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Abstract

:

Recovery and treatment of methane from coal mine ventilation air methane (VAM) with cost-effective technologies have been an ongoing challenge due to low methane concentrations. In this study, a type of coconut shell-based active carbon was employed to enrich VAM with a three-bed vacuum pressure swing adsorption unit. A new vacuum exhaust step for the VPSA process was introduced. The results show that the vacuum exhaust step can increase the methane concentration of the product without changing adsorption and desorption pressure. Under laboratory conditions, the concentration of product increased from 0.4% to 0.69% as the vacuum exhaust ratio increased from 0 to 3.1 when the feed gas concentration was 0.2%. A 500 m³/h pilot-scale test system for VAM enrichment was built rendering good correlation with the laboratory results in terms of the vacuum exhaust step. By using a two-stage three-bed separation unit, the VAM was enriched from 0.2% to over 1.2%.
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1. Introduction


Coal mine methane is a form of natural gas extracted from coal beds, which is formed together with coal during coalification. Coal mine methane is not only an important energy resource but also a greenhouse gas [1,2,3]. As a greenhouse gas, it is over 20 times more effective in trapping heat than carbon dioxide, and it exists in the atmosphere for approximately 9–15 years. Methane emitted from coal mines makes up approximately 8% of the world’s anthropogenic methane emissions, which comprises 17% of all anthropogenic greenhouse gas emissions [4].



Most fugitive coal mine methane is emitted as mine ventilation air methane (VAM) at low concentrations of below 1%, which makes up 70% of the methane emissions in the coal mining processes. China is the world’s leading emitter of coalmine methane; it accounts for 45% of world’s VAM emissions [5], with a VAM concentration lower than 0.25% [6]. The low concentration of VAM is considered as a major challenge for its utilization and mitigation.



There are several technologies for destroying or utilizing VAM. VAM can be used as a supplemental fuel for various combustion systems such as boilers, engines and turbines to provide heat or power at mine sites. However, this only contributes a small percentage of the total fuel used for conventional gas turbines and gas engines. VAM can also be used as a principal fuel for flow reversal oxidation reactors including the thermal flow reversal reactor (TFRR) [7,8,9] and catalytic flow reversal reactor (CFRR) [4,10], and catalytic lean burn gas turbines [4]. Flow reversal oxidation units cannot work efficiently and steadily when the methane concentration is too low. Warmuzinski [11] showed that no heat can be recovered when the methane concentration is 0.2%. Most VAM utilization technologies require a 0.5% methane concentration as the minimum concentration for stable working conditions [7]. Lean-burn combustion turbine technologies can generate power, operating on a higher methane concentration (between 0.8% and 1.6%), such as the carbureted gas turbine (CGT) by Energy Developments Limited (EDL) of Australia, the catalytic combustion gas turbine (CCGT) by CSIRO [12], and the micro-turbine by Ingersoll Rand [13]. Lean-burn combustion turbine technologies may require additional supplementary fuel for stable operation depending on the VAM concentration [14].



Upgrading the concentration of VAM is a major solution for attaining the minimum methane concentration that is required by the above technologies. Among the common methods for VAM enrichment, adsorption is one of the best ways. There has been a wide range of studies on pressure swing adsorption (PSA), including discussions about methane enrichment in the adsorption phase [15,16,17,18,19] or effluent gases [20,21,22,23]. In the PSA process, methane is often enriched in the adsorption phase by using carbon material. Su [24,25] utilized honeycomb monolithic carbon fiber composite (HMCFC) as the adsorbent for methane enrichment, achieving a methane adsorption capacity of 1.5 mmol/g (298 K, 1 atm). VAM can be enriched to 5 times higher than the feed gas at the end of the vacuum step, unfortunately previous work studied only one adsorption bed. Ouyang [26] modified coconut shell-based carbon adsorbents, the separation factor of CH4/N2 is 6.18, showing that VAM can be enriched from 0.42% to 1.09% by vacuum pressure swing adsorption (VPSA). In previous work, our group modified coconut shell-based carbon and showed that aqueous ammonia modification improved equilibrium and the dynamic selectivities of CH4 by 11.7 and 14.9%, respectively [27], and also upgraded the VAM from 0.3% to 0.75% using coconut shell-based carbons in the VPSA process [28].



