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Absorption of Carbon Dioxide into Aqueous
Solution of Sodium Glycinate

Sang-Wook Park, Young-Sik Son, Dae-Won Park, and

Kwang-Joong Oh
Division of Chemical Engineering, Pusan National University, Busan, Korea

Abstract: Carbon dioxide was absorbed into aqueous solution of sodium
glycinate (SG) at different SG concentrations, CO2 partial pressures, and
temperatures in the range of 0.5–3.0 kmol=m3, 25–101.3 kPa, and 298–318 K,
respectively, using a stirred semi-batch vessel with a planar gas-liquid interface.
Both the reaction order and rate constant are determined from gas absorption
rates under the fast reaction regime. The reaction was found to be first order with
respect to both CO2 and SG. The activation energy for the CO2-SG reaction has
been found to be 59.8 kJ=mol. The second-order reaction rate constants were used
to obtain the theoretical values of absorption rate based on the film theory.

Keywords: Absorption, carbon dioxide, sodium glycinate

INTRODUCTION

Carbon dioxide in the flue gas generated as a result of combustion of fos-
sil fuel in thermal power plants, etc., is the main cause of global environ-
mental problems such as air pollution and acid rain. One of the
conventional methods to achieve the removal and recovery of CO2 on
an industrial scale is the chemical absorption method. One important
requirement involved with this method is to develop absorbents with
high absorption rate and capacity. Industrially important chemical absor-
bents are alkanolamines such as monoethanolamine, diethanolamine,
N-methyldiethanolamine, and di-2-propanolamine (1).
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The kinetics of the reaction between CO2 and alkanolamine was
analyzed using simple mass balances which resulted from the zwitterion
mechanism proposed by Danckwerts (2). Some discrepancies remained
according to the reaction mechanism (3), kind of amines, gas=liquid con-
tactor, and analysis method about the rate data, i.e., the order of the
overall reactions and the rate constants. Recently, a group of so-called
sterically hindered amines have been developed (4), because of high
capacity of CO2 per 1 mole of amine and relatively high absorption rate
even at high CO2 loading.

Amino acid or salts of amino acids are also reported to be used
for the selective removal of acid gases in some industrial processes
(5) as a new absorbent for CO2 absorption, because of high surface
tension, nonvolatile nature, resistance to degradation in oxygen-rich
flue gas, and better absorption (6). Many studies have been done
towards the mechanisms and kinetics of the reaction of CO2 with vari-
ous alkanolamines (1), whereas data about reaction kinetics of CO2

with salt of amino acid are scarce (7,8). Lee et al. (6,8) have measured
diffusivity and Henry’s constant of CO2 in aqueous solution of SG
by N2O analogy and obtained the reaction rate constant in CO2-SG
reaction under condition of an assumed pseudo-first order reaction.
They did not observe the reaction order with respect to both CO2

and SG.
In this paper, the experimental data about the absorption of CO2

into aqueous solution of SG at 298–318 K using a stirred semi-batch ves-
sel with a planar gas-liquid interface are presented. To investigate the
reaction kinetics, measurements of the absorption rates have been done
at different partial pressure of CO2 and concentration of SG. Diffusivity
and solubility of CO2, which Lee et al. (8) have measured by N2O ana-
logy, are used to analyze the reaction order with respect to CO2 and
SG and reaction rate constant.

THEORY

In case of CO2 absorption into aqueous solution containing primary
and secondary amines, the zwitterions mechanism originally propo-
sed by Caplow (9) and reintroduced by Danckwerts (2) and da Silva
and Svendsen (3) is generally accepted to occur in two steps as
follows:

CO2ðgÞ þRNH2 ¼ RNþH2COO� ðiÞ

RNþH2COO� þH2O ¼ RNHþ3 þHCO�3 ðiiÞ

3004 S.-W. Park et al.
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It has been reported (10) that the first step in above two steps, the forma-
tion of the zwitterions, is slow and hence the rate-determining step is
given by

CO2ðAÞ þRNH2ðBÞ þH2O! RNHþ3 þHCO�3 ðiiiÞ

Reaction (iii) may be formulated as follows:

Aþ nAB! products ðivÞ

where nA is a stoichiometric coefficient of species A and assumed to be 1
according to reaction (iii).

