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 In this study, the process of capturing CO2 by using an aqueous MDEA 

solution under the operating conditions of the concentration range of 

10-98 wt% of MDEA, temperature range of 303-323K and atmospheric 

pressure is investigated. Most researchers have measured the effect of 

pressure changes on the loading, but in this work, we have investigated 

the effect of changing the concentration of amine on the loading. We 

employed the apparatus introduced by Pahlavanzadeh et al. to evaluate 

the solubility of carbon dioxide in the aqueous solutions of N-

methyldiethanolamine (MDEA). The results indicate that the maximum 

absorption of CO2 takes place in concentration of between 40-50 wt% 

of MDEA. Subsequently, the Cubic-Two-State Equation of State (CTS 

EoS) was improved and used to describe the solubility of CO2 in aqueous 

MDEA solutions in a wide range of concentrations and temperatures. 

This equation, referred to as CTSDH, includes three terms relating to the 

different intermolecular interactions happening in electrolyte solutions. 

The same EoS was used for vapor and liquid phases. Model parameters 

were adjusted according to the experimental results of this work and 

other researches. Using the adjustable parameters from this work, the 

model successfully approximated CO2 loading under a wide range of 

functional conditions. The evaluation of model results with experimental 

data showed the average absolute percent deviation (AAD%) to be 

7.05%, indicating a satisfactory alignment between model predictions 

and Measured results. 
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1. Introduction 

Global warming is one of the consequences of 

greenhouse gas (GHG) emissions. Therefore, 

reducing the production and controlling the 

emission of these gases is considered an 

international and environmental approach. The 

process of removing acid gases (CO2, H2S) 

from industrial gases and natural gas, which is 

called sweetening, is often done by amine 

solvents. In this process, acid gases are 

converted into ionic species during a series of 

equilibrium chemical reactions that take place 

in the presence of amine solvents in the liquid 

phase. Due to its lower thermal decomposition, 

vapor pressure, and corrosion, N-methyl 

diethanolamine (MDEA) is better and more 

effective than other amine solvents. The 

equilibrium calculations of such systems are 

complicated due to the production of 

numerous ionic species and must be performed 

by thermodynamic models. In general, the 

models, which are used, can be divided into 

three categories: 

i. Semi-empirical models: In these models, 

ideal gas and liquid phases are considered. The 

equilibrium coefficients of chemical reactions 

and Henry's law coefficients are adjustable 

parameters. The Kent-Eisenberg[1] model is 

one of the most famous semi-empirical ones. 

ii. (γ – φ) approach models: In these models, 

the non-ideality of gas and liquid phases is 

described by an equation of state and activity 

coefficient model. The most important 

problem of these models is the lack of the 

influence of pressure on activity coefficients 

and the density calculation. Posey and 

Rochelle[2] described the thermodynamic 

behavior of the system (H2O-MDEA-CO2) 

using the NRTL model. To model the vapor-

liquid equilibrium (VLE), they used 

thermodynamic and equilibrium data 

simultaneously and introduced a new function. 

Deshmukh and Mather[3] also obtained a 

model to describe the solubility of acid gases 

in the MEA aqueous solution by integrating 

Pitzer and Debye-Hückel models. 

iii. (φ – φ) approach models: In these models, 

the non-ideal behavior of gas and liquid phases 

is described by an equation of state. Since the 

parameters used to fit the model with the 

experimental data are numerous, the models 

with the (φ – φ) approach are more attractive 

than others. Fürst and Renon[4] expanded the 

Helmholtz free energy expression to describe 

the behavior of electrolyte solutions, and 

obtained a new equation of state that included 

a non-electrolyte part and an ionic part. By 

adding a born term to Fürst and Renon's 

equation, Huttenhuis et al.[5,6] attained at a new 

equation for the vapor-liquid equilibrium 

calculations of the system (H2O-MDEA-CH4-

CO2). Also, Myers et al.[7] obtained an 

equation based on Helmholtz free energy, 

which included three sections Peng-Robinson, 

born, and mean spherical approximation. In 

other studies, Sadowski et al.[8-12] developed 

the PC-SAFT equation of state and were able 

to model the phase equilibrium (VLE-LLE-

SLE) of three-component electrolyte solutions 

with a high approximation. Medeiros and 

Téllez[13] presented the Cubic-Two-State 

(CTS) Equation of State for Associating 

Fluids. They also made excellent predictions 

of multicomponent systems, by combining 

CTS EoS with an electrolyte model[14]. All 

these models have a common feature: the pair 

of an electrolytic term with a non-electrolyte 

EoS. 

In this work, a combination of the Cubic-Two-

State (CTS) EoS and the Debye-Hückel[15-18] 

model is used to predict the thermodynamic 

behavior of the system (H2O-MDEA-CO2). 

 

2. Experimental section 

2.1. Materials 

MDEA was purchased from Merck with the 

purity of 98% and CO2 from Sohail Gas 

Industrial Group. The characteristics of the 
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materials used in this research are presented in 

Table (1). To prepare the solvents in the 

desired concentrations, we used a digital 

balance (AND, HR-250A) with an accuracy of 

± 0.1 milligrams for the measurement of the 

weight of MDEA and H2O. 

 

          Table 1.  

          Specifications, sources and purity of materials used in this work. 

