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Abstract

The chemisorption and absorption of CO, bubbles have been extensively studied and modelled in the
literature. CO, gas is converted to aqueous CO,, which produces OH, HCO5 and CO327 ions in the
solution. In this study, a three-dimensional multiphase model of a CO, bubble column is simulated
with and without an electric field using COMSOL Multiphysics. The first model is developed using the
Euler-Euler model and simulated using the bubble flow and dilute solution theory module in COMSOL,
validated against data obtained from existing literature. The second model builds upon the first model
by considering the electrostatic interaction between the charged species and the electrical field, employing
the Nernst-Planck equation. Simulation results from the second model indicate that the presence of an
electrical field significantly impacts the CO4 chemisorption process in the rectangular bubble column. The
applied field alters the distribution of charged species, influencing concentration gradients and enhancing
mass transfer rates. A parametric study is conducted on the applied electric field. The findings of this
study can inform on the design of novel CO, capture systems, offering potential avenues for mitigating
greenhouse gas emissions and advancing sustainable energy practices.
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1 Introduction

In the bubble column, the transfer of mass between gas bubbles and liquid phases is a crucial phe-
nomenon in various fields of chemical engineering, including bioreactors, gas-to-liquid facilities, and the
sequestration of carbon dioxide [I]. Currently, there is a focus on studying the chemisorption of CO,
from flue gas into an aqueous solution of NaOH or KOH due to global warming concerns [2].

Two modelling approaches, the Euler-Euler model (E-E) and the Euler-Lagrange (E-L) model, are the
most common and used models for the physisorption and chemisorption of CO5 in the NaOH or KOH
bubble column. The Euler-Euler model uses the volume-averaged and momentum equation to explain
the movement over time in both gas and liquid phases. Conversely, the Euler-Lagrange model tracks
each bubble using Newton’s equation of motion while treating the liquid as a continuum [3].

The gaseous CO, is physisorbed and converted into aqueous CO,, which then reacts with H,O or OH to
form aqueous HCO3 and COs. These species are transported through diffusion and convective motion
in all regions. The chemisorption reaction in the system is given as:

COQ(&Q) + OH7 <—> HCO?: (1)
HCO; + OH +— CO43* + H,0 (2)

The forward and backward reaction rates in the column mainly depend on the forward and backward
rate constants and the concentrations of species at that point. Assuming that the forward and backward
rate constants for reaction [I| are k1¢ and kip, while for the reaction 2| are ko and kgp, the reaction rate
can be written as:

Rip = k10, (aq) COR- (3)
Ry = kuyercos (4)
Ry = kaycaco, con (5)
Rop = kanCoo,2 (6)

The reaction rate is dependent on the local concentration of the species. As reported in the literature,
the concentration of gaseous CO, is high at the inlet and middle of the column, showing that the aqueous
CO, concentration conversion rate is high in this region [4].
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In the presence of the electric field, the movement of the ionic species is affected. When the electric field
is applied to the system positively charged ionic molecule is attracted towards the negative pole while a
negatively charged ionic molecule is towards the positive pole. In the CO, bubble column, four charged
species Nat, OH, HCO5; and COj; are present. In the presence of an electric field, the movement of
these species will be affected by the migration, hence the local concentration of the species. Due to this
production/consumption rate of all species will be affected.

This study combines dilute solution theory with the migration of ions in the electric field, using an
E-E model to examine the impact of several important factors. These include mass transfer, local
concentration distribution, aqueous convective motion, and bubble flow pattern in the bubble column.
The model’s development is outlined in the following section. The simulation results are then discussed,
followed by conclusions.

2 Model development

2.1 Mass transfer of CO, from the gas phase to the liquid phase

A simplified Euler-Euler model is used with this assumption that both gas phases share the same pressure
file and the gas density is much less compared to the liquid density. Hence, it is negligible for the
momentum equation. Hence, the momentum equation can be written as [5}:

Ou

2
apy 8tl +api(ug - Vyw =V - |p+ o (Vu + (V)" — g(v ~u)l)| +apg + F (7)

The continuity equation can be written as:

0
a(plal + pgag) + V- (plalul + pgagug) =0 (8)

Where oy, pi, ui, ag, pg, and u, are liquid volume fraction, liquid phase density, liquid phase velocity
vector, phase volume fraction, gas phase density, and gas phase velocity vector respectively. g represents
gravity and p represents pressure. F'is interface forces, a combination of the drag, lift, and virtual mass
forces as:

F=Frp+For+Fovum 9)
These forces can be defined as [6]:
3 C
Frp = Jogng> g — utl(uy —w) (10)
4 dp
Fr.p =agmCr(ug —w) X V x (11)
d d

Frvu = O‘gplCVM(%ug - %Uz) (12)

Where dy,, Cp, C, and Cy s are the gas bubble diameter, drag coefficient, lift force constant, and virtual
mass coefficient, respectively.

