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ABSTRACT 

Industrial activities such as natural gas purification and fossil-fueled power plants emit high quantities of 

carbon dioxide (CO2), which is the most significant greenhouse gas and has a significant impact on 

climate change. The most industrially practiced technology for CO2 capture is absorption into various 

types of amines, particularly monoethanolamine (MEA). However, these absorbents have a limited CO2 

absorption capacity, suffer from solvent losses due to the high volatility in the stripping column, have a 

high energy consumption in the regeneration step, and are corrosive. Therefore, there is a motivation in 

finding new alternative absorbents to improve the absorption performance and make post-combustion 

technology more economical. In this work, after a prescreening, several chemical absorbents including 2-

((2-aminoethyl)amino)ethanol (AEEA), methyldiethanolamine (MDEA), piperazine (PZ), 

triethylenetetramine (TETA), 2-methylpiperazine (2-MPZ), 2-Amino-2-methyl-1-propanol (AMP), 

monoethanolamine (MEA), trisodium phosphate (TSP), potassium carbonate (K2CO3), potassium salts of 

sarcosine (K-Sar), lysine (K-Lys), glycine (K-Gly), proline (K-Pro), alanine (K-Ala) and serine (K-Ser) 

were selected based on their chemical structure and also their potential for industrial application. The use 

of blended absorbents to develop a new solvent with various advantages is considered a suitable method 

to improve the CO2 absorption. In this regards, blend solutions of K2CO3/TSP with amine additives, 

MDEA + Lys and MEA + Lys were suggested as absorbent and their CO2 absorption performance was 

investigated. Several equipment including stirred cell reactor, Ubbelohde viscometer, Gay-Lussac 

pycnometer, Benchtop pH meter, Metrohm Autolab were used in this work to study of CO2 absorption 

different solutions. Experiment measurements were performed at temperatures between 298 and 323 K, 

CO2 partial pressures up to 500 kPa and various concentrations of solvent. Density, viscosity, corrosion 

rate and as well as pH of solvents were measured. The CO2 loading capacity of solvent was also 

determined and the results were compared with other conventional solvents such MEA and MDEA. In 

addition, the effect of temperature, concentration, pressure and additive type on CO2 loading capacity of 

solution was evaluated and explained in details. Reaction mechanism between CO2 and different solvents 

was studied and equilibrium constants of reactions were obtained. Then, a thermodynamic model based 



 

on the modified Kent-Eisenberg theory was successfully developed using MATLAB software to predict 

experimental CO2 loading data. CO2 absorption heat was another important parameter of solvent which 

was reported in this work. Heat of CO2 absorption of all of blend solutions was estimated using the 

Gibbs-Helmholtz method and compared with other absorbents. The absorption rate of CO2 in solvents 

was measured experimentally using a fall in pressure method. Furthermore, characterization and kinetics 

of the reaction of CO2 with solvents was studied and described in detail using zwitterion mechanism. In 

order to study reaction kinetics, it was necessary to obtain several physical properties of solvents. 

Therefore, the values of the liquid mass transfer coefficient, overall mass transfer coefficient, Henry’s 

constant, CO2 and N2O diffusivity were calculated. The kinetics parameters of each solvent such as Hatta 

number, enhancement factor, the reaction rate constant, reaction order and activation energy were found 

and a rate model was developed to describe the experimental absorption rate data. Finally, toxicity of 

different amines and amino acids was studied and discussed. In this work, 18 blended solutions including 

2 inorganic solvents, 5 cyclic diamines, 1 primary amine, 1 tertiary amine, 1 sterically hindered amines, 6 

amino acid salts as solvent for CO2 capture from flue gas were screened in terms of density, viscosity, 

kinetics, absorption heat, CO2 loading capacity, toxicity and corrosion rate, and the results were explained 

in details in next sections. The objectives of this work are, a) to develop of novel solvents for CO2 

capture, b) to measure chemical and physical properties of solvents, c) to understand the fundamental 

thermodynamic behavior associated with the CO2 absorption in solvent, d) to evaluate potential of 

different solutions as solvent for CO2 capture. 
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Thesis objectives and outline 

The selection of a suitable chemical solvent plays a critical role in CO2 absorption process because the 

performance of process is significantly dependent on the behavior of the solvent. Monoethanolamine as 

the most popular solvent in chemical absorption presents several weaknesses, which limits its industrial 

application. Therefore, a need exists to find more energy efficient and environmentally friendly solvents. 

This thesis focuses on the development of new chemical solvents for post-combustion CO2 capture 

process. To achieve this goal, the physicochemical properties of different types of amine solutions were 

measured and their CO2 absorption performance was studied experimentally and theoretically. The 

chapters of this thesis are organized as follows: 

Chapter 1 provides a brief introduction of CO2 absorption using different technologies. In addition, the 

main categories of solvents include inorganic absorbents, ionic liquids, alkanolamines, amino acids, 

cyclic amines and sterically hindered amines was explained in this chapter and their advantages and 

disadvantages were discussed. The most recent information available in the literature on the potential of 

using amino acids as a solvent for CO2 was also reviewed. 

Chapter 2 mainly focuses on the reaction mechanism between CO2 and different chemical solvents.  

Chapter 3 introduces different experimenetal equipment used in this work as well as calculation method 

for determining physicochemical properties of amine solutions. 

Chapter 4 presents absorption characterization of CO2 in different solvents. The density, viscosity, CO2 

loading capacity, corrosion rate, pH, CO2 absorption heat, CO2 diffusivity, CO2 physical solubility, 

toxicity, absorption rate and kinetics of CO2 absorption were measured experimentally, and the results 

were reported in several tables and figures. 

Chapter 5 describes thermodynamic models which were used to predict experimental data obtained in this 

work. 

Chapter 6 summarizes the conclusions from all chapters and gives suggestions for the future work. 
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INTRODUCTION 

 

1.1. Global warming and CO2 emission 

Nowadays, the earth’s rising temperature, due to increasing greenhouse gas emissions from large sources 

such as fossil fuel power plants, is one of the most important environmental concerns [1]. As shown in 

Figure 1.1, carbon dioxide (CO2) emission as an important greenhouse gas is considered to play a major 

role in climate change, particularly in global warming [2]. The stronger storms, loss of animal and plant 

habitats, increase in sea level and extreme weather are another environmental issues regarding increasing 

atmospheric concentration of CO2 [3]. Hence, CO2 removal from industrial processes is essential in order 

to reduce the impacts of greenhouse gases significantly.  

 

Figure 1.1 Proportional emissions of greenhouse gases to the atmosphere [4] 

1.2. Capture technologies 

Carbon capture and storage (CCS) is one of the most efficient methods which is applied in the industrial 

sector and in power generation, and can capture up to 90% of the CO2 emissions produced from the fossil 

fuel combustion [5]. As can be seen in Figure 1.2, CCS consists of three main parts including CO2 

absorption, transporting the CO2 by pipeline or ship, and storing the CO2. CO2 capture from power plants 

can be technically applied by three main technologies including post-combustion CO2 capture, oxy-

combustion and pre-combustion [6]. 
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Figure 1.2 Carbon capture and storage technology [7] 

1.2.1. Post-combustion 

According to Figure 1.3, this technology uses a chemical solvent to absorb CO2 directly from flue gas 

which released from fuel combustion in air. Post-combustion capture is widely employed due to its high 

capture efficiency and scale-up feasibility, and includes several technologies such as cryogenic method, 

membrane separation process, physical and chemical absorption and physical adsorption [8]. However, 

low concentration of CO2 in flue gas is a challenge in this absorption process [9]. 

 

Figure 1.3 Schematic diagram of post-combustion capture [10] 
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1.2.2. Pre-combustion 

Pre-combustion is relatively new technology associated with carbon capture, and is more complex than 

post-combustion which leads to a higher capital cost. In this approach CO2 is recovered from a stream 

before burning the fuel. The advantages of this process are high energy efficiency and high concentration 

of CO2 [8]. A schematic representation of this technology is shown in Figure 1.4. 

 

Figure 1.4 Schematic diagram of pre-combustion capture [11] 

 

1.2.3. Oxy-combustion 

This technology as given in Figure 1.5 is based on burning the fuel with oxygen instead of air. The 

drawbacks of this process are high SO2 concentration in the flue gas, high cost of air separation step and 

special construction materials requirement for boiler [9]. 

Each of these three technologies has its own advantages and disadvantages. The choice of the suitable 

technology depends on the several factors such as gas composition, gas impurities specification and 

configuration of the actual plant. Pre-combustion can be applied in natural gas combined cycle power 

generation. However, the required additional investment cost for the syngas generation makes pre-

combustion capture from an economic point of view, less attractive compared to the post combustion 

capture route using chemical solvents [6]. At the moment, post-combustion carbon capture (PCC) is the 

only industrial CO2 capture technology being demonstrated at full commercial scale. The post-

combustion technologies are cheaper and simpler to be integrated, therefore most of studies and 
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investment in NGCC focused on post-combustion technologies. This work focuses on post-combustion 

CO2 capture technology using chemical solvent. 

 

Figure 1.5 Schematic diagram of oxy-combustion capture [11] 

1.3. CO2 capture using Chemical Solvent 

CO2 capture using chemical solvent is the most attractive technology because of its advantages, including 

its compatibility with the low partial pressure of CO2 in flue gas and its applicability to the current 

operating facilities [12]. In this process, flue gas including around 15 % CO2 is introduced to the bottom 

of absorption column while reactive solvent is pumped to the top of the column as presented in Figure 

1.6. During contact between flue gas and chemical solvent, CO2 reacts and is absorbed in the solution at 

313 K and clean gas leaves absorber. Then, solvent containing CO2 is fed to desorption column. The 

solvent is regenerated at temperature around 393 K and the lean solvent again is pumped back to 

absorption column for another round of absorption [13]. 

Monoethanolamine (MEA) solution is the most popular chemical solvent for the uptake of CO2 due to 

fast reaction kinetics with CO2, high alkalinity and low cost [14]. However, MEA has several operational 

issues, including high thermal degradation, low CO2 loading capacity, corrosion of equipment, solvent 

loss and high energy consumption for regenerating which leads to a high cost of CO2 capture process 

[15]. Other chemical solvents such as methyldiethanolamine (MDEA) and diethanolamine (DEA) 

solutions have also been used for CO2 capture but they suffered from similar limitations. 
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Therefore, the development of new absorbents with desired properties and high performance for CO2 

capture is one of the most effective methods to minimize the cost and penalty in the power plant 

efficiency, and make the process both more economical efficient as well as environmental safe [16]. 

 

Figure 1.6 Process flow diagram for CO2 absorption with chemical absorbent [17] 

1.4. Types of solvents 

The selection of an appropriate absorbent is one of the main challenges in CO2 absorption process 

because efficiency and economics of a commercial scale operation depends on solvent characteristics 

[18]. To be selected as a solvent, it needs to satisfy several desired properties, including high CO2 loading 

capacity, fast kinetics with CO2, low volatility and viscosity, high chemical and thermal stability, low heat 

of absorption, high CO2 selectivity, less toxicity and corrosive [19]. 

Fast reaction kinetics between CO2 and solvent is necessary because of its relation with height of the 

absorber tower. A high absorption rate leads to smaller absorber size and thereby lowering the capital 

investment cost [20]. CO2 cyclic capacity of solvent is another important parameter which should be 

considered during solvent selection. A solvent with high cyclic capacity needs lower circulation rate, thus 

reducing the size and cost of heat exchanger [21]. Energy requirement for regeneration of solvent 

accounts for about 70% of the overall operating cost [10]. Therefore, that is so important to select an 

absorbent with low heat of CO2 absorption to minimize the energy cost of the process [22]. 

Before applying a new solvent on pilot plant scale, its corrosion rate needs to be evaluated. The corrosion 

problem has a major effect on the gas absorption process economy because it causes production losses 

and decreases equipment life time [23]. Foaming, oxidation, thermal degradation, toxicity and volatility 

are other challenges when implementing chemical absorption with solvent. These solvent limitations can 

reduce absorption efficiency, equipment life time and impact directly on the plant’s economy [24,25]. 
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The main categories of solvents include inorganic absorbents, ionic liquids, alkanolamines, amino acids, 

cyclic amines and sterically hindered amines which will be explained in the next sections. 

1.4.1. Amino acids 

An alternative to the use of alkanolamines based solvents are amino acids. Amino acid salt solutions 

gained interest as solvent because of their advantages over amines such as low volatility, less toxicity, 

high surface tension as well as being more environmentally friendly [26]. 

There are 20 common amino acids which are classified into four different groups including cyclic amino 

acid (proline, 4-hydroxyproline), sterically hindered amino acids (alanine, serine), poly amino acids 

(asparagine, glutamine, arginine) and linear amino acids (lysine, glycine, taurine) [27]. Chemical 

structures of amino acids were given in Table 1.1. 

Although amino acid salt solutions are becoming an attractive candidate for CO2 capture due to their 

favorable properties, but they still have their own drawback. The challenge associated with amino acid 

salts is formation of solid product when react with CO2, especially at high concentration. 

The precipitation could cause several operational problems such as fouling and plugging of equipment in 

the CO2 capture processes [28]. This drawback limits their application as a single solvent for CO2 capture 

at a commercial scale. Addition of amino acids to other amines with low concentration could be a suitable 

strategy to address this issue, while maintaining the good performance of amino acids. 

Several researchers investigated performance of potassium salt of amino acids as absorbent for CO2 

capture. In this section, a comprehensive review of using amino acids as absorbent was provided and their 

various properties in terms of CO2 loading capacity, cyclic capacity, density, viscosity, pKa, CO2 physical 

solubility, CO2 diffusivity, kinetic study, reaction rate constant, surface tension, heat of CO2 absorption, 

precipitation, solvent degradation and corrosion rate were discussed. 

This investigation of different amino acids can be useful for choosing the most appropriate amino acid. 

 

 

 

 

 

 



CHAPTER 1                                                                                                                                                                                      22 

 

Table 1.1 Chemical structure of amino acids 

Amino acid Molecular Structure Amino acid Molecular Structure 

 

 

Arginine 
(Arg) 

 

 

 

Alanine 
(Ala) 

 
 

 

Asparagine 
(Asp) 

 

 

 

 

Taurine 
(Tau) 

 

 

 

Aspartic acid 
(Asp acid) 

 

 

 

𝛂-

Aminobutyric 

acid 
(𝛂-ABA) 

 

 
 

Phenylalanine 
(Phe) 

 

 

 

Cysteine 
(Cys) 

 
 

 

Glutamic acid 
(Glu acid) 

 

 

 

Glycine 
(Gly) 

 

 

 

Glutamine 
(Glu) 

 

 

 

Proline 
(Pro) 

 

 

 

Histidine 
(His) 

 

 

 

Serine 
(Ser) 

 
 

 

Leucine 
(Leu) 

 

 

 

Sarcosine 
(Sar)  

 

 

Lysine 
(Lys) 

 

 

 

Valine 
(Val) 

 
 

 

Methionine 
(Met) 

 

 

 

Threonine 
(Thr) 

 
    



INTRODUCTION                                                                                                                                                                             23 

 

1.4.1.1. CO2 loading capacity of amino acids 

The CO2 loading capacity of a solvent which is defined as the number of absorbed CO2 moles per mole of 

solvent, is one of the most important parameters of an absorbent in the CO2 capture process. CO2 loading 

data at different temperatures, pressures and solvent concentrations are critical to develop an optimal 

capture process and helpful in selection of an appropriate solvent [29]. Many publications reported CO2 

loading capacity of amino acid salt solutions at different experimental conditions as listed in Table 1.2. 

Table 1.2 Experimental results for CO2 loading capacity of different amino acid salt solutions. 

Solution T (K) Concentration 𝐏𝐂𝐎𝟐  (kPa) CO2 loading Ref. 

N-Gly 303 - 323 10 - 30 wt% 0.1 - 200 0.17 - 1.07 [34] 

K-Gly 293 - 351 0.1 - 3 M 0.1 - 100 0.1 - 1.4 [35] 

K-Thr 313 1 M 1 - 42 0.1 - 0.8 [35] 

K-Asp 313 - 353 8.5 - 34 wt% 5 - 950 0.17 - 1.22 [36] 

K-Glu 313 - 353 9.2 - 36.8 wt% 5 - 950 0.28 - 1.44 [36] 

K-Pro 285, 323 0.5 - 3 M 0 - 70 0.5 - 0.9 [37] 

K-Lys 313, 333 2.27 M 0.1 - 18 0.88 - 1.12 [15] 

N-Phe 303 - 333 10 - 25 wt% 200 - 2500 0.2 - 1.8 [29] 

K-Phe 303 - 333 10 - 25 wt% 200 - 2500 0.2 - 1.9 [31] 

K-Tau 333 - 373 2 - 6 M 1 - 100 0.1 - 1.1 [33] 

N-Ala 303 - 333 10 - 30 wt% 200 - 2500 0.3 - 1.8 [30] 

K-Ser 313 - 373 14.3 wt% 0.1 - 433 0.03 - 0.99 [38] 
 

 

For example, Aftab et al. [30] measured CO2 loading capacity of 10-30 wt% sodium alaninate (N-Ala) at 

temperatures of 303 to 333 K and high CO2 partial pressures. It was found that enhancing N-Ala 

concentration from 10 to 30 wt% and temperature led to a decrease in CO2 loading capacity. In addition, 

the authors compared CO2 loading capacity of 30 wt% N-Ala solution with MEA, 2-amino-2-methyl-1,3-

propanediol (AMPD) and sodium glycinate (N-Gly) at the same concentration and 313.15 K, and 

observed that N-Ala has higher CO2 loading capacity than others at CO2 partial pressures higher than 15 

kPa. They explained that the better performance of N-Ala is due to unstable carbamate formation between 

CO2 and N-Ala solution.  

In another study, Garg et al. [29,31] added sodium hydroxide and potassium hydroxide to phenylalanine 

in order to prepare sodium and potassium salts of phenylalanine, respectively. They discovered that 

potassium salt of phenylalanine (K-Phe) showed a better performance than sodium salt of phenylalanine 

(N-Phe). Moreover, their results showed that 25 wt% K-Phe exhibits higher CO2 loading capacity than 30 

wt% MEA, but lower than 30 wt% MDEA. 
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The authors also claimed that N-Phe can be considered as an attractive solvent at high partial pressure of 

CO2. They explained that unstable carbamate formation as a result of the reaction of sodium salt of 

phenylalanine with CO2 is converted to bicarbonate and free amine molecules which leads to high CO2 

loading capacity. 

Likewise, Kumar et al. [32] and Wei et al. [33] investigated the CO2 loading capacity of potassium taurate 

(K-Tau) at temperatures 298-373 K using stirred-cell reactor. According to their results, the partial 

pressure of CO2 increases when concentration of K-Tau decreases from 6 molar to 2 molar due to fewer 

free K-Tau molecules in lower concentrations. 

Subsequently, CO2 loading capacity data in solutions of N-Gly and potassium glycinate (K-Gly) were 

published by several researchers. For example, Song et al. [34] compared 10 wt% N-Gly solution with 

MEA, AMPD and triisopropanolamine (TIPA) at the same concentration and at 313 K. Their results 

revealed that the CO2 loading capacity in N-Gly is the highest as compared with the solvents studied. In 

addition, they indicated that there was no change in the net amount of CO2 absorbed by N-Gly when the 

concentration was increased from 20 wt% to 30 wt%. 

Potassium salts of asparagine (K-Asp) and glutamine (K-Glu) are another two amino acids that were 

evaluated by Chen et al. [36] at temperatures and CO2 partial pressures of 313-353 K and 5-950 kPa, 

respectively. Their experimental results showed that the CO2 loading capacity of K-Asp and K-Glu 

decreases when temperature increases from 313 to 353 K due to the exothermic nature of CO2 absorption. 

They also compared the absorption performance of CO2 in K-Glu solution with two conventional 

alkanolamines at 313.15 K. Their comparison demonstrated that CO2 loading in 18 wt% K-Glu was 

higher than 30 wt% MDEA and 30 wt% 2-amino-2-methyl-1-propanol (AMP). Moreover, CO2 loading 

capacity was found to be the same for 17 wt% K-Asp and 16 wt% K-Tau solutions as well as 18 wt% K-

Glu and 11 wt% K-Gly solutions.  

Majchrowicz et al. [37] obtained CO2 loading capacity of potassium prolinate (K-Pro). They observed 

that CO2 partial pressure has a positive effect on CO2 loading capacity of the solution due to the increase 

in the concentration gradient. In addition, a comparison between K-Pro and MEA solutions showed that 

K-Pro solution has a higher CO2 loading capacity than MEA only at low partial pressure of CO2. 

Solutions of potassium serinate (K-Ser) and  potassium threonate (K-Thr) were proposed by Song et al. 

[38] and Portugal et al. [35], respectively. According to their observations, 14.3 wt% K-Ser solution has 

better CO2 loading capacity than 15 wt% MEA at CO2 partial pressures above 10 kPa and 313.15 K while 

at high temperatures and low CO2 partial pressure, MEA shows a much better performance.  

Kang et al. [40] selected 4 molar potassium sarcosinate (K-Sar) solution as an absorbent for CO2 capture 

and studied its performance at temperatures 313, 333 and 353 K using a vapor-liquid equilibrium 

apparatus. It was found that K-Sar presents the lowest CO2 loading capacity when compared to K-Ala and 
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K-Ser solutions at a CO2 partial pressure of 15 kPa. This weak performance of K-Sar in comparison to 

other two amino acid salts is due to its lower basicity (pKb = 11.64) than serine (pKb = 9.15) and alanine 

(pKb = 9.69).  

CO2 loading experiments in potassium lysinate (K-Lys) solutions were carried out by several researchers 

[15,42]. The results showed that there is no difference between CO2 loading capacity of 33 wt% and 41 

wt% K-Lys. Therefore, the selection of a suitable concentration in this case is necessary to save material 

cost. 

Additionally, K-Lys presented a higher CO2 loading capacity than K-Pro and MEA solutions which can 

be explained due to their difference in pH of solution and molecular structure. K-Lys has two amino 

groups which are involved in the reaction with CO2 while K-Pro and MEA have only one amino group. In 

addition, K-Lys solution also has higher pH than K-Pro solution, thus K-Lys is more basic than K-Pro. 

Since carbamate stability decreases with basicity of α-amino group, greater CO2 loading capacity is 

expected [15].  

Chang and et al. [41] observed that potassium aminobutyrate (K-ABA) solution shows different behaviors 

at different partial pressures of CO2. When partial pressure of CO2 is high, CO2 loading of 13 wt% K-

ABA solution is greater than 15 wt% MEA and 14 wt% K-Pro at 313.15 K. 

However, K-ABA solution absorbs less CO2 than K-Pro in low partial pressure. The authors explained 

that this better performance of K-ABA solution is due to bicarbonate formation during reaction with CO2 

while K-Pro produces stable carbamate. Based on the review above, it was found that amino acid 

solutions have different behaviors at different experimental conditions.  

In order to have a better analysis of performance of amino acids in terms of CO2 loading capacity, a 

comprehensive comparison between CO2 loading capacity of potassium and sodium salts of various types 

of amino acids and MEA solution was carried out at 313.15 K and a wide range of CO2 partial pressures 

as presented in Figure 1.7.  

It can clearly be seen that K-Lys and K-Glu have the highest CO2 loading capacity among all amino acid 

salt solutions. This can be explained by the fact that these two amino acids contain two amino groups in 

their structures which can absorb more CO2 during reaction [15].  

Serine, glycine and asparagine are other amino acids which exhibit high CO2 loading capacity due to 

more amine functional groups than other amino acids. Serine as a primary amino acid provides easier 

access of CO2 to its nitrogen atom [38].  

This figure also shows that K-ABA, K-Sar and K-Pro have approximately the same CO2 loading capacity. 

Proline as a secondary amino acid has an amino group and a distinctive structure of a five-membered ring 

[39]. 
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It was found that potassium salt of glycine and phenylalanine has a better absorption performance than 

sodium salt of glycine and phenylalanine. K-Thr and K-Sar solutions indicated the lowest CO2 loading 

capacity among the amino acids studied.  

Based on the analysis above, most amino acid salt solutions have higher CO2 loading capacity than MEA 

solution which makes them attractive solvents for CO2 capture in terms of CO2 absorption capacity. 

Among these amino acids, potassium salts of lysine and glutamine with a higher CO2 loading capacity 

could be promising alternatives to MEA solutions. 

 

Figure 1.7 The CO2 loading capacity of different amino acid salt solutions and MEA at 313 K. 

1.4.1.2. Cyclic capacity of amino acids 

Another important parameter that needs to be considered is cyclic capacity. A solvent with high cyclic 

capacity is favorable to CO2 capture because it reduces the size of the column due to reduced absorbent 

circulation flow rate, thereby reducing process costs [9]. Values of CO2 cyclic capacity can be calculated 

from the difference between the CO2 loading capacity of solvent after absorption (αabs) and the CO2 

loading of solvent after desorption (αdes) according to Eq. (1): 

αcyc = αabs − αdes                                                                                                                                     (1) 

Song et al. [27] reported values of cyclic capacity of some amino acids at absorption and desorption 

temperatures of 313.15 K and 353.15 K, respectively. They concluded that smaller distances between 

amino and carboxyl groups and bulkier substituted groups lead to an enhancement of cyclic capacity. In 

addition, the authors studied the effect of the addition of 0.1 molar piperazine to 1 molar K-Ala, K-Ser 
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and K-ABA solutions and observed that an enhancement in net cyclic capacity (mol CO2/mol solvent) 

from 0.535 to 0.606 for K-Ala, 0.54 to 0.609 for K-ABA and 0.558 to 0.631 for K-Ser solutions. These 

blend solutions also showed a higher net cyclic capacity than 1 molar MEA solution (0.483 mol CO2/mol 

solvent). The strong bonds between CO2 and MEA which cause a difficult desorption process is the 

reason for lower cyclic capacity of MEA in comparison with amino acid salt solutions. 

Aronu et al. [44] investigated cyclic capacity of 2.5 molar K-Sar solution and compared the results with 

2.5 molar MEA solution. It was found that K-Sar has a lower cyclic capacity in comparison with MEA 

due to the lower equilibrium temperature sensitivity of K-Sar. 

CO2 cyclic capacity of K-Lys at absorption temperature of 313.15 K and desorption temperature of 

379.15 K was studied by Zhao et al. [45]. They used two methods, including equilibrium-based and 

continuous absorption-desorption cycles to calculate cyclic capacity. The findings of their study showed a 

high cyclic capacity equal to 0.71 (mol CO2/mol solvent) for 30 wt% K-Lys, which is comparable with 30 

wt% MEA solution which is 0.3 (mol CO2/mol solvent). Moreover, according to their results, cyclic 

capacity values obtained using a continuous-cycle method are lower than values obtained using the 

equilibrium-based method due to unlimited time to reach equilibrium.  

Bian et al. [46] evaluated the cyclic capacity of 27.5 wt% potassium salt of proline at absorption and 

desorption temperatures of 298.15 K and 383.15 K, respectively, and concluded that K-Pro has a higher 

cyclic capacity (αcyc =0.37) than 30 wt% MEA solution (αcyc =0.3). The values of cyclic capacity of 

several amino acid was reported by Aronu et al. [44] and Zhao et al. [45]. 

A comparison between CO2 loading capacity of different amino acid salts and MEA solution was given in 

Figure 1.8. As can be observed from this figure, the highest and the lowest cyclic capacities among amino 

acids were attained for K-Lys and K-Sar solutions, respectively. This shows a poor desorption 

performance for K-Sar which leads to a higher regeneration cost. Although the cyclic capacities of K-Arg, 

K-Ser and K-Asp were lower than K-Lys, these amino acids indicated better cyclic capacity than the 

others. K-Arg exhibits the best cyclic capacity among these three amino acids because of its structure. 

The presence of two primary and two secondary amino groups in its structure make arginine an 

interesting amino acid in terms of cyclic capacity and CO2 loading capacity. The K-Ser might be a better 

choice than K-Asp because serine presents larger values of cyclic capacity and CO2 loading capacity. 

Figure 1.8 also shows that K-Tau has a higher cyclic capacity than K-Gly due to the presence of bulky 

sulfonic groups in the structure of taurine compared to the carboxylic group of glycine [27]. In addition, 

K-Glu and K-Ala have the same cyclic capacity equal to 0.535 (mol CO2/mol amine). 

