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Abstract

In this work, characterization and kinetics of £&bsorption in potassium carbonate(s)
solution promoted by diethylenetriamine (DETA) wareestigated. Kinetics measurements
were performed using a stirred cell reactor intdmperature range of 303.15-323.15 K and total
concentration up to 2.5 kmolfriThe density, viscosity, physical solubility, €@iffusivity and
absorption rate of COn the solution were determined. The reaction tksebetween C®and
K,COs;+ DETA solution were examined. Pseudo-first ordae#ic constants were also predicted
by zwitterion mechanism. It was revealed that tihditeon of small amounts of DETA to KO3
results in a significant enhancement in Cabsorption rate. The reaction order and activation
energy were found to be 1.6 and 35.6 kJ/mol, reés@dg. In terms of reaction rate constant,
DETA showed a better performance compared to thergbromoters such as MEA, EAE,

proline, arginine, taurine, histidine and alanine.
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1. Introduction

The chemical manufacturing plants release a hugmiatof greenhouse gases, particularly
carbon dioxide (Cg), into the atmosphere which causes environmestles e.g. climate
change [1, 2]. Therefore, the reduction of Cénissions is essential to mitigate impacts of
climate change. Chemical absorption is one of thstrefficient technologies for capture of £O
from gas streams [3]. The operational efficiencyhaf chemical absorption process significantly
depends on solvent’s characteristics such as absorpate, loading capacity, regeneration
energy, corrosion tendency, thermal and chemicdlilgly [4]. The alkanolamines, particularly
monoethanolamine (MEA) is usually used as an alestrtor CQ capture [5]. However, MEA
has several drawbacks such as corrosion issuds, regeneration energy, low GQoading
capacity, high volatility and toxicity [5]. Thera®, research on other type of solvents with better
absorption performance is essential.

Potassium carbonate {8O;) solution is an alternative to alkanolamines beeaof its
advantages e.g. less corrosive, low volatility, lawicity and less regeneration energy [6].
However, the main disadvantage associated withsibligent is the low reaction rate with €O
[7]. Several researchers showed that the additfoancamine with high absorption rate (as a
promoter) to KCO; can improve its absorption performance. For insaiBhosale et al. [8]
studied the effect of addition of ethylaminoetha(foAE) to K;CO; solution on CQ absorption
rate. They found that }CO; + EAE solution has a higher absorption rate thaglsikK,COs. The
reaction order and activation energy were obtatodek 1 and 81.7 kJ/mol, respectively. Thee et
al. [9] added proline and glycine to,®80O; solution and compared their performances with
several promoters. It was discovered that bothimeand glycine enhanced the reaction kinetics

between C@and KCO;. In addition, it was observed that proline hasdiakinetics than DEA,



MEA and glycine but lower than sarcosine. Shen lef1®] used arginine to improve the
absorption rate of ¥CO; solution. The results revealed that arginine ;€®; solution has a
better absorption rate compared to pus®s. The primary amino group in the structure of
arginine and its basic character are two main reagar this positive effect [10]. Based on their
observation, arginine showed a better performahag histidine, lysine and boric acid. Kim et
al. [11] investigated the absorption rate of A PZ + KCO; and 2MPZ + KCO; solutions.
They observed that both 2-methylpiperazine (2MPaAQ giperazine (PZ) have similar
absorption rate and can be considered as pot@ntiaioters to increase the g@bsorption rate
in K2COs. The performance of these blended solutions Wwag/s better than MEA and AMP at
high partial pressure of GOKang et al. [12] studied the absorption rate @,nto K,COs
promoted by sarcosine, and found that the adddfasarcosine to CO; results in a significant
enhancement in C{absorption rate. The kinetics of g@bsorption in KCO; + MEA solution
were evaluated by Thee et al. [13]. They reportatetics parameters and compared its
performance with several promoters. The reactiaeioand activation energy were determined
to be equal to 1 and 44.9 kJ/mol, respectivelywdts also concluded that the addition of
promoters to potassium carbonate has a positieetedin rate of absorption of G@nd make it
an interesting solvent for GQapture. Generally, these promoters can be deddifito three
main categories, including inorganic, organic amtzyenatic promoters. Based on above
observation, it was found that organic promotengehaetter performance than other promoters.
For this reason, the most widely studied promotergotassium carbonate in the literature are
organic promoters such as amines and amino aadaddlition, these studies showed that
reaction kinetics between GOand KCO; + promoter can be explained by zwitterion

mechanism.