The continuity equation for effective density when mass transfers from gas to liquid happen can be
defined as [7]:
9(agpy)

ot

Where my; is the interface mass transfer rate for the CO, gas and defined according to two film theory
as:

+ V- (agpgug) = —mgl (13)

mg = kiaEp(c; — cco,)Mco, (14)

Where k; and E are the mass transfer coefficient and enhancement factor. a = 6¢/ds is the interfacial
area. cco, is CO, concentration in the liquid phase, and ¢; is the dissolved gas in the liquid phase, can
be determined by Henry’s law as:

_ p+pref

Cl
Hco,

(15)



Hco, is Henry constant; this is calculated according to Weisenberger and Schumpe method as [8]:

w
Heo,

Hco,

log -—= =3 _ (hi + hg)ci (16)

Where h; and hg are constant and hy is linear function of temperature as:

hg = hg,o + hy(T — 298.15K) (17)

HEp, is Henry constant of CO; in pure water and can be calculated as:

2044

Heo, =359 x 107" RT exp 7

(18)

The mass transfer coefficient is related to the Reynolds number (Re = pilu; — ugy|dpp; ') and Schmidt
number (Sc = p(pDco,) ") as [2]:
Dco,

b= — =2+ 0.015Re% % 5% ™) (19)

2.2 Mass balance and mass transport in aqueous electrolyte

A total of four ionic species Nat, OH , HCO5, CO5;* and one non-ionic species aqueous CO, are present
in the electrolyte solution. Since the concentration of these species is much less than aqueous electrolyte,
these species are treated as dilute solutions. The mass conservation equation as per the dilute solution
theory can be written as:
d(ayc;)
ot

=-V - -N;+qS; (20)

¢; represents the concentration of species i. The concentration flux ﬁl can be written as:
D_eff
N; = —DIve; — 2 e PV o+ uic (21)

S; is the production or consumption of species ¢, can be defined as:

Mgl
Scoyaq) = Mcgo — Rys + Ry (22)
2
Sco,r = Rag — Rap (23)
Stco; = Rif — Riy — Ray + Rop (24)
Son~ = —Riy + Rip — Ry + Rop (25)

fo 7 is the effective diffusion coefficient and calculated according to the Brugmemann correlation as:
fof _ al1‘5D1, (26)

zi, R, T, F, and ¢; represent the charge number, gas constant (8.314 Jmol™* K~1), operating tempera-
ture, Faraday constant (96485 C mol_l)7 and electrolyte potential, respectively. V¢; only works for ionic
species, yielding zero for non-ionic species.

The solution is electrochemically neutral and mathematically represented as:

D zici =0 (27)

2.3 Initial and boundary condition

Initially, it is assumed that the pH of the column is 12, resulting in the concentration of Na* and OH~
being 0.01 M and the other species concentration is zero. The pressure in the column is corrected due to
gravity by —p;g(z —h). The schematic representation of the bubble column is shown in fig. Assuming
the center of the bottom inlet as 0.03 x 0.03 m?, the gas velocity is 0.1125 ms~! and the slip velocity is
0.20 ms~!. The outlet condition is given at the top of the column. Along the y-axis, different electrolyte
potential is applied.



