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 Background:  Chemical absorption is a most established technology in a CO2 removal 
process and many types of solvents are available. The aim of this research is to design 

rate based dynamic models for different types of solvent for CO2 absorption process. 

Through this project, the absorption process performance for different solvent can be 

determined. The models are designed for two solvents, monoethanolamine (MEA) and 

sodium hydroxide (NaOH) in Matlab using “shooting method” with four intervals. The 

developed models are validated with pilot scale experimental data from 
Tontiwachwuthikul et al. (1992). The analysis of simulation results highlights that the 

CO2 absorption process more likely happens at the lower segment of the absorber. Gas 

phase CO2 concentration decreases along the flow of the gas from bottom to top of 
absorber. The overall agreement between the simulation and experimental results are 

good. The developed model can be used to study the performance of different types of 

solvent and thereby can determine the best solvent. 
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INTRODUCTION 

 

The world population is increasing yearly, thus 

the demand for the energy worldwide is increasing 

too. The source of current energy is fossil fuels 

combustion power plant. These power plants which 

produce the energy are the main source of CO2 

emissions. Four main available technical routes to 

capture CO2 from fossil fuel power plants are pre-

combustion, post-combustion, chemical looping 

combustion and oxy-fuel (Jayarathna, Lie et al. 2013, 

Mac Dowell, Samsatli et al. 2013).  

Natural gas is the foremost alternate source of 

energy with lower environmental effect. Natural gas 

have some pollutants such as CO2 and H2S, which 

can causes excessive environmental threats when 

diffuse into the atmosphere and slowed down natural 

gas processes. CO2 can cause process bottle necks in 

the pipeline and thereby reduce the plant efficiency 

at a low temperature and pressure. Removal of CO2 

from natural gas will ensure good environmental 

performance, achieve the Liquefied Natural Gas 

(LNG) product conditions and prevent corrosion. 

Numerous gas treating processes are available 

for removal of CO2 such as absorption process and 

membrane separation (Coyle, Durr et al. 2003). 

Chemical CO2 absorption process is well known in 

the natural gas industry and post-combustion capture 

(PCC) (Ebenezer and Gudmunsson 2005, Rufford, 

Smart et al. 2012, Jayarathna, Lie et al. 2013). The 

absorption process for natural gas processing and 

PCC are using the same concept but differ in the 

operating conditions since natural gas contains 

higher CO2 partial pressure than the flue gas.  

Both process conditions available in the natural 

gas processing facility and post-combustion flue gas 

treatment may be not same. The important 

differences between these applications are the CO2 

partial pressure and the quantity of CO2 to be 

removed. Usually the natural gases feed are at high 

pressures (greater than 3000 kPa) while flue gases 

are normally at near atmospheric pressure. Amount 

of CO2 that needed to be removed from natural gas is 

greater than the amount for flue gas (Rufford, Smart 

et al. 2012). 

There are many types of solvents being used to 

perform CO2 absorption process such as chilled 

methanol, propylene carbonate, dimethylether of 

polyethylene glycol, piperazine (PZ), ammonia, 

potassium carbonate and ionic liquids. MEA is the 

most popular solvent that used in the industry of CO2 

removal. It has been established for a long time but it 

has a few disadvantages, MEA is not suitable to be 

used above 122°C because it will face degradation 

and corrosion (Luo, Knudsen et al. 2009, 

Kothandaraman 2010, Zhang and Guo 2013). Each 

solvent will have different absorption performance 

depending on to the operating conditions. Many 
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studies are conducted to invent new efficient solvents 

to have higher the absorption efficiency. The energy 

requirement and capital costs of an absorption plant 

are be influenced by the type of solvent. There is lack 

of research in developing models for different type of 

solvents for the CO2 absorber. 

Huge amount of natural gas reserves in Malaysia 

are undeveloped due to high CO2 content. The 

technology for CO2 removal process for high CO2 

content natural gas is still not well-established (Tan, 

Shariff et al. 2012). Building and operating 

infrastructure to evaluate the process performance is 

a costly scheme and time consuming proposition. 

