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Chemical Absorption of Carbon Dioxide into Aqueous
Solution of Potassium Threonate

Kyu-Suk Hwang,1 Dae-Won Park,1 Kwang-Joong Oh,1 Seong-Soo Kim,2 and
Sang-Wook Park1
1School of Chemical and Biomolecular Engineering, Pusan National University, Busan, Korea
2Department of Environmental Administration, Catholic University of Pusan, Busan, Korea

Carbon dioxide was absorbed into aqueous solution of potassium
threonate (PT) at different concentrations of PT and CO2, and tem-
peratures in the range of 0.1–1.0 kmol/m3, 10.1–101.3 kPa, and
293-313K, respectively, using a stirred semi-batch vessel with a pla-
nar gas-liquid interface. Both the reaction order and rate constant
were determined from gas absorption rates under the fast
pseudo-first-reaction regime. The reaction was found to be first
order with respect to both CO2 and PT, and its activation energy
has been found to be 40.6 kJ/mol. From a comparison of the reac-
tion kinetics by the overall reaction scheme with those by the
elementary reaction scheme based on the zwitterions mechanism,
the overall reaction between CO2 and PT has been found to be
equivalent to the formation of zwitterions.

Keywords absorption; carbon dioxide; potassium threonate

INTRODUCTION

Carbon dioxide in the flue gas generated as a result of
combustion of fossil fuel in thermal power plants, etc., is
the main cause of global environmental problems such as
the global warming 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 absorbents are alkanol-
amines (1–4). However, alkanolamine easily degrade,
especially in oxygenated environments, making necessary
the developments of new absorbents for gas mixtures with
significant oxygen concentrations, namely for flue gas, life
support systems and anesthetic gas circuits (5). Alkali salts
of amino acids have the same functional group as alkano-
lamines (presenting similar capacities and reaction rates
with CO2) and are much more stable in the presence of
oxygen (6). Besides, due to the ionic nature of the solutions,

they present lower volatilities and higher surface tensions
(7). They are reported to be used for the selective removal
of acid gases in some industrial processes (8) as a new
absorbent for CO2 absorption. Many studies have been
done towards the mechanisms and kinetics of the reaction
of CO2 with various alkanolamines (8), whereas data about
reaction kinetics of CO2 with salts of amino acid are still
scarce (5–7,9–12). They generally used the overall reaction
kinetics to obtain the reaction rate constant in the reaction
between CO2 and salt of amino acid under an assumed
pseudo-first order reaction. They did not observe the
kinetics of the elementary reactions using the zwitterion
mechanism proposed by Danckwerts (13), the reaction
order with respect to both CO2 and amino acid salt.
Because the diffusion may have an effect on the reaction
kinetics (14) in the mass transfer accompanied by chemical
reactions, we believe it worthwhile to investigate this effect
on the reaction kinetics of the gas-liquid heterogeneous
reaction between CO2 and amino salt.

To our knowledge, no literature report about absorp-
tion kinetics using salts of amino acids to absorb CO2

has yet been published except the articles as mentioned
above (5–7,9–12), which have been chiefly described to
obtain the overall reaction kinetics between CO2 and
amino acid salts, or to measure the solubility and diffusiv-
ity of CO2 in amino acid salts. Portugal et al. (5) obtained
the overall kinetic constant of Arrhenius type with
potassium threonate (PT) concentration using the measured
rate of CO2 into aqueous solution of PT in a closed absorber
under fast pseudo-first-order reaction regime. In this paper,
the experimental data about the absorption of CO2 into
aqueous solution of PT are measured by changing the par-
tial pressure of CO2 and concentration of PT at 293–313K.
These data are analyzed to investigate the reaction kinetics
between CO2 and PT using two reaction schemes of the
overall reaction scheme and elementary reaction scheme.
The one is for the reaction rate constant and the reaction
orders with respect to CO2 and PT, the other for confirma-
tion of the rate-determining step based on the zwitterions
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mechanism. Solubility of CO2 and diffusivity of CO2 and
PT, which are necessary to obtain the reaction kinetics, were
used from the data by Portugal et al. (5).

