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Abstract: In recent years, significant efforts have been made  to 

mitigate greenhouse gas emissions from industrial sources and 

prevent the worldwide climate change. Special attention has been 

given to carbon dioxide removal using absorption–desorption with 

chemical solvents. A reliable design, scale up, control, and 

optimization of post-combustion CO2 capture processes requires the 

use of an accurate packed bed absorber modeling and simulation. In 

this paper, a rigorous rate-based model that describes the reactive 

absorption of carbon dioxide into loaded aqueous monoethanolamine 

solution in a countercurrent-flow packed absorber column has been 

developed. The model considers both mass and heat fluxes across the 

interface; thus, liquid and gas phases are balanced separately. 

Proper correlations currently available in literature for physico-

chemical as well as heat and mass transfer properties estimation 

were included into the model to ensure reliable predictions; all 

equations (mass and energy balances, equilibrium speciation, kinetic 

model, enhancement factor model as well as the physico-chemical 

and transport properties) were then implemented in MATLAB 

software. The developed model was successfully validated against 

published experimental data with maximum average relative 

deviation percentages less than 2.8 % and 1.7 % for liquid 

temperature and CO2 loading profiles, respectively. 
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I. Introduction  

Carbon dioxide emissions from industrial sources 

have become a serious  environmental issue seen 

their great impact on the global warming which is 

estimated to be more than 60% compared  to other 

greenhouse gases as stated by Moulijn et al. [1]. Its 

concentration in the atmosphere is approximately 

400ppm, upper about 300ppm from the pre-

industrial level[2]. This high CO2 atmospheric 

concentration alters the energy balance of the 

earth's climate system that rises the planet’s global 

average temperature of about 0.74 °C since 1906 

until 2005 as reported by Core-Writing-Team [3].  

 

 

 

In the recent years, the world is concerned by the 

growth and the developmen of various methods and 

technologies for CO2 removal from gas streams. In 

regards to this area, Post-combustion capture by 

chemical absorption using aqueous solutions of 

alkanolamines is the most mature and promising 

technology [4-5]. furthermore, it has been proved as 

one of the less expensive methods to be applied to 

power plants as confirmed by Erga et al., [6]. 

 

The most commonly used, suitable, mature and 

well-documented chemical solvent for acid gas 

absorption is aqueous solutions of 

monoethanolamine due to its high reaction rate, 

relatively low cost, and its thermal stability. 
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Furthermore, it is often considered as a base case 

solvent in many research works [7-10] 

 

The current study focuses on the development of a 

rigorous rate-based model to simulate the reactive 

absorption of CO2 with loaded aqueous MEA 

solution to ensure a reliable design, scale up, 

control, and optimization of post-combustion CO2 

capture processes. The model takes into account the 

mass transfer resistances in the liquid and gas films 

as well as the heat effects associated with the 

reactive absorption through material and energy 

balances in both gas and liquid phases. The most 

suitable and recent correlations and methods for the 

calculation of   physicochemical as well as mass 

and heat transfer properties are incorporated into 

the model to guarantee accurate predictions.  

 

The rate-based model was then validated by 

simulating a number of experiments on the 

absorption of CO2 in monoethanolamine solutions 

carried out in packed-bed absorbers. In this context, 

the experimental data reported in literature by 

Sonderby et al. [11] was selected as the basis for 

this simulation study; where they used a pilot 

absorber column with a total height of 10.5m and 

an internal diameter of 0.1 m. It is made of pyrex 

glass and packed with Sulzer Mellapak 250Y. The 

column consists of 10 sections each 1.0m high. 

Redistributors are located between sections. The 

packing height for each section is 0.82m and thus a 

maximum effective absorption height of 8.2m can 

be obtained and the packing diameter is 0.084 m.  