Chemical Name Formula Abbreviation Supplier Purity 

N-Methyldiethanolamine C5H13NO2 MDEA Merck 98% 

Carbon Dioxide CO2 CO2 Soheil Gas Industrial Group 99.995% 

 

2.2. Apparatus 

The first step in determining the solubility of 

gases in liquids is the contact of the solvent and 

the solute with each other until the saturation 

state is reached. Therefore, under the test 

conditions (known temperature and pressure), 

it is possible to calculate the molar volume and 

moles of the gas dissolved in the solvent by a 

simple equation of state. Since the mole of 

solvent is already known to us, it is easy to 

calculate the amount of solubility. 

Pahlavanzadeh et al.[19,20] designed and used an 

apparatus to determine the solubility of gases 

in liquids and a similar apparatus was used in 

this work. This apparatus is shown in Fig. (1) 

and includes the following parts: 

i. Spiral tube: This section consists of a spiral 

tube with a certain number of screws. The 

liquid phase is saturated with gas through this 

passage. By changing the type of solvent and 

solute, the diameter, slope, and number of 

screws change. If the solubility of the gas is 

high, designing more screws and reducing the 

slope help us to reach the equilibrium of 

solvent and solute at the end of the spiral tube. 

ii. Scaling burette: The Scaling burette is used 

to store the gas inside the device and also to 

estimate the volume of the gas dissolved in the 

solvent. The top of the burette is connected to 

the spiral tube and the bottom to a valve. This 

valve is connected on one side to the CO2 

cylinder and on the other side to a mercury 

vessel. The mercury container is placed on a 

movable jack so that the height of the solution 

inside the manometer can be adjusted. 

iii. Manometer: A manometer is placed at the 

end of the spiral tube to show pressure 

changes. The other end of this manometer is 

open to the atmosphere. 

iv. Syringe pump: The injection of the solvent 

inside the spiral tube at a constant speed is 

done by a syringe pump. The syringe pump 

consists of a mini-computer, to control the 

injection speed, and a mechanical part. 
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Figure 1. Apparatus for measuring the solubility of the gas in the liquid. 

 

3. Thermodynamic modeling section 

The aim of this work is to investigate the 

amount of the absorption of carbon dioxide in 

an aqueous MDEA solution and to model the 

behavior of this system. To determine the 

concentration of each component in this 

system, it is necessary to simultaneously solve 

the chemical and phase equilibrium equations. 

 

3.1 Chemical equilibrium 

The following reactions handled the chemical 

equilibrium of CO2 in aqueous MDEA 

solutions: 

𝐻2𝑂  
    𝐾1    
↔    𝐻+ + 𝑂𝐻−                                   𝐾1 = 

[𝐻+] [𝑂𝐻−]

[𝐻2𝑂]
  
𝛾𝐻+  𝛾𝑂𝐻− 
𝛾𝐻2𝑂

 R1 

𝐻2𝑂 + 𝐶𝑂2 + 
    𝐾2    
↔    𝐻+ + 𝐻𝐶𝑂3

−             𝐾2 =
[𝐻+] [𝐻𝐶𝑂3

−]

[𝐻2𝑂] [𝐶𝑂2]
  
𝛾𝐻+   𝛾𝐻𝐶𝑂3−  

𝛾𝐻2𝑂   𝛾𝐶𝑂2  
 R2 

𝐻𝐶𝑂3
−  
   𝐾3    
↔    𝐻+ + 𝐶𝑂3

−2                          𝐾3 =
[𝐻+] [𝐶𝑂3

2−]

[𝐻𝐶𝑂3
−]

  
𝛾𝐻+   𝛾𝐶𝑂32−  

𝛾𝐻𝐶𝑂3−
 R3 

𝑀𝐷𝐸𝐴𝐻+
   𝐾4   
↔   𝑀𝐷𝐸𝐴 + 𝐻+                         𝐾4 =

[𝑀] [𝐻+]

[𝑀+]
 
 𝛾𝑀    𝛾𝐻+

𝛾𝑀+  
 R4 

The chemical equilibrium constants of 

reactions R1-R4 are defined by Eq. (1). 

𝐾𝑗(𝑇) =∏(𝑥𝑖𝛾𝑖)
ѵ𝑖𝑗

𝑖

= Exp (𝐶1 +
𝐶2
𝑇
+ 𝐶3𝐿𝑛𝑇) 

   (1) 

In Eq. (1), Kj is the equilibrium constant of 

reaction Rj, γi the activity coefficient of species 

i, and ѵij is the stoichiometric coefficient of 

substance i in reaction Rj. The numerical 

values of coefficients C1-C3 in Eq. (1) for all 

reactions are given in Table (2). 
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    Table 2.  

    Coefficients for calculating chemical Equilibrium Constants, Eq. (1). 

