A pulsating H2O approach to improve biochar reactivity and syngas quality: Ⅱ. Mechanism, priority and optimum
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Abstract
The reaction of biochar-CO2 (C-CO2) is the speed-control reaction in a real-world gasifier. In this study, a new impulsive H2O(g) approach was introduced and optimized to improve the reactivity and syngas quality from biochar gasification using a TG analyzer and a tube furnace. An interaction of “independent to competitive” effect was observed during D-biochar gasified in CO2/H2O(g) under diffusion reaction regime. Micropores suitable for C-CO2 was produced by H2O(g) within a specific stage, which created the desired synergistic effect between C-CO2 and C-H2O(g). The introduction of pulsating H2O(g) was employed to supply micropores for C–CO2 and avoid the pore expansion effect of C–H2O(g) (which is negative to C–CO2). As a consequence, an improvement on the obtained syngas yield and a remarkable H2O(g)-saving effect were achieved using the new approach on the premise of not significantly reducing the corresponding carbon conversion than using the traditional mixed CO2/H2O(g) method. 
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Introduction
The increment in global energy demands, coupled with the increasing introduction of various pollutants into the environment, is prompting governments and researchers across the global to reconsider energy policies and develop alternative energy sources in an environmentally friendly manner. Biomass is one of the most promising renewable energy alternatives for alleviating such environmental stresses, and biomass gasification is considered to be an environmentally-friendly approach with higher thermal efficiency.1, 2 Two stages including pyrolysis and biochar gasification is commonly divided in a biomass gasification process. In industry, the primary agent for biochar gasification is air or oxygen-rich air, and the main gaseous products are CO2 and CO. Besides that, another excess CO2 are generated from biochar combustion reaction in the oxidation zone (taking a fixed-bed gasifier as an example in Figure S1). Inevitably, the reaction of biochar with CO2 (C–CO2) is the speed-control reaction for biochar gasification.
Adding steam (H2O(g)) into gasification zone is one of the most common and effective approach to improve the reactivity of C–CO2 and upgrade the syngas quality. 3-8 The reactivity of biochar, molar ratio of H2/CO and higher/lower heating value (HHV/LHV) of gaseous products are the essential factors for evaluating the superiority of a specific H2O(g), H2O(g)/CO2, or H2O(g)/air technique. As described above, the essential content of air gasification is also the reaction of C–CO2, reflecting on the reactivity of C–CO2 determined the final gas quality. Lv et al.3 obtained a fuel gas yield of 1.95 to 2.57 Nm3/(kg biomass) and a fuel gas LHV of 8.10 to 9.14 MJ/Nm3 from air/H2O(g) gasification, which are both significantly higher than those of 1.46 Nm3/(kg biomass) and 6.74 MJ/Nm3 from air gasification of pine sawdust using a fluidized bed. They also reported that the air/H2O(g) and oxygen/H2O(g) gasification were both more profitable than air gasification in a downdraft gasifier with a maximum gases LHV of 11.11 MJ/Nm3, which was attributed to the higher yield and volume content of H2 and CO in the gaseous products. 4 The contribution to the improvement of producing gas quality mainly originated from the reactions of vapor–carbon (C–H2O(g)) and vapor–CO (water–gas shift reaction, for H2 production) in a gasifier. 5-7
The introduction of H2O(g) into C-CO2 gasification could increase the exergy values 9 and cold gas efficiency10 of gaseous products. However, the excess addition of H2O(g) needs more overall requirement energy,11 and thus is not conductive to the gas exergy increment and temperature stability for a large-scale gasifier.3 Additionally, it also exhibits a negative effect on the net gasification efficiency compared to the air gasification. In order to improve the efficient performance of biochar H2O(g) gasification, Campo and co-researchers reported a H2O(g) gasification system combining with a solar collector heat source to achieve water consumption and higher system performance.12 Zhang et al. 13 presented a comparable valuable system, including a partial gasification unit and a ground source heat pump unit, for biomass utilization. The exergy efficiency of this system could reach up to ~13.65% and the unit cost of hot water was 92.5 $/GJ. Results from Lim and Lee suggested to reduce the injection of H2O(g) and air to alleviate the negative effect on the net gasification efficiency at an air/H2O(g) gasification. 14 As far as our best knowledge, no further study from the perspective of H2O(g) consumption reduction was carried out to discuss the characteristics and mechanism of pulsed adding H2O(g) technique on the enhancement of biochar gasification.
To comprehensive solve this problem, it is initial to investigate the interactions between the reactions of biochar with different agents, mainly including CO2, CO, H2O(g), and H2 coexisted inside the biomass gasifier under the air/H2O(g) atmosphere, where the H2O(g) and CO2 constituents participate in the following gasification reactions. To summary, the reaction of C–CO2 is also the speed-control reaction for biochar gasification in a real-world gasifier.15, 16 
C(s) + CO2(g) ⇌ 2CO(g)         ΔH=172 kJ/mol                                   (1)

