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Abstract

:

Tertiary amines have been used as alternative absorbents for traditional primary and secondary amines in the process of carbon capture. However, the carbon dioxide (CO2) absorption rates in these kinds of amine are relatively slow, which implies greater investment and construction costs and limits the large-scale application of carbon capture. Carbonic anhydrase (CA) is considered to be an ideal homogeneous catalyst for accelerating the rate of CO2 into aqueous amine solution. In this work, CO2 absorption combining CA with two single aqueous tertiary amines, namely triethanolamine (TEA) and 2-(diethylamino)ethanol (DEEA), was studied by use of the stopped-flow apparatus over temperature ranging from 293 to 313 K. The concentrations of selected aqueous amine solution and CA used in the experiment were ranging among 0.1–0.5 kmol/m   3   and 0–50 g/m   3  , respectively. Compared to the solution without the addition of CA, the pseudo first-order reaction rate in the presence of CA (  k  0 , w i t h  C A   ) is significantly increased. The values of   k  0 , w i t h  C A    have been calculated by a new kinetics model. The results of experimental and calculated   k  0 , a m i n e    and   k  0 , w i t h  C A    in CO2-amine-H2O solutions were also investigated, respectively.
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1. Introduction


Carbon dioxide (CO2) absorption using chemical absorption with traditional aqueous amine solution, such as monoethanolamine (MEA) and diethanolamine (DEA), is a terminal processing technology that can be deployed on a large scale in coal-fired power plants [1]. However, there are a number of existing drawbacks, such as very high energy consumption during CO2 desorption process [2]. These energy costs account for approximately 80% of the operating costs [3]. In addition, in the presence of oxygen the amine solution is easily to degrade and produce harmful volatile organic compounds resulting in the loss of solvent and even corrosion problems [4]. With the deepening of research, tertiary amines such as methyldiethanolamine (MDEA), triethanolamine (TEA) and 2-(diethylamino)ethanol (DEEA) were proposed as alternative solvents for MEA due to their lower energy consumption for carbon capture [5]. Though there is lower energy consumption for the desorption process in these kinds of tertiary amine solvents, the relatively slow absorption rate of CO2 in the absorber means that the better absorber is needed to meet the demand for carbon capture. Carbonic anhydrase (CA) can very easily accelerate the reaction of CO2 hydration and is considered to be a promising homogeneous catalyst for CO2 absorption in carbon capture process [6,7,8].



In this work, the kinetics of CO2 reacting with TEA and DEEA solution was studied with the use of stopped-flow apparatus. The experimental kinetics data of CO2 with aqueous amine solution catalyzed by CA over temperature ranging from 293 to 313 K were collected. The concentration of CA in the aqueous amine solution with its concentration ranging among 0.1–0.5 kmol/m   3   varies in 0–50 g/m   3  . The base-catalyzed hydration mechanism is selected to interpret the reaction mechanism of CO2 reaction with aqueous amine solutions. The collected experimental data is fitted by the empirical power law equation to determine the possible reaction order in each reaction system. The kinetic constants under the catalysis of CA were also investigated and the results showed that the pseudo first-order reaction rate (  k  0 , a m i n e   ) catalyzed by CA is significantly increased as compared to the absence of CA. A new kinetics model of CA-catalyzed absorption of CO2 in aqueous tertiary amine solutions was established and used to compare with experimental date.




2. Materials and Methods


2.1. Chemicals


TEA and DEEA are tertiary amines ordered from aladdin Industrial Corporation (Shanghai, China). Their molecular structures are listed in Figure 1. Bovine carbonic anhydrase (BCA) was obtained from Sigma-Aldrich Trading Co., Ltd. (Shanghai, China). The basic information for the chemical reagents are given in Table 1. The desired solution concentration is obtained by confirming the dilution of the chemical reagents with DI-water.




2.2. Experimental Procedure


In an experimental case, the sample of desired CO2 absorbent was prepared by dissolving pre-weighed amine solvent into deionized water with a certain amount of CA. The pure CO2 gas was bubbled into DI-water for a certain period of time to obtain the saturated aqueous solution of CO2. The   k  0 , a m i n e    of CO2 absorption into the aqueous amine solution with or without CA was obtained by the stopped-flow apparatus. The schematic diagram of the stopped-flow apparatus is shown in Figure 2 and its detailed operational description can be found in our previous work [6,9].