II. Rate-based model 

Three types of the rate-based model have been 

applied for the modeling and simulation of packed 

columns for CO2 absorption: the continuous 

differential contactor model (CDC), the continuous 

film reaction model, and non equilibrium stage 

model. In this study, the CDC model has been used; 

this model was first proposed by Pandya [12] based 

on the differential-change approach suggested by 

Treybal [13] and was largely employed by many 

authors; however, it has been found that it presents 

some inconsistent simplifications or assumptions; 

therefore, Llano-Restrepo and Araujo-Lopez [14] 

revised the model using the finite difference 

approach and introduced a new improved version. 

II.1. Material and energy balances in the gas and 

liquid phases 

In this paper, the improved version of the CDC 

model suggested by  Llano-Restrepo and Araujo-

Lopez [14] is applied,  which  consists of a set of 

five ordinary differential equations describing  mass 

and energy balances in a packed column.  

 

 A steady state mole balances on CO2 and water 

vapor  

 
dYA

dz
=

−kG.A a P(yA − yA.I)  

GB
                                 (1) 

 
dYS

dz
=

−kG.S a P(yS − yS.I)  

GB
                                  (2)   

 A steady-state  total mole balance for both 

liquid and gas phases  
dL

dz
= GB (

dYA

dz
+

dYS

dz
)                                               (3) 

 Temperature gradients  for the gas and liquid  

phases  

 
dTG

dz
=

−hG(TG − TL) a

GB(Cp.B

(g)
+ YACp.A

(g)
+  YSCp.S

(g)
                       (4) 

 

 
dTL

dz
=

GB

LCP,L

{[Cp.B
(g)

+ YACp.A

(g)
+  YSCp.S

(g)
]

dTG

dz

+ [Cp.A

(g)
(TG − T0) − ∆Hrx

(abs)(T0)

− CP,L(TL − T0)]
dYA

dz

+ [Cp.S

(g)
 (TG − T0) − ∆Hvap,S(T0)

− CP,L(TL − T0)]
dYS

dz
}             (5) 

II.2. Equilibrium speciation model 

The equilibrium speciation model developed by 

Matin et al. [15] was used in this study in order to 

determine the liquid-bulk chemical species 

concentrations required for all calculations. The 

model was founded on the following reactions 

occurred when CO2 reacts with loaded aqueous 

MEA solution.  

 Ionization of water: 

2H2O ↔ OH− + H3O+                                              (6) 

 Dissociation of dissolved CO2 through carbonic 

acid: 

CO2 + 2H2O ↔ HCO3
− + H3O+                              (7) 

 Dissociation of bicarbonate: 

HCO3
− + H2O ↔ CO3

2− + H3O+                              (8) 

 Carbamate reversion to bicarbonate (hydrolysis 

reaction): 

RNHCOO− + H2O ↔ RNH2 + HCO3
−                   (9) 

 Dissociation of protonated amine: 

 RNH3
+ + H2O ↔ RNH2 + H3O+                         (10) 

Noting that R stands for C2H4OH. 

According to the above reactions, the chemical 

spices concentrations in question are 

OH−, H3O+, HCO3
−, CO2, CO3

2−, RNH3
+, RNH2 , and  

 RNHCOO−. In this context, Matin et al. [15] solved 

a set of eight non-linear algebraic equations 

(including the chemical reaction equilibriums as 

well as the material and charge balances) by means 

of the Newton–Raphson method to obtain a valid 
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simplified form of the speciation model. 

Consequently, the resulting equilibrium 

concentrations are related through the following 

expressions: 

[RNH2] = (1 − 2αA)[RNH2]0                              (11)            
[RNHCOO−] = αA[RNH2]0                                   (12)  
[RNH3

+] = αA[RNH2]0                                            (13)  

Where[RNH2] and [RNH2]0are the free and the 

total MEA concentrations, respectively. 

II.3. Kinetic model 

An extensive number of experimental and 

theoretical studies have been reported in literature 

on the kinetics of carbon dioxide reacting with 

unloaded aqueous MEA solution since 1950’s. 