The following assumptions are made to set up the mass balance of
species A and B:

1. Henry’s law holds,
2. isothermal condition prevails, and
3. species B is a nonvolatile solute,
4. the gas-phase resistance to gas absorption is negligible, and
5. reaction (iv) is mth order with respect to A and nth order with respect

to B, of which the reaction rate (rA) is expressed by

rA ¼ k2Cm
ACn

B ðvÞ

The mass balances of species A and B in the film liquid based on the
film theory accompanied by reaction (v) and the boundary conditions are
given as follows:

DA
d2CA

dz2
¼ k2Cm

A Cn
B ð1Þ

DB
d2CB

dz2
¼ nAk2Cm

A Cn
B ð2Þ

z ¼ 0; CA ¼ CAi;
dCB

dz
¼ 0 ð3Þ

z ¼ d; CA ¼ 0;CB ¼ CBo
ð4Þ

The molar flux of species A at the gas-liquid interface phase is
defined by

NA ¼ �DA
dCA

dz

� �
z¼0

ð5Þ

Because not only the physicochemical properties, but m and n should
be given to obtain the theoretical NA of Eq. (5), for the sake of con-
venience the systems may be classified into four regimes such as very slow
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reaction, slow reaction, fast reaction, and instantaneous reaction (11)
depending on the relative rates of diffusion and reaction by using the
dimensionless groups listed below.

The condition for validity of fast pseudo-mth-order reaction with
respect to species A, where the interfacial concentration of species B is
the same as that in the bulk liquid phase, is given by the following
expression (11):

3 < Ha < Ei ð6Þ

where

Ha ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

mþ1 DAk2Cm�1
Ai Cn

Bo

q
kL

ð7Þ

Ei ¼
ffiffiffiffiffiffiffi
DA

DB

r
þ CBo

nACAi

ffiffiffiffiffiffiffi
DA

DB

r
ð8Þ

Ei is defined as the instantaneous reaction enhancement factor and is
derived from the penetration theory, since the experimental data of the
absorption rates are better correlated through use of (DA=DB)0.5 than
DA=DB (11).

If Eq. (6) is satisfied, Eq. (1) can be written as

DA
d2CA

dz2
¼ k2Cm

A Cn
Bo ¼ kmCm

A ð9Þ

where

km ¼ k2Cn
Bo ð10Þ

Using the solution of Eq. (9) with the boundary conditions of Eq. (3) and
(4), NA of Eq. (5) is derived as follows:

NA ¼ CAi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

mþ 1
DAk2Cm�1

Ai Cn
Bo

r
ð11Þ

Equation (11) shows that NA is independent of kL, that is, the hydro-
dynamics of the stirred semi-batch tank with a planar gas-liquid
interface.

Where the resistance in the gas phase is not negligible, the expression
for NA for the pseudo-mth order regime is derived as follows:

PA

NA
¼ 1

kG
þ HAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
mþ1 DAk2Cm�1

Ai Cn
Bo

q ð12Þ
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For negligible resistance in the gas phase, plots of PA=NA vs.
HA=(DAk2CBo)0.5 at constant temperature should, according to Eq. (12),
be a straight line passing through the origin with slope of 1 for
m ¼ n ¼ 1.

If both m and n are 1, the dimensionless forms of Eq. (1), (2), and the
boundary conditions are very convenient to obtain the value of NA as
follows:

d2a

dx2
¼Mab ð13Þ

d2b

dx2
¼ rABmAMab ð14Þ

x ¼ 0; a ¼ 1; db=dx ¼ 0 ð15Þ

x ¼ 1; a ¼ 0; b ¼ 1 ð16Þ

where
a ¼ CA=CAi; b ¼ CB=CBo; x ¼ z=zL;M ¼ k2CBoDA=k2

L;mA ¼ nACAi=CBo;
rAB ¼ DA=DB

The enhancement factor (b) here defined as the ratio of molar flux
of Eq. (5) with chemical reaction to that obtained without chemical
reaction:

b ¼ � da

dx

�
�
�
�
x¼0

ð17Þ

The solution of Eq. (13) and (14) is used to obtain the value of b through
Eq. (17).