Reaction C1 C2 C3 T(K) Reference 

R.1 132.899 -13445.9 -22.4773 273–498 [5,6] 

R.2 231.465 -12092.1 -36.7816 273–498 [5,6] 

R.3 216.049 -12431.7 -35.4819 273–498 [5,6] 

R.4 -77.262 -1116.5 10.06 278–423 [5,6] 

Henry’s law 𝐻𝐶𝑂2 = 𝐸𝑥𝑝 (
−6789ꓸ04

𝑇
− 11ꓸ4519 ∗ 𝑙𝑛𝑇 − 0ꓸ010454𝑇 + 94ꓸ4914) [34] 

 

3.2 Phase equilibrium 

One of the most important quantities that must 

be calculated in phase equilibrium calculations 

is the fugacity coefficient. Activity 

coefficients are usually needed to do phase 

equilibrium calculations in electrolyte 

systems. The activity coefficients are derived 

from fugacity coefficients. The mole fraction-

based activity coefficient of solvents (H2O and 

MDEA) in an electrolyte solution is defined as 

the ratio of the fugacity coefficient of 

component i in the solution to the fugacity 

coefficient of pure component i. The activity 

coefficient for the solvent is defined by Eq. (2): 

𝛾𝑖 =
𝜑𝑖(𝑇.𝑃.𝑥𝑖)

𝜑𝑖
𝑃𝑢𝑟𝑒(𝑇.𝑃.𝑥𝑖→1)

.        𝑖 = 𝑤𝑎𝑡𝑒𝑟  .  𝑀𝐷𝐸𝐴  (2) 

For solutes (acid gases and ionic species), 

activity coefficients are determined by Eq. 

(3): 

𝛾𝑖 =
𝜑𝑖(𝑇.𝑃.𝑥𝑖)

𝜑𝑖
∞(𝑇.𝑃.𝑥𝑖→0.𝑥𝑠𝑜𝑙𝑣𝑒𝑛𝑡→1)

 .        𝑖 = 𝐶𝑂2  .  𝑖𝑜𝑛𝑠                    

                                                                            (3) 

Where φi is the fugacity coefficients of 

component i under system conditions, φi
Pure is 

the fugacity coefficient of water and MDEA 

under Pure conditions and φi
∞ is the fugacity 

coefficient of CO2 and ions under infinitely 

dilute conditions. Fugacity coefficients of 

ionic and molecular species in all conditions 

are calculated by CTSDH EoS. Also, it is 

assumed that ionic species are only present in 

the liquid phase. The activity coefficients of 

the H3O
+ and OH- ions are set at unity because 

they have very low concentrations (γH3O+ =

1  .  γOH− = 1). At a temperature range of 298 

to 413 K, the vapor pressure of MDEA is very 

low, so it is assumed that this substance does 

not exist in the vapor phase, and the vapor 

phase includes only CO2 and H2O. In addition 

to chemical and phase equilibrium equations, 

mass balance and charge balance equations are 

needed to determine the controlling system of 

equations. These relationships are presented in 

Eqs. (4-8). 

Charge Balance :                       

[𝐻+] + [𝑀+] = [𝑂𝐻−] + [𝐻𝐶𝑂3
−] + 2[𝐶𝑂3

=]   

(2) 

Total CO2 Balance : 

 [𝐶𝑂2]𝑡 = [𝐶𝑂2] + [𝐻𝐶𝑂3
−] + [𝐶𝑂3

=] (3) 

Total MDEA Balance : 

[𝑚]𝑡 = [𝑀𝐷𝐸𝐴] + [𝑀𝐷𝐸𝐴𝐻
+] (4) 

Henry's law : 

𝑃𝐶𝑂2 = 𝐻𝐶𝑂2[𝐶𝑂2] γ𝐶𝑂2 (5) 

CO2 Loading : 

𝛼 =
[𝐶𝑂2]𝑡 

[𝑚]𝑡
→ [𝑚]𝑡  𝛼 = [CO2] + [HCO3

−] + [CO3
=]                                        

                                                                          (6) 

 

3.3. CTSDH EoS 

The values of the fugacity coefficients of the 

components in the gas and liquid phases are 

determined by the EoS. In this work, the 

equation of state presented by Medeiros et al., 

of which the electrolytic part has been 

improved, is used. This equation is composed 

of a non-associative part (described by SRK 

EoS[21]), an associative part (described by 

TSAM[22]), and an electrolytic part (described 

by Debye-Hückel[18]), in order to predict the 

behavior of such systems. As mentioned, CTS 
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EoS is improved in the electrolytic part and 

CTSDH EoS is obtained as per Eq. (9): 

 

 

 

𝑃𝐶𝑇𝑆
𝐷𝐻
(𝑥. 𝑣. 𝑇) =

𝑅𝑇

𝑣−𝑏(𝒙)
−

𝑎(𝒙.𝑇)

𝑣[𝑣+𝑏(𝒙)]
− 𝑅𝑇∑ 𝑥𝑖

∑ 𝑥𝑗
𝑛𝑐
𝑗 𝑣𝑖𝑗𝑓𝑖𝑗(𝑇)

𝑣[𝑣+∑ 𝑥𝑗𝑣𝑖𝑗𝑓𝑖𝑗(𝑇)]
𝑛𝑐
𝑗

𝑛𝑐
𝑖 −

Ҡ𝐹2

24𝑁𝐴𝜋𝜀
∑ 𝑥𝑖
𝑛𝑐
𝑖 σ𝑖ẑ𝑖

2  (6) 

Where, xi and xj are the molar fractions of 

species i and j respectively, nc is the number of 

components in the mixture, fij is the Mayer 

function defined in Eq. (10), Ҡ is the inverse 

Debye screening length defined in Eq. (11), F 

is the Faraday constant, NA is the Avogadro’s 

constant, ε is the Dielectric constant of the 

system, σi is the ion diameter and ẑi is the 

charge number of ion i. 

