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Abstract

:

Limestone calcination is an important part of calcium looping (CaL) technology and is critical to the design and operation optimization of fluidized bed reactors. However, obtaining a method of measuring the fast calcination kinetics in a fluidizing environment with isothermal conditions is still a challenge in the field of calcium looping. We address this challenge in this work and develop a new method of obtaining limestone calcination kinetics by injecting limestone particles into the hot fluidizing sands in a microfluidized bed thermogravimetric analysis (MFB-TGA) with a mass measurement resolution of 1 mg. The calcination characteristics of limestone are investigated at different particle sizes (150–1250 μm), temperatures (750–920 °C), and CO2 concentrations (0–30 vol.%). The experimental data measured from MFB-TGA were analyzed using a detailed model including surface reaction and intraparticle and external diffusion. The results show that the kinetics of limestone calcination measured by MFB-TGA are faster than those measured via regular TGA. This particle-injecting method of MFB-TGA provides a new experimental idea for measuring fast calcination kinetics occurring inside fluidized bed reactors and provides guidance on the application of CaL technology.
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1. Introduction


Calcium looping technology is a promising technology based on the calcination/carbonation reaction of calcium carbonate (CaCO3) [1,2]. It can be widely applied in carbon capture, adsorption-enhanced steam methane reforming (SE-SMR), integrated CO2 capture and conversion, and thermochemical heat storage [3,4,5,6,7]. CaL technology typically involves the use of dual interconnected circulating fluidized bed (CFB) reactors [8,9]. In the first reactor, lime (CaO) reacts with CO2 in the temperature range of 600–700 °C to form CaCO3. The CaCO3 is then subsequently transported to the second CFB reactor for calcination. The regenerated CaO is then looped back to the first reactor. CaL technology has the following advantages [10,11]: abundant and inexpensive natural limestone with high theoretical CO2 capture capacity and relatively low energy consumption; high energy storage density and great heat recovery potential due to high-temperature carbonation reaction. The CaCO3 calcination stage, as a major part of the CaL technology, has a significant influence on the design and operation of the regeneration reactor, system integration and optimization, and the sintering of the CaO absorbent [12,13].



CaCO3 calcination is a complex physical and chemical process in which reaction, heat transfer, and mass transfer are mutually coupled [14]. Researchers have studied the influence mechanism of CaCO3 calcination, and it is generally accepted that with a decrease in particle size, the influence of heat transfer on calcination kinetics weakens and the influence of chemical reaction enhances [15,16,17]. For very small particles (<90 µm), the chemical reaction is the controlling step [17]. For particles >6 mm, heat transfer becomes a key process [18]. For the particle size between these values, both chemical reaction and mass transfer control the calcination kinetics [19]. Several models have been developed in the past to describe the calcination behavior, including the shrinking core model [20], the grain model [21], the uniform transformation model [17], and the random pore model [15]. The calcination of CaCO3 particles with low porosity has been typically described using the shrinking core model, which assumes that there is an obvious reaction interface between the nonporous CaCO3 and the generated CaO [19,20,22]. However, the diffusion of generated CO2 through the CaO layer and external diffusion processes in the atmosphere are generally ignored. Diffusion resistance has an important influence on the decomposition of kinetics, especially for larger particle sizes [23]. In addition, due to several factors affecting the calcination of CaCO3, such as particle size, temperature, CO2 concentration, and experimental apparatus, there is no consensus on the calcination mechanism of CaCO3 particles, and the obtained kinetic parameters are markedly different. It has been reported [24,25,26] that the activation energy of CaCO3 calcination is in the range of 100–230 kJ/mol. Furthermore, researchers [19,27,28,29] have found that the CO2 concentration in the atmosphere has a significant effect on the CaCO3 calcination rate. The effect of CO2 partial pressure on the calcination is normally described with the form of (1 − P/Peq)n (where P is the CO2 partial pressure in the atmosphere and Peq is the CO2 equilibrium partial pressure), and the value of the exponent n ranges from 0.5 to 2 [19,30,31]. Some researchers adopt surface elementary reactions to explain the chemical reaction kinetics of CaCO3 calcination in CO2 atmosphere [19,32,33]. The broad activation energy and CO2 partial pressure ranges reveal that calcination experiments and modeling under fluidized bed conditions are of great significance for the future scaling up of CaL technology. Regardless of the concept used for describing the calcination kinetics, the calcination data must be measured based on an accurate experimental method.



