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The kinetics for the reactions of carbon dioxide with 2-amine-2-methyl-1-propanol (AMP) and carbon dioxide (CO,)
in both aqueous and nonaqueous solutions were measured using a microfluidic method at a temperature range of
298-318 K. The mixtures of AMP-water and AMP-ethylene glycol were applied for the working systems. Gas-liquid bub-
bly microflows were formed through a microsieve device and used to determine the reaction characteristics by online
observation of the volume change of microbubbles at the initial flow stage. In this condition, a mathematical model
according to zwitterion mechanism has been developed to predict the reaction kinetics. The predicted kinetics of CO,
absorption in the AMP aqueous solution verified the reliability of the method by comparing with literatures’ results.
Furthermore, the reaction rate parameters for the reaction of CO, with AMP in both solutions were determined. © 2015
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Introduction

It is acknowledged that carbon dioxide (CO,) accounts for
the most amount (77%) of greenhouse gases emitted to the
atmosphere.1 Chemical absorption is generally considered as a
reliable technology for CO, capture from power plant by post-
combustion process.2 The energy consumption is the major
concerning in chemical absorption processes. Many research-
ers have studied the CO, absorption performance of several
kinds of alkanolamines.”® 2-Amine-2-methyl-1-propanol
(AMP) as a sterically hindered amine has been proved to be an
ideal amine for CO, absorption for its lower energy consump-
tion for regeneration.” Meanwhile, the way of replacing water
with low volatility chemicals as solvents has been suggested
for reducing the energy consumption further.*"'' For nonaqu-
eous AMP solutions, the lower heat capacity of solutions, the
reduced evaporation of the absorbents combined with the
lower stripping temperature, all together should reduce the
energy requirement.10 The gas-liquid equilibrium data of CO,
in AMP aqueous and AMP nonaqueous solutions have been
published in many studies.*®*'! The reaction kinetics of CO,
in the AMP aqueous solution has also been studied. Sartori
et al.'? reported the reaction kinetics of CO, absorption into
the AMP aqueous solution; Yih and Shen'? reported a rate
constant of 1270 m>/kmol/s at 313 K; Xiao et al.> reported
overall pseudo-first-order reaction rate constants (k,,) from
303 to 313 K; Choi et al."* reported ko, from 293 to 323 K.
However, there are few papers studying on kinetics of CO, in
AMP nonaqueous. For AMP nonaqueous solutions, such as
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AMP-glycol solution, as viscosity of the solvent is relatively
higher, it is more difficult to obtain the accuracy kinetics. The
improvement of measuring technique and the study on the
kinetics of the new absorption system are highly required for
better understanding and design of CO, absorption processes.

Microfluidic technique has been widely used for intensifica-
tion of many chemical processes, due to its high mass-transfer
efficiency, safety, repeatability, and controllability. Tan
et al."” have used a gas-liquid microdispersion device to mea-
sure the intrinsic reaction kinetics constant of oxidation of
hydrogenated 2-ethyltetrahydroanthraquinone. An online visu-
alization method has been successfully developed in some
previous works to obtain the overall mass-transfer rate for gas-
liquid segmented flow in a microfluidic device.'®!” The mass-
transfer coefficient for CO,-water system in microchannel was
reported as 1-3 X 10~ * m/s. The mass-transfer characteristics
of bubbly flow in T-junction microchannel was also studied.'®
It was found that microfluidic technique was efficient in mass
transfer as well as mixing. Wang et al. used microsieve disper-
sion device to realize mass production of emulsions.'® We
also studied the generation rules of bubbles for gas-liquid sys-
tem in microsieve dispersion device,? monodispersed bubbles
could be prepared at relatively high gas-liquid ratio.

