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Abstract

:

For achieving CO2 thermal reduction, a technology combining solid carbon activation and high-temperature CO2 reduction was proposed, named as activated-reduction technology. In this study, this technology is realized by using a circulating fluidized bed and downdraft reactor. Reduced agent parameters (O2/C and CO2 concentration) greatly affect the reduction effect of CO2. In addition, the effect of the activation process on different carbon-based materials can help to broaden the range of carbon-based materials used for CO2 reduction, which is also an important issue. The following three points have been studied through experiments: (1) the influence of the characteristics of the reduced agent (CO2 concentration and O2/C) on CO2 reduction; (2) the performance of different chars in CO2 reduction; and (3) the activation effect of solid carbon. The activation process can develop the pore structure of coal gasification char and transform it into activated char with higher reactivity. The CO concentration in the tail gas is a crucial factor limiting the effectiveness of CO2 reduction, with an experimentally determined upper limit of around 55% at 1200 °C. If CO concentration is far from the upper limit, temperature becomes the significant influencing factor. When the reduced agent O2/C is 0.18, the highest net CO2 reduction of 0.021 Nm3/kg is achieved at 60% CO2 concentration. When the reduced agent CO2 concentration is 50%, the highest net CO2 reduction of 0.065 Nm3/kg is achieved at 0.22 O2/C. Compared with CPGC, YHGC has higher reactivity and is more suitable for CO2 reduction. The activation process helps to reduce the differences between raw materials.
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1. Introduction


Climate change is a great challenge that humanity will face in the foreseeable future [1]. As one of the major greenhouse gases, the reduction of CO2 is of high interest to the global community [2]. The utilization of CO2 can not only help achieve carbon reduction, but also convert CO2 into value-added products [3]. At present, the research results of the technical ways of carbon dioxide utilization are mainly in the field of catalytic utilization, such as catalytic, electrocatalytic, photo-catalytic types, and so on [4]. In addition, the reduction of CO2 by carbon-based materials at high temperatures is also a promising approach [5,6]. This process primarily relies on the Boudouard reaction, as illustrated in R1 [7].


  C +   CO  2  → 2 CO  



(R1)







This method can be integrated with the existing large-scale coal gasification industry, facilitating the rapid realization of the large-scale utilization of CO2 [8]. CO is the reduction product of CO2. Together with green hydrogen, they can be used by the subsequent synthesis gas unit of the existing gasification facility for chemical synthesis [3].



The chemical properties of CO2 are relatively stable. CO2 obviously undergoes the Boudouard reaction with low-quantivalence carbon only at high temperatures [9]. The physicochemical properties of char also play a crucial role in the reduction of CO2. Based on this, activated-reduction technology has been developed. This technology combines solid carbon activation with high-temperature CO2 reduction. Solid carbon is first activated in the activation unit and then reduces CO2 at a high temperature (>1100 °C) in the reduction unit. The CO2 reduction through activated reduction technology does not require the addition of catalysts, and there is no problem with product selectivity, so this technology is cost-effective.



The rate of the Boudouard reaction is significantly affected by the magnitude and accessibility of the surface area of chars [10]. Vamvuka et al. [11] investigated the reactivity of municipal solid waste, sewage sludge, and waste paper. Among them, waste paper exhibited the highest reactivity, with the largest surface area among these materials. Duman et al. [12] observed that the char with a higher surface area was found to be more reactive than char with a lower surface area. However, Tong et al. [13] investigated the reactivity of biomass char obtained at different pyrolysis temperatures. They have indicated that, in comparison to surface area, the impact of the active site is more significant on reactivity. The active sites or carbon structure in char is commonly characterized using Raman spectra [14,15,16]. Guizani et al. [17] observed the relationship between carbon structure and the reactivity of char and found that the reactivity index (Rindex) has a good linear relationship with IV/ID. They thought that the more reactive and amorphous small aromatic structures that char obtains, compared to condensed structures, the higher its reactivity. Zhang et al. [18] employed Raman to examine the carbon structure of char. Through analyzing the relationship between gasification reactivity and physicochemical properties, they suggested that carbon structure plays a crucial role in gasification reactivity.



During the gasification process in the circulating fluidized bed (CFB), the specific surface area of the raw material increases, and the concentration of stable graphite structure decreases [19,20,21]. In this study, a CFB was used as the activation unit, which enhances the reactivity of carbon-based materials and preheats carbon-based materials and gases [14,22]. The downdraft reactor (DR) was used as the reduction unit, providing a high-temperature zone for the occurrence of the Boudouard reaction.



In addition to the physicochemical properties of solid carbon, temperature and CO2 partial pressure significantly affect the Boudouard reaction. Temperature is the most critical parameter influencing the Boudouard reaction [3,23]. Increasing the reaction temperature promotes the Boudouard reaction [24,25,26]. Liu et al. [27] used thermal balance to investigate the effect of temperature on the CO2 gasification of three types of char. The results showed that as the temperature increased from 1000 °C to 1300 °C, the reactivity of all the chars significantly increased. Jing et al. [28] studied the CO2 gasification characteristics of fine chars in the temperature range of 1000–1300 °C. Their results showed that it took 36 min for fine chars to achieve 90% carbon conversion at 1000 °C, whereas only 2 min was required at 1300 °C. Xie et al. [29] investigated the Boudouard reaction rate of biochar at different temperatures and observed that, with rising temperature, their gasification rates increased significantly. The maximum reaction rate increased by 4.4 times from 750 °C to 850 °C.



However, these studies were conducted using thermogravimetric analysis (TGA) or tube furnaces. These experimental furnaces can all be fully heated by external sources. However, the actual industrial process is typically self-sustained. In the actual industrial process, the high temperatures required for CO2 reduction are typically derived from the combustion of solid carbon. Therefore, there exists a competitive relationship in the actual industrial process: while high temperatures can facilitate the reduction of CO2, the cost of these high temperatures comes from the generation of CO2. Liang et al. [30] conducted O2/CO2 gasification experiments by using a bench-scale self-sustained CFB. They found that when the O2/C molar ratio increased from 0.39 to 0.64, the maximum temperature of the CFB rose from approximately 892 °C to about 938 °C. However, the CO2 yield increased from 2.22 Nm3/kg to 3.57 Nm3/kg. This indicates that, due to the influence of combustion reactions, for self-sustained systems, increasing the temperature may potentially weaken the reduction effectiveness of CO2.