C(s) + H2O(g) ⇌ CO(g) + H2(g)    ΔH=131 kJ/mol                                   (2)

C(s) +2H2O(g) ⇌ CO2(g) + 2H2(g)  ΔH=96 kJ/mol                                    (3)

C(s)+2H2(g) ⇌ CH4(g)           ΔH=-75 kJ/mol                                   (4)

Thus, it is necessary to understand the mechanisms and properties pertaining to the interactions between C–H2O(g) and C–CO2 to achieve their optimal conditions in industrial gasification with ideal reactivity for biochar, and higher HHV and exergy for gaseous products. Until now, there have been numerous studies that on the investigation of the mechanisms and interactions that occur during the mixed CO2/H2O(g) gasification. 17-19 Unfortunately, no mechanism was finally achieved to clarify the interaction of C–CO2 and C–H2O(g) in the previous studies. Results from our previous work are demonstrated that the chemical reaction state and intrinsic ash are the essential reasons for the existing together of the three interaction effects between C–CO2 and C–H2O(g) (title of “A new impulsive steam approach to improve biochar reactivity and gas quality: Ⅰ. In-depth insight into interactions of biochar-CO2/steam”). No universal regularity approach was obtained to directional achieve the synergistic effect of C–CO2 and C–H2O(g) during the mixed CO2/H2O(g) gasification.
Therefore, the process optimization of H2O(g) becomes another considerable problem to be solved in the mixed CO2/H2O(g) gasification. In general, H2O(g) as an agent is introduced through the whole biochar gasification process. This technique was considered as a promising method for the promotion of biochar reactivity, but it as well as possesses huge requirement energy for H2O(g) generation and higher CO2 contents in the gaseous products. We proposed a new CO2/intermittent H2O(g) gasification technique in the previous work based on the comprehensive analysis of sole C–CO2 and sole C–H2O(g), 16 to try to partly overcome the inhibition effect of C–H2O(g) on C–CO2. Nevertheless, this technique needs more systematic and in-depth investigations to clarify the regulation of the H2O(g) addition in the mixed CO2/H2O(g) gasification process.
All in all, the objective of this study is to initially propose a CO2/impulsive H2O(g) gasification approach to increase the reactivity of C-CO2, and followed by optimization of the approach using single factor analysis. First, the palm kernel shell (PKS) biochar was selected to study the effect of pulsating H2O(g) on promotion of C–CO2 reactivity. Then, the superiority of the CO2/pulsating H2O(g) approach was verified using pine sawdust biochar and wheat straw biochar with different physicochemical properties. Last, the CO2/impulsive H2O(g) gasification technology was suggested to prolong the time of synergistic effect between C–CO2 and C–H2O(g) under the diffusion reaction regime (a regime that commonly occurs in a real-world gasifier). All the gasification tests were carried out on a TG analyzer, and the results were verified using a tube furnace. The results of this study would provide a reference for continued research and development of biochar gasification.
Experimental Section
Materials
Three common types of biomass, including palm kernel shell (PKS), pine sawdust (PS), and wheat straw (WS), were selected as the biomass feedstock for this study. The PKS was obtained from Indonesia, whereas the PS and WS were supplied from Shandong province of China. The biomass materials were crushed into particles with sizes of ~1 mm, and then were dried at 105 °C to remove moisture prior to the experiments.

