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Abstract

In this research, a novel aqueous solvent, i.e., nanoparticle-enhanced ionic lig-
uid (NEIL), is proposed for CO, capture by mixing of MEA as the base fluid and
[Bmim]BF, ionic liquid and TiO, nanoparticles as chemical additives. Then, the
flow hydrodynamics, mass transfer characteristics, and CO, absorption performance
of the proposed solvent are investigated in a T-shaped microchannel structure by
Computational Fluid Dynamics technique at steady-state condition. To present a
detailed model, the Navier—Stokes and continuity equations are combined with a
two-phase laminar flow module considering mass transfer between heterogeneous
phases. Then, the effects of [Bmim]BF, and TiO, mass fraction on CO, loading,
bubble formation, and velocity profile are investigated at different gas and liquid
holdups at ionic liquid fraction 0 % to 10% and nanoparticle fraction 0 to 0.1%. It
concludes that the purification fraction reaches a maximum at TiO, weight fraction
0.04% and applying solvent with high nanoparticle content decreases purification
fraction. In general, the proposed solvent and the considered contactor present ade-
quate performance to absorb CO, from the gas mixture.
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Abbreviations

AMP

DEA
MDEA
MEA
NEILs

NPs
[Bmim]BF,

Diffusion coefficient (m>s™)

Nanoparticle diameter

Enhancement factor

Volume force vector (N-m™>)

Henry’s constant (Pa-m>-mol~")

Gas-liquid interface

Tonic liquids

Reaction rate constant

Liquid side mass transfer coefficient (m-s~!)
Normal vector

Pressure (Pa)

Total mass transfer rate expression (mol-m~>.s7!)
Reynolds number

Strain rate tensor

Schmitt number

Time (s)

Velocity vector (m-s™!)

Mass fraction

Channel length (m)

Dynamic viscosity (Pa-s~!)
Reinitialization parameter (m-s~!)
Interface controlling parameter (m)
Volume fraction

Volume concentration of nanoparticle
Residence time (s)

Viscous stress tensor (Pa)

Density (kg-m~>)

Purification fraction

Aminomethyl propanol

Diethanolamine

Methyl diethanolamine

Monoethanolamine

Nanoparticle-Enhanced Ionic liquids
Nanoparticles

1-Butyl-3-methylimidazolium tetrafluoroborate

1 Introduction

Recently, the emission of a large amount of CO, as a greenhouse gas into the atmos-
phere has caused climate change and global warming in the world. The exhaust
stream from power plants and industrials such as steel, cement, chemicals, oil, and
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gas refineries increases the concentration of carbon dioxide in the atmosphere and
causes global warming. Typically, flooding in coastal cities, sequential droughts,
devastating hurricanes, food and water shortages, and the prevalence of communica-
ble diseases are just some consequences of worldwide warming.

Between the developed technologies for CO, capture, the absorption by alkanola-
mines including MEA, DEA, AMP, and MDEA is more popular and widely used in
industrial plants. Since the common apparatus used in absorption processes have low
efficiency, different improving methods have been proposed to enhance absorption
efficiency such as applying novel solvents and increasing mass transfer coefficient
by employing microchannels. In the recent decade, ionic liquids have been intro-
duced as potential candidates for CO, absorption, due to the particular functional
groups and unique molecular structures which lead to unique absorption properties
[1]. These unique properties include but are not limited to high selectivity, loading,
designability, non-volatility, and thermal stability [2, 3]. Particularly, the absorbed
CO, can be easily regenerated from the saturated solvent, and applying ILs in the
absorption process leads to a reduction in energy consumption and environmental
concerns compared to conventional amine blends [4]. In addition, the use of ILs in
the CO, absorption process instead of traditional volatile solvents can avoid solvent
loss into the purge gas and reduces contaminant emission into the atmosphere [5].
Moreover, the structure tunability makes ionic liquids chemically designable with
special characteristics for cost-effective and energy-efficient CO, absorption [5-7].
The conducted researches proved that adding ILs to conventional alkanolamines can
improve the CO, absorption rate and loading. ILs can physically absorb CO, and
improve the CO, absorption of conventional solvents [8]. In addition to enhance-
ment in heat transfer characteristics [9], nanofluids are other modifiers that could
improve the CO, absorption and enhance the mass transfer rate further [10]. Based
on the conducted researches, the enhancement factor is improved up to 1.22 in TiO,
nanoparticle-modified solvents, which means 22 % more enhancement in the mass
transfer rate [11]. Integration of nanotechnology and thermophysical properties of
ILs can develop a newly improved type of solvents entitled nanoparticle-enhanced
ionic liquids (NEILs). Due to the good heat transfer properties and thermal stability
of NEILs, these solvents are attractive in the heat transfer field [12, 13]. However,
modification of the mixture of conventional alkanolamines and ILs with nanoparti-
cles could improve the CO, absorption extremely.