On the basis of previous work, we have developed a micro-
fluidic method for the measurement of gas-liquid heterogene-
ous reaction kinetics and introduced this method to measure
the kinetics of CO, absorption in the AMP-water and AMP-
ethylene glycol (EG) solutions, respectively. The obtained
kinetics data of CO,-AMP-water system was used to verify
the reliability of this new measurement technique by compar-
ing with literature’s results. Then, the reaction kinetics of CO,
with AMP in EG solvent was determined, and a mathematical
model has been developed. This work may provide valuable

AIChE Journal



PE BT L I B T

—>  Contimuous phase

‘ Q l

1
2 Liquid tank
6 micro-contactor

1 Gas cylinder

8 microscope with CCD attached

Figure 1. Experimental setup.

(5]

3 Mass flowmeter

‘" N

4 Pump 5 piston buffer tank

7 Flow channel & Heat sensor

9 Phase separation reservoir

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

information for design and optimization of CO, absorption
processes with AMP solutions. It could also provide a refer-
ence for the study of gas-liquid heterogeneous reaction
kinetics using microfluidic devices.

Experimental Section
Experimental setup

As shown in Figure 1, the experimental setup consists of
three parts: transportation, microcontactor, and observation
part. N, and CO, were delivered through mass flow meters
with a measurement accuracy of *=1.0% independently. Two
gaseous flows mixed in a 2-m long tube with an inner diameter
of 2 mm. The liquid phase was transported in an indirect way,
as the viscosity of AMP-EG solution is relatively high. The
solution was stored in a piston buffer tank. An advection
pump with a measurement accuracy of *=1.0% was used to
pump water into the tank to push the piston. Then, the piston
pushed the solution into the contactor. Before the experiment,
we would make sure that no air existed in the tank. The gas
phase was dispersed into the liquid phase in a microcontactor
with a dispersion medium of two-sieve chip. The sieves both
with a diameter of 0.30 mm were arranged in a radial-array.
The chip was sealed with other two plates by a thermocom-
pressor following the instruction of our previous work.” All
parts of microcontactor were made of polymethyl methacry-
late. The intersecting channel sculptured on the plate under the
sieve-chip was 0.6 mm deep and 2.0 mm wide. An observation
channel attached directly downstream to intersecting channel
was 1.5 mm deep, 2.0 mm wide, and 100 mm long. Calibra-
tions were engraved on the observation channel evenly with
an interval of 10 mm. We used a microscope attached with a
CCD camera to trace the diameter of bubbles along both inter-
secting and observation channel. A pressure gage with a mea-
surement accuracy of *1% was installed at the entrance of
device to measure the pressure drop through the microdevice.
Two thermometers with a measurement accuracy of *=0.1°C
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were also installed at the entrance of contactor and the exit of
observation room to measure the difference of temperature
during the absorption process. In this work, we measured a
pressure drop less than 5 kPa. We also measured the difference
of temperature within 1.0°C. We introduced the continuous
phase into the channels for 2 h before the experiment consider-
ing the wetting property of channel walls. The flow was main-
tained for 3 min before measurement, then we moved the
scope from upstream to downstream of the channel to get the
overall absorption rate.

Materials

We used AMP aqueous or AMP-EG solutions as the contin-
uous phase. EG with analytically pure was purchased from
Beijing Modern Oriental Fine Chemistry Co. AMP with a con-
centration of 97% was purchased from Shanghai Aladin. We
used mixture gas of N, and CO, as the dispersed phase. N,
with a purity of 99.995 mol % and CO, with a purity of
99.995 mol % were both purchased from Beijing Huayuan
Gas Chemical Industry Co.

