temperatures, the slope k of the
fitted straight line for the R2 mechanism function also
approaches —1, exhibiting a high correlation coefficient 12
Consequently, through joint validation of both model goodness-of-
fit and activation energy matching degree, the thermal decom-
position kinetics of magnesite are preferentially governed by dual
control mechanisms: Al (stochastic nucleation) and R2 (interfacial
reaction). Given the convergence of multivariate linear fitting ac-
curacies, this study implements Malek's method for kinetic anal-
ysis in thermal analysis to resolve the reaction mechanism. By
constructing the a-conversion function y(«), the dominant mech-
anism function governing magnesite decomposition is conclu-
sively identified.

Based on the reaction rate equation and Coats-Redfern method,
the following kinetic equation can be derived:

RT?2 da 1
G(a) :E_ﬁ EW (7)
At « = 0.5, there is Eq. (11).
RT? . /da 1
6(05)= E%S (E)o.s f(0.5) ®)

In the equation, Ty 5 is the temperature at a« = 0.5; ko5 is the re-
action rate at « = 0.5.
Dividing Eq. (7) by Eq. (8) yields the annotated curve Eq. (9).

o= (L ’ <%) __f(@)G() .
y@=(g;) (4) | T09K09 )
0.5

By substituting the experimental data corresponding to each
time point into Eq. (9), the a-dependent curve of the experimental
dataset can be generated. The most probable mechanism function
can be determined by comparing the degree of agreement be-
tween the experimental curve and standard theoretical curves.
Taking a constant heating rate of 10 °C-min~! as an example, the
resulting y(a)-« functional relationship is illustrated in Fig. 5.

As indicated by experimental curve e in Fig. 5, the trajectory
closely aligns with the standard curve of reaction mechanism A1 at
low conversion rates (a« < 0.8), demonstrating high kinetic

Fig. 5. Standard y(«)-a relationship curve and experimental y(«)-« relationship curve.

correlation in this regime. With increasing «, the experimental
curve deviates from Al, and the best-fitting standard curves
sequentially shift to R2 and R3. This deviation originates from
CaCOs3 impurities in the sample: The significant disparity in ionic
radii between Ca®>* and Mg?* induces localized strain, lattice de-
fects, or heterogeneous interfaces upon CaCO3 incorporation into
magnesite. These microstructural alterations function as either
catalytic nuclei or diffusion barrier, thereby modifying local reac-
tion kinetics and causing deviations from the expected behavior
predicted by pure magnesite models. Critically, the decomposition
temperature of CaCO3; exceeds that of MgCO3 in magnesite. Thus,
during magnesite decomposition, CaCO3 remains thermally stable.
Upon further heating into the CaCO3 decomposition range—where
magnesite has fully decomposed—the onset of calcite breakdown
generates a secondary decomposition peak in the experimental
curve at « > 0.95. This phase transition results in further diver-
gence from the original standard curves. Therefore, the dominant
decomposition mechanism for magnesite is identified as Al.

This study adopts the mechanism function corresponding to
the A1 (random nucleation) model as the presumptive kinetic
formalism. Under identical heating rates, discrete conversion
values « and their corresponding temperatures were systemati-
cally incorporated into the Coats-Redfern equation [20] for
computational analysis. Linearization processing of thermogravi-
metric data yielded the fitted regression lines illustrated in Fig. 6.
Kinetic deconvolution reveals an apparent activation energy of
77.16 kJ-mol~! for the magnesite decomposition process, demon-
strating significant convergence with computational outcomes
derived from both the Hu-Gao-Zhang method and Kissinger's
differential technique. This methodological corroboration vali-
dates the reliability of multi-method coupling strategies in acti-
vation energy determination.

Comprehensive kinetic analysis has verified that the thermal
decomposition process of magnesite conforms to the A1 reaction
mechanism. The integral form of its reaction mechanism function
is G(a) = — In(1 — «), and the differential form is f(a) =1 — a.

The activation energies, pre-exponential factors, and mecha-
nism functions for magnesite decomposition in N, atmosphere
and 20%(vol) CO, + 80%(vol) N, atmosphere were determined
following the methodology described above. The results are pre-
sented in Table 6.