Nevertheless, the assessment of adsorbents in VPSA is still at the laboratory stage, and few scholars have focused on increasing the methane concentration through improvement in the VPSA process. In the conventional PSA process, there are often two steps for increasing the concentration of a heavy component. One is a high-pressure purge with a concentrated heavy component (such as CO2 capture [29,30], methane enrichment by active carbon [15,18]), although this process needs an additional compressor. The other step is co-current depressurization; this step allows the low concentration heavy component gas to flow out from the top of the adsorption bed [31,32,33]. However, in vacuum pressure swing adsorption the adsorption pressure is very low (roots blowers often operate at a pressure lower than 50 kPa), and after equalization the pressure is often lower than the atmosphere pressure. The co-current depressurization cannot be carried out. Therefore, drawbacks exist for both steps in practical applications.



In this paper, a new vacuum exhaust step for the VPSA process employed with coconut shell activated carbon is introduced, with the purpose of obtaining a more cost-effective way for VAM recovery. A pilot plant is correspondingly built. Comparisons with experimental results as well as practically-oriented analyses for further applications will be shown.




2. Experiment Section


2.1. Experimental Facility


In this study, the adsorption pressure was no more than 150 kPa (abs) and the desorption pressure was approximately 14 kPa (abs). The flow rate of the feed gas was approximately 5 L/min. The product was extracted from the adsorption bed by a membrane vacuum pump. The specifications of the adsorber are: 46 mm in internal diameter and 420 mm in length. The adsorber were packed with properly selected coconut shell activated carbon. The methane concentration was measured with an infrared methane analyzer QGS-08C (Beijing BAIF-Maihak Analytical Instrument Co., Ltd., Beijing, China). The flow rates were measured with a digital mass flow controller (Beijng Sevenstar Flow Co., Ltd., Beijing, China)



Figure 1 shows a schematic diagram of a laboratory three-bed adsorption unit for enrichment of VAM. VAM can be considered as a mixture of CH4 and air and in this study, the methane concentration of feed gas is 0.2 vol %. VAM was stored in a gas bag. This unit operates the separation process cycle with the help of an Omron PLC that controls the solenoid valve switching.




2.2. VPSA Process Cycle


Two six-step VPSA cycles (cycle a and cycle b) were used in this study, and the six steps are as follows: adsorption (AD), pressure equalization (PE↓), vacuum exhaust (VE), vacuum (VA), pressure equalization (PE↑), and pressurization (PR). The cycle configuration of 1/3 cycle is shown in Figure 2, and the time schedule for the VPSA process is also shown in Table 1. The six steps are described below.



Adsorption (AD): pressure of no more than 150 kPa abs was used. VAM is passed through the adsorption bed upwards, methane is selectively adsorbed in the bed of activated carbon, and the mixture of nitrogen and oxygen (with a small percentage of methane) leaves the bed and is sent to the buffer vessel and continuously released to the atmosphere.



Pressure equalization (PE↓): after the adsorption step, low methane concentration gas flows from the high pressure bed to a low pressure bed on the top.



Vacuum exhaust (VE): after step PE↓ gas was vacuumed from the top of the bed. In cycle a, the gas is emission to the atmosphere. In cycle b, the exhaust gas is flow to the feed gas to recycle. The different between cycle a and cycle b is whether there has an exhausted gas reflow step. In cycle a, the vacuum exhausted gas is emission to the atmosphere, while in cycle b the vacuum exhausted gas is recycled from the dotted line in the bottom left corner of Figure 1 to reflow and mix with the feed gas. In this study, the vacuum exhaust ratio was defined as:


  Vacuum   exhaust   ratio ( r ) =   flow   rate   of   vacuum   exhaust   step   from   top   of   the   bed   flowrate   of   product   from   the   bottem   of   the   bed    



(1)







Vacuum (VA): produced from the desorption phase by vacuum pump from the bottom of bed 1. The adsorber vessel’s pressure is lowered to about 14 kPa abs.



Pressure equalization (PE↑): after the vacuum step, low methane concentration gas flows from high pressure bed 1 to the low pressure bed on the top.



Pressurization (PR): effluent gas is used; the effluent gas is charged to the top of the adsorber vessel from the buffer to raise the pressure.




