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Abstract−The CO2 absorption rate into aqueous N-methyldiethanolamine solutions was measured using a stirred

cell with a flat gas-liquid interface. The measurements were performed in the temperature range of 293.15 to 333.15 K

for various amine concentrations and CO2 partial pressures. A numerical model of mass-transfer with complex chemical

reactions based on the film theory was developed to interpret the experimental results. The model predictions have

been found to be in good agreement with the experimental values of CO2 absorption rates. A comparison is made be-

tween the enhancement factor predicted from the detailed model and the approximate solution of mass transfer equa-

tions with chemical reaction. The numerical results indicate that under the present experimental conditions, the effect

of the reaction between CO2 and OH− on the observed mass transfer rates is negligible. The detailed mass transfer model

was used for simulating the CO2 absorption process in terms of the enhancement factor under a variety of operating

conditions.
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 INTRODUCTION

Absorption of CO2 in aqueous amine solutions has been exten-

sively studied in the last decade. It is a process of considerable in-

dustrial importance, for example in removal of acidic compounds

such as carbon dioxide and hydrogen sulfide from gas streams in

the natural gas and refinery industries [1]. This technology is also

currently considered as a promising method for CO2 separation from

flue gases at fossil-fuel power plants [2,3]. Among the most widely

used amines, including monoethanolamine (MEA), diglycolamine

(DGA), diethanolamine (DEA), diisopropanolamine (DIPA), meth-

yldiethanolamine (MDEA) and triethanolamine (TEA), MDEA has

become much more important because of its relatively high capac-

ity, small enthalpy of reaction with acid gases and a low vapor pres-

sure. MDEA is much less corrosive than other amines. Since the CO2

reaction rate with a tertiary MDEA is slower than with primary or

secondary ones, the addition of small amounts of fast reacting amines

is necessary to apply this process in the flue gas treatment.

Many studies have been performed on the kinetics of the CO2

reaction with aqueous MDEA [4-16]. Vaidya and Kenig provide a

comprehensive overview on that subject [13]. There is agreement

on the reaction mechanism which implies that tertiary amines do

not react directly with CO2. In an aqueous solution, MDEA cata-

lyzes the CO2 hydration reaction according to the mechanism pro-

posed by Donaldson and Nguyen [14]. However, there are widely

varying opinions in the literature on the interpretation of the kinetic

data and contribution of OH−/CO2 reaction on the estimation of the

forward rate of the MDEA-catalyzed reaction. This causes the rela-

tively high difference in the forward rate coefficient of the MDEA-

catalyzed reaction, which is ranging from 1.44 m3 kmol s−1 [4] to

5.15 m3 kmol s−1 [16] at 293 K. These discrepancies may be attrib-

uted to the different experimental techniques used and the incon-

sistency of the physical data such as CO2 solubility and diffusivity

applied for interpretation of the absorption rate data. Moreover, there

are quantitatively inconsistent opinions on the effect of the reaction

of hydroxide with CO2 on the measured rate of CO2 absorption into

aqueous MDEA solutions [15,16].

The mathematical models of the absorption of CO2 into MDEA

aqueous solutions have been reported by a few authors [15-18]. The

model of Glasscock and Rochelle [15] accounts for the multiple

reactions taking place, as well as the diffusion of the ionic species

involved. Concerning the mass transfer models, the film theory, Hig-

bie-penetration theory and Danckwert’s surface renewal theory have

all been used for calculation of the enhancement factors. The molar

fluxes of reagents were calculated from the Fick’s equations. Rinker

et al. [16] determined the significant reactions involved in the ab-

sorption of CO2 into MDEA aqueous solutions as well as the effect of

including or neglecting the CO2-OH− reaction on the forward rate co-

efficient of the catalyzed hydrolysis of MDEA. In this model the molar

fluxes of reagents were calculated from Fick’s equations. Cadours

and Bouallou [17] and Kabouche et al. [18] presented more gen-

eral mathematical models to describe the mass transfer with chem-

ical reactions, which were validated for the case of the CO2 absorp-

tion into MDEA solutions. The electrostatic potential gradient terms,

with unequal diffusion coefficient for the ionic reagents, have been

included in the mass transfer with complex reactions equations. In

the model of Cadours and Bouallou [17], the molar fluxes of re-

agents were calculated from Fick’s equations, while in the model

of Kabouche et al. [18], the Maxwell-Stefan equations were used.