Although substitution or mixing of conventional solvents with ILs and nanofluids
could enhance absorption efficiency, the contractors are one of the main controlling
parts that limit the process performance. Applying rotating packed beds and microchan-
nels in gas purification units could enhance the mass transfer rate between phases and
CO, absorption rate when mass transfer resistance is the controlling step [14, 15]. The
conventional contactors such as packed beds and tray columns usually suffer from low
gas-liquid interfacial area [16]. Recently, owing to the advantages of micro-dispersion
systems such as providing large contact area, controllability, safety, high mass transfer
rate, and repeatability, this type of system was suggested for absorption processes [17].
Because of high phase dispersion in the micro-scale structures, both mass and heat
transfer can be extremely enhanced simultaneously [18-21]. In comparison with the
conventional apparatus, microchannels can enhance the mass transfer coefficient up to
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1000 times [22]. Guo et al. experimentally investigated CO, absorption in a T-junction
microchannel and found that the volumetric mass transfer coefficient in such devices is
much more than other conventional absorption columns [23]; however, the experimen-
tal investigations of CO, absorption in microchannels are complex and costly. Hence,
computational fluid dynamics (CFD) can be applied to investigate the performance of
solvents. By utilizing CFD, the novel and efficient type of micro-structured systems can
be designed and the effect of various parameters can be studied more easily [24, 25].
Dong et al. simulated CO, absorption in a microchannel by MEA and NaOH solvents
and compared the volumetric coefficient of chemical and physical absorptions of CO,
[26]. They have found that the chemical absorption rate is 3 to 10 times more than
physical absorption. In another CFD simulation of CO, absorption in microchannels, it
is found that the mass transfer rate was enhanced by increasing the solvent concentra-
tion, liquid and gas superficial velocity, and operating temperature [27].

In general, applying the ionic liquids and nanoparticles as novel and efficient sol-
vents in the absorption processes can improve the mass transfer rate in the system.
Besides, microchannels as phase contactor are capable to increase the interfacial area
and the mass transfer coefficient. In this research, a novel solvent is proposed for the
first time for CO, capture by mixing of the aqueous solution of MEA as the base
solution, and [Bmim]BF, ionic liquid and TiO, nanoparticles as chemical additives.
Then, the flow hydrodynamics, mass transfer characteristics, and CO, absorption per-
formance of the novel solvent are investigated in a microchannel by CFD technique.
Besides, the effect of operating parameters such as gas to liquid velocity ratio and ionic
liquid and nanoparticle weight fractions have been investigated.