In order to obtain the kinetics of CaCO3 calcination, there are mainly the following methods: (i) Thermogravimetric analyzer (TGA) is a method commonly adopted by researchers [22,25,29,34,35,36]. However, it is still a challenge to obtain calcination results at constant temperatures [36], especially at high temperatures. In addition, the heating rate of particles is usually lower than 100 K/min, and the diffusion resistance is serious in TGA instruments, which is not conducive to the development of kinetics models. The solid sample in the crucible of TGA is in a packed state, which is somewhat different from the fluidization in a fluidized reactor. (ii) Fluidized bed reactor based on gas signal measurement [27]. The vigorous movement of solid particles means excellent heat and mass transfer, which is a natural advantage of fluidized bed reactors for kinetic studies. The difficulty of the method lies in the capture of minor change in the gas concentration signal of rapid reaction, especially when the CO2 produced by the sample is very little at high CO2 concentrations [37]. Moreover, the blend of gas species affects the original signal and causes errors when there are variations in the concentration of multiple constituent gases in the experiment. (iii) Tube furnace [38] and high-temperature gas–solid suspension furnace [39,40]; the particle heating rate is fast, but the sample size is smaller than ~70 μm, and the residence time is shorter than 5 s. At the same time, the gas and particles inside the drop tube furnace are in entrained flow, while the gas inside the fluidized bed is divided into a bubble phase and an emulsion phase. The particles inside the fluidized bed will form a dense phase. Therefore, the calcination kinetics obtained from drop tube furnace cannot be accurately applied for the development of a fluidized bed reactor. (iv) In situ XRD method [32]; the change in crystal structure of CaCO3 particles during calcination is analyzed using X-ray diffraction, which can be combined with TGA to obtain in situ particle conversion.



Limestone calcination for calcium looping occurs in a fluidizing state; therefore, it is necessary to measure the calcination kinetic data from the fluidized bed reactor. The aim of the work is to obtain the limestone calcination characteristics in the fluidized bed condition and to describe the calcination kinetics to guide the design and operation scale-up of the fluidized bed reactor. First, based on the previously constructed MFB-TGA with a mass measurement resolution of 1 mg and strong heat and mass transfer properties [41], a new method of injecting the limestone particles into the MFB-TGA is proposed and developed to measure the calcination kinetics under the fluidization and isothermal conditions with various particle sizes, temperatures, and CO2 partial pressures under constant temperature conditions. Then, a shrinking core model is established considering the effects of CO2 concentration and mass transfer rate on the calcination process. Finally, the relative importance of surface reactions, intraparticle diffusion, and external gas diffusion is analyzed and discussed based on experimental data and established models.




2. Results


2.1. Comparison of MFB-TGA with Regular TGA


TGA is a commonly used commercial instrument for measuring the kinetics of limestone calcination [22,25,29,35]. In the TGA experiment, a 5–10 mg sample is placed in a crucible and heated at a heating rate of 50 K/min to obtain the weightless curvature of the limestone. It can be seen from Figure 1 that the limestone particles are decomposed during the heating process. The decomposition characteristics of limestone particles under constant temperature conditions are difficult to obtain, which is of great significance for the establishment of the decomposition models and the determination of kinetics. Furthermore, the conversion of limestone particles in TGA is slower compared to MFB-TGA due to the gas diffusion resistance. Thus, a smaller value of calculated chemical reaction rate constant could be obtained from TGA results. Correspondingly, the controlling step may be wrongly determined as a chemical reaction. It still remains a challenge for the TGA method to eradicate the mass transfer effects and maintain isothermal decomposition, especially for rapid reactions [41,42]. MFB-TGA couples the accurate and real-time quality monitoring characteristics of TGA and the motion state of particle fluidization with good heat and mass transfer effects [27]. The CO2 produced by the calcination of the 60–70 mg limestone sample is limited. Coupled with the fast external diffusion rate, the effect of mass transfer is significantly reduced. Details on the reduction of mass transfer effects by MFB-TGA can be found in previous works [41,43].




2.2. Effect of Temperature on the Calcination Kinetics


Temperature has a significant effect on the calcination performance of limestone in a broad range. Calcination experiments of limestone with particle sizes of 150 μm are conducted at temperatures from 750 to 920 °C under N2 atmosphere in MFB-TGA apparatus. The model results are compared with the experimental data of MFB-TGA at various temperatures shown in Figure 2a. The conversion of limestone particles increases rapidly from initial to full conversion with time, especially at high temperature. Under 900 °C, it only takes ~10 s for particle conversion to achieve ~100%. Even at 750 °C, the particle conversion reaches more than 90% in ~60 s, which is significantly faster than the calcination rate reported in other works [23,25,44]. It is mainly due to the fact that the limestone particles are injected into the quartz reactor in the MFB-TGA experiments. The particles achieve the target temperature and CO2 concentration in an instant for calcination. In the state of vigorous fluidization, the particles are well blended with the inert bed material, and the temperature of the particles are basically kept consistent with the inert bed material.



