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Abstract
Interaction of biochar gasified in the mixed CO2/steam is still unclear. In this study, the interactions between biochar with CO2 (C-CO2) and with steam (C-H2O(g)) were systematically investigated using a TG analyzer and a tube furnace. Results show that the chemical reaction state and intrinsic ash were the essential reasons for the existing together of the three interaction effects between C-CO2 and C-H2O(g). Specially, an inhibitive effect occurred during the demineralized biochar gasified in the CO2/H2O(g) atmosphere, expressing that the C-CO2 was inhibited by the C-H2O(g) under the chemical reaction regime. A competitive effect was dominated the interactions of demineralized biochar-CO2/H2O(g) under either intra- or extra-particle mass transfer regime; while an evolution of “inhibition to competition” appeared under the diffusion reaction regime. The presence of intrinsic ash such as Ca element was conducive to the occurring of the synergistic effect. 
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Introduction

Biochar or coal char is commonly gasified in coexistent agents of CO2 and steam (H2O(g)) in a real-world gasifier, and research into the specific reactivity of biochar/char gasification in the mixed CO2/H2O(g) atmosphere has been recently highlighted in the research and industry. 1, 2 Until now, there have been numerous studies on the investigation of the mechanisms and interactions that occur during the mixed CO2/H2O(g) gasification. 3-5 However, the chemical mechanisms and especially the interactions between biochar/char reacted with CO2/H2O(g) mixture remain unclear.
In general, three types of interactions that occur during CO2/H2O(g) mixture gasification between char-CO2 (C-CO2) and H2O(g) (C-H2O(g)) include inhibitive, independent, and synergistic interactions. First, the inhibitive effect was observed by some researchers who concluded that the reactants would completely or partially share the homologous active sites located on the surface of coal char. The addition of CO2 could reduce the reactivity of C-H2O(g) and that the reactivity of C-CO2 was easily inhibited by C-H2O(g) using different types of reactors, such as thermogravimetric analyzers, drop tube fixed-bed reactors, and fluidized-bed reactors. 3-6 Second, other studies have suggested that reactions involving C-CO2 occurred independently of C-H2O(g) during CO2/H2O(g) mixed gasification. In this scenario, C-CO2 and C-H2O(g) reactions happened on separate active sites. 7-9 The reactivity of C-CO2/H2O(g) is the sum of the reactivity of each agent. 10, 11 Third, the synergistic effect was primarily observed in coal gasification and sometimes in biomass gasification. 12-14 A co-occupation of active sites by C-CO2 and C-H2O(g) was observed during the mixture gasification, 7, 13 which resulted in a larger reactivity of C-CO2/H2O(g) compared to the sum of the reactivity of each agent sole gasification. Ultimately, there is a heated debate focused on the interactions between C-CO2 and C-H2O(g) during coal char or biochar gasification in recent years.

Exploratory efforts have been carried out to comprehensively explain the argumentative interactions between C-CO2 and C-H2O(g). Among the three interaction types, it is of great significance to understand how char is gasified with CO2 and H2O(g) in a synergistic pathway. The understanding of the effects of alkali and alkaline earth metallic species (AAEMs) on coal char gasification with a CO2/H2O(g) mixture was recently enhanced by researchers. 14-17 Feng et al.14 reported that steam favored the dispersion of K and Ca compounds in coal char in the mixed CO2/H2O(g) atmospheres, and the presence of Ca was obviously conducive to the reactivity of C-CO2. Gao et al.15 revealed that Ca catalysts promoted the pore structure development of coal char, which facilitated the synergistic effect of C-CO2 and C-H2O. Zhang et al.17 concluded that the distribution and catalytic performance of sodium were better than those of iron during coal char gasification with mixed CO2/H2O(g). In addition, the effect of pressure on coal char gasification with mixed CO2/H2O(g) was studied by Li et al.,18 who demonstrated that the reactions of C-CO2 and C-H2O(g) had different mechanisms under different pressure conditions (ranging from 0.1 to 2 MPa). Besides, CO2 was used as an agent to increase the thermal efficiency in biomass-H2O(g) gasification, which showed the reduction of preheating energy for the H2O(g) agent.19
In total, as far as our best knowledge, no mechanism was finally achieved to clarify the interactions between C-CO2 and C-H2O(g) in the previous studies. Due to differences in the carbon structure and elemental composition of coal char and biochar, it is essential to study the mechanisms behind biochar gasification with mixed CO2/H2O(g), which has been rarely reported in the literatures.

Therefore, the objectives of this serial studies are firstly to inherently interpret the interactions occurring biochar gasification in the mixed CO2/H2O(g) atmospheres. Due to the effect of particle size on the char gasification, 20 it is necessary to study the effects of chemical reaction state on the interaction effects between C-CO2 and C-H2O(g). In addition, the effect of inherent ash on the interaction effects were further discussed. All the gasification tests were carried out on a TG analyzer, and the results were verified using a bench-scale tube furnace. The results of this study would provide a reference for continued research and development of biochar gasification technology related to the gas streams of CO2 and H2O(g).