In the present work, additional data on the kinetics of the reaction

between CO2 and aqueous MDEA solutions are reported. The CO2

absorption rate was measured using a stirred cell with a flat gas-

liquid interface. The measurements were performed in the temper-

ature range of 293.15 to 333.15 K and amine concentration range

of 10 to 30% mass MDEA. A mathematical mass transfer model
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based on the film theory that includes all chemical reactions in CO2-

MDEA-H2O system was developed. The model was used to pre-

dict the CO2 absorption rate into MDEA solution and the corre-

sponding mass transfer enhancement factor. The experimental ab-

sorption rate data are compared with the data predicted by the math-

ematical mass transfer model. The applicability of an approximate

method of solution for absorption with chemical reaction is also

discussed. The approximate model takes into account only the main

reaction between CO2 and MDEA and treats it as irreversible and

pseudo-first order. Based on the computational results, the compar-

ison between the detailed mathematical model and the simplified

one is demonstrated. The detailed mass transfer model was used

for simulating the CO2 absorption process in terms of the enhance-

ment factor for a variety of operating conditions.

DESCRIPTION OF CO2 ABSORPTION

INTO AQUEOUS SOLUTIONS OF MDEA

1. A Detailed Model

1-1. Reaction Scheme

The following reactions may take place when CO2 is absorbed

into an aqueous solution of MDEA [10]:

(1)

(2)

(3)

(4)

According to the literature, reactions (1) and (2) have finite rates,

whereas the reactions (3) and (4) are instantaneous as they involve

only a proton transfer.

For convenience, the chemical species in reactions (1)-(4) are

renamed as follows:

A≡CO2, B≡MDEA, C≡MDEAH+, D≡HCO3

−, E≡OH−, F≡CO3

−2

1-2. Liquid Bulk Concentrations

To calculate the rate of CO2 absorption it is necessary to know

the equilibrium concentrations of the reactants in the bulk of the

liquid phase. These concentrations C
δ

iL, i=A, …, F of individual

reaction species were determined from the overall concentration of

MDEA and the initial CO2 loading according to the following:

Overall MDEA balance:

(5)

Electroneutrality balance:

(6)

Overall carbon balance:

(7)

Equilibrium equations:

(8)

(9)

(10)

Eqs. (5)-(10) form a system of six nonlinear algebraic equations

with six unknowns C
δ

iL, i=A, …, F. In this paper the system of these

equations was solved using Marquardt’s iterative method [19,20].

1-3. Reaction Kinetics

Reactions (1) and (2) are reversible reactions that occur with a

finite rate. Their overall rates are given by the following reaction rate

expressions:

(11)

(12)

Reactions (3) and (4) are reversible reactions but occur with infi-

nite rate, so their overall rates are equal to zero; therefore,

(13)

(14)

1-4. Mathematical Description

Mathematical description of the CO2 absorption into an aqueous

solution of MDEA in the reactor under consideration was formu-

lated by adopting the following simplifying assumptions:

- the process is steady and isothermal,

- liquid phase is a dilute solution,

- the surface of the mass transfer is flat,

- CO2 concentration on the gas-liquid interface results from Henry’s

law,

- concentrations of the chemical species in the liquid bulk are

constant and correspond to the equilibrium concentrations,

- amine and ions formed by chemical reactions are non-volatile.

For the case under consideration, the mass transfer in the layer

of liquid of thickness δ is described by the equations:

(17)

Concentrations of species E and F result from Eqs. (13) and (14):

(18)

(19)

The ordinary differential equations which describe the mass trans-

fer with complex chemical reactions were combined in such a way

so as to eliminate the very large reaction rates for two instantaneous

reactions (3) and (4). Since these reactions are assumed to be at equi-

librium, their equilibrium constant expressions were used to com-

plete the set of equations which are required to solve for the con-

centration profiles of all chemical species in the liquid film.

Molar flux of CO2 absorption from the interfacial surface to the

liquid phase results from the equation:

CO2 + H2O + MDEA              MDEAH
+

 + HCO3

−K1, k1

CO2 + OH
−

               HCO3

−K2, k2

HCO3

−

 + OH
−

              CO3

2−

 + H2O
K3

MDEAH
+

 + OH
−

              MDEA + H2O
K4

CBL

δ

 + CCL

δ

 = CBL

ov

CCL

δ

 − CDL

δ

 − CEL

δ

 − 2CFL

δ

 = 0

CAL

δ

 + CFL

δ

 + CDL

δ

 = α CBL

ov
⋅

K2 = 
CDL

δ

CAL

δ

CEL

δ
----------------

K3 = 
CFL

δ

CDL

δ

CEL

δ
----------------

K4 = 
CBL

δ

CCL

δ

CEL

δ
----------------

r1= k1CALCBL − 
k1

K1

------CCLCDL

r2 = k1CALCEL − 
k2

K2

------CDL

K3 = 
CFL

CDLCEL

----------------

K4 = 
CBL

CCLCEL

----------------

DiL

d
2

CiL

dx
2

----------- = − νijrj, i = A, …, D
j=1

2

∑

CEL  = 
1

K4

------
CBL

CCL

--------

CFL  = 
K3

K4

------
CBLCDL

CCL

----------------
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(20)

The boundary conditions of Eqs. (17) are as follows:

(21)

(22)

A mathematical model of CO2 absorption, described by Eqs. (17)-

(20) with the boundary conditions (21) and (22), is valid for the steady

conditions. For the process realized in the batch reactor, the model

may be used only to determine the CO2 absorption rate in the initial

moment when the assumption of constant concentrations of reac-

tants in the liquid bulk is justified.