In a typical experimental operation, equal volumes of fresh CO2 and amine solutions are pushed into the conductance cell by a gas-driven source. A change in the conductivity signal is observed in the cell since the reaction of CO2 with aqueous amine forms new ionic products. Then the detected signal tends to stabilize before the absorption reaction is complete and reaches equilibrium. The kinetics constant can be obtained by the fitting curve of the conductivity changing with time at different temperatures as listed in our previous work [10]. Each measurement was repeated at least 7 times to ensure the accuracy of the collected data. The effectiveness of the test set-up has been demonstrated in a good consistent with that of Ali et al. [11,12] in our previous work [13].




2.3. Reaction Kinetics of CO2 Absorption


The catalyzed hydration mechanism proposed by Donaldson and Nguyen [14] is commonly used to explain the absorption mechanism of CO2 in tertiary alkanolamine solution (   R 3  N  ). In the process of gas–liquid two-phase contact, the performance of tertiary alkanolamine is like a catalyst that catalyzes the hydration of CO2. The solvent itself does not react directly with CO2. Expressions of the reaction mechanism in CO2-amine-H2O system are given in Equations (1)–(3):


   R 3   N  +  C   O 2    +    H 2  O  ⟷  k  2 ,  a m i n e      R 3  N   H  +  +  HCO 3 −   



(1)






  C  O 2  + O   H  −   ⟷  k  O   H  −      HCO 3 −   



(2)






  C  O 2  +  H 2  O  ⟷  k   H 2  O     H 2  C  O 3   



(3)







Then, the overall rate constant (kmol/m   3  ·s    − 1   ) of CO2 absorption in aqueous amine solution can be expressed as:


   r  C  O 2    =  k  0 , a m i n e     C  O 2    =    k  2 , a m i n e     a m i n e   +  k  O  H −      O  H −    +  k   H 2  O       C  O 2     



(4)







In most of the published studies, the contribution of CO2 reacting with OH− and H2O shown in reactions 2–3 to the overall absorption process can be neglected [15,16]. Then the reaction kinetic constants (  k  0 , a m i n e   ) throughout the CO2 absorption process is completely determined by reaction 1. Subsequently, the pseudo first-order equation shown in Equation (5) can be used to describe the reaction between CO2 and tertiary amine solution.


   k  0 , a m i n e   =  k  2 , a m i n e     a m i n e    



(5)







CA was first found in red blood cells [17] and has been proved to be a very efficient catalyst for the conversion of CO2 to HCO3−. CA is a broad group of zinc metal-proteins (enzymes) existing in three genetically unrelated families of isoforms (  α , β , γ  ). The mechanism of CO2 hydration catalyzed by CA was introduced in detail by Lindskog et al. [18] as shown in Equations (6)–(8):


  EZn  H 2  O ↔   H   +    EZnO   H  −    +  B  ↔ EZnO   H  −    +  B    H    +     



(6)






  EZnO   H  −  + C  O 2  ↔ EZnO   H  −  C  O 2  ↔  EZnHCO  3  −   



(7)






   EZnHCO  3  −    +    H 2  O ↔ EZn  H 2    O  +  HCO   3  −   



(8)









3. Results and Discussion


All experimental data are given in Appendix A.



3.1. CO2-Amine-H2O System


The reaction kinetic data between CO2 and aqueous tertiary amine (TEA and DEEA) solution with temperatures ranging from 293 K to 313 K was listed in Table A1. In the CO2-tertiary amine-H2O system, amine itself is the major contributor to the reaction and the contributions of OH− and water can be negligible [15,16]. Then, the base-catalyzed hydration mechanism (Equations (1)–(3)) was used to interpret the possible reaction mechanism of CO2 when reacting with aqueous TEA and DEEA solutions. The collected kinetic data shown in Figure 3 (Table A1) was fitted by Equation (5) to verify the possible reaction order of CO2 absorption in amine solution at the temperatures of 293, 298, 303, 308, 313 K, in which the reaction order is approximately equal to one (1.30–1.36 for TEA and 0.83–1.0 for DEEA) with respect to amine concentration over temperature ranging from 293 to 313 K, respectively.



As can be observed from Figure 3, the pseudo first-order rate constants show a growing trend with increasing concentration and temperature of amine solution. Under experimental temperature, the reaction order with respect to amine concentration was approximately equal to 1 by fitting   k  0 , a m i n e    values using the power law Equation (9).


   k  0 , a m i n e   =  k  2 , a m i n e      a m i n e   n   



(9)




where n is the reaction order.