The partial pressure of CO2 also affects the Boudouard reaction, with higher CO2 partial pressures generally being more favorable for the reaction. Fermoso et al. [31] used biomass char as the raw material and examined the impact of CO2 partial pressure on the reaction rate using TGA. The results showed that the Boudouard reaction rate increased with the increase in CO2 partial pressure. Malekshahian et al. [32] observed a similar trend when using petroleum coke as a raw material, with the gasification rate increasing more than fourfold as the CO2 pressure was raised from 0.1 MPa to 2.4 MPa. Considering that CO2 is a reactant, its increased partial pressure can enhance the Boudouard reaction by increasing the adsorption of CO2 on active sites [33,34]. However, when the CO2 concentration is high, further increasing the CO2 concentration may not significantly promote the reaction. Ahmed et al. [35] noted that for woodchip char, when the total pressure was 2 bar and the CO2 partial pressure was reduced from 1.5 bar to 1.2 bar, the change in CO2 partial pressure had little effect on the Boudouard reaction rate. Irfan et al. [36] further processed and analyzed the CO2 gasification experimental results of New Zealand coal char by Kajitani et al. [37] using a pressurized drop tube furnace. It was observed that as the CO2 concentration increased from 8% to 25%, the Boudouard reaction rate changed significantly with the CO2 concentration, but the impact of further increasing the CO2 concentration on the Boudouard reaction rate was minimal.



The research results above indicate that an increase in CO2 concentration is beneficial to the Boudouard reaction to a certain extent. However, in actual processes, similar to the effect of temperature, there is a competitive mechanism that influences the intensity of the Boudouard reaction when increasing CO2 concentration. An increase in CO2 concentration implies an increase in the amount of CO2 being supplied. This leads to an increase in the sensible heat required to heat the CO2, which may result in a decrease in temperature. At this point, the strengthening effect of increased CO2 concentration on the Boudouard reaction coexists with the inhibitory effect of temperature reduction on the reaction. It is challenging to directly determine the impact of CO2 concentration on CO2 reduction within a self-sustained system.



Integrating the research findings above, the current technological approach of reducing CO2 through activation-reduction technology is facing the following issues: (1) the impact of temperature on CO2 reduction within self-sustained systems; (2) the influence of CO2 concentration on CO2 reduction within self-sustained systems; and (3) the selection of suitable carbon-based raw materials for CO2 reduction and the effects of the activation process on these materials. This study employs two types of char as raw materials for CO2 reduction experiments on an activated-reduction bench-scale platform. The effectiveness of the activation process in a CFB and the impact of CO2 concentration and O2/C in the agent injected into a DR on CO2 reduction are investigated. The CO2 reduction effects of the two types of char are also compared. This work aims to provide a solution that simultaneously utilizes char and CO2, offering theoretical and data references for subsequent industrial practices.




2. Experimental


2.1. Test Rig and Experimental Process


The CO2 reduction experiments were conducted in an activated-reduction bench-scale self-sustained platform, of which a schematic diagram is presented in Figure 1. The activated-reduction bench-scale platform is shown in Figure 2. The test rig has two main units: the activation unit (CFB, including a riser, cyclone, and seal loop) and the reduction unit (DR). Except for these two main units, the platform includes a series of auxiliary equipment, including the air supply system (providing air, O2, CO2, steam, and N2), the cleaning system (with a gas cooler, water pump, water tank, and bag filter) and the auxiliary heating system (including electric heating systems of the CFB and DR, and the gas heater). There are three main temperature measurement points, namely T1, T9, and T10 (shown in Figure 1). T1 measures the temperature at the bottom of the riser, T9 measures the temperature at the top of the DR (40 mm below the top), and T10 measures the temperature in the middle of the DR (235 mm below the top).



When the experiment was formally initiated, only O2, CO2, and a small amount of N2 were introduced into the system. N2 served as the conveying gas to transport char into the system. O2 and CO2, entering the CFB are designated as the active agent. O2 and CO2 directly entering the DR are designated as the reduced agent. The gas departing from the CFB is termed the activation unit gas, and the gas departing from the DR is termed the reduction unit gas. The solid separated from the activation unit gas is identified as activated char.



Before commencing the experiment, 25 kg of quartz sand was introduced into the CFB as the bed material. The particle size distribution of quartz sand is illustrated in Figure 3.



The electric furnace and gas heater were activated initially. Once T1 reached 600 °C, the pneumatic conveying equipment was initiated, and the air flow was increased. The CFB warmed up in the combustion state. When T1 rase to 800 °C, T1 remained basically unchanged by adjusting the feed rate and air flow. The experiment waited for T9 to reach 800 °C. After reaching the required temperature, CO2 and O2 were successively introduced, and air flow was stopped. The feed rate was increased to transform the CFB into the gasification state. Once stabilized, the reduced agent was introduced to raise T9 in the combustion state. When T9 reached 1100 °C, the active agent and the reduced agent, as well as the feed rate, were adjusted to meet the conditions required for the operation. The temperature variation did not exceed 20 °C, signifying the commencement of the operation, and each operation was sustained for 1 h. The electric furnace and gas preheating temperature remained constant throughout the experiments. The electric furnace of the CFB and DR were maintained at 14.8 kW and 8.3 kW, respectively. The gas preheating temperature was set at 300 °C.