A bench-scale tube furnace was employed for preparing biochars. The apparatus has been well described in previous literature, 20 and is shown in Figure S2. Approximately 10 g of biomass material was used in each pyrolysis test. The PS, WS, or 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 room temperature, after which the three biochars were obtained, respectively.

The elemental compositions of the three biomass materials and its biochar were examined using an elemental analyzer (Vario EL III, Elementar, Germany). The volatile and ash contents were determined according to the standard of 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 each of the biomass materials are shown in Table 1.

Table 1 Ultimate and proximate analysis of biomasses 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

	PS
	47.53
	6.47
	0.07
	0.02
	81.20
	17.37
	1.43
	18.85

	WS
	43.00
	5.36
	0.63
	0.22
	73.50
	16.44
	10.06
	17.81

	PKS biochar
	77.43
	1.20
	0.71
	0.03
	9.34
	75.68
	14.97
	27.10

	PS biochar
	89.95
	1.38
	0.44
	0.00
	13.40
	84.34
	2.26
	31.34

	WS biochar
	55.83
	1.25
	0.78
	0.31
	11.42
	54.32
	34.26
	18.82


The ash content was removed from the three biochars by a pickling process. First, the PKS, WS, or PS biochar was soaked in the hydrochloric acid of 5 mol/L, and the mixture was stirred with a magnetic stirrer at 60 °C for 5 h. Then the demineralized biochar (D-biochars) was obtained after washing with deionized water to neutral and drying at 105 °C for 6 h. The achieving PKS D-biochar was selected as a representative to study the characteristic of reactivity in CO2, H2O(g), CO2/H2O(g), and mixed CO2/pulsating H2O(g) atmospheres. 
Biochar gasification
A thermogravimetric analyzer (STA 449 F3, Netzsch, Germany) and the bench-scale apparatus were both used for the biochars gasification in different agent (CO2, H2O(g), or CO2/H2O(g)). The flow diagram of the TG analyzer is shown in Fig. 1 in the “A new impulsive steam approach to improve biochar reactivity and gas quality: Ⅰ. In-depth insight into interactions of biochar-CO2/steam”. The inside diameter and height of the used aluminum oxide crucible for this TG test were 16 mm and 7 mm. Diffusion reaction regime was chosen to study the mechanism and characteristic of the CO2/pulsating H2O(g) gasification approach, owing to its reaction characteristic is closer to that of real-world gasification.
In each trial using the TG analyzer, the PS biochar, WS biochar, or PKS biochar was placed into the aluminum oxide crucible, and then was linearly heated from 30 to 850 °C at a rate of 10 °C/min under a pure N2 atmosphere (60 mL/min). When the reactor reached to 850 °C, the pure N2 was replaced by CO2/Ar, H2O(g)/Ar, or CO2/H2O(g) with different combinations, and held for 1.5 h. The conditions at a CO2 flow rate of 70 mL/min or/and H2O flow rate of 0.035 g/min, and a mass weight of ~30 mg were employed to create the diffusion regime for gasification. The partial pressure of CO2 and H2O(g) were 0.45 and 0.55, respectively. After gasification, N2 was introduced again to protect the instrument.
In each trial on the bench-scale apparatus, approximately 2 g of the PKS D-biochar sample was used in each test. The PKS D-biochar was uniformly loaded into a porcelain boat that had a length of 200 mm and a height of 30 mm. The porcelain boat with D-biochar was first placed into the center of the reactor, and the reactor was heated from room temperature to 850 °C under a pure N2 atmosphere at a rate of 200 mL/min. When the target temperature was achieved, the pure N2 was switched to CO2 (at a rate of 120 mL/min), H2O(g) (at a rate of 0.08 g/min), CO2/H2O(g) or CO2/pulsating H2O(g), and the porcelain boat with D-biochar was held there for the target time (0, 5, 15, 25, 35, or 45 min), respectively. After each test, the reactor was immediately removed from the furnace and was cooled under air atmosphere, after which D-biochars that displayed different extents of carbon conversions were obtained, respectively.
The carbon conversion (x) was selected for evaluating the gasification reactivity of each D-biochar. It was calculated as follows: x=(mi–mt)/mi, where mi and mt are the masses of the initial biochar, and the biochar at time t, respectively.
Characterization of biochars
