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The cycle is experimentally realised in a 2x2 l twin-bed PSA placed in a temperature adjustable climate chamber (-5 °C ÷ +100 °C, Binder). The PSA test rig is fed with dry air under a pressure of 8.1 bar abs. The adsorption process is performed under a working pressure of 8 bar abs. To control the purity level, always the product flow rate is adjusted in the experiments. This control strategy represents the common operation of commercial plants. The flow rate of the counter-current purge equals in every experiment exactly 40 % of the adsorber volume within the selected purge time. Further data are displayed in Tab. 17.
Tab. 17. Adsorbent and adsorber column properties
	Adsorbent Type
	Shirasagi MSC CT-350, cylindrical

	Pellet diameter [mm]
	1.8 ± 0.2

	
	

	
	Left Adsorber
	Right Adsorber

	Column length [mm]
	594 ± 1
	594 ± 1

	Column external diameter [mm]
	70 ± 1
	70 ± 1

	Column internal diameter [mm]
	66 ± 1
	66 ± 1

	Packed bed length [mm]
	582 ± 1
	580 ± 1

	Packed bed volume [l]
	1.990 ± 0.006
	1.983 ± 0.006

	Mass of adsorbent [g]
	1416.89 ± 0.01
	1408.42 ± 0.01

	Filling bulk density [g/l]
	712.005 ± 2.158
	710.247 ± 2.161



The PSA devices are connected with a 6 mm internal diameter PA12 polyamide piping resistant to oxygen diffusion.
The feed gas in section (a) (Fig. 1a) supplies ambient air compressed up to 11 bar abs by a compressor (KAESER Airtower 3), which is equipped with a refrigeration dryer and a hydrocyclone for moisture removal. The feed streamline further consists of a 500 l compressed air tank, followed by a 0.01 μm sieve filter and an activated carbon filter (Omega Air) for a subsequent exclusion of solid particles and oil vapour. The pressure is controlled by a Norgren pressure regulator (PC 4). A thermal mass flow meter (FM 4) from Bronkhorst, type F-112AC, is measuring the feed flow rate.
The air distribution system of the two adsorbers in section (b) (Fig. 1b) contains a stainless steel perforated plate and a layer of a metal wire mesh placed at the bottom of the bed. The two stainless steel adsorber columns (A1 and A2) are packed with CMS of the type CarboTech Shirasagi MSC CT-350 by the snowstorm filling method. A coconut fiber mat is placed at the top of the adsorbent bed to fix the bed even under strong pressure fluctuations. 
Four thermocouples type K (TIR 1-4) from TMH and four pressure transmitters (PIR 1-4) from Aplisens, type PCE-28.SMART, are placed at equal intervals along the wall of columns in order to measure temperature and pressure distributions inside the packed bed. Additionally, each adsorber’s closing flange is equipped with a pressure transmitter (PIR 5, PIR 6) to track the pressure variation at the top of the packed bed. The product receiver vessel is installed together with temperature (TIR 10) and pressure (PIR 9) sensors. Moreover, temperature indicators (Aplisens CTX) are placed in the feed pipeline (TIR 3) as well as inside of the climate chamber (TIR 2) for an operating temperature control. Thermal mass flow controllers (Bronkhorst F-201AV and F-201CV) are installed for the regulation of the flow rates of product (FC 7) and purge (FC 8) streams. Two output streams – the product gas and the tail gas – are analysed in order to measure their oxygen concentration in the section (c) (Fig. 1c). A dual-stream oxygen analyser (Servomex MultiExact 5400) is adapted for the simultaneous measurement of trace amounts in the product gas (ppm range) by a zirconium dioxide sensor (QO2 14.1) and of the tail gas concentration by a high-precision paramagnetic sensor (QO2 14.2). A drum-type gas meter (FM 11) determines the flow rate of the tail gas (Ritter TG1/5). Due to the non-continuous flow of the tail gas stream during the PSA process cycle, the tail gas is periodically collected in a rubber holder whenever the determination of the oxygen concentration and the flow rate are required. The test rig is equipped with externally piloted pneumatic solenoid valves (V1-14) from Festo MF series, allowing the leak-tight operation in both flow directions. The system is fully automated by a PLC system (Beckhoff Automation), coded in TwinCAT 3.
In this work, the heat transfer coefficient between gas and solid phases h is implemented as a function of Reynolds and Prandtl numbers, according to the method presented in Eq 17-20.