Table 1: Parameters used in model [6, [9]

Parameter Value Unit Parameter Value Unit
Cp 1.071 Cr, 0.50
(CVM,h, CVM,y) (0.25, 1.53) Pl 1000 kg m~3
Pg 1.29 kgm 3 ) 0.001 kgm~1ts!
g 1.812 x 107° kgm~1s™! dp 5 mm
Dco, 1.699 x 1072 m2?s~! Donu- 5.3x 1079 m?s~!
Duco, 1.1 x 107° 2 —1 Doz 1.5 x 1079 m? —1
D+ 1.699 x 1079 m2s~1 kg 1 x 10° m® mol ™~ ) 57!
kop 2.15 x 10~ 4

2.4 Simulation Setup

COMSOL Multiphysics 6.1 is used to simulate the transient model represented by equations (7) to (27).
The model utilizes modules for bubbly flow and laminar flow to convert gaseous CO5 to aqueous COs.
Other modules include tertiary electroneutrality for transporting ionic species in the presence of an
electric field and transport of dilute species module for the non-ionic species. The relative tolerance is
set as 1 x 1073,

3 Results and discussion
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Figure 1: a. Schematic representation of bubble column b. Comparison of simulation data with Gurber

et al. results [10]

3.1 Model validation

The simulations are performed without an electric field for up to 30 seconds and validated with the
results obtained by Gruber et al. [I0] for the species CO4 concentration, which show a good agreement
between both models as shown in section Here, the electroneutrality condition is applied, and the
concentration of HCOj5 is calculated. A mesh size with 437 domain elements was used for this study.

3.2 Physisorption of the CO, bubble

CO, gas is converted into aqueous CO, through physisorption. The volume-averaged fraction of the gas
phase increases fast initially and is constant for up to 20 seconds. After 20 seconds, the volume fraction
is increased as shown in fig. 2a] Interestingly, the average volume fraction of the gas phase does not
change with the change in the voltage. This effect happens due to the constant mass transfer rate of
2.1310 x 10~* ms~! being used at the all applied voltages.
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Figure 2: Volume-averaged a. Gas phase fraction b. OH  ion concentration
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Figure 3: Volume-averaged CO; and CO, concentration

3.3 Chemisorption of aqueous CO,

Aqueous CO, reacts with water and produces HCO5 and COS ions in the solution. There are four ionic
species Na™, OH , HCO; and COZ whose local concentration will be affected by the presence of an
electric field. The volume-averaged concentration of CO, and COj3 are shown in fig.[3] The concentration
of CO, gradually increases, but after 20 seconds, it rapidly rises. This shows that the amount of dissolved
CO, is converted to carbonate and bicarbonate products very fast initially. Similarly, the concentration
of CO,* can be observed to be increasing with time.

The volume-averaged concentration trends of OH  are shown in fig. The OH™ ion concentration
is decreasing over time, indicating the consumption of OH™ ion and production of bicarbonate and
carbonate ion as mentioned in reaction eq. and eq. .

Snapshots of the local concentration distribution of the CO{ are shown in fig. at the zy-plane at
0.075 m width. In this study, the voltage is applied to the right side of the column. Figure [4a] indicates
that the distribution of CO{ concentration is randomly distributed and almost similar in all regions,
while fig. and fig. show the orientation of negative CO5 ions towards the positive side (where
electrolyte voltage is applied) of the bubble column. It shows that 00327 concentration is high towards
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Figure 4: Snapshot of local concentration distribution of CO4 ion at zy-plane with z = 0.075 m after
20sa. At0Vb. At2Ve. At5V

the right side and top of the bubble column.

The concentration of CO, decreases with the applied potential, indicating that the consumption is faster
at this potential as shown in fig. CO327 concentration decreases, indicating production of this species
is decreasing with the potential. The trends of OH  ion concentration with potential is shown in fig. 2B

4 Conclusion

A transient three-dimensional multiphase bubble column is developed using the Euler-Euler model, dilute
solution theory with the Nernst-Plank equation in the presence of an electric field. The results obtained
from this model are validated from the literature. In the presence of an electric field, it is observed that
all the ionic species are oriented towards one side, which affects reaction kinetics, displaying a change in
all CO,, HCO3, OH and CO,*  species concentration trends. Aqueous CO, and CO,>" concentration
trends decrease while OH™ concentration trends increase with the applied potential. There are no effects
observed in the gas-to-liquid mass transfer rate, gas volume fraction, and concentration trends with
different applied voltages of 2 V and 5 V.

The bubble column performance can be increased by adjusting the pH level, applied electric field, gas-
to-liquid mass transfer rate, reaction kinetics, and other parameters. This modelling approach can be



used to control the Co, conversion reactions in a bubble column with the help of an electric field or in
an electrochemical device optimization where CO, gases are used in aqueous electrolyte like: Al—CO,,
Zn—CO, or electrochemical CO4 reduction in aqueous electrolyte.
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