 

𝑓𝑖𝑗 = exp−(𝐸𝑖𝑗 ⁄ 𝑅𝑇) − 1 (7) 

Ҡ2 =
𝜌𝑁𝑒

2

𝐾𝐵𝑇𝜀
∑𝑥𝑖ẑ𝑖

2

𝑖

 (8) 

In equation (10), Eij and Vij are the energy and 

the characteristic volume of association for 

each type of association that could occur 

respectively. In equation (11), ρN is the number 

of density, e is the elementary charge and KB 

is the Boltzmann constant. Therefore, the 

fugacity coefficient of each component in the 

system is obtained by the Eq. (12). 

 

 

𝑙𝑛𝜑𝑖 =
𝐵𝑖
′

𝐵
(𝑍 − 1) − ln(𝑍 − 𝐵) +

𝐴

𝐵
(
𝐴𝑖
′

𝐴
−
𝐵𝑖
′

𝐵
) 𝑙𝑛 (

𝑍

𝑍 + 𝐵
)                  (SRK Term) 

             +𝑙𝑛 (
𝑍

𝑍 + ∑ 𝑥𝑗
𝑛𝑐
𝑗=1 𝐶𝑖𝑗

) −∑(
𝑥𝑘𝐶𝑘𝑖

𝑍 + ∑ 𝑥𝑗𝐶𝑘𝑗
𝑛𝑐
𝑗=1

)

𝑛𝑐

𝑘=1

                  (Association Term) 

            −
Ҡ𝐹2ẑ𝑖

2

24𝑁𝐴𝜋𝜀𝑅𝑇
(
∑ 𝑥𝑗𝜎𝑗𝑗 ẑ𝑗

2

∑ 𝑥𝑗ẑ𝑗
2

𝑗

+ 2𝕏𝑖) − ln(𝑍)                          (Debye − Hückel Term) 

𝑓𝑖 = 𝜑𝑖 𝑃𝑡 

(9) 

Where φi and fi are the fugacity coefficient and 

fugacity of component i respectively. The 

relationships related to SRK and Association 

terms presented by Medeiros et al. have been 

used exactly in this work. The relationships 

related to the Debye-Hückel term are also 

presented below: 

In the Debye-Hückel Term of Eq. (12), xi is the 

mole fraction of ion i, and quantity 𝕏i is 

defined as Eq. (13):

 

𝕏𝑖 =
3

(Ҡ𝜎𝑖)
3 [
3

2
+ ln(1 + Ҡ𝜎𝑖) − 2(1 + Ҡ𝜎𝑖) +

1

2
(1 + Ҡ𝜎𝑖)

2]  (10) 

The dispersion energy function for ionic 

species is defined by Eq. (14): 

 

𝑎𝑖𝑖(𝑇) = (𝑑1 − 𝑑2𝑇
0·5)2 (11) 

 

Where d1 and d2 are adjustable parameters. 

Through six pure component parameters (b, d1, 

d2, Vii, Eii) and (σij) which are respectively 

related to CTS and the long-range ion-ion 

contribution, CTSDH EoS will be able to 

describe systems in which there are 

associational and electrolyte interactions. 
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4. Results and discussion 

4.1. Experimental results 

The solubility of CO2 in 10-98 wt% of MDEA 

solutions was measured at the temperatures of 

303-323K and atmospheric pressure. To 

measure the solubility of the gas, first, the 

solvent with the desired concentration was 

prepared. Then the device was filled with gas 

and ready to inject the solvent. The injection of 

the mixed solvent into the spiral tube was done 

slowly and with a constant flow rate of 2.511 

ml/hr. This flow rate was chosen after 

preliminary tests and ensuring that the solvent 

was saturated by the gas. As soon as the first 

droplet of the solution reached the u-shaped 

manometer, the solute gas flow was blocked by 

increasing the height of the mercury vessel. As 

the gas dissolved in the solvent, the pressure 

inside the devicedecreased. The pressure drop 

was controlled by increasing the height of the 

mercury vessel so that the pressure of the 

device would remain constant during the test. 

In the end, the amount of the gas dissolved in 

the solvent was obtained from the volume of 

mercury displaced. In each test, the solubility 

of the gas was determined by recording the 

volume of mercury displaced and the elapsed 

time. Using Eq. (15), the number of the moles 

of CO2 dissolved in the MDEA solution can be 

calculated: 

 

𝑛𝐶𝑂2 =
𝑉𝐶𝑂2
Ʋ𝑚.𝐶𝑂2

 (12) 

 

Where VCO2 is the displaced volume of 

mercury in the burette during the test and Ʋm, 

CO2 is the molar volume of CO2 under test 

conditions, which is calculated by the simple 

equation of state. Also, the total moles of the 

solution (H2O+MDEA) is obtained fromEq. 

(16): 

 

𝑛𝑡 =
𝑄 𝑡 𝜌𝑚𝑖𝑥

𝑀𝑤.𝑚𝑖𝑥
         .         𝑛𝑀𝐷𝐸𝐴 = 𝑛𝑡

%𝑊𝑡𝑀𝐷𝐸𝐴

100
  

 (13) 

Where Q is the Volumetric flow rate of the 

injectable solvent, t is the solubility time, and 

ρmix and Mw,mix are the density and molecular 

weight of the aqueous MDEA solution 

respectively. Finally, the Experimental loading 

(αexp) is obtained from Eq. (17): 

 

𝛼𝑒𝑥𝑝 =
𝑛𝐶𝑂2
𝑛𝑀𝐷𝐸𝐴

 (14) 

 

To ensure the correctness of the results and 

increase their accuracy, each test was 

performed three times and their average was 

considered as the final result. The results of the 

dissolved gas volume at the specific 

concentrations of solvent at different 

temperatures are presented in Table (3). In this 

table, VCO2 is the volume of CO2 dissolved in 

the solvent during the test and nMDEA is the 

number of the moles of MDEA injected into 

the system. Also, the volumetric flow rate is 

constant for all tests, but the mass flow rate is 

different for each experiment due to changes in 

density and concentration.  
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               Table 3.  