However, only few researchers have studied the 

kinetics of carbon dioxide absorption into partially 

carbonated MEA solutions [16-21].  The most 

recent model for the second-order rate constant, the 

one developed by Luo et al. [21], have been used in 

this study, this kinetic model is  based on the 

termolecular mechanism,  and expressed as follow:  

k2 = k2,MEA[MEA] + k2,H2O[H2O]                     (14)         

k2,MEA = 2.003 ∗ 1010 exp (
−4742

TL
 )               (15) 

k2,H2O = 4.147 ∗ 106exp (
−3110

TL
 )                  (16) 

The kinetic model is valid over temperature, MEA 

concentration and CO2 loading ranges of (298-343) 

K, (1 and 5) M, and (0-0.4) molCO2/ molMEA, 

respectively. 

II.4. Enhancement Factor model 

The mass transfer of CO2 in the liquid phase is 

enhanced by the chemical absorption relative to the 

physical one. Thus, the enhancement factor is 

expressed as follow: 

E =
kL.A

kL.A
0                                                                      (17) 

For (m+n)th order reversible reaction, Gaspar and 

Fosbøl [22] introduced a new implicit model for the 

enhancement factor calculation; this model  was  

validated with the two-film model numerical 

solution, and represented by the following set of 

equations: 

 

Ei = 1 + (
CRDR

νDA,LCA,I
)                                             (18) 

(1 − Ei)Y2 + Ha(yA.I − 1)Y + Ei − yA = 0      (19) 

Y = √yR
i                                                                      (20) 

E = Ha√yR
i

1 − yA.I

1 − yA
                                                (21) 

II.5. Interfacial compositions 

The CO2 and water mole fractions yA.I and yS.I, 

respectively, at the gas-phase side of the interface 

are given below:  

yA.I P =
yA P+(

EkL.A
0

kG.A
)CA

1+
1

He
(

EkL.A
0

kG.A
)

                                            (22)  

     
yS.I = xS γS PS

sat P⁄                                                   (23)  

 

Indicating that the model considers the liquid phase 

as an ideal solution, thus  γS  = 1 and Raoult’s law  

yS.I = xS 
PS

sat P⁄   is valid. 

 

II.6. Physicochemical and transport properties 

All correlations and methods for physico-chemical 

and transport properties calculation used in the 

current study were presented in Table 1. Indicating 

that the selection of liquid-phase properties was 

based on a comparative analysis of different 

correlations available in literature with 

experimental data where the most suitable ones 

(that fit better experimental data) were determined 

for each property. 

III. Simulation of the rate-based model  

In order to solve the differential equations which 

describe mass and energy balances included in the 

rate-based model applied to the reactive absorption 

of CO2 in packed-bed absorber, a computer 

program was coded in Matlab software. Figure 1 

provides a simplified flowchart that explain breifly 

the program algorithm. 
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Table 1 . List of correlations used in the current study for the estimation of physico-chemical and transport 

properties 

 
Liquid phase properties 

 

Property correlation Property correlation 

Density of pure MEA 

 

Jayarathna et al. [23] Diffusivity  of N2O in 

water  

Jamal [27] 

Density of water Kell  [24] Diffusivity of  N2O in 

aqueous MEA solution 

Ko et al. [29] 

Density of  CO2-loaded  MEA 

solution  

Weiland et al. [25] Diffusivity of  MEA in 

water 

Snijder et al. [30] 

Viscosity  of water 

 

Swindells taken from 

Weast [26] 

Surface Tension of CO2-

loaded aqueous MEA 

solution 

Jayarathna et al. [23] 

Viscosity of  CO2-loaded  

MEA solution   

Weiland et al. [25] Heat capacity of liquid 

MEA 

 

Agbonghae et al. [31] 

Henry's constant of CO2 in 

water 

Jamal [27] Heat capacity of liquid 

water 

Agbonghae et al. [31] 

Henry's constant of N2O in 

water 

 

Jamal [27] Heat capacity of CO2-

loaded aqueous MEA 

solution 

Agbonghae et al. [31] 

Henry's constant  of  N2O in 

aqueous MEA solution 

Jiru et al. [28] Heat of absorption of 

CO2 in aqueous MEA 

solution 

Llano-Restrepo and 

Araujo-Lopez [14] 

based on Arcis et al. 