Operation and observation

A microscope (BXFM, Olympus) attached with a high-
speed CMOS camera (DK-2740, Dantec Dynamics) was used
to trace the bubble-flowing stage with frame frequencies of
2000 fps. The gas flow rate (Q,) changed from 20 to 60 mL/
min, while the liquid flow rates (Q;) was maintained at 30 mL/
min. The superficial velocity of liquid phase through the inter-
secting channel was 0.42 m/s. The average residence time of
gas-liquid fluid in observation channel was 0.40 s. As the time
of bubble formation was less than 1 ms, we only considered
the residence time during the bubble-flowing stage. In our
experiments, the polydispersity index for microbubbles was
less than 3%, indicating that the microbubbles were highly
uniform.
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Table 1. Viscosities of AMP-EG Solutions and CO,
Diffusivities

[AMP] (mol/L) 0 0.5 1.0 L5 2.0

Viscosity (mPa s) 17.0 185 20.8 23.1 25.4
10° Dco, (m? s) 0301 0280 0253 0235 0218

Physical properties

Physical properties of the solutions: viscosity, density,
Henry’s constant, and diffusivity of CO, are necessary to
determine the parameters of mass transfer and reaction. For
the AMP-water solution, Henry’s law constant of CO, has
been presented in many literatures using the N,O analogy,
Choi'* presented a polynomial function involving the temper-
ature and solvent concentration, as shown in Eq. 1. We could
use this equation to predict the Henry’s law constant (kPa m>/
kmol)

Hco,=(1.2288+5.2740X 10~ *[AMP])

—1.6750%10° (D
xp | ——— ) x10°
T

We used a function derived by Choi to predict the diffusiv-
ities of CO, in the AMP aqueous solution, as shown in Eq. 2.
The AAD% between calculated H and experimental H is
below 1.23%, while the AAD% of D is below 4.26%, accord-
ing to the Choi’s work

Dco,=(1.2376 X 10°— 1.6624 X 10°[AMP]

-2. X 103
2.0033 X 10 ) % 10-9

+ 1.0966 X 10[AMP}2)exp( -

(@)

For the AMP-EG solution, we measured the Henry’s law
constant of CO, in EG solution at 298 K in our previous
work,” which is 2402 kPa m*/kmol. The result also fitted the
results presented in other literatures well.?! Diffusivity of CO,
in EG solution at 298 K was estimated with the aid of
literature data and a semiempirical Stokes—Einstein relation.
Oyevaar et al. derived a modified Stokes—Einstein relation as
shown in Eq. 3%

0.8 _ — 0.8
(DCOZ My )aminesoln =constant= (DCOZ My )puresolvent 3

The viscosities of AMP-EG solutions were measured by a
viscometer (LVDV-II+Pro) made by Brookfield Engineering
Laboratories. It is suggested that this relation can be used in
the liquid phase with a viscosity from 1.0 up to 40 mPa s.

Accordingly, we can estimate the diffusivities of CO, in
AMP-EG solutions (Table 1).

Determination of reaction kinetics

In this work, the change of bubble volume at the initial flow
stage was recorded directly by an online measurement method.
Then, these data were analyzed to determine the overall mass-
transfer rate and reaction kinetics. Before the analysis, we
should assume that:

1. The mixture gas of CO,-N, could be regarded as ideal

gas.

2. The amount of N, dissolved in solution could be
ignored as N, is considered as an inert component.

3. The evaporation of liquid solutions could be ignored.

4. As the loading of CO, ranged from 0.01 to 0.04 mol
CO,/mol Amine, the physical properties of the liquid
phase and concentration of amine remain unchanged.

5. As the pressure drop along the channel is less than 5
kPa and the additional pressure induced by interfacial
tension is about 618 Pa, the effect of pressure on the
bubble size could be ignored and the pressure in bub-
ble remains constant, equal to the pressure of mixture
fluid.

Typical images of absorption process in the observation
channel are shown in Figure 2, from which we can see that the
gas phase is dispersed in the form of discrete bubbles into the
continuous liquid phase. The size of the spherical bubbles
decreases gradually along the observation channel due to the
absorption of CO,. The bubble sizes are uniform, with a poly-
dispersity index less than 3%.