The enhancement factor of absorption is given by the equation:

(23)

The enhancement factor is defined as the ratio of the absorption

rate of a gas in the liquid in the presence of a chemical reaction to

the absorption rate in the absence of a reaction at identical concen-

tration differences of the absorbing gas between the interface and

the liquid bulk.

Eqs. (17)-(19) with boundary conditions (21) and (22) are clas-

sified as two-point boundary problem for ordinary differential equa-

tions of second order. In this work, the differential equations were

converted to a dimensionless canonical form and the problem was

solved as a two-point boundary problem for ordinary differential

equations of the first order. The substitution of

(24)

(25)

leads to the dimensionless canonical form of differential Eqs. (17)-

(19) as follows [21]:

(26)

where:

(27)

The boundary conditions of Eqs. (26) will take the form:

s=0 y5=1, yi=0, i=6, 7, 8 (28)

s=1 yi=1, i=2, 3, 4, y5=ΦA

δ
(29)

The method of solution of the model Eqs. (26) with boundary

conditions (28) and (29) was described in detail in the previous paper

[21]. In the model, one must assume a certain CO2 loading in the

liquid bulk which is used as a boundary condition. It was checked

that decreasing CO2 loading below α<0.005 (mol CO2/mol MDEA)

did not influence the computed results of the mass transfer rate and

enhancement factor. Thus, the computed results for α=0.005 (mol

CO2/mol MDEA) were used for comparison with experimental data

where the solution was not initially loaded with CO2 (α=0).

2. An Approximate Model

In the simplified mass transfer model we took into account only

one chemical reaction (1) and treated it as irreversible. In the case

where the operating conditions for the absorption were selected in

a way to ensure that the chemical reaction takes place in the fast

pseudo-first order regime, without depletion of the amine near the

gas-liquid interface, the following conditions should hold [20]:

3<Ha<<Ei (30)

where Hatta number, Ha is given by:

(31)

The enhancement factor for an irreversible, instantaneous reaction

Ei is defined as follows:

(32)

The general expression for CO2 absorption rate in the case where

the bulk CO2 concentration is equal to zero has the following form:

(33)

When condition (30) is satisfied, the enhancement factor EA is equal

to the Ha number:

EA=Ha (34)

Thus, the approximate rate of mass transfer of CO2 becomes

NAL

*

 = − DAL

dCAL

dx
-----------
⎝ ⎠
⎛ ⎞

x=0

x = 0 CAL = CAL

*

 = 

pA

0

H
-----,

dCiL

dx
---------- = 0, i = B, …, F

x = δL CiL = CiL

δ

, i = A, …, F

EA = 

NAL

*

kAL CAL

*

 − CAL

δ( )
--------------------------------

s = 

x

δ
---, ΦA = 

CAL

CAL

*
-------, Φi = 

CiL

CiL

δ
------, i = B, …, F

y1= 

dΦA

ds
---------, y2 = ΦB, y3 = ΦC, y4 = ΦD,

y5 = ΦA, y6 = 

dΦB

ds
---------, y7 = 

dΦC

ds
----------, y8 = 

dΦD

ds
----------

dy1

ds
------- = Ha

2

y2y5 − a1y3y4 + a2y5y9 − a3y4

dy2

ds
------- = y6

dy3

ds
------- = y7

dy4

ds
------- = y8

dy5

ds
------- = y1

dy6

ds
------- = a4y2y5 − a5y3y4

dy7

ds
------- = − a6

dy6

ds
-------

dy8

ds
------- = − a7

dy1

ds
-------

y9 = a8

y2

y3

----

y10 = a9y4y9

Ha
2

 = 

k1CBL

δ

DAL

kAL

2
---------------------

a1= 

1

K1

------
CCL

δ

CDL

δ

CAL

*

CBL

δ
----------------Ha

2

, a2 = 

k2

k1

----
CEL

δ

CBL

δ
-------Ha

2

, a3 = 

k2

k1K2

----------
CDL

δ

CAL

*

CBL

δ
----------------Ha

2

a4 = 

kAL

kBL

------
CAL

*

CBL

δ
-------Ha

2

, a5 = 

1

K1

------
kAL

kBL

------
CCL

δ

CDL

δ

CBL

δ

CBL

δ
----------------Ha

2

a6 = 

kBL

kCL

-------
CBL

δ

CCL

δ
--------, a7 = 

kAL

kDL

-------
CAL

*

CDL

δ
--------, a8 = 

1

K4

------
CBL

δ

CCL

δ

CEL

δ
----------------, a9 = K3

CDL

δ

CEL

δ

CFL

δ
----------------

Ha = 

k1CBL

δ

DAL

kAL

-------------------------

Ei =1+ 

DBLCBL

δ

νB1DALCAL

*
-----------------------

NAL

*

 = EAkALCAL

*
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(35)

As can be seen from Eq. (35), in the pseudo-first-order chemical

absorption regime, the absorption rate is independent of the liquid

side mass transfer coefficient kAL and hence it should not depend

on the stirring speed.