Experimental Section
Materials

PKS and PKS biochar. Palm kernel shell (PKS) obtained from Indonesia was selected as the biomass feedstock for this study. The PKS were crushed into particles with sizes of less than 180, 180 to 250, 250 to 830, 830 to 900 μm, and ~1000 μm, respectively, and then were dried at 105 °C to remove moisture prior to the experiments.
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Figure 1. Experimental setup for biochar preparation and gasification
A bench-scale apparatus was employed for preparing biochars. The apparatus has been well described in the previous literatures, 21 and is shown in Figure 1. Approximately 10 g of PKS materials were used in each pyrolysis experiment. The PKS material was fast pyrolyzed at the temperature of 850 °C in a N2 atmosphere at a rate of 120 mL/min. The fast pyrolysis experiments were performed for 15 min to ensure that the volatile matter was completely released. The reactor was taken out of the furnace immediately following the pyrolysis reaction and was cooled under air atmosphere, after which biochars with sizes of less than 180, 180 to 250, 250 to 830, 830 to 900, and ~1000 μm were obtained, respectively.
Demineralized PKS biochar. The demineralized PKS biochars were used to study the effect of chemical reaction state on the interactions between C-CO2 and C-H2O(g). The ash content including metal elements was removed from the PKS biochar by a pickling process. First, the PKS biochar was successively soaked in the hydrochloric acid and hydrofluoric acid of 5 mol/L, and the mixture was stirred with a magnetic stirrer at 60 °C for 3 h. Then the demineralized PKS biochar was washed with deionized water to neutral. The obtaining demineralized biochar was labeled as D-biochar.

Table 1 Ultimate and proximate analyses of the PKS and its biochars pyrolyzed at 850 °C
	
	ultimate analysis (wd, %)
	
	proximate analysis (wd, %) (wd, %)
	HHV, MJ/kg

	
	C
	H
	N
	S
	
	volatile
	FC
	ash
	

	PKS
	50.73
	5.97
	0.36
	0.06
	75.21
	22.74
	2.05
	20.35

	PKS biochar
	77.43
	1.20
	0.71
	0.03
	9.34
	75.68
	14.97
	27.10

	PKS D-biochar
	90.01
	2.58
	0.90
	0.04
	12.13
	87.65
	0.22
	30.87


The elemental composition of the PKS and its biochar was examined using an elemental analyzer (Vario EL III, Elementar, Germany). The volatile and ash contents were determined according to the ASTM E872 and ASTM E1755, and the ash content was calculated by difference. The higher heating values were tested using a calorimeter (C2000, IKA, Germany). The physical properties for the PKS and its biochars are shown in Table 1. Compositions of intrinsic ash in the PKS were Ca, Mg, Al, Fe, K, etc.21, 22
Biochar gasification

A thermogravimetric analyzer (STA 449 F3, Netzsch, Germany) and the bench-scale apparatus were both employed for biochar gasification in mixed agents of CO2 and H2O(g). The flow diagram of the TG analyzer is shown in Figure 2. Approximately 15 mg of biochar or D-biochar was used in each test. The effects of flow rate and biochar mass on gasification reaction state (chemical reaction regime, intra-particle diffusion regime, extra-particle diffusion regime, and intra-particle and extra-particle diffusion regime) were pretested. The results are shown in Figure S1. It is demonstrated that the effects of extra-particle mass transfer could be ignored when the flow rate exceeded 163 mL/min (for H2O(g)) or 200 mL/min (for CO2) at the PKS biochar mass of ~15 mg. Similarly, the effects of intra-particle mass transfer could be neglected when the particle size was less than 180 μm. All the details about the gasification conditions for biochars in this study were listed in Table 2.
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Figure 2. Flow diagram of the TG setup for biochar gasification
In each trial using the TG analyzer, the PKS biochar or D-biochar was placed into an aluminum oxide crucible (Figure S2), and then linearly heated from 30 to 850 °C at a rate of 10 °C/min in a pure N2 atmosphere (at a rate of 60 mL/min). When the reactor reached the temperature of 850 °C, the pure N2 was replaced by CO2/Ar, H2O(g)/Ar, or CO2/H2O(g) with different rate combinations, and held for 1.5 h. After gasification, N2 was introduced again to protect the instrument.
Table 2 Gasification conditions under different reaction regimes in the present study

	Tests
	Atmospheres, mL/min
	Total flow rate, mL/min
	Sizes of biochar, μm

	
	Gas 1
	Gas 2
	Partial pressure
	
	

	Chemical reaction regime
	
	
	

	1, 16
	CO2 (200)
	H2O (467)
	30%: 70%
	667
	180

	2, 17
	CO2 (200)
	Ar  (467)
	30%: 70%
	667
	180

	3, 18
	Ar  (200)
	H2O (467)
	30%: 70%
	667
	180

	4, 19
	CO2 (267)
	H2O (400)
	40%: 60%
	667
	180

	5, 20
	CO2 (267)
	Ar  (400)
	40%: 60%
	667
	180

	6, 21
	Ar  (267)
	H2O (400)
	40%: 60%
	667
	180

	Intra-particle mass transfer regime
	
	
	

	7, 22
	CO2 (267)
	H2O (400)
	40%: 60%
	667
	~1000

	8, 23
	CO2 (267)
	Ar  (400)
	40%: 60%
	667
	~1000

	9, 24
	Ar  (267)
	H2O (400)
	40%: 60%
	667
	~1000

	Extra-particle mass transfer regime
	
	
	