THEORY

In case of CO2 absorption into aqueous solution con-
taining primary and secondary amines, the zwitterions
mechanism originally proposed by Caplow (15) and rein-
troduced by Danckwerts (13) and da Silva and Svendsen
(16) is generally accepted to occur in two steps as follows:

CO2ðgÞ þRNH2  ����!k2
k2

RNþH2COO� ðiÞ

RNþH2COO� þRNH2�!
k3

RNHCOO� þRNHþ3 ðiiÞ

where R presents –C[-C(-OH)H-CH3]H-C(¼O)-OK.
It has been reported (6) that the first step, the formation

of zwitterions, in above two steps, is bimolecular, second-
order and hence the rate-determining step, while the second
step is supposed to take place instantaneously.

The overall reaction between CO2 and PT is given by

CO2ðAÞ þ 2RNH2ðBÞ�!
k

RNHCOO� þRNHþ3 ðiiiÞ

Reaction (iii) may be formulated as follows:

Aþ nAB�!
k

products ðivÞ

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

Overall Reaction Scheme

To obtain the overall reaction kinetics of reaction (iv),
the following assumptions (11) are made to set up the mass
balance of species A and B:

1. Henry’s law holds,
2. isothermal condition prevails,
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,overall) is expressed by

rA;overall ¼ kCm
AC

n
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 rA;overall ð1Þ

DB
d2CB

dz2
¼ nArA;overall 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

Although not only the physicochemical properties, but
the values of m and n should be given to obtain the
theoretical NA of Eq. (5), but, for convenience’ sake, the
systems, classified into four regimes such as very slow
reaction, slow reaction, fast reaction, and instantaneous
reaction (14) depending on the relative rates of diffusion
and reaction, have been used.

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 (16):

1<Hatta<<Ei ð6Þ

where

Hatta ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

mþ1DAkC
m�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 (14).
If Eq. (6) is satisfied, Eq. (1) can be written as

DA
d2CA

dz2
¼ kCm

AC
n
Bo ¼ kmC

m
A ð9Þ

where

km ¼ kCn
Bo ð10Þ

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

NA ¼ CAi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

mþ 1
DAkC

m�1
Ai Cn

Bo

r
ð11Þ
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Equation (11) shows that NA is independent of kL, that is,
the hydrodynamics 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 HAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
mþ1DAkC

m�1
Ai Cn

Bo

q ð12Þ

For negligible resistance in the gas phase, plots of PA=NA

vs. HA=(DAkCBo)
0.5 at constant temperature should,

according to Eq. (12), be a straight line passing through
the origin with slope of 1 for m¼ n¼ 1.

Elementary Reaction Scheme

To obtain the elementary reaction kinetics of reaction (i)
and (ii) based on the zwitterions mechanism, the steady
state approximation is applied to the zwitterions, and then,
one gets a rate of homogeneous reaction as

rA;elemen ¼
CACB

1
k1
þ k2

k1k3CB

ð13Þ

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

DA
d2CA

dz2
¼ rA;elemen ð14Þ

DB
d2CB

dz2
¼ nArA;elemen ð15Þ

The boundary conditions are given in Eqs. (3) and (4).
If the absorption process is conducted under conditions

where the liquid phase reaction may be considered
first-order with respect to CO2 (14), the rate of reaction
for CO2 will be given as follows:

rA1 ¼ koCA ð16Þ

where ko is derived from Eqs. (13) and (16) as

ko ¼
CBo

1
k1
þ k2

k1k3CBo

ð17Þ

The material balance equation based on the film theory and
the boundary conditions can be written as

DA
d2CA

dz2
¼ rA1 ð18Þ

z ¼ 0; CA ¼ CAi ð19Þ

z ¼ zL; CA ¼ 0 ð20Þ

Using the molar flux (NA) of A at interface of gas and
liquid (�DA dCA=dz), which is obtained from the exact
solution of Eq. (18), and the physical molar flux (NAo),
the enhancement factor (b) here defined as the ratio of
molar flux with chemical reaction to that without chemical
reaction (NA=NAo) is described as follows:

b ¼ M

tanhM
ð21Þ

where M2 ¼ koDA=k
2
L.