The above obtained   k  0 , a m i n e    values listed in Table A1 were fitted with Equation (10) in order to get   k  2 , a m i n e    values of these amines. All the fitted results of   k  2 , a m i n e    for TEA and DEEA are given in Table A2. It can be easily found that the   k  2 , a m i n e    value is just a function of temperature. It is widely accepted in published studies that   k  2 , a m i n e    can be fitted according to the Arrhenius expression:


   k  2 , a m i n e   = A · E x p    −  E a    R T     



(10)




where A is Arrhenius constant or pre-exponential constant (m   3  /kmol·s    − 1   ), and   E a   represents the activation energy (kJ/mol) and R represents the universal gas constant (0.008315 kJ/mol·K    − 1   ).



The corresponding Arrhenius equation for   k  2 , a m i n e    with TEA was correlated according to Equation (10) and the results displayed in Figure 4. The calculated activation energy was 45.29 kJ/mol. The Ea values of these amines in the Arrhenius were replaced with calculated values in Equations (11)–(12), respectively.


   k  2 , T E A   = 1.91 ×  10 8  E x p    − 5447  T    



(11)






   k  2 , D E E A   = 1.75 ×  10 12  E x p    − 7142  T    



(12)







Figure 5 showed a comparison between the   k  0 , a m i n e    values obtained with base-catalyzed mechanism and the experimental data. The absolute average deviations (AADs) is calculated as shown in Equation (13). The AADs for CO2–TEA–H2O and CO2–DEEA–H2O systems were 10.8% and 4.5%, respectively.


  A A D =  1 n   ∑ n   a b s    e x p e r i m e n t a l   k  0 , a m i n e    − c o r r e l a t e d   k  0 , a m i n e      e x p e r i m e n t a l   k  0 , a m i n e        × 100  



(13)








3.2. CO2-Amine-H2O Containing CA


The collection of kinetics data was operated almost the same as Section 3.1, except that a quantitative enzyme is added to the amine solution. The concentration of CA was over a range of 0–50 g/m   3   in 0.2 kmol/m   3   aqueous TEA solutions. The results of collected kinetic data was listed in Table A3 and fitted by Equation (14) shown in Figure 6. Compared with the obtained results of Figure 3, it found that the   k  0 , a m i n e    value was obviously accelerated by the existing of CA in the aqueous amine solution. There is a non-linear relationship between   k  0 , w i t h  C A    and CA concentration, which is inconsistent with the test results provided by Alper and Deckwer [19]. The rate constants were well fitted by a linear regression at low amine concentration and reached a maximum value and not changed at higher enzyme concentration. The similar phenomenon was observed in the work of Van Elk et al. [20] on the reaction of CO2 with DMMEA catalyzed by a thermostable variant of the human carbonic anhydrase (5X CA) provided by CO2 Solutions Inc. However, the increase of overall reaction rate constants in the DEEA soulution were not significant. This is because the enzyme shows better activity in a near neutral environment and the pKa value of DEEA has a key impact on the catalytic activity of enzyme. Similar conclusions were reached by Wilk et al. [21] when using N-methyldiethanolamine (MDEA) and the activator in the form of piperazine.



Subsequently, the overall catalyst enhancement (CE) was defined in enzyme catalyzed CO2 absorption system, which represented the ratio of reaction rate constant as listed in Model 1 (  C E =    k  0 , w i t h  C A   −  k  0 , w i t h o u t  C A     k  0 , w i t h o u t  C A     ) and another correlation one marked as Model 2 (  C E =   k  0 , w i t h  C A    k  0 , w i t h o u t  C A     ), which is used to correct the experimentally determined   k  0 , w i t h  C A    values in CO2-MDEA system using human carbonic anhydrase (HCA) as additive agent introduced by Penders-van Elk et al. [8] However in order to further study the effect of CA on the   k  0 , a m i n e   , the influence of amine itself needs to be removed. The termed Model 3 listed in Equation (14) was selected in this work, in which the reaction rate constant of CO2 reacting with hydroxyl ion in present of enzyme was considered to exclude the effect of amines on CA activity, which is different from Model 1 and Model 2.



It is worth noting that both above Model 1 and 2 were not selected in this work but Equation (14) was used for data fitting as listed in our previous work on MDEA and DMEA containing carbonic anhydrase [6]. Table A4 listed the kinetic data of CO2 absorption in various amine solutions at temperatures from 293 to 313 K and the obtained results as shown in Figure 7 show that there is a linear trend in both aqueous solutions of TEA and DEEA. In CO2-DEEA-H2O system, the CA shows partial activity at lower concentrations and no obvious regular catalytic activity in this amine system, which means the model of Equation (14) is not suitable for this system. This phenomenon is likely because the overall absorption rate is not limited by enzymatic turnover once the enzyme is sufficiently concentrated.