EXPERIMENTAL

All chemicals were of reagent grade, and used without further
purification, Purity of CO2, and N2 were more than 99.9%.

Absorption experiments were carried out in an agitated vessel. The
absorption vessel was constructed of glass of 0.073 m in inside diameter
and of 0.151 m in height. Four equally spaced vertical baffles, each
one-tenth of the vessel diameter in width, were attached to the internal
wall of the vessel. The gas and liquid phase were agitated with an agitator
driven by a 1=4 Hp variable speed motor. Two straight impellers with
0.034 m in length and 0.05 m in width were used as the agitators in gas
and liquid phase, respectively, which were agitated at the middle position
of each phase with the agitation speed of 50 rpm. The surface area of the
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liquid was measured and its value was 4.10� 10�3 m2. The value of the
cumulative volume of the soup bubble was measured by a soup bubbler
for the change of absorption time to obtain the absorption rate of CO2. It
was assumed that the volumetric rising rate of the soup bubble in the
soup bubbler attached to the absorption vessel was equal to the value

Table 1. Absorption data for various SG concentrations and CO2 partial pres-
sures at 298 K

CBo

(kmol=
m3)

DA� 109

m2=s)
PA

(kPa)

CAi� 103

(kmol=
m3)

NAe� 106

(kmol=
m2s)

NAe
2=

CAi
2DA

(1=s)
kL� 106

(m=s) Ha Ei

1 1.485 25.83 0.82 3.61 131 5.35 83 244
48.52 1.54 6.78 131 6.44 69 131
79.01 2.50 11.00 130 7.00 63 81

101.30 3.21 14.09 130 7.54 59 64
2 1.391 25.83 0.79 4.77 260 5.64 107 501

48.12 1.48 8.87 258 6.90 88 270
74.86 2.30 14.00 266 7.74 78 174

101.30 3.11 18.86 264 8.17 74 129
3 1.298 26.84 0.80 5.68 390 6.07 118 747

50.04 1.49 10.62 393 7.28 98 401
76.08 2.26 16.19 395 8.22 87 265

101.30 3.01 21.59 396 8.93 80 199

Table 2. Absorption data for various SG concentrations and CO2 partial
pressures at 308 K

CBo

(kmol=
m3)

DA� 109

(m2=s)
PA

(kPa)

CAi� 103

(kmol=
m3)

NAe� 106

(kmol=
m2s)

NAe
2=

CAi
2DA

(1=s)
kL� 106

(m=s) Ha Ei

1 1.808 26.64 0.69 4.74 264 5.74 122 263
49.13 1.27 8.84 269 7.04 100 144
78.61 2.03 14.11 268 7.76 91 95

101.30 2.61 18.16 267 8.28 85 89
2 1.66 25.43 0.63 6.01 541 5.73 166 568

49.43 1.23 11.66 539 7.31 130 293
75.87 1.89 17.87 537 7.85 121 192

101.30 2.53 23.84 536 8.33 114 144
3 1.516 25.43 0.61 6.79 811 5.77 193 882

50.95 1.23 13.57 808 7.81 143 441
75.87 1.83 20.00 791 8.69 128 297

101.30 2.44 27.05 812 9.56 117 223
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Table 3. Absorption data for various SG concentrations and CO2 partial
pressures at 318 K

CBo

(kmol=
m3)

DA� 109

(m2=s)
PA

(kPa)

CAi� 103

(kmol=
m3)

NAe� 106

(kmol=
m2s)

NAe
2=

CAi
2DA

(1=s)
kL� 106

(m=s) Ha Ei

1 2.178 26.64 0.56 6.36 599 6.33 181 295
49.94 1.04 11.65 571 6.99 164 258
76.48 1.60 18.07 586 8.41 136 204