3. Model Parameters

To use the detailed mathematical model and the simplified one

to estimate the CO2 absorption rate, the variety of physicochemical

properties of the system under consideration must be known. The

values of physical mass transfer coefficient of CO2 in aqueous MDEA

solutions were obtained from a mass transfer correlation between

dimensionless numbers (ShL, ReL, ScL) that has been established

for our apparatus from CO2 absorption experiments into the pure

water and N2O absorption into aqueous MDEA solutions in the fol-

lowing form [21]:

ShL=0.3929ReL
0.6632ScL

0.33 (36)

The values of relevant physicochemical properties including den-

sities and viscosities of aqueous MDEA solutions, CO2 solubility,

and the diffusion coefficients of all chemical species in the aque-

ous MDEA are taken from literature [7,22,23,17] and were sum-

marized in our previous paper [21]. The diffusion coefficients of ionic

species are assumed to be equal to that of MDEA. It was checked

that introducing different values of diffusion coefficients of ions, as

in the model of Glasscock and Rochele [15], did not influence the

predicted absorption rate. The Arrhenius law for the reaction rate

constant k1 in Eq. (11) is taken from Ko et al. [8], who studied CO2

absorption into aqueous MDEA solutions in the temperature range

293-353 K. The reaction rate constant k2 was calculated from the

correlation presented by Pinsent et al. [25] over the temperature

range 273-313 K. According to Jamal et al. [10,11], this correlation

can be extrapolated to higher temperatures up to 343 K. The expres-

sions for equilibrium constants K1-K4 of chemical reactions (1-4)

as well as reaction rate constants k1 and k2 are also summarized in

the previous paper [21].

EXPERIMENTAL

1. Apparatus and Procedure

The measurements were performed in the heat flow reaction cal-

orimeter (CPA-Chemical Process Analyser, ChemiSens AB, Swe-

den) which is a fully automated and computer-controlled stirred

reactor vessel with possibility of an on-line measurement of ther-

mal power developed by the process. The reactor is submerged in

the thermostating liquid bath. A Peltier element mounted inside the

bottom of the reactor serves as an efficient heating and cooling device

and keeps the temperature constant to ±0.1 K. The experimental

apparatus (Fig. 1) was modified to measure acid gas absorption and

desorption rates from alkanolamine solutions under unsteady state

conditions and was described in detail elsewhere [21].

A series of experiments was conducted at temperature range of

293 to 333 K. The initial MDEA concentration in the aqueous solu-

tion was varied in the range of 0.83-2.7 kmol/m3, which corresponds

to amine weight fraction from 10 to 30 mass%. In each experiment,

the reactor was charged with 100 cm3 of the alkanolamine solution.

After the reactor was filled with the desired solution, the liquid was

degassed and heated to the set temperature under stirring conditions.

When the thermal equilibrium was established, e.g., the temperature

in the reactor became constant to ±0.01 K, the stirring was stopped

for a moment. Pure gas from the CO2 reservoir was then intro-

duced during a very short time in the upper part of the cell. The re-

sulting initial pressure in the range of 25 to 110 kPa was set by the

back pressure regulator (Brooks, 5866). Then the absorption pro-

cess was initiated by switching on the stirrer at the stirring speed of

150 min−1. The decrease in the system pressure due to absorption

of the gas was monitored by the pressure transducer, and the “pA

vs. t” data were recorded as a function of time until the gas-liquid

equilibrium state was reached. The initial “pA vs. t” data from t=0

to 60 s were plotted and the absorption rate was calculated from

the value of the slope (−dpA/dt). This method based on the fall-in-

pressure technique was used previously by other investigators [5,12]

and enabled a simple and straightforward estimation of the absorp-

tion rates.

The CO2 partial pressure in the reactor, pA, was calculated accord-

ing to the total pressure in the system P measured by the pressure

transducer, corrected for solution vapor pressure by use of Raoults’s

law. In these calculations, the amine vapour pressure was neglected,

as it was very small as compared to the solvent vapour pressure.

The chemicals employed, CO2 (L’Air Liquide, 99.995 vol% pure)

and MDEA (Fluka, 99 mass% pure), were used without any fur-

ther purification. Alkanolamine aqueous solutions were prepared

from the distilled, deionized water. Experiments were performed

with initial CO2 loadings of the solutions equal to zero. The solution

volume was maintained at 100±0.1 cm3 in each experiment. The

respective mass of the solutions was determined within ±0.01 g. In

the range of stirring speed of 100 to 170 min−1, the absorption rate

was independent of the stirring speed indicating a pseudo-first order

regime. Thus, in the present work all experimental runs were per-

formed at a constant stirring speed of 150 min−1. Mixing of the liquid

under such a stirring speed did not affect the smoothness of the gas

liquid interface, which could be easily estimated. The gas-liquid inter-

NAL

*

 = CAL

*

k1CBL

δ

DAL

Fig. 1. Experimental set-up.
1. Storage tank T. Temperature sensors
2. Downstream pressure P. Pressure transducers
2. regulator
n

s
. Stirring speed transducer
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face, A, was determined as 23.5±0.5·10−4 m2.