A S4800 field-emission scanning electron microscope (Hitachi, Japan) was used to analyze the surface morphology of the WS biochar, PS biochar, and PKS biochar. The secondary resolution of the SEM was fixed at 1 nm, and the magnification of the SEM was in the range of 20 000 to 800 000. An autosorb-iQ surface analyzer (Quantachrome, USA) was used to measure the pore structures of biochars by acquiring N2 adsorption-desorption isotherms at the temperature of -196 °C. 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 200 °C in vacuum for 8 h.
Results and Discussion
Characteristics of PKS, PS and WS biochars
Ultimate and proximate analyses results of the PKS, PS, WS and their respective biochars are listed in Table 1. It shows the PKS is an energy-dense biomass material with a high heating value of 20.35 MJ/kg and a fixed carbon content of 22.74%. Compared to PKS, PS is a more volatile biomass with lower carbon content and ash content, and WS is a high ash-content biomass with lower contents of carbon and hydrogen. After the pyrolysis reaction occurred at 850 °C, the carbon elements and fixed carbon contents of all three biochars obviously increased. This was due to the release of volatiles with oxygen-containing functional groups and volatile ash. The ash content of the PKS biochar was higher than that of the PS biochar, which was a function of the difference in ash composition (Si, Ca etc.) in the raw biomass materials. 20, 21 The WS biochar had an ash content that was significantly higher than those of both the PKS biochar and PS biochar. The PS biochar had a higher fixed carbon content and a lower ash content compared to those of the PKS biochar and WS biochar.
SEM micrographs of the three biochars are shown in Figure 1. As shown in Figure 1, there are obvious differences in the surface micrographs of PKS biochar, PS biochar, and WS biochar, which indicates that the biochars behaved differently during pyrolysis of the biomass samples at 850 °C. Due to the high content of cellulose and hemicellulose in the raw biomasses, 22, 23 tube-like porous structures formed on the surface of the PS biochar and WS biochar during the pyrolysis reaction. N2 adsorption/desorption tests showed that the BET special surface area of the PS biochar and WS biochar pyrolyzed at 850 °C were 390 and 165 m2/g, respectively. In contrast, a minimal pore structure was observed on the surface of the PKS biochar, with a BET surface area of 85 m2/g. This phenomenon is attributed to the high lignin content in PKS. 24 It is well accepted that the intermediates that have a high molecular weight, resulting from the pyrolysis of lignin, easily react under polycondensation reactions. 25 The condensation products block the pore structures formed during pyrolysis. The reactivity of PKS biochar gasified with CO2 or H2O(g) is obviously lower than the reactivity of PS biochar and WS biochar. 20 All of the above factors considered, PKS biochar was selected as a representative biochar to study the evolution of reactivity and pore structure of biochar gasified in different atmospheres.
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Figure 1. SEM images of biochars obtained from pyrolysis at 850 °C
(a): WS biochar; (b): PS biochar; (c): PKS biochar
PKS D-biochar gasified in the mixed CO2/H2O(g) atmosphere
The characteristics of PKS D-biochar during the mixed CO2/H2O(g) gasification was reported in our previous studies, 16, 26 and an inhibition effect between C–H2O(g) and C–CO2 was observed under the chemical reaction regime. The carbon conversions x of the PKS D-biochars during CO2, H2O(g), and CO2/H2O(g) gasification under diffusion reaction regime were presented in Figure 2a. As shown in Figure 2a, a higher x value was observed in the reaction of C–H2O(g) compared to that of C–CO2 under the diffusion reaction regime and a H2O(g) partial pressure of 55%. It is because that H2O(g) vapor molecule is a polar molecule with a higher diffusion rate on the surface of biochar than CO2 molecule. Therefore, the rate of C–H2O(g) reaction was higher than that of C–CO2 when the two reactions occurred under the mass transfer regime. In addition, the x evolution of 55%H2O(g)/45%CO2 was almost identical to that of the sum of 55%H2O(g) and 45%CO2 when the x<25%, and was gradually lower than the latter, indicating an independent effect and followed by a competitive effect occurred during the mixed H2O(g)/CO2 gasification at the stage of x<25% and x>25%, respectively. The characteristic of such interactions was essentially attributed to the reaction regime state in which the D-biochar gasified. 
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Figure 2. Characteristics of the PKS D-biochars during gasification
(a): carbon conversions; (b): pore size distribution