Under assumption (2), we can know that reduction of gas-
phase volume is equal to the reduction of CO,. Based on the
conservation principle and the ideal gas law, the mass-transfer
rate of CO, for a single bubble can be expressed by following
equation

dnco, _ p dVy )

dt RT dt

where nco, is the amount of CO; in a single bubble (kmop‘. Vi
calculated from the average bubble diameter d, (Vb=%) is
the volume of a single bubble. When the gas-side mass-trans-
fer resistance can be ignored, the mass-transfer rate can be
expressed below
dnco, i b

Nco,= 7 =kLA(cco, ~¢Co,) (%)
where ki, is the liquid film mass-transfer coefficient (m/s),
Cco, 18 the concentration at the interfacial area while Cgoz is

Figure 2. Typical images of absorption process in observation channel. (The picfures, ordered from the left to the
right and the up to the down, represent the observation position from upstream to downstream; 1.0
kmol/m® AMP-EG, Qg =20 mL/min, @, = 30 mL/min).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the concentration in the liquid bulk (kmol/m?®). A (A=nd§) is
the interfacial area, which varied as the change of bubble
diameter (mz). The concentration of the dissolved gas at the
interface can be calculated using Henry’s coefficient

i _ Pco,
Cco, Heo, (6)
where pco, is the partial pressure of CO,.

The mass-transfer rate was enhanced by the addition of
AMP, this enhancing effect can be explicated by enhancement
factor E. In this way, the mass transfer can be expressed as
below

dn
N CO, = dCtOZ

=EkLA(cco, —CRo,) 7

Many expressions of enhancement factor have been
derived based on a variety of theories such as two-film
model, penetration, and surface renewal theory. In order to
determine the enhancement factors of a reaction with mth
order in relation to the gaseous reactant and nth order in rela-
tion to the liquid reactant, the Hatta number is applied

\/(2/(m+ 1))kc;’”'cj’?D1~
kL

Ha =

®)

where £ is the reaction rate constant of (m, n)th-order and D; is
the diffusion coefficient of the reacting gas (CO,) in the liquid
phase.

The chemical reactions during the absorption can be
expressed by following equation

CO,+RNH, :<—i> RNH; COO~ )
-1

Kamine

RNH; COO™ +RNH,—=RNHCOO™ +RNH;  (II)

ki
RNH; COO™ +H,0——RNHCOO™ +H;0" (Il

_ kon-

RNH;r COO +OH ——RNHCOO™ +H,0O av)

The overall rate of reaction of CO, in amine aqueous solu-
tions can be expressed as

RNH
reoy = FACOURNHL] _ o) ©)
1+k-1/>  ko[B]
[RNH,]
kOV:L_‘_ 1 (10)
k> kkHyo

20, 0] + 20U [OH | +2amine [RNH,

koy 1s overall pseudo-first-order reaction rate constant. The
slope of the straight line fitting the data of Inrco, vs. Inpco,
will give the order of m with respect to the dissolved gas con-
centration. The order of n with respect to the amine concentra-
tion can also be determined. It was acknowledged that for the
reaction between CO, and AMP, m =1, n = 1. As a result, the
Ha can be expressed as

Ha= \V kovDCOz

i (1)

For the first-order reaction, assuming that no gas exists in
the liquid bulk, the following expressions of E have been
found:

For the film model of mass transfer
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o Ha
tanhHa

For the penetration model of mass transfer

el ( 14 " ) " [4Ha? N 1 4Hd?
=Ha er ——exp| —
8Ha? A 2Ha P m

13)

12)

For the surface renewal model of mass transfer
E=V1+Ha? (14)

In this work, k,, for the reaction of CO, and AMP with a
concentration of 1 mol/L was reported as 810 371,23 ky for
CO,-water system in microchannels was reported as 1-3 X
107* m/s.'® The Ha can be calculated as 4.2-12.6, the
enhancement factor can be assumed equal to the Hatta number
(E =Ha) in all mass-transfer models. For AMP-EG system,
the diffusivity of CO, is much lower than that in the aqueous
solution. According to Fick’s law, ki is proportional to Dco,.
As a result, the Ha for CO,-AMP-EG system is higher than
that for CO,-AMP-H,O system. The assumption for enhance-
ment factor above is also satisfied.