[32] data 

Diffusivity  of CO2 in water Jamal [27] Heat of vaporization  Pitzer et al. [33] 

Gas phase properties 

 

Property correlation Property correlation 

Gas phase density Soave [34] 

 Holderbaum and 

Gmehling [35] 

Gas phase CO2 

diffusivity 

Wilke [40] 

Gas phase viscosity Poling et al. [36] Thermal conductivity of 

pure gases 

Ely and Hanley method 

taken from Reid et al. 

[41] 

Gas phase heat capacities Smith et al. [37] Gas phase thermal 

conductivity   

 Wassiljewa–Mason–

Saxen  method taken 

from Poling et al. [36] 

Gas phase binary diffusivities Fuller method  taken 

from Poling et al. [36] 

Gas phase water vapor  

diffusivity  

Blanc' s expression 

taken from Poling et al. 

[36] 

Water vapor pressure Antoine [38]  

Mass and heat transfer properties 

 

Property correlation Property correlation 

Mass transfer coefficients Billet and Schultes [42] Gas phase heat transfer 

coefficient 

Geankoplis [43] 

Effective interfacial area Billet and Schultes [42] mass-transfer-corrected 

gas-phase heat transfer 

coefficient 

Pandya [12] 

Liquid holdup of packing Billet and Schultes [42]  
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Figure1. Flowchart for the rate-based model simulation 

 

START 

Input data: αAin, αAout, TLin, TLout, TGin, yAin, 
yAout, GB, CRin, P, Lin and column 

dimensions 

Assume  TGout and ySout 

Estimate Lout using material balances and 

estimate the inlet and outlet liquid spices 

concentration using VLE model 

  

YA>0 & |(YA-YAout)/ 

YAout|>= ε 

&    z< column height 
End 

False True 

Calculate all necessary 

physico-chemical properties 

Calculate mass and heat 

transfer properties 

Assume  PAi 

Calculate CAi, E and PAiNew 

|(PAi- PAiNew)/ PAi|>= 

ε 

True 

PAi        PAiNew 

Calculate the ratios  
dYA

dz
 , 

dYS

dz
, 

dTG

dz
 and 

dTL

dz
 

Assume Δz=0.01 

Calculate ΔYA and znext 

Calculate the circumstances at znext 

YA, YS, TG, TL and αA 

Display results 
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IV. Results and discussion 

In this section, the simulation results obtained while 

modeling and simulating the reactive absorption of 

CO2 with loaded aqueous MEA solution were 

validated against pilot-plant experimental data 

reported by Sonderby et al. [11]. The results are 

presented in term of liquid and gas temperature, 

liquid CO2 loading as well as carbon dioxide and 

water vapor gas phase  mole fraction profiles along 

the packed column height.  

 

 

In this paper, the average relative deviation 

percentage ARD%  was used to compare model 

predictions with experimental data, and it was 

calculated by means of the following equation: 

 

ARD% = 100 ∗
1

n
∑ (

xi
cal − xi

Exp

xi
Exp )

n

1

                  (24) 

where xi
Exp

 and xi
cal are the experimental and 

calculated process parameters of component i, 

respectively. 

IV.1. Temperature profiles 

The predicted temperature profile obtained while 

using the rate-based model is very significant due to 

the fact that it depends on many model parameters, 

for instance, heat of absorption, CO2 solubility in 

amine solutions, kinetic model, heat and mass 

properties, and other physicochemical properties.   

The packed-bed absorber modeled in this study 

operates in counter-current mode. The lean solvent 

and  the rich CO2 flue gas are fed from to the top 

and the bottom of the column, respectively. The 

liquid temperature coming down  from the top is 

increased due to the heat released under the effect 

of the reactive absorption of CO2 in the amine 

solution; In the other hand, the flue gas coming up 

from the bottom received a part of the evolved heat 

of the rich solvent and rise the flue gas temperature 

from the column bottom upwards to the near top. 