As an overall conclusion, potassium salts of lysine, arginine, serine and asparagine offer much better 

performance than MEA in terms of cyclic capacity which is favorable to CO2 capture, and thus may be 

more cost saving than others in industrial application. 
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Figure 1.8 Values of cyclic capacity of CO2 in solutions of amino acid [44,45] 

1.4.1.3. Density and viscosity of amino acids 

The values of density and viscosity of amino acid salt solutions are necessary for the design of gas-liquid 

contactors in the absorption process [47]. In the last few years, many researchers have measured the 

density and viscosity of amino acid salt solutions at different temperatures and concentrations.  

Garg et al. [48] showed that density reduces with a rise in temperature. The space between amino acid 

molecules increases at higher temperatures while the mass stays constant, thus decreasing the density. 

It was also found that the density increases when increasing the concentration of amino acids because of 

the higher availability of amino acids molecules [49]. 

Shaikh et al. [50] investigated the effect of temperature on viscosity of amino acid salt solutions and 

concluded that the viscosity decreases with increasing temperature. This effect can be explained due to a 

decrease in the internal resistance of molecules at high temperature. In addition, the viscosity of amino 

acids increases as concentration increases. The reason is that as the concentration increases collisions 

between the molecules increase due to the availability of a higher number of molecules [51]. 

Since viscosity affects mass transfer, amino acid salt solutions with low viscosity benefit from the 

diffusion coefficient of CO2 in the liquid phase, which results in low mass transfer resistance. In addition, 

future work should focus on density and viscosity of CO2 loaded amino acid salt solutions. 
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1.4.1.4. pKa of amino acids 

The dissociation constant (pKa) is another parameter of solvent that should be taken into consideration 

because of its effect on the reaction kinetics of CO2 with solvent [52]. The values of pKa of several amino 

acids along with MEA solution at temperature of 298.15 K are presented in Figure 1.9. As can be seen in 

this figure, most amino acid salt solutions have a greater pKa than MEA which shows high reactivity of 

the amino group in their structure with CO2. Therefore, this factor can be useful during amino acid 

selection for CO2 absorption. 

 

Figure 1.9 pKa values of amino acid salts at 298 K in diluted solutions. 

1.4.1.5. Reactivity of amino acids with CO2 

An ideal solvent for CO2 capture should have a faster absorption rate because it leads to shorter column 

sizes, thus reducing the capital cost of the absorber [59]. The most widely used techniques to investigate 

reaction kinetics of CO2 with chemical absorbents are the string of discs contactor (SDC), wetted-wall 

column (WWC), stirred-cell reactor (SCR) and stopped-flow technique [65]. Many researchers used these 

techniques to study the kinetics of the CO2 absorption in amino acid salt solutions. 

Mahmud et al. [66] measured the rate of CO2 absorption in potassium salts of arginine, sarcosine and 

glycine at temperatures of 293 to 313 K, concentrations of 0.05 to 2 molar and using the stopped flow 

technique. Reaction order with respect to K-Gly, K-Sar and K-Arg was found to be 1, 1.22 and 1.2, 

respectively, which means zwitterion formation is rate-determining. It was also found that the effect of 

hydroxyl ion in the formation of carbamate for K-Gly + CO2 and K-Arg + CO2 systems is negligible 

while this effect is significant for K-Sar + CO2 system. 

6

7

8

9

10

11

12

p
K

a



CHAPTER 1                                                                                                                                                                                      30 

 

Guo et al. [67] determined kinetics data of CO2 absorption in 0.5 to 2 molar K-Gly solution using the 

stopped flow technique and wetted-wall column. They concluded that absorption rate using the stopped 

flow technique shows slower values in comparison with wetted-wall column. 

A string of disks contactor was used by Aronu et al. [68] to study reaction kinetics between CO2 and K-

Sar at temperatures of 298 to 333 K and where the concentration was varied between 1 and 4 M. It was 

found that the reaction order varies from 1.25 to 1.81 when the concentration of K-Sar increases. 

The kinetics of CO2 absorption in histidine at temperatures and concentrations ranging from 298 to 333 K 

and 0.2 to 2 M, respectively, using a wetted-wall column were investigated by Shen et al. [55]. The 

findings of this study showed that K-his has a faster CO2 absorption rate than MEA solution but lower 

than K-Lys, K-Sar, K-Pro and K-Gly solutions. The reaction order was also found to be between 1.22 and 

1.45 with activation energy equal to 25 kJ/mol.  

Kim et al. [60] studied CO2 absorption rate in 1 to 3 molar K-Ala solution using stirred-cell reactor. The 

authors observed absorption rate increases as the temperature and concentration of amino acid increases. 

Wei et al. [33] proposed potassium salt of taurine and evaluated its absorption rate performance at 

temperatures up to 353 K using a wetted wall column. They reported values of reaction order with respect 

to K-Tau and activation energy equal to 1 and 50.5 kJ/mol, respectively. In addition, the overall mass 

transfer coefficient was measured and the effect of temperature, concentration and CO2 loading was 

studied. According to them, the overall mass transfer coefficient increased with temperature and K-Tau 

concentration while it decreased as CO2 loading increased. The reduction of overall mass transfer 

coefficient with CO2 loading is due to a reduction in free taurate molecules available to react with CO2. 

K-Tau solution also showed a faster reaction rate with CO2 at high temperatures in comparison with MEA 

solution.  

In another study, termolecular and zwitterion reaction mechanisms were used by Sodiq et al. [75] to 

analyze CO2 absorption kinetics in sodium salts of proline and taurine solution using the stopped flow 

technique. The zwitterion formation was found to be the rate-determining step during reaction with CO2. 

They also indicated that N-Pro has a faster reaction rate with CO2 than N-Tau solution.  

Portugal et al. [64] measured CO2 absorption rate in K-Thr at temperatures from 293 to 313 K using a 

stirred-cell reactor. It was found that K-The exhibits a faster reaction rate than diethanolamine (DEA) but 

slower than K-Gly. 

Kinetics measurement of CO2 absorption in 0.25 to 2 molar K-Lys and at temperatures of 298 to 333 were 

performed by Shen et al. [59]. The authors demonstrated that K-Lys has a higher chemical reactivity with 

CO2 than K-Pro, K-Sar and MEA solutions. The reaction order was found to be between 1.36 and 1.54 

with respect to K-Lys with means zwitterion deprotonation steps are not much faster than the zwitterion 

formation step.  
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Song et al. [27] studied absorption and desorption rate performance of several amino acids based on their 

molecular structure. They categorized amino acids into four groups, including sterically hindered amino 

acids, poly amino acids, cyclic amino acids and linear amino acids. They concluded that a slower 

absorption rate and faster desorption rate can be achieved for linear amino acids with smaller distances 

between amino and carboxyl groups and bulkier substituted groups. The sterically hindered amino acids 

also showed a slow absorption rate and high desorption rate due to the bulkier substituent group that 

exhibited stronger steric repulsion. The presence of carbonyl oxygen in structure of di-amino acids leads 

to a faster desorption rate and slower absorption rate. Moreover, the slow desorption rate and fast 

absorption rate were explained due to the protruding structures of the cyclic amino acids.  

The Arrhenius curves of the reaction rate constants between CO2 and different amino acid salts were 

shown in Figure 1.10. In addition, a comparison between absorption rate performance of different amino 

acids is necessary in order to better understand the results in the literature. Therefore, overall reaction rate 

constant (Kov) as a function of amino acid concentration at 298.15 K is shown in Figure 1.11. As 

illustrated in this figure, lysine and sarcosine present the fastest reaction kinetics while taurine shows the 

slowest reaction rate among all amino acids. Although proline, arginine and glycine indicate a lower 

absorption rate than lysine and sarcosine, their CO2 absorption rate performance is much better than other 

amino acids. Arginine has a molecular structure similar to primary amines, and therefore is expected to 

have a fast reaction rate. It can also be seen that all amino acids except taurine and alanine have better 

reactivity with CO2 than MEA at concentrations higher than 1 molar. In summary, potassium salts of 

lysine, sarcosine and proline are the most promising amino acids for CO2 capture from the perspective of 

reaction kinetics.  

 

Figure 1.10 Reaction rate constant expressions for CO2 reacting with amino acid salt solutions. 
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Figure 1.11 Overall kinetic constants for CO2 absorption in amino acid salt solutions at 298 K. 
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High surface tension of amino acids due to their ionic nature is one of the advantages which makes them 

an attractive absorbent in membrane gas absorption processes because it can avoid pore wetting at the 

membrane contactor [27]. Since surface tension affects the effective mass transfer area in a packed 

column, it is necessary to study this parameter at different experimental conditions. 

Song et al. [27,38] measured surface tension of several amino acids using a commercial bubble pressure 

meter at a temperature and concentration of 298.15 K and 2.5 M, respectively. In addition, they added 

piperazine (PZ) to alanine and serine, and found that the addition of PZ to amino acids decreases their 

surface tension. 

Lee et al. [77] determined surface tension of 10 to 50 wt% N-Gly solution using an automated 

tensiometer. The results showed that surface tension increases with a rise in concentration of amino acid. 

Surface tension of glycine, sarcosine and taurine at 298.15 K were investigated by Park et al. [78]. Their 

results showed that these three amino acids have higher surface tension than MEA and pure water. They 

also studied the effect of addition of PZ to taurine and glycine and observed that surface tension decreases 

with the addition of piperazine to amino acids.  
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concentration increases from 5wt% to 25wt%. This effect can be explained by the fact that hydroxyl ions 

in amino acid salt solution cause the stability of the surface tension to increase with increasing 

concentration. 

A comparison between surface tension of amino acids with water and MEA solution was presented in 

Figure 1.12. The results demonstrated that K-Gly and K-Pro have the highest and lowest surface tension 

among amino acids.  

Although the surface tension of taurine and alanine is lower than glycine, they showed good performance 

when compared with other amino acids. It can also be observed that potassium salts of glycine, taurine, 

alanine, threonine and sarcosine have higher surface tension than water while the surface tension of 

arginine, phenylalanine and proline were found to be lower than water. 

In addition, Figure 1.12 demonstrates that temperature has a negative effect on surface tension. Molecules 

of water and amino acid salts tend to move apart at high temperature, which causes a weakening of 

hydrogen bonding. Therefore, surface tension decreases with temperature [48] which can help in finding a 

suitable absorbent with high surface tension performance at high temperature for the gas absorption 

process. 

From the surface tension point of view, amino acids would be the right choice due to much higher surface 

tension than MEA which makes them a promising alternative to MEA in a membrane contactor with 

negligible wetting problem.   

 

Figure 1.12 Comparison of surface tension of 1 M amino acid salt solutions with MEA and water. Data taken 

from [27,48,79] 
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1.4.1.7. Heat of CO2 absorption of amino acids 

The greatest challenge in CO2 capture using MEA solution is high energy consumption during 

regeneration of solvent [80]. The reason is that MEA solution as a primary alkanolamine reacts with CO2 

and forms primary stable carbamate which needs high energy for regeneration. Therefore, an important 

requirement of a CO2 chemical absorbent is a lower energy requirement for regeneration which leads to 

reducing total operation costs [81]. 

Zhao et al. [82] estimated the heat of CO2 absorption for potassium salt of lysine using the Gibbs-

Helmholtz equation and concluded that 20-30wt% K-Lys exhibits a lower absorption heat (55-70 kJ/mol) 

in comparison with 30 wt% MEA solution (84.5 kJ/mol). 

In another study [45], they determined the absorption heat for 32 wt% K-Lys solution at different values 

of CO2 loading using a calorimeter. It was found that the heat of CO2 absorption decreases with 

increasing CO2 loading capacity and reaches an absorption heat of about 60 kJ/mol at CO2 loading equal 

to 1.2 (mol CO2/mol solvent). This result can be explained mainly due to the fact that at high CO2 

loading, physical absorption dominates, and bicarbonate is formed that leads to a reduction in heat of CO2 

absorption. 

Aronu et al. [83] calculated absorption heat of 3.5 molar potassium salt of sarcosine at CO2 loading of 0.2 

(mol CO2/mol solvent) and compared it with 30 wt% MEA solution at the same CO2 loading capacity. 

According to their work, K-Sar showed absorption heat of 66.7 kJ/mol which is less than MEA with 

absorption heat 84.5 kJ/mol. 

Majchrowicz et al. [37] measured CO2 solubility of 0.5 molar K-Pro and determined its heat of absorption 

at CO2 loading of 0.8 (mol CO2/mol solvent) using experimental solubility data and the Gibbs-Helmholtz 

equation. Absorption heat of CO2 was found to be 54.3 kJ/mol. 

Salazar et al. [84] investigated performance of 10 wt% N-Gly solution in terms of absorption heat using a 

calorimeter and observed N-Gly with absorption heat of 72.5 kJ/mol has a better performance than MEA 

in terms of absorption heat. 

A differential reaction calorimeter was used by Lim et al. [39] in order to study absorption heat of 2.5 

molar K-Pro and 2.5 molar K-Ala at temperatures of 298 and 313 K. They reported that absorption heat at 

298 K was found to be 53.26 and 90.2 kJ/mol for K-Ala and K-Pro while at 313 K absorption heat was 

found to be 66.13 and 86.17 kJ/mol for K-Ala and K-Pro, respectively. 

Based on their results, K-Ala solution as a sterically hindered amino acid offers lower absorption heat in 

comparison with K-Pro that can be explained due to unstable carbamate formation. According to the 

results above, potassium salts of alanine, sarcosine and proline exhibit much lower absorption heat than 

MEA solution, which makes them an interesting energy-efficient alternative to MEA. Although, some 
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amino acids showed a lower CO2 absorption heat than MEA, more work is needed to confirm the better 

performance of amino acids than other absorbents. 

1.4.1.8. Precipitation of amino acids 

Although amino acids present many advantages, they also have their own limitations. Amino acids 

precipitate at high concentrations or high CO2 loading during CO2 absorption which causes damage to 

absorption plant and also reduces mass transfer [28]. However, low concentration of amino acid salts does 

not produce precipitates. 

Aronu et al. [85], Majchrowicz et al. [86] and Rabensteiner et al. [87] showed that precipitation occurs at 

concentrations higher than 3.5 molar for K-Pro, 4 molar for K-Sar and 30 wt% for K-Gly, respectively. 

Kumar [88] studied the effect of precipitation on CO2 loading capacity on K-Tau at temperatures of 

298.15 K to 313.15 K, and observed that precipitation starts at concentrations ≥ 2 molar K-Tau solution 

and moderate CO2 loading. They also found that precipitation of the reaction product can be expected to 

increase the CO2 loading capacity of K-Tau solution. 

Song et al. [38] mentioned that there was no precipitate during CO2 absorption for 41 wt% K-Lys and 

14.3 wt% K-Ser, respectively. Based on the results of precipitation, although precipitation in amino acid 

salt solutions during CO2 absorption presents several problems, high CO2 loading and low regeneration 

energy were also observed with precipitation. Therefore, more investigation should be performed on the 

precipitation range of amino acids to use its advantages and minimize its limitations.  

1.4.1.9. Degradation of amino acids 

Thermal and oxidative degradation are important issues in gas absorption from flue gases because they 

cause solvent loss, environmental problems and increased corrosion rate [89]. 

Zhao et al. [45] investigated thermal and oxidative degradation of potassium salt of lysine at 383 and 423 

K under static N2 and O2 exposure conditions for 15 days. They concluded that K-Lys has high resistance 

to thermal degradation and less solvent loss than MEA solution. 

Aldenkamp et al. [90] investigated degradation performance of K-Gly solution and observed a significant 

degradation for K-Gly solution at 393 K. 

Huang et al. [89] evaluated thermal degradation of several amino acid salt solutions, including N-Sar, N-

Gly and N-Ala at temperatures up to 418 K. Their results revealed that tested amino acids have faster 

degradation rate in comparison with MEA. It was also found that sodium salts of sarcosine and alanine 

present the slowest and fastest degradation. 

Epp et al. [91] measured oxidative degradation of K-Gly solution and found that K-Gly shows less 

resistance to oxidative degradation when compared to MEA. 
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Moioli et al. [92] compared the performance of K-Tau as a solvent with MEA and observed much lower 

degradation rate for K-Tau in comparison with MEA. Studies on the degradation of amino acid salts 

during CO2 absorption are rare in the literature, and thus more experiments on the degradation of amino 

acids are necessary to make a better judgment about them. 

1.4.1.10. Corrosion rate of amino acids 

Corrosion is a serious problem in gas absorption units because it reduces the equipment life and thus 

increases capital costs [23]. Since amino acid salt solutions are still new absorbents for CO2 capture, 

investigation and experimental data on corrosion rate of amino acids are very scarce in the literature.  

Mazinani et al. [93] measured the corrosion rate of K-Lys solution without dissolved CO2 at 

concentrations of 0.5, 1.5 and 2.5 molar using electrochemical technique. It was found that the corrosion 

rate increases from 0.0008 to 0.012 mm/yr as concentration of K-Lys increases from 0.5 to 2.5 molar. 

In another study [94], they proposed a blend solution of N-Gly + MEA as a solvent and evaluated its 

corrosion rate at 308 K. According to their findings, the addition of N-Gly to MEA accelerate the 

corrosion rate. 

Ahn et al. [95] determined the corrosion rate of K-Gly and K-Tau solutions and studied the effect of 

temperature, CO2 loading capacity and concentration on corrosion rate. They concluded that with an 

increasing concentration of amino acid, the corrosion rate of K-Tau increases while the corrosion rate of 

K-Gly decreases. Potassium salt of taurine indicated a lower corrosion rate when compared to MEA. In 

addition, they observed the fastest corrosion rate at high temperature and CO2 loading capacity. 

The corrosion rate experiments of MDEA + arginine solution were carried out by Talkhan et al. [96] at a 

temperature range 293 to 323 K using a three-electrode electrochemical glass cell. The results indicated 

that the addition of arginine to MDEA decreases the corrosion rate. This trend can be explained by the 

inhibition effect of arginine. Arginine as an amino acid acts as an inhibitor and reduces the corrosion rate 

of a blend solution. 

The negative and positive effect of amino acids on corrosion rate shows that more investigation on 

corrosion behavior of amino acids is still required. 

1.4.2. Inorganic solvents 

Few inorganic solvents proved to have a good potential for absorbing acidic gases. Trisodium phosphate 

(TSP) and potassium carbonate (K2CO3) as inorganic solvents have some benefits in comparison to 

alkanolamines such as less solvent loss, lower toxicity, high stability towards thermal degradation, better 

resistance to degradation in the presence of oxygen and weak corrosivity [97]. 
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Due to these favorable properties, they may be a feasible solvent for CO2 absorption. It was estimated that 

inorganic solvents such as TSP and K2CO3 require less energy for regeneration around 37% of MEA [97]. 

In addition, potassium carbonate is able to absorb other components such as SOx and NOx existing in flue 

gas [98]. The most important advantage of potassium carbonate is lower regeneration energy in 

comparison with MEA, which means more efficient and economical regeneration process. However, the 

main drawback associated with using K2CO3 and TSP is their slow absorption rate with CO2 [20]. In the 

industrial application, to solve this problem, these solvents are usually mixed with an additive to enhance 

the CO2 absorption rate. 

Thus, many researchers investigated the effect of the addition of additives to K2CO3 and TSP in their 

studies. Generally, these promoters can be classified into three main categories, including inorganic, 

organic and enzymatic promoters. There is always a motivation in finding better promoters to enhance the 

CO2 absorption rate. To the best our knowledge, there is limited information on the absorption 

characterization of CO2 into TSP solutions. So far, only published experimental data for the solubility of 

CO2 in aqueous solutions of the TSP has been presented by Balsora and Mondal [99]. They measured the 

CO2 solubility in TSP and showed that TSP has a high CO2 loading capacity and can be used as a 

promising alternative absorbent for CO2 capture.  

1.4.3. Sterically hindered amines 

Absorbents in this category such as 2-amino-2-ethyl-1,3-propanediol (AEPD), 2-amino-2-methyl-1,3-

propanediol (AMPD) and 2-amino-2-methylpropanol (AMP) have one or more substituents attached to 

the α-carbon which lead to higher CO2 capacity as well as lower the heat of absorption. However, its 

absorption rate with CO2 is slow, but still is faster than tertiary amines such as MDEA. Xu et al. [100] 

measured reaction kinetics between CO2 and AMP solution at different temperatures and concentrations. 

1.4.4. Cyclic diamines and polyamines 

Another category of amines are cyclic diamine and polyamines which have more than two amino groups 

in their structure. They present high CO2 capacity and absorption rate in comparison with amines with 

one amino group. Examples include diethylenetriamine (DETA), 2-aminoethylamino-ethanol (AEEA), 

triethylenetetramine (TETA), piperazine (PZ), 1-methylpiperazine (1MPZ) and 2-methylpiperazine 

(2MPZ).  Several researchers investigated their performance as absorbent for CO2 absorption [101,102]. 

1.4.5. Primary amines 

According to the number of carbons bonded to the nitrogen atom, alkanolamines are classified as primary, 

secondary and tertiary amine. Monoethanolamine and diglycolamine (DGA) as primary alkanolamines 
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have one carbon bonded to the nitrogen as given in Table 1.3. MEA has been used extensively in many 

CO2 capture processes because of its low solvent cost and fast reaction kinetic [14]. However, MEA has 

several disadvantages such as low CO2 absorption capacity, thermal or chemical degradation, high 

regeneration energy requirement and corrosive [15]. Since MEA has a fast reactivity with CO2, some 

researchers added MEA as a rate promoter to other solvents in order to improve absorption rate. 

As an example, Thee et al. [103] used 5 and 10 wt% MEA as a promoter for potassium carbonate. The 

results revealed that CO2 absorption rate in K2CO3 + MEA solution is higher than potassium carbonate. 

The absorption rate of CO2 in the blend solution of 2-amino-2-hydroxymethyl-1,3-propanediol (AHPD) 

and MEA was measured by Muraleedharan et al. [104] at 303, 313 and 323 K. Their results indicate that 

MEA can increase the absorption rate of CO2 in AHPD solution.  

Table 1.3 Chemical structure of primary amines 

Amine Molecular Structure Amine Molecular Structure 

MEA 

 

DGA 

 

1.4.6. Secondary amines 

Secondary alkanolamines such as diethanolamine (DEA) and diisopropanolamine (DIPA) have two 

carbons bonded to the nitrogen (Table 1.4). DEA and DIPA solutions react with CO2 and form 

carbamates. Although their reactivity with CO2 is slower than primary amines, they have faster absorption 

rate when compared to tertiary amines. The less corrosive, lower vapour pressure, lower regeneration 

energy requirement and greater selectivity of H2S toward CO2, are other advantages of DEA and DIPA in 

comparison to primary amines such as MEA [105]. Camacho et al. [106] examined reaction kinetics in 

DIPA solution using a stirred tank reactor at temperatures from 288 K to 313 K.  

Table 1.4 Chemical structure of secondary amines 

Amine Molecular Structure Amine Molecular Structure 

DEA 

 

DIPA 

 

1.4.7. Tertiary amines 

This category of solvents has no carbamate product when they react with CO2. Instead, they facilitate the 

CO2 hydrolysis reaction to form bicarbonates. Methyldiethanolamine (MDEA) and triethanolamine 

(TEA) are examples of this group of absorbents. The bicarbonate formation leads to a lower energy 

consumption for regeneration which is one of the main advantages of tertiary amines [107]. In addition, 
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less degradation and corrosivity as well as good selectivity for H2S removal make them attractive 

absorbent for CO2 capture. 

However, similar to other absorbent, they have their own limitation. Slow absorption rate with CO2 in 

comparison to primary and secondary amines is a challenge for this group of solvents. Liao et al. [108] 

selected MEA as rate promoters to add to MDEA solution, respectively. It was discovered that MEA 

enhanced the reaction kinetics between CO2 and MDEA. Chemical structure of MDEA and TEA were 

given in Table 1.5. 

Table 1.5 Chemical structure of tertiary amines 

Amine Molecular Structure Amine Molecular Structure 

MDEA 

 

TEA 

 

1.4.8. Ionic liquid 

Solutions of ionic liquids as a new type of green solvent are considered as attractive solvent because of 

their unique characteristics such as negligible vapour pressures and high thermal stability. Similar to other 

category of solvents, ionic liquid also have their own limitations, including high cost and viscosity [109]. 

The CO2 absorption performance in 1-butyl-3-methylimidazolium glycinate solution was studied by Wu 

et al. [110]. Based on their observation, 1-butyl-3-methylimidazolium glycinate showed faster absorption 

rate than DEA, but slower than MEA solution. 

1.4.9. Blended solvents 

Since a single solvent will rarely be optimal with regard to all the solvent factors, blend of two solvents 

with various advantages can be a suitable technique to produce a better absorbent with desired properties 

for CO2 capture. Simplicity, reproducibility, commercial benefits, the desired properties and cost 

reduction are the most important advantages of solvent blend systems [19].  

Garg et al. [47] determined density and viscosity of a mixture of 2-piperidineethanol (2-PE), as an amine, 

and sarcosine as an amino acid. They found that with an increasing concentration of sarcosine in blended 

solution, density increases while viscosity decreases. 

Mondal et al. [18] studied reaction kinetics between CO2 and HMDA + sodium glycinate solution using a 

stirred cell reactor at temperatures of 313, 323 and 333 K. Their results showed that the addition of 

sodium glycinate to HMDA has a positive effect of reaction rate. 
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Kang et al. [40] carried out CO2 loading measurements in PZ + potassium alaninate solution using stirred 

cell reactor at a temperature rang from 313 to 333 K. According to their observation CO2 loading 

capacity of PZ + K-Ala solution decreases as temperature increases. 

Talkhan et al. [96] evaluated corrosion rate of CO2 absorption in blend solution of MDEA + arginine and 

studied the effect of temperature and concentration on corrosion rate. They found that arginine acts as an 

inhibitor. In addition, corrosion rate decreases when arginine was added to the amine solution. 

Kumar Dash et al. [111] assessed the impact of piperazine on the absorption rate of CO2 into 2-amino-2-

methyl-1-propanol (AMP) solutions at temperatures of 303, 313 and 323 K. It was discovered that the 

mixed solution has a much higher CO2 absorption rate than that of pure AMP. 

In a very recent time, Fu et al. [112] investigated viscosity and solubility of CO2 in MEA activated 2-

diethylaminoethanol (DEAE) aqueous solution at three different temperatures (303, 313, and 323 K). 

According to their findings, CO2 loading capacity of mixture MEA and DEAE is higher than pure MEA. 

Based on analysis above, it is obvious that each category of solvents has own advantages and 

disadvantages. These drawbacks of solvents lead to high cost of CO2 capture and hinders the conventional 

post-combustion process from being used for industrial applications. To develop a more economical and 

energy-efficient CO2 capture technology, it is therefore essential to discover the new solvent systems. The 

main objective of the present work is to develop a new chemical solvent with better CO2 absorption 

performance in comparison with conventional amines such as MEA and MDEA. 
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REACTION MECHANISM 

 

Modeling of the absorption process using aqueous amine solutions and deduction of characteristic solvent 

parameters require the knowledge of CO2 absorption-reaction mechanisms taking place for the different 

types of amine solutions. In this regard, the various reaction mechanisms (zwitterion, termolecular, and 

base-catalyzed hydration) have been extensively studied in the literature. 

 

2.1. Reaction mechanism between CO2 and amino acids 

Amino acids such as lysine and sarcosine exist in three different states, which includes: a) the acidic state, 

b) the unstable zwitterion state, c) and the deprotonated zwitterion state. When amino acids are dissolved 

in water, the unstable zwitterion state will exist. The acidic state and the unstable zwitterion state are not 

active to react with CO2. Only the deprotonated zwitterion state can react with CO2 [113]. This state is 

achieved by the reaction with a strong base, such as potassium hydroxide (KOH). When KOH is added to 

an amino acid, the deprotonated state is obtained, which is able to react with CO2 [114]. 

HO2CRNH3
+ 
−H+

↔   -O2CRNH3
+ 
−H+

↔   -O2CRNH2                                                                                              (2) 

-OOC − RNH3
+ + KOH →  K+ + OOC − R − NH2

− + H2O                                                                    (3) 

                                             Carbamate       Zwitterion 

                                       -O2CRNHCOO- + -O2CRNH3
+ 

2-O2CRNH2 + CO2                           H2O                          PH    2-O2CRNH3
+ + CO3

2-                           (4)  

                                       -O2CRNH3
+ + HCO3

- + -O2CRNH2 

Other chemical reactions taking place in the liquid phase are: 

Hydration of CO2: 

H2O + CO2 ↔ H+ + HCO3
−                                                                                                                        (5)                                                           

Carbonate formation reaction: 

HCO3
− ↔ H+ + CO3

2−                                                                                                                                  (6) 

Dissociation of water: 

H2O ↔ H+ + OH−                                                                                                                                      (7) 
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2.2. Reaction mechanism between CO2 and MEA 

The reactions between CO2 and MEA solution have been described by zwitterion mechanism; namely 

introduced by Danckwerts [115]. The zwitterion mechanism consists of the formation of a complex called 

a zwitterion, followed by the deprotonation of the zwitterion by a base. 