For the fast chemical reaction between the dissolved gas
CO, and AMP, the specific absorption rate is expressed as
follows

dnco i
Nco,= p = =1/Dco,kovCco, (15)

To simplify the calculation, we introduced the residual rate
of CO, (¢) to Eq. 4, as shown in Eq. 16

_dnco, __pVco, d¢

Adt ART dt

16)

where Vo, is the CO, volume in a single bubble. Other equa-
tions can be expressed below containing ¢

. Veo. -
o= pco, _p(Veo, - ¢) 17
> Hco, Hco,Vy
HCOva dlnq) deCQ,V dln(p
\/Dco,koy=— . =— ER 18
€02%o ART  dt Rt ar 1Y

After dispersion process, during which gas-liquid bubbly flow
was formed, the gas-liquid dispersion system flowed along the
main channel. We measured over 100 bubbles at every observa-
tion position to get an average diameter of bubbles, the maximum
relative standard deviation was less than 5%. The average bubble
size ranged from 600 to 950 um. It could be observed that the
bubble diameter reduces as the flow distance increased, as CO,
was absorbed into the solution. The initial dispersion sizes were
nearly same at different temperature and amine concentration.
When the absorption of CO, terminated, only N, remained in the
bubble and thus the bubble size kept constant even the flowing
distance increased further. Temperature might affect the terminal
diameter of bubbles slightly, because higher temperature led to a
larger bubble size according to ideal gas equation of state.

The heterogeneous mass-transfer amount of CO, could be
determined by the reduction of the volume of bubble, Vi,
which was calculated from the bubble diameter. Conversely,
the residence time could be determined by flowing distance
and the flow rate. Since the flow rate varied as the reduction of
bubble volume, we used average flow rate between two detec-
tive positions to calculate the residence time, this method
introduced a maximum deviation of 5% to the time.

DOI 10.1002/aic 4361



Table 2. The Value of k,, as a Function of AMP Concentra-
tion at Different Temperatures

T (K) [AMP] (kmol/m?) kow 571
300 1.0 731
300 15 1123
300 2.0 1477
308 1.0 954
308 15 1554
308 2.0 2272
318 1.0 1450
318 15 1954
318 2.0 3065

The value of residual rate of CO, is one initially, which
reduces to zero as the residence time increases. Mass-transfer
coefficients can be determined at different residence time.
First, the data were fitted in polynomial with a R-square more
than 0.993. Then, we could get the slope of a certain point and
calculated the mass-transfer efficient using Eq. 18. ko, could
be also calculated through Eq. 15.

Results and Discussion

Reaction kinetics of CO, with AMP in the aqueous
solution

We used mixture of CO, and N, as the dispersed phase, and
the AMP aqueous solution as the continuous phase to study the
reaction kinetics of CO, with AMP. We measured the absorption
rate at 298, 308, and 318 K, with AMP concentrations of 1.0,
1.5, and 2.0 kmol/m’>. Choosing a lower concentration made the
absorption process slower, as a result, the accuracy would
increase. Using the data obtained at a lower concentration, we
could set up a model to predict the performance at higher con-
centration. The CO, loading in this experiment was between
0.01 and 0.04. Keeping a low CO, loading would make sure that
the physical properties of the liquid phase and concentration of
amine remain unchanged. In this way, the measurement could
be more accurate. The value of &, as a function of AMP con-
centration at different temperatures is shown in Table 2. k,,
increases with the increasing temperature and AMP concentra-
tion. Using these values of k., we could calculate the residual
rate of CO, at any given residence time, the comparisons
between calculated results and experimental results are shown in
Figure 3. These two results are in good agreement within the
range of CO, partial pressure from 30 to 90 kPa. According to
Figure 4a, the reaction is found to be first order with respect to
both CO, and AMP. The second-order reaction rate constants
(ky) for AMP with CO, at different temperatures are also deter-
mined by each slope, suggested by Choi. The &, value of AMP
at 298, 308, and 318 K was 746, 1080, and 1450 m3/km01/s,
respectively, shown in Table 3. A comparison of k, within this
work and some other works has been made, the result is shown
in Figure 4b. Our value was similar to that measured through
different methods. The little difference of the value was attrib-
uted to the different parameters (such as Hco, and Dco,).