               Solubility of Carbon Dioxide in the Aqueous Solutions of MDEA. (Measured in this work). 

T (K) Wt% MDEA VCO2 (cm3) n CO2 n MDEA α 

303.15 

10 19 0.000764 0.000702 1.088 

20 35 0.001407 0.001409 0.999 

30 47 0.001889 0.002121 0.891 

40 54 0.002171 0.002838 0.765 

50 51 0.002050 0.003560 0.576 

60 40.5 0.001628 0.004288 0.380 

80 24.5 0.000985 0.005758 0.171 

98 19 0.000764 0.007099 0.108 

313.15 

10 18 0.000700 0.000699 1.002 

20 31 0.001206 0.001403 0.860 

30 40.5 0.001576 0.002111 0.746 

40 46 0.001790 0.002824 0.634 

50 43 0.001673 0.003542 0.472 

60 35 0.001362 0.004264 0.319 

80 22 0.000856 0.005722 0.150 

98 15 0.000584 0.007049 0.083 

323.15 

10 16.5 0.000622 0.000696 0.894 

20 27 0.001018 0.001396 0.739 

30 35 0.001320 0.002101 0.628 

40 38 0.001433 0.002809 0.510 

50 36.5 0.001376 0.003522 0.391 

60 30 0.001131 0.004238 0.267 

80 19 0.000717 0.005684 0.126 

98 10 0.000377 0.006999 0.054 

The volumetric flow rate of injectable solvent : Q°= 0.04185 Cm3/min 

Duration of all Experimental tests : time = 20 min 

Total Pressure : Pt = 101.325 Kpa 

 

The experimental loadings of CO2 in MDEA 

solutions at various temperatures are presented 

in Fig. (2). This figure shows that, as expected, 

the loading decreased by increasing 

temperature, which can be a confirmation of 

the correct procedure of conducting 

experimental studies in this work.  
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Figure 2. Experimental CO2 loading in the aqueous solutions of MDEA. (Measured in this work) 

 

As shown in Fig. (3), the maximum moles of 

CO2 were absorbed in MDEA with the 

concentration of 40-50 wt%, which increased 

from about 40% to about 50% as the 

temperature increased from 303K to 323K. 

Therefore, it can be said that the optimal 

concentration of MDEA increases slowly by 

increasing temperature. At high concentrations 

of MDEA, the pH of the solution is very high. 

Therefore, free MDEA molecules act as the 

base that accepts protons from HCO3
- and 

forms CO3
=, leading to an increase in the 

concentration  of CO3
=. At low concentrations 

of MDEA, the PH decreases, which causes 

CO3
= to accept protons to form HCO3

-, causing 

to decrease the concentration of CO3
=. MDEA 

as a tertiary amine does not produce 

carbamate. By the formation of HCO3
- and 

MDEAH+, CO2 is absorbed by MDEA. 

 

 

 

 

 

Figure 3. Number of the moles of CO2 absorbed in the MDEA solution with different concentrations 

 (Measured in this work). 
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4.2. Modeling results 

In the first step of modeling, vapor pressure, 

and saturated liquid density data are included 

in the regression. in this way adjusting the 

associating pure component parameters is 

done. In the second step, the vapor-liquid 

equilibrium calculations were done to adjust 

the molecular binary interaction parameters. 

Finally, the solubility of the gas in the liquid 

was determined by adjusting molecular and 

ionic binary interaction parameters and 

simultaneously solving chemical and phase 

equilibrium equations. The results show that 

the model was able to provide a relatively good 

CO2 loading under a wide range of operating 

conditions. The comparison of the 

experimental loading and the calculated 

loading obtained in this work, as well as the 

average absolute percent deviation (AAD%) 

between them, is shown in Table (4). 

  

 

Table 4.  
Comparison of experimental (measured in this work) and model 

(calculated by CTSDH) CO2   loadings in the H2O-MDEA-CO2 system 

at various temperatures and MDEA concentrations. 

T (K) Wt% MDEA α Exp α Cal Error % 

303.15 

10 1.088 1.053 3.3 

20 0.999 1.002 0.3 

30 0.891 0.881 1.1 

40 0.765 0.697 8.9 

50 0.576 0.516 10.4 

60 0.380 0.347 8.6 

80 0.171 0.192 12.2 

98 0.108 0.089 17.3 

313.15 

10 1.002 1.020 1.8 

20 0.860 0.947 10.1 

30 0.746 0.820 9.8 

40 0.634 0.636 0.3 

50 0.472 0.432 8.6 

60 0.319 0.293 8.3 

80 0.150 0.147 1.8 

98 0.083 0.076 8.2 

323.15 

10 0.894 0.939 5.1 

20 0.739 0.810 9.6 

30 0.628 0.679 8.1 

40 0.510 0.537 5.3 

50 0.391 0.384 1.8 

60 0.267 0.273 2.3 

80 0.126 0.140 11.1 

98 0.054 0.062 15.1 

AAD % 7.05 

α Exp: Measured in this work 

α Cal: Calculated by CTSDH EoS 
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4.2.1. Pure component parameters 