There is always a motivation in finding better poiars to enhance the G@bsorption rate
of K,CO; solution. Hartono et al. [14] measured the kiretiof CQ absorption
diethylenetriamine (DETA) solution and revealedttb&TA has a higher CQabsorption rate
compared to MEA and AEEA. For this reason, DETA whssen in this work as a promoter to
be added to ¥CO; solution. Therefore, an aqueous blend of solutmns,CO; and DETA has
been proposed as a new absorbent fop @liorption. The objective of this work is to study
experimentally the effect of the addition of DET& K,COs; on the CQ absorption rate and to
compare its performance with other common promot&tais, the kinetics of the reaction
between C@Qand KCO; + DETA solution were studied. The density, visoas€O, solubility
and diffusivity and the rate of absorption of £i@o solution were measured at 303.15, 313.15
and 323.15 K. Then, the kinetics parameters sualeadion rate constant, reaction order and
activation energy were reported and the effect eshperature and concentration on these
parameters was studied.

2. Kinetic study

The chemical reactions during the absorption of @X,CO; + DETA solution [15, 16] was
described in the supporting information. To study kinetics of CQwith K,COs; + DETA, it is
important that condition given in Eq. (1) be sa#df[17]. This condition shows that reaction
regime is the fast pseudo-first-order reaction.

3 <H, <E (1)

Where the values of Hatta number (Ha) and enhanuefiaetor (Ei) are calculated by:

H, = v Kov Dco, )
KL
— Dsolvent [Solvent]
Bi=1+ b Dco, [CO:]; 3)



The CQ physical solubility in the solution was calculategHenry's law:

[CO, ), = Z5= (4)

The flux of the absorbed gas in solution can baiakt by [18]:
Nco, = EaKp([CO]; — [CO,]) S)
In the fast pseudo-first-order reaction, B equal to Hatta number, and consequently, the

specific absorption rate can be determined by:

P
Nco2 =4 Kov Dco2 ;Zz (6)

This equation was used to find the overall reactaia constant. Then, the apparent reaction rate

constant can be obtained as follows:

Kapp = Kov — kou-[OH™] = kpgra [DETA]" (7)
By plotting of log (kpp Vs. log (DETA), keta and n can be determined.

3. Materials and Methods

3.1. Materials

The potassium carbonate and diethylenetriamine pathity of 99% were purchased from
Acros in ltaly. The NO, N, and CQ gases with purity of 99.9% were also supplied by A
Liquid (Italy). Four different mixed solutions wittoncentrations of 2 M #CO;+ 0.2 M DETA,
2 M K,CO;+ 0.3 M DETA, 2 M KCO3+ 0.4 M DETA and 2 M KCO; + 0.5 M DETA were
selected in this study as absorbents.
3.2. Density and viscosity measurements

An Ubbelohde viscometer and Gay-Lussac pycnometge wised in this work to measure
viscosity and density of the solutions, respectivdlhe procedure for density and viscosity

measurements is the same as our previous pubfhisafk®, 20, 21]. The measurements were



performed at different temperatures of 303-323 K aoncentrations of 2 M 4O; + (0.2-0.5)
M DETA.
3.3. CQ, absorption rate measurement

The absorption rate measurements were conducted $tyrred cell reactor. A schematic
diagram of the equipment was given kig. 1. This experimental setup consisted of an
equilibrium cell, water bath, gas storage tank, me#ig stirrer, temperature indicator, vacuum
pump and pressure transmitter. The experimentahadetor CQ absorption rate measurement
and the equipment used in this work are similathet described in our previous publications
[21-23]. The double jacketed stirred cell reactothva plane interface which was purchased
from Buchiglas (Switzerland) is main part of thepesmental setup. The reactor temperature
was kept constant by a jacket. The reactor was edgopped with external magnetic motor,
pressure transmitter and temperature sensor. Theosoin the reactor is stirred using impeller
mounted on shaft of magnetic motor. The temperataféhe solution and gas storage tank were
controlled within £0.1 K using a water bath. Thaa®r was first purged with Nitrogen gas to
remove air. Then, the solution 06®0O; + DETA was charged in the reactor. £@as injected
to gas storage tank to be heated to the desiredetature and was transferred to the reactor.
Once CQ was injected, the stirrer is switched on at a tanisspeed. The pressure inside the
reactor because of reaction between,@@d KCO; + DETA solution decreases. The pressure

decrease versus time was recorded by pressuranittarsand slope of pressure plot versus time

(—dp;toz) was used to calculate G@bsorption rate. A knowledge of gas phase voluméhe

reactor (V), the gas-liquid interfacial area (Agmperature (T) and therefore enable,CO

absorption rate to be calculated.

