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Abstract—The performance of potassium carbonate (K,CO,) solution promoted by three amines, potassium ala-
ninate (K-Ala), potassium serinate (K-Ser) and aminoethylethanolamine (AEEA), in terms of heat of absorption,
absorption capacity and rate was studied experimentally. The experiments were performed using a batch reactor, and
the results were compared to pure monoethanolamine (MEA) and K,CO; solutions. The heat of absorption of
K,CO;+additive solution was calculated using the Gibbs-Helmholtz equation. In addition, a correlation for prediction
of CO, loading was presented. The results indicated that absorption heat, absorption rate and loading capacity of CO,
increase as the concentration of additive increases. The blend solutions have higher CO, loading capacity and absorp-
tion rate when compared to pure K,COs. The heat of CO, absorption for K,CO;+additive solutions was found to be
lower than that of the pure MEA. Among the additives, AEEA showed the highest CO, absorption capacity and
absorption rate with K,CO;. In conclusion, the K,CO;+AEEA solution with high absorption performance can be a
potential solvent to replace the existing amines for CO, absorption.
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INTRODUCTION

A huge amount of greenhouse gases released through burning
of fossil fuels are causing global warming [1]. Carbon dioxide, as
one of the most important greenhouse gases due to its abundance
in the atmosphere, has a significant effect on global warming [2].
Therefore, it is essential to reduce CO, emission to decrease the
concentration of greenhouse gasses into the atmosphere. CO, cap-
ture from power plants can be technically applied by several tech-
nologies [3]. Chemical absorption of CO, into liquid solvent is the
most attractive technology because of its advantages, including its
compatibility with the low partial pressure of CO, in flue gas and its
applicability to the current operating facilities [4]. An ideal solvent
should have several desired parameters, including fast kinetic, high
CO,; solubility; high thermal stability and low regeneration energy
[5,6]. Monoethanolamine (MEA) is the most popular solvent for
the uptake of CO, due to fast reaction kinetics with CO,, high alka-
linity and low cost. However, there are several drawbacks such as
corrosion of equipment, high regeneration energy, oxidative degra-
dation and high volatility [7]. Therefore, a need exists to find and
develop new solvents with high absorption performance for CO,
capture. One of several efficient solvent candidates for CO, capture
processes is aqueous carbonate solutions, particularly potassium car-
bonate (K,CO;). Aqueous K,CO; solution for the post combustion
CO, capture has gained widespread attention [8]. In comparison
with alkanolamines, potassium carbonate has a number of advan-
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tages such as less solvent losses, lower toxicity and better resistance
to degradation in the presence of oxygen [9]. In addition, potassium
carbonate is able to absorb other components such as SO, and NO,
existing in flue gas [10]. The most important advantage of potas-
sium carbonate is lower regeneration energy in comparison with
MEA, which means a more efficient and economical regeneration
process [11]. However, the drawback associated with potassium car-
bonate is its slow CO, absorption rate [12]. In the industrial appli-
cation, to solve this problem, potassium carbonate solution is usually
mixed with an additive to enhance the CO, absorption rate [11].
Thus, many researchers investigated the effect of the addition of
additives to potassium carbonate in their studies. Bhosale et al. [13]
studied kinetic of CO, absorption in K,CO; blended with differ-
ent concentrations of ethylaminoethanol (EAE). Their results indi-
cated the rate increases with the increasing temperature and con-
centration of EAE in blended solution. Fu and Xie [14] measured
viscosity and solubility of CO, in tetramethylammonium glycinate
([N1111][Gly]) promoted potassium carbonate solution between
303 and 323 K. Mondal et al. [15] investigated CO, solubility and
heat of absorption of dipropylenetriamine (DPTA) blend with potas-
sium carbonate in the range of 303-323 K at a total concentration
of 30 wt%. They concluded that the mixture of DPTA with potas-
sium carbonate has a lower heat of absorption compared to pure
DPTA solution. Lee et al. [16] added potassium glycinate (K-Gly)
to potassium carbonate to improve CO, absorption. They indicated
that the CO, partial pressure decreases as the K-Gly concentration
increases. Shen et al. [17] used potassium carbonate solution pro-
moted with 5wt% arginine for CO, absorption at different tem-
peratures from 323 to 343 K. They observed that K,COs+arginine
has a better CO, absorption performance than pure potassium car-
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bonate. Kim et al. [18] reported CO, solubility data in a mixture of
K,CO; with piperazine (PZ) and 2-methylpiperazine as a promoter
at 313, 333 and 353K, and found that an increase in concentra-
tion of the promoter leads to a higher absorption rate. Jo et al. [19]
evaluated density and loading capacity of CO, in K,CO;+sarcosine
at pressure and temperature ranging from 0.1 to 1,500 kPa and 353
to 393 K, respectively. According to their findings, absorption capac-
ity of blend solutions decreases with an increase in the mole frac-
tion of amino acid salt. Thee et al. [20] studied CO, absorption with
monoethanolamine promoted potassium carbonate solution and
showed that the addition of MEA accelerates CO, absorption rate.
Cullinane and Rochelle [21] used K,CO; promoted by PZ for CO,
absorption. They investigated absorption rate and heat of absorp-
tion of K,CO,+PZ system from 313-353 K. They observed that rate
of absorption and heat of absorption increase with the addition of
piperazine.