	10, 25
	CO2 (50 )
	H2O (75 )
	40%: 60%
	125
	180

	11, 26
	CO2 (50 )
	Ar  (75 )
	40%: 60%
	125
	180

	12, 27
	Ar  (50 )
	H2O (75 )
	40%: 60%
	125
	180

	Extra-, and intra-particle mass transfer regime
	
	

	13, 28
	CO2 (50 )
	H2O (75 )
	40%: 60%
	125
	~1000

	14, 29
	CO2 (50 )
	Ar  (75 )
	40%: 60%
	125
	~1000

	15, 30
	Ar  (50 )
	H2O (75 )
	40%: 60%
	125
	~1000


In each trial on the bench-scale apparatus, approximately 0.5 g of the PKS biochar or D-biochar was uniformly loaded into a porcelain boat that had a length of 100 mm and a height of 30 mm. The porcelain boat that contained sample was first placed into the cold zone of the reactor, and the reactor was heated from 30 to 850 °C at a rate of 10 °C/min in a pure N2 atmosphere (60 mL/min). When the temperature reached 850 °C, the porcelain boat containing biochar was immediately pushed into the high temperature zone and was held there for the target time (2, 5, 10, 15, 20 min, or even more minutes). Meanwhile, the pure N2 was switched to pure CO2 (at a rate of 120 mL/min) and H2O(g) (at a rate of 2042 mL/min). After gasification, the reactor was immediately removed from the furnace and was cooled under air atmosphere, after which biochars that displayed different extents of carbon conversion were obtained. 

The carbon conversion (x) and gasification reactivity index (Rs) were selected for evaluating the gasification properties of each biochar. It were calculated as follows.
x=(mi-mt)/(mi-mr)                                                              (1)

Rs=0.5/t50%                                                                   (2)

where mi, mt, and mr are the masses of the initial biochar, the biochar at time t and the residue, respectively. t50% is the time at which x reaches 50%.

Pore structure of biochars during gasification

An autosorb-iQ surface analyzer (Quantachrome, USA) was used to measure the pore structures of biochars by acquiring N2 adsorption-desorption isotherms at 77 K. The special surface area (SSA) was calculated using the BET equation method. The pore size distribution was determined using the QSDFT method. Prior to the adsorption measurement, the biochars were degassed at 180 °C in vacuum for 8 h.
Results and Discussion

Effect of chemical reaction state on the interactions of C-CO2 and C-H2O(g)
D-biochar gasified under the chemical reaction regime. The interactions of D-biochar-CO2 (D-C-CO2) and D-biochar-H2O(g) (D-C-H2O(g)) during CO2/H2O(g) mixture gasification were initially investigated under the conditions of their chemical reaction regime using the TG analyzer. Figure 3 displays the evolutions of the carbon conversion x during the CO2, H2O(g), and mixed CO2/H2O(g) gasification of PKS D-biochar under the chemical reaction regime. Table 3 lists the parameters for reactivity of the D-biochar gasified under these different atmospheres.
As shown in Figure 3a and Table 3, the x evolutions of D-C-CO2 and D-C-H2O(g) presented different patterns, the reaction of D-C-CO2 approximately followed a liner law, while the reaction of D-C-H2O(g) adhered to a nonlinearity principle. The Rs of D-C-CO2 (0.0095 min-1) was evidently lower than that of D-C-H2O (0.0229 min-1) under the CO2 partial pressure of 30%. At this CO2/H2O(g) partial pressure ratio of 3:7, the x evolution of mixed CO2/H2O(g) gasification was almost identical to that of H2O(g) gasification, indicating that the reaction of D-C-CO2 was strictly inhibited by D-C-H2O(g). As the partial pressure of CO2 increased to 40% (see Figure 3b), the reactions of D-C-CO2 and D-C-H2O(g) still followed the liner law and nonlinearity law, respectively; the Rs of D-C-CO2 (0.0138 min-1) increased to close to that of D-C-H2O(g) (0.0200 min-1). At the time of 70 min, the x of D-C-CO2 with a value of 86.99% was even higher than those of the D-C-H2O(g) (84.53%) and the D-C-CO2/H2O(g) (83.70%). Nonetheless, a similar pattern of inhibition was observed during the mixed CO2/H2O(g) gasification at the CO2/H2O(g) partial pressure ratio of 4:6.
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Figure 3. Carbon conversion curves of PKS D-biochars during gasification under chemical reaction regime using the TG analyzer
More evidences for the inhibition were provided in Figure S3. Based on all the above data, it allows us to conclude that the reaction of D-C-CO2 was easily inhibited by D-C-H2O(g) when the latter reaction was in the chemical reaction regime. It is well agreed with the results in previous literatures, of which conditions was 90-106 μm and a total gas flow rate of 5 L/min, 23 and 5-6 mg biochar loaded, and a total gas flow rate of 225-900 mL/min. 24 Therefore, we interpret that the inhibition effect occurs during CO2/H2O(g) mixed gasification under the chemical reaction regime. Experimental results obtaining from the chemical reaction regime in the previous studies also support this conclusion. 25, 26
Table 3 Reactivity parameters of PKS D-biochars gasified under the chemical reaction regime

