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HIGHLIGHTS

« Process of CO, absorption by MEA solutions was analyzed in microchannel reactors.

« Effects of relevant parameters on the process were evaluated.

« kq for CO, reaction with MEA was successfully determined under ambient pressure.
« An Arrhenius-type equation was obtained for k; for CO, absorption in microchannel.
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Process of CO, absorption by monoethanolamine (MEA) solutions was conducted in microchannel reac-
tors and effects of several parameters on the absorption process were evaluated and analyzed, i.e., MEA
concentration, temperature, pressure, molar ratio of MEA to CO, and aspect ratio of microchannel. Based
on the process characteristics of CO, absorption in microchannel, a method was proposed to determine

the reaction rate constant between CO, and MEA under ambient pressure and an Arrhenius-type equa-
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tion was established for the constant over temperature range from 25 °C to 45 °C. The corresponding acti-
vation energy was found to be 22.2 kj/mol while the pre-exponential factor was equal to 1.09 x 10° L/
(mol s). The equation is reliable and convenient to the design and simulation of CO, absorption process

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Global warming and climate change have motivated extensive
researches towards developing improved and more efficient
technologies for CO, capture from large point sources, such as
natural gas, coal based power plant, floating liquefied natural gas
plant (FLNG) and refinery off-gases. At present, the most widely
utilized technique for CO, removal is CO, absorption by alkanol-
amine-based chemical solvents. Examples of the alkanolamines
in gas treatment processes are monoethanolamine (MEA) [1-5],
diethanolamine (DEA) [6], and activated methyldiethanolamine
[7-10], etc.

Among the various alkanolamines, aqueous MEA is an
important absorbent in CO, removal process and it has several
advantages, such as high reactivity, low solvent cost, low molecular
weight and thus high absorption capacity on a weight basis [11]. At
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present, industrial process of CO, absorption by aqueous MEA is
usually conducted in column equipments with huge volume, but
these equipments seem to be not suitable for CO, capture in some
plants which need small absorption units, for example, in FLNG.

Microchannel reactor, compared with column equipments,
possesses several advantages, such as small volume, huge surface
to volume ratio, excellent mass and heat transfer abilities, and
narrow residence time distribution, and hence can intensify some
processes effectively, such as gas absorption [12,13], hydrogenation
[14], nitration [15], and liquid-liquid two-phase extraction [16] etc.

Performance of microchannel reactor in gas absorption process
was evaluated by TeGrotenhuis et al. [17]. They suggested that the
microchannel technology could miniaturize chemical separation
equipment by an order of magnitude, according to the result that
over 90% of carbon dioxide was removed by DEA solution in less
than 10 s from a stream containing 25% CO-.

In addition, processes of pure CO, absorption into water, buffer
solution and NaOH solution in microchannel were investigated
systematically by Yue et al. [18]. The characteristics of liquid side
mass transfer coefficient and interfacial area were studied
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Nomenclature

a interfacial area, m™!

as specific surface area, m™!

B a base or bases

C concentration, mol/L

d depth of microchannel, mm

Dy, hydraulic diameter of microchannel, m

E, activation energy, kj/mol

F w [In [{£5%5| + In(0.5)], L/mol

k1 reaction rate constant, m>/(mol s)

ky reaction rate constant for the reversible reaction of MEA
with CO,, L/(mol s)

kg reaction rate constant for the deprotonation of zwitter-

ion by a base B, L/(mol s)
length of microchannel from T-junction to outlet, mm
reaction order of CO,
EA monoethanolamine
molar ratio of MEA to CO,
reaction order of MEA
molar flow rate, mol s
pressure, MPa
volumetric flow rate, mm/min
reaction rate between CO, and MEA, mol/(m? s)
absorption rate of CO, from gas phase to liquid phase,
mol/(m? s)
Re Reynolds number
time, s
T temperature, K

NER

mUTOoTwzZS >
o

-

superficial velocity, m/s

volume of microchannel, m?

