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Abstract

In this study, dynamic modeling of two-component adsorption of CO2/N: in a fixed bed column
with a CALF-20 metal-organic framework is presented. The process was modeled under
isothermal conditions at 25°C and 1 bar pressure with different input compositions. Mass
transfer Kinetics were described using the linear driving force model. The multicomponent
adsorption equilibrium was calculated based on single-component isotherms using the ideal
solute adsorption theory. Partial differential equations were solved using upstream finite
difference method using the third-order Runge-Kutta method. The grid independence study
showed that 100 axial nodes and a time step of 0.01 s provide acceptable results with an error
of less than 1%. The model was validated with experimental penetration data and the average
deviation was observed to be less than 5%. Key performance indicators including working
capacity (2.24 mol/kg), dynamic selectivity (about 320), bed efficiency (3.95%), unused bed
length (1.49 cm) and mass transfer zone length (2.32 cm) were calculated. The results show that
CALF-20 has high selectivity and capacity in CO[] separation from N[ -rich streams. The
developed model can be used as an initial step in the conceptual design of industrial units by

adding a thermal model and investigating PSA/TSA cycles.

Keywords: CALF-20, Metal-Organic Framework, CO; Capture, Fixed Bed,
Dynamic Adsorption Modeling, Breakthrough.
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Figure 1. Experimental (colored symbols) and simulated (solid lines) breakthrough curves for the binary gas mixture at
295 K and 0.97 bar[7].
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Figure 2. Schematic diagram of the fixed-bed adsorber [11].
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0 Read input parameters o Calculate the equilibrium o Calculate the discretized
adsorption for each component time step p, and q,
V. Pp> Pis Qi at each grid point using IAST (first stage SSP-RK(3,3))
A4
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Figure 3. Flowchart of the solution procedure for the differential equations of the fixed-bed dynamic adsorption model.
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Table 1. Input parameters for the adsorption column model.

Input Parameter Value Reference
Mass transfer coefficient, (k_LDF) (s 0.06 [7]
Column length, (m) 0.0786, 0.30 -

Superficial inlet gas velocity, (m s) | 0.001, 0.0026, 0.010, 0.100 -

Adsorbent density, (kg m™) 570 [7]
Bed porosity 0.40 -
Spherical particle diameter, (mm) 1.0 -
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Table 2. Fitted adsorption isotherm parameters of CO[J and N[J for CALF-20 in the fixed-bed adsorption model.
Gas | qm K, (Pa?) Gm2 K,(Pa™) R? Model

CO, | 2875 | 1.842x 107> | 3.531 | 1.842 x 107> | 0.999
Dual Site

N, 6.822 | 8.276 x 107 | 0.530 | 3.926 x 1077 | 0.999 | Langmuir
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Table 3. Parameters used for calculating the adsorption column productivity.

Metric Definition How to obtain

Breakthrough time t;,

Time at which outlet CO, reaches the

Directly read from the breakthrough plot
threshold (e.g., 5 % of inlet)

stoich = J- (1 - &)) dt (from the area above the
0

Yin

Stoichiometric Ideal breakthrough time for a sharp

time tstoich

front (center of mass of the wave)

normalized breakthrough curve)

Length of Unused
Bed (LUB)

Fraction of bed not utilized at

breakthrough

LUB = (1— i )L

stoich




Metric

Definition

How to obtain

Mass-Transfer Zone

height (MTZ)

Axial distance of the concentration

front

If axial data available: at a fixed time, distance between
positions where y/y;, = 0.05 and 0.95. If only outlet

data, estimate MTZ =~ 2 x LUB for symmetric fronts.

Bed utilization

Ratio of working capacity to
equilibrium capacity at feed

conditions

n= qwork/ qeq
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Table 4. Results of the numerical stability assessment.

Scenario Relative Error (%) | Breakthrough Time (min) Numzzzriz Grid Time Step (s)| Remarks
1 — — 50 0.10 Unstable
2 — — 100 0.10 Unstable
3 0.62 123.18 50 0.017 Oscillatory
4 1.19 122.46 50 0.010 Stable
5 0.15 124.13 100 0.010 Stable
6 1.19 122.46 50 0.001 Stable
7 0.00 123.94 100 0.001 Reference

' Courant-Friedrichs-Lewy condition
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Table 5. Input data from the reference study used for model validation.
Parameter ‘ Sym. ‘ Units Value Source
Column properties
Column length L m 0.0786 measured
Inner column diameter din m 0.0282 measured
Outer column diameter dout m 0.0318 measured
Bed voidage € - 0.4 measured
Particle voidage €p - 0.35 assumed
Tortuosity T - 3 assumed
Adsorbent mass Mygs g 16.7 measured
Properties and constants
. >b It K

Universal gas constant R e bar rlno 8.314 x 1075 standard
Adsorbent particle density Pp kg m3 570 measured
Column wall density Pw kg m3 7800 standard

NIST

. He) 5200, (CO2) 841, (N
Specific heat capacity Cpg Jkg'K! (He) (€02) (N2) database
’ 1040
Specific heat capacity of adsorbed Co Tk K Co assumed
phase

Specific heat capacity of adsorbent Cpys Tkg' K1 1371 fitted
Specific heat capacity of column wall | Cp,, Tkg' K1 502 standard
Fluid viscosity m kg m's’! 1.812x 107° standard
Molecular diffusion D, m s 1.496 x 107° standard

Effective gas thermal conductivity K, W m'K! 0.4 fitted




Thermal conductivity of column wall | K, W m'K! 16 standard

Internal heat transfer coefficient hin W m?K! 6.963 fitted

External heat transfer coefficient hout W m?2K! 14 fitted
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Figure 4. Breakthrough curves for the CO, /N, binary system in a fixed-bed column packed with CALF-20.
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Figure 5. Breakthrough curves for the CO, /N, binary system in a fixed-bed column packed with CALF-20.
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Figure 6. Breakthrough curves of the He/CO, /N, ternary gas mixture in a fixed-bed column packed with CALF-20:

(a) as a function of real time and (b) as a function of the dimensionless time, T = %’
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Figure 7. Three-dimensional breakthrough curves of the He/CO, /N, ternary gas mixture in a fixed-bed column
packed with CALF-20 at 298 K and 1 bar, plotted as a function of real time for an inlet gas composition of (0.95, 0.01,
0.04) mole fraction (He, CO, , N; ).
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Table 5. Adsorbent and adsorption column productivity results.
Parameter Value Unit
CO, breakthrough time (criterion: C/C, =0.01) 15.78 S
Stoichiometric time 16.61 S
Working capacity (dynamic loading at breakthrough) 2.24 mol kg™ 1
Equilibrium CO, capacity (at feed: 15 % CO, , 85 % N, , 298 K, 1 bar) 2.35 mol kg™ !
Bed utilisation (n = qwork / Geq) 95.3 %
Length of unused bed (LUB) 1.49 cm
Mass-transfer zone length (MTZ) (Az between C/Cy = 0.05 and 0.95 att=15.5s) 2.32 cm
CO; /N, selectivity (equilibrium) ~320 -
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Figure 8. Effect of superficial gas velocity on the CO, breakthrough curves in the CO, /N, binary system.
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Figure 9. Effect of the LDF mass transfer coefficient on the CO, breakthrough curves in the CO, /N, binary system.
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