;								 (Eq. 17-18)


;  		 (Eq. 19-20)
The explicit data of oxygen and nitrogen adsorption isotherms are presented in Tab. 18-19, respectively.
Tab. 18. Oxygen adsorption isotherms on MSC CT-350
	20 °C
	40 °C
	60 °C

	p [bar]
	w* [mol/g]
	p [bar]
	w* [mol/g]
	p [bar]
	w* [mol/g]

	0.00942
	4.209E-06
	0.00962
	3.390E-06
	0.00916
	2.679E-06

	0.0146
	6.723E-06
	0.01424
	4.682E-06
	0.01426
	3.848E-06

	0.0205
	9.653E-06
	0.01944
	6.385E-06
	0.01968
	5.382E-06

	0.0291
	1.384E-05
	0.02932
	8.982E-06
	0.03034
	7.729E-06

	0.03956
	1.887E-05
	0.04216
	1.284E-05
	0.0456
	1.088E-05

	0.0797
	3.736E-05
	0.0791
	2.357E-05
	0.0939
	2.001E-05

	0.1511
	6.895E-05
	0.1535
	4.465E-05
	0.1545
	3.188E-05

	0.2045
	9.253E-05
	0.2031
	5.884E-05
	0.1937
	3.905E-05

	0.354
	1.455E-04
	0.345
	9.447E-05
	0.349
	6.483E-05

	0.554
	2.223E-04
	0.55
	1.458E-04
	0.549
	9.969E-05

	0.964
	3.564E-04
	0.955
	2.395E-04
	0.954
	1.652E-04

	1.469
	4.994E-04
	1.46
	3.456E-04
	1.464
	2.405E-04

	1.969
	6.219E-04
	1.96
	4.397E-04
	1.964
	3.095E-04

	2.979
	8.285E-04
	2.97
	6.025E-04
	2.974
	4.348E-04

	3.989
	9.977E-04
	3.98
	7.414E-04
	3.979
	5.446E-04

	5.004
	1.141E-03
	4.985
	8.627E-04
	4.994
	6.430E-04

	7.529
	1.424E-03
	7.51
	1.109E-03
	7.514
	8.489E-04

	10.049
	1.638E-03
	10.03
	1.302E-03
	10.039
	1.017E-03

	12.569
	1.808E-03
	12.54
	1.459E-03
	12.549
	1.159E-03

	15.079
	1.948E-03
	15.055
	1.591E-03
	15.059
	1.280E-03

	17.594
	2.066E-03
	17.565
	1.704E-03
	17.569
	1.385E-03

	18.599
	2.108E-03
	18.565
	1.745E-03
	18.569
	1.425E-03

	19.609
	2.149E-03
	19.565
	1.784E-03
	19.564
	1.463E-03

	19.809
	2.157E-03
	20.035
	1.803E-03
	20.034
	1.482E-03



Tab. 19. Nitrogen adsorption isotherms on MSC CT-350
	20 °C
	40 °C
	60 °C

	p [bar]
	w* [mol/g]
	p [bar]
	w* [mol/g]
	p [bar]
	w* [mol/g]