The conversion of limestone particles increases significantly with temperature. At 750, 800, 850, 900, and 920 °C, the time for the particle conversion to attain ~90% corresponds to 54 s, 25 s, 15 s, 8 s, and 6 s, respectively. This is mainly attributable to the calcium carbonate calcination reaction being an endothermic reaction with a standard enthalpy of +178 kJ/mol. In addition, as shown in Figure 2b, the thermodynamic equilibrium partial pressure of CO2 corresponding to calcium carbonate calcination increases exponentially with temperature. Based on Equation (29), the calcination driving force (Peq-Pg) increases, resulting in a gradual increase in the calcination rate. The above discussion indicates that the model can predict well the effect of temperature on calcination characteristics.




2.3. Effect of CO2 Concentration on the Calcination Kinetics


The effect of CO2 concentration in the gas phase on the limestone calcination is displayed in Figure 3. With the increase of CO2 concentration in the gas phase, the conversion of limestone decreases significantly under a certain temperature. At 900 °C, when the CO2 concentration is 0 vol.%, the particles only require ~11 s to achieve complete conversion, while under 30 vol.% atmosphere, the particle conversion is only 70 wt.% within 80 s. At 920 °C, the particles can be almost completely converted. The calcination rate of limestone under different CO2 concentrations can be well predicted using the kinetic model established in Section 5.



The MFB-TGA experiments are conducted under atmospheric pressure, and thus the volume fraction of CO2 determines the CO2 partial pressure in the gas phase. It can be obtained from Equation (15) that the partial pressure of CO2 has a significant effect on the chemical reaction rate of calcium carbonate calcination. With the increase in CO2 partial pressure Pg in the gas phase from 0 vol.% to 30 vol.% under 900 °C, the comprehensive chemical reaction constant kc decreases dramatically by ~2 orders, which significantly reduces the calcination rate of limestone particles. With the increase in CO2 concentration, the intraparticle diffusion rate of CO2 generated by particle calcination from the reaction surface to the particle surface decreases, especially at the initial stage of the reaction. As the reaction proceeds, the driving force decreases (Pi-Pg), Pi is close to Pg, and the influence of diffusion is no longer significant.




2.4. Effect of Particle Size on the Calcination Kinetics


Particle size is an important factor determining calcination kinetics and generally affects external and intraparticle gas diffusion resistance. Limestone particles of different particle sizes are applied in practice. Thus, it is necessary to investigate the calcination characteristics of particles in different particle size ranges. The calcination process of 150–1250 μm limestone particles under 900 °C and 0 vol.% and 30 vol.% CO2 concentration is explored in this work. As shown in Figure 4, the limestone particles conversion decreases with the particle size from 150 μm to 1250 μm. For the smaller particles of 150 μm, it only takes ~10 s to complete the calcination process, while for the larger particles of 1250 μm, the conversion of the particles is only ~90 wt.% within 80 s. An interesting finding in the work is that when the CO2 concentration in the gas phase increases from 0 vol.% to 30 vol.%, the decrease in the conversion of limestone particles becomes less obvious with the increase of particle size. This indicates that the effect of CO2 concentration in the gas phase on the reduction of the calcination rate of small particle limestone is higher than that of large particle size. Furthermore, it can be seen that the results of the prediction model are in good agreement with the experimental values.



For larger particle sizes, the gas mass transfer resistance is larger both for external and intraparticle diffusion. Thus, the CO2 partial pressure on the particle surface is higher than for smaller particles. With the continuous progress of the chemical reaction, the change of CO2 partial pressure on the particle surface under high CO2 concentration in the gas phase is smaller than that under lower CO2 concentration, which results in the change of particle conversion with particle size no longer being significant at high CO2 concentrations.




2.5. Determination of Kinetic Parameters


Based on the comparison of the experimental results with the model established in Section 5, the value of the activation energy can be obtained from the slope of the fitted line, and the value of the pre-exponential factor can be obtained from the vertical intercept of the fitted line in Figure 5. The kinetic parameter calculation is summarized in Table 1. The activation energy of the chemical reaction rate constant kf is 182 kJ/mol, which indicates that the temperature has an extremely distinct effect on the value of the chemical reaction rate constant in the range of 750–920 °C. Activation energies have been reported to be in the range of 100–230 kJ/mol depending on the specific calcination conditions and the established model [24]. Escardino et al. [45] obtained an apparent activation energy value of 175 kJ/mol for the direct chemical reaction of thermal calcination. Garcia et al. [19] studied limestone and dolomite, with activation energies ranging from 114–166 kJ/mol. The E values measured in the work are close to those reported by other researchers [19,22,27,29]. The activation energy of the thermodynamic equilibrium constant K1 in the reaction kinetics in this work is 150 kJ/mol, which is consistent with the value reported by Jose et al. [33]. Other parameters in the model are summarized in Table 1.



Figure 5c compares the model results and the experimental data. Most of the errors between the model and experimental results are between −5% and +20%, indicating that the model can reasonably predict the decomposition conversion within the experimentally investigated range.