width of microchannel, mm

CO, conversion

stoichiometric ratio of MEA to CO, in Eq. (5),z=1

NxXsE < C

Greek letters

p density, kg/m>

u dynamic viscosity, Pa s

Subscripts

B a base or bases
convection

D diffusion

G gas phase

in T-junction of microchannel

L liquid phase

MEA monoethanolamine

N, nitrogen

out outlet of microchannel

Superscripts

*

gas-liquid interface
! homogeneous state

separately in different two-phase flow regimes, i.e., slug, slug-
annular and churn flow, which demonstrated that both liquid side
volumetric mass transfer coefficient and interfacial area in micro-
channel were at least one or two orders of magnitude higher than
those in traditional gas-liquid contactors. What is more, the deter-
mined interfacial area between gas and liquid phases at annular
flow pattern was approximately equal to the specific surface area
of microchannel [18].

In a previous work [19], process characteristics of CO, absorption
by MEA solution in a microchannel reactor were experimentally
investigated and excellent results were obtained. After absorption,
CO, concentration in gas phase could decrease directly from
32.3 vol.% to 300 ppm under certain conditions, which illustrates a
promising prospect for CO, capture in microchannel reactor.

In this work, further investigation on the process of CO, absorp-
tion by MEA solutions in microchannel reactors was made and
effects of relevant parameters were studied, i.e., MEA concentra-
tion, temperature, pressure, molar ratio of MEA to CO, (1) and
aspect ratio (ratio of depth to width of microchannel). The experi-
ments were conducted with high gas flow rate, considering the
requirements of industrial processes in which gas flow rate is
usually very large. Meanwhile, a method was developed to deter-
mine the values of reaction rate constant for the reaction between
CO, and MEA solution and an Arrhenius-type equation was
proposed for the constant, depending on the process analysis on
CO, absorption in microchannel reactors.

2. Experimental
2.1. Materials
Feed gas, a mixture of CO, and nitrogen (N,), was purchased

from Ke Na Science Technology Development Co., Ltd. The purities
of both CO, and N, were 99%.

MEA with a purity of 99.5%, provided by Tianjin Guangfu Fine
Chemical Research Institute, was used without further purification,
while deionized water was boiled in order to remove the dissolved
gases before utilization. MEA solutions were prepared from the
MEA and the boiled deionized water by weight.

2.2. Apparatus and procedure

Experiments were conducted in three T-type, rectangular
microchannels, which possessed a same width (w) of 0.7 mm but
different depths (d) of 0.3, 0.5 and 0.7 mm. Besides, the lengths
(L) of the microchannels from T-joint to outlet were all equal to
60 mm.

All microchannels were fabricated on smooth 316L stainless
steel plates by precise machine, and then each of them was com-
pressed against another smooth 316L stainless steel plate by screw
fittings through the punched holes on the peripheries of both
plates [20]. The thickness of all plates was 10 mm. Gas tightness
of the formed microchannels was checked using N, under 2 MPa
pressure.

As displayed in Fig. 1, the experimental setup, based on the
previous work [19], mainly composed of a microchannel reactor,
a gas-liquid separator, a mass flow controller, a constant-flow
pump, a gas cylinder and a test section. The test section contained
a soap film flowmeter and a CO, analyzer.

The reactor was placed in waterbath so as to maintain its
temperature at a given value with an accuracy of 0.1 K. Before
entering into the reactor, both gas and liquid phases had to flow
through two respective coiled stainless steel tubes, which were
also placed in the waterbath, to be preheated to the given temper-
ature. The outer diameter and thickness of the coils were 3 and
0.5 mm, respectively.

Feed gas was first regulated by a pressure reducing valve and
then maintained by a mass flow controller (Beijing Sevenstar
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Fig. 1. Schematic of the experimental setup for CO, absorption in microchannel reactors. 1 - gas cylinder; 2 - pressure reducing valve; 3, 24 - liquid tank; 4, 5 - filter; 6 —
constant-flow pump; 7 - mass flow controller; 8, 9 - check valve; 10 - soap film flowmeter; 11, 12 - coil; 13, 14 - pressure transducer; 15 - microchannel reactor; 16 -
waterbath; 17 - Ball valve; 18, 23 - needle valve; 19 - CO, analyzer; 20 - silica gel drier; 21 - back pressure valve; 22 - gas-liquid separator.