The chemical reaction of aqueous MEA solution as a primary alkanolamine and CO2 takes place through 

Eqs. (8-13):  

Zwitterion formation from MEA (RNH2) and CO2 reaction: 

CO2(aq) + RNH2 ⇌ RNH2
+COO(aq)

−                                                                                                             (8) 

Carbamate formation by deprotonation of the zwitterion: 

RNH2
+COO(aq)

− + RNH2 ⇌ RNH3(aq)
+ + RNHCOO(aq)

−                                                                                (9) 

RNH2
+COO(aq)

− + H2O ⇌ H3O(aq)
+ + RNHCOO(aq)

−                                                                                   (10) 

RNH2
+COO(aq)

− + OH(aq)
− ⇌ H2O+ RNHCOO(aq)

−                                                                                     (11) 

Carbamate reversion to bicarbonate (hydrolysis reaction):  

RNHCOO(aq)
− + H2O ⇌ RNH2 + HCO3(aq)

−                                                                                               (12) 

Dissociation of protonated MEA: 

RNH3(aq)
+ + H2O ⇌ RNH2 + H3O(aq)

+                                                                                                       (13) 

2.3. Reaction mechanism between CO2 and PZ 

There is a symmetrical diamino cyclic structure in the piperazine molecule as a secondary amine. Based 

on the study by Bishnoi et al. [116] and Ermatchkov et al. [117], the following reactions are considered in 

the liquid phase:  

Piperazine protonation: 

PZ + H2O ↔ PZH+ + OH−                                                                                                                 (14)      

PZH+ + H2O ↔ PZ + H3O
+                                                                                                       (15) 

Piperazine deprotonation: 

PZH2+ + H2O ↔ PZH+ + H3O
+                                                                                              (16) 

Carbamate formation: 

PZ + CO2 + H2O ↔ PZCOO− + H3O
+                                                                                         (17)   

PZH+ + H2O+ CO2 ↔ H+PZCOO− + H3O
+                                                                                          (18) 

PZCOO−  + CO2  +  H2O ↔ PZ(COO−)2  + H3O
+                                                                               (19)                                                             

Manocarbamate protonation: 
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H+PZCOO− + H2O ↔ PZCOO− + H3O
+                                                                                                 (20) 

2.4. Reaction mechanism between CO2 and AEEA 

Since AEEA has both primary and secondary amine groups in its structure, and both of them may react in 

the aqueous phase, the chemistry of the reactions is very complex. The system gives rise to a large 

number of possible chemical reactions and formed species [118].  

Dissociation of protonated AEEA: 

AEEAH+ + H2O ↔ AEEA + H3O
+                                                                                                (21) 

Dissociation of diprotonated AEEA: 

H+ AEEAH+ ↔ AEEH+ + H+                                                                                     (22) 

Two different carbamate (AEEACOOP
−, AEEACOOs

−) formation reactions are possible for AEEA. 

Formation of carbamate from primary group to form primary carbamate (AEEACOOP
−): 

AEEA + CO2 + H2O ↔ AEEACOOP
− + H3O

+                                                                         (23) 

Formation of carbamate from secondary group to form secondary carbamate (AEEACOOs
−): 

AEEA + CO2 + H2O ↔ AEEACOOS
− + H3O

+                                                                                          (24) 

Dissociation of carbamates: 

H+ AEEACOOP
− + H2O ↔ AEEACOOP

− + H3O
+                                                                             (25) 

HAEEACOOS
−+ + H2O ↔ AEEACOOS

− + H3O
+                                                                                       (26) 

Formation of dicarbamate: 

AEEACOOP
− + AEEACOOS

− + 2CO2 ↔ 2 O− OCAEEACOO− + 2H+                                                        (27) 

2.5. Reaction mechanism between CO2 and MDEA  

Tertiary amines such as TEA and MDEA do not react directly with CO2. Donaldson and Nguyen [119] 

proposed base-catalyzed hydration mechanism for MDEA + CO2 + H2O system. According to their 

mechanism, MDEA acts as a base that catalyzes the hydration of CO2. The only reaction MDEA is 

subjected to its protonation. 

R3N+ CO2 + H2O ↔ R3NH
+ + HCO3

−                                                                                                  (28) 

2.6. Reaction mechanism between CO2 and TSP 

Balsora and Mondal [99] showed that the overall reaction between trisodium phosphate and CO2 can be 

represented as: 

CO2 + Na3PO412H2O ↔ Na2HPO47H2O + NaHCO3 + 4H2O                                                              (29) 
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2.7. Reaction mechanism between CO2 and TETA 

Amann et al. [120] only considered an overall reaction to explain the CO2 reaction with TETA (R1 = 

C2H4) because the chemistry of the reactions is complex. 

CO2 +
1

2
H2NR1NHR1NHR1NH2 ↔

1

2
O− OCHNR1NHR1NHR1NHCOO

− +H+                                     (30) 

2.8. Reaction mechanism between CO2 and AMP 

Reaction mechanism between CO2 and AMP as a primary sterically hindered amine is similar to primary 

and secondary alkanolamines. The only difference is that the carbamate generated from the reaction of 

AMP with CO2 is not stable because of its high branches [107]. Pei et al. [121] represented the overall 

CO2 reaction mechanism with AMP (RNH2), (where, R=C(CH3)2CH2OH) can be followed: 

CO2 + RNH2 + H2O ↔ RNH3
+ + HCO3

−                                                                                                   (31) 

2.9. Reaction mechanism between CO2 and DETA 

The chemical reactions during the absorption of CO2 in DETA solution can be described by following 

reactions [122]: 

AmH+ CO2
k1
↔AmH+COO−                                                                                                                     (32) 

AmH+COO− + B ↔ AmCOO− + BH+                                                                                                     (33) 

2.10. Reaction mechanism between CO2 and 2MPZ 

The reaction of CO2 with 2MPZ is described by the zwitterion mechanism. Danckwerts [115] and Caplow 

[122] proposed that this mechanism can be used for the reaction between CO2 and primary and secondary 

amines. Thus, it was assumed that zwitterion mechanism is valid for the 2MPZ − CO2 − H2O system. 

According to this mechanism, 2MPZ reacts with CO2 to form a zwitterion intermediate (2MPZH+COO−), 

then consumed by a base B such as 2MPZ, 2MPZH+, H2O or OH−. 

2MPZ + CO2
k1
↔2MPZH+COO−                                                                                                               (34) 

2MPZH+COO− + B ↔ 2MPZOO− + BH+                                                                                               (35) 

2.11. Reaction mechanism between CO2 and K2CO3 

The reactions involved in the system of K2CO3 + H2O + CO2 can be represented as follows [123]: 

CO2(aq) + H2O(l)  ⇌ HCO3
-
(aq) + H+ (aq)                                                                                                        (36) 

Dissolution of K2CO3 (S) in water: 
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K2CO3 (S) ⇌ 2K+
(aq) + CO3

2-
(aq)                                                                                                                   (37) 

Hydrolysis of CO3
2- : 

CO3
2-

(aq) + H2O(l) ⇌ HCO3
-
(aq) + OH- (aq)                                                                                                    (38) 

Bicarbonate formation: 

OH-
(aq) + CO2(aq) ⇌ HCO3

-
(aq)                                                                                                                     (39) 

Carbonate formation: 

HCO3
-
(aq) + OH-

(aq)  ⇌  CO3
2-

(aq) + H2O(l)                                                                                                    (40) 

The carbonate formation reaction occurs rapidly, therefore the overall reaction of the K2CO3 solution with 

CO2 is as follows: 

K2CO3(l) + H2O(l) + CO2(aq)  ⇌ 2KHCO3(aq)                                                                                                                                (41) 
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EXPERIMENTAL SECTION 

 

3.1. Materials 

In this work, after a prescreening, different blended amine solutions were selected as a proposed chemical 

solvent for CO2 capture. The chemical materials studied in this work are ((2-aminoethyl)amino)ethanol 

(AEEA), methyldiethanolamine (MDEA), piperazine (PZ), triethylenetetramine (TETA), 2-

methylpiperazine (2-MPZ), monoethanolamine (MEA), trisodium phosphate (TSP), potassium carbonate 

(K2CO3), potassium salts of sarcosine (K-Sar), lysine (K-Lys), glycine (K-Gly), proline (K-Pro), alanine 

(K-Ala) and serine (K-Ser).  

TSP and K2CO3 as inorganic solvents have some benefits in comparison to alkanolamines such as less 

solvent loss, lower toxicity, high stability towards thermal degradation, better resistance to degradation in 

the presence of oxygen and weak corrosivity. Due to these favorable properties, they were selected as 

base solvent in this work. Since the main drawaback of TSP and K2CO3 solutions is their slow reaction 

rate with CO2, it is necessary to add amine additive.  

Three polyamines and six amino acid salts were selected as amine additives. Polyamines, including 

AEEA, 2MPZ and TETA have two or more than two amino groups in their structure which lead to a high 

CO2 loading capacity and absorption rate. 

Potassium salt of proline, sarcosine, serine, alanine, glycine and lysine with low concentration were also 

investigated as amine additive. Amino acid salt solutions gained interest as solvent due to their 

advantages over alkanolamines such as low volatility, less toxicity, high surface tension as well as being 

more environmentally friendly. 

One of the objectives of this work is improvement of existing absorbents in the industrial application. In 

this regard, potassium salt of lysine was selected to add to MEA and MDEA to improve their CO2 

absorption characterization. 

A detailed description of all used materials in this work and their molecular structures was given in Table 

3.1. They were used without further purification. 

The potassium salt of amino acids was prepared by the addition of an equimolar amount of KOH to 

amino acid dissolved in deionized water. 

The N2O, N2 and CO2 gases with purity >99% were also supplied by Air Liquid (Italy). 
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Table 3.1 Description of chemical samples used in present work. 

Chemical name Abbrev

iation 

MW 

(g/mol) 

Purity 

(%) 

Source Structure 

Monoethanolamine MEA 61.08 >99.0 Alfa Aesar 

 

 

Methyl-

diethanolamine 

 

MDEA 

 

119.16 

 

>98 

 

Alfa Aesar 
 

 

Lysine 

 

Lys 

 

146.19 

 

98 

 

Acros 
 

 

Proline 

 

Pro 

 

115.13 

 

>99 

 

Sigma 

 

 

Glycine 

 

Gly 

 

75.06 

 

98.5 

 

Sigma 
 

 

2-methylpiperazine 

 

2MPZ 

 

100.16 

 

98 

 

Acros 

 

 

Trisodium phosphate 

 

TSP 

 

163.94 

 

- 

 

Alfa Aesar 

 

 

Piperazine 

 

PZ 

 

86.14 

 

99 

 

Alfa Aesar 

 

 

Sarcosine 

 

Sar 

 

89.09 

 

98 

 

Alfa Aesar 

 

 

Aminoethylethanolam

ine 

 

AEEA 

 

104.15 

 

99 

 

Alfa Aesar 

 

 

Triethylenetetramine 

 

TETA 

 

146.23 

 

>97 

 

Sigma 
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2-amino-2-methyl-1-

propanol 

 

AMP 

 

89.14 

 

>95 

 

Alfa Aesar 

 

 

 

Potassium carbonate 

 

K2CO3 

 

138.20 

 

>99 

 

Acros 

 

 

Alanine 

 

Ala 

 

89.09 

 

>98 

 

Sigma 

 

 

Serine 

 

Ser 

 

105.09 

 

99 

 

Alfa Aesar 

 

 

3.2. Experimental gas-liquid contactors 

The reaction kinetics between CO2 and amine solutions can be studied by using different types of gas-

liquid contactors such as wetted wall column, stopped flow technique, stirred cell reactor, laminar jet 

absorber, wetted sphere absorber and string of disc contactor. Many researchers used these techniques to 

measure absorption rate of CO2 in different solutions. 

For example, Knuutila et al. [124] and Hartono et al. [125] used string of discs contactor to study the 

reaction kinetics of CO2 absorption in K2CO3 and DETA solutions, respectively. The advantage of this 

contactor is that the absorption surface area can be varied by addition of more the disc elements in the 

column [107]. 

The CO2 absorption rate into solutions of EAE [126] and glycine [67] was measured using stopped flow 

technique. They pointed out that a conductivity measurement can only be done at low concentration of 

solution. 

The kinetics of reaction of CO2 in proline [72] and histidine [127] were also determined using wetted wall 

column. One of the limitations with this technique is possibility of creating ripples in the liquid film and 

inactive film at the bottom of the column [107]. 

The laminar jet absorber is an ideal contactor for fast reactions because of its short contact time. This 

equipment was used by Rinker et al. [128] and Aboudheir et al. [129] in order to investigate of CO2 

absorption rate in DEA and MEA, respectively. 
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The kinetics measurement experiments were carried out in a wetted sphere absorber by Seo et al. [130]. 

However, a fixed absorption surface area and inactive film at the bottom of the sphere are the main 

limitations of this technique [107]. 

The stirred cell reactor has been successfully performed by many researchers [109,131,132] because of its 

advantages. The most important advantage of this contactor is that chemical analysis of liquid is not 

necessary, and the fall-in-pressure versus time in the reactor is the only required parameter for 

measurement of absorption rate. Thus, this equipment is suitable for toxic gas or liquid [107]. Another 

advantage is that this contactor can also be used for measurement of CO2 loading capacity of various 

solutions. 

3.2.1. Stirred cell reactor apparatus 

In this work, a stirred cell reactor with a smooth gas-liquid interface operating batch wise purchased from 

Buchiglas (Switzerland) was used in order to measure the reaction kinetics between CO2 and different 

solutions. The experimental setup used was shown schematically in Figure 3.1. 

The setup consists of three gas containers, two pressure transmitters, two temperature sensors, gas storage 

tank, a reactor, two water baths, vacuum pump and external magnetic motor. A pressure transmitter 

(Keller, Italy), a temperature sensor (DT100), an external magnetic motor (Huber, Italy) and a pressure 

release valve were placed on the cover plate of the reactor. The reactor was equipped with the glass heat 

jacket and an external water bath. The pressure transmitter was coupled with a converter to measure the 

pressure inside the reactor and record pressure changes versus time every second. Two impellers were 

equipped on a stirrer shaft in order to stir liquid and gas phases. To ensure that the interface of gas and 

liquid was undisturbed and liquid mass transfer coefficient is constant at a given temperature and 

concentration, the liquid volume and the impeller speed were kept constant in all experiments. A separate 

line on the cover plate of the reactor allows to evacuate the reactor by using an external vacuum pump. A 

stainless steel gas storage tank which immersed in a water bath was used in order to heat the gas before 

being charged inside the reactor. The temperature and pressure sensor were connected to gas storage tank 

to measure the values of pressure and temperature of gas in the gas storage tank.  
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Figure 3.1 Schematic diagram of the vapor-liquid equilibrium equipment. 

3.2.1.1. CO2 loading capacity measurement 

In each new experiment, the cell was purged with N2 gas to eliminate air. After that, solvent was imported 

and the pressure of the equilibrium cell was set at vacuum by a vacuum pump to degas the solvent. Then, 

the valve of the vacuum line was closed and the temperature of the solution is set to the desired 

temperature, by using a water bath. CO2 gas was supplied to the gas storage tank from a gas cylinder. 

After pre heating, CO2 was introduced into the equilibrium cell for a very short time until the pressure in 

the reactor reached a selected value. The total moles of CO2 transferred can be calculated from: 

nCO2
i = 

[P1− P2] Vs 

R T
                                                                                                                                     (42) 

Where Vs, P1 and P2 are the volume, initial and final pressure of CO2 in the gas storage tank, respectively.  

After the introduction of CO2, the inlet valve is closed and the stirrer is turned on immediately to ensure 

homogeneous contact between gas and liquid and reach equilibrium quickly. The pressure in the reactor 

was decreased over time due to absorption of CO2 in solvent. The temperature and pressure of cell were 

continuously recorded until equilibrium is reached. Equilibrium was assumed when the pressure in the 

reactor reached a constant value (after 3 hours). 

The equilibrium partial pressure of CO2 and moles of CO2 remaining in reactor (nCO2
f ) are calculated by: 

PCO2
e = PF -  PV                                                                                                                                            (43) 

nCO2
f = 

V PCO2
e  

R T
                                                                                                                                           (44) 
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Where V, PV and PF are the reactor volume, vapor pressure of solution and final pressure of CO2 in the 

reactor, respectively. The CO2 loading capacity of solvent (αCO2) is defined as the total number of moles 

of CO2 absorbed in reactor per one mole of solvent, and can be calculated by the following equation: 

αCO2 = 
nCO2
i −  nCO2

f

nsolvent
                                                                                                                                    (45) 

In order to check the reproducibility of the results, all the experiments in this work have been measured at 

least twice. 

3.2.1.2. CO2 absorption rate measurement 

The CO2 absorption rate experiments were conducted using the same setup discussed in the previous 

section. The measurement procedure of absorption rate is similar to CO2 loading capacity measurement. 

Once CO2 was injected in the reactor, the stirrer is switched on at a constant speed. The pressure inside 

the reactor because of reaction between CO2 and solvent decreases. The pressure decrease versus time 

was recorded by pressure transmitter and slope of pressure changes versus time (
dPCO2
dt

) was used to 

calculate the CO2 absorption rate: 

NCO2 = −
V

R T A
 
dPCO2
dt

                                                                                                                                (46) 

3.3. Density and viscosity measurement 

An Ubbelohde viscometer and Gay-Lussac pycnometer were used in this work to measure density (𝜌) and 

viscosity (𝜇) of single and blended solutions, respectively. The measurements were performed at different 

concentrations and at a temperature range of 298.15 to 323.15 K. The pycnometer and viscometer were 

immersed in a water bath. The uncertainty of density and viscosity measurements are 0.001 g.cm-3 and 

0.001 mPa.s, respectively. The reported data in this work are the average of three measurements. 

The density and viscosity of loaded and CO2 unloaded viscous MEA solutions were measured using an 

Anton Paar DMA 4500 density meter and an Anton Paar Lovis 2000 ME rolling-ball viscometer, 

respectively. The measurement were conducted at the temperature range 25-70 °C and CO2 loading up to 

0.4 (mol CO2/mol solvent). 

3.4. Absorption heat measurement (∆𝐇) 

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 regeneration of 

absorbent. 
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The values of heat of CO2 absorption can be obtained experimentally using a calorimeter or calculated on 

the basis of the following the Gibbs-Helmholtz equation: 

−
∆H

R
= (

𝜕 ln PCO2
𝜕(1 T⁄ )

)
𝛼

                                                                                                                                   (47) 

Where R, T, α and ∆H are gas constant, temperature of system, CO2 loading capacity and heat of 

absorption (kJ/mol CO2), respectively. Carson et al. [133] measured heat of CO2 absorption of DEA, 

MDEA and MEA solutions using a calorimeter. In order to check the validation of Gibbs-Helmholtz 

equation, Lee et al. [134], Rho et al. [135] and Li et al. [136] calculated heat of CO2 absorption of these 

solutions using Gibbs-Helmholtz equation. They compared their results with values measured by Carson 

and found that Eq. (47) gives a good agreement with experimental results as given in Table 3.2. Thus, 

applying Gibbs-Helmholtz equation to calculate heat of absorption is reliable. Many researchers used this 

measurement method in their works [137,138]. 

Therefore, in this work, Gibbs-Helmholtz equation was used to estimate heat of CO2 absorption of 

different solutions. The absorption heat was calculated directly from the slope of plot of ln PCO2 versus 

1
T⁄  at constant CO2 solubility.  

Table 3.2 Heat of CO2 absorption in aqueous solutions of MEA, DEA and MDEA. 

 -∆𝐇 (kJ/mol CO2) 

Solvent Experimental [133] Estimated [134-136] 

MEA 82 84.3 

DEA 69 66.9 

MDEA 49 54.6 

3.5. pH measurement 

The pH of several solvents before and after CO2 absorption was measured using Benchtop pH meter 

(AE150, Italy). These data can be used for predicting of concentration of H+ in the solution. 

pH = − log  [H+]                                                                                                                                      (48) 

3.6. Corrosion rate 

In order to study of the corrosion rate of solvent, a potentiostat unit (AUTO LAB, 302N, Metrohm, 

Germany) was used according to ASTM G5-94 [139] on the carbon steel. Ag/AgCl (3 M KCl) and a rod 

of Pt was used as reference electrode and counter electrode, respectively. The experiments were 

conducted on carbon steel coupons (spherical shape, surface area of 1.13 cm2) at 313.15 K. 
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RESULTS AND DISCUSSION 

 

This section is mainly a collection of our published or submitted papers. 

4.1. Preliminary reliability test 

Before measuring the CO2 absorption capacity of selected solvents, the experimental procedure and 

reliability of the apparatus have been checked first by measuring the loading capacity of CO2 in an 

aqueous solutions of 15 wt% and 30 wt% MEA at 313.15 K and CO2 partial pressure up to 40 kPa. The 

results were compared with those published in the literature [43,140,141] as shown in Figure 4.1 and a 

good accuracy was observed.  

 

Figure 4.1 Comparison of experimental CO2 loading data of MEA obtained in this work with literature at 313 K. 

4.2. Absorption characterization of CO2 in TSP solution  

4.2.1. CO2 loading capacity of TSP  

After validating the methodology, the CO2 loading (𝛼) of trisodium phosphate (TSP) solution was 

measured using stirred cell reactor and the results were presented in Table 4.1 to 4.3. The effect of CO2 

partial pressure, temperature and concentration of TSP on CO2 absorption capacity was investigated. 

Figure 4.2 and 4.3 show the experimental values of CO2 loading of aqueous TSP solution at different 

concentrations and at 313 K and 323 K, respectively. It was found that CO2 loading increases with 
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increasing CO2 partial pressure, TSP concentration and temperature. The reason why a higher temperature 

can increase the CO2 loading capacity in TSP solution is that the dissolution of more trisodium phosphate 

occurs with increasing temperature. As a result, more TSP is present in the solution and thus absorb more 

CO2 which leads to a higher CO2 solubility. In addition, CO2 loading of 2 kmol/m3 TSP obtained in this 

work was compared with data reported by Balsora et al. [99], a good agreement was observed as shown in 

Figure 4.2. 

 

Figure 4.2 CO2 loading capacity of TSP solution at 313.15 K and different concentrations 

 

 

Figure 4.3 CO2 loading capacity of TSP solution at 323.15 K and different concentrations. 
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Table 4.1 CO2 loading capacity of TSP solution at 313.15 K and different concentrations 

1 M TSP 1.5 M TSP 2 M TSP 2.5 M TSP 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

08.63 0.542 07.93 0.641 06.48 0.740 07.52 0.873 

22.46 0.633 13.86 0.662 13.57 0.809 15.2 0.921 

32.84 0.670 23.84 0.735 24.69 0.871 23.17 0.969 

41.63 0.719 33.97 0.788 32.35 0.913 36.92 1.022 

47.97 0.758 45.28 0.857 42.01 0.966 45.67 1.051 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

 

 

Table 4.2 CO2 loading capacity of TSP solution at 323.15 K and different concentrations 

1 M TSP 1.5 M TSP 2 M TSP 2.5 M TSP 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

06.35 0.631 05.92 0.703 07.59 0.802 05.93 0.922 

12.84 0.684 14.05 0.748 14.05 0.868 14.26 0.968 

25.01 0.725 25.38 0.835 25.31 0.935 26.38 1.052 

34.28 0.776 36.02 0.846 36.28 0.996 35.04 1.109 

46.07 0.811 47.18 0.914 48.59 1.048 46.05 1.124 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

 

 

Table 4.3 CO2 loading capacity of 2.5 kmol/m3 TSP solution at different temperatures 

T=313.15 K T=323.15 K T=333.15 K 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

07.52 0.873 05.93 0.922 06.48 1.043 

15.2 0.921 14.26 0.968 13.05 1.083 

23.17 0.969 26.38 1.052 26.38 1.147 

36.92 1.022 35.04 1.109 30.01 1.169 

45.67 1.051 46.05 1.124 47.06 1.204 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  
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4.3. Absorption characterization of CO2 in TSP + amine additives 

4.3.1. CO2 loading capacity of TSP + additive (1) 

It is essential to determine CO2 solubility of new absorbents at different pressures and temperatures 

because it supplies useful information about loading capacity of acid gases and has an important role at 

the efficient design of the gas absorption process [15]. In practice, a higher CO2 solubility of the solvent 

leads to a smaller amount of solvent and a smaller plant size, resulting in a lower cost of CO2 removal. 

The CO2 solubility in TSP blended with five amine additives, including triethylenetetramine (TETA), 2-

amino-2-methylpropanol (AMP), potassium prolinate (K-Pro), potassium glycinate (K-Gly) and 2-

methylpiperazine (2MPZ) was studied. Experiment measurements were conducted at temperatures 303.15 

to 323.15 K, additive mole fractions (R) 0.2 to 0.4 and total concentration 2.5 kmol/m3, and the results 

were compared with 2.5 kmol/m3 MEA solution, which is the most important used alkanolamines in 

conventional plants. The loading capacity of CO2 at temperatures 303, 313 and 323 K was tabulated in 

Tables 4.4 to 4.8, however, loading capacity only for temperature 313.15 K was illustrated in Figure 4.4 

to 4.6 because the similar trend was observed for the other temperatures. 