3. Discussion


Based on Equation (10), the fraction occupied by *CO2 in the adsorbed state on the particle surface, θ, is calculated as:


  θ =    P i     K 2  +  P i    =    P  eq   −    K r     k c    ⋅ (  P  eq   −  P g  )      P  eq      K 1    +  P  eq   −    K r     k c    ⋅ (  P  eq   −  P g  )    



(1)







θ represents the fraction of active sites on the surface of the limestone particles occupied by CO2 produced by calcination. The relationship between θ and CO2 partial pressure in the gas phase is displayed in Figure 6. It can be seen that with the increase in CO2 partial pressure, the fraction θ occupied by CO2 on the particle surface gradually increases. That is, the R2 desorption process of the CO2 produced by calcium carbonate from the particle surface through the reaction R1 is limited by the increase of CO2 in the gas phase. Especially in the low CO2 partial pressure stage, θ increases rapidly with the increase of CO2 partial pressure. When the partial pressure of CO2 in the gas phase achieves ~30,000 Pa (~30 vol.% at atmospheric pressure) at 900 °C, the fraction θ occupied by active sites on the particle surface increases from 0 to 0.8. However, when the partial pressure of CO2 in the gas phase is higher than ~60,000 Pa (~60 vol.% at atmospheric pressure), with the increase of the partial pressure of CO2, θ increases slowly. In this case, the desorption process of CO2 from the particle surface becomes very slow and the calcination reaction is limited.



Figure 7 shows the change of the occupied fraction θ of active sites on the particle surface under different particle sizes. It can be found that for larger particles, the fraction θ occupied by adsorbed *CO2 on the particle surface increases with the particle size, indicating that the CO2 desorption rate becomes slower with an increase in particle size. This illustrates that there is a certain correlation between the limestone calcination reaction and particle size, which in turn verifies the limestone calcination model in Section 5. The occupied fraction θ on the particle surface rises rapidly in the initial stage and soon reaches saturation. The variation of particle surface θ with particle size under high CO2 concentration is smaller than that under low CO2 concentration, which also leads to the change in particle conversion with particle size no longer being significant.



Figure 8a shows the effect of the temperature on the reaction-controlling mechanism calculated using the established model in Section 5. It can be seen that for the limestone calcination process, there is an excellent linear relationship between the consumption rate of particles and the temperature from 600–1050 °C. This reveals that the consumption of limestone particles is mainly controlled by a combination of chemical reactions and gas diffusion in the investigated range.



Figure 8b shows the effect of the particle size on the limestone calcination reaction controlling mechanism. It can be seen that the consumption rate of limestone and particle size have clear three-zone characteristics. When the particle size is smaller than ~80 μm, the change of the particle size has less effect on the limestone particle consumption rate. In this case, the particle consumption rate is mainly controlled by chemical reactions, referred to as Zone I. While the particle size is larger than ~450 μm, the particle consumption rate varies significantly with particle size; this is referred to as Zone III. At this time, the calcination reaction is mainly controlled by gas diffusion, including the gas external diffusion step and the intraparticle diffusion step. As the particle size increases, the calcination rate decreases rapidly; that is, the gas diffusion resistance within the particle and the external gas diffusion resistance increase rapidly. In the particle size range of 80–450 μm, that is, Zone II, the gas diffusion resistance and chemical reaction resistance are in the same order of magnitude, and the calcination process is controlled by both gas diffusion and chemical reaction.



The above analysis can guide the optimization of limestone particle calcination conditions at different temperatures and CO2 concentrations in practical applications. The chemical reaction rate, internal diffusion rate and external diffusion rate of the particles are comprehensively considered to determine the appropriate operating temperature and particle size.




4. Experiment


4.1. Microfluidized Bed Thermogravimetric Analysis (MFB-TGA)


A natural limestone from Hubei Province with calcium carbonate content exceeding 99.4% is explored in the work. After crushing and grinding, the limestone is carefully sieved to particle size ranges of 150–200 μm, 450–500 μm, 800–900 μm, and 1250–1410 μm. Each sieving process is repeated three times.



The calcination experiments of limestone are conducted in a microfluidized bed thermogravimetric analysis (MFB-TGA) apparatus, as shown in Figure 9a, which consisted of a quartz reactor, an electric furnace, a gas supply system, and a measurement system [46]. The quartz reactor is designed to be a fluidized bed with an inner diameter of 28 mm, the inner diameter of the top sample inlet of 10 mm, and a porous distribution plate with a thickness of 5 mm to make the air flow evenly into the reactor. The gas supply system consists of mass flow controllers calibrated with a soap bubble flowmeter prior to the experiment, solenoid valves, and gas cylinders. By using a sufficiently thin silicone hose to connect the reactor and the inlet pipe, hard connections can be avoided and interference with the quality signal can be eliminated. The measurement system realizes real-time online monitoring and recording of temperature, pressure and mass signals. The mass signal is the core of the apparatus and is measured with a precise weighing transducer with an accuracy of 1 mg. During the experiment, it is necessary to ensure that no part of the quartz reactor is in contact with the furnace so as not to affect the measurement of the quality signal. The temperature signal is measured with a wireless K-type thermocouple. The pressure difference between the gas inlet and outlet is monitored using a differential pressure sensor to judge the fluidization properties.



