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Abstract

In this work, characterization and kinetics of CO, absorption in potassium carbonate (K,COj3) solution promoted by diethylenetriamine
(DETA) were investigated. Kinetics measurements were performed using a stirred cell reactor in the temperature range of 303.15-323.15 K and
total concentration up to 2.5 kmol m™>. The density, viscosity, physical solubility, CO, diffusivity and absorption rate of CO, in the solution
were determined. The reaction kinetics between CO, and K,CO3; + DETA solution were examined. Pseudo-first order kinetic constants were
also predicted by zwitterion mechanism. It was revealed that the addition of small amounts of DETA to K,COj; results in a significant
enhancement in CO, absorption rate. The reaction order and activation energy were found to be 1.6 and 35.6 kJ mol ™', respectively. In terms of
reaction rate constant, DETA showed a better performance compared to the other promoters such as MEA, EAE, proline, arginine, taurine,
histidine and alanine.
© 2019, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-

cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The chemical manufacturing plants release a huge amount
of greenhouse gases, particularly carbon dioxide (CO,), into
the atmosphere which causes environmental issues e.g. climate
change [1,2]. Therefore, the reduction of CO, emissions is
essential to mitigate impacts of climate change. Chemical
absorption is one of the most efficient technologies for capture
of CO, from gas streams [3]. The operational efficiency of the
chemical absorption process significantly depends on solvent's
characteristics such as absorption rate, loading capacity,
regeneration energy, corrosion tendency, thermal and chemical
stability [4]. The alkanolamines, particularly monoethanol-
amine (MEA) is usually used as an absorbent for CO, capture
[5]. However, MEA has several drawbacks such as corrosion
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issues, high regeneration energy, low CO, loading capacity,
high volatility and toxicity [5]. Therefore, research on other
type of solvents with better absorption performance is
essential.

Potassium carbonate (K,CO3) solution is an alternative to
alkanolamines because of its advantages e.g. less corrosive, low
volatility, low toxicity and less regeneration energy [6]. How-
ever, the main disadvantage associated with this solvent is the
low reaction rate with CO, [7]. Several researchers showed that
the addition of an amine with high absorption rate (as a pro-
moter) to K,CO; can improve its absorption performance. For
instance, Bhosale et al. [8] studied the effect of addition of
ethylaminoethanol (EAE) to K,CO5 solution on CO, absorption
rate. They found that K,CO5; + EAE solution has a higher ab-
sorption rate than single K,COj3. The reaction order and acti-
vation energy were obtained to be 1 and 81.7 kJ mol
respectively. Thee et al. [9] added proline and glycine to K,CO;
solution and compared their performances with several pro-
moters. It was discovered that both proline and glycine
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enhanced the reaction kinetics between CO, and K,CO;. In
addition, it was observed that proline has faster kinetics than
DEA, MEA and glycine but lower than sarcosine. Shen et al.
[10] used arginine to improve the absorption rate of K,COj;
solution. The results revealed that arginine + K,CO5 solution
has a better absorption rate compared to pure K,COj3. The pri-
mary amino group in the structure of arginine and its basic
character are two main reasons for this positive effect [10].
Based on their observation, arginine showed a better perfor-
mance than histidine, lysine and boric acid. Kim et al. [11]
investigated the absorption rate of CO, in PZ 4+ K,COj3 and
2MPZ + K,COj solutions. They observed that both 2-
methylpiperazine (2MPZ) and piperazine (PZ) have similar
absorption rate and can be considered as potential promoters to
increase the CO, absorption rate in K,COj3. These blended so-
lutions showed better performance than MEA and AMP at high
partial pressure of CO,. Kang et al. [12] studied the absorption
rate of CO, into K,CO; promoted by sarcosine, and found that
the addition of sarcosine to K,COj; results in a significant
enhancement in CO, absorption rate. The kinetics of CO, ab-
sorption in K,CO3; + MEA solution were evaluated by Thee
et al. [13]. They reported kinetics parameters and compared its
performance with several promoters. The reaction order and
activation energy were determined to be equal to 1 and 44.9 kJ
mol ', respectively. It was also concluded that the addition of
promoters to potassium carbonate has a positive effect on rate of
absorption of CO, and make it an interesting solvent for CO,
capture. Generally, these promoters can be classified into three
main categories, including inorganic, organic and enzymatic
promoters. Based on the above observation, it was found that
organic promoters have better performance than others. For this
reason, the most widely studied promoters for potassium car-
bonate in the literature are organic promoters such as amines
and amino acids. In addition, these studies showed that reaction
kinetics between CO, and K,CO; + promoter can be explained
by zwitterion mechanism.