101.3 2.12 24.12 595 8.34 130 179
2 1.947 26.14 0.53 8.08 1188 6.83 224 618

48.93 0.99 15.05 1176 7.49 204 331
80.53 1.64 24.75 1174 8.15 188 202

101.3 2.06 31.20 1180 8.51 180 191
3 1.748 25.73 0.50 8.74 1730 7.01 253 979

50.14 0.98 17.48 1822 7.76 229 503
76.58 1.50 26.23 1758 8.78 202 330

101.3 1.98 34.97 1786 9.21 193 2504

Table 4. Absorption data for various SG concentrations at PA ¼ 101.3 kPa

Temp
(K)

CBo

(kmol=
m3)

DA� 109

(m2=s)

CAi

(kmol=
m3)

NAe� 106

(kmol=
m2s)

Na
2=

CAi
2DA

(1=s) k2CBo Ha Ei

298 0.46 1.536 0.0325 9.725 58 61 40 49
1.00 1.485 0.0321 14.25 133 132 59 62
1.50 1.438 0.0316 17.41 211 198 72 95
2.03 1.388 0.0311 19.52 284 268 85 130
2.52 1.342 0.0306 20.18 324 332 95 164
3.03 1.295 0.0301 21.29 386 400 105 200

308 0.51 1.882 0.0265 13.50 562 139 60 70
1.00 1.808 0.0261 18.31 603 273 85 91
1.55 1.726 0.0257 21.73 654 422 106 109
1.98 1.663 0.0253 24.15 699 540 121 141
2.30 1.617 0.0250 25.94 735 627 131 166
3.07 1.506 0.0243 27.27 835 837 153 227

318 0.53 2.298 0.0214 17.97 306 319 99 103
1.00 2.178 0.0212 24.42 610 601 137 147
1.45 2.070 0.0209 28.69 907 372 166 170
1.97 1.954 0.0206 31.73 1214 1185 196 205
2.48 1.848 0.0202 33.90 1519 1491 222 234
3.05 1.739 0.0197 35.40 1848 1834 249 254
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of absorption rate of CO2. The measured molar flux of CO2 (NAe)
was obtained using the absorption rate and the surface area of the
liquid. The absorption experiments were carried out in the range of
0.5–3.0 kmol=m3 of SG, 25–101.3 kPa of CO2 partial pressure, and
298–313 K along the procedure similar to those reported elsewhere
(12,13). Viscosity of aqueous solution of SG was measured using
Cannon-Fenske viscometer (Brookfield Eng. Lab. Inc, USA).

RESULTS AND DISCUSSION

The nitrous oxide analogy (8,14–18) has been used to approximate
diffusivity and Henry’s constant of gas species in aqueous solution. Song
et al. (8) have measured diffusivity and Henry’s constant (HA) of CO2 in
aqueous solution of SG in the SG concentration range of 1–3.5 kmol=m3

and 303–323 K using N2O analogy. In this study, the data of DA and HA

measured by Lee et al. (8) are used to obtain the empirical formulae by
non-linear minimization technique using Sigma plot program, which

Figure 1. Effect of CAi on NAe at different concentrations of SG at 298 K.
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are expressed as function of SG concentration at each temperature of
298, 308, and 313 K as follows:

For 298 K;DA ¼ ½�4:2072þ 5:7879� Expð�0:0167� CBoÞ� � 10�9

ð18Þ

For 308 K;DA ¼ ½�4:1556þ 6:1153� Expð�0:0251� CBoÞ� � 10�9

ð19Þ

For 318 K;DA ¼ ½�0:4949þ 1:959� Expð�0:1473� CBoÞ� � 10�9

ð20Þ

For 298 K;HA ¼ 2618:25þ 461:14� Expð0:1597� CBoÞ ð21Þ

For 308 K;HA ¼ 2857:0þ 906:4� Expð0:1196� CBoÞ ð22Þ

Figure 2. Effect of CAi on NAe at different concentrations of SG at 308 K.
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For 318 K;HA ¼ 4454:0þ 230:2� Expð0:3535� CBoÞ ð23Þ

DB is estimated from Wilke-Chang equation (19).
The solubility (CAi) of CO2 of a given partial pressure of CO2 in

aqueous solution of a given concentration of SG was estimated as
follows:

PA ¼ HACAi ð24Þ

The values of DA and CAi, and NAe at different CBo, PA, and T are listed
in Table 1–4.