A novel experimental method is proposed and implemented to ensure that limestone particles are calcined under isothermal conditions in the work. As shown in Figure 9b, the limestone particles are injected into the hot sands which are fluidized in the high temperature quartz reactor, and the limestone particles are instantly heated to the reaction temperature and decomposed under the set CO2 atmosphere. In a typical experiment, ~16 g of quartz sand with a particle size of 300–355 μm is added to the quartz reactor as the inert bed material (black particles in Figure 9b). The reaction gas is passed into the reactor, and the flow rate is ~3 Umf (Umf is the minimum fluidization speed). This indicates that as the temperature increases, the feed gas flow rate should decrease accordingly. The furnace temperature is raised to 850 °C and stabilized for 30 min. The fluctuation of the mass signal within 120 s is ±1 mg in the steady state, as shown in Figure 10a, indicating that the experimental system is highly stable. After that, the limestone particles (red particles in Figure 9b) are quickly injected into the fluidized bed from the top inlet of the reactor, and the mass increased rapidly by 64 mg within 0.2 s (equal to the mass of injected limestone), as shown in Figure 10b. The limestone particles are blended with the inert bed material in the reactor, heated, and calcined in a fluidizing condition. During the experiment, the mass injected of limestone is 60–70 mg to minimize the effect of mass transfer. Each condition is repeated several times to ensure reproducibility.




4.2. Experimental Condition and Data Evaluation


The calcination characteristics of limestone particles are studied at 750–920 °C in the work. The CO2 concentration is in the range of 0 and 30 vol.%, and N2 is the balance gas. The detailed experimental conditions are displayed in Table 2.



The calculation of the conversion of limestone particles depends on the mass value (limestone mass + quartz reactor mass) from the weighing transducer, and the conversion of limestone XCalc is calculated as Equation (2), where m(t) is the real-time mass during the calcination, m0 is the initial steady mass before limestone particles are added and m1 is the final steady mass after the decomposition’s completion.


   X  Calc   =  (  1 −   m ( t ) −  m 0     m 1  −  m 0    ⋅    M   w , CaO       M     w , CaCO   3       )  ⋅    M     w , CaCO   3       M     w , CO   2      × 100 %  



(2)




where    M     w , CaCO   3     ,    M   w , CaO     , and    M     w , CO   2      are the molecular weights of CaCO3, CaO, and CO2, respectively.





5. Models


The limestone particles are considered to be dense and nonporous spherical particles with an initial radius of r0, as displayed in Figure 11. Therefore, a shrinking core model is adopted in the work to describe the limestone calcination process. As shown in Figure 11, when the calcination reaction occurs, the calcium carbonate on the surface of the particles is first decomposed, forming a porous calcium oxide shell evenly covering the outer surface. While the reaction occurs, the calcium carbonate core with radius r2 continues to decompose. It is worth noting that the CO2 generated from the calcination of the limestone core must pass through the pores of the calcium oxide shell to diffuse to the outer surface, known as intraparticle diffusion. Then, the CO2 on the outer surface of the particles is transferred into the gas stream through external diffusion. As the reaction continues, the calcium carbonate core inside the particle gradually shrinks, while the outer calcium oxide shell gradually increases until the inner calcium carbonate core is completely consumed and the reaction is completed.



According to the geometrical relation shown in Figure 11, the conversion of limestone particles Xcalc can be calculated as:


   X  calc   =    r 0 3  −  r 2 3     r 0 3     



(3)







Then, the conversion rate of the particles is obtained as:


    d  X  calc     d t   = −   3  r 2 2     r 0 3      d  r 2    d t    



(4)







Based on Equation (3), it is deduced that the correlation of the radius r2 of the calcium carbonate core and the initial particle radius r0 is:


   r 2  =  r 0  ⋅   ( 1 −  X  calc   )   1 / 3    



(5)







The consumption rate of limestone particle volume is calculated as:


    d  V    CaCO  3      d t   = 4 π  r 2 2    d  r 2    d t   = − 4 π  r 2 2  ⋅ Λ ⋅  V    CaCO  3   M  ⋅  R  calc    



(6)




where Rcalc is the chemical reaction rate, 1/s;  Λ  is the active site density at the interface, mol/m2; and    V    CaCO  3   M    is the molar volume of calcium carbonate, m3/mol.