2.2. Material Conditions


In this study, two kinds of coal gasification chars, YHGC (Yihua gasification char) and CPGC (Chiping gasification char), were used as raw materials for reducing CO2. YHGC is derived from the solid phase outlet of the cyclone separator of the 720 t/d atmospheric CFB gasification plant in Xinjiang. CPGC is derived from the solid phase outlet of the cyclone separator of the 40,000 m3/h atmospheric CFB gasification plant in Shandong. The proximate and ultimate analyses of YHGC and CPGC are presented in Table 1, where M represents moisture, FC represents fixed carbon, V represents volatiles, A represents ash, C represents carbon element, H represents hydrogen element, O represents oxygen element, N represents nitrogen element, S represents sulfur element, and Qnet,ad represents the net calorific value on the air-dry basis. The particle size analysis of YHGC and CPGC are shown in Figure 4 and Figure 5, respectively. The particle diameters corresponding to the cumulative volume fractions of 10% (d10), 50% (d50), and 90% (d90) of YHGC are 9.67, 29.82, and 72.06 μm, respectively. The d10, d50, and d90 of CPGC are 7.06, 22.72, and 56.43 μm, respectively. It can be observed that the particle size ranges of YHGC and CPGC are approximately consistent, mostly below 100 μm. In comparison to CPGC, the particle size distribution of YHGC is more concentrated.




2.3. Calculation and Analysis Methods


The measurement of gas samples was conducted using the Agilent 490 GC (Agilent Technologies Inc., Santa Clara, CA, USA). Assuming no reactions occur with N2 in the activated-reduction system, calculations were performed using nitrogen balance [30,38]. Although O2 and CO2 are the primary gases used in this study, N2 was utilized as the conveying gas for the transport of carbon-based materials. Consequently, there was a presence of N2 in the system. (1) and (2) were used to calculate the net yields of component i in the activation unit (   y  i , CFB    ) and the reduction unit (   y  i , DR    ), respectively [39].


   y  i , CFB   =  x  i , CFB   ·    y   N 2  , inCFB      x   N 2  , CFB     −  y  i , inCFB    



(1)






   y  i , DR   =  x  i , DR   ·    y   N 2  , inCFB      x   N 2  , DR     −  y  i , inDR    



(2)




where    x  i , CFB     is the concentration of component i in the activation unit gas,    y  i , inCFB     is the flow rate of component i entering the activation unit, corresponding to per mass of raw materials (Nm3/kg),    x  i , DR     is the concentration of component i in the reduction unit gas, and    y  i , inDR     is the flow rate of component i entering the reduction unit, corresponding to per mass of raw materials (Nm3/kg). The component i includes H2, CO, CO2, O2 and N2.



   y    CO  2  , DR     may be a negative value, signifying that the CO2 leaving the reduction unit is less than the CO2 supplied to the reduction unit. In this case, a net conversion of CO2 is achieved.



Except for the Boudouard reaction, the main reactions occurring in the activated-reduction system are listed below [30]. Among these reactions, R2 to R5 are the main combustion reactions. R6 is the steam char gasification reaction, and R7 is the water gas shift reaction (WGSR).


  2 C +  O 2  → 2 CO  



(R2)






  C +  O 2  →   CO  2   



(R3)






  2 CO +  O 2  → 2   CO  2   



(R4)






  2  H 2  +  O 2  → 2  H 2  O  



(R5)






  C +  H 2  O ↔ CO +  H 2   



(R6)






  CO +  H 2  O ↔   CO  2  +  H 2   



(R7)







In order to better understand the reactions occurring in the reduction unit, calculations were performed using    y  i , DR    . Considering that CH4 is not involved in the experimental results, it is assumed that three main reactions, R1, R3, and R6 occur in the reduction unit, and the changes in CO, CO2, and H2 are determined by these three reactions. This assumption, based on experimental results, packages together the possible reactions occurring in the reduction unit. For example, the generation path of CO2, besides R3, also includes R2 + R4. However, considering the large gap between particles in the descending bed, the combustion model of single film or double film was used to describe the combustion of particles. At this time, R2 + R4 is completed in the boundary layer of the particle, and the combustion process of carbon can be described by R3 as observed from the main stream region. In addition to R1, there are also R7 reactions associated with CO2 reduction. However, the hydrogen content in the system in this study is small, and the reduction of CO2 mainly relies on R1. Therefore, R1 is used to describe the reduction process of CO2. The same simplification applies to H2. Therefore,    y  R 1 , DR    ,    y  R 3 , DR    , and    y  R 6 , DR     (corresponding to the occurrence of   C +   CO  2  → 2 CO  ,   C +  O 2  →   CO  2   , and   C +  H 2  O → CO +  H 2    in the reduction unit, mol/kg) can be calculated according to the following equations:


   y  R 1 , DR   =  y  R 3 , DR   −    y    CO  2  ,   DR      22.4     kmol     Nm  3    · 1000   mol   kmol    



(3)






   y  R 3 , DR   = −    y   O 2  ,   DR      22.4     kmol     Nm  3    · 1000   mol   kmol    



(4)






   y  R 6 , DR   =    y   H 2  , DR     22.4     kmol     Nm  3    · 1000   mol   kmol    



(5)







The analysis of raw materials and the activated chars primarily involved pore structure analysis and Raman analysis. N2 was used as the adsorption medium for the pore analysis. The BET method was employed to calculate the specific surface area [40], while the BJH method was used for pore volume calculation [41]. The Raman spectra results were subjected to peak fitting, dividing them into five peaks. Refer to Table 2 for specific details.



The peak area ratio is used to describe carbon structures. IG/Iall is employed to characterize the graphitization degree and carbon structure stability [45]. D3 and D4 are considered to be associated with reactive sites, and ID3+D4/IG is used to characterize the disorder degree of carbon structures [19,46].



TGA procedure is outlined as follows:




	(1)

	
Load approximately 15 mg of sample into the TGA apparatus;




	(2)

	
After loading the sample, purge with N2 for 30 min to remove other gases from the sample chamber;




	(3)

	
Ramp the temperature to 1200 °C at a rate of 20 °C/min while maintaining N2 flow.




	(4)

	
Upon reaching 1200 °C, hold for 10 min; then, introduce CO2;




	(5)

	
When the sample weight stabilizes, indicating the completion of the gasification process, initiate the cooling procedure.