  C E =    k  0 , w i t h  C A   −  k  O H − C A , a m i n e     k  0 , a m i n e    =    k 3    C A     1 +  k 4    C A      



(14)




where   k  0 , w i t h  C A    is reaction rate constant of CA-CO2-amines-H2O system,   k  0 , a m i n e    is the reaction rate constant of CO2-amine-H2O system, and   k  O H −    represents the reaction rate constant of CO2 reacting with OH− in the solution which can be found in the work of Pinsent et al. [22].   k 3   and   k 4   are parameters of Equation (14) as a function of temperature following Arrhenius relationship. The catalyst enhancement value reflects the extent to which CA promotes the CO2 absorption into the amine solution compared to that uncatalyzed reaction.



Equations (15) and (16) is the results of the intercept values in Figure 8 fitted in an Arrhenius relationship. In this work, the reaction rate constant is defined as   k  O H − C A , a m i n e   . The reaction kinetics fitting of CO2 reacting with aqueous solution of different amines including TEA were performed. Equation (20) can be obtained combing Equations (4) and (14). The   k  0 , w i t h o u t  C A    can be replaced by   k  2 , a m i n e    multiplying amine concentration. The values of the calculated   k  0 , a m i n e    shown in Equations (19) and (20) are plotted versus the experimental values in Figure 9. It showed a good performance in predicting   k  0 , w i t h  C A    values of CO   2  -TEA-H   2  O solution with the AADs of 23.38%.


   k  O H − C A , T E A   = 9.97 ×  10 8  E x p    − 5564  T    



(15)






   k  O H − C A , D E E A   = 5.15 ×  10 10  E x p    − 6866  T    



(16)






   k  3 , C A − T E A   = 9.34 ×  10 3  E x p    − 2791  T    



(17)






   k  3 , C A − T E A   ≈ 0  



(18)






   k  0 , w i t h  C A   = C E ×  k  0 , w i t h o u t  C A     +    k  O H − C A , a m i n e    



(19)






   k  0 , w i t h  C A     =      k 3    C A    k  2 , a m i n e     a m i n e     1   +    k 4    C A       +    k  O H − C A , a m i n e    



(20)









4. Conclusions


The stopped-flow apparatus was used in this work for the acquisition of the kinetic data between CO2 and aqueous TEA or DEEA solutions. With this useful kinetics data, the possible reaction mechanism of CO2 absorption in amine solutions can be inferred. By comparing the experimental   k  0 , a m i n e    values with that of the calculated results, it was found that the AADs were 10.80 and 9.95% in CO2-TEA-H2O and CO2-DEEA-H2O system, respectively. This obtained results proved that the based catalyzed mechanism was suitable to interpret the reaction pathway of CO2 absorption into aqueous TEA and DEEA solutions.



Adding a certain amount of CA to the aqueous solution of TEA and DEEA can significantly improve the absorption rate of CO2. With increasing amine concentrations, temperature and CA amounts, the reaction rate constant was obviously improved. Then, an catalyst enhancement (CE    C A , a m i n e   ) is introduced to express the catalytic activity of CA in CO2 absorption using TEA and DEEA solutions. The results fitted by the new kinetics model showed reasonably good performance in predicting results of pseudo first-order reaction rate constant (  k  0 , w i t h  C A   ) in CO2-TEA-H2O with the AADs of 23.38%. While in CO2-DEEA-H2O system, the CE model was not applicable due to the high pKa value of DEEA.
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Abbreviations




	TEA
	Triethanolamine



	DEEA
	2-(Diethylamino)ethanol



	CA
	Carbonic Anhydrase



	HCA
	Human Carbonic Anhydrase



	CE
	Catalyst Enhancement



	Ea
	activation energy (kJ/mol)



	R
	universal gas constant (0.008315 kJ/mol·K    − 1   )



	T
	temperature (K)