A0i, bi, ci, Vii, and Eii are adjustable parameters 

for pure associating components, and bi, Vii, 

Eii, d1, d2, and σi are adjustable parameters for 

ionic species. These parameters are 

determined by fitting the model with 

experimental data from other papers. The 

values of the adjusted parameters for the pure 

components and the average absolute 

deviation of the vapor pressure and saturated 

liquid density from the experimental data are 

presented in Table (5). In this work, the 

method of which the algorithm is explained in 

Fig. (4) is used to minimize the objective 

function presented in Eqs. (18, 19). The % 

AAD of the model compared to the 

experimental data for H2O, MDEA and CO2 is 

0.7, 0.76 and 0.78 respectively. The 

experimental data for Pure H2O and CO2 were 

taken from the Design Institute of Physical 

Properties DIPPR database[23] and 

Experimental data for MDEA were calculated 

using the correlation presented by 

Kontogeorgis et al.[24]. The diameter of ionic 

species (MDEAH+, HCO3
-, and CO3

=) 

proposed by Huttenhuis et al. (2008) was used 

in this work. Table (5) shows these 

correspondences. 

𝑂𝐹𝑃𝑢𝑟𝑒(𝑎0𝑖. 𝑏𝑖. 𝑐1𝑖. 𝑣𝑖𝑖 . 𝐸𝑖𝑖) =∑(
𝑃𝑠
𝑐𝑎𝑙𝑐 − 𝑃𝑠

𝑒𝑥𝑝

𝑃𝑠
𝑒𝑥𝑝 )

2

+∑(
ρ𝑠
𝑐𝑎𝑙𝑐 − ρ𝑠

𝑒𝑥𝑝

ρ𝑠
𝑒𝑥𝑝 )

2

= 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 (15) 

 

 

      Table 5.  

      Pure component parameters of the CTSDH. 

 H2O MDEA CO2 MDEAH+ HCO3
- CO3

= 

Mw [kg/kmol] 18.02 119.16 44.01 120.16 61.00 59.98 

Tc [K] 647.3 a 677.0 a 304.2 a - - - 

Pc [Mpa] 22.09 a 3.88 a 7.4 a - - - 

ω 0.344 a 1.242 a 0.224 a - - - 

a0 [Pa.m6/mol2] 0.387 b 3.411 b 0.332 b - - - 

b × 106 [m3/mol] 14.78 b 104.81 b 27.91 b 114.31 b 26.17 b 21.13 c 

c1 0.576 b 0.802 b 0.718 b - - - 

Vii × 106 [m3/mol] 1.12 b 0.981 b 0.819 b 0.389 b 0.318 b 0.827 c 

-Eii / R [K] 1283.52 b 2449.74 b 394.03 b 3782.39 b 910.49 c 1035.76 c 

d1 [pa0.5.m3/mol] - - - 3.575 b 1.806 b 0.907 c 

d2 [[d1]*K-0.5] - - - 0.0938 b 0.018 c 0.119 c 

σ × 1010 [m] - - - 4.5 a 3.12 a 3.7 a 

% AAD Ps 0.48 0.84 0.72 - - - 

% AAD ρs 0.93 0.69 0.84 - - - 

Tr range 0.45-0.88 0.48-0.9 0.73-0.99 - - - 

a) Proposed from Huttenhuis et al. [6] 

b) Re-adjusted in this work, the initial value is obtained from Medeiros et al. [14] 

c) Adjusted in this work 

Note : some values may be close to [14], but all (b) values have been re-adjusted in this work. 
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Figure 4. Adjustment algorithm of model parameters (Parameter optimization); AP = Adjustable parameters 

(Molecular & ionic component); OF = Objective function defined in equation 18, 19; δ = OF/100 

 

4.2.2. Binary parameters 

Before modeling the ternary system (H2O-

MDEA-CO2), binary parameters for H2O-

MDEA and H2O-CO2 subsystems should be 

set. After adjusting the pure parameters, their 

values were fixed in the model and binary 

parameters were obtained based on them. The 

parameters of binary subsystems H2O-MDEA 

and H2O-CO2 were adjusted through the 

objective function presented in Eq. (19). The 

algorithm used to minimize this objective 

function is presented in Fig. (4). Based on this, 

the average absolute percent deviation of 

model results compared to binary experimental 
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data was reduced to less than 1%. At each 

temperature a set of acceptable parameters was 

obtained. These parameters were included in 

the regressions to develop the model 

performance at different temperatures. Fig. (5) 

compares the vapor-liquid equilibrium data of 

binary subsystems H2O-MDEA and H2O-CO2 

obtained by the model and experimental data.  