Equation (21) gives the value of ko using the experi-
mental value (bexp) of b. The values of k1 and k2=k3 are
determined using Eq. (22), rearranged from Eq. (17),
through a plot of the left-hand side of Eq. (22) vs. 1=CBo.

CBo

ko
¼ 1

k1
þ k2
k1k3CBo

ð22Þ

EXPERIMENTAL

Chemicals

All chemicals were of regeant grade, and used without
further purification, Purity of CO2, and N2 were more than
99.9%. The potassium threonate aqueous solutions were
prepared, along the procedure similar to that reported else-
where (7), by neutralizing the amino acid (threonine, 98%
purity, Aldrich), dissolved in deionized distilled water, with
an equimolar quantity of KOH (Alrich) in a standard flask.
The neutralization reaction was carried out with constant
cooling. The amino acid dissolved in water exists as a
zwitterions, with the amino group completely protonated.
The concentration of the protonated amine (amino acid
salt) was estimated potentiometrically, by titrating with
standard HCl solutions.

Absorption Rate of CO2

Absorption apparatus used to measure the absorption
rate of CO2 is shown in Fig. 1, which is similar to that
reported elsewhere (4,17). The absorption vessel was con-
structed of glass of 0.073m in inside diameter and of
0.151m 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=4Hp variable
speed motor. Two straight impellers with 0.034m in length
and 0.05m in width were used as the agitators in gas and
liquid phase, respectively, which were agitated at the mid-
dle position of the each phase with the agitation speed of
50 rpm. The surface area of the liquid was measured and
its value was 4.10� 10�3m2. The value of the cumulative
volume of the soup bubble was measured by a soup
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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 of absorp-
tion rate of CO2. The measured molar flux of CO2 (NA,exp)

was obtained using the absorption rate and the surface area
of the liquid. The absorption experiments were carried out
in the range of 0.3–1.0 kmol=m3 of PT, 1.013–10.13 kPa of
CO2 partial pressure, and 298–313K along the procedure
similar to those reported elsewhere (4,17).

Physical Properties

The nitrous oxide analogy (5,18,19) has been used to
approximate diffusivity and Henry’s constant of gas species
in aqueous solution. Portugal et al. (5) have measured dif-
fusivity and Henry’s constant (HA) of CO2 in PT aqueous
solution of 0.1–3.0 kmol=m3 and 293–313K using N2O
analogy.

Because amino acid salt solutions are ionic in nature, a
salting-out effect needs to be taken into account when
interpreting the solubility data of gases in these solutions.
At moderately high salt concentrations, this effect can be
accounted for using the Sechenov relation (20):

log
HA

HAW

� �
¼ KACB ð23Þ

where KA is the Sechenov constant, which is estimated by
the N2O analogy (5) as follows:

KA ¼ hþ þ h� þ 2hA ð24Þ

FIG. 1. Schematic diagram of the agitated vessel.

TABLE 1
Absorption data for various CBo and PA at 293K

PA� 10�2 (Pa) CBo (kmol=m3) m� 103 (kg=ms) CAi� 104 (kmol=m3) NA,exp� 107 (kmol=m2s) Hatta Ei

10.13 0.3 1.132 3.48 1.16 22 659
0.5 1.234 3.27 1.31 29 1178
0.8 1.391 2.97 1.44 37 2095
1.0 1.509 2.79 1.46 42 2811

30.39 0.3 1.132 10.44 3.35 7 220
0.5 1.234 9.81 3.93 10 394
0.8 1.391 8.92 4.32 12 699
1.0 1.509 8.38 4.39 14 938

50.65 0.3 1.132 17.41 5.58 4 133
0.5 1.234 16.35 6.55 6 237
0.8 1.391 14.87 7.20 7 420
1.0 1.509 13.97 7.31 8 563

70.91 0.3 1.132 24.37 7.81 3 95
0.5 1.234 22.88 9.17 4 169
0.8 1.391 20.82 10.07 5 300
1.0 1.509 19.55 10.24 6 403

101.3 0.3 1.132 34.81 11.15 2 67
0.5 1.234 32.69 13.09 3 119
0.8 1.391 29.75 14.39 4 211
1.0 1.509 27.93 14.64 4 282
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TABLE 2
Absorption data for various CBo and PA at 298K