Figure 2b shows that the most probable pore radius of PKS D-biochar gasified in the H2O(g)/CO2 mixture was 0.57 nm, which is coincident with those of D-biochar in the H2O(g) and CO2 atmosphere. Pore size distribution (PSD) of D-biochar in the H2O(g)/CO2 mixture was more wider than those in the both two individual agents, and in general resembled to that of D-biochar gasified in the H2O(g). Therefore, it can be inferred that the reaction of CO2–C was inhibited by the reaction of C–H2O(g) at the stage of x>25%. In addition, the MS result shows that the intensity of CO dramatically decreased after an initially increased stage (see Figure S3), and with a near zero release level during the H2O(g)/CO2 mixture gasification. It is demonstrated that the CO2 did not participate in the gasification reaction, resulting in a low-quality gaseous products and making against for the gasification application.
Results from the previous literatures also proved that the C–CO2 was easily inhibited by the C–H2O(g) when the both two reactions occurred under the diffusion reaction regime. 27, 28 As a consequence, the inhibitory effect in the diffusion reaction regime is urgent to be ameliorated to promote the reactivity of C–CO2 and further improve the quality of gaseous products.
An impulsive H2O(g) approach to improve the biochar reactivity and syngas quality 
Introduction of the impulsive H2O(g) approach. As presented in Figure 2b, the micropores with sizes of 0.5 to 1.2 nm were produced by H2O(g) gasification, which favored the reaction of C–CO2. Such micropores will change into mesopores and even macropores by the pore expansion effect during H2O(g) gasification.29 Unfortunately, pore structure rich in mesopores and macropores is to the disadvantage of C–CO2 reaction.16 Thus the pulsating H2O(g) technique is introduced to prevent the inhibition effect of C–H2O(g) on C–CO2. In this approach, the use of H2O(g) is to produce amounts of micropores, and avoid the pore expansion effect by controlling the H2O(g) addition time. The pore expansion effect in the H2O(g)/CO2 mixture gasification is stopped without H2O(g) entering, providing microporous structures and resulting in the reactivity enhancement of C–CO2. From analyses above all, we suggest to introduce a “H2O(g)/CO2—CO2—H2O(g)/CO2—CO2—……”, namely the CO2/pulsating H2O(g) approach for optimizing the traditional CO2/H2O technique of PKS D-biochar gasification. It seems to be an effective approach to improve the cold gas efficiency by changing the whole process into partly process of adding H2O(g) during gasification.
Biochar reactivity tested by the TG analyzer. The CO2/pulsating H2O(g) approach was initially performed to gasify PKS D-biochar on TG tests under the diffusion reaction regime, and the results are shown in Figure 3. The x at time of 75 min in CO2 gasification was 25.5%, compared to 71.8% in CO2/H2O(g) gasification, indicating that the addition of H2O(g) with a feed of 2.625 g significantly favored the reaction of C–CO2. It is notable that the x at time of 75 min in CO2/pulsating H2O(g) gasification was 64.1%, which was equaled 89.3% of that in CO2/H2O(g) gasification. However, the feed of H2O(g) was only 1.05 g in the pulsating approach, and 60% of H2O(g) feeding was saved using this approach compared to that using the mixed CO2/H2O(g) approach. A remarkable steam-saving effect which equals energy-saving effect, was achieved during the CO2/impulsive H2O(g) gasification on the premise of not significantly reducing the x and gasification intensity.
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Figure 3. The x evolutions of the PKS D-biochars during different gasification