Electronics Co., Ltd, measurement range: 0-1L/min) at a given
flow rate. When CO, absorption was conducted at pressures higher
than 0.1 MPa, the back pressure valve would be used. The
pressures at the t-junction and the outlet were measured by
pressure transducers (Beijing Northking Electronic Technology
Development Co., Ltd, CEMPX214). MEA solution was conveyed
by a constant-flow pump (Series II, measurement range:
0-10 ml/min) before contacting the feed gas at the T-junction.

After flowing through the microchannel, the gas-liquid mixture
was separated in the separator immediately, and then liquid phase
flowed into the liquid tank, while gas phase flowed through a silica
gel drier and then into the CO, analyzer (Ennix, FG10) or the soap
film flowmeter. The silica gel drier had been swept by the feed gas
for an hour before utilization and was used to remove a small
quantity of the vapor of MEA solution so as to protect the CO,
analyzer from contamination. When CO, concentration after
absorption kept constant within 2 min, the value measured by
the CO, analyzer would be recorded.

All experiments were repeated at least two times in order to
guarantee the accuracy of the obtained results.

CO, conversion, X, based on CO, molar flow rates at the 1-junc-
tion and the outlet, was used to evaluate the performance of MEA
solutions,

X = (Ncoy.in — Neo, out) /Neoy.in x 100% (1)

where N denotes CO, molar flow rate. The equation is reasonable
under the assumption, which was validated by experiments, that
solubility of N, in MEA solutions is considered to be neglected.

The superficial velocities of gas and liquid phases were
estimated using Eqs. (2) and (3), respectively, in which inlet volu-
metric flow rates of gas and liquid phases at ambient pressure and
corresponding temperatures were used directly

Us = Qgin/wd (2)

Ur = Quin/wd 3)

where Q represents inlet volumetric flow rate and U is superficial
velocity.

3. Results and discussion
3.1. Parametric analysis

3.1.1. Effects of aspect ratio

Aspect ratio of microchannel is one of the most important
parameters in designing microchannel reactors and relates closely
with the pressure drop along the microchannel as well as the per-
formance of CO, absorbents. Its effects on CO, absorption process
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Fig. 2. Effects of aspect ratio on CO, conversion. T=35°C, P=0.1 MPa,
Cco, = 11.3 vol.%, Cypa = 30 Wt.%, 4 =2.27, Ug/U, = 475.

was investigated utilizing microchannels with same width of
0.7 mm but different depths of 0.3, 0.5 and 0.7 mm. Values of the
corresponding aspect ratio of microchannels were equal to 0.43,
0.71 and 1.0, respectively.

As demonstrated in Fig. 2, CO, conversion increases about 10% at
the same gas phase superficial velocity when aspect ratio reduces
from 1.0to 0.43, because reduction in aspect ratio will result in smal-
ler dimension of microchannel and higher reactant concentration
gradient [21], which is beneficial for CO, mass transfer from gas
phase to gas-liquid interface. In addition, the tendencies of CO, con-
version along with gas phase superficial velocity become more
smoothly as the aspect ratio reduces. This phenomenon can be
attributed to that, at same gas phase superficial velocity, pressure
drop gets larger as aspect ratio decreases. Since the pressures at
the outlets of microchannels are all equal to 0.1 MPa, larger pressure
drop means higher pressure along the microchannel, which can en-
hance the mass transfer driving force for CO, absorption. On the
other hand, CO, conversion gradually decreases with increase in
gas phase superficial velocity. For gas absorption in microchannel,
two transport phenomena, i.e., diffusion and convection, compete
with each other [22]. At 35 °C, diffusion coefficient of CO; in Ny,
Do, is found to be 0.18 cm?[s [23], then diffusion times for CO, ra-
dial mass transfer towards gas-liquid interface estimated by Eqs.
(4)and (5) were 2.5, 4.7 and 6.8 ms, respectively, in the microchan-
nels with aspectratio of 0.43,0.71 and 1.0. While as gas phase super-
ficial velocity increases, convection times for axial mass transfer
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calculated by Eq. (6) reduce from 3.5 to 0.8 ms, from 5.8 to 1.3 ms
and from 8.2 to 1.8 ms, respectively, in the above three microchan-
nels. Consequently, at higher gas phase superficial velocity, the
reduction in convection time can lead to insufficient diffusion time
for CO, radial mass transfer from gas to liquid phase, which is detri-
mental for CO, conversion and can lead to the above tendencies