_ \% dPC02
Neco, =~ 712 at (8)



Fig. 1
4. Results and discussion
4.1. Density and viscosity
The density and viscosity of water at temperatwk803 to 323 K were measured and
compared with the literature [24, 25] to check ¥a&dity of our procedure. According fhable
1, a good agreement between our results and literatare observed. The obtained densities and
viscosities of KCO; + DETA were given irFig. 2 andFig. 3, respectively. As it can be seen,
both of these parameters increase as the congentiaft DETA increases and decreases as
temperature increases.
Table 1
Fig. 2
Fig. 3
4.2. Reaction kinetics of CQabsorption in K,CO3+DETA
The values of solubilityH¢o,) and diffusivity of CQ (D¢o,) in K2COz + DETA solution are
required to obtain the kinetics parameters andhédyae the results of G@bsorption rate. Since
CO; undergoes a chemical reaction with th&£R» + DETA solution,H¢o, andDco, in solution
cannot be directly measured [26]. It has been mrdyemany works that the,)® analogy can be

used to estimate the valuesiéf,, andD¢o, in amines [26, 27]. Therefore, this method and
modified Stokes-Einstein equation were appliechia work to calculate diffusivity anHco, in

K,COs;+ DETA solutions [27].

Dcoz) _ (Dcoz)
<DN20 Dn,0 H,0 9)

solution

Hco Hco
N20/solution N20/H,0




The solubility and diffusivity of C@and NO in water were determined using Egs. (11-14):

DCOZJHZO =2.35X% 10_6 exp (ﬁ) (11)
Dx, 01,0 = 5.07 X 1076 exp ('2;71) (12)
Heo, 1,0 = 28249 X 108 exp (=) (13)
6 -2284
HNZO,HZO = 8.547 x 10 exp( T ) (14)
Also, N,O diffusion in solution was determined by Eq. (15):
HHy0 06
Dn,0,s0lvent = DNn,oH,0 X (ﬁ) (15)

TheHy, o in the solution was calculated from the correlagiproposed by Schumpe [28] and
Wiesenberger [29]. Then, using these results arsd @g15)Hco, andD¢o, in K;COz + DETA
solution can be estimated. To confirm the resufid also measurement method in this work,
Hco, andDcq, in 35wt% KCOs solution at 303 K were calculated and compareditb those
published previously. For example, the obtainea datthis work forHco, andD¢o, in K2COs
are 2.68x10 (kPa.nmi/kmol) and 0.74x18 (m%s), respectively. These data show a good
agreement with 2.55x2@kPa.ni/kmol) and 0.83x18 (m?/s) which were reported by Shen et al.
[10]. TheH¢p, andDc¢q, in KoCOz + DETA solution at 303, 313 and 323 K calculatedhis
study were plotted irFig.4 and Fig. 5. As can be observed iRig. 4, D¢o, increases with
temperature and decreases with increasing DETA esdration. The reason for this is that
viscosity of the solution is higher at higher camications and lower temperatures. The effect of
temperature and concentration on the solubilit€ 6 in the solution were investigate fig. 5.

It can be seen thaico, increases from 1.45x1@0 2.16x16 (kPa.m/kmol) when temperature

and concentration increases.



Fig. 4

Fig. 5
To verify the reliability of the results and alseasurement method for kinetics study, initial
runs were made for the GQ@bsorption rate in single,RO; solution and compared with the
literature. The measured G@bsorption rate in ¥CO; solution at 303 K by stirred cell reactor in
this study was found to be 0.64x@mol/nT.s, which is in excellent agreement with the data
given by Bhosale et al. (0.50xi@&mol/n?.s) [8]. The absorption rate of G K,CO; solution
promoted by DETA was then measured at differentptmatures, concentrations and agitation
speeds, and the results were showhkigs. 6-8 The value of C@absorption rate as a function
of agitation speed at 313 K and at two differemiaamtration of DETA were illustrated Hig. 6.
It is clear from this figure that the absorptioteraf CQ is independent of the speed of agitation
which shows reaction is in the pseudo-first-oragsgime [8].Fig. 7 shows the effect of addition
of DETA to 2 kmol/ni K,CO; solution on absorption rate of G@t 313.15 K. The CO
absorption rate increases as DETA concentratior@ses from 0.2 to 0.5 kmolfmn addition,
the results indicated that all the promoted sohgibas higher absorption rate than pus€®.
This can be due to the structure of DETA which thase amino groups. The amino groups make
DETA a very reactive amine [14]. The effect of teargiure on C@absorption rate of }CO; +
DETA solution was also shown Fig. 8. It is observed that, temperature actually haesitipe
effect on absorption rate. The decrease in visg@sth temperature and increase in reaction rate
constant are two reasons for this positive effect.

Fig. 6

Fig. 7

Fig. 8



The values of overall reaction rate constant)(kor CO+K.COs;+#+DETA+H,O system were
determined from Eqg. (17) and the results were ptegeinFig. 9 and listed inTable 2 As can
be observed in this figuregkncreases with increasing of DETA concentration.