Combining Equations (4)–(6),the conversion of the limestone particle is expressed as:


    d  X  calc     d t   =  3   r 0       (  1 −  X  calc    )    2 / 3   Λ ⋅  V    CaCO  3   M  ⋅  R  calc    



(7)







The decomposition process of calcium carbonate is a typical gas–solid surface reaction. In addition to chemical surface reactions, the diffusion of CO2 through the porous CaO layer and around the particles should be considered in the developed model to reflect the effect of CO2 concentration. Therefore, in the subsequent derivation, we assume that the surface reaction of spherical calcium carbonate particles occurs through the shrinking core model, and the model of intraparticle and external diffusion processes of CO2 is established. Finally, combining the above three steps, the expression of the effective rate constant is derived to describe the detailed calcium carbonate decomposition process.



5.1. Calcination Kinetics


Assume an ideal case of the calcination of an infinite calcium carbonate plane under uniform CO2 partial pressure and temperature conditions. The surface reaction process of calcium carbonate can be described by two steps of chemical calcination and desorption [19,32]. The first step is the chemical calcination of calcium carbonate on the surface, resulting in CO2 molecules being adsorbed on the surface and occupying active sites. The second step is the desorption of CO2 molecules from the active site. The two-step calcination process is characterized by reactions R1 and R2 as follows:


     CaCO 3  + *  ⇌   k  1 r      k  1 f      CaO +  *  CO 2               1 -  θ                 θ    



(R1)






    *  CO 2   ⇌   k  2 r      k  2 f     *   + CO  2        θ        1 -  θ      P i     



(R2)




where k1f, k1r, k2f, and k2r are the forward and reverse reaction rate constants of R1 and R2, respectively. * is an active site on the particle surface; θ is defined as the fraction of the active site on the particle surface occupied by CO2. Pi is the CO2 partial pressure at the interface between CaO and CaCO3 inside the particle.



Based on the microscopic reversibility general principle, when the reaction reaches chemical equilibrium, the forward reaction rate of the elementary reaction equal to reverse reaction rate is obtained:


     k  1 f   ( 1 −  θ  eq   ) =  k  1 r    θ  eq        k  2 f    θ  eq   =  k  2 r   ( 1 −  θ  eq   )  P  eq      



(8)







Then, the CO2 partial pressure at equilibrium is obtained as:


   P  eq   =    k  1 f    k  2 f      k  1 r    k  2 r     =  K 1   K 2   



(9)




where the subscript eq indicates that the reaction is at equilibrium, and K1 and K2 are the thermodynamic equilibrium constants of R1 and R2, respectively.



It is assumed that the adsorbed *CO2 is in a quasi-steady state, and the desorption rate of CO2 is a generally extremely fast progress compared with the chemical calcination rate; that is, the control step of calcium carbonate calcination is the reaction R1, and R2 ≈ 0. Therefore, the fraction occupied θ is calculated as:


   R 2  ≈ 0 ⇒ θ ≈    k  2 r    P i     k  2 f   +  k  2 r    P i    =    P i     K 2  +  P i     



(10)







The chemical reaction rate of calcium carbonate calcination is also obtained as:


   R  calc   ≈  R 1  =  k  1 f    (  1 −    P g     P  eq      )   1  1 +  K 1  ⋅    P i     P  eq        



(11)







It can be seen that the above derivation is based on the ideal case of an infinite calcium carbonate plane, while the limestone is actually spherical particles. Therefore, a modification is introduced in Equation (11) in order to choose the one that provided the best fit with the experimental results and given as:


   R  calc   =  k  1 f    (  1 −    P g     P  eq      )   1  1 +  K 1  ⋅    P i     P  eq     ⋅     r ¯  0     r 0       



(12)




where     r ¯  0    is the average radius of particles in the investigated range, calculated as 330 μm, and r0 is the particles’ radius.



Combined with Equation (7), the conversion rate of the particles is obtained as:


    d  X  calc     d t   =  3   r 0  ρ   ⋅  k c  ⋅  (   P  eq   −  P g   )   



(13)






   k c  =  k  1 f   ⋅ ρ ⋅ Λ ⋅  V    CaCO  3   M  ⋅    (  1 −  X  calc    )    2 / 3    1   P  eq   +  K 1   P i  ⋅     r ¯  0     r 0       



(14)




where kc is the comprehensive chemical reaction rate constant. Combining the constant terms in Equation (14), it is obtained that:


   k c  =  k f  ⋅    (  1 −  X  calc    )    2 / 3    1   P  eq   +  K 1   P i  ⋅     r ¯  0     r 0       



(15)




where the reaction rate constant kf is calculated based on the Arrhenius form, and the thermodynamic equilibrium constant K1 is calculated based on the van’t Hoff equation in Equation (15):


   k f  =  k  1 f   ⋅ ρ ⋅ Λ ⋅  V    CaCO  3   M  = A ⋅  e  −  E  R T      



(16)






   K 1  =   Δ S  R  ⋅  e  −   Δ H   R T     = a ⋅  e  −   Δ H   R T      



(17)




where A and E are the pre-exponential factor and activation energy, respectively, of kf. ΔS and ΔH are the standard entropy and enthalpy change of the CaCO3 calcination reaction, and a is the pre-exponential factor of K1. The four kinetic parameters—A, E, a, and ΔH—in the reaction term are parameters to be determined.