Table 4.4 CO2 loading capacity of TSP + TETA solution 

T=303.15 K T=313.15 K T=323.15 K 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

R=0.2 

02.05 1.051 04.24 0.988 06.48 0.943 

09.36 1.103 11.26 1.042 13.47 0.986 

17.94 1.147 21.49 1.089 24.03 1.039 

31.27 1.199 33.42 1.139 37.16 1.088 

42.11 1.238 47.14 1.184 44.02 1.127 

R=0.3 

03.91 1.124 06.14 1.083 10.25 1.059 

10.27 1.168 13.62 1.128 16.04 1.103 

21.04 1.209 23.93 1.191 27.61 1.156 

31.26 1.257 35.28 1.232 39.07 1.204 

42.35 1.302 46.13 1.279 48.13 1.252 

R=0.4 

07.27 1.226 02.35 1.161 05.37 1.141 

14.06 1.259 10.02 1.207 16.03 1.196 

25.35 1.303 17.85 1.251 22.36 1.228 

36.48 1.328 30.62 1.277 31.25 1.259 

47.23 1.354 43.91 1.316 45.69 1.287 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  
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Table 4.5 CO2 loading capacity of TSP + K-Gly solution 

T=303.15 K T=313.15 K T=323.15 K 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

R=0.2 

10.04 0.902 04.31 0.814 07.35 0.778 

16.92 0.948 09.48 0.854 13.06 0.826 

29.13 1.003 20.81 0.916 24.91 0.882 

38.85 1.047 29.74 0.961 33.12 0.935 

44.06 1.061 38.71 1.005 47.08 0.987 

R=0.3 

03.37 0.834 08.02 0.803 06.94 0.752 

11.06 0.883 16.74 0.869 14.49 0.798 

23.58 0.946 29.05 0.922 27.44 0.857 

32.71 0.984 40.15 0.969 38.89 0.906 

43.62 1.031 48.29 1.013 46.04 0.953 

R=0.4 

02.99 0.791 04.01 0.756 07.88 0.706 

09.15 0.843 11.63 0.802 14.11 0.754 

17.73 0.887 21.94 0.866 25.09 0.811 

28.36 0.944 32.74 0.922 36.77 0.867 

41.04 0.991 45.06 0.974 48.12 0.924 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.6 CO2 loading capacity of TSP + AMP solution 

T=303.15 K T=313.15 K T=323.15 K 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

R=0.2 

08.02 0.814 05.91 0.768 02.38 0.729 

16.25 0.874 14.63 0.816 11.42 0.766 

29.33 0.925 27.87 0.869 24.39 0.821 

38.06 0.951 39.02 0.904 36.42 0.844 

46.12 0.959 48.25 0.924 44.18 0.852 

R=0.3 

07.11 0.786 06.37 0.731 03.31 0.698 

20.47 0.852 13.27 0.773 09.04 0.729 

31.05 0.869 24.61 0.808 18.36 0.768 

37.88 0.898 35.06 0.853 27.64 0.784 

44.26 0.907 47.95 0.878 39.07 0.802 

R=0.4 

09.04 0.757 04.41 0.691 06.93 0.667 
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18.27 0.803 11.06 0.718 15.37 0.711 

29.15 0.831 26.52 0.767 23.99 0.742 

35.24 0.852 37.01 0.811 32.15 0.751 

49.01 0.877 45.89 0.837 41.32 0.772 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.7 CO2 loading capacity of TSP + 2-MPZ solution 

T=303.15 K T=313.15 K T=323.15 K 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

R=0.2 

02.18 0.951 04.92 0.905 09.23 0.881 

10.39 0.998 08.34 0.931 14.02 0.903 

22.05 1.047 19.58 0.984 25.59 0.957 

35.26 1.095 32.02 1.041 39.14 1.026 

49.11 1.141 46.28 1.089 47.53 1.054 

R=0.3 

03.39 1.024 06.88 0.983 09.01 0.951 

08.02 1.044 12.59 1.014 15.35 0.988 

21.67 1.098 25.37 1.072 28.24 1.042 

33.29 1.139 38.14 1.109 41.03 1.083 

46.15 1.177 49.02 1.137 49.18 1.103 

R=0.4 

05.35 1.092 03.04 1.021 07.29 0.999 

11.34 1.131 09.59 1.064 15.06 1.034 

25.39 1.178 22.19 1.108 29.02 1.087 

37.18 1.221 34.29 1.154 39.35 1.121 

41.27 1.229 47.61 1.179 45.05 1.142 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.8 CO2 loading capacity of TSP + K-Pro solution 

T=303.15 K T=313.15 K T=323.15 K 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

R=0.2 

10.29 0.897 07.12 0.806 03.27 0.741 

19.98 0.953 12.09 0.844 08.01 0.762 

31.11 1.004 24.71 0.902 21.36 0.828 

39.47 1.031 33.48 0.941 28.45 0.854 

49.02 1.084 45.03 0.997 42.05 0.917 

R=0.3 
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06.24 0.852 05.06 0.768 02.24 0.702 

21.04 0.932 13.79 0.824 09.81 0.743 

32.27 0.986 23.31 0.861 18.27 0.785 

38.92 1.007 36.07 0.927 31.43 0.839 

49.01 1.053 42.11 0.953 45.11 0.893 

R=0.4 

09.18 0.811 06.73 0.741 02.25 0.643 

17.36 0.874 14.94 0.783 11.26 0.694 

23.51 0.912 26.05 0.839 20.04 0.731 

34.14 0.956 37.81 0.906 29.13 0.787 

44.15 1.003 48.02 0.962 39.38 0.839 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

It is obvious from Figure 4.4 to 4.6, that the loading capacity of CO2 into blend solutions of TSP + 

additive were much higher than MEA showing the high absorption ability of these blends. It can also be 

seen that, TSP + TETA blend reached the highest CO2 loading of 1.316, compared to other additives. 

There are four functional groups at structure of TETA, including two primary amino groups and two 

secondary amino groups which can provide more available sites for reaction with CO2, thus increase the 

CO2 loading capacity considerably. However, working with TETA at higher concentration may be 

challenging due to high viscosity experienced. A similar effect, but with a slightly lower loading capacity, 

was also obtained in a blend of TSP and 2-MPZ solution. According to Figure 4.4 to 4.6, solution of TSP 

+ 2-MPZ has a significantly higher solubility than TSP + K-Gly, TSP + K-Pro and TSP + AMP, but 

lower than TETA+TSP. Furthermore, it presented a higher loading capacity as compared to MEA. It also 

has been found that additives such as K-Gly, K-Pro and AMP have a negative impact on the CO2 

solubility of TSP solution. In other words, at a constant total concentration, CO2 loading of solution 

decreases with addition of K-Gly, K-Pro and AMP. For similar relative composition the equilibrium 

solubility of CO2 in TSP + K-Gly has been found to be higher than the solubility in TSP + K-Pro. Blend 

solution of TSP and K-Pro absorbs a slightly lower amount of CO2 in comparison with TSP + K-Gly; 

however, it indicated a better performance than TSP + AMP. Among all the tested blends, TSP + AMP 

absorbs the least amount of CO2, but still higher than MEA. In summary, the loading capacity of CO2 in 

blended systems can be ranked in the following order: TSP + TETA > TSP + 2-MPZ > TSP > TSP + K-

Gly > TSP + K-Pro > TSP + AMP > MEA. 
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Figure 4.4 The effect of addition of different additives on CO2 loading of TSP at 313.15 K and mole fraction 0.2. 

 

 

 

Figure 4.5 The effect of addition of different additives on CO2 loading of TSP at 313.15 K and mole fraction 0.3. 
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Figure 4.6 The effect of addition of different additives on CO2 loading of TSP at 313.15 K and mole fraction 0.4. 

 

The effect of temperature and mole fraction of additive on CO2 loading of blended solutions was 

presented in Figure 4.7 to 4.11. Based on our observation, CO2 loading of all the blend solutions 

decreases when temperature increases from 303.15 K to 323.15 K. It was found that CO2 loading of TSP 

+ TETA and TSP + 2MPZ increases with increasing concentration of additive while CO2 loading of 

solutions of TSP + K-Gly, TSP + K-Pro and TSP + AMP showed a decreasing trend in loading capacity 

with increasing additive concentration.  

 

Figure 4.7 The effect of temperature and 2MPZ mole fraction on CO2 loading capacity of TSP + 2MPZ solution. 
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Figure 4.8 The effect of temperature and TETA mole fraction on CO2 loading capacity of TSP + TETA solution. 

 

 

 

Figure 4.9 The effect of temperature and AMP mole fraction on CO2 loading capacity of TSP + AMP solution. 
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Figure 4.10 The effect of temperature and K-Pro mole fraction on CO2 loading capacity of TSP + K-Pro solution. 

 

 

 

Figure 4.11 The effect of temperature and K-Gly mole fraction on CO2 loading capacity of TSP + K-Gly solution. 
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4.3.2. Absorption rate of CO2 in TSP + additive (1) 

The high absorption rate as one of the parameters of solvent leads to the smaller size of the absorber and 

therefore reducing the processing cost. As mentioned in the previous sections, TSP as an inorganic 

solvent has a slower absorption kinetics than those of amine based solvents. Therefore, the different 

amine additives were added to TSP in order to improve the absorption rate of CO2 in pure TSP solution. 

The CO2 loading capacity versus time curves for different blend solutions are shown in Figure 4.12 to 

4.14. 

The absorption rate in this study determined from the initial slope of the loading curves over time in order 

to compare the performance of suggested additives. As shown in these figures, the absorption rate of CO2 

in single TSP solution was slowest. The absorption rate greatly improved with an increase of mole 

fraction TETA, 2MPZ, K-Pro, K-Gly and AMP, revealing the reinforcement of the amine additive on the 

absorption rate performance in pure TSP. 

It was found that with an increasing mole fraction of TETA in the blend solution, the absorption rate 

significantly increases and TSP + TETA solution has the best absorption rate in comparison with other 

additives. It can be seen that the initial slope of TETA blended with TSP solution has a steeper ascend 

than that of pure TSP solution. Polyamines such as TETA are a category of potential amine absorbents. 

Thanks to their special structure, including two or more amino groups within one molecule, they exhibit 

high absorption capacity and fast absorption rate. 

As presented in Figure 4.12 to 4.14, the addition of 2MPZ to TSP significantly accelerates the absorption 

rate in comparison with TSP solution. Moreover, it can be concluded that the absorption rate into TSP + 

2MPZ is higher than into the other solvents except for TSP blended with TETA. Therefore, 2-MPZ as a 

diamine with two secondary amine sites could be a potential additive for gas absorption because of its 

high CO2 solubility and absorption rate. 

The small addition of K-Gly and K-Pro in TSP provides a significant impact on the enhancement of the 

absorption rate. From Figure 4.12 to 4.14, it is clear that the absorption rate in aqueous TSP + K-Pro is 

higher than TSP + K-Gly but slightly lower than TSP + 2-MPZ. Furthermore, it is clearly seen that the 

CO2 absorption rate increases as mole fraction of AMP in the blend solution increases; however, it has a 

lower CO2 absorption rate compared to TSP + K-Gly. 

As an overall conclusion, it is found that the absorption rate increases significantly as the additives 

concentration increases, but this enhancement in blend solutions contained AMP was less than other type 

additives. In other words, all of the suggested additives showed a better CO2 absorption rate than pure 

TSP in the order: TSP + TETA > TSP + 2MPZ > TSP + K-Pro > TSP + K-Gly > TSP + AMP > TSP. 
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Figure 4.12 The effect of addition of additives to TSP solution on the CO2 absorption rate at 313.15 K and 

additive mole fraction 0.2. 

 

 

 

 

Figure 4.13 The effect of addition of additives to TSP solution on the CO2 absorption rate at 313.15 K and 

additive mole fraction 0.3. 
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Figure 4.14 The effect of addition of additives to TSP solution on the CO2 absorption rate at 313.15 K and 

additive mole fraction 0.4. 

 

4.3.3. CO2 loading capacity of TSP + additive (2) 
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selected as additive to improve the loading capacity of CO2 and the absorption rate into TSP solution. The 

CO2 loading capacity of these blend solutions at 313 K and additive mole fractions of 0.2 to 0.5 was 

measured and the results were tabulated in Table 4.9 to 4.13.  

Table 4.9 CO2 loading capacity of TSP + K-Lys solution at 313.15 K. 

R = 0.2 R = 0.4 R = 0.5 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

08.25 0.921 06.24 0.941 07.21 0.972 

19.76 0.977 18.50 0.992 17.68 1.014 

28.64 1.011 30.76 1.036 28.34 1.055 

37.42 1.045 38.26 1.068 37.64 1.079 

48.18 1.069 47.19 1.077 49.23 1.102 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  
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Table 4.10 CO2 loading capacity of TSP + PZ solution at 313.15 K. 

R = 0.2 R = 0.4 R = 0.5 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

07.32 0.901 08.74 0.921 06.32 0.935 

21.37 0.972 17.64 0.971 22.58 1.013 

31.28 1.008 28.37 1.004 34.67 1.042 

39.52 1.032 36.57 1.036 41.86 1.064 

47.34 1.051 48.21 1.059 48.62 1.073 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.11 CO2 loading capacity of TSP + AEEA solution at 313.15 K. 

R = 0.2 R = 0.4 R = 0.5 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

08.12 0.838 07.62 0.825 07.23 0.812 

22.39 0.921 18.37 0.891 21.34 0.897 

30.58 0.953 26.72 0.927 30.56 0.934 

39.73 0.995 34.71 0.952 42.85 0.971 

48.62 1.012 46.23 0.992 49.31 0.985 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.12 CO2 loading capacity of TSP + K-Sar solution at 313.15 K. 

R = 0.2 R = 0.4 R = 0.5 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

06.99 0.783 07.18 0.769 06.46 0.758 

19.34 0.854 14.28 0.808 15.20 0.807 

28.62 0.916 22.35 0.851 20.27 0.835 

37.65 0.942 35.24 0.919 35.62 0.907 

48.28 0.971 46.78 0.957 47.28 0.944 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.13 CO2 loading capacity of TSP + MDEA solution at 313.15 K. 

R = 0.2 R = 0.4 R = 0.5 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

07.24 0.728 08.27 0.702 09.31 0.709 

16.52 0.785 15.29 0.763 18.66 0.761 

25.31 0.824 24.37 0.807 25.37 0.794 

34.28 0.881 36.71 0.872 36.82 0.865 

46.18 0.923 45.94 0.911 44.78 0.889 
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The conditions for all experiments were set to a temperature of 313.15 K, a total blend concentration of 

2.5 kmol/m3
 and an additive mole fraction of 0.2, 0.4 and 0.5. It was found that a blend of the suggested 

additives with TSP has a significantly larger CO2 loading capacity compared with MEA. 

As seen from Figure 4.15 to 4.17, among the tested additives, K-Lys and PZ showed a positive effect on 

the CO2 loading capacity of the pure TSP solution, while the effect of AEEA, K-Sar and MDEA was 

negative. The aqueous TSP + K-Lys solution presented the highest absorption capacity among all the 

absorbents tested. 

In addition, the results showed that loading capacity of CO2 into TSP + K-Lys increases with increasing 

molar fraction of amino acid salt in blend solution, but the loading capacity of CO2 into TSP + K-Sar 

decreases. Thus, K-Lys shows a better performance than K-Sar on the solubility of CO2 into TSP. This 

may be due to the two carbon-nitrogen bonds in the lysine structure which leads to an increase in the CO2 

loading capacity. This is because more sites available for reaction with carbon dioxide are provided with 

more amino groups. 

It can also be observed in Figure 4.15 to 4.17 that the CO2 loading capacity increases with increasing 

concentration of PZ in blend solutions. Furthermore, the solubility of CO2 into TSP + PZ is higher than 

those into other absorbents, except for the TSP + K-Lys mixture. According to Figure 4.15 to 4.17, the 

solution AEEA + TSP exhibits a higher CO2 solubility in comparison with K-Sar + TSP and MDEA + 

TSP, but the CO2 solubility in this solution is lower than those in K-Lys + TSP and PZ + TSP. This might 

be due to the presence of one secondary and one primary amine group in the structure of AEEA. In 

summary, K-Lys+TSP has the highest CO2 solubility than the additive + TSP solutions with the following 

ranking: K-Lys + TSP > PZ + TSP > TSP > AEEA + TSP > K-Sar + TSP > MDEA + TSP > MEA. 

 

Figure 4.15 The effect of addition of additives on CO2 loading of TSP at 313.15 K and mole fraction 0.2. 
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Figure 4.16 The effect of addition of additives on CO2 loading of TSP at 313.15 K and mole fraction 0.4. 

 

 

 

Figure 4.17 The effect of addition of additives on CO2 loading of TSP at 313.15 K and mole fraction 0.5. 
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4.3.4. Absorption rate of CO2 in TSP + additive (2) 

In order to investigate and compare different additives in terms of absorption rate, CO2 loading capacity is 

shown as a function of time in Figure 4.18 to 4.20. The initial slope of the solubility of CO2 versus time is 

a key parameter for comparing the performance of various absorbents. 

As can be observed in these figures, all the blended solutions show better CO2 absorption rates than pure 

TSP. Furthermore, the absorption rate increases significantly as the additives concentration increases, but 

the enhancement in blend solutions containing MDEA is lower than other additives. The fastest 

absorption rate was achieved with TSP + PZ for all the three concentration levels of the activator. The 

initial slope of TSP + PZ has a steeper ascending trend than that of pure TSP. Piperazine as a diamine has 

several advantages, including a high loading capacity and fast chemical reactivity due to its cyclic 

diamine structure with two secondary amine sites. 

It was found that MDEA has the weakest effect of activator on the absorption rate of CO2 of TSP. After 

PZ, AEEA exhibits the strongest effect on the absorption rate. It can also be seen from Figure 4.18 to 4.20 

that the addition of K-Lys and K-Sar to TSP accelerates the absorption of CO2. K-Lys has a primary 

amino group (pKa=9.16) and an aliphatic amino group in its side chain (pKa=10.67), which has a different 

chemical structure from the other amino acid salts and results in a faster chemical reactivity with CO2. 

Among the selected amino acid salts, K-Lys shows a higher reactivity with CO2 than K-Sar. 

According to our observation, a mixture of additive and TSP presents faster absorption rate than single 

TSP, in the order: PZ+TSP > AEEA+TSP > K-Lys+TSP > K-Sar+TSP > MDEA+TSP > TSP.  

 

Figure 4.18 The effect of addition of additives on the CO2 absorption rate of TSP at 313.15 K and additive mole 

fraction 0.2. 
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Figure 4.19 The effect of addition of additives on the CO2 absorption rate of TSP at 313.15 K and additive mole 

fraction 0.4. 

 

 

 

 

Figure 4.20 The effect of addition of additives on the CO2 absorption rate of TSP at 313.15 K and additive mole 

fraction 0.5. 
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4.3.5. Corrosion rate of TSP + additive solution 

The corrosion rate is one of the most important parameters of absorbent in the CO2 absorption process 

because it reduces the equipment life and increases cost of the CO2 capture [23]. Therefore, performance 

of solvent in terms of corrosion rate needs to be evaluated for its acceptability as a suitable solvent in 

industrial practice. 

Performance of TSP solution blended with 10 amine additives was investigated in terms of CO2 loading 

capacity and absorption rate in the previous sections. In order to further investigation of blend solutions in 

this work, the corrosion rate in TSP blended with amines was measured on carbon steel at temperature of 

313.15 K according to ASTM G5-94 and the results was compared with MEA solution [142]. This 

investigation will allow to have a good understanding of absorbents in the application of gas absorption 

from acidic gases. Most corrosion studies in the literature are for single amines, and very few are for 

blended solutions. 

The experimental data of corrosion rates of TSP + additive solutions at 313.15 K were given in Figure 

4.21, with comparison to that of MEA. Apparently, TSP + TETA and TSP + PZ solution have the highest 

corrosion rate, while TSP + MDEA and TSP + AMP show the lowest corrosion rate among all the 

additives tested, although all of them have weaker corrosion than MEA. Usually, among the different 

types of amines, primary amines (such as MEA) exhibit the highest corrosion rate, while tertiary amines 

such as MDEA have the lowest corrosion rate. 

Furthermore, the experimental results indicate that the corrosion rate using a TSP + amino acid salt 

solutions such as K-Lys, K-Sar, K-Pro and K-Gly is less than those using the TSP + cyclic amines such as 

2MPZ and AEEA solutions. 

According to Figure 4.21, the corrosiveness of carbon steel using a TSP + additive system was lower than 

that using the MEA system, and the experimental corrosion rates can be ranked as follows: MEA > 

TSP+TETA > TSP+PZ > TSP+2MPZ > TSP+AEEA > TSP+K-Gly > TSP+K-Pro > TSP+K-Sar > 

TSP+K-Lys > TSP+AMP > TSP+MDEA. 

Overall, the major disadvantages of amines in general are their high heats of absorption and high 

corrosion rates, but accompanied by a high chemical reactivity toward CO2, while the main benefits of 

using an inorganic solvent such as TSP are the lower corrosion rate, lower energy of regeneration and 

high stability. Thus, blending a fast reactant (such as amines), with a solvent (such as TSP) having a low 

corrosion rate and low regeneration energy could be a good option for improving the overall solvent 

performance in different ways. 
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Figure 4.21 Comparison of corrosion rate between MEA and TSP + amine additives at 313.15 K. 

4.3.6. Solvent toxicity 

An ideal absorbent should have several desired characteristics, including fast kinetics, high absorption 

capacity and low regeneration energy. In addition, the low environmental and health risks are another 

characteristics of an ideal solvent for CO2 capture process [24]. Therefore, the toxicity of solvent should 

be investigated. In this work, toxicity of studied solvents in this work was investigated. 

A comparison between toxicity of different solvents was given in Figure 4.22. This figure shows values 
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toxicity of solvent [24]. According to Figure 4.22, all of amino acids including serine, sarcosine, glycine, 

lysine, alanine and proline showed the least, and conventional amines such as MEA and PZ had the 

highest toxicity. Among the all of amino acids studied in this work serine indicated the lowest toxicity. 

The lower toxicity of amino acids in comparison to conventional amines is one of their advantages which 

make them attractive from point of view of environmental friendly. 

It also can be seen from Figure 4.22, that MDEA presents higher toxicity than amino acids, but its value 

is still lower when compared to conventional amines. Inorganic solvents such as TSP and K2CO3 also 

showed good performance. However, MEA and PZ as most popular absorbents for CO2 capture have high 

reaction rate, but they have high toxicity which limit their commercial viability. 
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As an overall conclusion, among all of the absorbents used in this study, amino acids seem to have a 

better performance in terms of toxicity in comparison with other amines, and therefore could be 

considered as an environmentally relatively acceptable absorbent. 

 

Figure 4.22 Values of toxicity of different types of chemical absorbents. 

4.4. Absorption characterization of CO2 in K2CO3 + AEEA, Ala, Ser 

The performance of 10 different amine additives was evaluated in terms of CO2 loading capacity, 
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Table 4.14 CO2 loading capacity of K2CO3 + AEEA solution at 313.15 K. 

2 M K2CO3+0.1 M 

AEEA 

2 M K2CO3+0.2 M 

AEEA 

2 M K2CO3+0.3 M 

AEEA 

𝐏𝐂𝐎𝟐(kPa) α PCO2(kPa) α PCO2(kPa) α 

02.07 0.569 02.18 0.641 02.44 0.721 

04.27 0.621 04.64 0.686 05.59 0.762 

07.14 0.652 07.33 0.723 10.07 0.804 

12.36 0.702 11.03 0.743 13.81 0.827 

16.83 0.714 15.12 0.767 16.50 0.831 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.15 CO2 loading capacity of K2CO3 + K-Ala solution at 313.15 K. 

2 M K2CO3+0.1 M K-Ala 2 M K2CO3+0.2 M K-Ala 2 M K2CO3+0.3 M K-Ala 

𝐏𝐂𝐎𝟐(kPa) α PCO2(kPa) α PCO2(kPa) α 

03.31 0.548 02.04 0.578 02.06 0.622 

05.26 0.587 05.11 0.626 04.77 0.649 

08.99 0.611 08.25 0.663 09.93 0.694 

11.47 0.630 13.94 0.711 13.26 0.717 

15.08 0.659 16.55 0.719 17.41 0.728 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.16 CO2 loading capacity of K2CO3 + K-Ser solution at 313.15 K. 

2 M K2CO3+0.1 M K-Ser 2 M K2CO3+0.2 M K-Ser 2 M K2CO3+0.3 M K-Ser 

𝐏𝐂𝐎𝟐(kPa) α PCO2(kPa) α PCO2(kPa) α 

02.37 0.470 03.01 0.539 02.10 0.563 

05.88 0.542 07.22 0.592 07.33 0.625 

08.02 0.571 10.25 0.633 11.18 0.649 

13.28 0.619 14.30 0.651 13.06 0.668 

16.31 0.642 17.55 0.672 15.42 0.685 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

As illustrated in Figure 4.23 to 4.25, all of the blend solutions showed a higher CO2 loading capacity in 

comparison with pure MEA. In addition, the addition of amine additive to K2CO3 showed positive effect 

on CO2 loading. This is because the amino groups in the AEEA, K-Ala and K-Ser are reactive and can 

absorb CO2. It was also found that the CO2 absorption capacity is the highest in K2CO3 + AEEA and the 

lowest in K2CO3 + K-Ser solution. This can be due to the fact that K-Ser has fewer amino groups than 

AEEA in its molecular structure. AEEA is a diamine with one secondary and one primary amine group in 

its structure. Thus, one mole of AEEA can absorb two moles of CO2 which is higher than K-Ala and K-
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Ser. In addition, solution of K2CO3 + K-Ala presented a higher absorption capacity than K2CO3 + 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 in its α-carbon, which leads to an increase at CO2 loading capacity in comparison 

with serine. As shown in Figure 4.23 to 4.25, with increasing CO2 partial pressure, the CO2 loading 

increases at constant temperature and concentration due to the increase in the driving force from the gas 

phase to the interface. 

 

Figure 4.23 The values of CO2 loading capacity of 2 M K2CO3 + 0.1 M additive at 313.15 K. 

 

 

Figure 4.24 The values of CO2 loading capacity of 2 M K2CO3 + 0.2 M additive at 313.15 K. 
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Figure 4.25 The values of CO2 loading capacity of 2 M K2CO3 + 0.3 M additive at 313.15 K. 
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Therefore, the CO2 absorption rate of K2CO3 + additive can be calculated from the slope of the plot of 

pressure versus time according to Eq. (46). 

The effect of temperature, concentration and type of additive on reactivity of CO2 with K2CO3 + additive 

solution was studied and the results were listed in Table 4.17 to 4.19. 

Table 4.17 Value of absorption rate of CO2 in 2 M K2CO3 + 0.1 M additive 

 K2CO3 K2CO3 + AEEA K2CO3 + K-Ser K2CO3 + K-Ala 

T (K) NCO2  × 106 (kmol/m2.s) 

303.15 0.62 3.04 2.38 1.94 

313.15 1.77 4.71 3.91 3.05 

323.15 3.51 6.26 5.13 4.22 
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Table 4.18 Value of absorption rate of CO2 in 2 M K2CO3 + 0.2 M additive 

 K2CO3 K2CO3 + AEEA K2CO3 + K-Ser K2CO3 + K-Ala 

T (K) NCO2  × 106 (kmol/m2.s) 

303.15 0.62 3.85 2.98 2.47 

313.15 1.77 5.79 4.55 3.81 

323.15 3.51 7.15 5.96 5.02 

 

Table 4.19 Value of absorption rate of CO2 in 2 M K2CO3 + 0.3 M additive 

 K2CO3 K2CO3 + AEEA K2CO3 + K-Ser K2CO3 + K-Ala 

T (K) NCO2  × 106 (kmol/m2.s) 

303.15 0.62 4.43 3.78 3.26 

313.15 1.77 7.02 5.38 4.43 

323.15 3.51 7.95 6.77 5.89 

 

It was observed that the CO2 partial pressure decreases with increasing time until a gas-liquid equilibrium 

is reached. The time required to obtain an equilibrium state is different for each solutions. This pressure 

reduction in the equilibrium cell shows the amount of gas absorption. It was also found that the addition 

of AEEA, K-Ala and K-Ser to K2CO3 has been led to a significant increase in the absorption rate that is 

favorable for the CO2 capture process. In other words, CO2 absorption rate can be accelerated remarkably 

when K2CO3 solution is promoted by the addition of small amounts of the suggested additives as shown 

in Figures 4.26 to 4.28. The pH of absorbent increases, when AEEA, K-Ala or K Ser are added to K2CO3. 

Therefore, rate of reaction CO2 with OH- increases which causes an enhancement in the overall 

absorption rate. 

The K2CO3 + AEEA showed faster absorption rate compared to K2CO3 + K-Ala and K2CO3 + K-Ser. The 

reason is that primary and secondary amine groups in AEEA structure react with CO2 and form primary 

and secondary carbamates with high pKa which leads to a significant enhancement in CO2 absorption 

rate. In addition, rate in K2CO3 + K-Ser solution is higher than K2CO3 + K-Ala solution. Compared to K-

Ala, K-Ser has a primary amino group and also a hydroxymethyl group which is attached to α-carbon, 

hence a fast reaction with CO2 is expected. 

According to the results, at constant concentration, absorption rate of CO2 was accelerated when 

temperature increases due to the increase at reaction rate constant as given in Figure 4.29. It was observed 

that the CO2 absorption rate has higher values at higher additive concentration due to reaction rate 

between CO2 and additives increase, which leads to an enhancement at overall absorption rate. 
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Figure 4.26 The effect of addition of 0.1 kmol/m3 additives on the CO2 absorption rate of K2CO3 at 313.15 K. 

 

 

Figure 4.27 The effect of addition of 0.2 kmol/m3 additives on the CO2 absorption rate of K2CO3 at 313.15 K. 
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Figure 4.28 The effect of addition of 0.3 kmol/m3 additives on the CO2 absorption rate of K2CO3 at 313.15 K. 

 

 

Figure 4.29 The effect of temperature on on the CO2 absorption rate of K2CO3 + AEEA solution. 
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AEEA, K-Ala and K-Ser was determined directly from the slope of plot of ln PCO2 versus 1 T⁄  at constant 

CO2 solubility. The results were listed in Tables 4.20 to 4.22 and presented in Figure 4.30 to 4.32. 

Table 4.20 Heat of CO2 absorption in solution of 2 M K2CO3 + 0.1 M additive 

 K2CO3 + AEEA K2CO3 + K-Ala K2CO3 + K-Ser 

α -∆H (kJ/mol CO2) -∆H (kJ/mol CO2) -∆H (kJ/mol CO2) 

0.50 44.01 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 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.21 Heat of CO2 absorption in solution of 2 M K2CO3 + 0.2 M additive 

 K2CO3 + AEEA K2CO3 + K-Ala K2CO3 + K-Ser 

α -∆H (kJ/mol CO2) -∆H (kJ/mol CO2) -∆H (kJ/mol CO2) 

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 40.67 34.97 36.79 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.22 Heat of CO2 absorption in solution of 2 M K2CO3 + 0.3 M additive 

 K2CO3 + AEEA K2CO3 + K-Ala K2CO3 + K-Ser 

α -∆H (kJ/mol CO2) -∆H (kJ/mol CO2) -∆H (kJ/mol CO2) 

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 44.38 37.75 40.14 

0.75 43.26 37.04 39.25 

0.80 42.06 36.39 38.40 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  
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As can be observed in Figure 4.30 to 4.32, an increase in CO2 loading capacity leads to a decrease in heat 

of absorption in K2CO3 + additive system. This is because at higher loading capacity, the physical 

absorption dominates, and bicarbonate forms that leads to a reduction at heat of CO2 absorption. It also 

can be seen from these figures that K2CO3 promoted by AEEA gives a higher value of heat of absorption 

over the entire CO2 solubility in comparison with K2CO3 + K-Ala and K2CO3 + K-Ser due to the hydroxyl 

group in the structure of AEEA. 