The carbon conversion x and reactivity index R0.5 are calculated using the (6) [47] and (7) [48], respectively.


  x =    m 0  −  m t     m 0  −  m  ash     × 100 %  



(6)






   R  0.5   =   0.5    t  0.5      



(7)




where m0 is the initial mass of char, mt is the char mass at time t, mash is the mass after gasification has been completed, and t0.5 is the time required for x to reach 50%.





3. Results and Discussion


3.1. Effect of CO2 Concentration in the Reduced Agent


In the case of the self-sustained system, under the condition of approximately constant O2/C, variations in CO2 concentration will impact the temperature and component concentrations of the system, thereby altering the reduction of CO2. The experimental conditions for different CO2 concentrations in the reduced agent are outlined in Table 3. Throughout these experimental conditions, while keeping the remaining input conditions constant, only the CO2 concentration in the reduced agent was adjusted to achieve changes in the operating conditions. Temperature, treated as the dependent variable, was not intentionally controlled.



The temperature profile in the activation unit and the reduction unit under different CO2 concentrations in the reduced agent is illustrated in Figure 6. It can be observed that T1 remains approximately constant among different experimental conditions, indicating stable operation. As the CO2 concentration in the reduced agent increases, T9 and T10 gradually decrease. This is attributed to the increasing demand for CO2 input, which leads to a gradual rise in the physical sensible heat required to heat CO2. Compared to T10, T9 changes more. It indicates a more pronounced impact of the variation in CO2 concentration in the reduced agent on T9. This is mainly because the inlet of the reduced agent is located at the top of the reduction unit. With the increase in CO2 concentration, it not only affects the temperature by absorbing heat but also decreases the combustion reaction rate. This makes the combustion reaction zone in the reduction unit shift downward. Ultimately, when the CO2 concentration in the reduced agent reaches 70%, T10 exceeds T9. In addition, the increase in CO2 concentration also raises the input of the reduced agent. Correspondingly, the increased flow rate of gases in the reduction unit promotes heat transfer, reducing temperature differences at various point.



The composition of the activation unit gas and component yields in the activation unit are illustrated in Figure 7. As CH4 was not detected in any of the experiments in this study, it is not displayed or discussed. The net yields of CO and CO2 are close, but their concentrations differ significantly. This is mainly attributed to the fact that CO2 is introduced into the activation unit as part of the active agent.



The situation of reactions in the reduction unit under different CO2 concentrations in the reduced agent is illustrated in Figure 8. Due to the constant value of O2/C in the reduced agent, the intensity of combustion reactions remains consistent.



With the increase in CO2 concentration in the reduced agent, the Boudouard reaction intensity in the reduction unit first increases and then decreases. The Boudouard reaction is promoted by increasing CO2 concentration in the reduced agent from 30% to 40%. The Boudouard reaction reaches the maximum intensity (0.24 mol/kg) when CO2 concentration in the reduced agent is 40%. The Boudouard reaction decreases when CO2 concentration in the reduced agent increases from 40% to 70%. An increase in CO2 concentration in the reduced agent promotes a decrease in the temperature in the reduction unit (shown in Figure 6), thus weakening the Boudouard reaction. In this series of conditions, the controlling factors of the Boudouard reaction have changed. When CO2 concentration in the reduced agent is low (<40%), CO2 concentration has a more significant effect on the Boudouard reaction. While CO2 concentration in the reduced agent is high (>40%), temperature has a more significant effect. Compared with the change in the Boudouard reaction intensity, the change in the steam char gasification reaction intensity is simple. As CO2 concentration in the reduced agent increases, the temperature decreases, and the hydrogen-containing component (mainly steam) is diluted. The intensity of the steam char gasification reaction continues to decrease. The trend of the proportion of the reaction is similar with that of the intensity. When CO2 concentration in the reduced agent is 40%, the proportion of the Boudouard reaction reaches the maximum (48.0%). And the proportion of the steam char gasification reaction continues to decline with the weaking of its intensity.



The composition of the reduction unit gas and component net yields in the reduction unit under different CO2 concentrations in the reduced agent are illustrated in Figure 9. Because the system is self-sustained, the heat required for the Boudouard reaction comes from the combustion reaction. There are both CO2 generation and CO2 reduction present in the reduction unit. Accordingly, in this series of these experimental conditions, there are two cases of positive and negative for net CO2 yield. When CO2 concentrations in the reduced agent is less than 50%, the net yield of CO2 in the reduction unit is negative. This means that the net reduction of CO2 is achieved in the reduction unit. It can be observed that the net yield of CO and CO2 in the reduction unit is basically consistent with the trend of changes in the intensity of the Boudouard reaction. This shows that this reaction calculation method can accurately describe the reaction situation in the reduction unit. It can be observed that with the decrease in CO2 concentration in the reduced agent, the CO proportion of the reduction unit gas gradually increases, but the curve slope gradually decreases. One possible reason is that there is an upper limit for CO concentration. At this time, CO inhibited the Boudouard reaction by occupying the active site [49,50]. This explains why, at low CO2 concentrations, the temperature is no longer a limiting factor for the Boudouard reaction. At this time, CO concentration is the key factor limiting the Boudouard reaction. The results show that the upper limit of CO concentration is about 55% at 1200 °C. Since the intensity of the Boudouard reaction is the highest when the reducing agent is 40%, the corresponding reduction effect of CO2 is the best.



The increase in CO2 concentration in the reduced agent has a promoting effect on CO2 reduction, which is only effective when CO approaches the upper limit. The increase in CO2 concentration reduces the CO concentration and weakens the inhibition effect of CO on The Boudouard reaction. When CO concentration is low, reducing CO2 concentrations in the reduced agent can increase the temperature and effectively increase the net reduction of CO2. This series of experimental conditions shows that when the reduced agent O2/C is 0.18 and the temperature of the reduction unit is between 1000 and 1200 °C, the best CO2 concentrations in the reduced agent for CO2 reduction is 40%, and the maximum net reduction of CO2 is 0.021 Nm3/kg.