2 Absorption and Reaction Mechanisms

The zwitterion mechanism which is introduced by Dankwerts explains the reaction of
CO, with primary and secondary alkanolamines [28] Generally, unstable zwitterion
molecules are formed when CO, reacts with MEA, and any bases can instantaneously
neutralize the zwitterions with the following mechanism:

kZ.MEA
CO, + R,R;NH == R;R,NH*COO" )
kg.
R,R,NH*COO~ + B, — R,R,NCOO™ + B,H* ©)

Although the dissolution of CO, into pure ILs is a physical phenomenon and no
chemical reaction occurs, the ionic liquids can be hydrolyzed when dissolved in water
[29]. The mechanism of CO, reaction with MEA and [Bmim]BF, is complex, since
ILs may take an extra proton. Therefore, the reaction mechanism can be described as
follows[30]:

k
R,R,NH*COO™ + R,R,NH —=%, R,R,NCOO~ + R,R,NH" 3
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k
R,R,NH*COO~ + IL — R,R,NCOO™ + ILH* )
kBIL
IL + R,R,NH] — R,R,NH + ILH* )

The overall rate of the CO, absorption can be explained as follows:

r=kyCeo, = (kMEA Cyvipa + kILCIL)CCOZ, (6)

where k and C are the reaction rate constant and concentration, respectively. By
using the enhancement factor, the concentration of CO, in the liquid bulk can be
replaced by that of the interface, which is found from gas partial pressure in the bub-
bles divided by Henry’s constant.

EkLaPCO2

T @)

Reo, = EkpaCeo, =

where R is the total mass transfer rate, E is the enhancement factor, k; represents the
liquid side mass transfer coefficient, a shows interfacial area, and H designates the
Henry’s constant. The enhancement factor can be expressed as follows:

Dcozk

ov
2
kL

E=[1+ )

where D is the diffusion coefficient. The liquid side mass transfer coefficient can be
calculated as [22]:

Do,

k=2 ©)

T,

where 7, is residence time. Based on the presented data in the literature, the reaction
rate is not affected by nanoparticles in CO, absorption process and only the diffu-
sion coefficient and Henry’s constant changes, which leads to better performance
of the resulted solvent [31]. To calculate the diffusivity of CO, in the nanofluid, the
following equation is used [32]:

Dy = 1+ 1332.49(1 + @Re) 27815715253 (10)

where ¢ is the mass fraction of the nanoparticle in the solution. Re and Sc are the
Reynolds and Schmidt numbers of the nanofluids calculated by:

2Ky Tp,

Re VR
mu*d,

(1)
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Sc = Pt 2
Pncho2 (12)
The viscosity and density of nanofluid can be calculated by [33]:
Hnt = (1 - (p)_z.sﬂbase (13)
Pt = PPy +(1- (p)pbase (14)

Henry’s constant of nanofluids is estimated by applying the solubility enhance-
ment factor to the solubility of the base fluid [11].

3 Simulation Procedure

To investigate the performance of CO, absorption in the microchannels, the COM-
SOL multiphase software is used [34]. The simulation approach consists of estima-
tion of spatial flow velocity by laminar flow module, identifying the liquid and gas
boundaries by two-phase flow model, and calculation of CO, concentration by mass
transfer module.

3.1 Microchannel Geometry

Figure 1 shows the circular T-junction microchannel with 5 mm length and 250 pm
diameter designed for CO, capture process in the current research. The microchannel
consists of a horizontal section that is joined exactly to the middle of the vertical chan-
nel. The gas and liquid streams are fed from the top and bottom of the vertical channel,

Selvent Inlet

4

Fig.1 T-shaped microchannel geometry and tetrahedral mesh distribution
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respectively. To form bubbles, the liquid and gas streams contact at the junction point
and flow through the main channel with. The tetrahedral mesh distribution is applied on
the microchannel and symmetric boundary condition is considered at depth. For apply-
ing the appropriate mesh structure, the elements near the boundaries are supposed to
be smaller, particularly in the junction point. As shown in the top section of Fig. 1, the
geometry of the microchannel is divided into various sections to control mesh growth
size and distribution.

3.2 Flow Model
3.2.1 Laminar Flow Model

The mass continuity and Navier—Stokes equations are applied to estimate the velocity
profile and fluid hydrodynamics as follows:

op
~Z+V- =0
pra (pu) (15)
Jdu
= +p(u-Vyu=V.[-pl+ 1] +F, (16)

where u is velocity vector, F is volume force vector, and 7; indicates viscous stress
tensor [35]. It has been assumed that the flow regime is laminar which leads to elimina-
tion of turbulence terms at the Navier—Stokes equations.