Furthermore, the K2CO3 + K-Ala showed the best performance in terms of heat of absorption. In other 

words, a mixture of K2CO3 with K-Ala has lowest heat of absorption and can be a favorable candidate for 

CO2 capture. The structure similar to sterically hindered amines in alanine which causes a steric 

hindrance effect, and also the formation of an unstable carbamate can be reasons of reduction of the heat 

of absorption in comparison to serine. The easy of regeneration and high absorption capacity are the most 

important features of sterically hindered amines. Thus, the heat of CO2 absorption can be ranked as 

follow: K2CO3 + K-Ala < K2CO3 + K-Ser < K2CO3+AEEA. 

 

Figure 4.30 Heat of CO2 absorption in solution of 2 M K2CO3 + 0.1 M additive 
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Figure 4.31 Heat of CO2 absorption in solution of 2 M K2CO3 + 0.2 M additive 

 

 

Figure 4.32 Heat of CO2 absorption in solution of 2 M K2CO3 + 0.3 M additive 
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absorption equal to 84.17 kJ/mol CO2. This may be due to the fact that MEA reacts with CO2 and form 

stable carbamates which causes an increase in heat of absorption. K2CO3 solution is an attractive 

absorbent because of its low regeneration energy requirement. Therefore, as expected, blend of K2CO3 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. Chowdhury et al. [155] 

observed that sterically hindered amines like AMP indicate a better absorption heat performance than 

MEA because of formation of unstable carbamate. In addition, Figure 4.33, 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 absorption heat of DEA solution is about 22% lower than MEA. Generally, 

secondary alkanolamines (DEA) have heats of absorption lower than primary alkanolamines (MEA) and 

higher than tertiary alkanolamines (MDEA). However, heat of absorption of MDEA is higher than 

K2CO3, but its value is still lower than other conventional amines such as AMP, DEA, PZ, PZEA and 

MEA because of formation of bicarbonates instead of carbamates in reaction of CO2 with MDEA. A 

comparison of heat of absorption between K2CO3 solution and K2CO3 + PZ and K2CO3 + 2MPZ showed 

that the addition of these additives increase absorption heat because PZ and 2MPZ have primary and 

secondary amino groups, which form carbamate. As mentioned above, these carbamate ions increase 

absorption heat, however absorption heat of these blended solutions is still lower than MEA. According 

to the results, using K2CO3 blended with a potential additive such as AEEA, K-Ala and K-Ser for CO2 

absorption from flue gas is a right choice from the heat of absorption point of view.  

 

Figure 4.33 Comparison of heat of CO2 absorption of K2CO3 + additive with the other absorbents. 
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4.5. Absorption characterization of CO2 in K2CO3 + 2MPZ 

4.5.1. CO2 loading capacity of K2CO3 + 2MPZ 

The CO2 loading capacity of potassium carbonate promoted by 2MPZ was measured using stirred cell 

reactor and the results was listed in Table 4.23 and presented in Figure 4.34. As it can be seen, CO2 

loading capacity of K2CO3 + 2MPZ increases as the concentration of 2MPZ increases from 0.1 to 0.5 

kmol m3⁄  at 313 K. This is due to the molecular structure of 2MPZ which is a cyclic diamine with two 

amino groups. These amino groups are reactive and can participate in the reactions of CO2 absorption that 

means 2MPZ can absorb more CO2. The obtained results in this work were compared with MEA (as the 

most widely used solvent in industrial absorption plant) and K2CO3 solutions. The CO2 loading capacity 

of K2CO3 + 2MPZ solution is significantly higher than that of pure MEA and K2CO3. This indicates that 

K2CO3 + 2MPZ solution can be considered as a promising absorbent thanks to its high loading capacity. 

Generally, an absorbent with higher absorption capacity is preferred because it leads to a smaller amount 

of absorbent and reduce cost of CO2 absorption process. 

Table 4.23 CO2 loading capacity of K2CO3 + (0.1-0.5) M 2MPZ solution at 313.15 K. 

[2MPZ]=0.1 

kmol/m3 

[2MPZ]=0.2 

kmol/m3 

[2MPZ]=0.3  

kmol/m3 

[2MPZ]=0.4 

kmol/m3 

[2MPZ]=0.5 

kmol/m3 

PCO2  α PCO2  α PCO2  α PCO2  α PCO2  α 

02.55 0.55 03.01 0.58 02.74 0.62 02.19 0.62 02.46 0.65 

07.02 0.60 07.39 0.63 06.27 0.66 05.28 0.67 05.03 0.69 

12.88 0.65 11.83 0.67 10.71 0.70 08.05 0.70 11.31 0.75 

17.24 0.67 15.48 0.69 18.36 0.73 13.73 0.74 15.94 0.77 

21.04 0.69 23.07 0.71 22.85 0.75 24.06 0.77 19.27 0.79 

 

 

Figure 4.34 CO2 loading capacity of K2CO3 + (0.1-0.5) M 2MPZ at 313.15 K. 
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4.5.2. Density and viscosity of K2CO3 + 2MPZ 

It is necessary to measure density and viscosity of solvent at different temperatures and concentrations for 

calculations of diffusion coefficients and kinetics parameters. Before measurement of density and 

viscosity of K2CO3 + 2MPZ solutions, density and viscosity of water were measured and compared with 

literature data [162,163] in order to validate the experimental procedures and devices used in this work. 

The given results in Table 4.24 showed that data obtained in this study are in good corresponding with the 

literature data. 

Table 4.24 Comparison of experimental and literature data of density and viscosity of pure water. 

T (K) ρ (g.cm-3) µ (mPa.s-1) 

 Exp. Lit. [162] Exp. Lit. [163] 

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 

 

After validation, density and viscosity of K2CO3 + 2MPZ solutions were measured at temperatures 

between 303 and 323 K, with K2CO3 concentration of 2 kmol/m3 and 2MPZ concentration between 0.1 

and 0.5 kmol/m3, and results were listed in Table 4.25 and plotted in Figure 4.35 and 4.36. As can be seen 

in these figures, both of density and viscosity of K2CO3 + 2MPZ solution increase as the 2MPZ 

concentration increases and decrease when temperature increases from 303 to 323 K. 

Table 4.25 Density and viscosity of 2 M K2CO3 + (0.1–0.5) M 2MPZ solutions. 

T  

(K) 

[2MPZ]=0.1 

kmol/m3 

[2MPZ]=0.2 

kmol/m3 

[2MPZ]=0.3 

kmol/m3 

[2MPZ]=0.4 

kmol/m3 

[2MPZ]=0.5 

kmol/m3 

 ρ (g.cm-3) 

303 1.0985 1.0987 1.0990 1.0991 1.0993 

313 1.0940 1.0942 1.0945 1.0950 1.0953 

323 1.0897 1.0899 1.0902 1.0904 1.0908 

 µ (mPa.s-1) 

303 1.1289 1.1670 1.2190 1.2540 1.3010 

313 0.9211 0.9463 0.9852 1.0188 1.0552 

323 0.7714 0.8102 0.8230 0.8446 0.8799 
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Figure 4.35 Density of 2 M K2CO3 + (0.1–0.5) M 2MPZ solutions 

 

 

Figure 4.36 Viscosity of 2 M K2CO3 + (0.1–0.5) M 2MPZ solutions 
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Therefore, it is first necessary to measure diffusivity of N2O and the physical solubility of N2O in K2CO3 

+ 2MPZ solution. Then, using N2O analogy and modified Stokes-Einstein equation, and with the help of 

the physical properties of N2O in solution, diffusivity and the physical solubility of CO2 in K2CO3 + 

2MPZ solution can be calculated. This method was originally suggested by Clarke [165] and modified by 

Laddha et al. [166]. They used N2O gas instead of CO2 since N2O gas does not react chemically with 

these solutions and also has similar molecular volume, configuration and electronic structure as CO2 

[167]. According to N2O analogy, the ratio of the diffusivity or the physical solubility of CO2 to N2O in 

K2CO3 + 2MPZ is equal to that in water. This N2O analogy method was used extensively by researchers 

to estimate these properties in different solutions. 

Therefore, in this work, the diffusion coefficient of CO2 in K2CO3 + 2MPZ was determined using Eqs. 

(50-53) and the obtained results were listed in Table 4.26 and presented in Figure 4.37. 

HCO2 solvent = exp (20.2669 −
13830.6

T
+
6913000

T2
−
15.589×108

T3
+
1.2×1011

T4
)                        (49) 

(
DCO2

DN2O
)
solvent

= (
DCO2

DN2O
)
H2O

                                                                                                                                        (50) 

DCO2,H2O = 2.35 × 10
−6 exp (

−2119

T
)                                                                                                                        (51) 

DN2O,H2O = 5.07 × 10
−6 exp (

−2371

T
)                                                                                                                       (52) 

From our viscosity measurements and using Eq. (53), we can obtain the values of the diffusion 

coefficients of N2O in K2CO3 + 2MPZ:  

DN2O,solvent = DN2O,H2O  ×  (
μH2o

μsolvent
)
0.6

                                                                                                                   (53) 

Where μH2O and μsolvent are the viscosity of water and K2CO3 + 2MPZ, respectively. According to the 

results, the diffusivity of CO2 in mixture of K2CO3 and 2MPZ decreases as the concentration of 2MPZ 

increases and increases from approximately 16 to 27 ×10-10 (m2/s) when temperature increases from 303 

to 323 K. This is because the variation of diffusivity of CO2 in the solution is opposite to that of viscosity. 

At higher temperature and lower concentration, viscosity of solution decreases which leads to increase 

diffusivity of CO2 in solvent.  

Table 4.26 The diffusivity of CO2 in 2 M K2CO3 + (0.1–0.5) M 2MPZ solutions. 

T  

(K) 

[2MPZ]=0.1 

kmol/m3 

[2MPZ]=0.2 

kmol/m3 

[2MPZ]=0.3 

kmol/m3 

[2MPZ]=0.4 

kmol/m3 

[2MPZ]=0.5 

kmol/m3 

 𝐃𝐂𝐎𝟐  ×  𝟏𝟎
𝟏𝟎 (𝐦𝟐/𝐬) 

303 17.47 17.01 16.66 16.31 15.98 

313 21.74 21.32 20.92 20.54 20.16 

323 26.99 26.53 26.08 25.65 25.23 
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Figure 4.37 The diffusivity of CO2 in 2 M K2CO3 + (0.1-0.5) M 2MPZ solutions. 

4.5.4. Kinetics study of CO2 absorption in K2CO3 + 2MPZ 

This section focuses on reaction kinetics between CO2 and aqueous K2CO3 + 2MPZ solution. The general 

expression for CO2 absorption rate is described by the following equation [168]: 

NCO2 = EAKL([CO2]i − [CO2]b)                                                                                                              (54) 

Where EA, KL, [CO2]i and [CO2]b are enhancement factor, liquid mass transfer coefficient, interfacial 

CO2 concentrations and concentration of CO2 in the solution, respectively. Since absorbent used in all 

experiments was not initially loaded with CO2, the bulk concentration of CO2 ([CO2]b) is equal to zero. In 

order to study the kinetics of CO2 with K2CO3 + 2MPZ solution, it is important that CO2 absorption 

occurs in the fast pseudo-first-order reaction regime [169], and its necessary condition was given in Eq. 

(55): 

3 < Ha ≪ E∞                                                                                                                                           (55) 

Where E∞ and Ha are the enhancement factor for an instantaneous reaction and Hatta number, 

respectively, and can be obtained by the following equations: 

Ha =
√KOV DCO2

KL
                                                                                                                                         (56)      

E∞ = 1 +
Dsolvent Csolvent

b DCO2  [CO2]i
                                                                                                                          (57) 

Where DCO2, Dsolvent, b and KOV are CO2 diffusion coefficient, solvent diffusion coefficient the 

stoichiometric coefficient of solvent and the overall pseudo-first-order reaction rate constant, respectively. 

The enhancement factor and Hatta number are equal if condition at Eq. (55) is satisfied. The validity of 
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this assumption is checked experimentally in the next sections and discussed in more detail. Thus, Eq. 

(54) is rearranged to: 

NCO2 = √KOV DCO2 [CO2]i                                                                                                                       (58) 

According to Eq. (58), in the fast pseudo-first-order regime, CO2 absorption flux is not depend on liquid 

mass transfer coefficient. Therefore, NCO2 should be independent of the stirring speed. According to 

Henry’s law, the interfacial concentration of CO2 can be determined by Eq. (59): 

[CO2]i =
PCO2
HCO2

                                                                                                                                            (59) 

Consequently, Eq. (58) is changed to: 

NCO2 = √KOV DCO2   
PCO2
HCO2

                                                                                                                         (60) 

With using experimental values of absorption rate of CO2 in the solution, CO2 diffusivity, partial pressure 

of CO2 and Henry constant, the overall reaction rate constant can be calculated for each system: 

KOV =
(
NCO2

HCO2
PCO2

)

2

DCO2
                                                                                                                                    (61) 

In the case CO2 absorption in K2CO3 + 2MPZ solution, it is necessary to consider reaction K2CO3 and 

CO2 in parallel with the reaction between CO2 with 2MPZ. 

ROV = RCO2−2MPZ + RCO2−OH−                                                                                                               (62) 

In CO2 absorption process, where pH is greater than 9, reaction between H2O and CO2 can be neglected. 

Therefore, the reaction of CO2 and OH− is the rate-limiting reaction. A first-order reaction with respect to 

both carbon dioxide and OH− was found by Astarita et al. [170]: 

RCO2−OH− = kOH−  [CO2] [OH
−]                                                                                                              (63) 

Where kOH− can be determined from the equation given by Danckwerts et al. [115]: 

log kOH = 13.635 −
2895

T
                                                                                                                          (64) 

According to zwitterion mechanism, the reaction rate between CO2 and 2MPZ can be presented by Eq. 

(65): 

RCO2−2MPZ =
k1[2MPZ] [CO2]

1+
k−1

∑kB [B]

                                                                                                                      (65) 

When the deprotonation of the zwitterion is very fast or (
𝑘−1

∑𝑘𝐵[𝐵]
 ≪ 1), the reaction rate of CO2 with 

2MPZ reduces to simple second-order reaction.  

RCO2−2MPZ = k1[2MPZ] [CO2]                                                                                                                (66) 
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When zwitterion deprotonation is rate-limiting or (
𝑘−1

∑𝑘𝐵[𝐵]
 ≫ 1), then, the overall reaction order varies 

between two and three: 

RCO2−2MPZ = k1[2MPZ]
n [CO2]                                                                                                              (67) 

Consequently, Eq. (62) is changed to: 

ROV = [CO2] (kOH−[OH
−] + k1[2MPZ]

n)                                                                                              (68) 

ROV = [CO2] kOV                                                                                                                                      (69) 

kov = kOH−[OH
−] + k1[2MPZ]

n                                                                                                             (70) 

Then, the apparent reaction rate constant can be obtained as follows: 

kapp = kov − kOH−[OH
−] = k1 [2MPZ]

n                                                                                               (71) 

By plotting of log (kapp) vs. log [2MPZ], values of k1 and reaction order with respect to 2MPZ can be 

determined. 

As mentioned before, a limitation associated with potassium carbonate solvent is its slow absorption rate 

with CO2. Therefore, 2MPZ was added as a potential promoter to improve the absorption rate. The 

absorption rate of CO2 in 2 kmol/m3 potassium carbonate containing 0.1-0.5 kmol/m3 2MPZ was 

measured at the temperature range between 303 and 323 K. The effect of temperature and concentration 

of 2MPZ on the absorption rate of K2CO3 + 2MPZ was studied. 

It can be seen from Figure 4.38 that with increasing concentration of 2MPZ from 0.1 to 0.5 kmol/m3, CO2 

absorption rate increases significantly, which is favorable for the CO2 capture process. This can be due to 

the fact that with increasing concentration of 2MPZ, the reaction rate between CO2 and 2MPZ increases, 

which results in an increase in overall absorption rate. Furthermore, the absorption rate of CO2 in K2CO3 

+ 2MPZ solution is higher than pure potassium carbonate solution (1.47×10-6 kmol/m2s) at 303 K. 

Therefore, it can be concluded that 2MPZ acts as an efficient rate promoter for potassium carbonate 

solution. The reason for that is that K2CO3 is an inorganic solvent which reacts with CO2 through the 

formation of a bicarbonate (CO2 + OH
− ↔ HCO3

−) with slower reaction rate compared to carbamate 

formation in 2MPZ. Thanks to 2MPZ molecular structure with two secondary amine sites, it has rapid 

carbamate formation, which can increase the kinetics. When 2MPZ is added to potassium carbonate 

solution, pH of solution increases, and results in an increase in the rate of reaction of CO2 with OH-, 

which leads to an increase in the overall absorption rate. 

The effect of temperature on CO2 absorption rate of K2CO3 + 2MPZ solution was also shown in Figure 

4.38. As expected, temperature actually has a positive effect on absorption rate, which is evident because 

the reaction rate constant (according to the Arrhenius expression) increases with increasing temperature. 

Moreover, lower viscosity and higher diffusivity at higher temperatures can be another reason for 

enhancement of absorption rate of CO2 in solution. 
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Figure 4.38 The absorption rate of CO2 in 2 M K2CO3 + (0.1–0.5) M 2MPZ solutions 

 

The values of overall reaction rate constant (kov) and apparent reaction rate constant (kapp) for K2CO3 + 

2MPZ system were determined from Eq. (61) and Eq. (71), respectively. The reaction order and reaction 

rate constant can be calculated from the plot of log (kapp) versus log (2MPZ) as shown in Figure 4.39. 

According to slope of this graph and Eq. (71), it was found that the reaction of CO2 with K2CO3 + 2MPZ 

solution is first order with respect to the 2MPZ. The obtained reaction rate constant was plotted as a 

function of 1/T in order to determine the activation energy and Arrhenius expression as shown in Figure 

4.40. 

k2 = A exp (
−E

 R T
)                                                                                                                                      (72) 

The activation energy and Arrhenius constant for K2CO3 + 2MPZ system have been found to be 62.45 

kJ/mol and 8.92×1014 m3/kmol.s, respectively. 

k2 = 8,92 × 10
14 exp (

−7511,8

T
)                                                                                                               (73) 
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Figure 4.39 Plot of log (kapp) versus log of concentration of 2MPZ 

 

 

 

Figure 4.40 Arrhenius plot for the CO2 + K2CO3 + 2MPZ system. 

 

The liquid mass transfer coefficient (KL) was also obtained using a mass transfer correlation given by 

Kierzkowska-Pawlak et al. [171]. This parameter is necessary to calculate Hatta number and enhancement 

factor. 
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Where ds is dimension of impeller and ns is the stirrer speed. Using the values of DCO2, KOV, KL and 

HCO2, the Hatta number and enhancement factor were calculated using Eqs. (56) and (57) to check the 

validity of condition given by Eq. (55). It is clear from Figure 4.41 that all Hatta number values are 

greater than 3 and lower than infinite enhancement factor, which ensures the fast pseudo-first-order 

reaction regime condition. 

 

Figure 4.41 Effect of 2MPZ concentration on Ha and Ei at 303 K for K2CO3 + 2MPZ system. 

 

4.6. Absorption characterization of CO2 in MEA + K-Lys 

In order to have more attractive absorbents, it is essential to improve the existing absorbents or synthesize 

and screen new ones. This actually motivated us to select a blend of MEA and potassium lysinate (K-Lys) 

as a solvent for the CO2 absorption process. MEA was chosen as a base solvent because of its wide use in 

CO2 capture, and its advantages such as low solvent cost and suitability for low CO2 partial pressures. 

In the previous sections, potassium salt of lysine showed an excellent performance in terms of toxicity, 

CO2 loading capacity and absorption rate. Knowledge of the reaction kinetics and physicochemical 

properties of absorbents are important for the design and modeling of CO2 capture processes. 

In this section, a comprehensive study of CO2 absorption in MEA + K-Lys solution in terms of reaction 

kinetics, CO2 loading capacity, absorption rate, thermodynamic modeling, absorption heat and physical 

properties was carried out. 

 

0

200

400

600

800

0.1 0.2 0.3 0.4 0.5

H
a

 o
r 

 E
i

[2MPZ]    kmol/m3

Hatta Number

Infinite enhancement Factor



CHAPTER 4                                                                                                                                                                                     95 

 

4.6.1. CO2 loading capacity of MEA + K-Lys 

After validating of experimental setup and method by MEA solution, the CO2 loading capacity of 2 

kmol/m3 MEA blended with (0.2-0.5) kmol/m3 K-Lys was measured by stirred cell reactor at 

temperatures of 303, 313 and 323 K, and the results were listed in Tables 4.27 to 4.29.  

Table 4.27 CO2 loading capacity of 2 M MEA + (0.2-0.5) M K-Lys solution at 303 K. 

+ 0.2 M K-Lys + 0.3 M K-Lys + 0.4 M K-Lys + 0.5 M K-Lys 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

01.77 0.552 01.54 0.553 01.82 0.581 00.69 0.581 

03.04 0.572 04.01 0.598 03.66 0.618 02.37 0.616 

07.25 0.609 06.93 0.615 07.29 0.632 05.04 0.632 

10.59 0.627 09.72 0.636 12.08 0.667 09.55 0.659 

15.13 0.645 14.88 0.657 16.84 0.683 14.72 0.681 

 

Table 4.28 CO2 loading capacity of 2 M MEA + (0.2-0.5) M K-Lys solution at 313 K. 

+ 0.2 M K-Lys + 0.3 M K-Lys + 0.4 M K-Lys + 0.5 M K-Lys 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

00.77 0.472 01.29 0.508 00.98 0.501 01.53 0.547 

03.05 0.526 04.26 0.550 03.47 0.555 05.83 0.598 

06.68 0.560 08.04 0.578 07.33 0.583 08.30 0.613 

10.24 0.582 11.25 0.594 11.62 0.606 10.42 0.624 

14.55 0.598 14.61 0.607 15.25 0.622 13.04 0.635 

 

Table 4.29 CO2 loading capacity of 2 M MEA + (0.2-0.5) M K-Lys solution at 323 K. 

+ 0.2 M K-Lys + 0.3 M K-Lys + 0.4 M K-Lys + 0.5 M K-Lys 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

02.52 0.484 01.96 0.476 02.06 0.481 01.39 0.474 

06.64 0.523 05.03 0.518 04.25 0.514 04.06 0.525 

09.21 0.542 08.79 0.541 07.75 0.543 07.22 0.552 

13.68 0.565 12.55 0.559 10.82 0.561 11.43 0.571 

16.77 0.576 16.08 0.572 15.31 0.575 16.95 0.592 

 

The effect of temperature, CO2 partial pressure and K-Lys concentration on CO2 loading capacity of 

MEA + K-Lys solution was studied and presented in Figure 4.42 to 4.46. As shown in these figures, MEA 

+ K-Lys solution has higher CO2 loading at high CO2 partial pressures due to an enhancement of the 

concentration gradient. In addition, temperature indicated a negative effect on the CO2 loading capacity. 

In the other words, an increase in the temperature from 303 to 323 K leads to a decrease in loading 
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capacity. This reduction can be explained by the fact that the equilibrium would shift in the backward 

direction with the increasing temperature and thus reducing the CO2 loading.  

It can also be seen from Figure 4.46 that by increasing the concentration of K-Lys in the blend solution 

from 0.2 to 0.5 M at 313.15 K, the CO2 loading increased by about 15%. This positive effect can be 

explained by the fact that MEA has one amine group, while lysine has two amine groups in its molecular 

structure, which leads to more CO2 loading for higher lysine concentrations. The reactivity of these amine 

groups and their contributions in the CO2 absorption reactions, could be another reason for this positive 

effect. Similar trends were also observed for temperatures of 303 and 323 K. 

 

Figure 4.42 Partial pressure of CO2 as a function of CO2 loading capacity of 2 M MEA + 0.2 K-Lys solution. 

 

 

Figure 4.43 Partial pressure of CO2 as a function of CO2 loading capacity of 2 M MEA + 0.3 K-Lys solution. 
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Figure 4.44 Partial pressure of CO2 as a function of CO2 loading capacity of 2 M MEA + 0.4 K-Lys solution. 

 

Figure 4.45 Partial pressure of CO2 as a function of CO2 loading capacity of 2 M MEA + 0.5 K-Lys solution. 

 

Figure 4.46 The effect of addition of K-Lys on CO2 loading capacity of MEA solution. 
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A comparison of CO2 loading capacity of an MEA + K-Lys solution was made with a pure MEA solution, 

as a widely used absorbent, MEA-based blends and other blended absorbents available in the literature. A 

blend solution with concentration of 2 M MEA + 0.5 M K-Lys was considered for comparison because it 

showed the highest CO2 loading in the previous section. According to Figure 4.47, solvent studied in this 

work shows a higher CO2 loading capacity compared with single MEA and the other solvents at 313.15 K 

which suggests MEA + K-Lys as an alternative absorbent to those traditionally used for post-combustion 

CO2 capture process. 

 

Figure 4.47 Comparison of CO2 loading of solution of MEA + K-Lys with the other solvents at 313.15 K. 

4.6.2. Density and viscosity of MEA + K-Lys 

To confirm the reliability of density and viscosity measurements, density and viscosity of MEA and water 

at 303 to 323 K were measured and compared with the existing literature values [15,175]. A comparison 

between these values was given in Table 4.30. It is clear that the values determined in this study agree 

with the data in the literature very well. 

After validating, density and viscosity 2 M MEA blended with K-Lys were measured at temperatures of 

303-323 K and at K-Lys concentrations of 0.2-0.5 M, and the results were presented in Table 4.31 and 

Figure 4.48 and 4.49. The results show that both viscosity and density of MEA + K-Lys increase with an 

increase of K-Lys concentration and decrease as temperature increases.  
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Table 4.30 Comparison of experimental data of density and viscosity of MEA and water with literature. 

 T (K) Density (g cm3) Viscosity (mPa.s) 

  This work Ref. [15,175] This work Ref. [15,175] 

MEA 303.15 1.0093 1.0097 14.978 15.105 

 313.15 1.0022 1.0027 9.8329 10.028 

 323.15 0.9925 0.9944 6.9054 6.9463 

Water 303.15 0.9951 0.9957 0.7903 0.7975 

 313.15 0.9919 0.9922 0.6501 0.6532 

 323.15 0.9872 0.9880 0.5504 0.5471 

 

Table 4.31 Density and viscosity of solution of 2 M MEA + (0.2–0.5) M K-Lys. 

T (K) [K-Lys]=0.2 M [K-Lys]=0.3 M [K-Lys]=0.4 M [K-Lys]=0.5 M 

ρ (g.cm-3) 

303 1.1226 1.1232 1.1237 1.1245 

313 1.1149 1.1156 1.1161 1.1168 

323 1.1072 1.1076 1.1082 1.1089 

  µ (mPa.s-1) 

303 1.182 1.221 1.259 1.294 

313 1.085 1.119 1.153 1.187 

323 1.002 1.032 1.064 1.091 

 

 

 

Figure 4.48 Density of solution of MEA blended with K-Lys as a function of K-Lys concentration. 

1.1

1.105

1.11

1.115

1.12

1.125

1.13

0.2 0.3 0.4 0.5

D
e
n

s
it

y
 (

g
/c

m
3
)

Concentration of K-Lys (kmol/m3)

T=323 K T=313 K T=303 K



RESULTS AND DISCUSSION                                                                                                                                                       100 

 

 

Figure 4.49 Viscosity of solution of MEA blended with K-Lys as a function of K-Lys concentration. 