	0.00908
	4.844E-06
	0.00888
	3.425E-06
	0.00914
	2.480E-06

	0.01718
	1.106E-05
	0.01184
	5.339E-06
	0.01634
	4.925E-06

	0.03284
	2.022E-05
	0.01842
	8.254E-06
	0.01934
	6.832E-06

	0.05982
	3.799E-05
	0.0332
	1.365E-05
	0.03062
	1.028E-05

	0.1015
	6.074E-05
	0.06
	2.254E-05
	0.0596
	1.728E-05

	0.1847
	1.034E-04
	0.0947
	3.484E-05
	0.1003
	2.913E-05

	0.25
	1.314E-04
	0.1387
	4.964E-05
	0.1469
	3.738E-05

	0.545
	2.471E-04
	0.1681
	6.136E-05
	0.2069
	4.819E-05

	0.95
	3.779E-04
	0.1969
	7.353E-05
	0.29
	6.126E-05

	1.46
	5.125E-04
	0.3575
	1.232E-04
	0.35
	8.503E-05

	1.97
	6.253E-04
	0.415
	1.392E-04
	0.55
	1.257E-04

	2.975
	8.053E-04
	0.545
	1.710E-04
	0.955
	1.955E-04

	3.99
	9.461E-04
	0.945
	2.654E-04
	1.46
	2.727E-04

	5
	1.064E-03
	1.45
	3.670E-04
	1.965
	3.420E-04

	7.52
	1.287E-03
	1.95
	4.551E-04
	2.97
	4.606E-04

	10.04
	1.452E-03
	2.965
	6.038E-04
	3.98
	5.571E-04

	12.555
	1.580E-03
	3.965
	7.253E-04
	4.99
	6.401E-04

	15.06
	1.683E-03
	4.975
	8.290E-04
	7.52
	8.140E-04

	17.56
	1.767E-03
	7.495
	1.032E-03
	10.04
	9.507E-04

	18.555
	1.796E-03
	10.015
	1.189E-03
	12.55
	1.062E-03

	20.025
	1.837E-03
	12.52
	1.313E-03
	15.065
	1.156E-03

	
	
	15.02
	1.414E-03
	17.57
	1.235E-03

	
	
	17.515
	1.497E-03
	18.57
	1.265E-03

	
	
	18.52
	1.527E-03
	19.56
	1.294E-03

	
	
	19.515
	1.555E-03
	20.03
	1.308E-03

	
	
	19.97
	1.568E-03
	
	



The heat of adsorption, as presented in Fig. 2, was calculated based on adsorption isotherm data through the Clausius-Clapeyron equation (Eq. 12), which results in the adsorption enthalpy at constant adsorbent surface coverage (θk = wk*/wsk*). The method originates in the following argumentation. Since the adsorption isotherm identifies the thermodynamic equilibrium state between gas and solid phases, the Gibbs free energy equals zero at its every point, according to Eq. 21. Subsequently, the entropy term can be substituted by the quotient of adsorption enthalpy and temperature, as shown in Eq. 22. Therefore, by assuming that the volume of the adsorbate phase is negligible compared to the volume of the gas phase (Eq. 23) and substituting the volume of the gas phase according to the ideal gas law (Eq. 24), the adsorption enthalpy can be determined directly from the slope of the straight line of adsorption isostere, as presented in Eq. 25-26.

								       (Eq. 21)

									       (Eq. 22)

									       (Eq. 23)

										       (Eq. 24)


  ;   							 (Eq. 25-26)
where: Δg is the change in Gibbs free energy [J/mol], Δv is the change in molar volume [m3/mol], vgas is the molar volume of gas phase [m3/mol], vads is the molar volume of adsorbed phase [m3/mol], Δp is change in pressure [Pa], Δs is the change in entropy [J/mol/K], ΔT is the change in temperature [K], Δhads is the heat of adsorption [J/mol], and R is universal gas constant [J/mol/K]. 
Therefore, the following calculation steps were performed:
1. Defining the surface coverage (values from 0.01 to 0.99).
2. Calculation of partial pressure from the isotherm equation.






3. Calculation of natural logarithm of partial pressure at different temperatures.
4. Calculation of the slope of ln(p) in function of 1/T.
5. Calculation of adsorption enthalpy by multiplication of the slope and universal gas constant.
6. Calculation of adsorbent loading wk*= θ /wsk* at different temperatures.
7. Plotting adsorption enthalpy vs adsorbent loading.
In this work, we implemented the temperature-dependent Sips equation. Therefore, the saturation equilibrium loading wsk* is a function of temperature, as shown in Eq. 9. We apply the presented method due to the fact that the surface coverage θk is not an accessible variable in the utilised simulation tool.
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