2. Calculation of Experimental Absorption Rate and Enhance-

ment Factor

The initial experimental CO2 absorption rate can be calculated

by the mass balance in the reactor gas phase according to:

(37)

In Eq. (37), the ideal gas equation was applied. This measurement

method based on the recorded pressure decrease versus time enabled

a simple and straightforward estimation of the experimental absorp-

tion rate. The uncertainty in the experimental mass transfer rate has

been estimated to be ±2.6%.

The CO2 bulk concentration C
δ

AL was assumed to be zero at the

initial stage of absorption, while the CO2 concentration at the interface

results from Henry’s law at the initial pressure, pA
o. The corresponding

experimental enhancement factor EA was calculated from the Eq. (23).

RESULTS AND DISCUSSION

Several CO2 absorption experiments into MDEA aqueous solu-

tions were carried out in the temperature range of 293 to 333 K.

− 

VG

R T A⋅ ⋅

-----------------
dpA

dt
-------- = NAL

*

Table 1. Experimental results and theoretical predictions

Experimental Detailed model Approximate model

T CBL

ov pA

o C*

AL·103 kAL·105 N*

AL·106 EA N*

AL·106 EA N*

AL·106 EA=Ha Ei

K kmol/m3 kPa kmol/m3 m/s kmol/m2 s - kmol/m2 s - kmol/m2 s - -

293.15

293.15

293.15

293.15

293.15

293.15

293.15

293.15

293.15

293.15

293.15

293.15

293.15

293.15

313.15

313.15

313.15

313.15

313.15

313.15

313.15

313.15

313.15

313.15

313.15

313.15

313.15

333.15

333.15

333.15

333.15

333.15

333.15

333.15

333.15

333.15

333.15

333.15

333.15

1.706

1.706

1.706

1.706

1.706

1.706

2.586

2.586

2.586

2.586

2.586

2.586

2.586

2.586

0.839

0.839

0.839

0.839

0.839

1.693

1.693

1.693

1.693

1.693

2.560

2.560

2.560

0.834

0.834

0.834

1.681

1.681

1.681

1.681

2.530

2.530

2.530

2.530

2.530

094.13

094.25

067.41

059.04

052.30

046.80

081.81

065.23

096.09

077.23

076.82

054.90

048.96

034.49

077.06

058.15

055.64

043.86

036.41

087.96

057.77

037.83

035.88

034.69

087.33

059.40

043.69

066.68

042.71

033.87

 100.06

063.59

043.70

026.00

167.10

100.10

71.9

46.7

27.9

32.3

32.4

23.2

20.3

18.0

16.1

25.9

20.6

30.4

24.4

24.3

17.4

15.5

10.9

17.4

13.1

12.6

09.9

08.2

08.9

 12.4

08.1

07.7

07.5

17.9

12.2

09.0

10.4

06.7

05.3

14.9

09.5

06.5

03.9

23.8

14.2

10.2

06.7

04.0

1.58

1.58

1.58

1.58

1.58

1.58

1.02

1.02

1.02

1.02

1.02

1.02

1.02

1.02

3.80

3.80

3.80

3.80

3.80

2.74

2.74

2.74

2.74

2.74

1.90

1.90

1.90

5.73

5.73

5.73

4.33

4.33

4.33

4.33

3.17

3.17

3.17

3.17

3.17

2.16

2.17

1.62

1.55

1.38

1.23

2.01

1.66

2.04

2.07

2.46

1.34

1.25

1.12

2.66

2.21

1.93

1.68

1.39

3.61

2.19

1.60

1.66

1.40

3.53

2.24

1.93

3.50

2.11

1.77

5.68

3.07

2.49

1.82

11.5

5.58

4.26

3.30

2.05

04.23

04.22

04.41

04.83

04.84

04.82

07.60

07.90

06.60

08.31

09.92

07.53

07.90

10.10

04.02

04.43

04.03

04.46

04.45

06.96

06.43

07.18

07.84

06.85

10.39

09.66

11.35

05.88

05.53

05.84

08.80

07.48

08.81

10.86

15.24

12.40

13.19

15.67

16.28

2.38

2.38

1.73

1.52

1.35

1.22

1.95

1.57

2.26

1.84

1.83

1.33

1.19

0.85

2.69

2.09

2.01

1.63

1.38

3.42

2.32

1.57

1.50

1.45

3.31

2.31

1.74

3.61

2.50

2.07

5.74

3.86

2.78

1.77

8.99

5.75

4.27

2.89

1.80

04.65

04.65

04.72

04.74

04.76

04.77

07.37

07.46

07.30

07.39

07.40

07.52

07.56

07.66

04.07

04.19

04.21

04.33

04.42

06.59

06.81

07.03

07.06

07.08

09.73

09.99

10.22

06.04

06.53

06.83

08.93

09.43

09.87

10.58

11.69

12.49

12.93

13.45

14.07

2.52

2.52

1.80

1.58

1.40

1.25

2.03

1.61

2.38

1.91

1.90

1.36

1.21

0.85

2.62

1.98

1.89

1.49

1.24

3.48

2.29

1.50

1.42

1.37