Dp=2(w+d)/wd (4)
tp = (0.5Dy)*/Deo, (5)
te=L/Usg (6)

3.1.2. Effects of MEA concentration

For CO, absorption at the same molar ratio of MEA to CO,, flow
rate of MEA solution can be diminished if higher concentration of
MEA is utilized, which can save energy consumption at least for
the transportation of the solution. Presently, MEA concentration
in aqueous solution can go up to 25-30 wt.% with the addition of
corrosion inhibitor [24].

As presented in Fig. 3, effects of MEA concentration were
investigated using MEA solutions with concentrations of 10 wt.%,
20 wt.% and 30 wt.% and best absorption results were obtained
by MEA solution with concentration of 30 wt.%, due to the differ-
ences in the reaction rate between CO, and MEA solutions, for
higher CO, concentration could result in higher CO, absorption
rate and thus stronger mass transfer enhancement by reaction.

3.1.3. Effects of temperature

As displayed in Fig. 4, effects of temperature were considered
over the temperature range from 25 °C to 45 °C. Under the present
conditions, temperature has positive effects on CO, conversion and
CO, conversion can increase 5% when temperature rises from 25 °C
to 35°C or from 35 °C to 45 °C. On the one hand, mass transfer
enhancement by reaction can be improved by the rise in tempera-
ture due to the increase in reaction rate constants; on the other
hand, as the reaction temperature rises up, both diffusion coeffi-
cients of CO, and MEA in liquid phase increase, which is beneficial
for CO, absorption, although CO, solubility in MEA solution
declines [25].

3.1.4. Effects of pressure and molar ratio of MEA to CO»
As shown in Fig. 5, compared with 0.1 MPa pressure, when CO,
absorption operated under 1 MPa pressure, better results of CO,
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Fig. 3. Effects of concentration of MEA on CO, conversion. T= 25 °C, P=0.1 MPa,
Cco, = 11.3 vol.%, 2 =2.27, aspect ratio = 0.43.
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Fig. 4. Effects of temperature on CO, conversion. P=0.1 MPa, Cco, = 11.3 vol.%,
Cumea = 30 wt.%, 4 =2.27, aspect ratio = 0.43.
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Fig. 5. Effects of pressure and molar ratio of MEA to CO, (4) on CO, conversion.
T=35°C, Cco, = 11.3vol% (0.1 MPa), 10.3 vol.% (1.0 MPa), Cygs =30 wt.%, aspect
ratio = 0.43.

conversion were obtained and its tendencies along the gas flow
rate were much more stable. For example, CO, conversion almost
kept constant at 99.2% under 1 MPa pressure at the molar ratio
of 3.72. At the same volumetric gas flow rate, convection time for
CO, mass transfer at 1 MPa pressure is almost 10 times of that at
0.1 MPa pressure due to the compressibility of gas phase, besides,
compressed gas phase contains more CO, per volume which is
favorable for CO, solution into liquid phase and can result in stron-
ger mass transfer driving force, as a result, more CO, will be con-
sumed by reaction.

For the effects of molar ratio on CO, absorption, two values, i.e.,
2.27 and 3.72, were studied both at 0.1 and 1 MPa pressure. From
Fig. 5, we can see that higher molar ratio can result in higher CO,
conversion, because more free MEA is present in liquid phase
and can consume CO, more quickly, which can lead to faster CO,
mass transfer rate from gas phase to liquid phase.