Furthermore, the heat of reaction causes the 

vaporization of water which is then condensed due 

to the colder solvent coming from the top of the 

column. Hence,  a significant temperature bulge, as 

shown in Figures 2 and 3, can be observed in the 

temperature profiles of the absorber. Indicating that  

the temperature bulge location and magnitude are 

affected by many parameters such as, the liquid-gas 

ratio, the point where CO2 is absorbed into the 

amine solution, and the heat of reaction [44]. 

 
Figure2. Profiles of Liquid and gas phase 

temperatures along the absorber height for run 

R22. Filled circles: experimental data; solid and 

dotted curved lines: simulation results for the liquid 

and gas phase temperatures, respectively. 

 
Figure3.  Profiles of Liquid and gas phase 

temperatures along the absorber height for run 

R23. Filled circles: experimental data; solid and 

dotted curved lines: simulation results for the liquid 

and gas phase temperatures, respectively. 

Figures 2 and 3 show the predicted liquid and gas 

phase temperatures along the absorber  height  

compared to the liquid phase experimental profiles 

for runs R22 and R23 of Sonderby et al. [11]. 

According to these figures, It has been observed 

that near the bottom the liquid phase temperature 

exceeds the gas phase temperature; however, along 

the most of the column is the inverse which means 

that  the  gas-phase temperature exceeds slightly the 

liquid-phase temperature. It has been also noticed 

that an overall agreement between measured and 

predicted liquid temperatures is generally good for 

both runs (R22 and R23) with an average relative 

deviation percentage ARD% of 2.76 and 2.79, 

respectively. However, the liquid temperature is 

somewhat overpredicted in the last 2m of the 

absorber for both runs, that could be explained by 

the use of empirical correlations to  estimate the 
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different model parameters affecting the 

temperature profiles (kinetic model, transport 

properties, heat of absorption, and   

physicochemical properties); hence, a judicious 

selection of these parameters is very essential  to 

guarantee reliable predictions.  

IV.2. Liquid CO2 loading  profiles 

One of the key design parameter of an absorber 

column is the liquid CO2 loading (mole of CO2 per 

mole of MEA).  

 
Figure4. Profiles of Liquid CO2 loading 

molCO2/molMEA along the absorber height for run 

R22. Filled circles: experimental data; solid lines: 

simulation results.  

 

Figure5. Profiles of Liquid CO2 loading 

molCO2/molMEA along the absorber height for run 

R23. Filled circles: experimental data; solid lines: 

simulation results. 

In regards to this area, the predicted liquid CO2 

loading profiles compared with the corresponding 

experimental profiles obtained from runs R22 and 

R23 of Sonderby et al. [11]  are illustrated in 

Figures 4 and 5. Based on these Figures, it is clear 

that the predicted and measured CO2 loading 

profiles are almost coinciding for both runs (R22 

and R23)  with a very low average relative 

deviation percentage ARD% of about 1.15 and 

1.69, respectively. 

 
IV.3. Carbone dioxide and water vapor  profiles 

Figures 6 and 7  illustrate simulation results for the 

carbon dioxide and water vapor mole fraction 

profiles in the gas phase compared with the 

measured carbon dioxide mole fractions along the 

absorber height obtained from runs R22 and R23 of 

Sonderby et al. [11]. Accordingly, it has been 

noticed that the agreement between experimental 

data and simulation predictions is generally good in 

both cases or runs. However, the predicted outlet 

CO2 concentration in the gas phase is slightly 

underpredicted in R22 and overpredicted in R23. 