𝑂𝐹𝐵𝑖𝑛𝑎𝑟𝑦 = 𝑂𝐹𝑃𝑢𝑟𝑒 + ∑(
𝑃𝑏
𝑐𝑎𝑙−𝑃𝑏

𝑒𝑥𝑝

𝑃𝑏
𝑒𝑥𝑝 )

2

+ ∑(
Y𝑖
𝑐𝑎𝑙−Y𝑖

𝑒𝑥𝑝

Y𝑖
𝑒𝑥𝑝 )

2

= 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒  (16) 

 

  
(a)  (b)  

Figure 5. Vapor-liquid equilibrium data of binary systems : (a) VLE Data of H2O-MDEA, (black lines) 

XH2O,and YH2O calculated by CTSDH at 423K, (×) XH2O experimental[26], (△) YH2O experimental[26]. (b) VLE 

Data of H2O-CO2, (black lines) XH2O, andYH2O calculated by CTSDH at 373K, (red lines) XH2O, and YH2O 

calculated by CTSDH at 473K, (×) XH2O experimental[29], (△) YH2O experimental[29]. 

 

The binary parameters of H2O-Ions were 

optimized using the solubility data of the 

ternary system. The binary parameters 

obtained from the model as well as the 

experimental data used in this section are 

presented in Table (6). 

 

Table 6.  

Binary interaction parameters of the CTSDH. 

 Eij Kij AAD% (Pb) AAD% (Yi) T (k) Exp. Data 

H2O - MDEA 1866.44 - 0.179 1.31 0.18 293-458 25 - 28 

H2O - CO2 834.34 - 0.083 0.98 0.47 313-623 29 - 32 

H2O – MDEAH+ 2532.96 - 0.011 - - - This work 

H2O – HCO3
- 999.7 0.0297 - - - This work 

H2O – CO3
= 1160.81 0.011 - - - This work 

MDEA - CO2 1421.18 - 0.12 - - - This work 

MDEA - MDEAH+ 3116.06 - 0.0041 - - - This work 

MDEA - HCO3
- 1580.14 - 0.197 - - - This work 

MDEA - CO3
= 1742.75 - 0.36 - - - This work 

CO2 - MDEAH+ 2088.21 0.21 - - - This work 

CO2 - HCO3
- 552.26 - 0.098 - - - This work 

CO2 - CO3
= 714.89 - 0.069 - - - This work 

MDEAH+ - HCO3
- 2246.44 0.026 - - - This work 

MDEAH+ - CO3
= 2409.08 - 0.073 - - - This work 

HCO3
- - CO3

= 873.12 - 0.037 - - - This work 
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4.2.3. Modeling the ternary system 

The results related to modeling the solubility 

of carbon dioxide in the N-

methyldiethanolamine solution can be seen in 

this section. As mentioned earlier, in this work, 

the φ-φ method (CTSDH EoS) is used to 

simultaneously solve VLE and chemical 

equilibrium calculations. To reduce the 

AAD% of the model, the calculations of the 

gas phase were also performed by the CTS 

EoS, although this action made the calculation 

time a little longer. The algorithm used in this 

work consists of two main loops: The 

calculation of Pt and Yi in the inner loop and 

the calculation of the concentration of the 

species and αcal in the outer loop. The 

calculation steps based on the mentioned 

algorithm are presented in Fig. )6(.It is given 

in the following Eq. how to calculate the 

average absolute percent deviation (AAD%) 

(20). 

𝐴𝐴𝐷% =
100

𝑛𝑝
∑|

𝐸𝑥𝑝 − 𝐶𝑎𝑙

𝐸𝑥𝑝
|

𝑛𝑝

𝑖=1

 (17) 

 
Figure 6. Solution algorithm to predict the concentrations of components and the CO2 loading in the 

H2O+MDEA+CO2 system. 
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To check the experimental data and modeling 

results obtained from this work, the 

experimental data of twelve other articles were 

used[33-44]. Table (7) shows the reference 

literatures of the solubility of CO2 in MDEA 

solutions used in this work.  

 

        Table 7.  

        Literature references of the solubility of CO2 in aqueous MDEA solutions. 

Author Wt% MDEA T (K) PCO2 (Kpa) Ref. 

Dash (2016) 22, 48 308-328 1 - 1400 [33] 

Haji-Sulaiman (1998) 23.8, 47.3 303, 313, 323 0.1 - 98.2 [34] 

Xu et al. (1998) 35.1, 39.8, 48.9 313, 323, 343, 353, 363, 373 0.9 - 1013 [35] 

Bhairi (1984) 12, 24 25-115 14 - 4136 [36] 

Jou et al., (1993) 35, 50 313, 373 0.004 - 236 [37] 

Jou et al. (1982) 11.8, 23.4, 48.9 298, 313, 343, 373 0.001 - 6570 [38] 

Ermatchkov (2006) 19.2, 32.3, 48.8 313-393 0.1 -70 [39] 

Sidi-Boumedine (2004) 25.73, 46.88 298, 313, 348 2.84 - 4559.5 [40] 

Rho et al. (1997) 5, 20, 50, 75 323, 348, 373 0.8 - 268.3 [41] 

Derks (2010) 50 313 1.25 – 91.6 [42] 

Ma’mun et al. (2005) 50 328, 343, 358 66 - 813 [43] 

Park et al. (2001) 50 298, 323, 348, 373 0.8 - 140 [44] 

 

The comparison of the results is shown in Fig. 

(7).

  

   
(a) (b) (c) 

Figure 7. Comparison of experimental data (measured in this work) and the model (calculated by CTSDH)  

CO2 loading with the results of other researches for the H2O-MDEA-CO2 system at various temperatures 

and concentrations of MDEA at (a) 303.15 K, (b) 313.15 K, and (c) 323.15 K. 