3.2. Effect of O2/C in the Reduced Agent


An increase in O2/C enhances the combustion reaction. Consequently, the corresponding production of CO2 from combustion reaction increases, which has a negative impact on the overall reduction of CO2 in the system. However, the increase in the combustion reaction enhances the Boudouard reaction by elevating the temperature, thereby improving CO2 reduction. Therefore, the variation in O2/C simultaneously has two opposing effects on the CO2 reduction. The experimental conditions for different O2/C in the reduced agent are outlined in Table 4. While keeping the remaining input conditions constant, only the O2/C in the reduced agent was adjusted to achieve changes in the operating conditions. Temperature, treated as the dependent variable, was not intentionally controlled.



The temperature profile in the activation unit and the reduction unit under different O2/C in the reduced agent are illustrated in Figure 10. Observations reveal that T1 remains approximately constant at around 900 °C for various experimental conditions in this series, indicating stable operation of the activation unit. As the O2/C in the reduced agent increases, the intensity of the combustion reaction in the reduction unit increases, resulting in a gradual increase in both T9 and T10. It can be observed that, compared to T9, the change in T10 is more pronounced with O2/C in the reduced agent increasing. This suggests that as O2/C in the reduced agent increases, the zone where the combustion reaction occurs expands, no longer confined to the top zone of the reduction unit. The combustion reaction is constrained by the combination of mixing effects, mass transfer effects and reaction rates. The time taken for the completion of the combustion reaction is significantly influenced by the O2/C. As the O2/C increases, more oxygen that has not reacted departs from the top zone, and combustion initiates in the middle zone. Consequently, the combustion reaction extends to the middle zone. On the other hand, with the increase in O2/C, the amount of the reduced agent also increases. This results in the increase in flow velocity of high-temperature gases in the reduction unit and contributes to a more uniform temperature distribution in the reduction unit.



Comparing the impact of CO2 concentration in the reduced agent on the temperature profiles in the reduction unit in Figure 6, it can be inferred that both O2/C and CO2 concentration affect the temperature profiles by influencing the region where the combustion reaction occurs. But their mechanisms differ. When O2/CO2 is used as the reduced agent, the CO2 concentration primarily affects the combustion reaction rates, prompting the movement of the zone where the combustion reaction occurs. On the other hand, O2/C affects the time required for the completion of the combustion reaction, determining the size of the zone where the combustion reaction occurs. Accordingly, the impact of CO2 concentration on T9 is more significant, while the impact of O2/C is more pronounced on T10.



The composition of the activation unit gas and component net yields in the activation unit are illustrated in Figure 11. Similar to Figure 7, the concentrations of CO and CO2 in the activation unit gas are close, but there is a significant difference in their yields. This is also due to the inclusion of CO2 from the active agent in the activation unit gas. In comparison to the experimental conditions in Section 3.1, in this series of conditions, the oxygen concentration and O2/C in the active agent are higher, resulting in a higher T1 (around 900 °C in this series compared to around 800 °C in Section 3.1). The higher temperature enhances the Boudouard reaction, leading to a higher CO production.



The situation of reactions in the reduction unit under different O2/C in the reduced agent is illustrated in Figure 12. The intensities of three main reactions increase with the rise in O2/C in the reduced agent. On the one hand, the intensity of the combustion reaction enhances with the increase in O2/C. And on the other hand, the intensified combustion reaction elevates the temperature, leading to an increase in the intensities of the Boudouard and the steam char gasification reactions. When O2/C in the reduced agent increases from 0.12 to 0.22, the increase in the intensity of the Boudouard reaction is greater than that of the combustion reaction. The proportion of the Boudouard reaction increases (from 49.1% to 51.9%), while simultaneously, the proportion of the combustion reaction decreases (from 45.4% to 41.9%). One possible reason is that the intensity of the combustion reaction is approximately linearly related to O2/C and independent of temperature, while the relationship between the Boudouard reaction and temperature approximately follows Arrhenius form. This results in a more significant change in the Boudouard reaction when CO2 generation linearly increases, accompanied by a notable rise in temperature. Correspondingly, from Figure 12, it can be observed that the slope of the combustion reaction curve is approximately constant. However, the slope of the Boudouard reaction curve is generally higher than that of the combustion reaction when O2/C is between 0.17 and 0.22. With further increase in O2/C, the slope of the Boudouard reaction curve begins to decline, even though temperature is increasing. This suggests that the Boudouard reaction is inhibited, and this effect will be explained later.



The composition of the reduction unit gas and component yields in the reduction unit under different O2/C in the reduced agent are depicted in Figure 13. As the O2/C in the reduced agent increases, the concentration of CO in the reduction unit gas first increases and then decreases. The trend for CO2 is the opposite. The content of H2 remains relatively stable and essentially unchanged. CO is generated not only by the Boudouard reaction but also by the combustion reaction. Therefore, CO yield in the reduction unit gradually decreases as the O2/C in the reduced agent decreases. With the increase in O2/C, the generation of CO2 intensifies. This is because one of the products of the combustion reaction is CO2, and CO can also be oxidized to CO2 by O2. At the same time, as the temperature increases, the Boudouard reaction is enhanced, leading to an increase in the reduction of CO2. When O2/C in the reduced agent is increased from 0.12 to 0.22, the operating temperature increases significantly, enhancing the Boudouard reaction and gradually increasing the reduction of CO2. When the O2/C of the reduced agent increases from 0.22 to 0.27, the CO concentration approaches its upper limit (55%), and the Boudouard reaction is inhibited. At the same time, the increase in temperature is not significant. The enhanced combustion reaction leads to a more pronounced generation of CO2, and the reduction of CO2 begins to decrease. When the O2/C in the reduced agent is 0.22, the maximum CO2 net reduction is achieved, reaching 0.065 Nm3/kg.




3.3. Effect of Different Coal Gasification Chars


The physicochemical properties vary among different carbon-based materials, affecting their ability to reduce CO2. In this series of experimental conditions, YHGC and CPGC are chosen as the materials. The reduction capabilities and performances of different coal gasification chars in the activation reduction process for CO2 are investigated. The experimental conditions for this series are presented in Table 5.