3.2.2 Two-Phase Flow Model

The dynamic transport equation is applied to evaluate the phase distribution in the
designed microchannel [36]. This equation is explained as follows:

o _ bl VP
E+qu>—}/V<6V¢ $(1 ¢>)|V¢|>, (17)

where ¢ is the volume fraction, y is initialization parameter, and ¢ is interface con-
trolling parameter whose value is equal to the maximum mesh size in which the
interface passes through.

3.2.3 Flow Boundary Conditions
Before contacting the gas and liquid streams at the junction point, it is assumed that

both streams are in the single-phase condition. In addition, the wetted wall boundary
condition is applied to prevent any mass penetration across the wall.
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3.3 Mass Transfer Model

By considering convection and diffusion mechanisms, the mass conservation equa-
tion across the microchannel can be written as follows:

a CC02
ot

+ V.(DCOZVCCoz) +u- VCCOZ = RCO2 (18)

In the considered model, the bubble size change is neglected due to low CO, in
the gas stream [37]. Since the molar ratio of inlet CO, to solvent is low and CO,
reacts with MEA molecules chemically, the concentration of CO, in the liquid phase
is negligible. In addition, the gradient of normal concentration for both phases has
been assumed to be zero which means free outward flow to the atmosphere. To com-
pare the performance of solvents at different additive fractions, the purification frac-
tion defined as the relative amount of absorbed CO, is expressed as follows:

Cin _ Cout
n= w x 100 % (19)
o,

4 Results and Discussions

In this section, the simulation results of CO, absorption in the designed microchan-
nel are presented at ionic liquid fraction 0 % to 10 % and nanoparticle fraction 0 %
to 0.1 %. The applied solvent contains 3% MEA as the base fluid. The CO, mole
fraction in the inlet gas mixture and inlet liquid velocity is set to be 0.1 cm-s~! and
3 cm-s™!, respectively. The simulations are conducted on a high-speed computer
with 32 GB RAM and an Intel Core i7 6850 K processor running at 3.6 GH. Table 1
provides the properties of pure materials employed in the current study and Table 2
shows the calculated properties of NEILs by models and available experimental
data in the literature. It can be found that addition of 10% IL to MEA increases
the density, viscosity, and diffusivity up to 1.6 %, 16.3 %, and 7.88 %, respectively.
Although the addition of 0.05 % nanoparticle to the solution containing 3 % MEA

Table 1 Pure materials properties [32, 40, 41]

Name Formula Phase M, (g-mol_l) P (kg-m_3) u (mPa-s™")
Carbon dioxide CO, Gas 44.01 1.98 0.015
Nitrogen N, Gas 28.01 1.25 0.018
Water H,O Liquid 18.02 995.65 0.797
MEA C,H,NO Liquid 61.08 1.01 15.137
[Bmim]BF, CgHsBF,N, Liquid 226.02 1.20 72.510
Titanium dioxide TiO, Solid 79.87 3800 -
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Table 2 MEA +1IL solutions characteristics at 303.15 K [42]

Wap (%) Wyga Wi Pmie kgm ™) g (mPass™) D (10°mPs™)  Hop (PamPmol™) k,, (s7h)

0 3 0 998.9 0.986 2.03 3373.51 1403.18
0 3 10 10154 1.147 2.19 2898.43 1426.49
0.05 3 10 1015.8 1.148 2.43 2531.38 1426.49

and 10 % [Bmim]BF, has a significant effect on the density and viscosity, it can
enhance the diffusivity up to 10.9 % and reduce Henry’s constant up to 12.6 %.
Figure 2 shows the density and Henry’s constant of proposed NEIL solvent versus
nanoparticle weight fraction. It appears that the increasing TiO, nanoparticle weight
fraction in the range 0 % to 10 % increases the density of the solvent continuously. In
contrast, Henry’s constant shows a parabolic behavior with a minimum as illustrated
in Fig. 2b. According to the hydrodynamic effect theory, nanoparticles can enhance
the specific interfacial area via covering the surface of bubbles and preventing the
bubble coalescence, which leads to smaller bubbles [38]. Another probability is the
collision of nanoparticles and inducing local turbulence which result in refreshing
the gas—liquid boundary layer via mixing it into the bulk liquid [39]. The aforemen-
tioned mechanisms can improve the solubility of CO, into the solution which affects
Henry’s constant.