To determine the order with respect to CO2, logarithmic plots of NAe

vs. CAi at different CBo in the range of 1–3 kmol=m3 are shown in Fig. 1–3
using data presented in Table 1–3.

These plots are linear (correlation coefficient > 0.999) with a slope of
unity in each CBo. This, according to Eq. (11), indicates that the order
with respect to CO2 is 1.

Figure 3. Effect of CAi on NAe at different concentrations of SG at 318 K.
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To determine the order with respect to the concentration of SG,
logarithmic plots of (NAe=CAiDA

0.5) vs. CBo at different temperatures
in the range of 298–318K are shown in Fig. 4 using the data presented
in Table 4.

Each of these plots as shown in Fig. 4 is a straight line (correlation
coefficient >0.999) with a slope of 1. This, according to Eq. (11), indi-
cates that the order with respect to SG is 1.

The values of the reaction rate constant have been found out from the
intercept of the plots of data in Fig. 4. The second order rate constant has
been found to be 132, 273, 601 m3=kmol�s at 298, 308, 318 K, respectively,
and are listed in Table 5. Figure 5 shows the Arrhenius plots of the values
of the reaction rate constant of CO2-SG at different temperatures using
data mentioned above.

Linear regression analysis of the Arrhenius plots leads the following
expression for k2 (correlation coefficient ¼ 0.998).

k2 ¼ 3:82� 1012Expð�7188=TÞ ð25Þ

Figure 4. Logarithmic plots of NAe=CAiDA
0.5 vs. CBo at various temperatures.
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The corresponding value of the activation energy has been calculated
to be 59.8 kJ=mol.

Lee et al. (8) have investigated the kinetics of the CO2-SG reaction
using a wetted wall column in the temperature range of 303–323 K and
SG concentration of 1–3.5 kmol=m3. Theyhave obtained the activation
energy of 63.8 kJ=mol and the second order rate constant using a reaction
regime of the pseudo-first-order with respect to CO2 as follows:

k2 ¼ 1:95� 1013Expð�7670=TÞ ð26Þ

Figure 5. Arrhenius plots for CO2-SG reaction with the filled circles from
Lee et al. (8).

Table. 5. Reaction rate constant for CO2–SG reaction
at different temperatures

T (K) k2 (m3=kmol � s) k2 (m3=kmol � s) (8)

298 132 131
308 273 302
318 601 661

3014 S.-W. Park et al.
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They measured the diffusivity and Henry constant by N2O analogy and
assumed that the reaction was first order with respect to both CO2 and
SG, but did not ensure the reaction order experimentally. The values of
the second order rate constant calculated using Eq. (26) are shown in
Fig. 5 and Table 5. As shown in Table 5, the second order rate constants
in this study are in agreement with those by Lee et al. (8).

To ensure that the gas phase resistance was really negligible in all
run, plots of PA=NAe vs. HA=(k2DACBo)0.5 at different temperatures have
been made following Eq. (12) for m ¼ 1, n ¼ 1 using relevant data from
Table 1–3. The corresponding values of HA and DA have been estimated
using Eq. (18)–(23). These plots are presented in Fig. 6.

It can be seen from Fig. 6 that all plots of PA=NAe vs. HA=(k2-

DACBo)0.5 are straight lines with slope of 1 and passing through the ori-
gin. This, according to Eq. (12), signifies negligible gas phase resistance.

The concentrations of CO2 and SG in the liquid film are obtained
from the numerical solution of Eqs. (13) and (14) using the finite element
method by FEMLAB soft program with the dimensionless parameters
(rAB, M, mA) containing the values of k2, DA, DB, CAi, and kL, At the

Figure 6. Plots of PA=NAe vs HA=(k2DACBo)0.5 at various temperatures.
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typical condition of PA ¼ 101.3 kPa and 298 K, the dimensionless
concentration profiles of CO2 and SG in the liquid film are illustrated
for various CBo of 1, 2 and 3 kmol=m3, respectively, in Fig. 7.