	Tests
	Atmospheres, mL/min
	t50%, min
	Rs, min-1
	x70mina, %

	
	Gas 1
	Gas 2
	Partial pressure
	
	
	

	Chemical reaction regime
	
	
	
	

	1
	CO2 (200)
	H2O (467)
	30%: 70%
	21.3
	0.0235
	85.83

	2
	CO2 (200)
	Ar  (467)
	30%: 70%
	52.4
	0.0095
	63.11

	3
	Ar  (200)
	H2O (467)
	30%: 70%
	21.8
	0.0229
	87.73

	4
	CO2 (267)
	H2O (400)
	40%: 60%
	23.7
	0.0211
	83.70

	5
	CO2 (267)
	Ar  (400)
	40%: 60%
	36.2
	0.0138
	86.99

	6
	Ar  (267)
	H2O (400)
	40%: 60%
	25.0
	0.0200
	84.53

	Intra-particle mass transfer regime
	
	
	
	

	7
	CO2 (267)
	H2O (400)
	40%: 60%
	22.7
	0.0220
	93.60

	8
	CO2 (267)
	Ar  (400)
	40%: 60%
	68.1
	0.0073
	51.26

	9
	Ar  (267)
	H2O (400)
	40%: 60%
	31.2
	0.0160
	77.32

	Extra-particle mass transfer regime
	
	
	
	

	10
	CO2 (50)
	H2O (75)
	40%: 60%
	25.8
	0.0194
	83.94

	11
	CO2 (50)
	Ar  (75)
	40%: 60%
	>70
	<0.0071
	25.54

	12
	Ar  (50)
	H2O (75)
	40%: 60%
	32.2
	0.0155
	80.71

	Intra-, and extra-particle mass transfer regime
	
	
	

	13
	CO2 (50)
	H2O (75)
	40%: 60%
	30.4
	0.0165
	82.20

	14
	CO2 (50)
	Ar  (75)
	40%: 60%
	>70
	<0.0071
	25.68

	15
	Ar  (50)
	H2O (75)
	40%: 60%
	35.7
	0.0140
	77.60


a: the carbon conversion x at the time of 70 min.
The x evolutions of the PKS D-biochars gasified under the chemical reaction regime were further investigated using the tube furnace, and the results are presented in Figure 4. A value of x was observed during the CO2/H2O(g) mixed gasification, which is lower than the sum of the CO2 and H2O(g) sole gasification, but higher than the value of CO2 or H2O(g) sole gasification. As expected, the inhibitive effect was obtained during the mixed CO2/H2O(g) gasification, especially when the x exceeded ~40% of D-biochar gasified using the tube furnace, which agrees with the conclusion obtained by the TG analyzer. Differentiated from TG analysis, the x values of the mixed CO2/H2O(g) gasification is correspondingly higher than those of H2O(g) gasification. Two reasons are proposed as follows: 1) pore structures on the surface of D-biochar with various sizes were formed at the closed-pore opening stage, the reactions of D-C-CO2 and D-C-H2O(g) competitively reacted for the active sites which are mainly consisted of microporous structures. 7 Therefore, a weak inhibition effect was occurred in this stage; 2) The difference between the TG and tube furnace analyses is essentially attributed to the flow characteristics of the agents relating to the fixed D-biochar in the tube furnace, and apparently, the gas flow at 100% partial pressure (the mixed CO2/H2O(g) gasification) promoted the gasification reaction.
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Figure 4. Evolution of carbon conversions of PKS D-biochars during gasification using the tube furnace
From the analysis above all, it could be concluded that the competitive effect was slightly occurred at the initial stage, and the inhibitive effect is the main behavior during the mixed CO2/H2O(g) gasification under the chemical reaction regime. The reaction of D-C-CO2 is inhibited by D-C-H2O(g) in their chemical regime, which is mainly attributed to the characteristics of the non-polar structure of molecular CO2, 27 and the higher internal diffusion resistance of CO2 during gasification. 28
D-biochars gasified under the intra-particle mass transfer regime. As the particle size increased from 180 to ~1000 μm, the D-biochar was gasified under the intra-particle mass transfer regime. Mass transfer within particles is the rate-control step during gasification. TG results of the D-biochars during CO2, H2O(g), and mixed CO2/H2O(g) gasification under the intra-particle mass transfer regime are presented in Figure 5, and parameters for reactivity of the D-biochars are listed in Table 3.
As shown in Figure 5 and Table 3, the reactivity index Rs of D-C-CO2 under the intra-particle mass transfer regime was with a value of 0.0082 min-1 at a CO2 partial pressure of 40%, which was obviously lower than that of D-C-H2O(g) (0.0160 min-1) at a H2O(g) partial pressure of 60%. In addition, the x70min of the CO2 gasification was 54.77%, which was significantly lower than that of H2O(g) gasification (77.32%). The combined results strongly suggest that the reaction rate of D-C-CO2 was slower than that of D-C-H2O(g) under this condition, which is similar to be under their chemical reaction regime. However, due to the increment of particle sizes, the rate of mass transfer during gasification was reduced, and both the reaction rates of D-C-CO2 and D-C-H2O(g) under the intra-particle mass transfer regime were correspondingly lower than those under the chemical reaction regime.
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Figure 5. Carbon conversion curves of PKS D-biochars gasified under intra-particle mass transfer regime
In addition, the x values of the mixed CO2/H2O(g) gasification were higher than those of H2O(g) gasification and CO2 gasification. The x evolution of mixed CO2/H2O(g) gasification was in keeping with that of H2O(g) gasification, whereas the distance value of x between the mixed CO2/H2O(g) gasification and sole gasification was increased as the increasing time. It was demonstrated that the competitive interaction, rather than the inhibitive interaction between D-C-CO2 and D-C-H2O(g), occurred during the mixed gasification. It is mainly ascribed to the reduction of the D-C-H2O(g) reactivity under the intra-particle mass transfer regime, compared to the chemical reaction regime. Achieving data also show that the Rs of D-C-H2O(g) under the intra-particle mass transfer regime was 0.0160 min-1, with a reduction ratio of 20% than that under the chemical reaction regime (0.0200 min-1). Hence, the inhibitive effect of D-C-H2O(g) on D-C-CO2 was weakened as the reaction state changed from chemical reaction regime into intra-particle mass transfer regime, expressing as a competitive effect.
D-biochars gasified under the extra-particle mass transfer regime. As the total flow rate decreased to 125 mL/min, the D-biochar was gasified under the extra-particle mass transfer regime. The TG results of the D-biochars during CO2, H2O(g), and mixed CO2/H2O(g) gasification are presented in Figure 6, and parameters for the reactivity of D-biochars are listed in Table 3.
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Figure 6. Carbon conversion curves of PKS D-biochars gasified under extra-particle mass transfer regime
As shown in Figure 6 and Table 3, the values of t50% and x70min of D-C-CO2 under extra-particle mass transfer regime were exceed 70 min and 25.54%, respectively, compared to those of 36.2 min and 86.99% under the chemical reaction regime, and 61.2 min and 54.77% under the intra-particle mass transfer regime. A significantly lower reactivity of D-C-CO2 was observed under the extra-particle mass transfer regime at a CO2 partial pressure of 40%, whereas the reactivity of D-C-H2O(g) under the extra-particle mass transfer regime was close to those under the intra-particle mass transfer regime and chemical reaction regime.

