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Abstract. This manuscript provides an analyzes of a one-dimensional modeling approach for post-combustion
CO2 capture in a Hollow Fiber Membrane Contactor (HFMC), which uses a 30% (w/w) MEA
(monoethanolamine) solution as a solvent. A reactive absorption is considered, with variable gas and liquid
resistances. The influence of the volumetric rate (G°) on the system parameters was evaluated, and then, the system
behavior was studied, fixing the parameters to achieve a capture ratio of 90%. The MATLAB 2021a® software
was used to solve the equations, and a routine was created, allowing to solve the problem as an initial value problem
(IVP), which shown to be efficient.
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1 Introduction

Due its influence on the global warming and for being one of the greenhouse gases, carbon dioxide (CO2)
called the attention of the global researchers around the world. Thus, the so-called Carbon Capture and Storage
(CCS) has been studied along the last decades [1, 2].

Despite the conventional methods for post-combustion CO; capture are considered to be the bests available
ways [2], membrane-based methods have gained prominence due to their distinct advantages [3]. Gabelman et al.
[4] and Rivero et al. [3] explain important aspects about the operability and modeling of the Hollow Fiber
Membrane Contactor (HFMC). The HFMC will be the object of study of this manuscript.

2 Methodology

The HFMC consists in a shell which is packed with hydrophobic microporous tubes (hollow selective
cylindric fibers) where only the CO, can pass through. This process occurs by physical absorption and chemical
reaction in at least three steps: the CO; is transferred from the gas bulk to the gas film (the gas boundary layer
formed right at the mouth of the micropores), then diffused through the pores of the membrane, and finally
absorbed by the solvent (amine solution) where the reaction happens [5-7].

2.1 System characteristics

The size of the system considered on this manuscript is in pilot scale, and the geometric parameters are
between the range of the commercialized HFMCs: high fiber volume fractions (¢ = 5) and small fiber external
radii (r, < 103 m) [8]. A number of tubes of 24000 was considered, and for a given fiber volume fraction (¢),
external radius (r,), a relative thickness of the fiber (5 /1., where § stands for the thickness) and a fixed ratio of
the liquid velocity and inlet gas velocity (u;/u2) [8], the shell radio (r;) can be estimated. A circular internal
section of the membranes is considered, and the equivalent hydraulic diameter (d;) was considered to represent
the geometry of the external flow section [8, 9].

The range of the volumetric rate of the post-combusted gas on the inlet side (G°) studied is [0 - 1] x 107!
md/s, which have an initial molar fraction of CO; (y?) of 0.15, and the liquid rate (L) is estimated from the
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velocities ratio.

The solvent (liquid phase) consists in an agueous monoethanolamine (MEA) solution 30% (w/w), widely
used in the CO, absorption industry and researches [10-14], and it’s is considered flowing at the lumen side of the
fiber, whereas the gas mixture flows at the external side of the membrane. Both of them leak in a counter-current
flow, and a laminar velocity profile is considered for them.

2.2 Model assumptions

Important model assumptions are summarized below (based on considerations of Rode et al. [8] and Zaidiza
et al. [5]).

Remark 1: Phases. The gas phase consists in a mixture of CO, (which is the solute) and saturated air (H.O + N
+ 0O2), and its overall volumetric flow varies in an ideally behavior with the gas pressure. The liquid phase is an
aqueous solution of MEA (as said before), and its volumetric flow remains constant because no pressure drop on
the liquid phase is considered.

Remark 2: System. The system is at steady state and varies only with the axial coordinate (consisting in a
unidimensional model, neglecting the radial and angular variations). The gas flows surrounding the fibers (shell
side), in a counter-current configuration related to the liquid (which flows inside the membrane).

Remark 3: Membranes. A non-wetted model for the membranes (reducing the mass transfer resistance [15]) is
considered in this paper, which means that all porous membranes are hydrophobics and the gas-liquid interface is
always located at the internal surface of the membranes. The pore size is uniform throughout the membrane.

Remark 4: Equilibrium. The Henry’s Law is used to describe the equilibrium at the gas-liquid interface. The
Henry constant is considered unvarying due the concentration range used (so the volumetric gas-liquid partition
coefficient m) [16].