During the experimental process, the composition of the active agent was adjusted to maintain the temperature of the activation unit approximately constant. By adjusting the CO2 concentration and O2/C in the reduced agent, it was ensured that T9 under both experimental conditions were approximately consistent.



The temperature distribution is illustrated in Figure 14. It can be observed that the temperatures of the two operating conditions are approximately consistent. T1 is around 900 °C, and T9 is around 1150 °C. T10 exhibits a significant difference. T9 and T10 are closer, when CPGC is used as the material. The active agent O2/C in experimental condition No. 10 is higher, resulting in a larger flow of the activation unit gas. This leads to a higher gas flow rate in the DR, resulting in a more uniform distribution of heat. Additionally, the differences between different raw materials are also factors influencing the temperature.



The figures of the different chars are shown in Figure 15. In terms of their actual appearance, all the four kinds of chars appear as black particles with no significant differences. However, the particles of YHGC and CPGC tend to cluster together. On the other hand, the distribution of particles in activated char (YHGC-char and CPGC-char) tends to be more dispersed. In the actual figures, the state presented by activated char appears more diffuse.



The SEM micrographs of the different chars are shown in Figure 16. YHGC and CPGC are gasification chars, hence there are some noticeably larger pores on their surfaces. In comparison to YHGC, the metallic aggregates of CPGC not only distribute across the surface but also appear abundantly in the pores. It can be observed that, compared to YHGC and CPGC, the surfaces of YHGC-char and CPGC-char are rougher, with many smaller pores present. These result from the participation of solid-phase carbon in combustion and the Boudouard reaction during the activation process, leading to the consumption of solid carbon on the surface.



The pore structures of the different chars are shown in Table 6. Compared to CPGC, the specific surface area and pore volume of YHGC are larger. This means that YHGC can provide a more extensive area for the Boudouard reaction to take place. The average pore diameters of YHGC and CPGC are similar, indicating that their pore structures are approximately alike. The difference in specific surface area and pore volume arises from variations in the quantity of pores. YHGC-char and CPGC-char refer to the activated chars formed from YHGC and CPGC, respectively. Due to differences between YHGC and CPGC, the specific surface area of the two activated chars shows significant variation, but this difference diminishes. In comparison to the raw materials, both the pore volume and average pore diameter of the two activated chars have decreased to varying degrees. The activation process alters the pore structure of the raw materials, with larger pores being consumed and smaller pores developing.



The Raman original spectra of different chars are shown in Figure 17, and the results are shown in Figure 18. Comparison between the coal gasification chars (YHGC and CPGC) and their activated chars (YHGC-char and CPGC-char) indicates that the ratios of IG/Iall and ID3+D4/IG are essentially consistent. YHGC and CPGC are derived from the CFB gasification plant, having undergone a complete gasification process, thus having stable carbon structures. In the activation unit, the Boudouard reaction consumes carbon structures while increasing active sites. However, the high activated temperature partially promotes carbon microcrystal agglomeration, leading to active sites consumption. In contrast to IG/Iall and ID3+D4/IG, the difference in ID1/IG is relatively pronounced, suggesting the possibility of the Boudouard reaction occurring in the aromatic layers, promoting in-plane defect generation and expansion, where the high temperature exerts less significant inhibition on these defects. This could be attributed to the carbon microcrystal agglomeration primarily occurring between different microcrystals, thereby covering active sites located at the edge while having little effect on the in-plane defects. Additionally, it can be observed that YHGC-char has a lower degree of graphitization, a higher content of disorder carbon, and a higher quantity of in-plane defects in the aromatic layers. Raman results indicate that YHGC-char exhibits higher carbon structural reactivity. However, in comparison to the differences in pore structure, the differences in carbon structure are not pronounced.



The R0.5 obtained from TGA of the different chars is depicted in Figure 19. The R0.5 of YHGC and its activated char (YHGC-char) are essentially similar, with the R0.5 of YHGC-char being only 1.31% higher than that of YHGC. This is mainly attributed to the similar pore structure and carbon structure between YHGC and YHGC-char. Due to the relatively higher content of in-plane defects in YHGC-char, the reaction reactivity of YHGC-char is slightly higher, despite YHGC-char having a slightly lower specific surface area compared to YHGC. Following activation, the R0.5 of CPGC-char is 11.45% higher than that of CPGC. This difference is more pronounced than the corresponding difference for YHGC. As observed from Table 6, the specific surface area of CPGC-char is significantly higher than CPGC, which is distinct from YHGC. Both YHGC and CPGC exhibit stable carbon structures, with minimal differences before and after the activation process, suggesting that the carbon structures have limited impact on reactivity. The variation in specific surface area induced by the activation process is identified as the key factor influencing the activated effects of YHGC and CPGC. The larger specific surface area of YHGC corresponds to a more mature pore structure that is less susceptible to change, whereas the pore structure of CPGC is more easily altered by the activation process.



Furthermore, there are notable differences between YHGC and CPGC, and this difference is inherited by their activated chars. These differences primarily stem from variations in specific surface area rather than carbon structure (Figure 18 shows no significant differences in carbon structure among the four chars). This is consistent with the previously mentioned importance of specific surface area. This suggests that the activation process can, to some extent, mitigate differences between raw materials. However, in the range of activation conditions utilized in this study, the mitigating effect of the activation process on differences is limited. This may be attributed to the fine particle size of YHGC and CPGC, making it difficult for the cyclone separator of the activation unit to achieve more effective separation. Improved separation efficiency could prolong the activated time of char, thereby facilitating further development of pore structure by the Boudouard reaction. The selection range of the active agent O2/C and active temperature also influence activation effectiveness.



The composition of the activation unit gas and component net yields in the activation units for different raw materials is shown in Figure 20. Compared to CPGC, when YHGC is used as the raw material, the activation unit gas has a higher CO content, while the CO2 content is only half of that when CPGC is used as the raw material. This is partly because when CPGC is used as the raw material, O2/C and CO2 concentrations in the active agent are higher. The higher O2/C enhances combustion reactions, leading to more CO2 production. Additionally, the higher CO2 concentration results in more CO2 being introduced into the activation unit and retained in the activation unit gas. On the other hand, YHGC has a larger specific surface area, and the reactivity of YHGC is higher. The yields of components in the activation unit also support this point. At similar temperatures, when YHGC is used as the raw material, the yield of CO2 is half that of CPGC. This indicates that the Boudouard reaction is more pronounced when YHGC is used as the raw material.