The relation between k, and temperature is also shown in
Figure 4b. A linear regression was used to relate the Ink, and
1/T, which led to the following equation

Ink,=17.20—3152/T (19)

From the Arrhenius plot, we could calculate the activation
energy of reaction between AMP and CO,, which is 26.2 kJ/
mol. This value is slightly higher than that of 25.1 kJ/mol
obtained by Choi et al. and that of 24.261 kJ/mol obtained by
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Xu et al.*®> The result of kinetics of CO, absorption in the

AMP aqueous solution could verify the reliability of this mea-
surement method.

Reaction kinetics of CO, with AMP in EG solution

We measured the absorption rate at 298 K, with AMP con-
centrations of 0.5, 1.0, 1.5, and 2.0 kmol/m>. When CO, was
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Figure 3. Comparisons between calculated results and
experimental results for CO, absorption in
aqueous AMP solutions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4. (a) The ko, for AMP with CO, at different temperatures and AMP concentrations. (b) The second-order
reaction rate constants (ky) for AMP with CO, at different temperatures.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

absorbed in AMP-EG solution, no precipitation was seen up to
a concentration of 3 mol/L (27% wt). In practical applications,
we could increase the concentration of AMP further. A com-
parison between kinetics of CO, absorption in the AMP-H,O
and AMP-EG solutions is made, as shown in Figure 5. The
CO, absorption rate in AMP-EG is lower than that in the
AMP-H,O0 system at the same temperature and concentration,
due to the lower diffusivity of CO, in EG.

Figure 6 shows the effects of the initial CO, concentration
and the gas flow rate on the mass-transfer coefficient. The
mass-transfer coefficient changes slightly as the concentration
of CO, changes. It also shows little change of mass-transfer
coefficient with variation in the gas flow rate, as well as the
bubble size, as shown in Figure 7, indicating that the gas-side
resistance had little influence on overall mass transfer, espe-
cially at higher concentrations. As the continuous phase is split
up into scattered parts by crowded bubbles, liquid-side mass
transfer is enhanced significantly. The movement of bubbles
also leads to the turbulence of continuous phase, which enhan-
ces the liquid-side mass transfer. When the bubbles were dis-

Table 3. The Second-Order Reaction Rate Constants (k,) for
AMP with CO, at Different Temperatures

T (K) ky (m®/kmol/s)
298 746
308 1080
318 1450

10l = = 1.0 kmol/m’ AMP-H,O
i . ° 8 i

o o5l = 1.0 kmol/m® AMP-EG

o . 298 K

o

o 06F . ®

s o

T 04r - i

o Q. =20 mL/min 4 ®

[7]

& 921 @ =30 mL/min " .
0.0 ‘

00 01 02 03 04

Residence Time /s

persed into liquid phase initially, the concentration of CO,
was higher, as a result, the mass-transfer rate in liquid-film
was higher. The concentration of the dissolved gas at the inter-
face can be calculated using Henry’s coefficient. As the CO,
was absorbed, the mass-transfer rate in liquid-film decreased,
the resistance in liquid-side had influence on the concentration
of the dissolved gas at the interface. As the CO, at interface
transferred in liquid slowly, the actual concentration of CO, at
interface was higher than that calculated by Henry’s coeffi-
cient. So that &, calculated through Eqs. 5 and 6 at lower
residual rate of CO, was higher due to the mass-transfer resist-
ance in liquid-side, as shown in Figure 8. We chose the data
from the initial measurement points (residual rate of
CO, > 0.70) to calculate the mass-transfer coefficient &y .