The x evolutions of mixed CO2/H2O(g) gasification, H2O(g) gasification, and CO2 gasification under the extra-particle mass transfer regime were comparable to those under the intra-particle mass transfer regime. That is to say, the competitive effect dominates the interaction between D-C-CO2 and D-C-H2O(g) which were both under the extra-particle mass transfer regime. As a consequence, the interactions of biochar reacted with the CO2/H2O(g) atmosphere exhibited competitive effect during the mixed gasification under the extra-particle mass transfer regime.

D-biochars gasified in the intra-, and extra-particle mass transfer regime. As the particle size increased from 180 to ~1000 μm and the total flow rate decreased to 125 mL/min, the D-biochar would gasified under the intra-, and extra-particle mass transfer regime. TG results of the D-biochars during CO2, H2O(g), and mixed CO2/H2O(g) gasification under the intra-, and extra-particle mass transfer regime are presented in Figure 7, and parameters for the reactivity of the D-biochars are listed in Table 3.
Figure 7 shows that the reactivity index Rs of D-biochar reacted with mixed CO2/H2O(g) under the intra-, and extra-particle mass transfer regime was 0.0165 min-1, which was significantly lower than those under intra-particle regime (0.0220 min-1) and extra-particle regime (0.0194 min-1), suggesting a lower reactivity of D-biochar occurred during gasification under the mass transfer regime. It is observed that two steps of the x evolution could be divided during the gasification under this diffusion regime. When the x was lower than 27%, the x evolution of D-C-CO2/H2O(g) was almost identical to that of the sum of D-C-H2O(g) and D-C-CO2, indicating an independence effect occurred between the reactions of D-C-H2O(g) and D-C-CO2. Therefore, the D-biochar was independently reacted with CO2 and H2O(g) under the diffusion regime at this stage.
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Figure 7. Carbon conversions of PKS D-biochars gasified under diffusion transfer regime
As the x exceeded 27%, the x values of D-C-CO2/H2O(g) were correspondingly lower than those of sum of the D-C-H2O(g) and D-C-CO2, and higher than those of the both two sole gasification. It is reported that the pore expansion behavior dominated the D-C-H2O(g) gasification.29 The pore structure on the surface of biochar presented mesoporous characteristics, which go against the reaction of D-C-CO2. Therefore, the reaction of D-C-CO2 was gradually inhibited by the reaction of D-C-H2O(g) in this stage (x>27%), resulting in a competition effect. In conclusion, the independence effect and competition effect appeared successively during the D-C-CO2/H2O(g) under the intra-, and extra-particle mass transfer regime.
Combined with the above analyses and results from previous studies, we conclude that, it is the chemical reaction state that different interactions occurred during the PKS D-biochar gasification in the mixed CO2/H2O(g) atmosphere. A competitive effect might occur in the initial stage, and the interaction between the reactions of D-biochar with H2O(g) and CO2 under the chemical reaction regime was dominated by an inhibitive effect. In addition, a competitive effect occurred between the reactions of D-C-CO2/H2O(g) under both the intra-particle and extra-particle transfer reaction regime, and an evolution of independent effect to inhibitive effect was observed under the diffusion transfer regime.