Fig. 9

Table 2
Using these values otkand Eq. (18), apparent reaction rate constapf) (kere determined at
different temperatures. The reaction order andti@acate constant can be calculated from the
plot of log (kpp versus log (DETA) as shown Fig. 10 The value of the reaction order with
respect to DETA determined in this study at 31Xl#as found to be 1.61 which is in good
agreement with the 1.7 value reported by Hartoral.€tL4]. In addition, values of reaction rate
constant at temperatures 303, 313 and 323 K wdoerllated and the results at 313 k were
depicted inFig. 11. The activation energy which was calculated usimghénius regression of

reaction rate constant to be 35.6 kJ/mol, and imacate constant was correlated as follows:

Kpgra = 3.99 x 1010 exp (~2 )

- (16)
Fig. 10
Fig. 11
The liquid mass transfer coefficient was calculaisthg correlation given by Littel et al. [30]

and the results were presented able 2 This parameter is necessary to calculate Hattsbeu

and enhancement factor.

0.6632
Kids _ 0.3929 (&ép) (
D H

COy

>0.33 (17)

Fig. 12shows the calculated Hatta number and enhancdaetat for CQ absorption in KCO3

pDco,

+ DETA solution at 313.15 K. It is clear that, Hattumbers are greater than 3 and lower than

enhancement factor which satisfies condition givelaqg. (1).

10



Fig. 12
A comparison between predicted and measured abmongtes of C@Qwas illustrated irFig.
13. As can be seen, experimental results are in kextelgreement with model calculations with

the average absolute deviation percent (AAD) aB3étit

|(NC02 )exp_(NCOZ )cor
(Nco,)

%AAD = 100 x - ¥i=1 (18)

exp
The performance of different promoters in termsohancement reaction rate 0fGO; with
CO, was investigated at 313.15 K and showfim 14 DETA shows a higher absorption rate in
comparison with proline [31], EAE [8], arginine [LMEA [10], taurine [32], histidine [33],
alanine [34] and AMP [10]. It can be concluded ttieg addition of DETA to KCO; results in
significant enhancement in GQabsorption rate compared to the investigated pterso
Therefore, DETA can be considered as a promisingein order to improve reaction kinetics
of potassium carbonate with GO

Fig. 13

Fig. 14
5. Conclusion

In this work, reaction kinetics between®0O; + DETA solution and C@was studied using a
stirred cell reactor. The solubility and diffusiviof CO, were estimated using.® analogy. It
was found that both solubility and diffusivity imase as temperature increases. The CO
absorption rate of the solution was measured amdetsults were compared to purglOs. The
obtained results showed that the absorption ratee@ses with increasing temperature and
concentration. In addition, the slower reactiorekics of K,CO; can be promoted by addition of

DETA, indicating DETA acts as an effective promotBEne order of reaction, activation energy

11



4285.2

and reaction rate constant were obtained to be, B85 kJ/mol and 3.99x1Dexp(

),
respectively. A comparison between reaction ratestamt determined in this study and other
promoters indicated that reaction kinetics betw€én and KCO; + DETA solution was faster
than other blended solutions.
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Table Captions:

Table 1: Density and viscosity of water at 303, ahd 323 K.

Table 2: Kinetic data for the G@bsorption in solution of }CO;+DETA.

Figure Captions:

Fig. 1: Schematic diagram of the experimental setup

Fig. 2: The density of fCO;+DETA solution at different temperatures and cot@ions

Fig. 3: The viscosity of BKCO;+DETA solution at different temperatures and cotiaions

Fig. 4: The diffusivity of CQin K,COs+DETA solution

Fig. 5: The solubility of C@in K,COs+DETA solution

Fig. 6: The absorption rate of G K,CO3;+DETA solution as a function of speed of agitation.
Fig. 7: The absorption rate of G K,COs;+DETA solution at 313 K.

Fig. 8: The absorption rate of G K,CO3;+DETA solution as a function of temperature.

Fig. 9: The effect of DETA concentration on overathction rate constant

Fig. 10: Plot of log(k,y versus log of DETA concentration

Fig. 11: Arrhenius plot for the }COs+DETA+H,0 system

Fig. 12: The Hatta number and enhancement factd{J6O;+DETA+H,0 system
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Fig. 13: Parity plot for the predicted absorptiaterand the experimental data.

Fig. 14: Comparison of reaction rate constant ftfeient absorbents at 313.15 K.

Table 1
T (K) p (9.cn) K (mPa.s)
Exp. Lit. [ 24] Exp. Lit. [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 Kpu€ 0.0001 g.cfi, u(p) = 0.0001 mPa’s
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Table 2

T [K.COs [DETA] N¢o, X 10° Kov K, Ha Ei
(K)  kmol/m®  kmol/m?® (kmol/mZ. s) (1/s) x 105(m/s)

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
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