3.2. Reaction rate constant
Reaction rate constant is a parameter of critical importance to

the design and simulation of CO, chemical absorption process.
Techniques, such as laminar jet absorber, wetted wall column,
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and stirred cell, have been used in deciding the constant with spec-
ified interfacial area and absence of interfacial waviness [26]. In
most cases, CO, absorption rate is independent of contact time
[27] and reaction rate constant is deduced from penetration theory
under the assumption of pseudo-first order reaction [28].

In this work, however, it is difficult to derive the constant for
CO, absorption in microchannel from penetration theory with
the assumption of pseudo-first order reaction as mentioned above.
The reasons will be analyzed in two respects, i.e., flow pattern and
absorption rate, based on CO, absorption results in Fig. 4.

3.2.1. Flow pattern analysis

In Fig. 4, gas phase superficial velocity at the inlet is higher than
16 m/s, but liquid phase superficial velocity does not exceed 0.3
m/s, which demonstrates that the obtained experimental results
are mainly located in the region of annular flow pattern, of which
gas phase superficial velocity is usually larger than 10 m/s but
liquid phase superficial velocity is less than 1 m/s [18]. This spec-
ulation can be confirmed by Fig. 6, in which annular flow patterns
are obtained using high-speed CCD camera in microchannel with
width of 0.7 mm and depth of 0.3 mm. Material of the microchan-
nel is polymethyl methacrylate and details of the measurement of
two-phase flow pattern can be seen in the work of Yue et al. [29].
The darkness presented in Fig. 6a and b is mainly resulted from the
light refraction on the interface at the corners of the microchannel.

As shown in Fig. 6, as gas phase superficial velocity increases,
liquid film becomes thinner for that shear force imposed on the
gas-liquid interface by gas flow can be improved by the rise in
gas phase superficial velocity. Moreover, the annular flow patterns
always accompany with interfacial waviness at the gas phase
superficial velocities of 27.8 m/s or 83.3 m/s. The waviness can
change the crossing area that gas phase passes by and induce
instabilities to the gas flow, which may cause the transition from
laminar to turbulent flow at a smaller gas phase Reynolds number
[30,31]. The gas phase Reynolds number in Fig. 6 ranges from 450
to 2200, which implies that some results are obtained with the
presence of turbulence of gas phase. Reynolds number was
estimated from Eq. (7) with density and dynamic viscosity of N,
[32], since CO, concentration in gas phase did not exceed
11.3 vol.% and decreased along the microchannel

Rec = py,UcDn/ ty, (7)

3.2.2. CO, Absorption rate

CO, absorption rate is calculated using Eq. (8), assuming that
the interfacial area, a, is equal to the specific surface area, as, of
microchannel, as described in Eq. (9). In fact, the contact area aV
between gas and liquid phases in annular flow pattern
approximately equals to the internal surface area, asV, of micro-
channel [18], because the thickness of the liquid film is very small,
compared with the dimension of microchannel [33]

Fig. 6. Anuular flow patterns in the microchannel with aspect ratio of 0.43 using N>
and water as agents: (a) Us=27.8m/s, U =03m/s; and (b) U;=83.3m/s,
Ur=0.3m/s.
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Fig. 7. CO, absorption rate for CO, absorption in microchannel in Fig. 4. P= 0.1 MPa,
Cco, = 11.3 vol.%, Cypa = 30 Wt.%, 4 =2.27, aspect ratio = 0.43.

Rco, = (Nco, in — Nco, out)/(aV) (8)

aVv =asV = 2(w+d)L 9)

As presented in Fig. 7, CO, absorption rate in Fig. 4 varies from
0.1 to 0.45 mol/(m? s) and ascends both with temperature and gas
phase superficial velocity.

As temperature goes up, mass transfer enhancement by
reaction can be promoted, besides, diffusion of CO, and MEA in
liquid phase can become more easily due to the reduction of
viscosity in MEA solution, which can contribute to the positive ef-
fects of temperature on CO, absorption rate.