Effect of ash on the interactions of C-CO2 and C-H2O(g)
Biochars gasified under the chemical reaction regime. The interactions of C-CO2 and C-H2O(g) during CO2/H2O(g) mixed gasification under their chemical reaction regime were investigated using the TG analyzer. Figure 8 displays the x evolutions during gasification of PKS biochar under the chemical reaction regime. Table 4 lists the parameters for reactivity of the PKS biochar gasified under such different atmospheres.
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Figure 8. Carbon conversions of PKS biochars gasified under chemical reaction regime
Compared to the data in Figure 3 and Table 3, lower values of t50% were respectively obtained during C-CO2, C-H2O(g), and C-CO2/H2O(g) in Figure 8, which is attributed to the catalytic effect of intrinsic ash composition. More micropores could be produced by the catalytic effect of the intrinsic ash, 15 which favored the process of gasification at the initial stage. 30 As the x exceeded 70%, mesopores dominated the pore structure on the surface of biochar during gasification, resulting in a slow rate of gasification and a lower x70min value for C-CO2/H2O(g) than D-C-CO2/H2O(g). In addition, the presence of ash would obstruct the contact between agents and biochar, also resulting in lower x values when the gasification time t exceeded 40 min. 
Table 4 Reactivity parameters of PKS biochar gasified under different reaction state

	Tests
	Atmospheres, mL/min
	t50%, min
	Rs, min-1
	x70mina, %

	
	Gas 1
	Gas 2
	Partial pressure
	
	
	

	Chemical reaction regime
	
	
	
	

	16
	CO2 (200)
	H2O (467)
	30%: 70%
	13.2
	0.0379
	77.61

	17
	CO2 (200)
	Ar  (467)
	30%: 70%
	49.1
	0.0102
	63.43

	18
	Ar  (200)
	H2O (467)
	30%: 70%
	18.2
	0.0275
	75.23

	19
	CO2 (267)
	H2O (400)
	40%: 60%
	13.8
	0.0362
	78.13

	20
	CO2 (267)
	Ar  (400)
	40%: 60%
	38.9
	0.0129
	72.18

	21
	Ar  (267)
	H2O (400)
	40%: 60%
	23.0
	0.0217
	69.79

	Intra-particle mass transfer regime
	
	
	
	

	22
	CO2 (267)
	H2O (400)
	40%: 60%
	9.9
	0.0505
	100

	23
	CO2 (267)
	Ar  (400)
	40%: 60%
	61.2
	0.0082
	54.77

	24
	Ar  (267)
	H2O (400)
	40%: 60%
	19.9
	0.0251
	95.33

	Extra-particle mass transfer regime
	
	
	
	

	25
	CO2 (50)
	H2O (75)
	40%: 60%
	13.0
	0.0385
	79.53

	26
	CO2 (50)
	Ar  (75)
	40%: 60%
	33.1
	0.0151
	81.77

	27
	Ar  (50)
	H2O (75)
	40%: 60%
	19.2
	0.0260
	79.77

	Intra-, and extra-particle mass transfer regime
	
	
	

	28
	CO2 (50)
	H2O (75)
	40%: 60%
	10.9
	0.0459
	100

	29
	CO2 (50)
	Ar  (75)
	40%: 60%
	52.6
	0.0095
	64.01

	30
	Ar  (50)
	H2O (75)
	40%: 60%
	30.0
	0.0167
	90.54


a: the carbon conversion x at the time of 70 min.
Compared to the reaction of D-C-CO2/H2O(g), it can be inferred that the intrinsic ash played a key role in the evolution of interaction between C-CO2 and C-H2O under the chemical reaction regime, exhibiting as “independent effect to competitive effect to inhibitive effect”. In the initial stage (x<32%), amounts of micropores with sizes of 0.93 to 1.47 nm and 0.60 to 0.80 nm were well produced in the presence of intrinsic ash, 31 especially the Ca component. 16 Thus biochar gasified with CO2 and H2O(g) synchronously during gasification at this stage. As the x increased to ~70%, the number of micropores ranging from 0.93 to 1.47 nm was gradually decreased by reacting with CO2, 31 and more CO2 diffused into mesopores and competitively reacted with biochar with steam, resulting in a competitive effect. However, mesoporous structure was not suitable for CO2 gasification, the competitive effect was consequently changed into a totally inhibitive effect when the carbon conversion exceeded 70%.
Biochars gasified in the intra-particle mass transfer regime. The x evolution of the PKS biochars during gasification under intra-particle mass transfer regime is presented in Figure 9, and typical parameters for the reactivities are listed in Table 4. 
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Figure 9. Carbon conversions of PKS biochars gasified under intra-particle mass transfer regime
As shown in Figure 9 and Table 4 and combined with data from Figure 5, the interaction between C-CO2 and C-H2O(g) was changed from the competitive effect to a synergistic effect in the presence of intrinsic ash. A weaker promotion effect was observed in the reaction of C-CO2, while a stronger promotion was obtained in the reaction of C-H2O(g) in the presence of ash under the intra-particle mass transfer regime. There was a significant improvement on the Rs of C-CO2/H2O(g) (0.0505 min-1) compared to that of D-C-CO2/H2O(g) (0.0220 min-1). The intrinsic ash favored the formation of pore structure on the surface of biochar and especially the microporous structure at the stage of x<50%, which was facilitating on the reactivity of biochar gasification.
Under the intra-particle mass transfer regime, the value of x70min of C-CO2/H2O(g) was 100%, which was close to the x70% value of 93.60% of D-C-CO2/H2O(g). Both the above two values were significantly higher than those of C-CO2/H2O(g) (78.13%) and D-C-CO2/H2O(g) (83.70%) under the chemical reaction regime, which was ascribed to the mechanical strength of the biochar particle gasified under intra-particle mass transfer regime. More pore structures, especially micropores, remained on the surface of biochar when the x exceeded 50% under the intra-particle mass transfer regime than that under the chemical reaction regime. Therefore, a higher carbon conversion was observed during gasification at the stage of x>50% under the intra-particle mass transfer regime. In addition, the value of Rs of C-CO2/H2O(g) and D-C-CO2/H2O(g) were 0.0505 and 0.0220 min-1 under intra-particle mass transfer regime, which were both higher than those of 0.0362 and 0.0211 min-1 under the chemical reaction regime, respectively. It is also related to the difference in the characteristics of pore structure that more micropores were formed during gasification under the intra-particle mass transfer regime. All the data above suggest that the reaction of biochar/D-biochar gave a better performance under the intra-particle mass transfer regime than the chemical reaction regime.