There is always a motivation in finding better promoters
to enhance the CO, absorption rate of K,COj solution.
Hartono et al. [14] measured the kinetics of CO, absorption
diethylenetriamine (DETA) solution and revealed that
DETA has a higher CO, absorption rate compared to MEA
and AEEA. For this reason, DETA was chosen in this work
as a promoter to be added to K,COj solution. Therefore, an
aqueous blend of solutions of K,CO; and DETA has been
proposed as a new absorbent for CO, absorption. The
objective of this work is to study experimentally the effect
of the addition of DETA to K,COj; on the CO, absorption
rate and to compare its performance with other common
promoters. Thus, the kinetics of the reaction between CO,
and K,CO3; + DETA solution were studied. The density,
viscosity, CO, solubility and diffusivity and the rate of
absorption of CO, into solution were measured at 303.15,
313.15 and 323.15 K. Then, the kinetics parameters such as
reaction rate constant, reaction order and activation energy
were reported and the effect of temperature and concen-
tration on these parameters was studied.

2. Kinetic study

The chemical reactions during the absorption of CO, in
K,CO; + DETA solution [15,16] was described in the sup-
porting information. To study the kinetics of CO, with
K,CO;5 + DETA, it is important that condition given in Eq. (1)
be satisfied [17]. This condition shows that reaction regime is
the fast pseudo-first-order reaction.

3<H,<E; (1)

Where the values of Hatta number (H,) and enhancement
factor (E;) are calculated by:
H, — vKov Dco, 2)

Ky

Dgolvent [s0lvent] 3)
bDco, [COz]i

The CO, physical solubility in the solution was calculated
by Henry's law:

El:]+

e (@)

The flux of the absorbed gas in solution can be obtained by
[18]:

Nco, =EaK.([CO,J; —[CO,)) (5)

In the fast pseudo-first-order reaction, E4 is equal to Hatta
number, and consequently, the specific absorption rate can be
determined by:

P,
Nco, = +/KovDco, % (6)

This equation was used to find the overall reaction rate
constant. Then, the apparent reaction rate constant can be
obtained as follows:

kapp = kov — kon- [OH ] = kpgra [DETA]” (7)

By plotting of log (kupp) vs. log (DETA), kpgra and n can
be determined.

3. Materials and methods
3.1. Materials

The potassium carbonate and diethylenetriamine with pu-
rity of 99% were purchased from Acros in Italy. The N,O, N,
and CO, gases with purity of 99.9% were also supplied by Air
Liquid (Italy). Four different mixed solutions with concen-
trations of 2 M K,CO3 + 0.2 M DETA, 2 M K,CO3 + 0.3 M
DETA, 2 M K,CO3 + 0.4 M DETA and 2 M K,CO; + 0.5 M
DETA were selected in this study as absorbents.
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3.2. Density and viscosity measurements

An Ubbelohde viscometer and Gay-Lussac pycnometer were
used in this work to measure viscosity and density of the solutions,
respectively. The procedure for density and viscosity measure-
ments is the same as our previous publications [19-21]. The
measurements were performed at different temperatures of 303—
323 K and concentrations of 2 M K,CO3; + (0.2-0.5) M DETA.

3.3. CO; absorption rate measurement

The absorption rate measurements were conducted by a
stirred cell reactor. A schematic diagram of the equipment was
given in Fig. 1. This experimental setup consisted of an
equilibrium cell, water bath, gas storage tank, magnetic stirrer,
temperature indicator, vacuum pump and pressure transmitter.
The experimental method for CO, absorption rate measure-
ment and the equipment used in this work are similar to that
described in our previous publications [21-23]. The double
jacketed stirred cell reactor with a plane interface which was
purchased from Buchiglas (Switzerland) is main part of the
experimental setup. The reactor temperature was kept constant
by a jacket. The reactor was also equipped with external
magnetic motor, pressure transmitter and temperature sensor.
The solution in the reactor is stirred using impeller mounted
on shaft of magnetic motor. The temperatures of the solution
and gas storage tank were controlled within +0.1 K using a
water bath. The reactor was first purged with Nitrogen gas to
remove air. Then, the solution of K,CO5; + DETA was charged
in the reactor. CO, was injected to gas storage tank to be
heated to the desired temperature and was transferred to the

Vacuum

reactor. Once CO, was injected, the stirrer is switched on at a
constant speed. The pressure inside the reactor because of
reaction between CO, and K,CO; + DETA solution de-
creases. The pressure decrease versus time was recorded by
pressure transmitter and slope of pressure plot versus time
(dPZOZ) was used to calculate CO, absorption rate. A knowl-
edge of gas phase volume in the reactor (V), the gas—liquid
interfacial area (A), temperature (7) and therefore enable

CO, absorption rate to be calculated.