When CO, absorption process is conducted at higher gas phase
superficial velocity, more CO, will flow through the microchannel,
besides, mass transfer resistance for CO, transfer from gas to liquid
phases will be reduced, as a result, more CO, will be absorbed by
MEA solution. However, this tendency is different with that in
laminar jet absorber [26] and wetted wall column [27], in which
CO, absorption rate is almost independent of gas-liquid contact
time and a constant value of CO, absorption rate is gained at given
temperature. Consequently, for a given temperature in laminar jet
absorber or wetted wall column, only one value of reaction rate
constant can be deduced from penetration theory under the
assumption of pseudo-first order reaction at various gas-liquid
contact times. But for CO, absorption in microchannel, values of
the reaction rate constant cannot be consistent at different gas-li-
quid contact times, if we use the same method as that in laminar
jet absorber or wetted wall column.

3.2.3. Determination of reaction rate constant

Based on the above analysis, it is necessary to propose a method
to determine the reaction rate constant between CO, and MEA solu-
tion in microchannel, due to the presence of interfacial waviness as
well as the trend of CO, absorption rate along with the gas phase
superficial velocity. Prior to develop the method, reaction kinetics
between CO, and MEA solution should be analyzed in detail.

3.2.3.1. Kinetic analysis. Due to its primary amine characteristics,
when MEA absorbs CO,, the reaction of carbamate formation takes
place:

CO, +2MEA « MEACOO™ + MEAH" (10)

According to the zwitterion mechanism proposed by Caplow
[34] and reintroduced by Danckwerts [35], the reaction usually in-
volves the formation of zwitterion:
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CO, + MEA ’L MEAH'C00"~ (11)
K_1

and the subsequent deprotonation of the zwitterion by a base or

bases B:

MEAH"COO™ + B % MEACOO +BH* (12)
where B can be species MEA, OH~, CO%", HCO; or H,O. In our
experiments, CO, loading, i.e., mole of CO,/mole of MEA, was not
more than 0.45 after absorption, under this condition, the main
products in the loaded solution are MEAH* and MEACOO™ and the
concentrations of OH~, CO2~, HCO; and, especially, free CO, are
very low [26]. Therefore, the main contribution to the deprotona-
tion of the zwitterion comes from MEA, and to a less extent from
OH-, CO3~, HCOj; or H,0, since the deprotonation ability of a base
mainly depends on its concentration as well as how strong a base
is [36].

With steady-state principle to the intermediate zwitterions, the
rate of reaction of CO, with MEA solutions can be expressed as:

r— k1Cco, Cumea (13)

ky
+ kpgCp

For MEA, deprotonation of the zwitterions is almost instanta-
neous as compared to the reverse reaction in Eq. (11) [26], that is,

k,l < kBCB (14)
and hence Eq. (13) can be transformed to:
r= k] Ccoz CMEA (15)

3.2.3.2. Method of determination. A method is developed to
determine the apparent values of reaction rate constant k; in Eq.
(15) at various temperatures, taking into account the process char-
acteristics of CO, absorption in microchannel. As shown in Fig. 4,
CO, conversion decreases linearly, to some extent, with the rise
in gas phase superficial velocity, in addition, gas phase is continu-
ous through the microchannel, as illustrated in Fig. 6.

The method is based on the assumption that reaction between
CO, and MEA is considered to be a homogeneous gas phase
reaction. With this treatment, only one value of k; will be obtained
at a given temperature from CO, conversion at different gas phase
superficial velocities in Fig. 4.

Under this assumption, Eq. (15) can be rewritten as Eq. (16), in
which C,, is the concentration of MEA at the homogeneous state

r = kiCco,Ciyea (16)

According to the definition of molar ratio of MEA to CO, (1), the
quotient between the concentrations of MEA and CO, at the homo-
geneous state should be equal to 4, as described in the following
equation

C;\/IEA.in/Ccoz.in =/ (1 7)

As shown in Eq. (10), two moles of MEA will be consumed by
one mole of CO, in the absorption process. Then Eq. (16) can be
transformed into
r= *dCCOZ /dt = k1 CCOZ C;\/IEA

= k1Ceo,.in(1 = X)(Chygain — 2XCco,.in) (18)

Eq. (18) can be simplified and written as follows:

dx

m = 2CCOz‘ink1dt (19)