4.6.3. Diffusivity of CO2 in MEA + K-Lys 

For measurement of kinetics parameters, it is necessary to obtain values of diffusivity and physical 

solubility of CO2 in MEA + K-Lys solution. A detailed description of the measurement method of these 

two parameters can be found in previous sections and therefore only the main details will be mentioned 

here. As mentioned before, since CO2 reacts with the MEA + K-Lys solution, diffusivity and physical 

solubility of CO2 cannot be found directly. These properties can be obtained using the N2O analogy 

method: 

DCO2,H2O = 2.35 × 10
−6 exp (

−2119

T
)                                                                                                      (75) 

DN2O,H2O = 5.07 × 10
−6 exp (

−2371

T
)                                                                                                      (76) 

The diffusivity of N2O in the blend solution of 2 M MEA and (0.2-0.5) M K-Lys at temperatures of 303, 

313 and 323 K can be determined by: 

DN2O,MEA+Lys = DN2O,H2O  ×  (
μH2o

μMEA+KLys
)
0.6

                                                                                          (77) 

Then, the diffusivity and physical solubility of CO2 in a mixed amine solution can be estimated using the 

modified Stokes-Einstein. 

(
DCO2
DN2O

)
MEA+KLys

= (
DCO2
DN2O

)
H2O

                                                                                                                 (78) 
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The diffusivity of CO2 obtained in MEA + K-Lys system were listed in Table 4.32 and shown graphically 

in Figure 4.50. It was found that the diffusivity of CO2 in MEA + K-Lys solution increases at higher 

temperatures and lower concentrations of K-Lys due to the fact that the viscosity of solution increases 

with an increase in concentration of K-Lys in solution and, as expected, decreases with temperature. 

Table 4.32 The diffusivity of CO2 in solutions 2 M MEA + (0.2-0.5) M K-Lys. 

T (K) [K-Lys]=0.2 M [K-Lys]=0.3 M [K-Lys]=0.4 M [K-Lys]=0.5 M 

DCO2  ×  10
10 (m2/s) 

303 1.70 1.66 1.64 1.61 

313 1.98 1.95 1.91 1.88 

323 2.32 2.28 2.24 2.21 

 

 

Figure 4.50 The diffusion coefficients of CO2 in MEA + K-Lys solution. 
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1.5

1.8

2.1

2.4

2.7

0.1 0.2 0.3 0.4 0.5 0.6

D
C

O
2
×

1
0

9
(m

2
/s

)

[K-Lys]    (kmol/m3)

T=323.15 K T=313.15 K T=303.15 K



RESULTS AND DISCUSSION                                                                                                                                                       102 

 

RCO2−OH− = kOH−[CO2][OH
−]                                                                                                                (82) 

log kOH = 13,635 −
2895

T
                                                                                                                          (83) 

Sanchez et al. [109] showed that the reaction of CO2 with MEA is a first-order reaction with respect to 

MEA: 

RCO2−MEA = kMEA[CO2][MEA]                                                                                                               (84) 

The reaction rate constant (kMEA) can be calculated from Eq. (85) [76]: 

kMEA = 4.14 × 10
11 exp (

−5399

T
)                                                                                                            (85) 

However, the value of kMEA was again determined in this work and compared to the literature in the next 

section. The reaction kinetics of CO2 and K-Lys can be described using from the zwitterion mechanism: 

RCO2−Lys =
kLys[Lys] [CO2]

1+
k−1

∑kB [B]

                                                                                                                         (86) 

Where ∑kB[B] shows the contribution of the bases present in solution for proton transfer. Depending on 

the zwitterion deprotonation, the reaction order with respect to concentration of K-Lys varies between one 

and two. When deprotonation is instantaneous (
𝑘−1

∑𝑘𝐵[𝐵]
 ≪ 1), the reaction is first order with respect to K-

Lys concentration: 

RCO2−Lys = kLys[Lys] [CO2]                                                                                                                    (87) 

When zwitterion deprotonation is rate-limiting (
𝑘−1

∑𝑘𝐵[𝐵]
 ≫ 1), the overall reaction order varies between 

two and three: 

RCO2−Lys = kLys[CO2][Lys]
n                                                                                                                   (88) 

As a result, the overall reaction rate of CO2 in MEA + K-Lys and the overall reaction rate constant (kOV) 

can be expressed by: 

ROV = kOH−[CO2][OH
−] + kMEA[CO2][MEA] + kLys[CO2][Lys]

n                                                        (89) 

ROV = [CO2] kOV                                                                                                                                      (90) 

kov = kOH−[OH
−] + kMEA[MEA] + kLys[Lys]

n                                                                                     (91) 

A mentioned before, the CO2 absorption in lean amine solutions can be obtained from Eq. (92): 

NCO2 = EAKL([CO2]i − [CO2]b)                                                                                                              (92)                                                                                                           

Where KL and EA are the liquid mass transfer coefficient and the enhancement factor, respectively. The 

interfacial CO2 concentration [CO2]i can be calculated using Eq. (59). The concentration of CO2 in the 

bulk of the liquid [CO2]b is negligible (approximately zero) because the solution used in all the 

experiments was not initially loaded with CO2. Thus, the flux expression can be written as: 
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NCO2 = EAKL [CO2]i                                                                                                                                 (93) 

If the condition of Eq. (94) is satisfied, then the reaction belongs to a fast pseudo-first order regime. 

3 < Ha ≪ E∞                                                                                                                                           (94)                                                                                                  

The calculation method of infinite enhancement factor and Hatta number was explained before. In the 

regime of fast pseudo-first order, enhancement factor is equal to Hatta number. Therefore, the flux 

expression is converted to Eq. (95): 

NCO2 =
√kOV DCO2

KL
KL [CO2]i                                                                                                                     (95) 

Then, 

NCO2 = √kOV DCO2  [CO2]i                                                                                                                       (96)   

In addition, [CO2]i can be substituted from 
PCO2
He

 which leads to Eq. (97):  

NCO2 = √kOV DCO2   
PCO2
He

                                                                                                                         (97)                                                                                             

Therefore, kov can be obtained from Eq. (97), knowing the values of DCO2, PCO2, NCO2 and He. The 

apparent reaction rate constant (kapp) can be calculated from Eq. (98): 

kapp = kov − kOH−[OH
−] − kMEA[MEA] = kLys[Lys]

n                                                                        (98) 

By plotting log kapp vs. log[Lys], values of the reaction order with respect to potassium lysinate and 

reaction rate constant can then be determined. To verify the reliability of the results and also measurement 

method for kinetics study, initial runs were made for the CO2 absorption rate in single MEA solution and 

compared with the literature. Many researchers have studied the kinetics of CO2 + MEA and presented 

values of second-order rate constant (k2). For example, Ying et al. [76] and Horng et al. [176] showed that 

second-order rate constant for MEA + CO2 + H2O system at 303.15 K is equal to 6215 and 5986 

m3/kmol.s, respectively. The rate of absorption of CO2 in 2 M MEA was measured by stirred cell reactor 

at 303.15 K and second-order rate constant was found to be 6144 m3/kmol.s which is in excellent 

agreement with the data reported in the literature, and thus ensures the accuracy of measurement used in 

this work. It is now possible to study the kinetics of CO2 absorption in MEA + K-Lys. The absorption 

rates of CO2 in 2 M MEA + (0.2-0.5) M K-Lys were measured over a temperature range 303.15-323.15 K 

to obtain the reaction order and klys using stirred cell reactor. It can clearly be seen in Figure 4.51 that the 

addition of K-Lys to MEA solution resulted in an increase in the absorption rate. This is because the 

amine group of the lysine can react quickly with CO2 to form zwitterions which transfer protons to MEA 

and hence accelerate the overall absorption rate. The enhancement of the reaction rate between CO2 and 

K-Lys with increasing concentration of K-Lys may be another reason for rate enhancement.  
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Figure 4.51 The CO2 absorption rate in MEA + K-Lys at different temperatures and concentrations. 

 

The kov was calculated from Eq. (97) and using the values of the absorption rate, the diffusivity, solubility 

and partial pressure of CO2, and the results were listed in Table 4.33. Eq. (98) was also used to calculate 

kapp and the results were plotted in Figure 4.52. It was found that the kapp increases as K-Lys concentration 

and temperature increase. 

 

Figure 4.52 Plot of the apparent reaction rate constant versus K-Lys concentration. 
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slope and intercept of these plots. As can be seen from Figure 4.53, order of reaction with respect to K-

Lys was found to be 1.55.  

 
Figure 4.53 Plot of the log(kapp) versus log of concentration of K-Lys. 

 

The kLys can be expressed by Arrhenius’s law as shown in Eq. (99): 

kLys = A exp (
−E

 R T
)                                                                                                                                   (99) 

The Arrhenius plot of the kLys values at different temperatures was made in Figure 4.54. The activation 

energy was found to be 48.45 kJ/mol. The kLys was correlated as a function of temperature:  

kLys = 6.23 × 10
12 exp (

−5827.7

T
)                                                                                                          (100) 

 
Figure 4.54 Arrhenius plot for the CO2 + MEA + K-Lys system. 
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The liquid mass transfer coefficient was calculated using the same method which explained in the 

previous section. 

KLds

DCO2
= 0.3929(

nsds
2ρ

μ
)
0.6632

(
μ

ρ DCO2
)
0.33

                                                                                              (101) 

The values of liquid mass transfer coefficient at different experimental conditions were reported in Table 

4.33. It is now possible to validate the pseudo first-order regime by checking the conditions given in Eq. 

(94). Hatta number and infinite enhancement factor can be calculated from Eqs. (56) and (57) and with 

the help of the kinetics parameters obtained in the previous sections. The obtained values for these two 

parameters at temperatures 303-323 K and K-Lys concentrations of 0.2-0.5 M were also listed in Table 

4.33. It can clearly be seen from this table and Figure 4.55 that in all cases the Ha values are all greater 

than three and smaller than infinite enhancement factor, which satisfies the condition of Eq. (94). 

Table 4.33 Kinetic data for the CO2 + MEA + K-Lys system. 

T 

(K) 

[MEA] 

kmol/m3 

[K-Lys] 

kmol/m3 
NCO2  

× 106 (kmol m2, s⁄ ) 

kOV 

(1 s⁄ ) 

KL  
× 105(m s⁄ ) 

Ha Ei 

303 2 0.2 09.79 15556 2.18 234 709 

303 2 0.3 10.43 17478 2.13 252 747 

303 2 0.4 11.17 19948 2.09 273 782 

303 2 0.5 11.86 22446 2.04 293 824 

313 2 0.2 10.61 32440 2.48 321 804 

313 2 0.3 11.25 36483 2.43 345 839 

313 2 0.4 11.96 41468 2.38 373 879 

313 2 0.5 12.83 46873 2.33 401 923 

323 2 0.2 11.57 56084 2.83 402 896 

323 2 0.3 12.26 62097 2.77 428 937 

323 2 0.4 12.99 69108 2.71 457 982 

323 2 0.5 13.74 77930 2.67 491 1028 

 

 
Figure 4.55 Effect of K-Lys concentration on Ha and Ei at 313 K for MEA + K-Lys system. 
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In the previous section, the highest CO2 absorption rate was obtained using 2 M MEA + 0.5 M K-Lys 

solution. Therefore, this blend solution was chosen in this section in order to compare with other blended 

solutions at their best performance. Figure 4.56 shows a comparison of Kov of 2 M MEA + 0.5 M K-Lys 

system with single 2.5 M MEA and other blended systems available in the literature at 313.15 K. The 

blend of 2 M MEA + 0.5 M K-Lys indicated the highest overall reaction rate constant among them 

because of two functional amino groups on its molecular structure. Lysine with an aliphatic amino group 

(pKa 10.67) and a primarily amino group (pKa 9.16) has rapid carbamate formation, which leads to a 

faster absorption rate in comparison with other conventional amines. It can also be concluded from Figure 

4.52 that 2 M MEA + 0.5 M K-Lys showed a better performance than single 2.5 M MEA, while blend 

solutions of 0.4 M MEA + 1.7 M AMP, 0.5 M MEA + 1.5 M MDEA and 0.5 M MEA + 2 M TEA 

indicated a lower kinetic constant than 2.5 M MEA. Furthermore, the 2 M MDEA + 0.5 M DEA system 

was found to have the lowest kinetic constant.  

 

Figure 4.56 Comparison of the overall reaction rate constant of MEA + K-Lys with other blended systems at 313 K. 
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The calculated heat of CO2 absorption in solution of MEA + K-Lys was found to be equal to 72.8 kJ/mol 

using Gibbs-Helmholtz equation. Figure 4.57 shows a comparison between absorption heat of CO2 in 

MEA + K-Lys solution and other conventional absorbents such as AEEA [137], MEA [136], PZ [138], 
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heat of absorption of CO2 by approximately 15% which means a lower energy requirement for 

regeneration. In other words, MEA + K-Lys solution showed a better performance than MEA and other 

absorbents except MDEA. Therefore, a blend of MEA and K-Lys would be the right choice from the 

absorption heat point of view.  

 

Figure 4.57 Comparison of heat of CO2 absorption of MEA + K-Lys solution with the other absorbents. 

4.7. Absorption characterization of CO2 in MDEA + K-Lys 

MDEA as a tertiary alkanolamines has advantages such as low heat of absorption, low vapor pressure, 

low corrosion rate and high solvent stability. These favorable factors of MDEA has made it an attractive 

candidate for CO2 absorption process. However, the main challenge with MDEA is its slow reaction rate 

with CO2, which can be increased by addition of small amount of a promoter. 
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measured at different temperatures, concentrations and pressures as shown in Table 4.34 to 4.36. The 

three different blended solutions, 1.5 M MDEA + 0.2 K-Lys, 1.5 M MDEA + 0.35 M K-Lys and 1.5 M 

MDEA + 0.5 M K-Lys were selected as absorbents. 

Table 4.34 CO2 loading capacity of MDEA + K-Lys solution at 298.15. 

1.5 M MDEA + 0.2 M K-Lys 1.5 M MDEA + 0.35 M K-Lys 1.5 M MDEA + 0.5 M K-Lys 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

3.7 0.600 3.2 0.651 2.4 0.724 

7.8 0.633 6.3 0.675 4.7 0.753 

14.9 0.662 14.27 0.709 8.9 0.780 

18.4 0.677 19.91 0.732 19.89 0.808 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.35 CO2 loading capacity of MDEA + K-Lys solution at 303.15. 

1.5 M MDEA + 0.2 M K-Lys 1.5 M MDEA + 0.35 M K-Lys 1.5 M MDEA + 0.5 M K-Lys 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

2.01 0.488 2.9 0.608 1.55 0.678 

6.5 0.560 6.9 0.639 3.7 0.705 

10.98 0.592 13.77 0.680 8.3 0.749 

16.4 0.607 24.09 0.727 12.9 0.768 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

Table 4.36 CO2 loading capacity of MDEA + K-Lys solution at 313.15. 

1.5 M MDEA + 0.2 M K-Lys 1.5 M MDEA + 0.35 M K-Lys 1.5 M MDEA + 0.5 M K-Lys 

PCO2(kPa) α PCO2(kPa) α PCO2(kPa) α 

5.3 0.427 04.30 0.558 3.51 0.665 

7.2 0.481 09.01 0.598 6.39 0.704 

12.4 0.530 14.4 0.628 13.65 0.747 

20 0.607 19.62 0.656 21.36 0.772 

𝛼 (mole CO2/mole of absorbent) is the moles of CO2 absorbed per one mole of solvent  

 

It is seen that the CO2 loading capacity increased with increasing CO2 partial pressure due to an 

enhancement at the concentration gradient. As expected, CO2 loading capacity decreased when 

temperature increased from 298.15 K to 313.15 K as illustrated in Figure 4.58 to 4.60. This negative 

impact of the temperature on CO2 loading capacity can be due to the fact that the equilibrium shifts in the 

backward direction as temperature increases. 

It can be clearly seen from Figure 4.61 that MDEA + K-Lys solution has higher CO2 loading as K-Lys 

concentration increases from 0.2 to 0.5 M at 313.15 K. This is because the amino groups in the lysine are 

reactive and take part in CO2 absorption reaction, thus improve the CO2 loading capacity of MDEA. A 
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similar trend was also observed for temperatures 298.15 K and 303.15 K. Figure 4.62 presents a 

comparison between the  performance of 1.5 M MDEA + 0.5 M K-Lys with other common blend 

solutions in the literature and with single MEA (as a widely used solvent) at 313.15 K. It can be seen that 

MDEA + K-Lys showed a better performance than other common absorbents and also has a much higher 

CO2 loading compared to MEA. This higher absorption capacity of lysine in comparison to MEA is 

because of two active amine groups in its structure. 

 

Figure 4.58 CO2 loading of 1.5 M MDEA + 0.2 M K-Lys solution 

 

 

Figure 4.59 CO2 loading of 1.5 M MDEA + 0.35 M K-Lys solution 
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Figure 4.60 CO2 loading of 1.5 M MDEA + 0.5 M K-Lys solution 

 

 

 

Figure 4.61 The effect of concentration of K-Lys on CO2 loading capacity of MDEA at 313.15 K 
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Figure 4.62 CO2 loading capacity of MDEA + K-Lys and other blended solutions at 313 K. 

 

Figure 4.63 presents a comparison between the  performance of all of chemical absorbents studied in this 

work in terms of CO2 loading capacity. It can be seen that TSP + TETA exhibits the highest CO2 loading, 

while MEA + k-Lys solution presents the lowest. In addition, TSP + 2MPZ, TSP + AEEA, TSP + PZ 

showed the better performance than other solvents. This high CO2 loading capacity of these solvents in 

comparison to others is due to more active amine groups in their structure. 

 
Figure 4.63 Comparison of CO2 loading capacity of chemical solvents studied in this work at 313.15 K 
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4.7.2. Density, viscosity and pH of MDEA + K-Lys 

The density, viscosity and pH of MDEA + K-Lys solutions before and after CO2 absorption were 

measured using Gay-Lussac pycnometer, Ubbelohde viscometer (Fisherbrand, Italy) and Benchtop pH 

meter (AE150, Italy), respectively. The measurements were performed for 1.5 M MDEA + (0.2-0.5) M 

K-Lys and temperature range of 298-313 K. In order to test the reliability of the density and viscosity 

measurement setup, values of both of them for water and pure MDEA at 303 and 313 K were measured 

and compared with the data reported in the literature [188,189]. The results given in Table 4.37 shows a 

good agreement, which ensure the validity of the data. 

Table 4.37 The values of density and viscosity of MDEA and water. 

 T (K) Density (g cm3) Viscosity (mPa.s) 

  This work Ref. [188] This work Ref. [189] 

MDEA 303.15 1.0298 1.0341 56.11 56.30 

 313.15 1.0269 1.0265 34.52 34.44 

Water 303.15 0.9951 0.9957 0.7903 0.7975 

 313.15 0.9919 0.9922 0.6501 0.6532 

 

After validating the experimental data for density and viscosity measurement, these properties were 

measured for solutions of MDEA + K-Lys at 298.15 K to 313.15 K, and the results were listed in Table 

4.38. According to this table, the density and viscosity of CO2-unloaded MDEA + K-Lys solutions 

decrease with increasing temperature, and increase as concentration increases. 

Table 4.38 Density and viscosity of MDEA + K-Lys solution at 298-313 K. 

T (K) 1.5 M MDEA + 0.2 

M K-Lys 

1.5 M MDEA + 0.3 M 

K-Lys 

1.5 M MDEA + 0.4 M 

K-Lys 

1.5 M MDEA + 0.5 

M K-Lys 

ρ (g.cm-3) 

298 1.0221 1.0251 1.0272 1.0291 

303 1.0202 1.0231 1.0254 1.0269 

313 1.016 1.0187 1.0204 1.0222 

µ (mPa.s-1) 

298 2.1881 2.5456 2.8216 3.1322 

303 1.8732 2.1667 2.3921 2.5445 

313 1.4099 1.6141 1.7694 1.9417 

 

The density and viscosity of CO2-loaded 2 M MDEA + 0.5 M K-Lys solution at 298.15 to 313.15 were 

also measured, and the results were plotted in Figure 4.64 and 4.65. A small increase in density and 
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viscosity after CO2 absorption was observed. For example, at 313.15 K, density and viscosity increased 

from 1.022 and 1.941 before CO2 absorption (𝛼 = 0) to 1.073 and 4.8 after CO2 absorption (𝛼 = 0.8), 

respectively. 

 

Figure 4.64 The density of 20 wt% MDEA + 10 wt% K-Lys solution after absorption at 298-313 K. 

 

 

Figure 4.65 The viscosity of 20 wt% MDEA + 10 wt% K-Lys solution after absorption at 298-313 K. 
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solution. The pH of MDEA + K-Lys solutions, before absorption, varies from 10.9 to about 11.7 

depending on temperature and concentration of the solutions, as shown in Table 4.39. Moreover, addition 

of K-Lys to MDEA has been led to a rise in pH of solution.  

Table 4.39 The pH of solutions of MDEA and MDEA + K-Lys before absorption at 298-313 K. 

T (K) 1.5 M MDEA 2 M MDEA + 0.2 M 

K-Lys 

2 M MDEA + 0.3 M 

K-Lys 

2 M MDEA + 0.5 M K-

Lys 

pH 

298 11.29 11.48 11.65 11.72 

303 11.21 11.37 11.53 11.61 

313 10.98 11.15 11.27 11.37 

 

The pH of 1.5 M MDEA + 0.5 M K-Lys solution after CO2 absorption was also measured and presented 

in Figure 4.66. It is seen from this figure that pH of MDEA + K-Lys solution at studied temperatures 

decreases with the increase in CO2 loading capacity due to an increase in acidity of solution. In addition, 

the results showed that the pH decreases when temperature increases from 298 to 313 K. This can be 

explained by the fact that [H+] concentration increases (due to more ionization) at higher temperatures 

which leads to reducing the pH. 

 

Figure 4.66 The pH of 20 wt% MDEA + 10 wt% K-Lys solution after absorption at 298-313 K. 

4.7.3. Diffusivity of CO2 in MDEA + K-Lys 

The diffusion coefficient of CO2 and physical solubility of CO2 in MDEA + K-Lys solutions were 

obtained using the same method which explained in previous sections, and the results were illustrated in 

8.5

9

9.5

10

10.5

11

11.5

12

0 0.65 0.7 0.75 0.8

p
H

CO2 loading (mol CO2/mol solvent)

T=298.15 K T=303.15 K

T=313.15 K



RESULTS AND DISCUSSION                                                                                                                                                       116 

 

Figure 4.67. It can be clearly seen that diffusion coefficient of CO2 increases as temperature increases 

while decreases as K-Lys concentration increases. This behavior can be explained from variations of the 

solution viscosity relative to the temperature and concentration as mentioned before. 

 

Figure 4.67 Diffusivity of CO2 in MDEA + K-Lys as a function of K-Lys concentration 
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ROV = RCO2−MDEA + RCO2−Lys + RCO2−OH−                                                                                        (102) 
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RCO2−MDEA = kMDEA[CO2][MDEA]                                                                                                      (103) 

Depending on the zwitterion deprotonation, the overall reaction order varies between two and three: 

RCO2−Lys =
kLys[Lys] [CO2]

1+
k−1

∑kB [B]

                                                                                                                       (104) 
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RCO2−Lys = kLys[CO2][Lys]
n                                                                                                                 (106) 

Consequently, the overall reaction rate (ROV) can be represented by: 

ROV = kOH−[CO2][OH
−] + kMDEA[CO2][MDEA] + kLys[CO2][Lys]

n                                                 (107) 

ROV = [CO2] kOV                                                                                                                                    (108) 

Then, kov is simplified as: 

kov = kOH−[OH
−] + kMEA[MEA] + kLys[Lys]

n                                                                                   (109) 

The CO2 absorption rate into MDEA + K-Lys solution can be also described by Eq. (110) according to 

Danckwert et al.: 

NCO2 = EAKL([CO2]i − [CO2]b)                                                                                                           (110)                                                                                                           

The values of experimental enhancement factor can be obtained by Eq. (111): 

[EA]exp =
NCO2

KL([CO2]i−[CO2]b) 
                                                                                                                     (111) 

The value of theoretical enhancement factor can also be calculated by Eq. (112): 

[EA]the = 1 +
Ha

A
[1 − exp(−0.65 × Ha × √A)]                                                                                   (112) 

A =
Ha

E∞−1
+ exp (

0.68

Ha
−
0.45×Ha

E∞−1
)                                                                                                            (113) 

The measurement method for calculation of experimental absorption flux, concentration of CO2 and 

liquid mass transfer coefficient, Hatta number and infinite enhancement factor was explained in the 

previous sections. Since obtained values of experimental and theoretical enhancement factor must be 

equal ([EA]exp = [EA]the), the value of Hatta number can be found. Then, overall reaction rate constant is 

determined as follows: 

Ha =
√KOV DCO2

KL
                                                                                                                                       (114)      

KOV =
(Ha × KL)

2

DCO2
                                                                                                                                      (115) 

Then, the apparent reaction rate constant can be obtained by Eq. (116): 

kapp = kov − kOH−[OH
−] − kMDEA[MDEA] = kLys[Lys]

n                                                                  (116) 

By plotting log kapp vs. log[Lys], values of the reaction order with respect to potassium lysinate and 

reaction rate constant can be determined. Before studying kinetics of CO2 absorption in MDEA + K-Lys 

system, it is essential to check the reliability of the experimental method. The CO2 absorption in MDEA 

solution was studied at various temperatures by many researchers and values of reaction rate constant 

(kMDEA) were reported. These data were used in this work in order to validate the experimental setup and 

procedures. The absorption flux of CO2 in MDEA solution was measured at 298.15 K to 313.15 K using 
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stirred batch reactor, and the values of reaction rate constant were calculated. Figure 4.68 shows the 

comparison of reaction rate constant data for MDEA + CO2 + H2O system obtained in this study with 

those published in the literature. It can be observed that a well accordance was found between our results 

and data reported in the literature. 

 

Figure 4.68 Comparison of the second-order rate constant calculated in this work with those obtained in the 

literature. 

 

After validating the experimental setup and calculation method, the reaction kinetics of CO2 absorption in 

CO2 loaded and CO2 unloaded solutions of MDEA, K-Lys and MDEA + K-Lys were studied. In this 

regards, the absorption flux of CO2 in these solutions was measured at low and high partial pressure of 

CO2. Figure 4.69(a-c) shows the pressure decay during absorption of CO2 in the solutions of 1.5 M 

MDEA, 0.2 M K-Lys and 1.5 M MDEA + 0.2 M K-Lys at 298.15 K and at different partial pressure of 

CO2. This pressure reduction in the equilibrium cell which is recorded by using a pressure transmitter 

shows the amount of gas absorption in the liquid. The partial pressure of CO2 in the reactor decreases 

with increasing time until a gas-liquid equilibrium is reached. The time required to reach an equilibrium 

state is different for each solvents. It was found that K-Lys solution reaches the equilibrium state at less 

time in comparison to MDEA and MDEA + K-Lys. The reason for different equilibrium times is faster 

reaction rate of K-Lys with CO2 than other solutions.  

 

 

0

5

10

15

20

293 298 303 308 313 318

K
M

D
E

A
(m

3
/k

m
o

l.
s

)

T (K)

Pawlak et al. [190]

Rinker et al. [191]

Haimour et al. [192]

Paul et al. [164]

Ko et al. [193]

Benamor et al. [180]

Lin et al. [181]

This work



CHAPTER 4                                                                                                                                                                                     119 

 

           
                                            a                                                                                               b    

 

Figure 4.69(a-c) Pressure decay during CO2 absorption in solutions of a) 1.5 M MDEA; b) 0.2 M K-Lys; c) 1.5 M 

MDEA + 0.2 M K-Lys. 

 

The experimental CO2 absorption flux can be calculated using Eq. (46) and from the slope of the plot of 

pressure versus time. The CO2 absorption flux in solutions of MDEA, K-Lys and MDEA + K-Lys versus 

time at CO2 partial pressure up to 500 kPa and at 298.15 was given in Figure 4.70(a-c). It is clear that the 

absorption flux of CO2 in tested solvents decreases with absorption time. At the beginning, the CO2 

absorption flux is high. With the continued absorption of CO2, pH of solution decreases and CO2 loading 

increases which lead to lower absorption rate. 

The experimental results also showed that the CO2 absorption flux increases when partial pressure of CO2 

increases from around 50 to 480 kPa for all the solutions. This could be due to the fact that the driving 

force between gas phase and gas-liquid interface increases by increasing the CO2 partial pressure, and 

thus results a higher absorption rate of CO2. 
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                                     a                                                                                                           b  

 

Figure 4.70(a-c) CO2 absorption flux vs. absorption time at different CO2 partial pressures for a) 1.5 M MDEA; 

b) 0.2 M K-Lys; c) 1.5 M MDEA + 0.2 M K-Lys. 