3.42

2.32

1.71

3.27

2.09

1.66

5.80

3.69

2.53

1.51

9.85

5.90

4.24

2.76

1.65

04.92

04.92

04.92

04.92

04.92

04.92

07.68

07.68

07.68

07.68

07.68

07.68

07.68

07.68

03.96

03.96

03.96

03.96

03.96

06.70

06.70

06.70

06.70

06.70

10.04

10.04

10.04

05.46

05.46

05.46

09.01

09.01

09.01

09.01

13.07

13.07

13.07

13.07

13.08

027

027

037

042

047

052

054

068

047

058

058

081

091

128

022

029

030

038

046

043

066

100

105

109

075

109

149

036

055

070

054

084

122

204

054

090

125

192

320
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All experiments were performed with initial CO2 loadings of the

solutions equal to zero as the solvent was degassed in the reactor

before the run. The data on the CO2 absorption kinetics including the

measured initial absorption rates and enhancement factors obtained

from Eqs. (37) and (23) are listed in Table 1. For each experiment,

the theoretical mass transfer rate and the enhancement factor were

calculated by the use of the proposed numerical model and reported

in Table 1 for comparison. The input data for the model were the

initial amine concentration, the initial pressure of absorption pA

o and

the physical mass transfer coefficient kAL, which is a function of the

stirring speed and relevant physicochemical properties. For the aim

of identifying the chemical absorption regime, the estimates for Hatta

number and the enhancement factor corresponding to the instanta-

neous, irreversible reaction, Ei are also reported. The values of Ha

number and Ei indicate that the absorption takes place in the fast

pseudo-first order reaction regime so the use of approximate method

expressed by Eq. (35) for predicting the CO2 absorption rate is justi-

fied. The relevant values of the N*

AL calculated from this simplified

model of absorption are also reported in Table 1.

As can be seen from the tabulated data, the numerical model gives

good prediction of CO2 absorption rate. However, with the increase

of amine concentration and temperature, the model tends to under-

estimate the experimental mass transfer rate.

From the data at all temperatures given in Table 1, the CO2 ab-

sorption rates predicted by the detailed model are in good agree-

ment with the experimental results. The average deviation RMSD

(Root Mean Square Deviation) between predicted and experimen-

tally measured rates of CO2 absorption was 1.12%. The RMSD was

calculated according the following formula:

(38)

The absorption rates predicted by the simplified model are also very

close to those computed from the detailed numerical model and the

respective estimate of RMSD is 1.18%.

Over a wide range of operating conditions studied, both models

RMSD = 
1

n
---

NAL exp i,

*

 − NAL theor i,

*

NAL exp i,

*

---------------------------------------
⎝ ⎠
⎛ ⎞

2

i=1

n

∑

Table 2. Simulation parameters for the CO2-H2O-MDEA system
at 313 K

Parameter Value Reference

T 313.15 K -

CBL

ov 1.693 kmol m−3 -

α 0.005 mol CO2/mol MDEA -

k2 2.456·104 m3 kmol−1 s−1 [25]

k1 13.005 m3 kmol−1 s−1 0[8]

K1 106.944 [11]

K2 1.736·107 m3 kmol−1 [11]

K3 2.103·103 m3 kmol−1 [11]

K4 1.623·105 m3 kmol−1 [11]

ρL 1010 kg m−3 [17]

ηL 1.319·10−3Pa s [17]

DAL 1.534·10−9 m2 s−1 [22]

DBL 7.274·10−10 m2 s−1 0[7]

kAL 2.472·10−5 m s−1 [21]

H 4.646 MPa m−3 kmol−1 [23]

Table 3. Results of the simulation in the bulk region for the condi-
tions reported in Table 2

Species Bulk concentrations (kmol m−3)

CO2

MDEA

MDEAH+

HCO3

−

OH−

CO3

2−

2.673·10−7

1.679

0.014

3.367 10−3

7.235 10−4

5.107·10−3

Fig. 2. Concentration profiles calculated with the detailed model
at a low CO2 partial pressure (Simulation parameters are
reported in Table 2).