In this work, three amines, including two amino acids and one
diamine were added as potential additives to potassium carbonate
solution. The three additives examined in this work were potassium
alaninate (K-Ala), potassium serinate (K-Ser) and aminoethyletha-
nolamine (AEEA). The CO, absorption capacity of these blend solu-
tions was measured using vapor-liquid equilibrium setup. A cor-
relation for predicting of CO, solubility was also presented. The ab-
sorption rate of CO, into K,CO; promoted by additives was deter-
mined at 313 K using a fall in pressure method. In addition, heat
of CO, absorption of K,CO,+additive system was calculated, and
results compared to other conventional amines. The main objec-
tive of the present study was to develop a novel type of solvents with
high absorption performance for post-combustion CO, capture.

REACTION SCHEME
1. Reaction of CO, with AEEA

The alkanolamines absorb CO, via chemical reaction. AEEA react
with carbon dioxide in the aqueous phase [22]:

2H,06H,0"+0H" (1)
C0,+2H,0<HCO; +H,0" )
HCO, +H,0>CO> +H,0" 3)
AEEAH +H,0>AEEA+H,0" (4)
"HAEEAH'<>AEEH +H" 5)
AEEA+CO,+H,04>AEEACOO, +H,0" 6)

2. Reaction of CO, with Alanine and Serine

Alanine and serine exist in zwitterionic, acidic and deprotonated
form. The deprotonated state of these amino acids is more reactive
toward carbon dioxide in comparison with two other states [11].
Reaction alanine and serine with CO, can be described on the basis
of zwitterionic mechanism [19]. In this work, potassium hydrox-
ide (KOH) as a strong base was added to alanine and serine in
order to obtain deprotonation of the zwitterionic amino acids.

"O0C-R-NH;+KOH—K'+ 00C-R-NH,+H,0 )

HO,CRNH; < O,CRNH; <> O,CRNH, 8)
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NH,RCOOH +H,0" <> NH,;RCOOH +H,0 )
NH;RCOOH +H,0<>NH;RCOO™ +H,0~ (10)
NH;RCOO™ +H,0<>NH,RCOO™ +H,0" (11)

CO,+2NH,RCOO «>COO NHRCOO +NH;COO™  (12)

3. Reaction of CO, with K,CO,
The reactions involved in the system of K,CO;+H,0+CO, can
be represented as follows [23]:

Hydrolysis of K,COs:
K,CO,+H,02K"'+HCO, +OH~ (13)

Tonization of water:
2H,06>H,0"+OH~ (14)

Bicarbonate formation:
OH +CO0,<>HCO; (15)

Carbonate formation:
HCO,+O0H «CO; +H,0 (16)

The overall reaction for the CO, absorption into a solution of potas-
sium carbonate is described as follows [24]:

CO0,+K,CO,+H,0«>2KHCO, 17)
MATERIALS AND METHODS

1. Materials

The AEEA (>99.0% pure), alanine (>99.0% pure), serine (>99%
pure), KOH (>85% pure), K,CO; (>99% pure) and MEA (>99.0%
pure) were purchased from Acros Organics. In blend solution sys-
tems, K,CO, concentration was taken as 2 kmol/m’ (fixed in all
experiments) and concentration of additive was 0.1, 0.2 and 0.3
kmol/m’.
2. CO, Loading Capacity Measurement

Screening tests were performed in a stirred cell reactor to inves-
tigate the absorption performance of CO, as shown in Fig. 1. This
setup consists of several main parts such as N, and CO, gas cylin-
der, water bath, glass reactor, pressure and temperature sensor. The
procedure and measurement method used in this work were simi-
lar to our previous works [25-29]. The pressure and temperature
of reactor and gas storage tank were controlled and recorded using
a pressure transducer and temperature indicator. First, the reactor
was flashed with N, gas to remove the residual gases in the reactor.
After that, solvent was entered into the reactor and the solution
was allowed to attain the desired temperature. Then, CO, gas was
fed into a gas storage tank from gas cylinder and its total moles
could be determined:

[Pl_PZ]Vs

Ngo, = RT (18)

The reactor content was then agitated and the pressure in the reac-
tor was decreased over time due to absorption of CO, in solvent.
The equilibrium state is considered when the pressure values in
the reactor was constant. The moles of CO, remaining in reactor
are calculated by:
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Fig. 1. Schematic diagram of a vapor-liquid equilibrium equipment.

Plo,=P:—Py 19)
VP,
r CO.
_ ; 20
Do, RT (20)

where P, and P;; are the vapor pressure of solution and final pres-
sure of CO, in the reactor, respectively. Fall in the pressure of the
reactor was continuously recorded and the “P, vs t” data was plot-
ted. Finally, the CO, loading capacity () can be calculated by Eq.
(21):

Ol = 20 Q1)

Dyorvent

Three repeat runs were carried out for each experiment to check
the reproducibility of the experimental data. This method has been
widely used in other publications [30-33].
3. Absorption Rate Measurement

To measure CO, absorption rate using a stirred cell reactor, only
the pressure decrease versus time is necessary [34]. This method
was widely used previously by many researchers [35-38]. There-
fore, this setup was applied to measure the absorption rate of CO,
in K,CO;+additive solutions. The measurement method for absorp-
tion rate was given in detail in our previous work [29]. The pres-
sure drop in the reactor was recorded every second and values of
absorption rate in K,CO,+additive were calculated from Eq. (22):