Remark 5: Temperature and properties. The isothermal conditions area assumed, so the temperature remains
constant at the entire process. Liquid properties (such as density and viscosity) remain constant too.

2.3 Mass transfer, chemical reaction

The concept of resistances in series was used to model the mass transfer in the process, by estimating a local
overall resistance (then an overall mass transfer coefficient K,,/) [4, 5], using the local mas transfer coefficients at
the gas film, liquid film and the membrane pores. The two-film theory was applied to describe the transfer at the
gas-liquid interface, adding the chemical reaction on the liquid side [17].

For a given fluid F leaking with a laminar flow in a cylindrical pipe, the local mass transfer coefficient can
be estimated using the dimensionless Graetz number (G zg), using the hydraulic diameter at the flow section. This
analogy is commonly used in HFMCs for the flow inside the fibers [18, 19], but Rode [8] shows that applying this
analogy to an array of cylinders is also suitable, considering a fully developed profile for both the gas-side and
liquid-side. The Graetz number is given by eq. (1):

where F can be either the gas or liquid phase (represent by G and L subscription, respectively), D, r is the diffusion
coefficient of CO; on the fluid, z is the axial coordinate, vy is the interstitial velocity given by the ratio between
the superficial velocity of the fluid (u;) and the specific flow section external (..., surround the fibers) or internal
(&int, at the lumen side), given by the ratio of the flow section and the overall reactor section, and d,, is the hydraulic
diameter, which also depend on the fiber side of the flow and it is given by eqns. (2) and (3):

dh,ext =21, (1 - (P)/(P (2)

dh,int =21,(1-46/7). 3)

Known the Graetz number, the Sherwood number can be estimated (so the local mass transfer coefficient et
the gas and liquid sides) [5-8] by the following equations:
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Gzp < 0.03 - Shy = 1.3Gz;/* 4
Gzp > 0.03 > Shy = 4.36 (5)
krdp
Shy =
"= D, (6)

where kg is the mass transfer coefficient which can be used for the gas (k) or for the liquid (k).

The mass transfer through the membrane is leaded by the diffusion, and the mass transfer coefficient of the
membrane (k,,) can be calculated by eq. (7) using a Fick diffusion mechanism [9], which is already discussed on
the literature being suitable for this process [4, 8]:

o =2 () (7)

where &/t stands for the membrane permeability.
The overall mass transfer coefficient can now be calculated using the eq. (8):

1 1 1-46/r, 1 1 1-6/r,
S n )
KOV mEkL 6/re 1_6/Te kM kG
where m can be calculated by the inverse of the dimensionless Henry’s constant and E stands for the enhancement
factor, which decrease the liquid film resistance due the chemical reaction [17].
It was considered that the chemical reaction occurs at the liquid side boundary layer, with irreversible,

bimolecular and second-order characteristics [5, 8]. The mathematical expression used for the reaction is
represented for the eq. (9), where A stands for the CO and B for the MEA solution:

®)

2By + Ag) = BAq). 9)

To describe the reaction regime, two dimensionless number were used: the Hatta number (Ha) and the
limiting (or asymptotic) enhancement factor (E;;,,,) [8, 20]. Three regimes should be considered to calculate the
enhancement factor, as represented by eqns. (10) — (12) [5, 8]:

E;:
" 550 » E = /1 + Ha? (10)
Ha
where the process is not limited by the MEA diffusion,
E;;

where there is limitation by the MEA diffusion,
,(Elim_E)
Ha | ———=
E.. (Etim—1)
I_l;;" <50->E = L (12)
tanh [Ha M]
(Elim_l)
which is an intermediate situation.

The Hatta number and the limiting enhancement factor can be calculated by eqns. (13) and (14):

D41 k,-C
Ha = Y ALT"BL (13)

ky

0.02 <

CB,LDB,L

Eyp = 14—
Lim 2mCy Dy,

(14)

where k, is the kinetic constant and Cp ; and C, ; are the concentration of MEA in the liquid and CO in the gas,
respectively.
The kinetic can be described by its expression on eg. (15) (which gives the reaction rate 7, in molam3s1):

Ty = —k.Cy1Cpy (15)

where C,; and Cp, are the concentrations of CO, and MEA in the liquid phase, and the kinetic constant (in
mc®molas?) is computed by eq. (16):
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5400) (16)

k, = 4.4 x 108 exp (—T
where T is the temperature of the process.