Fig. 3. Concentration profiles calculated with the detailed model
at a high CO2 partial pressure.

give almost the same results of predicted CO2 absorption rates and

the differences between these models are within uncertainty of the

measured absorption rate. It should be stressed, however, that the

simplified model is valid only for pseudo-first order regime of chem-

ical reaction, while the proposed mathematical model is more gen-

eral and can be applied in the case of complex chemical reactions

irrespective of the regime of absorption.
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The simulation parameters for a certain case, which should help

to verify the results computed by the detailed model, are reported

in Table 2. The estimates of the species concentration in the liquid

bulk are presented in Table 3. In Figs. 2 and 3, the concentration

profiles of CO2 and other species calculated by the accurate model

with a low CO2 partial pressure of 0.5 kPa and a high pressure of

50 kPa are plotted versus position in the liquid film. In Fig. 2, the

profiles calculated for a low pressure show very slight depletion of

the OH− ions near the gas-liquid interface (ΦE). In this case, the con-

centration of OH− is significant and the CO2/OH− reaction has the

largest effect on the CO2 absorption rate. At a high CO2 partial pres-

sure (Fig. 3), the hydroxide becomes depleted in the liquid film,

and in this case the influence of the CO2/OH− reaction on the overall

mass transfer rate can be neglected because the MDEA has a major

contribution. This observation agrees with the conclusions of Glass-

cock et al. [15]. However, the direct comparison of the results in terms

of concentration profiles is impossible as the previous authors reported

neither the bulk nor interfacial concentrations in tabulated form.

For the above conditions, the CO2 absorption rates and the en-

hancement factors were predicted by the detailed model and com-

pared to the results computed from the simplified model (Table 4).

As can be seen from these data, the simplified model underestimates

the CO2 absorption rate at low pressures (pA
o=0.5 kPa) due to neglect-

ing the CO2/OH− reaction. For higher pressures (pA
o=50 kPa), the

predicted mass transfer rate from both models are the same, which

supports the previous findings.

Our next step was to establish the importance of the CO2/OH−

reaction quantitatively. This was simply accomplished by setting

the reaction rate constant k2=0 in the detailed model, which was

similarly done by Glasscock and Rochelle [15]. In this case, the

concentrations of all species in the liquid bulk will be the same as

previously reported in Table 3. The model results after the pro-

posed modifications are also presented in Table 4. For a low CO2

partial pressure, the predicted absorption rate by the model after

excluding the CO2/OH− reaction is about one-third smaller than that

computed from the “full” mathematical model. For a higher pres-

sure, both predicted values are almost the same, indicating that the

CO2/OH− reaction can be neglected under these conditions without

any loss of accuracy. To conclude, at low CO2 concentrations, which

correspond to low CO2 partial pressures, there is no depletion of

MDEA and hydroxide in the liquid film, and both chemical reac-

tions, CO2/MDEA and CO2/OH−, take place in the pseudo-first order

regime (there are very small gradients in hydroxide - ΦE and MDEA

- ΦB) and thus the reaction with hydroxide should be also incorpo-

rated in the approximate model. For these conditions, the product

of k1 and amine concentration of 21.8 s−1 is obtained. Using the bulk

concentration of OH−, the product of k2 and hydroxide concentra-

tion of 17.8 s−1 is calculated, which is almost as high as the prior

one and cannot be neglected.

From the simulations we concluded that in the present absorp-

tion experiments, the OH− depletion near the gas-liquid interface was

small and the OH− contribution to the observed absorption rate was

negligible.

Table 4. Predicted absorption rates and enhancement factors from the detailed and the simplified model for the CO2 absorption into
MDEA solutions for different CO2 partial pressures

The detailed model The simplified model The detailed model with setting k2=0

Variable pA

o=0.5 kPa

N*

AL [kmol m−2 s−1] 2.62·10−8 1.98·10−8 1.962·10−8

EA 8.89 6.7 6.67

pA

o=50 kPa

N*

AL [kmol m−2 s−1] 2.031·10−6 2.031·10−6 1.912·10−6

EA 6.88 6.7 6.48

Fig. 4. Effect of CO2 interfacial concentration on the enhancement
factor for (a) -1 and (b) -2 kmol/m3 MDEA solution. Com-
parison with the approximate solution for the pseudo-first-
order irreversible reaction (kAL=2.8·10−5 m/s, α =0.005).
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The simulation results of the enhancement factors predicted by

the detailed and simplified model at different temperatures and amine

concentrations as a function of CO2 interfacial concentration are

shown in Fig. 4. The shape of the enhancement curves is similar to

earlier observations [15,17]. The differences between the numeri-

cal and approximate solution of mass transfer with a single, irre-

versible chemical reaction under the conditions where 3<Ha<<Ei

is fulfilled, increase with decreasing MDEA concentration and CO2

partial pressure. These differences increase with temperature. At a

fixed temperature, the CO2 partial pressure and MDEA concentra-

tion, the enhancement factor computed with the presented model

increases with the decrease of kAL, while the corresponding approx-

imate EA remains constant as expected from Eq. (34). For exam-

ple, for the following conditions-313 K, 1 kmol/m3 MDEA, C*

AL=

10−4 kmol/m3 and with kAL=4·10−5 m/s-the numerically predicted

EA=7.6 which is lower than the corresponding value of EA=10.8 com-

puted with kAL=2.8·10−5 m/s. In contrast, the lowering of kAL to 2·10−5

m/s results in an increase in the enhancement factor up to E=15.