2.3. Pilot Separation Device


The pilot plant was installed at Julong Mine, Jizhong Energy Handan Mig., Handan, China. Figure 3 shows the system schematics of the pilot plant for VAM recovery by vacuum pressure swing adsorption (VPSA), and a photo of the pilot plant is shown in Figure 4. The plant includes a two-stage VPSA separation system with three parallel connected adsorption beds. The two-stage separation device was able to operate independently. The size of the two-stage separation device’s adsorption beds was φ1000 mm × 1840 mm and φ550 mm × 1440 mm, respectively. The adsorption beds were filled with active carbon, which is the same as the laboratory system.



The feed gas was a mix of VAM and coal mine methane (CMM), the methane concentration of the feed gas could be regulated by adjusting the flow rate of VAM and CMM. The feed gas is compressed by a roots blower (P1) and transferred to the adsorption bed of the first stage-stage separation unit. The methane-rich gas is vacuumed by vacuum pump (VP1). Then, the methane-rich gas is transferred to the second separation unit by roots blower (P2). The product is obtained from the vacuum pump (VP2). To ensure the regular work of the roots blower (P2), a big gas buffer (V-3) was set between the roots blower (P2) and vacuum pump (VP1), and a bypass valve was employed to link the feed gas inlet and the gas buffer (V-3). The flow quantity of the two roots blowers were 8.4 m3/min and 3.36 m3/min, respectively.



Inductors and sensors were connected to the adsorption bed, pipeline and PLC (with a computer), to monitor the change in the adsorption process and collect data. PLC programs were developed to analyze the data and control the pneumatic valves in the process. Methane concentration in feed gas, effluent gas and product gas were analyzed by the methane sensor of GJC4, the flow rate of the gas was measured by a vortex flowmeter (FI).




2.4. Adsorbent Isotherm Measurement


The adsorbents selected was coconut shell active carbon. Adsorption equilibrium analyses at different temperatures were carried out with a Quantachrome Instruments Auotosorb-1 Sorptometer, which used volumetric measurement techniques. The surface area of AC was carried out by use of nitrogen isotherm at 77 K. The pore size distribution ranged from 0.3 to 1.5 nm and from 1.5 to 10 nm and were obtained using the non-local density functional theory (NLDFT) method based on the adsorption isotherms of CO2 at 273 K and N2 at 77 K, respectively [29,30].





3. Results and Discussion


3.1. Adsorbent Analyses


As the isotherm of nitrogen and oxygen on active carbon is almost the same [19], VAM can be considered as methane and nitrogen. In this study, the isotherms of methane and nitrogen at 298 K, 308 K and 318 K are shown in Figure 5. The isotherms can be expressed by the Langmuir equation [29,33].


  q =  q m    b P   1 + b P   .  



(2)




where q (mmol/g) is adsorption capacity at the equilibrium gas pressure (P, mmhg), qm (mmol/g) is the maximum adsorption capacity and b (mmhg−1) is the Langmuir constant. The Langmuir constants of each adsorbent are given in Table 2. Results show methane adsorption capacity at 1 atm, 298 K is about 0.91 mol/kg. The equilibrium selectivity [34] of methane to nitrogen was 5.12 at 298 K. The results show that this active carbon is a good adsorbent for methane recovery from VAM or coal mine gas.



Characteristics of AC are presented in Table 3, with the pore size distribution given by NFLDFT as shown in Figure 6. The result shows this adsorbent has a highly developed micropore structure. The BET surface is 1155 m2/g. Figure 6 shows that most of the pore diameters are below 20 Å, and it had considerably more micropore volume with a pore diameter of 7 Å.




3.2. Effect of Vacuum Exhaust Process on Vacuum Pressure Swing Adsorption Performance


Figure 7 exhibits the variations of methane concentration in the product with adsorption time, using cycle (a) when the vacuum exhaust ratio (r) was set as 0 and 0.7, respectively. During the experiments, pressure-equalizing time was set as 2 s, adsorption pressure and desorption pressure were set as 135 kPa and 14 kPa, respectively. It can be easily observed that the addition of the vacuum exhaust step in the cycle can remarkably enhance the concentration of methane in the product.