 

 

The total number of experimental points and 

the average absolute percent deviation 

(AAD%) recorded in this study are presented 

in Table (8). 
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Table 8.  
Total number of experimental points and the average absolute percent deviation 

recorded in this study. 

Components Parameters Comparison Points AAD% 

H2O Psal, ρsat Exp1 : Cal 42 0.7 

MDEA Psal, ρsat Exp1 : Cal 46 0.76 

CO2 Psal, ρsat Exp1 : Cal 40 0.78 

H2O - MDEA Pt, Yi Exp1 : Cal 30 0.74 

H2O - CO2 Pt, Yi Exp1 : Cal 20 0.72 

H2O - MDEA - CO2 Loading Exp2 : Cal 72 7.05 

H2O - MDEA - CO2 Loading Exp1 : Cal 34 13.50 

Total - - 284 - 

Exp1:    Experimental data of other researches 

Exp2:    Experimental data in this work 

Cal:       calculated by CTSDH (This work) 

 

 

5. Conclusion 

In this work, the solubility of carbon dioxide in 

10-98 wt% of MDEA, at temperatures of 303-

323K, and atmospheric pressure was measured 

and modeling of the system was taken place. 

In most of the experimental researches, the 

absorption of CO2 in one or two specific 

concentrations of MDEA at constant 

temperature has been investigated. However, 

in this research, the absorption of CO2 in eight 

different concentrations of MDEA (10-98% 

continuously) at constant temperature and 

pressure has been investigated, which can be 

one of the characteristics of the present work. 

As a result, the findings of this study can be 

used to select the optimal concentration of 

MDEA for gas absorption systems. As 

expected, the loading decreased by increasing 

temperature, which can be a confirmation of 

the correct procedure for conducting 

experimental studies in this work. Also, the 

mole of CO2 absorbed by the solvent at a 

constant temperature increased by increasing 

the concentration of the solvent from 10 wt% 

to 40 wt%, but with a further increase in the 

concentrationof the solvent, the amount of 

absorption decreased. This can be related to the 

physicochemical properties of the solution 

(H2O+MDEA). By increasing the 

concentration of MDEA in the mentioned 

Binary mixture, properties such as pH and 

viscosity change. At low concentrations of 

MDEA, the pH is low for absorption, and on 

the other hand, at high concentrations of 

MDEA, the high viscosity of the solution can 

be an obstacle for absorption. Therefore, the 

absorption of CO2 will be optimal in 

intermediate concentrations. Of course, other 

factors can also be effective in determining the 

optimal concentration for absorption. The 

maximum moles of CO2 were absorbed in the 

concentration of 40-50 wt% of MDEA, which 

increased from about 40% to about 50% as the 

temperature increased from 303K to 323K. 

Therefore, it can be said that the optimal 

concentration of MDEA increases slowly by 

increasing temperature. The CTS equation of 

state was improved in the electrolytic part and 

the existing parameters were re-adjusted. 

Some parameters that did not exist in previous 

literature,s were adjusted in this work. The 

results obtained from the model show that the 

CO2 loading obtained from the model can 

replace the experimental data under a wide 

range of operating conditions. With the help of 

this modeling, the deviation of the model 

results from the laboratory data in the 

investigated range was reduced to 7.05%. 
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List of Abbreviations 

AAD%:  Average absolute percent deviation 

OF: Objective function 

Exp: Experimental value 

Cal: Calculated value 

VLE: Vapor-liquid equilibria 

MDEA: N-methyldiethanolamine 

MEA: Monoethanolamine 

SRK EoS: Soave-Redlich-Kwong equation of state 

TSAM: Two-State Association Model 

CTS EoS: Cubic-Two-State equation of state 

DH: Debye-Hückel 

Wt%: Weight percent 

 

List of symbols 

xi: Liquid mole fraction of component i 

yi: Vapor mole fraction of component i 

α CO2: CO2 Loading (mole CO2/mole MDEA) 

φ: Fugacity coefficient 

γ: Activity coefficients 

K: Equilibrium constants 

P: Pressure [Pa] 

R: Gas constant (8.314) [m3.pa/k.mol] 

T: Temperature [K] 

Z: Compressibility factor 

Q: Volumetric flow rate of injectable solvent [ml/min] 

VCO2: Volume of CO2 dissolved in the solvent [ml] 

Ʋm,CO2: molar Volume of CO2 [ml/mol] 

a: Mixture dispersive parameter [m6.pa/mole2] 

a': Derivative of the dispersion parameter 

b: Co-volume parameter of CTSDH [m3/mol] 

c: Parameter in the dispersion term 

V: Characteristic association volume [m3/mol] 

E: Energy of association [m3.pa/mol] 

kij: Binary interaction parameter 

d1, d2: Adjustable parameters in equation (22) 

σ: Ion diameter [m] 

f: Mayer function define in equation (11) 

𝕏: Quantity define in equation (20) 

Ҡ: Inverse Debye screening length [1/m] 

NA: Avogadro’s constant (6.02214076×1023) [1/mol] 

KB: Boltzmann constant (1.380649×10−23) [J/K] 

ρN: Number density [1/m³], ρN = (NA.ρ/Mw) 

ε: Dielectric constant of the system [C2/J.m] 

e: Elementary charge (1.60219×10−19) [C] 

F: Faraday constant (96485) [C/mole] 

ẑ: Charge number of ion 

np: Number of experimental point 

n: Number of mole 
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