Specifically, the average reactivity of C–CO2 reached to 0.627 %/min after a H2O(g) addition of 10 min at the initial stage during the pulsating approach, corresponding to the value of 0.350 %/min during the CO2 sole gasification. It was ascribed to that a large number of micropores were produced at this 10 min by the H2O(g) addition (see Figure 2 or literature of [26]). As the time increased to 30 min, the H2O(g) was introduced again into the TG reactor and lasted for a same 10 min, it was observed that the average reactivity of biochar in the pulsating H2O(g) approach at this stage was 1.085 %/min, which was significantly higher than that (0.896 %/min) in the CO2/H2O(g) gasification. Meanwhile, the average reactivity value (1.085 %/min) in the pulsating H2O(g) approach was also higher than that (0.689 %/min) in the mixed CO2/H2O(g) gasification at the same x from 35% to 46% during gasification process. The comparison of the three reactivity values (1.085, 0.896, 0.689 %/min) indicates that the absence of H2O(g) from time of 10 to 30 min favored the reactivity of biochar with CO2. It is attributed to the characteristics of micropores forming during CO2 gasification, 30 and microporous structure is benefit for the mixed CO2/H2O(g) gasification. 16 The increased reactivity values were also obtained during the CO2/pulsating H2O(g) gasification at the stage of 40 to 60, 60 to 70, and 70 to 75 min, respectively, representing a more positive effect between C–CO2 and C–H2O(g) by this pulsating H2O(g) approach. All the data demonstrated that the reactivity C–CO2 was significantly improved by the pulsating H2O(g) approach.
The superiority of the CO2/pulsating H2O(g) approach was further identified using other D-biochars. Figure 4 presents the comparison of total reaction time t100% of the PS D-biochar and WS D-biochar during different gasification process. As expected, the t100% of was 39.9 and 55.2 min was obtained in the CO2/pulsating H2O(g) gasification of the PS D-biochar and WS D-biochar, respectively, which were respectively lower than those in the CO2 gasification, and relatively higher than those in the CO2/H2O(g) gasification. In addition, over 75% of H2O(g) was saved using the pulsating H2O(g) gasification approach. In total, the feasibility and validity of CO2/pulsating H2O(g) approach was verified during D-biochars gasification under the diffusion reaction regime on TG tests.
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Figure 4. t100% comparison of PS D-biochar and WS D-biochar during different gasification
Gas quality tested by the tuber furnace. The positive effect and superiority of the CO2/impulsive H2O(g) approach was simultaneously investigated from the perspective of gaseous products quality by the bench-scaled tuber furnace. The gasification time was set up as 70 min. The addition time and intermittent time were both selected as 10 min in the CO2/pulsating H2O(g) gasification technique. The gaseous products were collected by draining saturated salt water, and the biochar after gasification was obtained after the reactor immediately air-cooled to the ambient temperature. The biochar carbon conversion, total gas volume, and the special gas composition from PKS D-biochar gasification under different atmospheres are exhibited in Figure 5.
As shown in Figure 5, the carbon conversion x of PKS D-biochar reacted with CO2 was 30% at the time of 70 min, alonging with a total gaseous products volume value of 13.56 L. The total gaseous products volume was consist of unreacted agent (CO2) and gaseous products during gasification (CO). H2O(g) addition is a feasible and popular approach in engineering for improving the reactivity of C-CO2, and in this study, the value of x and total gaseous products volume relatively increased 111.67% and 15.44% in CO2/H2O(g) gasification compared to those in CO2 gasification, respectively. In addition, the volume fraction and yield of syngas increased from 4.40% to 17.94% and from 0.56 L to 2.95 L after the addition of H2O(g), respectively.
Although the reactivity and syngas yield of C-CO2 was significantly improved by the addition of H2O(g), the energy consumption for H2O(g) generation limits the application of the mixed CO2/H2O(g) gasification technique. Figure 5 presents that with the employment of pulsating H2O(g) addition technique, the value of x and total gaseous products volume relatively increased 100% and 5.6% compared to those in CO2 gasification, respectively. To date, both the values of x and total gaseous products volume decreased by the CO2/pulsating H2O(g) gasification technique than those by the CO2/H2O(g) gasification technique, which was ascribed to the decrement of H2O(g) addition. It is worth to emphasize that the absolute value of x decrement was only 3.5%, and the relative value of x decrement was 5.51%. However, compared with CO2/H2O(g) gasification, both the volume fraction and yield of syngas obtained in the CO2/pulsating H2O(g) gasification respectively relatively increased 3.06% and 13.56%. The additional advantage of the pulsating H2O(g) gasification technique that cannot be ignored was the 3/7 of energy saving for H2O(g) generation in this study.