The primary reason is described below. During the adsorption process, a portion of gas rich in nitrogen and oxygen (N2 and O2, a weak-absorbed phase component) accumulated in the dead space on the top of the adsorption bed; meanwhile, the adsorption mass-transfer zone (MTZ) was still in the upper part of the adsorption bed before the pressure equalizing switch, in which most of the gas flows into another adsorption bed in the pressure equalizing process. However, after pressure equalizing, this gas was still not completely exhausted from the adsorption bed to be desorbed, and the gas remained in the upper part of the adsorption bed. At that time, the MTZ in the adsorption bed gradually moved to the exhaust end during the vacuum exhaust process. Accordingly, gas in the adsorption bed with low methane concentration gradually flowed out from the adsorption bed, while the percentage of gas with high methane concentration increased in the adsorption bed. Bae et al. [22] also showed the same result, that the methane concentration increases with the desorption time, and the desorption gas was mostly air if the desorption time was very short desorption. On the other hand, methane’s mass transfer coefficient is lower than nitrogen and oxygen, and methane desorbed slower than nitrogen and oxygen [15,19,35]. Thus, nitrogen and oxygen desorbed first, and the vacuum exhaust step can emit this part of the low methane concentration gas. It can thus be concluded, that the vacuum exhaust can further exhaust the gas with low methane concentration and increase the concentration of methane in the adsorption bed, i.e., the addition of vacuum exhaust can increase the concentration of the product.



Figure 8 displays the concentrations of methane in the products and exhaust gas as well as methane recovery ratios using cycle a when r was set as different values, during which adsorption and desorption pressures were set as 135 kPa and 14 kPa, respectively. It can be observed that when r = 0 (i.e., no vacuum exhaust step was applied in this cycle), methane concentration in the product was 0.33%; as r increased to 2.8, methane concentration in the product reached a maximum of 0.546%, which was an enhancement of 65.5% compared with the condition when r = 0. Additionally, with a further increase in r, the concentration of the product tended to be stable.



As stated above, the product recovered via vacuuming was actually the gas mixture of dissociative gas in the dead space, low-concentration light-component gas in the interval of adsorbent, and the desorbed gas rich in heavy component methane. In the top of the adsorption bed, many free N2 were observed in the dead space of the adsorption bed. Meanwhile, the N2 concentration in the MTZ was relatively high in this section, and the concentration of methane that was desorbed from this portion of gas was necessarily low. After the addition of the vacuum exhaust process, this portion of gas would be exhausted; with the increase in r, the percentage of the desorbed heavy-component gas in the product increased steadily, thereby leading to the increased methane concentration in the product. As r increased to 2.8, the first two portions of gas were completely discharged, and the product was almost composed of the desorbed methane-rich gas. Therefore, further increasing r imposed a slight effect on the variation of methane concentration in the product.



It can also be observed from Figure 8 that the concentration variation of exhausted gas with r was roughly identical to that of the product, which reached the maximum when r = 2.8. After vacuum exhaust, some methane was still retained in the adsorption bed Additionally, due to the addition of the vacuum exhaust step, low-concentration gas was already pumped out, and high-concentration heavy-component gas (methane) was retained in the adsorption bed, which was brought out from the exhaust end of the adsorption bed in the next adsorption process [31]. On the other hand, since the MTZ in the adsorption bed moved to the exhaust end under the action of the vacuum exhaust, the desorbed methane concentration was enhanced, and simultaneously, the methane concentration in the effluent gas was also enhanced. However, this portion of heavy-component gas increased with the increase in r and almost reached the maximum when r = 2.8. This is also reflected in Bae’s study [25].



Meanwhile, as shown in Figure 8, the recovery ratio of methane decreased from 91.8% to 31.5% when r increased from 0 to 2.8. Unlike the variation in methane concentration, the recovery ratio of methane decreased steadily with the further increase of r; as r increased to 4.0, the recovery ratio of methane dropped to 25.6%. This is because of the addition of the vacuum exhaust step, the flow of product decreased gradually, and therefore, the recovery ratio of methane further decreased. Accordingly, it can be concluded that high-concentration methane in the product can be acquired with some loss in the recovery ratio. In practical applications, both the concentration and recovery ratio of methane should be balanced.