Moreover, the CO2 mole fraction  in the gas phase 

decreases rapidly in the bottom part of the column,  

which indicate that most CO2 removal takes place 

in this region; the remaining height of the absorber 

serves to further reduce the carbon dioxide 

concentration to  reach a very small value for the 

exiting gas stream; whereas, the water vapor mole 

fraction in the gas phase increases near the bottom 

region of the absorber under the effect of the 

evaporation from the liquid phase then it decreases 

until reaching an asymptotic value under the effect 

of gas phase condensation.   

 

 
Figure6. Profiles of  the carbon dioxide and water 

vapor gas phase  mole fractions  along the 

absorber  height  for run R22. Filled circles: 
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experimental data; solid curved lines: simulation 

results. 

 

Figure7. Profiles of  the carbon dioxide and water 

vapor gas phase  mole fractions  along the 

absorber  height  for run R23. Filled circles: 

experimental data; solid curved lines: simulation 

results. 

V. Conclusion 

In this study, a rigorous rate-based model that 

describes the reactive absorption of CO2 with a 

loaded aqueous MEA solution  in a packed-bed 

absorber was developed. The model was then 

implemented in Matlab software in order to  solve 

the differential equations (mass and energy 

balances).The simulation results obtained were then 

validated against a number of experimental 

measurements reported in the open literature. The 

comparison between predicted  and experimental  

profiles for liquid temperature and CO2 gas mole 

fraction presents an excellent agreement with  very 

low average relative deviation  percentages less 

than  2.8 % and 1.7 %, respectively. 

VI. Nomenclature 

 

𝑎 

 

mass-transfer interfacial area per packing unit 

volume, m2/m3 

𝐶𝐴  molar concentration of free CO2 in the liquid phase, 

mol/ m3 

𝐶𝑝,𝐺 gas-phase molar isobaric heat capacity, J/(mol K) 

𝐶𝑃,𝐿 liquid-phase molar isobaric heat capacity, J/(mol K) 

𝐶𝑝.𝑖
(𝑔)

 
gas-phase molar isobaric heat capacity of species i, 

J/(mol K) 

𝐷𝐴,𝐿 liquid-phase diffusivity of CO2, , m
2/s 

𝐷𝑅 The liquid-phase diffusivity, m2/s 

𝐸  enhancement factor 

𝐺𝐵  molar flow rate of carrier gas B per unit cross 

section area, mol/(s m2) 

𝐻𝑎 Hatta number 

He Henry's law constant, 

ℎ𝐺  gas-phase convective heat transfer coefficient, J/(s 

K m2) 

𝑘2 second-order reaction rate constant, m3/(kmol s) 

𝑘𝐺.𝑖  gas side mass-transfer coefficient of component i, 

kmol/(kPa m2 s) 

𝑘𝐿.𝐴
0

 the ordinary liquid-phase mass transfer coefficient, 

m/s 

𝐿 liquid-phase molar flow rate per unit cross section 

area,  mol/(s m2) 

𝑃 gas-phase total pressure, Pa 

𝑃𝑆
𝑠𝑎𝑡

 vapor pressure of species S, Pa 

𝑇0 reference temperature (298.15K) 

𝑇𝐺 gas-phase temperature, K 

𝑇𝐿 liquid-phase temperature, K 

xS mole fraction of water vapor in the liquid bulk 

𝑌𝑖  gas-phase mole ratio of species i (with respect to 

carrier gas B) 

𝑦𝑖  mole fraction of species i in bulk gas phase 

𝑦𝑖.𝐼  mole fraction of species i in gas-phase side of 

interface 

𝑧 column height, m 

Greek symbols 

𝛼𝐴 CO2 loading, mole CO2/mole MEA 

∆𝐻𝑟𝑥
(𝑎𝑏𝑠)

 
molar heat of reactive absorption of CO2, kJ/mol of 

CO2 

∆𝐻𝑣𝑎𝑝,𝑆 molar heat of vaporization of water, J/mol 

𝜈 stoichiometric  coefficient  

Subscripts 

A carbon dioxide 

ARD% average relative deviation percentage 

B carrier gas 

MEA monoethanolamine 

R MEA 

S water vapor 
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