4.1 Channel Hydrodynamics

Figure 3 indicates the velocity profile and streamlines at various inlet gas velocities
in the designed microchannel. It appears that the fluid velocity increases along the
radial direction and the maximum velocity appears at the centerline of the channel.
In addition, the inlet gas bubbles are compressed by the liquid stream at the junc-
tion point and a narrow passage is developed to flow gas stream. On the other hand,
the liquid flow layers are also affected by the gas bubble entrance and streamlines
compressed a bit. However, the effect of gas compression on the velocity enhance-
ment is more important and the maximum velocity is developed at the junction
point. In general, the mean fluid velocity at the horizontal part and the entrance of
the microchannel are 15 cm-s™! and 5 cm-s™!, respectively, while the mean fluid
velocity increases up to 30 cm-s~! at the junction point of the microchannel. On the
other hand, gas to liquid velocity ratio has a significant effect on the fluid velocity
along the microchannel. Therefore, increasing the velocity ratio from 1.7 cm:s™! to
3 cm-s™! increases the maximum fluid velocity at the junction point up to two times.

4.2 Mass Transfer Characteristics

While the bubbles containing a mixture of CO, and N, flows along the microchan-
nel, the CO, molecules absorb into the liquid solution and react with MEA and
hydrolyzed [Bmim]BF, molecules. Generally, the residence time and solvent con-
centration have considerable effects on the amount of absorbed CO, in the liquid.
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Fig.2 Thermophysical properties of utilized NEILs: (a) density and (b) Henry’s constant

The residence time, which is controlled by the channel length and fluid flow rates,
has a crucial role and limits the exposure of the two phases. Increasing residence
time shifts absorption toward the equilibrium condition. Based on the kinetic of
gas absorption in liquid, applying high concentration solvents increases the rate of
CO, absorption. Figure 4 shows the CO, mole fraction along the channel at dif-
ferent [Bmim]BF, ionic liquid and TiO, nanoparticle weight fractions. Due to the
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Fig.3 Velocity magnitude and stream lines for different inlet gas velocities at IL 5 wt % and NP 4 wt %:
(@) ug;=1.7 cm-s~!, (b) ug, =2.3 cm-s™, and (c) ug; =3.0 cm-s~!
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Fig.4 CO, mole fraction variation along the channel at u;, =2.3 cm-s~!: (a) IL 0 wt % and NP 0 wt %,
(b) IL 0 wt % and NP 0.04 wt %, (c) IL 10 wt % and NP O wt %, and (d) IL 10 wt % and NP 0.04 wt %

solubility of CO, in the solvent, as bubbles move along the microchannel, the con-
centration of CO, in the gas phase decreases. It appears that the addition of nano-
particles into the base fluid enhances CO, solubility in the liquid phase and CO,
molecules are absorbed more rapidly to the liquid phase. On the other hand, it can
be found that the addition of [Bmim]BF, ionic liquid into the base solution increases
CO, solubility. Hence, aqueous mixture of [Bmim]BF, ionic liquid and MEA by
TiO, nanoparticle results in maximum absorption performance.

Figure 5 shows the CO, mole fraction along the designed microchannel at differ-
ent gas to liquid velocities ratios. It appears increasing the gas flow rate increases the
length of formed bubbles and decreases the bubble resident time in the microchan-
nel. In general, increasing gas to liquid velocity decreases gas residence time in the
microchannel and results in a higher CO, concentration in the outgoing bubbles. It
must be considered that increasing or decreasing the gas flow rates can change the
flow pattern from Taylor to annular or bubbly, which decreases the mass transfer
coefficient across the microchannel [32].