Liquid out
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Fig. 2. Density of solutions of K,CO;+additive at 313.15K.
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RESULTS AND DISCUSSION
1. Density

The density data are important for kinetic study and modeling
CO, absorption process. Thus, density of K,CO;+AEEA solutions,

Table 1. The values of densities of solutions of K,CO;+additive at 313.13 K

pkgm™)
[additive] kmol/m’ K,CO;+AEEA K,CO;+K-Ala K,CO;+K-Ser
0.1 1.256 1.264 1.273
0.2 1.263 1.275 1.284
0.3 1.275 1.283 1.292

Korean J. Chem. Eng.(Vol. 35, No. 10)
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Fig. 3. The CO, loading in 15.3 and 30 wt% MEA solution at 313.15
K.

K-Ser and K-Ala was measured using of calibrated pycnometers at
three different concentrations as given in Table 1 and presented in
Fig. 2. The uncertainty of measurement was 0.001 g/cm”’. As can be
observed in Fig. 2, density of solutions increase with the increase
of concentration of additive at 313.15 K. In addition, K,CO;+K-Ser
showed the highest density while K,CO;+AEEA has lowest density.
2. CO, Solubility in K,CO,+Additives

The experimental procedures and reliability of the apparatus have
been checked with solutions of 2.5 (15.3 wt%) and 4.98 (30 wt%)
kmol/m’ MEA. According to Fig. 3, the measured CO, solubility
in this study is in good agreement with those published in the lit-
erature at 313 K [39-41].

The CO, solubility values in new absorbents are one of the most
important parameters for an ideal solvent because they present
useful information for the design of CO, absorption in post com-
bustion CO, capture process [7]. Therefore, the CO, absorption
capacity in solutions of K,CO; blended with additives was meas-
ured at 313 K and CO, partial pressures up to 18 kPa. In addition,
absorption performance of these blend solutions was compared
with results of 2 M K,CO; reported by Tosh et al. [42]. The results
of the measurement of the CO, solubility in the blend solutions
are presented in Figs. 4(a)-(c) and summarized in Tables 2-4.

As illustrated in Figs. 4(a)-(c), all of the blend solutions showed
a higher CO, loading capacity in comparison with pure K,CO;.
This is because the amino groups in the AEEA, K-Ala and K-Ser
are reactive and can absorb CO, [43]. It was also found that the
CO, absorption capacity is the highest in K,CO;+AEEA and the

Table 2. CO, loading in solution of 2 M K,CO,+0.1 M additive at 313K
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Fig. 4. (a)-(c) The CO, loading in K,CO;+additive at 313.15 K and
at three additive concentrations, (a) 0.1, (b) 0.2, (c) 0.3.

2 M K,CO;+0.1 M AEEA 2 M K,CO;+0.1 M K-Ala 2 M K,CO;+0.1 M K-Ser
Pco, (kPa) a Pco, (kPa) a Pco, (kPa) [24
02.07 0.569 03.31 0.548 02.37 0.470
04.27 0.621 05.26 0.587 05.88 0.542
07.14 0.652 08.99 0.611 08.02 0.571
12.36 0.702 11.47 0.630 13.28 0.619
16.83 0.714 15.08 0.659 16.31 0.642

Uncertainties: U(T)=+0.01 K; U(P)=+0.1 kPa; U(e)=+0.001
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Table 3. CO, loading in solution of 2 M K,CO;+0.2 M additive at 313K
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2M K,CO,+0.2 M AEEA 2M K,CO,+0.2 M K-Ala 2 M K,CO,+0.2 M K-Ser
Pco, (kPa) a Pco, (kPa) a Pco, (kPa) a
02.18 0.641 02.04 0.578 03.01 0.539
04.64 0.686 05.11 0.626 07.22 0.592
07.33 0.723 08.25 0.663 10.25 0.633
11.03 0.743 13.94 0.711 14.30 0.651
15.12 0.767 16.55 0.719 17.55 0.672

Uncertainties: U(T)=%0.01 K; U(P)=+0.1 kPa; U()=%0.001

Table 4. CO, loading in solution of 2 M K,CO;+0.3 M additive at 313 K

2M K,CO,+0.3 M AEEA 2M K,CO,+0.3 M K-Ala 2M K,CO,+0.3 M K-Ser
Pco, (kPa) a Pco, (kPa) a Pco, (kPa) a
02.44 0.721 02.06 0.622 02.10 0.563
05.59 0.762 04.77 0.649 07.33 0.625
10.07 0.804 09.93 0.694 11.18 0.649
13.81 0.827 13.26 0.717 13.06 0.668
16.50 0.831 17.41 0.728 15.42 0.685