PA� 10�2 (Pa) CBo (kmol=m3) m� 103 (kg=ms) CAi� 104 (kmol=m3) NA,exp� 107 (kmol=m2s) Hatta Ei

10.13 0.3 1.008 3.12 1.24 25 728
0.5 1.093 2.94 1.46 32 1296
0.8 1.243 2.69 1.61 41 2294
1.0 1.361 2.53 1.63 47 3069

30.39 0.3 1.008 9.35 3.70 8 243
0.5 1.093 8.81 4.38 11 433
0.8 1.243 8.06 4.82 14 765
1.0 1.361 7.60 4.90 16 1024

50.65 0.3 1.008 15.58 6.17 5 147
0.5 1.093 14.68 7.30 6 260
0.8 1.243 13.44 8.04 8 460
1.0 1.361 12.67 8.17 9 615

70.91 0.3 1.008 21.81 8.66 4 105
0.5 1.093 20.56 10.21 5 186
0.8 1.243 18.81 11.25 6 329
1.0 1.361 17.73 11.44 7 440

101.3 0.3 1.008 31.15 12.53 2 74
0.5 1.093 29.37 14.65 3 131
0.8 1.243 26.88 16.08 4 231
1.0 1.361 25.33 16.35 5 308

TABLE 3
Absorption data for various CBo and PA at 303K

PA� 10�2 (Pa) CBo (kmol=m3) m� 103 (kg=ms) CAi� 104 (kmol=m3) NA,exp� 107 (kmol=m2s) Hatta Ei

10.13 0.3 0.901 2.80 1.35 28 806
0.5 0.980 2.65 1.60 36 1430
0.8 1.113 2.44 1.78 47 2517
1.0 1.217 2.31 1.82 53 3355

30.39 0.3 0.901 8.39 4.05 9 270
0.5 0.980 7.94 4.81 12 478
0.8 1.113 7.31 5.33 16 840
1.0 1.217 6.92 5.45 18 1119

50.65 0.3 0.901 13.99 6.75 6 162
0.5 0.980 13.24 8.01 7 287
0.8 1.113 12.19 8.88 9 504
1.0 1.217 11.53 9.07 11 672

70.91 0.3 0.901 19.59 9.46 4 116
0.5 0.980 18.54 11.21 5 205
0.8 1.113 17.06 12.44 7 361
1.0 1.217 16.15 12.71 8 480

101.3 0.3 0.901 27.98 13.61 3 82
0.5 0.980 26.48 16.05 4 144
0.8 1.113 24.38 17.76 5 253
1.0 1.217 23.07 18.16 5 337
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where hþ, h� and hCO2
are obtained as follows (19):

hþ ¼ 0:0922; h� ¼ 0:368� 9:98� 10�4 T ; and

hA ¼ �0:0172� 3:38� 10�4ðT � 298:15Þ

The Henry constant (HAW) of CO2 in water is obtained
from the empirical equation (18):

HAW ¼ 2:8249� 109 exp � 2044

T

� �
ð25Þ

The solubility (CAi) of CO2 of a given partial pressure
of CO2 in aqueous solution of PT was estimated as
follows:

PA ¼ HACAi ð26Þ

It is generally accepted that the diffusivity coefficient of a
diffusant in solution can be related to the solution viscosity
through modified Stokes-Einstein equation:

Dil
a ¼ constant ð27Þ

where a is a constant that depends on the diffusant=solvent.
a¼ 0.8 can be considered to estimate DA in the

aqueous solution of PT and a¼ 0.6 to estimate DB in
solution (5).

Diffusivity of CO2 in water (DAW) is obtained from the
empirical equation (18):

DAW ¼ 2:35� 10�6 exp � 2119

T

� �
ð28Þ

Diffusivity of PT in water (DBW) is obtained from Portugal
et al. (5).

Viscosity of aqueous solution of PT was measured using
Cannon-Fenske viscometer (Brookfield Eng. Lab. Inc,
USA).

Viscosity and solubility at different CBo, PA, and T are
listed in Tables 1–4.