	   [ ]   
	concentration (kmol·m    − 3   )



	   k 0   
	first order reaction rate constant (s    − 1   )



	   k  2 , a m i n e    
	second order reaction rate constant (m   3  · mol    − 1    ·s    − 1   )



	   k  0 , w i t h o u t  C A    
	first order reaction rate constant (s    − 1   ) without enzyme



	   k  0 , w i t h  C A    
	first order reaction rate constant (s    − 1   ) with enzyme



	   k  O H − a m i n e    
	reaction rate constant of CO2 reacting with hydroxyl ion in absence of enzyme



	   k  O H − C A , a m i n e    
	reaction rate constant of CO2 reacting with hydroxyl ion in present of enzyme



	   r      e r r o r   t y p e   c e   C O 2        
	the total CO2 reaction rate (kmol·m    − 3   ·s    − 1   )



	CE
	catalyst enhancement



	   k  O  H −     
	reaction rate constant of CO2 reacting with hydroxyl ion determined by Pinsent et al.



	   k  3 , C A − a m i n e    ′    
	parameter of Equation (14)



	   k  4 , C A − a m i n e    ′    
	parameter of Equation (14)
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Table A1. Experimental kinetics data (  k  0 , a m i n e   ) of TEA extracted from stopped-flow apparatus over a concentration range of 0.10–0.50 kmol/m   3   and a temperature range of 293–313 K.






Table A1. Experimental kinetics data (  k  0 , a m i n e   ) of TEA extracted from stopped-flow apparatus over a concentration range of 0.10–0.50 kmol/m   3   and a temperature range of 293–313 K.





	
Amine Concentration (kmol/m    3   )

	
Temperature (K)




	
293

	
298

	
303

	
308

	
313






	
TEA

	

	

	

	

	




	
0.1

	
0.12

	
0.15

	
0.18

	
0.20

	
0.24




	
0.2

	
0.30

	
0.41

	
0.56

	
0.75

	
1.01




	
0.3

	
0.45

	
0.64

	
1.02

	
1.34

	
1.74




	
0.4

	
0.75

	
1.04

	
1.39

	
1.94

	
2.38




	
0.5

	
0.94

	
1.38

	
1.92

	
2.61

	
3.33




	
Reaction order

	
1.30

	
1.39

	
1.34

	
1.38

	
1.36




	
R   2   value

	
0.9926

	
0.9971

	
0.997

	
0.9974

	
0.9943




	
DEEA

	

	

	

	

	




	
0.1

	
4.12

	
6.23

	
9.33

	
14.54

	
22.12




	
0.2

	
9.37

	
14.29

	
21.04

	
31.38

	
45.65




	
0.3

	
13.07

	
21.29

	
32.23

	
47.20

	
65.60




	
0.4

	
18.05

	
27.71

	
40.96

	
58.74

	
79.12




	
0.5

	
22.67

	
34.38

	
50.61

	
68.22

	
94.81




	
Reaction order

	
1.0

	
0.99

	
0.98

	
0.89

	
0.83




	
R   2   value

	
0.9979

	
0.998

	
0.9968

	
0.9907

	
0.9939
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Table A2. The   k  2 , a m i n e    values of CO2 absorption into aqueous TEA and DEEA Solutions.






Table A2. The   k  2 , a m i n e    values of CO2 absorption into aqueous TEA and DEEA Solutions.





	
T (K)

	
   k  2 , amine     (m    3   ·mol     − 1    ·s     − 1    )




	
TEA

	
DEEA






	
293

	
1.59

	
44.42




	
298

	
2.21

	
68.55




	
303

	
3.06

	
101.91




	
308

	
4,06

	
148.58




	
313

	
5.17

	
211.11
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Table A3. Experimental kinetics data of   k  0 , w i t h  C A    of CO2 reacting with 0.5 kmol/m   3   TEA and DEEA Containing various amounts of CA over a temperature range of 293–313 K.






Table A3. Experimental kinetics data of   k  0 , w i t h  C A    of CO2 reacting with 0.5 kmol/m   3   TEA and DEEA Containing various amounts of CA over a temperature range of 293–313 K.