Uncertainties: U(T)=%0.01 K; U(P)=+0.1 kPa; U()=%0.001

lowest in K,CO;+K-Ser solution. This can be because K-Ala and
K-Ser have fewer amino groups than AEEA in their molecular
structure [44]. The 2 M K,CO;+0.3 M AEEA showed the highest
CO,; solubility equal to 0.83 at 313.15 K. However, K,CO;+K-SER
and K,CO;+K-Ala presented lower CO, absorption capacity than
K,CO;+AEEA, but they have higher absorption capacity compared
to pure K,CO; solution. In addition, solution of K,CO;+K-Ala
showed a higher absorption capacity than K,CO;+K-Ser solution.
This result can be explained mainly due to the fact that alanine as
a sterically hindered amino acid has a methyl group at its o-car-
bon, which leads to an increase at CO, loading capacity in com-
parison with serine [45]. Serine and alanine as amino acids have
several advantages, including better resistance to the oxidative deg-
radation, low vapor pressure and high surface tension [46]. As seen

2 M K,CO;+0.2 M K-Ala

in Tables 2-4, the CO, solubility in K,COs+additive increases with
increasing the concentration of additive. As shown in Figs. 4(a)-(c),
with increasing CO, partial pressure, the CO, loading increases at
constant temperature and concentration because of the increase in
the driving force [47]. According to experimental results, the load-
ing capacity of CO, in these absorbents can be ranked as follows:
K,CO;+AEEA>K,CO;+K-Ala>K,CO;+K-Ser>K,CO;. Based on
these observations, the addition of AEEA, K-Ala and K-Ser as an
additive to K,CO; solution will have a significant effect on the CO,
absorption capacity. In addition, the CO, solubility in 2 M K,CO;+
02 M K-Ala at three temperatures 303, 313 and 323 K was meas-
ured. Since reaction would shift in the backward direction with
increasing temperature, the CO, solubility in absorbent decreases
[18].

The CO, solubility for 2 M K,CO;+0.3 M AEEA system is plot-
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Fig. 5. Effect of temperature on CO, loading in 2M K,CO;+0.2M
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Fig. 6. Comparison of CO, loading in 2 M K,CO;+0.3 M AEEA with
the other blend solutions at 313.15 K.
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ted in Fig. 6, and its absorption performance was compared to the
CO, solubility in MEA solution as a widely used solvent in post
combustion CO, capture [48-54] at the same experimental condi-
tion. The comparison showed that the mixture of K,CO;+AEEA
suggested in this work has the highest CO, solubility and the MEA+
SG has shown the least CO, solubility at 313.15K. The high ab-
sorption performance of K,CO;+AEEA solution can be related to
their structural feature. AEEA is a diamine with one secondary and
one primary amine group in its structure [22]. Thus, one mole of
AEEA can absorb two moles of CO, which is higher than absor-
bents such as PZ, AMP, MEA, DEA and MDEA. Mamun et al. [22]
studied CO, absorption capacity and absorption rate of AEEA solu-
tion and discovered that AEEA has better absorption performance
compared to MEA, DEA, PZ and glycine. Therefore, its blend with
K,CO; solution, an absorbent with high absorption capacity, exhibits
higher CO, solubility compared to other absorbents presented in
Fig. 6. MEA+SG solution shows the lowest CO, loading; however,
its performance is better than pure MEA at high CO, partial pres-
sures. After K,CO;+AEEA, the K,CO;+2MPZ and AMP+PZ solu-
tions have highest CO, absorption capacity. Kim et al. [18] studied
CO,; solubility in solutions of K,CO;+2MPZ and K,CO;+PZ, and
concluded that CO, solubility in K,CO;+2MPZ solution is higher
than K,CO;+PZ solution at partial pressures higher than 10 kPa.
The high CO, absorption capacity in these solutions is caused by
two amino groups in structures of 2MPZ and PZ which react with
CO,; and lead to a significant increase in CO, absorption capacity.
In addition, we found that AMP+PZ solution is a better choice than
K,CO;+2MPZ solution at low partial pressure of CO,. The steri-
cally hindered amines, e.g, AMP, have advantages such as good
selectivity, high degradation resistance, low volatility and low cor-
rosion rate [50]. It is also observed that the PZ+K-Ser solution
presents better absorption performance than MEA and DEA+
AMP. The low CO, absorption capacity of MEA and DEA is one
of the limitations of these solutions. MEA and DEA as primary
and secondary alkanolamines have fewer amino groups than PZ
and that explains their poor performance [40].
3. Correlation of Experimental Data

The predictive correlations for CO, solubility are useful since they
can be used to determine the CO, loading without experimental
test at different operating conditions. In this work, the CO, load-
ing capacity data were correlated using response surface method-

Table 5. The values of constant coefficients in Eq. (23)

Coefficient K,CO,+AEEA K,CO;+K-Ala K,CO;+K-Ser
ay —0.75979 —1.82025 439217
a 0.010343 0.01980 —-0.02129
a, 9.90748x107°  —3.19032x107°  1.76617x107°
a 1.85300 —0.61947 0.61086
a, 2.80915x107"®  3.61842x107°  1.64474x107°
as —-3.75000x107°  2.12500x10° —1.62500x10"°
ag —3.42105x107°  —4.93421x10° -1.51316x10"°
a, —2.04193x107° —3.94763x10°  2.83202x10°°
ag —9.20190x10° —6.05138x107° —5.93260x10~°
a —0.34853 0.61560 0.34094
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Fig. 7. Predicted CO, solubility data points versus experimental data
for K,CO;+additive system.

ology. The following equation satisfactorily fits the experimental
CO, solubility data for K,CO;+additive solution:

CO, Solubility=a,+a, T+a, P+a; C+a, TxP+as TXC (23)
+a5 PxC+a, T +ay PP+a, C

where T is temperature (K), P is CO, partial pressure (kPa), C is
additive concentration in blended solutions and a, to a, are the
constant coefficients which were listed in Table 5. The predicted
values by the correlation were compared to experimental CO, sol-
ubility data. According to Fig. 7, good agreement was observed.
The average deviation between the experimental solubility data and
the predicted values was obtained using Eq. (24) and were pre-
sented equal to 1.02%, 0.88% and 0.78% for K,CO5+AEEA, K,COs+
K-Ala and K,CO;+K-Ser, respectively.

| aexg - acorl

aexp

%AAD=100x %zjﬁj (24)

4. CO, Absorption Rate in K,CO;+Additives

As already mentioned, the main drawback with K,CO; solution
is the low absorption rate compared to amines. Thus, improving
the absorption rate of K,CO; as a suitable solvent is important for
reducing size and cost. The effect of the addition of AEEA, K-Ala
and K-Ser to K,CO; was investigated and compared to pure K,CO;
solution at 313.15 K. The slope of the CO, absorption capacity curves
versus time was used to evaluate CO, absorption rate in K,CO,+
additive system. According to Fig. 8(a)-(c), promoted K,CO; solu-
tions showed higher absorption rate than pristine K,CO; solution.
Actually;, CO, absorption rate can be accelerated remarkably when
K,CO; solution is promoted by the addition of small amounts of
the suggested additives. The pH of absorbent increases, when AEEA,
K-Ala or K-Ser are added to K,CO,. Therefore, rate of reaction CO,
with OH™ increases, which causes an enhancement in the overall
absorption rate [11]. The rate of absorption for the K,CO;+AEEA
was also observed to be faster compared to K,CO;+K-Ala and
K,CO;+K-Ser because of fast kinetic of primary amino group in
AEEA structure with CO,. In addition, rate in K,CO,+K-Ser solu-
tion is higher than K,CO;+K-Ala solution. Compared to K-Ala, K-
Ser has a primary amino group and also a hydroxymethyl group
which is attached to a-carbon, hence a fast reaction with CO, is
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Fig. 8. (a)-(c) CO, loading as a function of absorption time for
K,CO;+additive at 313.15 K and at three additive concentra-
tions, (a) 0.1, (b) 0.2, (c) 0.3 kmol/m’.

expected [55]. Therefore, CO, absorption rate ranks as follows:
K,CO;+AEEA>K,CO,+K-Ser>K,CO,+K-Ala>K,CO,.

It is clearly seen from Fig. 9, that at constant concentration, ab-
sorption rate of CO, was accelerated when temperature increased
because of increase at reaction rate constant. A similar trend was

2071
035
®2 M K:COs+0.1MAEEA 323K 2 M K2CO:+0.1 M AEEA 313K
5 3] ®2MKiCOS0AMAEEA303IK “KiCO'MIK g0 @ @ "
[ ] o9
2 ™ °® e ®
] 0.25 K:COs 323K ... .ao..l...
'5* " g > oo ® .
s L ] L ]
0% 02 " 00.0. .o.'.
EE I e e ®
-.-8 . ™ - ® e @ e -
m% 015 [ I ° ° ®
£ [ ] L
k= s ® P
3 04 oSy W
=74 LN ]
8 L [ ] e
0051 2 o g
@
0
0 5 10 15 20 25
Time (min)

Fig. 9. Effect of the temperature on the CO, absorption rate in 2M
K,CO;+0.1 M AEEA solution.

observed for the K,CO,+K-Ala and K,CO,+K-Ser.

For further investigation, CO, absorption rate of K,CO,+additive
solution was calculated using Eq. (22) at 313.15 K, and results pre-
sented in Table 6-8. Pressure decay during absorption of CO, in
K,CO;+additive systems at different temperatures and concentra-
tions was obtained using a pressure sensor. Thus, the CO, absorp-
tion rate of K,CO;+additive was obtained from the slope of the
plot of pressure versus time, and Eq. (22). It was found from Table
6-8 that the CO, absorption rate has higher values at higher addi-
tive concentration because the reaction rate between CO, and addi-
tives increase, which leads to an enhancement at overall absorption
rate.

Fig. 10 shows a comparison between the absorption rate in 2 M
K,CO,+0.3 M AEEA which has highest absorption rate compared
to other blend solutions studied in the literature [56-62] at 313.15 K.
It was found that CO, absorption rate of K,CO;+AEEA solution
was higher than other absorbents except for K,CO;+EAE solu-
tion. According to Mamun et al. [22], reaction order with respect
to AEEA is equal to two, which is higher than reaction order with
respect to MEA, PZ, PZEA, DEA, MDEA, arginine, glycine and
AMBP, and consequently, an increase in concentration of AEEA
has further effect on enhancement of absorption rate compared to
the other absorbents. In addition, as mentioned in section 4.2, pri-
mary and secondary amine groups in AEEA structure react with
CO, and form primary and secondary carbamates with high pKa.
This can lead to a significant enhancement in CO, absorption rate
of AEEA+K,CO; system [22]. Bhosale et al. [13] added EAE to
K,CO; solution at 303.15K and observed that the CO, absorp-
tion rate increases from 0.5x10° to 6x10°kmol/m’s. EAE has a
high pKa value which directly affects the absorption rate. There-
fore, it was expected that its absorption rate was better than other