The equilibrium concentration of CO2, Peq is obtained based on the work of Hu et al., Pa [47]:


   P  eq   = 1.826 ×   10  6  × exp  (  − 19680 /  T p   )  ×   10  6   



(18)








5.2. Intraparticle Diffusion


The diffusion of CO2 through the calcium oxide layer can be described by Fick’s law of diffusion, and the diffusion flow rate of CO2 is given as:


   J    CO  2    = − 4 π  r 2  ⋅  D e  ⋅   d  C    CO  2      d r    



(19)




where    C    CO  2      is the CO2 concentration in the calcium oxide layer and De is the gas diffusion coefficient, which is calculated based on the empirical formula [28]:


   D e  = 0.00881  T  1 / 2    S 0  − 1    ε 0 2   



(20)




where S0 is the initial specific surface area of particles, taken as 22.80 m2/g, and ε0 is the initial porosity of the CaO layer, taken as 0.48 according to the work of Wang et al. [43].



The boundary conditions are that:


   {    r =  r 2     C    CO  2    =  C i      r =  r 0     C    CO  2    =  C s       



(21)







Integrate Equation (21) and simplify to obtain:


   J    CO  2    =   4 π  D e  (  C i  −  C s  )    1   r 2    −  1   r 0      = 4 π  r 0 2     D e  (  C i  −  C s  )      r 0     r 2    (  r 0  −  r 2  )    



(22)







According to the ideal gas equation of state, combine with Equation (5) to obtain:


   J    CO  2    = 4 π  r 0 2     D e  (  P i  −  P s  )    r 0    [ 1 −   ( 1 −  X  calc   )   1 / 3   ]     ( 1 −  X  calc   )   1 / 3     R T    



(23)







Then the conversion rate of the particles is obtained as:


    d  X  calc     d t   =    J    CO  2    ⋅  M     w , CaCO   3       m 0    =  3   r 0  ρ   ⋅  k p  ⋅ (  P i  −  P s  )  



(24)






   k p  =    D e  ⋅  M     w , CaCO   3       r 0  ⋅   [ 1 −   ( 1 −  X  calc   )   1 / 3   ]     ( 1 −  X  calc   )   1 / 3     R T    



(25)




where m0 is the initial mass of the limestone particle and kp is the gas intraparticle diffusion rate constant.




5.3. External Diffusion


The particle conversion rate due to CO2 external diffusion from the surface of limestone particle to the main flow is:


    d  X  calc     d t   =  3   r 0  ρ   ⋅  k D  (  P s  −  P g  )  



(26)




where kD is the diffusion coefficient of CO2 to the bulk atmosphere, which is given based on the work of Field [48] and Graham [49] and related to temperature and particle size:


   k   O 2    =  C 1       [   (   T p  +  T g   )  / 2  ]    0.75      d p     



(27)






   k D  =  k   O 2         M  w ,  O 2       M  w ,   CO  2         



(28)




where Tp and Tg are the particle temperature and gas temperature, respectively;    M  w ,  O 2      and    M  w ,   CO  2      are the molecular weights of O2 and CO2, respectively; and C1 is an empirical constant with a value of 5 × 10−12 s·K−0.75.




5.4. Calcination Kinetic Model


The effects of chemical reaction, gas intraparticle and external diffusion during limestone calcination are considered in Section 5.1, Section 5.2 and Section 5.3. In order to eliminate the unknown parameters Pi and Ps in Equations (13) and (24), combing Equations (13), (14), (24), (25), and (26) gives:


   1   3   r 0  ρ   ⋅  k c      d  X  calc     d t   +  1   3   r 0  ρ   ⋅  k p      d  X  calc     d t   +  1   3   r 0  ρ   ⋅  k D      d  X  calc     d t   = −  (   P  eq   −  P i   )  −  (   P i  −  P s   )  − (  P s  −  P g  ) = − (  P  eq   −  P g  )  



(29)







Thus, the conversion rate of the limestone particle is:


    d  X  calc     d t   =  3   r 0  ρ   ⋅  K r  ⋅ (  P  eq   −  P g  )  



(30)






   K r  =  1   1   k c    +  1   k p    +  1   k D       



(31)




where Kr is the comprehensive calcination rate constant of the particle. It is worth noting that in Equation (15), the partial pressure of CO2 at the intraparticle surface of the particle, Pi, is unknown. Thus, Pg is adopted as an approximate substitute in the calculation process.