Tests were subsequently carried out using the tube furnace to verify the synergistic effect between C-CO2 and C-H2O(g) under the intra-particle transfer regime. Figure 10 exhibits the evolution of interaction effects of C-CO2/H2O(g) in the presence of intrinsic ash. Two types of interactions, including synergistic and competitive effects, were observed during the CO2/H2O(g) mixed gasification under the intra-particle mass transfer regime. Specifically, the synergistic effect was obtained during the carbon conversion x ranging from 0 to 23%, which could be explained by the complementation of optimum pore structures for each reaction of C-CO2 and C-H2O(g). 7 As reported in the literature, micropores with sizes ranging from approximately 1 to 1.5 nm are the primary gasification sites for CO2 gasification, and can be produced by H2O(g) gasification in the earlier stage. 32 It is mainly the coupling effect of the evolutions of created pores between C-CO2 and C-H2O(g) that the synergistic effect was obtained.
When x exceeded 23% during CO2/H2O(g) mixed gasification, mesoporous structures with sizes greater than 5 nm were gradually formed through the pore expansion effect during H2O(g) gasification and dominated the pore structures on the surface of biochar. 12, 30 Such evolution of pore structure was negative to the reactivity of C-CO2, and therefore, the reaction of C-CO2 was gradually inhibited by the reaction of C-H2O(g). As a result, the interaction between C-CO2 and C-H2O(g) presented the competitive effect as the x exceeded 23%. It allows us to conclude that a synergistic effect and an additional competitive effect occurred between C-CO2 and C-H2O(g) in the presence of intrinsic ash under the intra-particle mass transfer regime.
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Figure 10. Interactions during CO2/H2O(g) gasification under intra-particle mass transfer regime
Biochars gasified in the extra-particle mass transfer regime. The x evolutions of PKS biochars during CO2 gasification, H2O(g) gasification, and mixed CO2/H2O(g) gasification under the extra-particle mass transfer regime are presented in Figure 11, and parameters for reactivities are listed in Table 4. 
An expected promotion for gasification reactivity of biochar was obtained from analyses of Figure 11 compared to Figure 6, duing to the catalytic effect from the intrinsic ash. By contrast to those under intra-particle mass transfer, an obviously higher promotion was presented in the reaction of C-CO2 than that in C-H2O(g) in the presence of ash under the extra-particle mass transfer regime. The competitive effect dominated the interactions between C-CO2 and C-H2O(g) in the presence of ash, which is identical to that in the absence of ash. It equals that the intrinsic ash did not alter the type of interactions during C-CO2/H2O(g) under the extra-particle mass transfer regime.
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Figure 11. Carbon conversions of PKS biochars gasified under extra-particle mass transfer regime
Biochars gasified under the intra-, and extra-particle mass transfer regime. The x evolution of the PKS biochars during gasification under the intra-, and extra-particle mass transfer regime are presented in Figure 12, and parameters for the reactivities of biochars are listed in Table 4. 
A synergistic effect was observed during PKS biochar gasified in the CO2/H2O(g) mixture under diffusion reaction regime in the presence of intrinsic ash, compared to the “independent to competitive” effect in the absence of ash (see Figure 7). The reason for the appearance of synergistic effect had been clarified in the above section of “biochars gasified under the intra-particle mass transfer regime”. In addition, the interaction type under the diffusion reaction regime exhibited as the synergistic effect rather than the competitive effect, indicating that the effect of intra-particle mass transfer regime on the interaction type was greater than that of extra-particle mass transfer regime.
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Figure 12. Carbon conversions of PKS biochars gasified under diffusion transfer regime