Table 6. Absorption rate of CO, in solution of 2 M K,CO;+0.1 M additive

2M K,CO,+0.1 M AEEA 2 M K,CO,+0.1 M K-Ser 2 M K,CO,+0.1 M K-Ala
T (K) Nio,x10° (kmol/m®-s)
303.15 3.04 2.38 1.94
313.15 4.71 391 3.05
323.15 6.26 5.13 422

Korean J. Chem. Eng.(Vol. 35, No. 10)
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Table 7. Absorption rate of CO, in solution of 2 M K,CO;+0.2 M additive

2 M K,CO,+02 M AEEA 2 M K,CO,+0.2 M K-Ser 2 M K,CO,+02 M K-Ala
T (K) Nio,x10° (kmol/m’-s)
303.15 3.85 2.98 2.47
313.15 5.79 455 3.81
323.15 7.15 5.96 5.02
Table 8. Absorption rate of CO, in solution of 2 M K,CO;+0.3 M additive
2 M K,CO;+0.3 M AEEA 2 M K,CO;+0.3 M K-Ser 2 M K,CO;+0.3 M K-Ala
T (K) Neo,x10° (kmol/m*s)
303.15 443 3.78 3.26
313.15 7.02 5.38 443
323.15 7.95 6.77 5.89
10 eration of absorbent [63]. The values of heat of absorption can be
obtained experimentally using a calorimeter or calculated on the
. 8 basis of the following the Gibbs-Helmbholtz equation [64]:
K e (alnPCOZ) (25)
£ R \O(1/T)/ o
®
i‘ .ii where R, T, & and AH are gas constant, temperature of system, CO,
z loading capacity and heat of absorption (k]/mol CO,), respec-
2 tively. o is defined as the mole of absorbed CO, per mole of absor-
. bent. Carson et al. [65] measured heat of CO, absorption of DEA,
& & & &S & ; S &S & MDEA and MEA Sf)lunons using a calorimeter. Lee et al. [§6],
& o@x& © & Q&" & & & &d‘ + Rho et al. [67] and Li et al. [68] calculated heat of CO, absorption
& o i v x v x ) . . . ~ . ~
+.Sa° ¢ {-‘5"0 & “94.}* & & Q&v of these solutions using the Gibbs-Helmholtz equation. They com

Fig. 10. Comparison of CO, absorption rate between 2M K,CO,+
0.3 M AEEA solution with other absorbent studied in liter-
ature at T=313 K and P, =15 kPa.

absorbents. Arginine as an amino acid with a primary amino group
was selected by Shen et al. [56] to improve reaction kinetics of CO,
in K,CO;. Arginine actually acted as an effective promoter and in-
creased absorption rate by 40%. PZ and PZEA are known to have
fast reaction kinetics because of rapid carbamate formation [58].
For this reason, Sun et al. [59] added PZ as a rate promoter to AMP
solution. AMP has lower absorption rate than MEA because it
forms the bicarbonate, which reduces the reaction rate. However
DEA showed the absorption rate better than K,CO;, but its rate is
lower than MEA. The two hydroxyl groups in structure of DEA
reduce the carbamate stability and pKa, which leads to a decrease
in absorption rate [61]. Pawlak [62] improved absorption rate of
CO, in DEEA as a tertiary amine by addition of AEEA and ob-
served that AEEA significantly increases absorption rate. The results
presented in this work show that the addition of amine additives to
potassium carbonate improves the CO, absorption rate significantly
and acts as a potential activator for pure potassium carbonate.
5. Heat of Absorption

An important process parameter in a gas treating process using
chemical absorbents is calculation of absorption heat since it is
directly related with energy consumption in the stripper for regen-
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pared their results with values measured by Carson and found that
Eq. (25) gives a good agreement with experimental results. Thus,
applying Gibbs-Helmholtz equation to calculate heat of absorption
is reliable [69]. Many researchers have used this measurement
method in their works [70-75]. We used the Gibbs-Helmholtz equa-
tion to estimate heat of CO, absorption of 2 M K,CO; promoted
by (0.1-0.3 M) AEEA, K-Ala and K-Ser. The absorption heat was
calculated directly from the slope of plot of InP, versus 1/T at con-
stant CO, solubility. Before measurement of heat absorption sug-
gested in this study; AH of MEA, MDEA and AEEA were measured
and results compared with the literature to ensure the reliability of
the experimental results. It was found that the values measured in
this study were close to data reported in the literature with 2.1%
uncertainty. After validation of method, heat of CO, absorption of
K,CO;+additive was calculated and results given in Tables 9-11.
The results in these tables show that an increase in CO, loading
capacity leads to a decrease in heat of absorption in K,COs+additive
system. This is because at higher loading capacity, the physical ab-
sorption dominates, and bicarbonate forms, which leads to a reduc-
tion at heat of CO, absorption [76]. A similar trend was observed by
Cullinane et al. [21] for K,CO,+PZ and Kim et al. [12] for K,CO,+
2MPZ solution.