 

The profiles of CO2 absorption flux as a function of CO2 loading of MDEA, K-Lys and MDEA + K-Lys 

solutions at 298.15 K were also presented in Figure 4.71(a-c). It can be clearly seen that the CO2 

absorption flux decrease when CO2 loading capacity of solution increases. This can be explained that free 

concentration of solvent decreases when CO2 loading capacity of solution increases. The less free 

concentration of solvent mean there are less free amine molecules available to react with CO2 which will 

lead to a decrease of effective collisions. 
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Figure 4.71(a-c) CO2 absorption flux vs. CO2 loading at different CO2 partial pressures for a) 1.5 M MDEA; b) 

0.2 M K-Lys; c) 1.5 M MDEA + 0.2 M K-Lys. 

 

The effect of temperature on absorption rate of CO2 in 1.5 M MDEA + 0.5 K-Lys solution was studied 

and the results were illustrated in Figure 4.72(a-c). As can be observed in this figure, the absorption rate 

increases when temperature increases from 298.15 K to 313.15 K. The reasons for this result could be due 

to the reduction of solution viscosity, and increase in reaction rate constant (according to Arrhenius law) 

with increase in temperature. 
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Figure 4.72(a-c) The effect of temperature on absorption flux of CO2 in MDEA + K-Lys solution, a) PCO2 vs. 

time; b) flux vs. time and c) flux vs. CO2 loading. 

 

The effect of addition of 0.2 M K-Lys to 1.5 M MDEA solution was studied at low, moderate and high 

CO2 partial pressure as given in Figure 4.73 to 4.76(a-c). It can be seen from these figures that MDEA 

takes too much time to reach equilibrium state in comparison to single K-Lys. The reason for this 

behavior of MDEA is the formation of bicarbonates by CO2 hydrolysis which is slower when compare 

with formation of carbamate by K-Lys and CO2. The carbamate formation by primary amino group in K-

Lys contributes to increasing the overall rate of absorption. 

It was also found that at CO2 partial pressure around 50 kPa, K-Lys has faster absorption flux than 

MDEA as shown in Figure 4.73 while at CO2 partial pressure higher than 50 kPa, MDEA indicates better 

absorption flux than K-Lys as given in Figure 4.74 to 4.76. Therefore, the addition of K-Lys to MDEA at 

low partial pressure of CO2 has been lead to a significant increase in CO2 absorption rate of MDEA + K-

Lys solution. In the other words, the addition of K-Lys at high pressure has no effect on absorption flux 

of CO2 in MDEA + K-Lys. The reason for this behavior is due to the higher enhancement factor of K-Lys 

than MDEA at low partial pressure of CO2 which will be discussed in next section. 
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It was also observed from absorption flux curves versus CO2 loading that absorption flux of CO2 shows a 

sudden decrease in high CO2 loading capacity. One example can be for K-Lys solution at CO2 loading 

higher than 2 and 2.25 for CO2 partial pressure of 350 and 470 kPa, respectively. It should be noted that at 

this loading all the free amine molecules reacted with CO2 and actually the absorption relied mainly on 

physical absorption and made chemical absorption secondary. 

 
                                             a                                                                                            b 

 

Figure 4.73(a-c) Comparison of performance of CO2 absorption rate in different solutions at PCO2=50 kPa, a) PCO2 

vs. t ; b) flux vs. t  and c) flux vs. CO2 loading.  
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                                            a                                                                                                 b 

 

Figure 4.74(a-c) Comparison of performance of CO2 absorption rate in different solutions at PCO2=200 kPa, a) 

PCO2 vs. t ; b) flux vs. t  and c) flux vs. CO2 loading. 
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                                       a                                                                                           b 

 

Figure 4.75(a-c) Comparison of performance of CO2 absorption rate in different solutions at PCO2=350 kPa, a) 

PCO2 vs. t ; b) flux vs. t  and c) flux vs. CO2 loading. 
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                                            a                                                                                         b 

 

Figure 4.76(a-c) Comparison of performance of CO2 absorption rate in different solutions at PCO2=500 kPa, a) 

PCO2 vs. t ;b) flux vs. t  and c) flux vs. CO2 loading. 

 

The enhancement factor as a function of partial pressure of CO2 for 1.5 M MDEA and 0.2 M K-Lys 

solutions at 298.15 K was determined in order to investigate the effect of pressure. Generally, the 

enhancement factor is defined as the ratio between the CO2 absorption flux with chemical reaction and 

the obtained flux of the CO2 physical absorption with fluxes based on the same driving force [109], and 

thus can be calculated according to Eq. (117): 

EA =
NCO2  with reaction

NCO2  without reaction
                                                                                                                        (117) 

A comparison between experimental and predicted enhancement factor for MDEA and K-Lys solutions 

was presented in Figure 4.77. As is illustrated in this figure, the experimental enhancement factor data are 

in good agreement with predicted results.  

It can also be seen that the enhancement factor has greater values at lower CO2 partial pressure (CO2 

interfacial concentration). The reason for this behavior is that as partial pressure of CO2 decreases, the 

contribution of physical absorption to the overall absorption of CO2 decreases and the contributions of the 

chemical reactions between CO2 and amine increases [109]. 
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In addition, it was found that K-Lys shows a different behavior at high and low partial pressure of CO2. 

Actually, K-Lys seems to offer better performance than MDEA only at low partial pressure of CO2. In the 

other words, when CO2 partial pressure is lower than 60 kPa, 0.2 M K-Lys exhibits higher enhancement 

factor than 1.5 M MDEA which lead to a faster absorption rate. However, with a further increase in CO2 

partial pressure, K-Lys shows lower enhancement factor than MDEA which can explained its slower 

absorption rate than MDEA as discussed before. 

 

Figure 4.77 Comparison of experimental and predicted enhancement factor for CO2 absorption in MDEA and K-

Lys solutions. 

 

To further analyze the absorption process, the absorption kinetic model was used to predict the 

experimental absorption data. The absorption flux of CO2 in MDEA and K-Lys solutions was predicted 

by obtained enhancement factor values in previous section. The experimental and predicted CO2 

absorption rates versus CO2 loading for CO2 loaded and unloaded solutions of MDEA and K-Lys at 

298.15 K were presented in Figure 4.78 and 4.79, respectively. 

In addition, CO2 partial pressure decay in the reactor during absorption was predicted with predicted 

absorption rate and the results were plotted in Figure 4.80. As can be seen from these figures, the 

experimental results are in good agreement with model calculations.   
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Figure 4.78 Comparison of experimental and predicted CO2 absorption flux in MDEA solution. 

 

 

Figure 4.79 Comparison of experimental and predicted CO2 absorption flux in K-Lys solution. 
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Figure 4.80 Comparison of experimental and predicted pressure decay for CO2 absorption in K-Lys solution. 

4.7.5. Heat of CO2 absorption of MDEA + K-Lys 

As mentioned before, the heat of absorption plays an important role in the selection of a suitable solvent 

because this parameter provides information about the energy requirements in the desorption column. The 

CO2 absorption heat of MDEA + K-Lys was estimated by Eq. (47) and compared with other solvents as 

illustrated in Figure 4.81. The value of heat of absorption for MDEA + K-Lys was estimated to be around 

59.7 kJ/mol which is lower than MEA and other studied amines, except single MDEA. This means that 

MDEA + K-Lys solution needs less energy to be regenerated in comparison to single MEA, and therefore 

is favorable for CO2 capture. It also can be seen that heat of absorption of MDEA + K-Lys was about 

10% higher than single MDEA. This may be due to the fact that lysine has primary amino groups, which 

produce stable carbamate ions and increases absorption heat. However, this value is still lower when 

compared with other blend solutions.  

 
Figure 4.81 Comparison of heat of CO2 absorption of MDEA + K-Lys solution with the other absorbents. 

0

20

40

60

80

100

-Δ
H

  
(k

J
/m

o
l 
C

O
2
)



RESULTS AND DISCUSSION                                                                                                                                                       130 

 

Figure 4.82 presents a comparison between CO2 absorption heat of chemical absorbent investigated in 

this study. Single MEA presents the highest CO2 absorption heat whicn means solvent need high energy 

for regeneration. However, the results show that MEA blended with K-Lys present lower absorption heat. 

In addition, K-Lys mixed with MDEA has lower absorption heat in comparison to K-Lys + MEA, which 

explained in previous sections. As can be seen in figure 4.82, K2CO3 solution promoted by 2MPZ, AEEA, 

K-Ser and K-Ala needs lower energy for regeneration according to results obtained in this work. 

 

Figure 4.82 Comparison of heat of CO2 absorption of chemical solvent studied in this work 

4.8. Absorption characterization of CO2 in MEA + Sugar 

A good understanding and prediction of the mass transfer in viscous solutions is important for proper 

solvent selection and process design. In addition, post combustion processes normally work in the loading 

range between 0.2 and 0.5 (mol CO2/mol solvent) and it is thus important to study the performance of 

loaded solutions. Therefore, a further study on the kinetics and the physicochemical properties of 

unloaded and CO2 loaded viscous MEA solutions is necessary to give us a comprehensive understanding 

of mass transfer behavior of CO2 absorption. In this regard, the CO2 absorption performance in viscous 

MEA solutions was investigated in this work in collaboration with Norwegian University of Science and 

Technology. The main objective of this work was to study the effect of liquid viscosity on the mass 

transfer coefficient and absorption flux of CO2 in MEA solution. In this work, the overall mass transfer 

coefficient in CO2 loaded and unloaded solutions of MEA + sugar was measured using a string of discs 

contactor in the temperature range 25 to 70 °C and for CO2 loading up to 0.4. In addition, the values of 

density and viscosity of solution at the same experimental condition were obtained and reported.  
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4.8.1. Density of MEA + Sugar 

The density of CO2 loaded and CO2 unloaded solutions of 30 wt% MEA and  30 wt% MEA + (3-20) wt% 

sugar was measured using a density meter which explained in section 3.3. The values reported in this 

work are the average of two measurements. The obtained experimental results were plotted versus CO2 

loading in Figure 4.83 to 4.87. As shown in these figures, the density decreased with increasing 

temperature and increased with increasing CO2 loading.  

 

Figure 4.83 Density of unloaded and CO2 loaded MEA solution at different temperatures 

 

 

Figure 4.84 Density of unloaded and CO2 loaded MEA + 3wt% sugar solution at different temperatures. 
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Figure 4.85 Density of unloaded and CO2 loaded MEA + 6wt% sugar solution at different temperatures. 

 

 

Figure 4.86 Density of unloaded and CO2 loaded MEA + 10wt% sugar solution at different temperatures. 
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Figure 4.87 Density of unloaded and CO2 loaded MEA + 20wt% sugar solution at different temperatures. 

 

The effect of concentration of sugar on density of MEA + Sugar was investigated and presented in Figure 

4.88 to 4.92. As seen from the results, the density of MEA blended with sugar increases when 

concentration of sugar increases from 3 wt% to 20 wt% at constant temperature and CO2 loading. 

 

Figure 4.88 The effect of addition of sugar on density of MEA solution at 25 °C. 
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Figure 4.89 The effect of addition of sugar on density of MEA solution at 40 °C. 

 

 

Figure 4.90 The effect of addition of sugar on density of MEA solution at 50 °C. 
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Figure 4.91 The effect of addition of sugar on density of MEA solution at 60 °C. 

 

 

Figure 4.92 The effect of addition of sugar on density of MEA solution at 70 °C. 
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solvent) was presented in Figure 4.93 to 4.97. The reported data are the average of two measurements. As 

can be observed from these figures, viscosity of solution increases with increasing CO2 loading at all 

temperatures and decreases as temperature increases from 25 to 70 C. 

 

Figure 4.93 Viscosity of unloaded and CO2 loaded MEA solution at different temperatures. 

 

 

Figure 4.94 Viscosity of unloaded and CO2 loaded MEA + 3wt% sugar solution at different temperatures. 
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Figure 4.95 Viscosity of unloaded and CO2 loaded MEA + 6wt% sugar solution at different temperatures. 

 

 

Figure 4.96 Viscosity of unloaded and CO2 loaded MEA + 10wt% sugar solution at different temperatures. 
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Figure 4.97 Viscosity of unloaded and CO2 loaded MEA + 20wt% sugar solution at different temperatures. 

 

The effect of addition of sugar on viscosity of MEA + Sugar was evaluated and the results were 

illustrated in Figure 4.98 to 4.102. It can be clearly seen that as expected, viscosity increases with addition 

of sugar. 

 

Figure 4.98 The effect of addition of sugar on viscosity of MEA solution at 25 °C. 
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Figure 4.99 The effect of addition of sugar on viscosity of MEA solution at 40 °C. 

 

 

 

Figure 4.100 The effect of addition of sugar on viscosity of MEA solution at 50 °C. 
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Figure 4.101 The effect of addition of sugar on viscosity of MEA solution at 60 °C. 

 

 

Figure 4.102 The effect of addition of sugar on viscosity of MEA solution at 70 °C. 
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4.8.3. Overall mass transfer coefficient of MEA + Sugar 

A string of discs contactor apparatus was used in this section to measure the CO2 absorption kinetics into 

an unloaded and CO2 loaded MEA + sugar solution. The advantage of this contactor is that the absorption 

surface area can be varied by addition of more the disc elements in the column. However, the unknown 

hydrodynamics of both gas and liquid flows are the main drawback of this contactor. 

A schematic diagram of the string of disc contactor used in this work was shown in Figure 4.103. The 

contactor which is placed in a heating chamber consists of 43 discs with a total column height of 64.5 cm. 

The contactor works in countercurrent mode with liquid flow from top to bottom and gas flow in the 

opposite direction. The temperature and pressure in inlet and outlet the liquid and gas phase were 

recorded by k-type thermocouples and pressure transmitter (DP cell from Druck). The inlet gas 

composition can be set by mass flow controllers while the outlet gas composition is recorded by using an 

IR analyzer. 

The absorption flux of CO2 in the solution is obtained by a mass balance over the entire system. Then, the 

overall mass transfer coefficient can be calculated from the ratio between the CO2 absorption flux and the 

driving force as given in Eq. (118): 

KOV =
NCO2
∆PCO2

                                                                                                                                            (118) 

Where ∆PCO2 is the logarithmic mean of the CO2 partial pressure difference between the outlet and the 

inlet stream. 

 

Figure 4.103 Schematic diagram of the string of discs contactor. The figure is retrieved from [194] 
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Before studying kinetics of CO2 absorption in MEA + sugar, the string of discs contactor apparatus was 

validated by measuring the overall mass transfer coefficient into unloaded and CO2 loaded 30 wt% MEA 

in the temperature range of 25-70 °C. A comparison between experimental results obtained in this work 

and the values of reported in the literature [125, 195, 196, 197] was given in Figure 4.104 in order to 

check the reliability of experimental data. It can be observed that a well accordance was found between 

our results and data reported in the literature.  

 

Figure 4.104 Comparison of overall mass transfer coefficient obtained in this work with literature. 

 

Figure 4.105 to 4.109 show the effect of temperature and sugar concentration on the overall mass transfer 

coefficient of 30 wt% MEA + (0-20) wt% sugar. According to the results, overall mass transfer 

coefficient was found to be dependent of CO2 loading, temperature and concentration. As seen from these 

figures, the overall mass transfer coefficient in MEA + sugar solution decreases with increasing 

concentration of sugar and enhanced when temperature increases from 25 to 70 °C. The higher viscosity 

of solution at high concentration of sugar and at lower temperature are reasons to explain this behavior.  

0

10

20

30

40

50

20 30 40 50 60 70

K
o

v
 ×

1
0

^
4

 (
m

o
l/

m
².

k
P

a
.s

)

Temperature

α=0 This work α=0 Luo et al.

α=0 Bernhardsen et al. α=0 Hartono et al.

α=0.2 This work α=0.2 Luo et al.

α=0.3 This work α=0.3 Luo et al.



CHAPTER 4                                                                                                                                                                                     143 

 

 

Figure 4.105 The overall mass transfer coefficient as a function of temperature at unloaded solutions. 

 

 

Figure 4.106 The overall mass transfer coefficient as a function of temperature at CO2 loading of 0.1. 
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Figure 4.107 The overall mass transfer coefficient as a function of temperature at CO2 loading of 0.2. 

 

 

Figure 4.108 The overall mass transfer coefficient as a function of temperature at CO2 loading of 0.3. 
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Figure 4.109 The overall mass transfer coefficient as a function of temperature at CO2 loading of 0.4. 

 

The overall mass transfer coefficient of CO2 loaded and unloaded solutions of MEA and MEA blended 

with sugar as a function of CO2 loading at different temperatures was plotted in Figure 4.110 to 4.114. It 

can be clearly seen that the mass transfer coefficient of the absorption of CO2 in the solution decrease as 

CO2 loading increases. The lower available free amine molecules (free concentration of solvent) at higher 

loading is the main reason for this reduction. 

 

Figure 4.110 The effect of temperature and CO2 loading on overall mass transfer coefficient of MEA. 
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Figure 4.111 The effect of temperature and CO2 loading on overall mass transfer coefficient of MEA+3wt% 

sugar. 

 

 

Figure 4.112 The effect of temperature and CO2 loading on overall mass transfer coefficient of MEA+6wt% 

sugar. 
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Figure 4.113 The effect of temperature and CO2 loading on overall mass transfer coefficient of MEA+10wt% 

sugar. 

 

 

Figure 4.114 The effect of temperature and CO2 loading on overall mass transfer coefficient of MEA+20wt% 

sugar. 
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THERMODYNAMIC MODELING OF CO2 ABSORPTION 

  

Thermodynamic modeling can be useful for optimization of industrial absorbers and description of the 

behavior of the experimental data. There are several thermodynamic models to represent loading capacity 

of CO2 in amines which can be divided into three categories, including a) excess Gibbs energy models 

such as electrolyte-NRTL model, the Clegg-Pitzer and Austgen model, b) equation of state models (EOS) 

and c) empirical models like the Kent-Eisenberg model. 

Among them, the Kent-Eisenberg (KE) model is one of the well-known models and is widely used in the 

literature because of its advantages, which include high speed of computation and low complexity. All 

coefficients of fugacity and activity in this model are considered to be equal to unity and the equilibrium 

constant (K) depends on temperature (T) as follows: 

K = exp (a1 +
a2

T
+
a3

T2
+
a4

T3
+
a5

T4
)                                                                                                           (119) 

Jou et al. [198] and Posey et al. [199] developed this model and showed that equilibrium constants do not 

depend only on temperature but also on CO2 loading (𝛼) and solvent concentration (C) as follows: 

K = exp (a1 +
a2

T
+
a3

T3
+ a4 × α +

a5

α
+
a6

α2
+ a7 × lnC)                                                                       (120) 

The modified Kent-Eisenberg model was used by many researchers to predict the CO2 absorption 

capacity in single and mixed amines. For example, Tong et al.[200], Fouad et al. [201], Sema et al.[202], 

Mondal et al. [184] and Chang et al. [203] used this model to predict the CO2 loading capacity of AMP + 

PZ, TEA, DEAB, HMDA + MDEA and DETA + PZ, respectively. They showed that this model can 

provide a good fit between predicted and measured data. 

Therefore, a modified KE model was chosen in this work to predict CO2 loading capacity of single and 

blend absorbents. 

5.1. Thermodynamic modeling of CO2 absorption in MEA 

The reactions between CO2 and MEA solution can be expressed as follows:  

RNHCOO− + H2O
K1
↔RNH2 + HCO3

−                                                                                                     (121) 

RNH3
+
K2
↔RNH2 + H

+                                                                                                                              (122) 

H2O + CO2
K3
↔H+ + HCO3

−                                                                                                                     (123) 

H2O
K4
↔H+ + OH−                                                                                                                                   (124) 
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HCO3
−
K5
↔H+ + CO3

2−                                                                                                                               (125) 

Therefore, the equilibrium constants for CO2 + MEA + H2O system can be described as follows: 

K1 =
[RNH2]×[HCO3

−]

[RNHCOO−]
                                                                                                                                 (126) 

K2 =
[RNH2]×[H

+]

[RNH3
+]

                                                                                                                                     (127) 

K3 =
[H+]×[HCO3

−]

[CO2]
                                                                                                                                     (128) 

K4 = [H
+] × [OH−]                                                                                                                                (129) 

K5 =
[H+]×[CO3

2−]

[HCO3
−]

                                                                                                                                      (130) 

In addition to the above equations, the overall material and charge balance equations are also considered: 

MEA balance:  

[MEA] = [RNH2] + [RNH3
+] + [RNHCOO−]                                                                                         (131) 

CO2 balance:  

α × [MEA] = [CO2] + [HCO3
−] + [CO3

2−] + [RNHCOO−]                                                                     (132) 

Charge balance: 

[H+] + [RNH3
+] = [RNHCOO−] + 2 × [CO3

2−] + [OH−] + [HCO3
−]                                                     (133) 

Henry’s law relationship was used to estimate the concentration of CO2: 

[CO2] =
PCO2
He

                                                                                                                                           (134) 

The equilibrium constants of reactions (5-9) have been reported by many researchers and can be 

expressed in the form: 

ln Ki = a1 +
a2

T
+ a3 ln T                                                                                                                         (135) 

where Ki is the equilibrium constant, T is temperature and a1-3 are constant coefficients. The equilibrium 

constants (K1-K5) for reactions (5-9) were taken from the literature and given in Table 5.1. 
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Table 5.1 The equilibrium constants of K1 to K5 for Eqs. (121-125). 

Ki 

(kmol/m3) 

a1 a2 a3 Ref. 

K1 6.69425 -3090.83 0 [204] 

K2 -3.3636 -5851.11 0 [204] 

K3 235.485 -12092.1 -36.7816 [205] 

K4 140.932 -13445.9 22.4773 [205] 

K5 220.067 -12431.7 -35.4819 [205] 

 

There are 8 unknown parameters for the CO2 absorption in MEA solution, including [HCO3
−],  [H+], 

[RNH2], [RNHCOO
−], [RNH3

+], [CO3
2−], [OH−] and [CO2] which can be obtained by solving 8 algebraic 

equations (10-21). The combination of these nonlinear equations and their reduction to a single five-order 

polynomial equation for [H+] can be a suitable method for solving the mentioned equations: 

A [H+]5 + B [H+]4 + C [H+]3 + D [H+]2 + E [H+] + F = 0                                                                (136) 

where: 

A = −K1
2                                                                                                                                                (137) 

B = K1
2 × (−K2 − [MEA])                                                                                                                    (138) 

C = K1
2K4 + K1

2K3[MEA] − K2K3K1[CO2]                                                                                        (139) 

D = K1
2K2K4 + K1

2K2K3[CO2] + 2K1
2K5K3[CO2] − [MEA][CO2]K2K3K1                                      (140) 

E = 2K1
2K2K5K3[CO2] + K2K3K4K1[CO2] + K3

2[CO2]
2K1K2                                                          (141) 

F = 2K2K5K1K3
2[CO2]

2                                                                                                                        (142) 

Then, CO2 loading capacity of MEA solution can be determined using values of equilibrium constants 

and [H+] as given by: 

α = ([CO2] + [
K5K3[CO2]

[H+]2
] + [

K3[CO2]

[H+]
] + [

K2K3[CO2]M

K1[H
+]2

])/[MEA]                                                              (143) 

where: 

M =
[MEA]

N
                                                                                                                                                (144) 

N = 1 +
K2
[H+]

+
K2K3[CO2]

K1[H
+]2

                                                                                                                        (145) 

Then, the modified KE model was employed to calculate the CO2 loading capacity and concentrations of 

all chemical species for the MEA + CO2 + H2O system. The partial pressures of CO2 was plotted against 

the experimental CO2 loading capacity data of solutions of 2.5 M and 5 M MEA in Figure 5.1. The 

modeling curves for prediction of CO2 loading of MEA solution were also demonstrated in this figure. 

The experimental CO2 loading data reported by Lee et al. [140] and Shen et al. [43] for 2.5 and 5 M MEA 
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at 313.15 K were used for validation of the model. A comparison between experimental CO2 loading data 

and the modeling results obtained in this work shows that the model is able to describe experimental data 

well and provides good prediction results.  

 

Figure 5.1 Experimental CO2 loading of MEA solution compared with model predicted results. 

 

The values of concentration of the different species in the 2.5 M MEA solution at 313.2 K were also 

obtained using the proposed model. The concentration profile versus CO2 loading was plotted in Figure 

5.2. It was found that the concentration of carbamate (RNHCOO-) reach to a maximum value at CO2 

loading 0.5, where MEA is nearly completely consumed. As CO2 loading increases (α > 0.5), carbamate 

concentration decreases while concentrations of HCO3
− and RNH3

+ increase. In addition, at all value of 

CO2 loading, concentration of carbonate (CO3
2−) is negligible. 
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Figure 5.2 The profile of concentration of liquid-phase species in 2.5 M MEA solution. 

 

5.2. Thermodynamic modeling of CO2 absorption in K-Lys 

The following liquid phase reactions are taking place when CO2 is absorbed into K-Lys solution: 

R2LysR1COO
− + H2O

K1
↔LysH + HCO3

−                                                                                                (146) 

LysH+
K2
↔LysH + H+                                                                                                                              (147) 

OOCR2LysR1
− K3

↔ Lys− + HCO3
−                                                                                                           (148) 

LysH
K4
↔Lys− + H+                                                                                                                                 (149) 

H2O + CO2
K5
↔H+ + HCO3

−                                                                                                                     (150) 

H2O
K6
↔H+ + OH−                                                                                                                                   (151) 

HCO3
−
K7
↔H+ + CO3

2−                                                                                                                               (152) 

The equilibrium constants of reactions 146-152 are given as follows: 

K1 =
[LysH]×[HCO3

−]

[R2LysR1COO
−]

                                                                                                                                 (153) 

K2 =
[LysH]×[H+]

[LysH+]
                                                                                                                                      (154) 

K3 =
[Lys−]×[HCO3

−]

[ OOCR2LysR1
− ]

                                                                                                                                 (155) 
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K4 =
[Lys−]×[H+]

[LysH]
                                                                                                                                      (156) 

K5 =
[H+]×[HCO3

−]

[CO2]
                                                                                                                                     (157) 

K6 = [H
+] × [OH−]                                                                                                                                (158) 

K7 =
[H+]×[CO3

2−]

[HCO3
−]

                                                                                                                                      (159) 

Three balance equations are also necessary to be considered in order to calculate concentration of all 

chemical species. 

Lys balance: 

[Lys]ₒ = [LysH] + [LysH+] + [Lys−] + [R2LysR1COO
−] + [ OOCR2LysR1

− ]                                   (160) 

CO2 balance: 

α × ([Lys]ₒ) = [CO2] + [HCO3
−] + [CO3

2−] + [ OOCR2LysR1
− ] + [R2LysR1COO

−]                           (161) 

Charge balance: 

[H+] + [K+] + [LysH+] = [R2LysR1COO
−] + 2[ OOCR2LysR1

− ] + [Lys−] + 2[CO3
2−] + [OH−] + [HCO3

−]    (162)  

The [HCO3
−], [H+], [CO3

2−], [OH−], [LysH+], [LysH], [Lys−], [R2LysR1COO
−], [ OOCR2LysR1

− ], K1, 

K2, K3 and K4 are unknown parameters in this system. The values of concentration of liquid phase species 

and the equilibrium constants can be determined by solving above equations and using MATLAB 

software. The similar to previous section, the combination of nonlinear equations and their reduction to a 

single seven-order polynomial equation for [H+] was used to solve the mentioned equations: 

A [H+]7 + B [H+]6 + C [H+]5 + D [H+]4 + E [H+]3 + F [H+]2 + G [H+] + R = 0                            (163) 

Where: 

A = −K1
2K3

2                                                                                                                                          (164) 

B = K1
2K3

2(−2[LYS] − K2)                                                                                                                  (165) 

C = K1K3
2((−[LYS]K1K2) + (K1K6) + ([CO2]K5K1) − (K1K2K4) − ([CO2]K5K2))                       (166) 

D = K1
2K3

2(K2
2K6K4[LYS] + [CO2]K2K5 + 2[CO2]K5K7 − [LYS]K2K4) − K1K3[CO2]K1K5        (167) 

E = K1
2K3

2((2K2K5K7[CO2]) + (K2K4K6) + ([CO2]K2K4K5)) + K1K3((2K1K2K5K6) +

(K2K5[CO2]) + (K2K3[CO2]) − (K1K2K4K5[LYS]))                                                                           (168) 

F = K1K3(2[CO2]K5K7K1K2K3 + 2K2K3K5
2 + K1K2K4K5[CO2] + K1K2K4[CO2]

2)                       (169) 

G = 2K7K4K2K3K5
2[CO2]

2                                                                                                                   (170) 

R = 0                                                                                                                                                       (171) 
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Then, CO2 loading capacity of K-Lys solution can be obtained using values of equilibrium constants and 

[H+] as given by: 

α = ([CO2] +
K5K7[CO2]

[H+]2
+
K5[CO2]

[H+]
+
[LYS]

N
(
K2K5[CO2]

K1[H
+]2

+
K2K4K5[CO2]

K3[H
+]3

))/[LYS]                                        (172)                                                              

where: 

N = 1 +
K2
[H+]

+
K2K4

[H+]2
+
K4K2K5CO2

[H+]3
+
K2K5CO2

[H+]2
                                                                                         (173) 

The equilibrium constants (K1 to K4) obtained in this work at 313.15 K for K-Lys solution were listed in 

Table. 5.2. The values of K1, K3 and K4 were assumed to be only dependent on temperature while K2 was 

considered to be dependent on temperature and concentration of K-Lys. 