As can be seen from Table 6, the kinetic parameters of
magnesite decomposition vary with the CO, concentration in the

Fig. 6. Fitting relationship between In(G(e) /T?) and 1/T in the calcination of
magnesite powder.
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Table 6

Kinetic parameters for magnesite decomposition under varying CO, atmospheres.
Atmosphere E/K]-mol~" G(a) Als~!
Ny 60 G(a) = —In(1—a) 2.35 x 10°
10%C02-+90%N; 66 G(a) = —In(1—a) 1.05 x 10°
20%C02+80%N, 89 G(a) = —In(1—a) 6.7 x 10*

decomposition atmosphere. As the CO, concentration increases,
the activation energy rises while the pre-exponential factor de-
creases. This occurs because CO,, as a decomposition product,
enhances the reverse reaction when its concentration increases
and adsorbs onto active sites, thereby raising the energy barrier for
decomposition and increasing the activation energy. High CO,
concentrations also hinder the diffusion of decomposition prod-
ucts, leading to a reduction in the pre-exponential factor.

3.4. Influence of water vapor in flue gas on the reaction

The calcination of magnesite using natural gas as fuel inevitably
produces water vapor during the combustion reaction. Theoretical
calculations indicate that the water vapor concentration in the flue
gas remains consistently maintained at approximately 18% (vol).
Current research demonstrates that below 400 °C, magnesite
composition rates remain minimal in both dry and steam-
containing atmospheres, with negligible water vapor influence.
However, at elevated temperatures of 500 °C, flue gas moisture
significantly enhances decomposition kinetics [21]. Four mecha-
nistic pathways have been proposed to explain this catalytic effect:
(1) reduction of gas diffusion resistance during calcination,
thereby accelerating reaction kinetics [22]; (2) adsorption on
nascent MgO active sites, which weakens CO,-MgO binding energy
and mitigates product inhibition [23,24]; (3) formation of deep
pore structures that expand reactive interfaces and facilitate CO,
desorption; and (4) enhanced thermal conductivity that improves
material heating rates [21]. These findings collectively establish
the pronounced promotional effect of flue gas-derived water vapor
on magnesite decomposition.

The dynamic variations of CO, concentration in industrial fur-
naces require further investigation from both spatial and temporal
perspectives. Future research should focus on regulating flue gas
moisture gradients and elucidating the spatiotemporal distribu-
tion characteristics of CO, within industrial furnaces. Future in-
vestigations should prioritize precise control of moisture gradients
and characterization of spatiotemporal CO, distribution patterns
in industrial kilns.

4. Conclusions

This study employed thermogravimetric analysis to confirm
that CO; significantly inhibits the thermal decomposition kinetics
of magnesite under simulated calcination atmospheres. This in-
hibition manifests as a regular increase in both the initial and peak
decomposition temperatures with rising CO, partial pressure,
accompanied by a reduction in reaction rate. To precisely charac-
terize the kinetic parameters under this inhibitory effect, a syn-
ergistic approach was adopted, combining the isoconversional
method (Hu-Gao-Zhang) and the variable heating rate method
(Kissinger). Under a 10% (vol) CO, atmosphere, joint calculations
determined the apparent activation energy for magnesite
decomposition to be 66.0 k]-mol~! and the pre-exponential factor
to be 1.05x10° s~ . This combined methodology effectively
enhanced the reliability of the determined parameters. Through
cross-validation using the double parallel-step method and

Malek's maximum probability method, the most probable mech-
anism function for decomposition under these conditions was
identified as having the integral form G(¢) = —In(1 —«) and the
differential form f(«) = 1 — «, revealing the specific decomposi-
tion pathway. The study also indicates that water vapor potentially
present in the atmosphere may exert a promoting effect. This
promotion forms complex coupling effects with the CO, inhibition,
the detailed mechanism of which requires further investigation.
The core kinetic parameters and mechanism models established
herein provide crucial theoretical support for analyzing the 'at-
mosphere-reaction’ coupling interactions within industrial kilns
and for advancing the development of energy-efficient and low-
carbon magnesite calcination technologies.
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