Absorption heat of K,CO;-+additive solutions tested in this work
was compared to more commonly used solvents in the CO, ab-
sorption processes, such as MEA [45], AMP [77], PZ [78], DEA
[77], MDEA [79] and blend of K,CO, with other additives such as
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Table 9. Heat of CO, absorption in solution of 2 M K,CO;+0.1 M additive

2 M K,CO,+0.1 M AEEA 2M K,CO,+0.1 M K-Ala 2 M K,CO;+0.1 M K-Ser
a —AH (kJ/mol CO,) —AH (kJ/mol CO,) —AH (kJ/mol CO,)
0.50 4401 37.22 39.98
0.55 43.89 36.47 39.04
0.60 43.12 35.89 38.15
0.65 42.23 35.04 37.42
0.70 41.04 34.26 36.57
0.75 40.33 33.51 35.83
0.80 39.50 32.79 35.02

a (mole CO,/mole of absorbent) is the moles of CO, absorbed per one mole of solvent

Table 10. Heat of CO, absorption in solution of 2 M K,CO,+0.2 M additive

2 M K,CO,+0.2 M AEEA 2 M K,CO,+02 M K-Ala 2 M K,CO,+0.2 M K-Ser
a —AH (kJ/mol CO,) —AH (kJ/mol CO,) —AH (kJ/mol CO,)
0.50 45.79 39.02 41.65
0.55 45.24 38.44 40.86
0.60 44.65 37.53 40.04
0.65 43.72 36.88 39.13
0.70 42.54 36.03 38.27
0.75 41.31 35.46 37.53
0.80 40.97 34.97 36.79

a (mole CO,/mole of absorbent) is the moles of CO, absorbed per one mole of solvent

Table 11. Heat of CO, absorption in solution of 2 M K,CO;+0.3 M additive

2 M K,CO;+0.3 M AEEA 2 M K,CO;+0.3 M K-Ala 2 M K,CO;+0.3 M K-Ser
a —AH (kJ/mol CO,) —AH (kJ/mol CO,) —AH (kJ/mol CO,)
0.50 47.34 40.66 43,01
0.55 46.96 39.58 42.36
0.60 46.08 39.02 41.68
0.65 45.12 38.41 41.02
0.70 4438 37.75 40.14
0.75 4326 37.04 39.25
0.80 42.06 36.39 38.40

a (mole CO,/mole of absorbent) is the moles of CO, absorbed per one mole of solvent

K,CO,+2MPZ [12], K,CO;+PZ [21] and K,CO,+DPTA [15] as
shown in Fig. 11. It was found that a blend of K,CO; with amine
additives has lower heat of CO, absorption in comparison with
pure MEA and other absorbents, which means less energy is needed
for CO, regeneration in stripper column. However, amines like MEA
have fast reaction kinetics, but they have high absorption heat,
which increases CO, capture cost. K,CO; solution is an attractive
absorbent because of its low regeneration energy requirement. There-
fore, as expected, a blend of K,CO; as a base solvent with amine
additives showed much better performance in terms of heat of
absorption compared to conventional amines such as MEA, AMP,
PZ, DEA and MDEA. It also can be seen from Fig. 11 that K,CO;
blended with AEEA gives a higher value of heat of absorption
over the entire CO, solubility in comparison with K,CO,+K-Ala

and K,CO;+K-Ser due to the hydroxyl group in the structure of
AEEA. Furthermore, the K,CO,+K-Ala showed the best perfor-
mance in terms of heat of absorption. So, a mixture of K,CO; with
K-Ala has lowest heat of absorption and can be a favorable candi-
date for CO, capture. A structure similar to sterically hindered amines
in alanine, which causes a steric hindrance effect, and also the for-
mation of an unstable carbamate can be reasons for reduction of
the heat of absorption in comparison to serine [47]. The ease of
regeneration and high absorption capacity are the most important
features of sterically hindered amines [77]. Thus, the heat of CO,
absorption can be ranked as follows: K,CO;+K-Ala<K,CO;+K-
Ser<K,CO;+AEEA<MEA. As can be seen in Fig. 11, MEA solu-
tion as a primary alkanolamine has highest value of heat of absorp-
tion equal to 84.17 kJ/mol CO,. This may be because MEA reacts
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Fig. 11. Comparison of heat of CO, absorption of K,CO;+additive
with the other absorbents.

with CO, and forms stable carbamates, which causes an increase in
heat of absorption [45]. Chowdhury et al. [77] observed that steri-
cally hindered amines like AMP indicate a better absorption heat
performance than MEA because of formation of unstable carba-
mate. In addition, Fig. 11 shows that PZ solution as a secondary
diamines has heat of absorption value lower than AMP and MEA,
but higher than DEA and MDEA. It was also found that absorp-
tion heat of DEA solution is about 22% lower than MEA [77]. Gen-
erally, secondary alkanolamines (DEA) have heats of absorption
lower than primary alkanolamines (MEA) and higher than tertiary
alkanolamines (MDEA) [77]. However, heat of absorption of MDEA
is higher than K,COs, but its value is still lower than other conven-
tional amines such as AMP, DEA, PZ, PZEA and MEA because of
formation of bicarbonates instead of carbamates in reaction of CO,
with MDEA [79]. A comparison of heat of absorption between
K,CO; solution and K,CO;+PZ and K,CO;+2MPZ showed that
the addition of these additives increases absorption heat because
PZ and 2MPZ have primary and secondary amino groups, which
form carbamate. As mentioned, these carbamate ions increase ab-
sorption heat; however, absorption heat of these blended solutions
is still lower than MEA [21]. Therefore, using K,CO; blended with
a potential additive such as AEEA, K-Ala and K-Ser for CO, ab-
sorption from flue gas is a right choice from the heat of absorp-