The kinetic data obtained at 298 K are listed in Table 4.
Using these values of k,y, we could calculate the residual rate
of CO, at any given residence time, the comparisons between
calculated results and experimental results are shown in Figure
9. These two results are in good agreement within the range of
CO; partial pressure from 20 to 90 kPa. k,, increases with the
increase of AMP concentration, the slope of In k,, vs. In
[AMP] plot in figure gives a reaction order for AMP of 1.03,
which indicates the formation of carbamate by a zwitterion
mechanism. For nonaqueous solution AMP-EG, there was no
exist of OH , so that EG and AMP molecules were mainly
involved in process of deprotonation, suggested in our previ-
ous work.® The chemical reactions during the absorption can
be expressed by following equation

1.0 = = 2.0 kmol/m® AMP-H,0
o' o0sl & e 2.0 kmol/im’ AMP-EG
= 208 K
o | |
o 06 °
® -

T 04; ‘

i) - Lom

2 02 _QG 20 mL/min = 2

x QL=30 mL/min @
0.0

00 041 02 03 04

Residence Time /s

Figure 5. Comparison of kinetics of CO, absorption in different solutions.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Effects of CO, concentration and Q4 on mass transfer.
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The overall reaction rate of CO, in AMP-EG solution can
be expressed as

[AMP]

kOV = +
ko ZES[EG]+2AME[AMP]

(20)

The second-order reaction rate constants (k,) for AMP with
CO, at in EG solvent is determined by the slope in Figure 10,
which is 1075 s~ " at 298 K. This value is slightly higher than
that of k, for AMP with CO, in aqueous solution (746 s lat
298 K). The values of factors (D°>/H) are responsible for the
difference. The kinetics of AMP with CO, in nonaqueous sol-
vent 1-propanol was studied by Xu et al.? They found that the
slope of Ink,,, vs. [AMP] gives a reaction order for AMP of
1.28, consistent with the formation of carbamate by zwitter-
ions mechanism. However, a white carbamate precipitate
could be observed during the reaction process in 1-propanol
solvent, when the loading of CO, and the concentration of
AMP were high, which could be easily dissolved into water or

1000 ;

£ . 1 kmol/m® AMP-EG
& T 75% CO,

L ool " "=, Q=30 mL/min

g iz = Q=60 mL/min
E ., L . * Q=40 mL/min
§ 600p 4. A“-, 4 Q=20 mL/min
ﬁ faa ¢

& a

§ 400 -I 1 1 1 1

< 0 5 10 15 20 25

Flowing distance / cm
Figure 7. Effect of Q4 on the bubble size.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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EG and could not be seen. The low stability of zwitterion in 1-
propanol solvent resulted in a relatively high value for k_;. k;
was influenced by the solvent significantly, as k, for AMP
with CO, in 1-propanol was just 56.3 m’/kmol/s at 298 K,
which was 810.4 m®/kmol/s at 298 K in water presented in the
same work by Xu and 1075 m*/kmol/s at 298 K in EG pre-
sented in this work. The uncertainties in estimating solubility
and diffusivity of CO, in AMP-EG solution may have influ-
ence on the value of k,.

Conclusions

The reaction kinetics of CO, with AMP in the aqueous solu-
tion was studied using a microfluidic method at a temperature
range of 298-318 K. The solutions concentration varied from
1 to 2 kmol/m®. The well established zwitterions mechanism
was used to explain the experimental results. The k, value of
AMP at 300, 308, and 318 K was 746, 1080, and 1450 m?/
kmol/s, respectively, the results of k, was compared well with
the literature data, which were obtained mostly from gas
absorption studies using different methods such as stirred-cell,
wetted-wall column. These data were in good agreement.
From the Arrhenius regression of k,, we could calculate the
activation energy of reaction between AMP and CO,, which
was 26.2 kJ/mol. This value was higher than that of 25.1 kJ/
mol obtained by Choi et al. and that of 24.261 kJ/mol obtained