RESULTS AND DISCUSSION

The carbon dioxide absorption performance of PT at
1 kmol=m3 and 298K was compared to the absorption per-
formance of diethanolamine (DEA), respectively, obtained
using the same set-up and method. Results, shown in Fig. 2,
confirm that although it is slower than DEA and PT by
Portugal et al. (5), its absorption rates seem to be within
the rates in these reference data.

NA,exp, listed in Tables 1–4, were used to investigate the
reaction kinetics between CO2 and PT in the range of
0.3–1.0 kmol=m3 of PT, 1.013–10.13 kPa of CO2 partial
pressure, and 293–313K.

To determine the order with respect to CO2 in the over-
all reaction (iv) between CO2 and PT, logarithmic plots of

TABLE 4
Absorption data for various CBo and PA at 313K

PA� 10�2 (Pa) CBo (kmol=m3) m� 103 (kg=ms) CAi� 104 (kmol=m3) NA,exp� 107 (kmol=m2 s) Hatta Ei

10.13 0.3 0.782 2.28 1.52 35 973
0.5 0.870 2.18 1.80 46 1717
0.8 0.986 2.03 2.02 59 2987
1.0 1.060 1.93 2.09 66 3943

30.39 0.3 0.782 6.85 4.55 12 325
0.5 0.870 6.53 5.39 15 573
0.8 0.986 6.08 6.05 20 996
1.0 1.060 5.80 6.27 22 1315

50.65 0.3 0.782 11.41 7.58 7 196
0.5 0.870 10.88 8.98 9 345
0.8 0.986 10.13 10.08 12 598
1.0 1.060 9.66 10.46 13 790

70.91 0.3 0.782 15.98 10.61 5 140
0.5 0.870 15.24 12.58 7 246
0.8 0.986 14.19 14.13 8 428
1.0 1.060 13.53 14.63 9 564

101.3 0.3 0.782 22.82 15.19 3 98
0.5 0.870 21.77 17.98 5 173
0.8 0.986 20.27 20.19 6 300
1.0 1.060 19.33 20.90 7 395
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NA,exp vs. CAi are shown in Fig. 3 with typical CBo of
1.0 kmol=m3 and parameters of temperatures, and Fig. 4
with typical 298K and parameters of CBo.

The plots are linear with r2> 0.994 and m from slopes
approach to unity. These results were exhibited equally

for other conditions of CBo and temperatures. According
to Eq. (11) and these plots, the order with respect to
CO2 is 1.

To determine the order with respect to the concentration
of PT; NA;exp=ðCAiD

0:5
A Þ was plotted against CBo at

different CBo of 0.3–1.0 kmol=m3 in yA of 0.01–0.1 and
temperatures of 293–313K. Logarithmic plots of
NA;exp=ðCAiD

0:5
A Þ vs. CBo are shown in Fig. 5 with a typical

yA of 0.1 and parameters of temperatures.
Each of these plots is a straight line (r2> 0.998), and n

from slopes approach to unity and k are obtained from
the intercept. The results for other yA were exhibited
equally. The values of k at each temperature are averaged
using k of yA and listed in Table 5.

Linear regression analysis of the Arrhenius plots, shown
in Fig. 6, leads the following expression for k with r2 of
0.993.

k ¼ 3:95� 109 Expð�4883=TÞ ð29Þ

The corresponding value of the activation energy
(DEA,overall) has been calculated to be 40.6 kJ=mol.

Portugal et al. (5) investigated the kinetics of the CO2-
PT reaction using a stirred cell reactor in the fast pseudo-
first-order reaction regime and flux was determined by
the pressure drop method. They presented first order with
respect to both CO2 and PT, and the activation energy of
40.6 kJ=mol. The discrepancy is found not only in the
activation energy but also in the experimental values of
absorption rate as shown in Tables 1–4. The value of k,
obtained from the intercept of the straight line of

FIG. 2. Comparison of CO2 flux in PT, DEA, and PT solution by

Portugal et al. (5).

FIG. 3. Effect of CAi on NA,exp at different temperatures at

CBo¼ 1.0 kmol=m3.