The situation of reactions in the reduction unit under different chars is illustrated in Figure 21. Due to the higher O2/C (0.12, shown in Table 5) of YHGC as the raw materials, the combustion reaction intensity in the reduction unit is higher. As shown in Figure 19, YHGC-char exhibits higher reactivity, resulting in a stronger Boudouard reaction intensity at a similar reduction temperature. This suggests that the reactivity of activated char significantly influences the strength of the Boudouard reaction in the reduction unit. The reactivity of activated char is directly related to the intensity of the Boudouard reaction in the reduction unit. The content of hydrogen-containing components in the system is very small, so the difference in the intensity of the steam char gasification reaction (R6) between these two experiment conditions is not obvious. The situation in reaction proportions further highlights the differences in the Boudouard reaction intensity. Although YHGC as a raw material has the higher combustion reaction intensity in the reduction unit, its ratio is still lower than CPGC (45.4% vs. 49.2%). The difference in the Boudouard reaction intensity resulting from the disparity in reactivity between YHGC-char and CPGC-char is more pronounced compared to the difference in combustion reaction intensity. The direct relationship of activated char reactivity and the Boudouard reaction intensity illustrates that the activation process enhances the reactivity of char towards CO2 reduction. According to the relationship between the reactivity of activated char and the Boudouard reaction, the activation process can improve the reactivity of activated char, which is conducive to the reduction of CO2.



The composition of the reduction unit gas and component yields in the reduction unit for the different raw materials is shown in Figure 22. When YHGC is used as the raw materials, the CO content in the reduction unit gas is significantly higher, while the CO2 content is lower. Part of the reason is that more CO2 is introduced into the system when CPGC is used as the raw material. The components’ net yields in the reduction unit are also one of the reasons. It can be observed that when YHGC is used as the raw material, there is a greater net generation of CO, and the net reduction of CO2 is achieved (the negative of the net yield) in the reduction unit. This can be attributed to differences in reaction intensities in the reduction unit. The higher reactivity of YHGC-char results in stronger Boudouard reactions at the same temperature, lower CO2 concentration, and lower carbon concentration (due to the lower feed rate of YHGC), ultimately leading to an increased net reduction of CO2. Compared with CPGC, YHGC is more suitable for CO2 reduction because of its high reactivity. And this high reactivity comes from the high specific surface area. Moreover, this also shows that the impact of activated char reactivity is more significant compared to CO2 concentration and carbon concentrations. From the perspective of reactivity, CPGC-char is more suitable for CO2 reduction than CPGC. The presence of activation processes significantly enhances the reactivity of CPGC, thereby making the difference between these two activated chars less than that of these two raw materials. The effect of CO2 reduction is determined by the reactivity of activated char.





4. Conclusions


These experiments aimed to study the reduction of CO2 using coal gasification char through activated-reduction technology on an activated-reduction bench-scale self-sustained platform. The impact of CO2 concentration and O2/C in the reduced agent on CO2 reduction was investigated. The effects of two typical coal gasification chars on CO2 reduction through activated-reduction technology were also studied. The main results are summarized as follows:



(1) The influence mechanisms of CO2 concentration and O2/C in the reduced agent on temperature in the reduction unit are different. The CO2 concentration affects the temperature profiles mainly by promoting the shift of the combustion reaction zone. O2/C mainly affects the size of the combustion reaction zone.



(2) Both CO concentration and temperature affect CO2 reduction by influencing the intensity of the Boudouard reaction. Near the upper limit of CO concentration, CO concentration significantly inhibited CO2 reduction. At 1200 °C, the upper limit is about 55%. At a distance from CO concentration, temperature significantly affects CO2 reduction.



(3) When the reduced agent O2/C is 0.18, CO2 concentration of 60% is the best parameter for CO2 reduction. The corresponding net CO2 reduction is 0.021 Nm3/kg. When CO2 concentration in the reduced agent is 50%, O2/C of 0.22 is the best parameter for CO2 reduction, corresponding to the net CO2 reduction of 0.065 Nm3/kg.



(4) The activation process has different effects on the reactivity of different coal gasification chars and can narrow the differences between raw materials. For YHGC-char, R0.5 is 1.31% higher than that of YHGC, while for CPGC, the difference is 11.45%. In addition, YHGC has a higher specific surface area, so its reactivity is higher, and it is more suitable for CO2 reduction. The activation process improves the reactivity of coal gasification chars and is beneficial to CO2 reduction in the reduction unit.







Author Contributions


Investigation and Writing—original draft, S.Z.; Conceptualization and Writing—review and editing, C.L.; Conceptualization and Project administration, Z.Z.; Investigation, R.C. All authors have read and agreed to the published version of the manuscript.




Funding


Supported by the Strategic Priority Research Program of the Chinese Academy of Sciences, Grant No. XDA 29030100.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors on request.




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations




	Aad
	The content of ash on the air-dry basis



	CFB
	Circulating fluidized bed



	CPGC
	Chiping gasification char



	CPGC-char
	Activated char of CPGC



	DR
	Downdraft reactor



	FCad
	The content of fixed carbon on the air-dry basis



	Mad
	The content of moisture on the air-dry basis



	Qnet,ad
	The net calorific value on the air-dry basis



	TGA
	Thermogravimetric analysis



	Vad
	The content of volatiles on the air-dry basis



	WGSR
	Water gas shift reaction



	YHGC
	Yihua gasification char



	YHGC-char
	Activated char of YHGC
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Figure 1. Schematic diagram of the activated-reduction bench-scale platform: (1) riser, (2) cyclone, (3) loop seal, (4) downdraft reactor, (5) gas cooler, (6) bag filter, (7) feeder, (8) pneumatic conveying equipment, (9) electric furnace of the CFB, (10) electric furnace of the DR, (11) sampling port I, (12), sampling port II, (13) gas heater, (14) water pump, (15) water tank. 
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Figure 2. Activated-reduction bench-scale platform. 
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Figure 3. The particle size distribution of quartz sand. 
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Figure 4. The particle size distribution of YHGC. 
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Figure 5. The particle size distribution of CPGC. 
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Figure 6. The temperature profiles under different CO2 concentrations in the reduced agent. 