To see the behavior of CO; on in the transfer process, its molar fraction on the gas-phase (y,), the capture
ratio (8) [8] and the local absorbed flux &, (in mol s* m3) were used. The CO, molar fraction was calculated by
eq. (17):

RT

=Cypc— 17
Ya A,G P, (17)

where C4 ; and P;; stand for the concentration of CO2 and the pressure, respectively, on the gas-phase, the capture
ratio was estimated by eq. (18):

1-— 0
0=1— ( )’A)y,g (18)
(1= ya)ya
and the absorbed local flux was computed by eq. (19):
@y = apmeKovCac (19)
where a;;,; stands for the internal specific interfacial area and is given by eq. (20):
Aine = 201 = 6/7) /7. (20)

2.4 Balance equations

The differential equation system is formed by three balances: a CO, molar balance, a MEA molar balance
and a gas momentum balance. A dimensionless system is described by Rode et al [8] and Zaidiza et al [5], however
this paper shows the non-dimensionless system adapted from the proposal of Rode.

Remark 1: CO2 differential molar balance. Considering the CO, concentration in the gas varying with the transfer
and its pressure, the molar balance results in the eq. (21):

2
dCyc  Cpc |dPg Aine Koy P8 <P_G_CA_,G 0)

Az P, |dz  uS(1—y)\BY A

(21)

where P? is the inlet gas pressure and Cf; stands for the inlet concentration of CO».

Remark 2: MEA differential molar balance. Considering a counter-current arrangement and the reaction
stoichiometry, the MEA balance in the liquid phase results in the eq. (22):

dCg, _ 20t Kov Cag
dz uy

(22)
which should be negative if a concurrent flow is applied.

Remark 3: Gas momentum balance. The pressure drop at the shell side of the HFMC can be described by a
Kozeny-type equation [5, 8, 21] given by eq. (23), with a Kozeny constant fitted to a fiber-bundle geometry:

abs _ 2KuGy ug(1—yR) 23
d - int Fy P Ca
ko Bl e

where p is the viscosity of the gas-phase and k stands for the Kozeny constant, which is given by eq. (24) for a
range of 0.3 < ¢ < 0.6:

Kk = 55002 —7.87¢ + 7.73. (24)
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3 Results and discussion

Due the counter-current configuration of the system, the model forms a boundary value problem (BVP), as
the concentration of free MEA at z = 0 (CJ ;) is not known (it is known only the concentration in Z, which is the
HFMC length and the inlet side of liquid). Nevertheless, the system was solved as an initial value problem (IVP)
using the ode45 routine from Matlab R2021a® with and initial guess of 2, and a little routine was created to fix
that estimative. The free MEA concentration at Z is considered to have CO; loading (a?) of 0.484, so that routine
solved the loading of CO at the initial point (a?).

3.1 Simulation conditions

At least two analyses with different simulation conditions were done: a sensitive analysis for the influence
of the volumetric rate of the gas-phase on the capture ratio, CO, concentration on the gas, consumed MEA and
pressure drop (where Z was fixed in 2 m and G° varies from 0 to 1 x 10~ m3/s), and an analysis of the behavior
of the process with the axial coordinate z (fixing G° = 1.5 x 10~* m3/s and Z = 1.141 m to achieve a capture
ratio of 90%).The parameters used for the simulations are shown on Tab. 1 [11, 22-27]:

Table 1. Simulation parameters

Parameter Nomenclature Value Units
Fiber volume fraction ) 0.6 dimensionless
External fiber radius 7, 1x1073 m
Relative membrane thickness S/, 0.4 dimensionless
Membrane permeability e/t 0.12 dimensionless
Number of fibers N, 24000 dimensionless
Temperature T 313 K
Inlet gas pressure P 1.05 x 10° Pa
Inlet superficial velocity ratio uy, /ul 479 x 1073 dimensionless
Inlet molar fraction of CO> y? 0.15 dimensionless
Inlet molar concentration of CO> Cle 6.0524 mola/m3
Gas viscosity Ug 1.5 % 107° Pas
Diffusion coefficient of CO, on gas Dyg 1.65 x 1075 m?/s
Inlet solvent concentration of free MEA C&, 2544 molg/m?
Diffusion coefficient of CO> on liquid Dy, 1.29 x 1079 m?/s
Diffusion coefficient of MEA on liquid Dg, 1.04 x 1079 m?/s
Volumetric gas-liquid partition coefficient m 0.610 mg3/m, 3

3.2 Volumetric rate influence

As said, the configuration of the HFMC was fixed and the volumetric flow was variated. Figure 1 shows the
stationary behavior of the process at the variation.

(a) {b) (c)
1 G 1
5 )
- 0.8 E 0.98
w —
o T o4 5
| -y =
506 = £ 096
£ :
S 0.4 Q T 094
il ot 2 oo
= &O
0.2 1 o 0.92
o o 0.9
1] 0.02 0.04 0.06 0.08 0.1 o 0.02 0.04 0.06 0.08 0.1 1] 0.02 0.04 0.06 0.08 0.1
G° (m¥s) G (m¥s) G (m¥s)

Figure 1. Sensitivity analysis for the inlet gas volumetric rate
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As seen on part (a) of Fig. 1, the decrease of capture ratio is steep when increasing the inlet gas volumetric
rate, until a sharp curve and start to decrease smoothly (when the pressure drop starts getting significant influence,
as seen on part (c), and the CO, concentration starts to decrease due the volume increasing).

For the fixed configuration (in pilot-scale), only low volumetric rates (G° < 5.6 x 10~*) are allowed if
capture ratios greater than 80% are required (as shown on Fig. 2).
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Figure 2. Sensitivity analysis for the inlet gas volumetric rate for 8 > 80%

3.3 Behavior of HFMC with axial coordinate

Figure 3 shows the process behavior with the dimensionless axial coordinate (z/Z), where Z was fixed
accordingly to the capture ratio (Z = 1.141 m to & = 0.90), using a volumetric ration of 1.5 x 107

(a) 015 (b)
0.02 / :
)
(5]
o @
73]
L 0.015 5 01
= 2
[=}
E £
< =)
& 0.01 = 0.05
o
-
0.005 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
z/Z (dimensionless) z/Z (dimensionless)
(c) (d)
3000 1
@
2500 $ 0.00909
= =
T 2000 =
B % 0.99998
E 1500 £
e T 0.99997
1000 o
° G& 0.89996
(_lj S
500 ot
0 0.99995
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
z/Z (dimensionless) z/Z (dimensionless)

Figure 3. Solution of the system for a capture ratio of 90%

The variation of the flux (part (a) of Fig. 3) shows that near the z/Z = 2 point, the flux of CO; is maximum,
then starts to decrease due the behavior of CO; concentration on the gas. The CO, molar fraction (part (b)) starts
to decrease from 0.15 until gets the value for the required capture ratio (yZ = 0.0173). The part (c) shows that
the created routine fits very well to fix the initial value of CJ ;. The pressure drop on the gas-phase is neglectable,
as shown on part (d). So, for this system, the configuration of the HFMC is fully applicable.

4  Conclusions

This manuscript aimed to develop a modeling and simulation for CO2 capture using a hollow fiber membrane
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contactor (HFMC) and evaluate the behavior of the process through important changes in design variables. The
model tested was a little different from the model taken from the literature (non-dimensionless), but it gets good
results as expected. Was observed that, increasing the inlet gas flow (G°), the capture ratio (0) decreases fast,
allowing only low rates depending on the scale of interest. The way to solve the problem proved to be very
effective, as it was accompanied to a routine to fix the initial guess of the concentration of free MEA.

Authorship statement. The authors hereby confirm that they are the sole liable persons responsible for the
authorship of this work, and that all material that has been herein included as part of the present paper is either the
property (and authorship) of the authors, or has the permission of the owners to be included here.
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