V  dPco,

Neo, = — ——
€0 RTA dt

(8)

4. Results and discussion
4.1. Density and viscosity
The density and viscosity of water at temperatures of 303—

323 K were measured and compared with the literature [24,25]
to check the validity of our procedure. According to Table I, a

Table 1
Density and viscosity of water at 303, 313 and 323 K.
T (K) p(gem™) p (mPas™")

Exp. Ref. [24] Exp. Ref. [25]
303 0.9951 0.9957 0.7903 0.7975
313 0.9919 0.9922 0.6501 0.6532
323 0.9872 0.9880 0.5504 0.5471

Standard uncertainties: u(T) = 0.01 K, u(p) = 0.0001 g cm 3,
u(w) = 0.0001 mPa s~

Gas in

Gas storage tank )b

'y To computer

Liquid in

Reactor

Water
bath

Solvent

k

Liquid out

Fig. 1. Schematic diagram of the experimental setup.
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good agreement between our results and literature were
observed. The obtained densities and viscosities of
K,CO; + DETA were given in Fig. 2 and Fig. 3, respectively.
As it can be seen, both of these parameters increase as the
concentration of DETA increases and decreases as temperature
increases.

4.2. Reaction kinetics of CO, absorptionin K,CO3; + DETA

The values of solubility (Hco,) and diffusivity of CO,
(Dco,) in K;CO5 + DETA solution are required to obtain the
kinetics parameters and to analyze the results of CO, ab-
sorption rate. Since CO, undergoes a chemical reaction with
the K,CO3; + DETA solution, Hco, and Dco, in solution
cannot be directly measured [26]. It has been proved by many
works that the N,O analogy can be used to estimate the values
of Hco, and Dco, in amines [26,27]. Therefore, this method
and modified Stokes—Einstein equation were applied in this
work to calculate diffusivity and Hco, in K,CO; + DETA
solutions [27].

DCO DCO

(62) 0. (52) ®
N20/ solution N0/ H,0

H H

(=), ()
HNZO solution HNZO H,O

The solubility and diffusivity of CO, and N,O in water
were determined using Eqgs. 11-14:

—=2119
DCOZ,HZO:2-35 X 1076 exXp (T) (11>
—2371
Dryo.1,0 =5.07 x 107 exp< - ) (12)
—2044
HCO2,H20 =2.8249 x 106 exXp (T) (13)
1.24
mT=323K
BT =313 K

1.22 =T=303K

1.20
N lII
1.16 ‘
0.2 0.3 0.4 0.5

Concentration of DETA (kmol m3)

Density (g cm®)

Fig. 2. The density of K,CO; + DETA solution at different temperatures and
concentrations.

1.4
BT =323 K®T =313 K 8T =303 K

N
N

Viscosity (mPa s)
.o —
QO o

0.6
0.2 0.3 0.4 0.5

Concentration of DETA (kmol m-)

Fig. 3. The viscosity of K,CO3; + DETA solution at different temperatures and
concentrations.

(14)

—2284
Hy,0.1,0 = 8.547 x 10° exp( )

Also, N,O diffusion in solution was determined by Eq.
(15):

0.6
u
DNZO,solvent - DNZO,HZO X <LO> (15)

Msolvent

The Hy,0 in the solution was calculated from the correla-
tions proposed by Schumpe [28] and Wiesenberger [29]. Then,
using these results and Eqs. 9-15, Hco, and Dco, in
K,CO; + DETA solution can be estimated. To confirm the
results and also measurement method in this work, Hco, and
Dco, in 35 wt% K,COj3 solution at 303 K were calculated and
compared to with those published previously. For example, the
obtained data in this work for Hco, and Dco, in K,COj3 are
2.68 x 10* (kPa m® kmol™!) and 0.74 x 107° (m> s '),
respectively. These data show a good agreement with
2.55 x 10* (kPa m® kmol ') and 0.83 x 10~° (m? s~ ') which
were reported by Shen et al. [10]. The Hco, and Dco, in
K>CO3 + DETA solution at 303, 313 and 323 K calculated in
this study were plotted in Fig. 4 and Fig. 5. As can be observed
in Fig. 4, Dco, increases with temperature and decreases with
increasing DETA concentration. The reason for this is that

3.0
mT=303K e T=313K A T=323K
R k- ___
° 25 R -~ .
£
>
x RERRREEE L
g 2.0 e -
a
- ___ - ___ - -
15
0.1 0.2 0.3 0.4 0.5 0.6

[DETA] (kmol m?)