At a given temperature, gas-liquid contact time tc is
corresponded to CO, conversion X in Fig. 4. The contact time t¢ is
calculated using Eq. (6). And it is easy to understand that when

tc is 0, CO, conversion X should also be equal to 0. By integration
with contact time and CO, conversion, Eq. (21) can be deduced
from the following equation

X dX te

/0 m - zccozin/o kqdt (20)
_ 1 X-1 | -

F= Ceo,in(2— 1) {ln X _ 0.5),! + 11‘1(0.5,{)} = kqtc 21)

Finally the value of reaction rate constant k; can be acquired
from the slope of the plot of F vs. t¢, as displayed in Fig. 8. As dem-
onstrated by Eqs. (22)-(27), excellent linear relationship is found
to exist between F and t¢ at temperatures of 25 °C, 35 °C and 45 °C

Fas = 141346t (22)
R3; = 0.9748 (23)
F3s5 = 180950t (24)
R = 09773 (25)
Fus5 = 248946t (26)
R = 0.9936 (27)

Values of the reaction rate constant obtained from Egs.
(22)—(27) are 141346, 180950 and 248946 L/(mol s), respectively,
at temperatures of 25 °C, 35 °C and 45 °C. An Arrhenius-type equa-
tion, Eq. (28), is proposed for the reaction rate constant, based on
the linear relationship between Ink; and 1/T, as revealed in
Fig. 9. The corresponding activation energy is found to be 22.2 K]/
mol and the pre-exponential factor is equal to 1.09 x 10° L/(mol s)

k; =1.09 x 10° exp(—2671.4/T) (28)

E, = 22.2 kj/mol (29)

The apparent values of reaction rate constant determined for
CO, absorption by MEA solution in microchannel are larger than
those in laminar jet absorber [26] and wetted wall column [37].
In laminar jet absorber [26], values of the reaction rate constant
range from 5338 to 27,706 L/(mol s), while in wetted wall column
[37], values of the reaction rate constant are in the scope from
4446 to 13,813 L/(mol s).

1000
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L A 25
0 35
- el o 45
=} L
=)
. [ A
= 400 f
200 F

O 1 1 1 1 1 1
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
t./s

Fig. 8. Relationship between F vs. tc at temperatures of 25 °C, 35 °C and 45 °C.
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y =-2671.4x +20.805
R?=0.9918
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0.0031  0.00315  0.0032 0.0034

Fig. 9. Relationship between the apparent second-order rate constant k; and
temperature.

Compared with laminar jet absorber and wetted wall column,
higher reactant concentration gradient can be achieved in
microchannel with smaller dimension [21] and thus it needs less
diffusion time for CO, transfer from gas phase to gas-liquid inter-
face. As mention above, interfacial waviness is always present on
the gas-liquid interface. On the one hand, the waviness has an
influence on the characteristics of gas flow and is favorable for
the mixing of CO, in gas phase; on the other hand, the waviness
can promote the surface renewal process on the interface and
can transport CO, from the interface to liquid phase effectively.
All these factors can improve the process CO, absorption in
microchannel and lead to a higher CO, absorption rate, which is
beneficial for CO, reaction with MEA solution and can result in a
bigger apparent reaction rate constant.

4. Conclusions

Process of CO, absorption by MEA solutions has been investi-
gated in microchannel reactors and effects of several parameters
on the process have been analyzed. Depending on the experimen-
tal results, CO, absorption will yield better results if experiments
are conducted at higher temperature, pressure and concentration
of MEA in microchannel with smaller aspect ratio.

Due to the presence of interfacial waviness as well as the
tendency of CO, absorption rate along with gas phase superficial
velocity, it is not feasible to deduce reaction rate constant from
penetration theory under the assumption of pseudo-first order
reaction.

Considering the process characteristics of CO, absorption in
microchannel, a method is developed to determine the values of
reaction rate constant between CO, and MEA under ambient
pressure and an Arrhenius-type equation is proposed for the
reaction rate constant, which can offer convenience for the design
and simulation of CO, absorption process in microchannels.
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