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Figure 5. Characteristics of solid and gaseous products of PKS D-biochars gasified for the time of 70 min
From analyses above all, it allows us to demonstrate the superiority of the CO2/pulsating H2O(g) approach for biochar gasification under the diffusion reaction regime. Thereafter, the influence of parameters such as addition time and pulsating time of H2O(g) on the CO2/pulsating H2O(g) gasification needs to be optimized to obtain a higher x value of biochar in gasification.
Optimization of the CO2/pulsating H2O approach
Effect of H2O(g) addition time on PKS D-biochar/biochar reactivity. The effect of H2O(g) addition time on the following reactivity of PKS D-biochar was initially investigated using the TG analyzer, and the results are shown in Figure 6. 
Figure 6a shows that the carbon conversion x at 80 min increased from 0.58 to 0.65 as the H2O(g) addition time increased from 5 to 20 min, respectively. It seems to suggest that a higher H2O(g) addition time favored a higher x after a gasification time of 80 min. However, the higher x at 80 min was basically because of the higher x value after the CO2/H2O(g) gasification stage. Actually, the H2O(g) addition time obviously affected the following average reactivity of D-biochar in the CO2 atmosphere. In total, the following average reactivity was decreased after an increased stage as the increased H2O(g) addition time, and the maximum value was 0.628 %/min when the time was 10 min, which equals 1.256 times of when the time was 20 min. It was attributed to the more suitable pore structures, reflecting on a higher BET value and especially a BET value of micropores with sizes of 0.9 to 1.5 nm (see Figure 6b), of the D-biochar after gasifying in the CO2/H2O(g) atmosphere with 10 min. 
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Figure 6. Influence of H2O(g) addition time on the a). following average reactivity and b). pore structure of D-biochar–CO2 
Considering the intrinsic ash exhibited in the real-world biochar, the influence of H2O(g) addition time on the following reactivity of PKS biochar was also investigated, and the results are presented in Figure 7. As expected, the intrinsic ash favored the final x after the CO2/pulsating H2O(g) gasification, which is due to its catalytic effect on the biochar gasification. When the H2O(g) addition time was 15 min, the x reached to 0.93 after gasification using the CO2/pulsating H2O(g) approach. Therefore, it is easy to draw a conclusion that prolonging the H2O(g) addition time was to beneficial to improve the x of PKS biochar during gasification. However, it is notable that the increased H2O(g) addition time significantly reduced the following average reactivity values of biochar from 0.688 (5 min) to 0.365 %/min (15 min). In brief, it is attempting to conclude that the merely increment of H2O(g) addition time was not conductive to PKS biochar gasification, particularly this route consumes large amounts of energy.
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Figure 7. Influence of H2O(g) addition time on the following reactivity of biochar–CO2
Effect of H2O(g) intermittent time on the PKS D-biochar/biochar reactivity. The effect of H2O(g) intermittent time on the following reactivity of D-biochar was also investigated using the CO2/pulsating H2O(g) approach under a H2O(g) addition time of 10 min, and the results are shown in Figure 8. It is suggested that the H2O(g) intermittent time obviously affected the following average reactivity of PKS D-biochar, either in the next stage of CO2/H2O(g) mixture gasification or in the next and next stage of CO2 gasification. More micropores were formed during CO2 gasification, which is beneficial for the reactivity of D-biochar in the next CO2/H2O(g) mixture gasification stage. However, the other side of the CO2 gasification approach is its lower reactivity rate which could reduce the x during whole gasification process. In significance, the H2O(g) intermittent time was another deterministic factor for the CO2/pulsating H2O(g) approach. Figure 8 shows that the optimum H2O(g) intermittent time was 10 min in the present technique.
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Figure 8. Influence of H2O(g) intermittent time on the following reactivity of PKS D-biochar