3.3. Effect of Reflow of Exhausted Gas in the Vacuuming Process on Separation Effect


The exhausted gas in cycle a was directly discharged to the atmosphere, which led to the decrease in the recovery ratio. With the increase of r, the methane concentration of this exhausted gas may be close to or higher than the feed gas. If the gas was directly exhausted to the atmosphere, methane may be wasted. Therefore, the exhausted gas should be recycled to the system. Cycle b is a VPSA process with the exhausted gas being recycled.



Figure 9 compares the enrichment performances of methane using cycle a and cycle b, during which adsorption time and pressure-equalizing time were set as 45 s and 4 s, and the adsorption pressure and desorption pressure were set as 140 kPa and 14 kPa, respectively. It can be observed that, using cycle b, methane concentration in the product increased from 0.4% to 0.69% as r increased from 0 to 3.1. Through comparison of the two cycles, when r < 0.7, the methane concentration using cycle b was lower; when r > 0.7, the methane concentration using cycle b was significantly higher. The primary reason for this can be described as follow. When r < 0.7, the concentration of the exhausted gas was lower than 0.2% of the feed gas, and therefore, the gas that entered the adsorption bed in the adsorption process was diluted to less than 0.2%. With the increase of r, the concentration of methane in the exhausted gas increased gradually; meanwhile, at a lower r, the desorption pressure was lower while the concentration of methane in the desorbed gas was higher. Accordingly, as r increased to a certain value, the concentration of methane in the product using cycle b was higher than that using cycle a.



Figure 9b compares the recovery ratios of methane with and without the reflow of exhausted gas. Apparently, when r was set as different values, the recovery ratios of methane after the addition of the reflow of exhausted gas (cycle a) were much higher than the values without the reflow of exhausted gas (cycle b); moreover, with the increase of r, the recovery ratio of the product also decreased gradually. It was also observed that after the addition of the reflow of exhausted gas, the recovery ratio of methane decreased from 90% to 58% as r increased from 0 (no reflow of the exhausted gas was used) to 3.1. When r = 0.7, the recovery ratio of methane was approximately 75%.




3.4. Application of Vacuum Exhaust Procedure in Pilot-Scale VAM Recovery System


A pilot-scale test system was developed for examining enrichment behaviors of ventilation air methane (VAM).



As we could not get the vacuum exhaust ratio (r) in the pilot-scale system, the dimensionless vacuum exhaust time (Tve) was employed in this study. The dimensionless vacuum exhaust time (Tve) was defined as follow.




    T  v e   =   vacuum   exhaust   time   vacuum   exhaust   time + vacuum   time     



(3)





Figure 10 shows the variation in the concentration of the product with dimensionless vacuum exhaust time (Tve), during which operating pressure remained unchanged, and the concentration of methane in the feed gas was maintained at 0.2%. It was observed that the concentration of product increased gradually with the increase in Tve. When Tve = 0 (without vacuum exhaust), the product’s concentration was only 0.45%, which then increased to 0.82% as Tve increased to 0.2. The product concentration was 1.8 times greater than the value achieved when no vacuum exhaust step was used. Additionally, with the increase in Tve, the recovery ratio decreased gradually. When Tve = 0, the concentration of methane in the product was only 0.45% and the recovery ratio of methane was approximately 91%; as Tve increased to approximately 0.2, the recovery ratio of methane decreased to only 60%.



This is mainly due to the fact that the flow rate of product decreased significantly by use of the vacuum exhaust process, while more methane was exhausted from the waste gas. Accordingly, the recovery ratio of methane decreased gradually with the increase in Tve.



The research results confirmed that the addition of the vacuum exhaust process can significantly enhance the product concentration but greatly decrease the flow of methane. Therefore, during the enrichment of VAM, the concentration of methane in the product can be enhanced by gradually increasing the value of Tve. The results show methane concentration can be enhanced by about 4 times with one stage, by use of the vacuum exhaust process in this pilot-scale system.



Figure 11 shows the variation in the concentration of methane in the product when the two-stage VPSA system operated stably, during which the VAM concentration was set as 0.2%. In order to ensure a more stable methane flow during the second-stage separation process, no vacuum exhaust step was set in the first stage, while Tve in the second stage lasted 0.1. It can be observed, that after two-stage adsorption separation, VAM was enriched from 0.2% to over 1%. The product concentration fluctuated within a range of 1%~1.5%, with an average concentration of 1.2%. The fluctuation in methane concentration can be attributed to great variations in methane concentration and the flow rate of the product with desorption pressure change. Further, the two-stage adsorption separation process aggravated the fluctuation in the concentration of methane in the product. For enhancing the stability of methane concentration in the product, the volume of buffer tank in the adsorption system can be increased to achieve the stability of both concentration and flow of production in a two-stage separation process.