FIG. 4. Effect of CAi on NA,exp at different concentrations at T¼ 298K.
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logarithmic plots of NA;exp=ðCAiD
0:5
A Þ vs. CBo, as shown in

Fig. 5, is influenced by CAi and DA. The discrepancy of
these activation energies may, to some extent, be attributed
to the uncertainties in the values of solubility and diffusiv-
ity of CO2. The discrepancy of the experimental values of
the absorption rate may be the differences of the gas=liquid
contactor and analysis method about the rate data.

To ensure that the gas phase resistance was really
negligible in all run, plots of PA=NAe vs. HA=(kDACBo)

0.5

at different yA, CBo, and temperatures have been made
following Eq. (12) for m¼ 1, n¼ 1 using relevant data from
Tables 1–4. The corresponding values of HA and DA have
been estimated using Eqs. (23)–(28). These plots are
presented in Fig. 7 at a typical yA of 0.1.

It can be seen that all plots of PA=NA,exp vs. HA=
(kDACBo)

0.5 are straight lines with slope of 1 and passing
through the origin. This, according to Eq. (12), signifies

negligible gas phase resistance. The results are exhibited
equally for other conditions of yA.

To ensure that the reaction between CO2 and PT is a
pseudo-first-order reaction regime, the concentrations of
CO2 and PT in the liquid film are obtained from the
numerical solution of Eqs. (1) and (2) with the boundary
conditions of Eqs. (3) and (4) using the finite element

TABLE 5
Reaction rate constant for CO2 – PT reaction at different

temperatures

T (K) k (m3=kmol � s)
k1

(m3=kmol � s)
k2=k3� 103

(kmol=m3)

293 230.3 232.7 3.738
398 302.6 304.1 4.627
303 402.7 405.1 5.305
313 665.0 668.9 6.782

FIG. 6. Arrhenius plots of k for CO2-PT reaction.

FIG. 7. Plots of PA=NAe vs. HA=(kDACBo)
0.5 at various temperatures

and yA¼ 0.1.

FIG. 5. Logarithmic plot of NAe=ðCAiD
A
0:5Þ vs. CBo at different

temperatures at yA¼ 0.1.
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method by FEMLAB soft program with the values of k,
DA, DB, CAi, and kL. At the typical condition of
PA¼ 10.13 kPa and 298K, the dimensionless concentration
profiles of CO2 and PT in the liquid film are illustrated in
Fig. 8 for CBo of 0.5 and 1.0 kmol=m3, respectively.

CA decreases and CB increases with increasing the depth
of the liquid film, and the slope of the concentration profile
of CO2 at the gas-liquid interface increase with increasing
CBo, which make NA,exp increased as shown in Tables 1–4.
The values of CB at the gas-liquid interface increase with
increasing CBo and all of them are above 0.97. This means
that CB may be constant as CBo at this typical condition.
The values of Hatta and Ei at m¼ n¼ 1 are calculated by
Eqs. (7) and (8), and listed in Tables 1–4. As shown
Tables 1–4, Eq. (6) is satisfied. Therefore, the reaction
between CO2 and PT is a fast pseudo-first-order reaction
regime.

To obtain the elementary reaction kinetics based on the
zwitterions mechanism of reaction (i) and (ii), ko were
obtained using bexp and Eq. (22) in the range of
0.3–1.0 kmol=m3 of PT for various yA and temperatures.
Plots of ko against CBo are presented for various tempera-
tures at a typical yA of 0.1 in Fig. 9.

The plots satisfy a straight line, and ko increase with
increasing temperature and CBo.

Plots of CBo=ko against 1=CBo are presented in Fig. 10
for various temperatures at a typical yA of 0.1.

The plots satisfy a straight line, with the values of k1 and
k2=k3, according to Eq. (22), obtained from the intercept

and slope of the straight line, respectively. These results
are exhibited equally at other yA. The values of k1 and
k2=k3 for various temperatures are listed in Table 5 and
give the Arrhenius plots of Fig. 11 and 12. The linear
regression analysis of the Arrhenius plots in Fig. 11 gives
40.5 kJ=mol of the activation energy (DEA,elem).

FIG. 8. Dimensionless concentration profiles of CO2 and PT in the

liquid film at PA¼ 10. 13 kPa and 298K for different CBo. (a¼CA=CAi,

b¼CB=CBo).