Figure 6. The temperature profiles under different CO2 concentrations in the reduced agent.



[image: Energies 17 02164 g006]







[image: Energies 17 02164 g007] 





Figure 7. The situation of the activation unit gas under different CO2 concentrations in the reduced agent. 
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Figure 8. The situation of reactions under different CO2 concentrations in the reduced agent. 
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Figure 9. The situation of the reduction unit gas under different CO2 concentrations in the reduced agent. 
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Figure 10. The temperature profiles under different O2/C in the reduced agent. 
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Figure 11. The situation of the activation unit gas under different O2/C in the reduced agent. 
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Figure 12. The situation of reactions under different O2/C in the reduced agent. 
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Figure 13. The situation of the reduction unit gas under different O2/C in the reduced agent. 
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Figure 14. The temperature profiles under different coal gasification chars. 
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Figure 15. The figures of different chars. 
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Figure 16. SEM micrographs of different chars. 
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Figure 17. Raman original spectra of YHGC (a), CPGC (b), YHGC-char (c) and CPGC-char (d). 






Figure 17. Raman original spectra of YHGC (a), CPGC (b), YHGC-char (c) and CPGC-char (d).
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Figure 18. The Raman spectra results of different chars. 






Figure 18. The Raman spectra results of different chars.
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Figure 19. The R0.5 obtained from TGA of different chars. 






Figure 19. The R0.5 obtained from TGA of different chars.
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Figure 20. The situation of the activation unit gas under different coal gasification chars. 
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Figure 21. The situation of reactions under different coal gasification chars. 
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Figure 22. The situation of the reduction unit gas under different coal gasification chars. 






Figure 22. The situation of the reduction unit gas under different coal gasification chars.
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Table 1. Proximate and ultimate analyses of YHGC and CPGC.






Table 1. Proximate and ultimate analyses of YHGC and CPGC.





	
Material

	
Proximate Analyze/wt%

	
Ultimate Analyze/wt%

	
Qnet,ad

MJ/kg




	
Mad

	
FCad

	
Vad

	
Aad

	
Cad

	
Had

	
Oad

	
Nad

	
Sad






	
YHGC

	
1.08

	
64.05

	
7.08

	
27.79

	
66.83

	
0.56

	
3.32

	
0.24

	
0.18

	
22.94




	
CPGC

	
6.12

	
77.18

	
2.04

	
14.65

	
74.86

	
0.73

	
2.57

	
0.62

	
0.34

	
28.85








Note: ad represents the air-dry basis.













 





Table 2. Raman peak assignment [19,42,43,44].






Table 2. Raman peak assignment [19,42,43,44].





	Peak Name
	Functional Groups
	Position
	Type





	D4
	Hybrid bonds of sp2 and sp3
	1150 cm−1
	Lorentzian peak



	D1
	In-plane defects; Edge effects
	1350 cm−1
	Lorentzian peak



	D3
	Amorphous sp2 hybrid bonds
	1530 cm−1
	Gaussian peak



	G
	Graphite structure
	1580 cm−1
	Lorentzian peak



	D2
	Intercalate concentration
	1620 cm−1
	Lorentzian peak










 





Table 3. Experimental conditions for different CO2 concentrations in the reduced agent.






Table 3. Experimental conditions for different CO2 concentrations in the reduced agent.





	
No.

	
Material

	
Feed Rate

(kg/h)

	
Active Agent

	
Reduced Agent




	
Composition

	
O2/C

(Mol/Mol)

	
Composition

	
O2/C

(Mol/Mol)






	
1

	
YHGC

	
23

	
O2/CO2 (40%/60%)

	
0.073

	
O2/CO2 (70%/30%)

	
0.18




	
2

	
O2/CO2 (60%/40%)




	
3

	
O2/CO2 (50%/50%)




	
4

	
O2/CO2 (40%/60%)




	
5

	
O2/CO2 (30%/70%)











 





Table 4. Experimental conditions for different O2/C in the reduced agent.






Table 4. Experimental conditions for different O2/C in the reduced agent.





	
No.

	
Material

	
Feed Rate

(kg/h)

	
The Active Agent

	
The Reduced Agent




	
Composition

	
O2/C

(Mol/Mol)

	
Composition

	
O2/C

(Mol/Mol)






	
6

	
YHGC

	
23

	
O2/CO2 (50%/50%)

	
0.11

	
O2/CO2 (50%/50%)

	
0.12




	
7

	
0.17




	
8

	
0.22




	
9

	
0.27











 





Table 5. Experimental conditions for different coal gasification chars in the reduced agent.






Table 5. Experimental conditions for different coal gasification chars in the reduced agent.





	
No.

	
Material

	
Feed Rate

(kg/h)

	
The Active Agent

	
The Reduced Agent




	
Composition

	
O2/C

(Mol/Mol)

	
Composition

	
O2/C

(Mol/Mol)






	
6

	
YHGC

	
23

	
O2/CO2 (50%/50%)

	
0.11

	
O2/CO2 (50%/50%)

	
0.12




	
10

	
CPGC

	
32

	
O2/CO2 (31%/69%)

	
0.15

	
O2/CO2 (60%/40%)

	
0.10











 





Table 6. The pore structures of different chars.






Table 6. The pore structures of different chars.











	
	Specific Surface Area (m2/g)
	Pore Volume (cm3/g)
	Average Pore Diameter (Å)





	YHGC
	561.2566
	0.659410
	52.9117



	YHGC-char
	555.6712
	0.530141
	50.5930



	CPGC
	180.9190
	0.251470
	55.5980



	CPGC-char
	238.3206
	0.144802
	38.2710
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