0.0010
AMP-EG 298 K
» 0.0008} Q=20 mL/min Lk
& Q= 30 mL/min R A
"'-.—J A
00006 4 4T . ee e e
8 o o°¢ m = |
E m N n
8 0.0004¢ = 1.0 kmol/m®
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3
0.0002 L— . . 2.0 kmol/m
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Residual rate of 002
Figure 8. Effect of residual rate of CO, on k. calculated
by Egs. 5 and 6.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 4. The Kinetic Data for CO, into AMP-EG Solution

at 298 K
[AMP] (kmol/m") koy (s
0.5 447
1.0 1041
15 1462
2.0 2098

by Xu et al., respectively. The result of kinetics of CO,
absorption in aqueous AMP solution could verify the reliabil-
ity of this measurement method. This work presents a direct
and accurate way to measure the kinetics of gas-liquid system
with chemical reaction.

The reaction kinetics for CO, with AMP in the EG solution
was also studied using the same method at the temperature of
298 K. The solutions concentration varied from 0.5 to 2.0
kmol/m?>. It was found that CO, reacted with the AMP directly
to form a zwitterion intermediate. For the nonaqueous system
of AMP-EG, EG and AMP molecules react with zwitterion to
produce a carbamate ion and a protonated base, leading even-
tually to carbamate ion. The overall absorption rate of CO, in
aqueous AMP solution was much higher than that in AMP-EG
solution. However, k, of AMP in water solvent was slightly
lower than that in EG solvent. EG as solvent has little influ-
ence on reaction between CO, and AMP, but significant influ-
ence on mass transfer of CO, in solvent due to its higher
viscosity. The lower absorption rate of CO, in nonaqueous
AMP-EG solution will lead to a larger size of equipment. Con-
versely, using nonaqueous AMP solution as CO, absorbent
can reduce the energy consumption of absorbent regeneration.
There is a trade-off between capital costs and energy require-
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298 K
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o 06F
©
= 0.4+
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Figure 10. The k., for AMP with CO, at different tem-
peratures and AMP concentrations.

ments. In our previous work,** we achieved a high mass-
transfer efficiency of gas absorption into solution with high
viscosity using a microfluidic device based on membrane con-
tactor. With the development of high efficient absorption
equipment for the relatively high viscosity system, both low
energy consumption and low capital cost may be reached.
This work can provide fundamental parameters of kinetics for
further design and optimization of CO, capture process using
nonaqueous AMP solution as absorbent. In our next work, we
will consider mixture absorption systems such as aqueous
AMP-piperazine (PZ) and any other nonaqueous AMP solu-
tions. We can justify the use of AMP on its own by comparing
the results of kinetic of CO, absorption in mixture solvent
with that in sole AMP solution.
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Figure 9. Comparisons between calculated results and experimental results for CO, absorption in AMP-EG solu-

tions at 298 K.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Notation

Hco, = Henry law constant of CO,, kPa m?>/kmol
Dco, = diffusivity of CO, in liquid, m’/s

1y = viscosity of liquid, mPa s

nco, = amount of CO; in a single bubble, kmol

dy, = average bubble diameter, m
Vi = volume of a single bubble, m?
ky = liquid film mass-transfer coefficient, m/s

cko, = concentration at the interfacial area, kmol/m?®
C}éoz = concentration in the liquid bulk, kmol/m?

A = interfacial area, m?

pco, = partial pressure of CO,, kPa

Ha = Hatta numer defined in Eq. 8
koy = overall pseudo-first-order reaction rate constant, st

ky = second-order reaction rate constant in Eq. 9
ky, = second-order reaction rate constant for base B in Eq. 9

k_ = rate constant for the reverse reaction in Eq. 9
kamine = rate constant for deprotonation reaction in Eq. 10
ku,0 = rate constant for deprotonation reaction in Eq. 10
kon- = rate constant for deprotonation reaction in Eq. 10

kgg = rate constant for deprotonation reaction in Eq. 20
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