4. Conclusions


In this paper, a coconut shell activated carbon was employed as the sorbent for VAM recovery. A new VPSA process with a vacuum exhaust step was introduced to enhance the methane concentration. Key results are summarized as follows:




	(1).

	
The coconut shell activated carbon with equilibrium selectivity of 5.12 was used as the sorbent for VAM recovery. A vacuum exhaust step introduced into the three-bed vacuum pressure swing adsorption (VPSA) process enhanced the methane product purity by 2–3.45 times without changing adsorption and desorption pressure. The concentration of methane in the product increased (from 0.4% to 0.69%) with an increase in the vacuum exhaust ratio (from 0 to 3.1), when the feed gas was 0.2%.




	(2).

	
A critical vacuum exhaust ratio may exist and was determined to be 0.7 for this work, below which the product purity was lower in cycle b than in cycle a, and above which, the product purity was enhanced.




	(3).

	
A pilot-scale system for VAM enrichment was built and gave results that correlated well with the laboratory results regarding the effects of the vacuum exhaust on gas separation. Practically, VAM with a flow rate of 500 m3/h and concentration of 0.2% can be enriched to more than 1.2%. This could be a reference for VAM utilization by lean-burn combustion turbines technologies.
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Figure 1. Schematic diagram of adsorption separation experimental unit. 1—blower; 2—gas buffer; 3—mass flow controller; 4—solenoid valve; 5—adsorption bed; 6—throttle valve; 7—check valve; 8—back pressure valve; 9—methane analyzer; 10—vacuum pump; PI—pressure transfer. 
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Figure 2. Gas flow switching sequence. 
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Figure 3. Process diagram for the pilot plant. BED-adsorber; PT-pressure transmitter; TT-temperature transmitter; V-gas buffer; KV-pneumatic valve; FT-flowmeter; MV-gas-manual control valve; P1/P2-pump; VP1/VP2-vacuum pump; Ⓐ- methane sensor. 
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Figure 4. Pilot plant photo. 






Figure 4. Pilot plant photo.



[image: Energies 11 01030 g004]







[image: Energies 11 01030 g005 550] 





Figure 5. Adsorption isotherms for CH4 and N2. 
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Figure 6. Pore size distribution of AC. 
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Figure 7. Comparison of the product methane concentration with and without the vacuum exhaust process. 
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Figure 8. Effect of different vacuum exhaust ratio on methane concentration and recovery. 
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Figure 9. Comparison of the enrichment performances by using cycle a and cycle b. (a) Effect of different vacuum exhaust ratio on methane concentration with and without the vacuum exhaust gas recovery process; (b) Effect of different vacuum exhaust ratio on methane recovery with and without the vacuum exhaust gas recovery process. 
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Figure 10. Effect of vacuum exhaust ratio on methane concentration. 
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Figure 11. Influence of cycle time on product gas concentration. 
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Table 1. Switching sequence.
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	Bed A
	AD
	PE↓
	VE
	VA
	PE↑
	
	PR



	Bed B
	PE↑
	
	PR
	AD
	PE↓
	VE
	VA



	Bed C
	PE↓
	VE
	VA
	PE↑
	
	PR
	AD
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Table 2. Langmuir adsorption isotherm constants.






Table 2. Langmuir adsorption isotherm constants.





	
Sorbate

	
298 K

	
308 K

	
318 K




	
qm (mmol/g)

	
b (mmhg−1)

	
qm (mmol/g)

	
b (mmhg−1)

	
qm (mmol/g)

	
b (mmhg−1)






	
CH4

	
1.99

	
0.001

	
1.916

	
9.342 × 10−4

	
1.824

	
7.894 × 10−4




	
N2

	
1.697

	
2.746 × 10−4

	
1.709

	
2.328 × 10−4

	
1.975

	
1.635 × 10−4
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Table 3. Adsorbent parameters.
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	Adsorbent
	BET Surface/(m2/g)
	Pore Volume/(cc/g)





	AC
	1155
	0.67
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