Table 5.2 The equilibrium constants of K1 to K4 for Eqs. (153-156). 

Ki 

(kmol/m3) 

0.5 M K-Lys 1 M K-Lys 1.5 M K-Lys 2.5 M K-Lys 

K1 0.169 0.169 0.169 0.169 

K2 17.87×10-10 12.67×10-10 10.24×10-10 10.08×10-10 

K3 0.412 0.412 0.412 0.412 

K4 1.38×10-11 1.38×10-11 1.38×10-11 1.38×10-11 

 

The CO2 loading capacity of 0.5 to 2.5 M K-Lys solution at 313.15 K was measured by Shen et al. [42]. 

A comparison between experimental CO2 loading data from them and the modeling results obtained in 

this work was carried out in Figure 5.3. The calculated values from the model are presented as curved 

lines. It was found that the model presented here successfully represents experimental CO2 loading data. 

 

Figure 5.3 Comparison of experimental CO2 loading capacity of K-Lys and model results. 
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In addition, performance of model in order to predict of CO2 loading capacity was compared with model 

presented by Shen et al. [42]. The experimental CO2 loading data, the model results from Shen model and 

the model results obtained in this work were plotted in Figure 5.4. The model results obtained in this 

work and from were shown as a dashed line and solid line, respectively.  It can be clearly seen that the 

model presented in this work provided much better predicted results than the Shen model. 

 

Figure 5.4 Comparison of modeling results between presented model in this work and model presented by in the 

literature. 

 

The concentration of the liquid phase species in 0.5 M K-Lys and 2.5 M K-Lys solutions at 313.2 K were 

also obtained using the proposed model and presented in Figure 5.5 and 5.6, respectively, to provide a 

better understanding of the absorption process. 

As seen from these figures, at CO2 loading up to 0.7, values of both of carbamates, carbonate and LysH 

increases while Lys- decreases. In addition, as the CO2 loading increases, the LysH gradually decrease 

and the corresponding protonated lysine increases. The bicarbonate can be considered as one of main 

species formed at high CO2 loading due to the hydrolysis of carbamates. 



CHAPTER 5                                                                                                                                                                                    156 

 

 

Figure 5.5 The profile of concentration of liquid-phase species in 0.5 M K-Lys solution. 

 

 

 

Figure 5.6 The profile of concentration of liquid-phase species in 2.5 M K-Lys solution. 
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In addition, the pH values of CO2 loaded solution can be estimated by the equilibrium model and using 

Eq. (174): 

pH = − log[H+]                                                                                                                                      (174) 

The estimated pH of CO2 loaded aqueous 2.5 M K-Lys solution as a function of CO2 loading at 313.15 K 

was shown in Figure 5.7. It can be clearly seen that the pH of solution decreases with enhancing the CO2 

loading due to an increase in acidity of solution.  

 

Figure 5.7 Model predicted pH of 2.5 M K-Lys solution at 313.15 K. 

5.3. Thermodynamic modeling of CO2 absorption in MEA+K-Lys 

The reactions between CO2 and MEA + K-Lys solution can be expressed as follows:  

R2LysR1COO
− + H2O

K1
↔LysH + HCO3

−                                                                                                (175) 

LysH+
K2
↔LysH + H+                                                                                                                              (176) 

RNHCOO− + H2O
K3
↔RNH2 + HCO3

−                                                                                                     (177) 

RNH3
+
K4
↔RNH2 + H

+                                                                                                                              (178) 

H2O + CO2
K5
↔H+ + HCO3

−                                                                                                                     (179) 

H2O
K6
↔H+ + OH−                                                                                                                                   (180) 

HCO3
−
K7
↔H+ + CO3

2−                                                                                                                               (181) 

Therefore, the equilibrium constants for CO2 + MEA + K-Lys system can be described as follows: 

K1 =
[LysH]×[HCO3

−]

[R2LysR1COO
−]

                                                                                                                                 (182) 
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K2 =
[LysH]×[H+]

[LysH+]
                                                                                                                                      (183) 

K3 =
[RNH2]×[HCO3

−]

[RNHCOO−]
                                                                                                                                 (184) 

K4 =
[RNH2]×[H

+]

[RNH3
+]

                                                                                                                                     (185) 

K5 =
[H+]×[HCO3

−]

[CO2]
                                                                                                                                     (186) 

K6 = [H
+] × [OH−]                                                                                                                                (187) 

K7 =
[H+]×[CO3

2−]

[HCO3
−]

                                                                                                                                      (188) 

In addition to the above equations, the overall material and charge balance equations are also considered: 

MEA balance: 

[MEA] = [RNH2] + [RNH3
+] + [RNHCOO−]                                                                                         (189) 

Lys balance: 

[Lys] = [LysH] + [LysH+] + [R2LysR1COO
−]                                                                                     (190) 

CO2 balance:  

α × ([MEA] + [Lys]) = [CO2] + [HCO3
−] + [CO3

2−] + [RNHCOO−] + [R2LysR1COO
−]                    (191) 

Charge balance: 

[H+] + [K+] + [LysH+] + [RNH3
+] = [R2LysR1COO

−] + [RNHCOO−] + 2 × [CO3
2−] + [OH−] + [HCO3

−]       (192) 

As mentioned in the previous section, a modified KE model was applied to model the experimental CO2 

loading data obtained in this study. The concentrations of all chemical species and values of equilibrium 

constants for all chemical reactions are required. There are 12 unknown parameters for the MEA + K-Lys 

system, including [LysH], [HCO3
−], [R2LysR1COO

−], [H+], [LysH+], [RNH2], [RNHCOO
−], [RNH3

+], 

[CO3
2−], [OH−], K1 and K2, which can be obtained by solving 12 algebraic equations. The single seven-

order polynomial equation for [H+] concentration was obtained from combination of nonlinear equations 

as follows: 

A [H+]7 + B [H+]6 + C [H+]5 + D [H+]4 + E [H+]3 + F [H+]2 + G [H+] + M = 0                           (193) 

where: 

A = −K3K1                                                                                                                                             (194) 

B = K3K1(−K2 − K4 − 2C2 − C1)                                                                                                        (195) 

C = K5C1(−K1K4 − K2K3 + K1K3) + K1K3(−C1K2 − 2C2K4 − C2K2 − K2K4 + K6)                     (196) 

D = K5C2(−C1K2K3 − C2K1K4 − C2K2K3 − K2K3K4 − K1K2K4 + K7K1K3 + C1K1K4 + C2K2K3 +

K1K2K3 + K1K3K4) + K3K1(−C2K4K5 + K2K6 + K4K6 − C2K4K2)                                                 (197) 
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E = K5
2C2

3(−K2K4 + K2K3 + K1K4) + K5C1(−C2K1K2K4 + K1K2K3K4 + K1K4K6 + C1K1K2K4 +

2K7K1K2K3 + 2K7K1K3K4 + K6K2K3)                                                                                                (198) 

F = (K5C2)
2 × (K2K3K4 + K1K2K4 + K7K1K4 + C1K2K4 + K7K2K3) + (K5C2) × (K2K3K4 +

K1K2K4 + K1K2K3K7)                                                   (199) 

G = (K5C3)
2 × (K7K1K4 + K7K2K3 + K2K4K6 + K5K2C2)                                                               (200) 

M = K7K2K4K5
3C3

3                                                                                                                               (201) 

Therefore, equilibrium constants K1 and K2 at different operating conditions, including pressure, CO2 

loading (𝛼), temperature (T) and concentration (C) are determined. There are several correlations in the 

literature to fit the equilibrium constants of K1 and K2 with other variables. In this work, the modified 

form of the KE model was used to correlate K1 and K2 as follows: 

Ki = exp (a1 +
a2

T
+
a3

T3
+ a4 × α +

a5

α
+
a6

α2
+ a7 × lnC)                                                                      (202) 

The values of a1-a7 are obtained by applying the least-squares fit to the experimental CO2 loading of MEA 

+ K-Lys solution. Then, CO2 loading capacity of MEA + K-Lys can be predicted using values of 

equilibrium constants and [H+] as given by: 

α = (
PCO2

HCO2
× (1 +

K5

[H+]
+ (

K5K7

[H+]
) + (

K4K5
PCO2
HCO2

C2

K3K4[H
+]+K5[H

+]+K4K5
PCO2
HCO2

)) +
K2K5

PCO2
HCO2

C1

K1K2[H
+]+K1[H

+]2+K2K5
PCO2
HCO2

)/(C1C2)        (203) 

 

The values of carbamate hydrolysis constant (K1) and amino acid deprotonation constant (K2), which 

were calculated from the equilibrium model are summarized in Table 5.3. 

Table 5.3 Model parameters fitted in Eq. (120) for the equilibrium constants K1 and K2. 

Ki 

(kmol/m3) 

𝐚𝟏 𝐚𝟐 𝐚𝟑 𝐚𝟒 𝐚𝟓 𝐚𝟔 𝐚𝟕 

K1 -852.16 31075.2 089.42 43.26 86.32 -26.04 -0.35 

K2 2577.4 -118926 -327.17 -58.05 -110.1 27.53 0.18 

 

The experimental CO2 loading capacity of 2 M MEA + (0.2-0.5) M K-Lys solution as well as the 

modeling results were plotted in Figure 5.8(a-d). It was found that the model is able to describe 

experimental data well and provides good prediction results. 
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Figure 5.8 Comparison of experimental CO2 loading capacity of 2 M MEA + (0.2-0.5) M K-Lys and model 

results at different temperatures. 

 

The profile liquid-phase species for 2 M MEA + 0.5 M K-Lys as a function of CO2 loading was presented 

in Figure 5.9. According to this figure, the concentration of MEA decreased rapidly while the 

concentration of K-Lys decreased slowly with loading. The formed carbamate from reaction of MEA and 

CO2 increases until CO2 loading 0.6 and then decreases with increasing CO2 loading due to the carbamate 

hydrolysis reaction. 
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Figure 5.9 The profile of concentration of liquid-phase species in 2 M MEA + 0.5 M K-Lys solution. 

 

5.4. Thermodynamic modeling of CO2 absorption in MDEA + PZ 

The thermodynamic model was applied to predict CO2 loading capacity into MDEA solution promoted by 

piperazine (PZ). The following liquid phase reactions are taking place when CO2 is absorbed into MDEA 

+ PZ solution: 

H2O + CO2
K1
↔H+ + HCO3

−                                                                                                                     (204) 

H2O
K2
↔H+ + OH−                                                                                                                                   (205) 

HCO3
−
K3
↔H+ + CO3

2−                                                                                                                               (206) 

PZH+
K4
↔PZ + H+                                                                                                                                    (207) 

PZ + CO2
K5
↔PZCOO− + H+                                                                                                                    (208) 

H+PZCOO−
K6
↔H+ + PZCOO−                                                                                                                (209) 

PZCOO− + CO2
K7
↔PZCOO2

− + H+                                                                                                          (210) 

MDEAH+
K8
↔MDEA + H+                                                                                                                       (211) 
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The equilibrium constants and balance equations are given as follows: 

K1 =
[H+] [HCO3

−]

[CO2]
                                                                                                                                      (212) 

K2 = [H
+] × [OH−]                                                                                                                                (213) 

K3 =
[H+] [CO3

2−]

[HCO3
−]

                                                                                                                                       (214) 

K4 =
[PZ][H+]

[PZH+]
                                                                                                                                           (215) 

K5 =
[H+][PZCOO−]

[PZ][CO2]
                                                                                                                                   (216) 

K6 =
[H+][PZCOO−]

[H+PZCOO−]
                                                                                                                                   (217) 

K7 =
[H+][PZCOO2

−]

[PZCOO−][CO2]
                                                                                                                                  (218) 

K8 =
[MDEA]×[H+]

[MDEAH+]
                                                                                                                                    (219) 

MDEA balance: 

[MDEA]ₒ = [MDEA] + [MDEAH+]                                                                                                        (220) 

PZ balance: 

[PZ]ₒ = [PZ] + [PZH+] + [PZCOO−] + [PZCOO2
−] + [H+PZCOO−]                                                    (221) 

CO2 balance: 

α × ([MDEA]ₒ + [PZ]ₒ) = [CO2] + [HCO3
−] + [CO3

2−] + [PZCOO−] + 2[PZCOO2
−] + [H+PZCOO−] (222) 

Charge balance: 

[H+] + [PZH+] + [MDEAH+] = [PZCOO−] + 2[PZCOO2
−] + 2[CO3

2−] + [OH−] + [HCO3
−]               (223) 

The equilibrium constants (K1-K8) for Eqs. (212-219) were taken from the literature. The same method as 

explained in previous section was used here to determine the concentration of liquid phase species, 

including [HCO3
−], [H+], [CO2], [PZ], [PZH+], [PZCOO−], [PZCOO2

−], [H+PZCOO−], [MDEA], [MDEA+], 

[CO3
2−] and [OH−]. 

The profiles of concentration of liquid-phase species for MDEA, PZ and MDEA + PZ solutions against 

CO2 loading were given in Figure 5.10 to 5.12. It can be seen that at low CO2 loading, the protonated 

MDEA and bicarbonate are the main species which present in the solution. This can be explained by the 

fact that MDEA does not react with CO2 and does not produce carbamate. 

Piperazine concentration decreases rapidly with increasing in CO2 loading because of reaction with CO2 

and formation of piperazine carbamate and protonated piperazine carbamate. Therefore, piperazine 

carbamate and protonated piperazine increase at low CO2 loading and reach a maximum concentration 
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and then as CO2 loading increases, they get converted to piperazine di-carbamate and protonated 

piperazine carbamate which leads to their reduction. Therefore, concentration of piperazine di-carbamate 

and protonated PZ carbamate enhanced at high CO2 loading. 

  

Figure 5.10 The profile of concentration of liquid-phase species in 0.84 M MDEA solution. 

 

 

 

Figure 5.11 The profile of concentration of liquid-phase species in 0.12 M PZ solution. 
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Figure 5.12 The profile of concentration of liquid-phase species in 0.84 M MDEA + 0.12 M PZ solution. 
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CONCLUSION AND RECOMMENDATION FOR FURTHER WORK 

 

 

Post-combustion CO2 capture using amine based chemical absorption is one of the main technologies to 

mitigate CO2 emission into atmosphere. Although this technology has been widely deployed on a large 

scale across several industries for CO2 absorption, but technical and operational improvements are still 

required to reduce the capital costs. Optimization of process, utilization of alternative process 

configurations and development of new chemical solvents can be considered as several activities which 

can reduce capital and operating cost of CO2 absorption process. Since the efficiency and the overall cost 

of the process are directly affected by the solvent, the selection and development of novel solvents play a 

critical role in this process. Therefore, in this work, a comprehensive theoretical and experimental 

investigation on CO2 absorption performance in different chemical solvents was performed. The 

absorption characterization of CO2 in single and blended solutions was measured and discussed in details.  

Based on the obtained results, key finding of the current study can be summarized as follow: 

a. Density and viscosity 

The density and viscosity of unloaded and CO2 loaded chemical solvents were measured. It was revealed 

that both density and viscosity enhance as solvent concentration increases, and decrease as temperature 

increases. According to the results, density and viscosity of solvents increased when CO2 loading of 

solution increases. 

b. pH 

The pH of solvent before and after CO2 absorption was measured. It was found that pH of solution at 

decreases with the increase in CO2 loading due to an increase in acidity of solution. In addition, the 

results showed that the pH decreases when temperature increases. This can be explained by the fact that 

[H+] concentration increases (due to more ionization) at higher temperatures which leads to reducing the 

pH. 

c. Toxicity 

It was found that amino acids present the least toxicity which make them attractive from point of view of 

environmental friendly, and therefore could be considered as an environmentally relatively acceptable 

absorbent. Among the all of amino acids studied in this work serine and sarcosine indicated the lowest 

toxicity. The conventional amines such as MEA and PZ exhibited the highest toxicity. Inorganic solvents 

such as TSP and K2CO3 also showed less toxicity when compared to conventional amines.  
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d. Corrosion rate 

The corrosion rate of aqueous TSP solution blended with 10 different amines was measured. It was 

observed that TSP + TETA and TSP + PZ solutions have the highest corrosion rate, while TSP + MDEA 

and TSP + AMP show the lowest corrosion rate among all the additives tested, although all of them have 

weaker corrosion than MEA. Furthermore, the experimental results indicated that the corrosion rate using 

a TSP + amino acid salt solutions is less than those using the TSP + cyclic amines. 

e. Heat of CO2 absorption 

According to the results, an increase in CO2 loading leaded to a decrease in heat of absorption. At higher 

loading capacity, the physical absorption dominates, and bicarbonate forms that leads to a reduction at 

heat of CO2 absorption. The experimental results also showed that K2CO3 promoted by AEEA gives a 

higher value of absorption heat over the entire CO2 solubility in comparison with K2CO3 + K-Ala and 

K2CO3 + K-Ser. Furthermore, a mixture of K2CO3 with K-Ala indicated lowest heat of absorption and can 

be a favorable candidate for CO2 capture. It was also found that a blend of K2CO3 with amine additives 

have lower heat of CO2 absorption in comparison with pure MEA which means less energy is needed for 

CO2 regeneration in stripper column and make them a right choice from the heat of absorption point of 

view. The CO2 absorption heat in K-Lys blended with MEA and MDEA was also determined. The 

calculated absorption heat in solutions of MEA + K-Lys and MDEA + K-Lys was found to be much 

lower than MEA with absorption heat of 84.3 kJ/mol.   

f. Mass transfer coefficient 

A good understanding and prediction of the mass transfer in viscous solutions is important for proper 

solvent selection and process design. Therefore, the overall mass transfer coefficient of viscous MEA was 

measured using a string of discs contactor. According to the results, overall mass transfer coefficient was 

found to be dependent on CO2 loading, temperature and concentration. The results indicated that the 

overall mass transfer coefficient in viscous MEA solution decreases with increasing viscosity and 

enhanced when temperature increases from 25 to 70 °C. In addition, the overall mass transfer coefficient 

of absorption of CO2 in the solution decrease as CO2 loading increases. The lower available free amine 

molecules at higher loading is the main reason for this reduction. 

g. CO2 loading capacity 

The stirred cell reactor was used to measure CO2 loading capacity of single and blend solutions. It was 

found that K-Lys, PZ, TETA and 2MPZ have a positive effect on the CO2 loading of pure TSP, while the 

additive impact of AEEA, K-Sar, MDEA, K-Gly, K-Pro and AMP is negative. Moreover, the results 

indicated that blend of the TSP and amine additives has better CO2 loading as compared to MEA. In 

addition, the CO2 loading of K2CO3 promoted by 2MPZ, K-Ala, K-Ser and AEEA was obtained. It was 

found that all of the blend solutions showed a higher CO2 loading capacity in comparison with pure 
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MEA. In addition, the addition of amine additive to K2CO3 showed positive effect on CO2 loading. This is 

because the amino groups in the AEEA, 2MPZ, K-Ala and K-Ser are reactive and can absorb CO2. The 

CO2 loading capacity of MEA + K-Lys and MDEA + K-Lys was also measured. It was observed that the 

CO2 loading capacity increased with increasing CO2 partial pressure due to an enhancement at the 

concentration gradient. As expected, temperature indicated a negative effect on the CO2 loading capacity. 

This reduction in CO2 loading can be explained by the fact that the equilibrium would shift in the 

backward direction with the increasing temperature and thus reducing the CO2 loading. Based on the 

results, CO2 loading of blend solution enhanced as concentration of K-Lys increased. The better 

absorption performance of MEA + K-Lys and MDEA + K-Lys in comparison to MEA make K-Lys an 

attractive additive to amines. 

h. CO2 absorption rate 

The effect of addition of several amine additives on absorption rate of CO2 in TSP and K2CO3 was 

studied. The experimental results showed the slower absorption rate of TSP and K2CO3 can be improved 

by addition of small amounts of amine additive. The small addition of TETA, PZ and 2MPZ in TSP 

provides a significant effect on the enhancement of the absorption rate. The absorption rate increases 

significantly as the additives concentration increases, but the enhancement in blend solutions containing 

MDEA is lower than other additives. 

k. Reaction kinetics 

The reaction kinetics between CO2 and several solvents were studied using stirred cell reactor. The results 

showed that the investigated reactions belong to the pseudo-first-order fast reaction regime systems. The 

experimental results showed that the CO2 absorption flux increases when partial pressure of CO2 

increases due to the fact that the driving force between gas phase and gas-liquid interface increases. 

Besides, it was found that the absorption flux of CO2 decreases with absorption time and CO2 loading due 

to the reduction of free concentration of solvent. In addition, at low CO2 partial pressure, K-Lys showed 

faster absorption flux than MDEA while at high CO2 partial pressure, MDEA indicates better absorption 

flux than K-Lys. Therefore, the addition of K-Lys at high pressure had no effect on absorption flux of 

CO2 in MDEA + K-Lys. The absorption kinetic model was used to predict the absorption flux, 

enhancement factor and pressure decay in the reactor. A good agreement between experimental data and 

modeling results was observed. 

m. Thermodynamic modeling 

A thermodynamic model was successfully employed to predict measured CO2 loading capacity of single 

and blend solution and description of the behavior of the experimental data. The values of concentration 

of liquid phase species were determined. A comparison between experimental CO2 loading data and the 

modeling results showed that the model is able to describe experimental data well and provides good 
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prediction results. It was found, for MEA + CO2 system, the concentration of carbamate reaches to a 

maximum value at CO2 loading 0.5, and then as CO2 loading increases, carbamate concentration 

decreases while concentrations of bicarbonate increase. For K-Lys + CO2 system, it was observed that at 

low CO2 loading, the carbamates, carbonate and LysH increase while Lys- decreases. However, at high 

CO2 loading, LysH gradually decrease and LysH+ increases. Since MDEA does not form carbamate, the 

protonated MDEA and bicarbonate are the main species in the solution. For PZ system, PZ carbamate and 

protonated PZ increase at low CO2 loading and then as CO2 loading increases, they get converted to PZ 

di-carbamate and protonated PZ carbamate. 

The suggestions for this future work are as follows: 

a. It is suggested to further work to measure absorption heat of CO2 of solvent using calorimeter to 

determine the validity of reported absorption heat data. Actually, current efforts should be focused on the 

energy consumption of solvent to minimize total cost of process. 

b. Since desorption is also an important process in CO2 capture, it is necessary to study the performance 

of solvent in terms of desorption flux and desorption capacity. More experiments should be performed at 

desorption condition which means at high temperatures. 

c. Another important parameter that needs to be considered when searching for new solvent is cyclic 

capacity. A solvent with high cyclic capacity is favorable for CO2 capture because it reduce the size of the 

column, and then reduce absorbent circulation flow rate and process costs. Values of CO2 cyclic capacity 

can be calculated from the difference between the CO2 loading of solvent after absorption and the CO2 

loading of solvent after desorption. In this work the CO2 loading of solvent after absorption for different 

solution was reported. Therefore, It is suggested to further work to measure CO2 loading of solvent after 

desorption in order to determine cyclic capacity of solvent. 

d. A systematic study is essential to investigate the volatility, surface tension, corrosion rate, amine 

degradation and thermal degradation of solvents at high temperature before applying of solvent to 

industrial use. These limitations such as the degradation of solvent not only decreases the CO2 absorption 

rate and capacity but also increases the operation cost of CO2 capture.  

e. Although, amino acid showed a significant potential as a solvent for CO2 capture, more work is needed 

to determine the long-term stability and amount of precipitation. 

f. It is recommended that the performance of solvent should be evaluated under actual flue gas conditions. 

The effect of different impurities such as N2, CH4, O2 on the CO2 absorption need to be studied. 

g. Since solvent in practical application are in CO2 loaded state, more work is required to be conducted on 

CO2 loaded solution. In the other words, future work should focus on physicochemical properties of CO2 

loaded absorbents to make better judgment about solvent. 
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List of symbols 

Abbreviations 

AMP 2-amino-2-methylpropanol 

AEEA 2-(2-aminoethylamino)ethanol 

DEA Diethanolamine 

DEAE 2-diethylaminoethanol 

EAE Ethylaminoethanol 

E-Glu Ethyl-glutamate 

DPTA Dipropylenetriamine 

DEEA 2-(diethylamino) ethanol 

DETA Diethylenetriamine 

DEAB 4-(diethylamino)-2-butanol 

Glu Glutamate 

His Histidine 

HMDA Hexamethylenediamine 

K-Ser Potassium serinate 

K-Pro Potassium prolinate 

K-Tau Potassium taurate 

K-Ala Potassium alaninate 

K-Lys Potassium lysinate 

K-Gly Potassium glycinate 

KOH Potassium hydroxide 

K2CO3 Potassium carbonate 

MEA Monoethanolamine 

MDEA Methyldiethanolamine 

MAPA 3-(methylamino) propylamine 

PZEA 2-(1-piperazinyl)-ethylamine 

PZ Piperazine 

SG Sodium glycinate 

TEA Triethanolamine 

TSP Trisodium phosphate 

TETA Triethylenetetramine 

1-MPZ 1-methylpiperazine 

2-MPZ 2-methylpiperazine 

Greek symbols 



LYST OF SYMBOLS                                                                                                                                                                     170 

 

𝛼 CO2 loading capacity (mole CO2/mole of absorbent) 

ρ Density  (g/cm3)     

µ Viscosity (mPa.s) 

Alphabetical characters 

A Arrhenius constant (m3/kmol s) 

A Gas-liquid interfacial area 

B Base assisting in zwitterion deprotonation 

b Stoichiometric coefficient 

DCO2 Diffusivity of CO2 (m2/s) 

DN2O  Diffusivity of N2O (m2/s) 

Dsolvent Amine diffusion coefficient (m2/s) 

ds    Stirrer dimension (m) 

Ei   Enhancement factor 

E Activation energy (kJ/mol) 

E∞  Infinite enhancement factor 

Ha  Hatta number 

HCO2  Physical solubility of CO2   (kPa m3/kmol) 

HN2O Physical solubility of N2O   (kPa m3/kmol) 

kOH−  Reaction rate constant with hydroxide ion 

kOV   Overall pseudo-first-order reaction rate constant (1/s) 

k1    Forward reaction rate constant  (m3/kmol s) 

k−1   Reverse reaction rate constant    (1/s) 

kobs  Observed reaction rate constant    (1/s) 

KL   Liquid mass transfer coefficient   (m/s) 

k2    Second order rate constant  (m3/kmol s) 

Ki      Equilibrium constant 

nsolvent   The moles of solvent in liquid phase 

N2     Nitrogen 

N2O   Nitrous oxide 

n   Order of the reaction with respect to amine 

ns      Speed of stirrer (1/s) 

nsolvent    Mole of solvent in liquid phase 

PCO2 Partial pressure of CO2 (kPa) 

PV     Vapor pressure of solution (kPa) 
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PF  Final pressure of reactor (kPa) 

P1  Initial pressure in gas storage tank (kPa) 

P2  Final pressure in gas storage tank (kPa) 

ROV  Overall reaction rate of CO2 in solution 

R Mole fraction of additive 

R Gas constant   (J/mol K) 

VR  Volumes of reactor 

VS  Volumes of solution 

V1   Volume of gas storage tank 

V2   Volume of reactor 

[CO2]i  Interfacial concentration of CO2 (kmol/m3) 

[CO2]b  Concentration of CO2 in the balk of liquid 

T  Temperature  (K) 

t   Time (s) 

∆H  Heat of absorption (kJ/mol CO2) 
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