The flowchart of the calculation algorithm is displayed in Figure 12. The algorithm-solving steps are: (i) initializing the particle parameters, making Xcalc = 0.0001 to avoid meaningless kp calculation, and inputting the constant parameters; (ii) calculating the external diffusion rate constant kD; (iii) calculating the comprehensive chemical reaction rate constant kc; (iv) calculating the intraparticle diffusion rate constant kp; (v) updating the particle conversion Xcalc at time t and then proceeding to the next time step t + Δt.





6. Conclusions


The calcination kinetics of the fluidized limestone particles under rapid heating and isothermal conditions are measured by injecting them into the microfluidized bed thermogravimetric analyzer (MFB-TGA). The calcination characteristics of limestone with different particle sizes are studied in the temperature range of 750–920 °C and the CO2 concentration of 0 and 30 vol.%. A calcination kinetic model considering surface reaction, CO2 partial pressure, particle structure change, and intraparticle and external diffusion is established, and the key parameters of the model are obtained; that is, A = 5.051 × 106 kg·m−2·s−1, E = 182 kJ/mol, a = 9.99 × 107, ΔH = 150 kJ/mol. The results show that it only takes ~10 s to achieve complete conversion at temperatures >900 °C. Increasing the CO2 concentration in the gas phase severely impairs the calcination rate of the particles. An interesting point is that as the partial pressure of CO2 increases, the effect of particle size decreases. In the investigated temperature range, the particle consumption is controlled by both the chemical reaction and gas diffusion. The effect of particle size on limestone calcination kinetics presents three-zone characteristics of the reaction controlling mechanism. In Zone I, the particle size is <~80 μm, the particle size has little effect on the consumption rate, and calcination is mainly controlled by chemical reaction. In Zone III, the particle size is >~450 μm, the calcination process is mainly controlled by gas diffusion, and the effect of particle size is significant. In Zone II, in the particle size range of 80–450 μm, the calcination is controlled by both gas diffusion and chemical reaction. The model prediction results are in good agreement with the experimental data, indicating that the experimental results and the calcination model will provide valuable information for the application of CaL technology.
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Figure 1. Comparison of MFB-TGA experimental results to TGA (800 °C, 0 vol.% CO2). 






Figure 1. Comparison of MFB-TGA experimental results to TGA (800 °C, 0 vol.% CO2).



[image: Catalysts 12 01661 g001]







[image: Catalysts 12 01661 g002 550] 





Figure 2. The effect of temperature: (a) comparison of model results with MFB-TGA experimental data; (b) the relation between CO2 equilibrium partial pressure and temperature. 
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Figure 3. Comparison between the model results and the MFB-TGA experimental data at different CO2 concentrations under (a) 900 °C and (b) 920 °C. 
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Figure 4. Comparison between the model results and the MFB-TGA experimental data at different particle size under (a) 0 vol.%; (b) 30 vol.%. 
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Figure 5. Arrhenius plots to calculate the kinetic parameters: (a) lnkc−E versus 1/T; (b) lnkc−ΔH versus 1/T; (c) comparison of model results to experimental data. 
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Figure 6. The fraction of surface active sites occupied θ under 900 °C. 
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Figure 7. θ on particle surface of different particle sizes under (a) 0 vol.% and (b) 30 vol.%. 
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Figure 8. Calculated results of the effect on the limestone calcination reaction controlling mechanism at Xcalc = 0.5: (a) temperature; (b) particle size. (r is the calcination consumption rate of particles). 
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Figure 9. Schematic diagrams of (a) the MFB-TGA apparatus and (b) the limestone particles being injected into the reactor. 
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Figure 10. The mass signal of the weighing transducer: (a) the initial steady mass before limestone particles are injected; (b) real-time mass signal of limestone particles being injected. 
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Figure 11. Schematic diagram of the shrinking core model describing the calcination of limestone particles. 
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Figure 12. Flowchart of the calculation algorithm. 
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Table 1. Kinetic parameters in the model calculation.
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	A (kg/m2/s)
	E (kJ/mol)
	a (/)
	ΔH (kJ/mol)
	C1 (s/K0.75)
	S0 (m2/kg)
	ε0 (/)
	      r ¯  0  ( μ m )    





	5.051 × 106
	182
	9.99 × 107
	150
	5 × 10−12
	22.80
	0.48
	330
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Table 2. Experiment condition.
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	Sample Mass/mg
	Particle Size/μm
	Temperature/°C
	CO2/%
	Superficial Velocity





	60–70
	150/450/800/1250
	750–920
	0/30
	~3 Umf
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