The dimensionless parameters at the typical condition are listed in
Fig. 7. As shown in Fig. 7, CA decreases and CB increases with increasing
the depth of the liquid film (x), and the slope of the concentration profile
of CO2 at the gas-liquid interface increase with increasing CBo, which
make NAe increased as shown in Table 1–4. The values of CB at the
gas-liquid interface increase with increasing CBo and all of them are
above 0.94. This means that CB may be constant as CBo at this typical
condition. The values of Ha and Ei at m ¼ n ¼ 1 are calculated by
Eq. (7) and (8), and listed in Table 1–4. As shown Table 1–4, Eq. (6) is
satisfied. Therefore, the reaction between CO2 and SG may be a fast
pseudo-first-order reaction regime.

The enhancement factor is estimated by Eq. (17) using the concen-
tration profile of A, which is obtained from the solution of Eq. (13)

Figure 7. Dimensionless concentration profiles of CO2 and SG in the liquid film
at PA ¼ 101.3 kPa, rAB ¼ 0.2547, and 298 K for different CBo. (a ¼ CA=CAi,
b ¼ CB=CBo).
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and (14). The comparison of observed and estimated enhancement fac-
tors in the SG concentration range of 0.5–3.0 kmol=m3, 25–101.3 kPa
of CO2 partial pressure, and 298–313 K is shown in Fig. 8.

As shown in Fig. 8, the observed values of the enhancement factors
agree with the estimated values (correlation coefficient ¼ 0.9695).

To confirm reliability of the experimental data, NAe
2=(CAi

2DA) are
listed in Table 1–4 and k2CBo in Table 4. As show in Table 1–3, the values
of NAe

2=(CAi
2DA) are almost same one another at fixed CBo and, as

shown in Table 4, those are almost equal to k2CBo each other. These
results, according to Eq. (11) for m ¼ n ¼ 1, indicate that the experi-
mental data may be reasonable.

CONCLUSIONS

The reaction kinetics between CO2 and SG have been investigated at dif-
ferent temperatures in the range of 298–318 K using a stirred semi-batch
vessel with a planar gas-liquid interface. The reaction has been found to

Figure 8. Comparison of estimated enhancement factors of CO2 with observed
ones. (CBo: 0.5–3.0 kmol=m3, PA: 25–101.3 kPa, T: 298–313 K).
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be first order with respect to both CO2 and SG. The second order rate
constants have been determined as 132, 273, 601 m3=kmolñs at 298,
308, 318 K, respectively, within SG concentration range of 0.5–
3 kmol=m3. The activation energy for the CO2-SG reaction has been
found to be 59.8 kJ=mol. The second order rate constants are in agree-
ment with those by Lee et al. (8), who used a different absorber and
method for analyzing the absorption data.

NOMENCLATURE

Ci: concentration of species, i (kmol=m3)

Di: diffusivity of species, i (m2=s)

Ei: instantaneous reaction enhancement factor define in Eq. (8)

Ha: Hatta number defined in Eq. (7)

HA: Henry constant of CO2 (m3�kPA=kmol)

kG: gas phase mass transfer coefficient of CO2 (m2�s�kPA=kmol)

kL: liquid-side mass transfer coefficient of CO2 in absorbent (m=s)

km: pseudo mth order reaction rate constant in Eq. (9) (1=s)

k2: second-order reaction rate constant in reaction (iv) (m3=kmol�s)

m: reaction order with respect to CO2

n: reaction order with respect to SG

PA: partial pressure of CO2 (kPa)

NA: molar flux of CO2 defined in Eq. (5) (kmol=m2�s)

NAe: experimental molar flux of CO2 (kmol=m2�s)

rA: reaction rate defined in Eq. (v)

SG: sodium glycinate

T: temperature (K)

z: diffusion coordinate of CO2 (m)

Greek Letters
b: enhancement factor of CO2 defined in Eq. (17)

d: liquid film thickness (m)

Subscripts
A: CO2

B: SG

i: gas-liquid interface

o: feed
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