60

"2 M K:CO:+0.1 M AEEA
¥ 2 M K:C0:+0.1 M K-Ser
“2 M K2COs+0.1 M K-Ala

50

39.98 9.2
40 37.22
30
20
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Heat of absorption
(kJ/mol COz)

7.14 359 6.42

Absorpﬁon rate (=107 Absorpﬂun capacity (=10

kmolim?s) mol COz/mol absorbent)

Fig. 12. Comparison of performance of additives studied in this work.
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tion point of view.

A comparison of CO, absorption performance of the suggested
additives, including AEEA, K-Ala and K-Ser, was carried out to
identify the most efficient additive as shown in Fig. 12. This figure
shows that the blend of K,CO; and AEEA has the highest CO, sol-
ubility and rate among the other additives in this work. However,
it showed a higher heat of absorption in comparison with K,CO,+
K-Ala and K,CO;+K-Ser, but its value is lower than pure MEA.
Aqueous MEA solution has a high reactivity with CO,, but has
the limitation of high regeneration energy and low CO, solubility
[80]. Alternatively, K,CO; has the high CO, absorption capacity
and low heat of absorption but low absorption rate. However, we
observed that with the addition of AEEA, K-Ala and K-Ser can
improve CO, absorption rate of K,CO;. Therefore, this implies that
the blend of K,CO; with additives suggested in this work, there is
the opportunity to combine the high absorption rate provided by
additives with the high CO, absorption capacity and low heat of
absorption.

6. Toxicity

An ideal absorbent should have several desired characteristics,
including fast kinetics, high absorption capacity and low regenera-
tion energy [5]. In addition, the low environmental and health risks
are another characteristics of an ideal solvent for CO, capture pro-
cess [81]. Therefore, the toxicity of solvent should be investigated.
The alkanolamines (MEA, DEA, TEA), sterically hindered amines
(AMP) and cyclic amines (PZ, PZEA, 2-MPZ) are the most popu-
lar absorbents for CO, capture process which have high toxicity
[82,83]. In comparison with amine-based absorbents, K,CO; solu-
tion has lower toxicity [17,84] as shown in Fig. 13. This figure shows
values of lethal dose (LDs,) of several absorbents [85-100]. The
LD, is the amount of a material which causes the death of 50% of
a group of tested animals in the certain time [81]. The lower val-
ues of LDy, means more toxicity. Amino acids used in this study
were alanine (Ala) and serine (Ser). In general, amino acid salts
have lower toxicity over amines [101,102]. According to Fig. 13,
amino acids including His, Ser, Gly, Glu, Ala, Pro and Tau showed
the least and conventional amines such as MEA and PZ had the
highest toxicity among the various absorbents for CO, capture. It
also can be seen from Fig. 13 that AEEA presents higher toxicity
than amino acids, but its value is still low compared to conven-
tional amines. As an overall conclusion, the absorbents used in
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Fig. 13. Comparison of toxicity (LDj,) of amines and amino acids.
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this study seem to have a better performance in terms of toxicity
in comparison with other amines, and therefore could be consid-
ered as an environmentally relatively acceptable absorbent.

CONCLUSION

After a prescreening, three promoters including K-Ala, K-Ser
and AEEA were selected to add to potassium carbonate to improve
its absorption performance. The values of absorption heat, CO,
loading capacity and absorption rate of CO, in these solutions were
reported. The experimental results revealed that addition of the
suggested additives resulted in a significant increase in CO, absorp-
tion rate and loading capacity of K,CO; solution. Of all the blend
solutions studied, the highest CO, absorption rate and solubility
were achieved by K,CO,+AEEA. Compared to pure MEA, K,CO,+
additive systems have lower heat of absorption, which is favorable
for the CO, capture process. Overall, K,CO; blended with AEEA
could be a promising solvent for CO, capture process. It is sug-
gested to further investigate corrosion rate, desorption rate and vis-
cosity issues for a complete evaluation of these blend absorbents in
this study in order to use in acid gas removal applications.

NOMENCLATURE

K,CO; :potassium carbonate

K-Ala :potassium alaninate

K-Ser :potassium serinate

AEEA :2-((2-aminoethyl)amino)ethanol
MEA  :monoethanolamine

MDEA : methyldiethanolamine

EAE  :ethylaminoethanol

K-Gly :potassium glycinate

KOH  :potassium hydroxide

TEA  :triethanolamine

PZ : piperazine

2MPZ :2-methylpiperazine

PZEA :2-(1-piperazinyl)-ethylamine
DEA  :diethanolamine

AMP  :2-amino-2-methyl-1-propanol
SG : sodium glycinate

His  :histidine

Glu  :glutamate

Pro  :proline

Tau  :taurine

DPTA :dipropylenetriamine

1-MPZ : 1-methyl piperazine

a : CO, solubility [mole CO,/mole of absorbent]
Nypen  : the moles of solvent in liquid phase
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