Fig. 4. The diffusivity of CO, in K,CO; + DETA solution.
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AT=303K e T=313K = T=323K

T 22000 .o :
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= 19500 |
E -
0“3 ®o------ P o ----" °
g 17000
R R .
T 14500 R -

12000

01 0.2 03 04 G o6
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Fig. 5. The solubility of CO, in K,CO5; + DETA solution.

viscosity of the solution is higher at higher concentrations and
lower temperatures. The effect of temperature and concen-
tration on the solubility of CO; in the solution were investigate
in Fig. 5. It can be seen that Hco, increases from 1.45 x 10* to
2.16 x 10* (kPa m> kmol™ ') when temperature and concen-
tration increases.

To verify the reliability of the results and also measurement
method for kinetics study, initial runs were made for the CO,
absorption rate in single K,CO; solution and compared with
the literature. The measured CO, absorption rate in K,COj;
solution at 303 K by stirred cell reactor in this study was found
to be 0.64 x 107® kmol m~2 s_l, which is in excellent
agreement with the data given by Bhosale et al.
(0.50 x 107° kmol m 2 s~ ') [8]. The absorption rate of CO,
in K,COj3 solution promoted by DETA was then measured at
different temperatures, concentrations and agitation speeds,
and the results were shown in Figs. 6—8. The value of CO,
absorption rate as a function of agitation speed at 313 K and at
two different concentration of DETA were illustrated in Fig. 6.
It is clear from this figure that the absorption rate of CO, is
independent of the speed of agitation which shows reaction is
in the pseudo-first-order regime [8]. Fig. 7 shows the effect of
addition of DETA to 2 kmol m> K,COj; solution on ab-
sorption rate of CO, at 313.15 K. The CO, absorption rate
increases as DETA concentration increases from 0.2 to

4.5

A [DETA] = 0.2 kmol m* e [DETA] = 0.3 kmol m*®

2 40

c ° ° ° ° °
g

< 35

=)

xw

g'3.0 A A N A A
z

N
o

0]
o

70 80 90 100 110 120
Speed of agitation (rpm)

Fig. 6. The absorption rate of CO, in K,CO3; + DETA solution as a function of
speed of agitation.

7

N W R~ OO

N, * 108 (kmol m? s)

-

o

o 02 03 04 05

DETA concentration (kmol m3)

Fig. 7. The absorption rate of CO, in K,CO5; + DETA solution at 313 K.
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»
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2.5]

x 108 (kmol m? s)
I
o

Ncoz
-
9

1.0

o
N
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303 K 313K

Temperature (K)

323 K

Fig. 8. The absorption rate of CO, in K,CO5; + DETA solution as a function of
temperature.

0.5 kmol m>. In addition, the results indicated that all the
promoted solutions has higher absorption rate than pure
K,COs;. This can be due to the structure of DETA which has
three amino groups. The amino groups make DETA a very
reactive amine [14]. The effect of temperature on CO, ab-
sorption rate of K,CO5; 4+ DETA solution was also shown in
Fig. 8. It is observed that, temperature actually has a positive
effect on absorption rate. The decrease in viscosity with

20000

15000 |
10000
5000 |
N
002 03 0.4 0.5

DETA concentration (kmol m=3)

Koy (87)

Fig. 9. The effect of DETA concentration on overall reaction rate constant.
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Table 2
Kinetic data for the CO, absorption in solution of K,CO; + DETA.
T (K) [K>CO;] (kmol m ™) [DETA] (kmol m™3) Nco, x 10° (kmolm=2s7") kov (s7") K. x 10°(m s71) H, E;
313 2 0.2 2.97 3899 2.76 104 782
313 2 0.3 3.89 7054 2.68 142 822
313 2 0.4 4.74 11061 2.63 179 872
313 2 0.5 5.81 17425 2.57 228 918
303 2 0.5 4.25 8942 1.96 183 860
323 2 0.5 6.77 33760 3.04 275 973
temperature and increase in reaction rate constant are two 12
reasons for this positive effect.