Figure 6 shows the purification fraction at different gas to liquid velocities ratios
and [Bmim]BF, and TiO, weight fractions. It appears that increasing the TiO,
weight fraction in the solvent enhances the purification fraction up to a maximum
value and after that, the purification decreases gradually. When the concentration
of nanoparticles in the solvent is low, nanoparticles move rapidly in the fluid and
enhance the mass transfer coefficient in the system. On the other hand, since the vol-
umetric flow rate of the solvent has been fixed in all cases, increasing nanoparticle
weight fraction decreases MEA and [Bmim]BF, content in the applied solvent and

10

1=

Co o e
b 6
- W N e
G G 1|

Fig.5 CO, mole fraction variation through the channel for different inlet gas velocities IL 10 wt % and
NP 0.04 wt %: (a) ug; =1.7 cm-s~!, (b) ug, =2.3 cm-s™!, and (c) ug; =3.0 cm-s~!
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could result in lower CO, absorption. From a practical viewpoint, increasing nano-
particle concentration can hinder the interaction of particles which leads to precipi-
tation and agglomeration of nanoparticles in the fluid [11]. It concludes that there is
an optimal value for nanoparticle concentration in the solvent to achieve a maximum
purification ratio. Based on the simulation results, decreasing gas to liquid velocity
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Fig. 6 (continued)

enhances the purification fraction due to increasing gas residence time in the micro-
channel. Increasing the [Bmim]BF, weight fraction from 0 % to 10 % at the gas to
liquid velocity 1.7 m-s~! and the nanoparticle weight fraction 0.04 % changes the
purification ratio from 78.49 % to 79.62 %, while increasing the velocity ratio from
1.7 m-s™! to 2.3 cm-s~! decreases the purification fraction to 70.54 %.

Figure 7 illustrates the effect of gas to liquid velocity on the purification fraction.
Variation of gas to liquid gas velocity changes the gas and liquid hold up in the pro-
cess and it affects the contact time. As mentioned previously, increasing the gas to
liquid velocity reduces the resident time of gas bubbles in the microchannel. There-
fore, the mass transfer coefficient decreases and the CO, transfer from bubbles to
the liquid phase is reduced considerably. It is shown that decreasing the gas to liquid
velocity from 3 cm-s~! to 1.7 cm:s™! improves the purification fraction from 70.77
% to 79.82 % in the sample that contains 10 % ionic liquid and decreases the CO,
mole fraction at the outgoing bubbles from 2.92 % and 2.02 %. Since decreasing the
flow rate in the microchannel highly affects the process economyj, it is suggested to
maintain the gas velocity at the maximum level in which the Taylor flow regime is
still valid.

5 Conclusions
In this research, a detailed model including Navier—Stokes and continuity equations
combined with mass transfer and two-phase flow equation was developed to simu-

late CO, absorption by a novel nanofluid in a T-shaped microchannel. The proposed
nanofluid solvent included MEA as the base fluid, and [Bmim]BF, ionic liquid and
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Fig. 7 Purification fraction for different velocity ratios for IL 10 wt % and NP 0.04 wt %

TiO, nanoparticles as chemical additives. The COMSOL Multiphysics software was
utilized to simulate the absorption process by applying tetrahedral mesh distribution
on the designed geometry. According to the simulation results, the maximum gas
velocity was developed at the junction point of the microchannel due to the narrow
passage for the flow stream. Although increasing [Bmim]BF, concentration in the
considered solvent increased the purification fraction, increasing the TiO, weight
fraction in the solvent enhanced the purification fraction up to a maximum value,
and after that, the purification fraction decreased gradually. On the other hand,
increasing the inlet gas to liquid velocities ratio in the microchannel decreased the
gas residence time in the microchannel and reduced the CO, loading. Based on the
simulation results, the solvent containing 10 % [Bmim]BF,, 3 % MEA, and 0.04 %
TiO, presented the maximum purification fraction of 79.62 %.
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