Figure 9 presents the x evolutions of PKS biochar gasified in the CO2/pulsating H2O(g) approach under a H2O(g) addition time of 5 min. Using the “H2O(g)/CO2—CO2—H2O(g)/CO2—CO2” technique, a final x value of 0.92 was obtained after gasification process, which is corresponding higher than that of “H2O(g)/CO2—CO2” technique (see Figure 7). The increment of x was ascribed to the another H2O(g) addition of 5 min. Under the total H2O(g) addition of 10 min, the x could reach up to 0.90 using the pulsating H2O(g) technique (Figure 9), which is corresponding higher than that of 0.88 using the simple one-time introduction technique (Figure 7). Even then, a H2O(g) introduction of 5 min was saved, accompanying by a higher final x value of 0.95, were observed using the pulsating H2O(g) technique than the one-time introduction technique under the intermittent time of 15 min. All the data above are demonstrated the advantage of gasification using the pulsating H2O(g) technique.
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Figure 9. Influence of H2O(g) intermittent time on the following reactivity of PKS biochar
Comparison of different gasification techniques. The x evolutions of PKS D-biochar from gasification using different techniques are presented in Figure 10. The pulsating H2O(g) technique significantly improved the reactivity of D-biochar gasified with CO2. In addition, the x values of biochar gasified in the pulsating technique under a H2O(g) addition time of 10 min and a H2O(g) intermittent time of 10 min, were corresponding higher than those in the H2O(g) atmosphere especially at the stage of when t<60 min; it equals 50% of H2O(g) consumption was saved using the CO2/pulsating H2O(g) approach under a total gasification time of 60 min. All the statistical data in Figure 10 exhibited a remarkable superiority on the steam-saving effect on the basis of no apparent reduction in reactivity during the PKS D-biochar gasification process.
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Figure 10. X evolutions of the PKS D-biochars gasified using different techniques
Conclusion
The feasibility and superiority of the new approach was studied using palm kernel shell (PKS) demineralized biochar (D-biochar), a biochar with a relatively lower gasification reactivity, as raw material, and was verified by pine sawdust D-biochar and wheat straw D-biochar. An independent effect and followed by a competitive effect occurred during the mixed H2O(g)/CO2 gasification at the stage of x<25% and x>25%, respectively; which was attributed to the reaction regime state in which the PKS D-biochar gasified. The CO2/pulsating H2O approach was designed to shorten the inhibition effect occurring between biochar–H2O(g) and biochar–CO2. TG results show that with the employment of this new approach, the final x of PKS D-biochar from the CO2/pulsating H2O(g) gasification reached to 70.1%, which is close to the value of 75.6% from the D-biochar–CO2/H2O(g) and far greater than the value of 25.2% from biochar–CO2. More importantly, the H2O(g) requirement for CO2/pulsating H2O(g) gasification was 40 min, which only equals 53.3% of 75 min for CO2/H2O(g) gasification. In addition, higher values of volume fraction and yield of syngas were obtained in the CO2/pulsating H2O(g) gasification than those in the CO2/H2O(g) gasification.
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