The values of overall reaction rate constant (k,,) for CO, + 11 4 -
K,CO; + DETA + H,O system were determined from Eqg. T
(17) and the results were presented in Fig. 9 and listed in Table £ T
2. As can be observed in this figure, k., increases with 5 101
increasing of DETA concentration. £

Using these values of k,, and Eq. (18), apparent reaction 9| = -4.2852x + 24.411
rate constant (k,,,) were determined at different temperatures.
The reaction order and reaction rate constant can be calculated 8
from the plot of log (k,pp) versus log (DETA) as shown in 3.05 310 345 320 325 330 3.35
Fig. 10. The value of the reaction order with respect to DETA

& P 1000/T (1/K)

determined in this study at 313.15 K was found to be 1.61
which is in good agreement with the 1.7 value reported by
Hartono et al. [14]. In addition, values of reaction rate constant
at temperatures 303, 313 and 323 K were calculated and the
results at 313 K were depicted in Fig. 11. The activation en-
ergy which was calculated using Arrhenius regression of re-
action rate constant to be 35.6 kJ mol™!, and reaction rate
constant was correlated as follows:

—4285.2
kDETA =3.99 x 1010 exp (T) (16)

The liquid mass transfer coefficient was calculated using
correlation given by Kierzkowska-Pawlak et al. [30] and the
results were presented in Table 2. This parameter is necessary
to calculate Hatta number and enhancement factor.

2 0.6632 0.33
Kid: _ 3929 <”“d“” ) ( ) (17)
D u pDco,

co,
Fig. 12 shows the calculated Hatta number and enhance-
ment factor for CO, absorption in K,CO3 + DETA solution at

5.0
| 45
4.0

& 135
y =1.6124x + 4.7053

log (K,,,)
\
\

3.0

2.5
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2

log (DETA)

Fig. 10. Plot of log(k,pp) versus log of DETA concentration.

Fig. 11. Arrhenius plot for the K,CO; + DETA + H,0 system.

313.15 K. It is clear that, Hatta numbers are greater than 3 and
lower than enhancement factor which satisfies condition given
in Eq. (1).

A comparison between predicted and measured absorption
rates of CO, was illustrated in Fig. 13. As can be seen,
experimental results are in excellent agreement with model
calculations with the average absolute deviation percent
(AAD) about 3%.

1 A (Neo, )exp = (Neoy ) cor
%AAD =100 x — P (18)
n IZI: (NCOZ )exp

The performance of different promoters in terms of
enhancement reaction rate of K,COz; with CO, was

1200
= Hatta number (H,) ® Enhancement factor (E;)
1000
800
U7
5 600
©
T
400
200
0

0.2 0.3 0.4 0.5
[DETA] (kmol m?)

Fig. 12. The Hatta number and enhancement factor for K,CO; —+
DETA + H,O system.
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Experimental absorption rate x 108 (kmol m2 s')

Fig. 13. Parity plot for the predicted absorption rate and the experimental data.
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15000

—

%)
"’8 10000
X

5000

0
DETA Pro EAE Arg MEA Tau His Ala AMP
[311 [8]1 [10] [10] [32] [33] [34] [10]

Fig. 14. Comparison of reaction rate constant for different absorbents at
313.15 K.

investigated at 313.15 K and shown in Fig. 14. DETA shows a
higher absorption rate in comparison with proline [31], EAE
[8], arginine [10], MEA [10], taurine [32], histidine [33],
alanine [34] and AMP [10]. It can be concluded that the
addition of DETA to K,COj results in significant enhancement
in CO, absorption rate compared to the investigated pro-
moters. Therefore, DETA can be considered as a promising
amine in order to improve reaction kinetics of potassium
carbonate with COs,.

5. Conclusions

In this work, reaction kinetics between K,CO3; + DETA
solution and CO, was studied using a stirred cell reactor. The
solubility and diffusivity of CO, were estimated using N,O
analogy. It was found that both solubility and diffusivity in-
crease as temperature increases. The CO, absorption rate of
the solution was measured and the results were compared to
pure K,COj;. The obtained results showed that the absorption
rate increases with increasing temperature and concentration.
In addition, the slower reaction kinetics of K,CO5; can be
promoted by addition of DETA, indicating DETA acts as an
effective promoter. The order of reaction, activation energy
and reaction rate constant were obtained to be 1.61,

35.6 kJ mol "' and 3.99 x 10" exp(—4%22), respectively. A
comparison between reaction rate constant determined in this
study and other promoters indicated that reaction kinetics
between CO, and K,CO3 + DETA solution was faster than
other blended solutions.
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