The analysis of the influence of different CO2 loadings on the

enhancement factor predicted by the detailed mathematical model is

shown in Fig. 5. In this case, it is not possible to compare the numeri-

cal solution with the approximate one as the latter is valid only for

the case where the CO2 bulk concentration is equal to 0. The com-

puted results demonstrate that the enhancement factor predicted from

the detailed model decreases with the increase of CO2 loading. The

lower curve (dashed line) was generated from the numerical model

by neglecting the CO2/OH− reaction. It can be observed that the con-

tribution of reaction (2) is very small and it becomes insignificant

as the CO2 loading increases.

CONCLUSIONS

The CO2 absorption rate into aqueous N-methyldiethanolamine

solutions was studied experimentally in the temperature range of

293-333 K. A mathematical mass-transfer model based on the film

theory was developed to interpret the experimental results. In this

model, four chemical reactions that occur in the CO2-H2O-MDEA

system are included and considered to be reversible. The initial ab-

sorption rates predicted by the use of the proposed model are con-

sistent with the experimentally observed rates. The simulations of

absorption rates, which were obtained from the detailed model after

excluding the rate of CO2/OH− reaction, show that the contribution

of this reaction is negligible for high CO2 partial pressures. Only at

very low CO2 partial pressure, the hydroxide contribution is signifi-

cant. For higher CO2 partial pressures which were applied in the

present experiments, the OH− becomes depleted in the liquid film

and its contribution to the total absorption rate is negligible. Hence,

the numerical results of the proposed model were found to be in good

agreement with analytical solution of mass transfer with chemical reac-

tion for the case of a single, irreversible chemical reaction between

CO2 and MDEA taking place in the fast pseudo-first order regime over

the whole range of operating conditions applied in the present work.

The applicability of the detailed mathematical model was dem-

onstrated by performing simulations of mass transfer of CO2 into

aqueous MDEA solutions over a wide range of operating condi-

tions, beyond the regime where the approximate solution is valid.

The model results are in good agreement with the numerical solu-

tions of previous authors despite different modeling approaches [15-

18]. The influence of CO2/OH− reaction on the CO2 absorption rate

for partially CO2 loaded amine solution was demonstrated. To con-

clude, in the operating conditions encountered in practice which

involve the loaded amine solution, the influence of this reaction on

the predicted enhancement factor can be neglected.
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NOMENCLATURE

A : gas-liquid interfacial area [m2]

C : concentration [kmol·m−3]

D : diffusion coefficient [m2·s−1]

ds : stirrer diameter [m]

EA : enhancement factor

Ei : enhancement factor for an instantaneous reaction

H : Henry’s law constant for CO2 [Pa·m3·mol−1]

kiL : liquid side mass transfer coefficient of species i [m·s−1]

kj : rate coefficient of reaction j [m3·kmol−1·s−1]

Kj : equilibrium constant of reaction j (-), [m3/kmol]

Ha : Hatta number

n : number of experimental data

ns : stirring speed [s−1]

N*

AL : absorption rate of CO2 at the interface [kmol·m−2·s−1]

p : partial pressure [Pa]

rj : chemical reaction rate [kmol·m−3·s−1]

R : universal gas constant, 8.3143 [J/mol·K]

ReL : Reynolds number, 

s : dimensionless distance

ReL = 

nsds

2

ρL

ηL

--------------

Fig. 5. Predicted enhancement factor for the absorption of CO2

into 2kmol/m3 solution of MDEA as a function of CO2 load-
ing. The dashed line was generated from the detailed model
by neglecting the reaction (2) (kAL=2.8·10−5 m/s, C*

AL=0.017
kmol/m3).
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ScL : Schmidt number, 

ShL: Sherwood number, 

t : time [s]

T : temperature [K]

V : volume [m3]

Greek Letters

δ : refers to a liquid bulk

α :  mole ratio in the liquid phase [mol CO2/mol MDEA]

ρ : density [kg·m−3]

η : viscosity [Pa·s]

Φ : dimensionless concentration

νij : the stoichiometric coefficient of species i in the reaction j

 

Subscripts

A : CO2

B : MDEA

C : MDEAH+

D : HCO3−

E : OH−

F : CO3

−2

G : gas phase

L : liquid phase

i : component i

Supercripts

* : refers to a gas-liquid interface or equilibrium conditions

0 : refers to an initial state

ov : overall
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