From the above analysis, it allows us to conclude that the interactions between C-CO2 and C-H2O(g) were essentially affected by the chemical reaction states of biochars gasified with CO2/H2O(g) mixtures. The evolution of interactions between the two reactions during CO2/H2O(g) mixed gasification is summarized in Figure 13. The inhibitive effect was observed as a dominant behavior during the C-CO2/H2O(g) under the chemical reaction regime, representing the reaction of C-CO2 was inhibited by the reaction of C-H2O(g), which has been verified by the previous references.6, 25, 26, 33-35 The interaction effect presented various appearances when biochar gasified under the diffusion reaction regime. The competitive effect and synergistic effect were observed during biochar gasified under the extra-particle, and intra-particle mass transfer regime, respectively, which have been demonstrated by the literatures of [12-14, 26]. The presence of intrinsic ash was conducive to the emergence of an independent or synergistic effect during the C-CO2/H2O(g) at a certain stage, and the answer for inhibitive or synergistic effect was depended on the gasification reaction state.
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Figure 13. Variation of interactions between C-CO2 and C-H2O(g)
Table 5 Summary of studies in CO2/H2O(g) mixture gasification
	Reference
	Sample
	Conditions
	Interaction

	Wang, et al.6
	coal char, 250 μm
	833 °C, rate-limited by the surface reactions 
	inhibition

	Chang, et al.7
	biochar, 180 μm
	TG, 850 °C, intermittent addition of H2O
	synergy

	Jayaraman, et al.8
	coal char, 3 mm
	TG, 850-950 °C, H2O flow rate of 20 mL/min
	independence

	Huang, et al.10
	coal char, 10 mg
	TG, 850-950 °C
	independence

	Nilsson, et al.11
	dried sewage sludge char
	TG, 800-900 °C
	independence

	Jayaraman, et al.36
	coal char, 3 mm,
	TG, total flow rate of Ar+H2O+CO2120 mL/min
	synergy

	Chen, et al.25
	coal char, 106 μm, 300 mg
	TG, 1000 °C, total flow rate of 400 mL/min
	inhibition

	Umemoto, et al.26
	coal char, 40 μm, 5 mg,
	TG/pressurized drop tube furnace, 900-1000 °C, 
	inhibition /competition

	Zhang, et al.33
	coal char
	pressurized TG, no diffusion effect
	inhibition

	Roberts, et al.34
	coal char
	pressurized TG, 850 °C
	inhibition

	Chen, et al.35
	coal char, 180 μm, 300 mg
	TG, total flow rate of 300 mL/min
	inhibition


Effect of Ca on the interactions

Ca element is the most abundant metal element in the PKS biochar. 21, 22 Ca element played a catalytic effect at atmosphere pressure during gasification. 37 In this study, the effect of Ca on the interactions between C-CO2 and C-H2O(g) was investigated using TG analyzer. The x evolutions of the Ca/biochars during gasification under the chemical reaction regime and diffusion reaction regime are presented in Figure 14, and parameters for the reactivity are listed in Table 6.
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Figure 14. Carbon conversions of Ca/biochars during gasification under different reaction state

Table 6 Reactivity parameters of Ca/biochar gasified under different reaction state

	Tests
	Atmospheres, mL/min
	t50%, min
	Rs, min-1
	x60mina, %

	
	Gas 1
	Gas 2
	Partial pressure
	
	
	

	Chemical reaction regime
	
	
	
	

	31
	CO2 (267)
	H2O (400)
	40%: 60%
	6.5
	0.0769
	100

	32
	CO2 (267)
	Ar  (400)
	40%: 60%
	19.9
	0.0251
	95.54

	33
	Ar  (267)
	H2O (400)
	40%: 60%
	8.9
	0.0562
	97.32

	Intra-, and extra-particle mass transfer regime
	
	
	

	34
	CO2 (50)
	H2O (75)
	40%: 60%
	7.7
	0.0649
	100

	35
	CO2 (50)
	Ar  (75)
	40%: 60%
	32.4
	0.0154
	81.23

	36
	Ar  (50)
	H2O (75)
	40%: 60%
	12.8
	0.0391
	98.01


a: the carbon conversion x at the time of 60 min.
The Rs of Ca/biochar were 0.0251, 0.0562, and 0.0769 min-1, which were respectively higher than the values of 0.0138, 0.0200, and 0.0211 min-1 of the PKS D-biochar gasified in the CO2, H2O(g), or CO2/H2O(g) mixture. It is indicated that the addition of Ca significantly promoted the reactivity of biochar, especially at an early stage during the gasification process. 38 As described in the Method section, the load of Ca to the D-biochar was 5%, while the content of the intrinsic ash in the partially-gasified biochars were more than 10%. However, the Rs of Ca/biochar were also obviously higher than the values of 0.0129, 0.0217, and 0.0362 min-1 of biochar in the CO2, H2O(g), or CO2/H2O(g) mixture.
Conclusion
The PKS biochar was selected to further investigate the interactions between C-CO2 and C-H2O(g) under different reaction conditions using a TG analyzer and a tube furnace. The interaction types were effectively influenced by the gasification conditions and intrinsic ash compositions. An inhibitive effect was commonly achieved during CO2/H2O(g) mixed gasification in the chemical reaction regime. The reaction of C-CO2 was easily inhibited by C-H2O(g). A synergistic effect combined with a competitive effect was observed during CO2/H2O(g) mixed gasification under the diffusion reaction regime. The presence of intrinsic ash was conducive to the emergence of an inhibitive or synergistic effect during the C-CO2/H2O(g).
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