	
CA Concentration (g/m    3   )

	

	
Temperature (K)




	
293

	
298

	
303

	
308

	
313






	
CA+TEA

	

	

	

	

	

	




	

	
5

	
2.12

	
2.62

	
3.20

	
3.84

	
4.36




	

	
15

	
9.04

	
10.20

	
12.42

	
14.71

	
17.94




	

	
25

	
20.99

	
23.50

	
27.08

	
30.56

	
36.49




	

	
35

	
25.07

	
29.28

	
33.26

	
39.75

	
47.16




	

	
50

	
38.55

	
44.38

	
50.45

	
59.28

	
70.57




	
CA+DEEA

	

	

	

	

	

	




	

	
5

	
21.84

	
31.34

	
45.87

	
63.20

	
82.41




	

	
15

	
24.97

	
31.51

	
43.34

	
58.98

	
79.34




	

	
25

	
27.66

	
36.47

	
47.76

	
64.76

	
84.03




	

	
35

	
29.84

	
37.16

	
49.06

	
65.36

	
83.58




	

	
50

	
41.46

	
48.34

	
60.22

	
73.64

	
90.99
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Table A4. Experimental kinetics data of   k  0 , w i t h  C A    of CO2 reacting with aqueous TEA and DEEA solutions containing 3 g/m   3   CA over a temperature range of 293–313 K.






Table A4. Experimental kinetics data of   k  0 , w i t h  C A    of CO2 reacting with aqueous TEA and DEEA solutions containing 3 g/m   3   CA over a temperature range of 293–313 K.





	
Amine Concentration (kmol/m    3   )

	

	
Temperature (K)




	
293

	
298

	
303

	
308

	
313






	
TEA+CA

	

	

	

	

	

	




	

	
0.1

	
5.57

	
8.14

	
10.37

	
12.78

	
15.32




	

	
0.2

	
7.54

	
9.17

	
11.09

	
13.25

	
16.80




	

	
0.3

	
8.86

	
10.78

	
12.62

	
14.72

	
17.68




	

	
0.4

	
10.99

	
12.92

	
15.47

	
17.41

	
20.31




	

	
0.5

	
12.70

	
14.26

	
16.62

	
18.38

	
21.49




	
DEEA+CA

	

	

	

	

	

	




	

	
0.1

	
7.66

	
10.44

	
13.88

	
18.38

	
26.84




	

	
0.2

	
12.57

	
15.29

	
21.13

	
31.28

	
45.13




	

	
0.3

	
16.59

	
20.62

	
29.68

	
41.09

	
56.92




	

	
0.4

	
20.93

	
26.56

	
36.56

	
51.40

	
69.18




	

	
0.5

	
24.97

	
31.51

	
43.34

	
58.98

	
79.34
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Figure 1. Molecular structure of: (a) triethanolamine (TEA) and (b) 2-(diethylamino)ethanol (DEEA). 
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Figure 2. Schematic diagram of the experimental device. 
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Figure 3. The   k  0 , a m i n e    values of CO2 reacting with aqueous TEA and DEEA solution at the temperatures of 293–313 K: (a) represents TEA–CO2–H2O system and (b) represents DEEA–CO2–H2O system. 
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Figure 4. Plot of   k  2 , a m i n e    obtained by Equation (5) and Table A1 for reaction of CO2 with TEA and DEEA solution over temperature range of 293 to 313 K. 
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Figure 5. A comparison between the calculated   k  0 , a m i n e    values and that of collected experimental results: (a) TEA–CO2–H2O system; (b) DEEA–CO2–H2O system. 






Figure 5. A comparison between the calculated   k  0 , a m i n e    values and that of collected experimental results: (a) TEA–CO2–H2O system; (b) DEEA–CO2–H2O system.



[image: Processes 09 02140 g005]







[image: Processes 09 02140 g006 550] 





Figure 6. The changed   k  0 , a m i n e    value of CO2 reacting with amine solutions with a certain amounts of carbonic anhydrase in the amine-CA-CO2-H2O system over temperature range of 293–313 K: (a) represents the TEA-CA-CO2-H2O system; (b) represents the DEEA-CA-CO2-H2O system. 
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Figure 7. The   k  0 , w i t h  C A    values of CO2 reacting with amine solutions under 3 g/m   3   CA in the reaction system over temperature range of 293–313 K: (a) represents the TEA–CO2–H2O system; (b) represents the DEEA–CO2–H2O system. 
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Figure 8. Plot of the values of intercept with 3 g/m   3   CA in CO2–TEA–H2O and CO2–DEEA–H2O system at temperatures of 293–313 K in Figure 7. 
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Figure 9. The comparison of experimental and calculated pseudo first–order reaction rate constant (  k  0 , w i t h  C A   ). 
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Table 1. Chemicals used.
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	Component
	CAS
	MW (g/mol)
	Purity (%)
	Supplier





	TEA
	102-71-6
	149.19
	99%
	aladdin



	DEEA
	100-37-8
	117.19
	99%
	aladdin



	CA
	9001-03-0
	-
	⩾3000 units/mg
	Sigma-Aldrich
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