FIG. 9. Dependence of ko on CBo at different temperature and yA¼ 1.0.

FIG. 10. Plots of CBo=ko vs. 1=CBo at different temperatures at yA¼ 0.1.
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As shown in Table 5, k approaches to k1 and k2=k3 is
much less than 1, which ensures the assumption of an
instantaneous reaction of reaction (ii) (6).

To compare the experimental fluxes of CO2 with theor-
etical ones, the theoretical fluxes are obtained by Eq. (5).
The concentration gradient in Eq. (5) is estimated from
the numerical solution of Eqs. (1) and (2) using k in the
overall reaction scheme, and Eqs. (14) and (15) using of

k1 and k2=k3 in the elementary reaction scheme,
respectively. The observed and estimated fluxes for both
the reaction kinetics are shown in Fig. 13 in CBo of 0.3–
1.0 kmol=m3, 1.013–10.13 kPa of CO2 partial pressure,
and 293–313K.

As shown in Fig. 13, the observed fluxes agree very well
with the estimated values with r2 of 0.999, MD of 1.26% for
the overall reaction scheme, and r2 of 0.999, MD of 1.54%
for the elementary reaction scheme.

From the results mentioned above, i.e., the same values,
such as k and k1, DEA,overall and DEA,elem, and the statistics
in Fig. 13, it was concluded that the overall reaction (iii)
becomes to be equivalent to the forward reaction (i), i.e.,
the formation of zwitterions.

CONCLUSIONS

The reaction kinetics between CO2 and PT has been
interpreted by the overall reaction scheme and the elemen-
tary reaction scheme in the range of 293–313K using a stir-
red semi-batch vessel with a planar gas-liquid interface.
Both the reaction order and rate constant in the overall
reaction scheme were determined from gas absorption rates
under the fast pseudo-first-reaction regime. Its reaction was
found to be first order with respect to both CO2 and PT,
and the activation energy has been found to be 40.6 kJ=
mol. From a comparison of the reaction kinetics by the
overall reaction scheme with those by the elementary
reaction scheme based on the zwitterions mechanism, the
overall reaction between CO2 and PT has been found to

FIG. 11. Arrhenius plot of k1.

FIG. 12. Arrhenius plot of k2=k3.

FIG. 13. Comparison of estimated flux of CO2 with observed ones at

different temperatures. (CBo: 0.3–1.0 kmol=m3, PA: 1.013–10.13kPa).
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be equivalent to the formation of zwitterions. The experi-
mental absorption rates approached very well to the
theoretical values based on the film theory with the overall
reaction scheme and the elementary reaction scheme,
respectively.

NOMENCLATURE

Ci concentration of species, i (kmol=m3)
Di diffusivity of species, i (m2=s)
Ei instantaneous reaction enhancement factor

define in Eq. (8)
Hatta Hatta number defined in Eq. (7)
HA Henry constant of CO2 (m

3 � 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. (10) (1=s)
k second-order reaction rate constant in reac-

tion (iv) (m3=kmol � s)
k1 forward reaction rate constant in reaction (i)

(m3=kmol � s)
k2 backward reaction rate constant in reaction

(i) (1=s)
k3 reaction rate constant in reaction (ii)

(m3=kmol � s)
ko pseudo-first-order reaction rate constant (1=s)
m reaction order with respect to CO2

n reaction order with respect to PT
PA partial pressure of CO2 (Pa)
PT potassium threonate
NA molar flux of CO2 defined in Eq. (5)

(kmol=m2 � s)
NA,exp experimental molar flux of CO2 (kmol=m2 � s)
r2 correlation coefficient
rA1 pseudo-first-order reaction rate defined in

Eq. (16)
rA,overall reaction rate defined in Eq. (v)
rA,elemen reaction rate defined in Eq. (13)
T temperature (K)
z diffusion coordinate of CO2 (m)

Greek Letters

b enhancement factor of CO2 by the chemical
reaction

d liquid film thickness (m)
nA a stoichiometric coefficient of species A

Subscripts

A CO2

B PT
i gas-liquid interface
o feed
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