Simulation and modelling software provides a low 

cost and time saving to evaluate the CO2 capture 

performance.  

However there is lack in the literature on the 

model development of CO2 absorber for natural gas. 

There are many uncertainties in the existing literature 

regarding on the CO2 absorber modelling. Valid 

dynamic models of CO2 absorber needed to simulate 

the performance of absorber by varying the 

parameters without disturbing the operating absorber 

in the plant. 

This paper therefore summarizes the modelling 

of different solvents CO2 absorber which can be used 

for natural gas processing plant. 

 

Methodology: 

First of all the detailed researched is done on the 

CO2 absorber before the scope of the project is 

determined. Matlab is the simulation tool used in this 

project since it is more efficient and suitable to 

develop model from the sketch. Models are 

developed for two solvents, MEA and NaOH since 

the data is available to be validated. 

There are plenty of methods available to run 

simulation in Matlab, however the best and most 

efficient method has to be selected in order to give a 

smooth and accurate results. “Shooting method” has 

been used in this project because it is a best method 

for the iteration procedure. In this method, the four 

intervals were used to obtain the result. This method 

is used to solve two-point boundary value problems 

and with optimisation steps. Where the total length of 

the absorber column is 6.55 m, so it is divided into 4 

differential elements and the discretised mass and 

energy balance equations were assigned for each 

element to solve the equations. 

The model is designed in such a way that can be 

used for different solvent. Since different solvent has 

different chemical properties, some parameters 

values have to be modified for each type solvent. 

However the overall developed model is valid for 

different types of solvent.  

 

2.1 Model Development: 

Mechanisms of the chemical absorption process 

have to be clearly studied and defined for developing 

a complete mathematical model. Treybal (1969) and 

Panday (1983) (Khan, Krishnamoorthi et al. 2011) 

were the one worked earlier on developing the model 

for the CO2 absorption and were used as reference to 

developed model in this project. Fig. 1 shows the 

two-film theory that used to develop the mass and 

energy transfer model. 

 

 
 

Fig. 1: Schematic two film theory 

 

2.1.1 Material and Energy Balances: 

 

Mass transfer rates 

 
d𝑁𝐶𝑂 2G

dz
= 𝑆𝐶𝑂2

             (1) 

 

𝑁𝐶𝑂2𝐺𝑖+1
= 𝑁𝐶𝑂2𝐺𝑖

− 𝑆𝐶𝑂2
∆𝑧           (2) 

 

𝑁𝐶𝑂2 G= u𝐶𝐶𝑂2 G=𝐺𝑎𝑖𝑟 𝑌𝐶𝑂2
                         (3) 

 

Gas phase CO2 concentration: 

 

d𝐶𝐶𝑂 2G

dz
=

𝑆𝐶𝑂 2

u
                (4) 

 

𝑆𝐶𝑂2
=

𝑝𝐶𝑂 2

1

𝑘𝐶𝑂 2𝐺𝑎
+

𝐻𝐶𝑂 2
𝑘𝐶𝑂 2𝐿𝑎  𝐸

            (5) 

 

Solvent concentration in the solution can be 

determined by: 

 

Xsolvent i
= Xsolvent i+1

+
(YCO 2𝑖+YCO 2𝑖+1)bGair

Lwater
          (6) 

 

Gas phase energy balance: 
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𝐺𝑎𝑖𝑟 𝑌𝐶𝑂2
𝐶𝑝𝐺

𝑑𝑇𝐺

𝑑𝑧
= ℎ𝐺a(𝑇𝐺 + 𝑇𝐿)                    (7) 

 

Liquid phase energy balance: 

 

LCpL
dTL

dz
= Gair YCO 2

CpG
dTG

dz
+ Gair (HR + HS)

dYCO 2

dz
    

(8) 

 

2.1.2 Reaction Kinetics: 

This is the most important and challenging part 

of the model development. This is because the model 

development for kinetics reaction will be different 

and vary for each solvent. Without a good 

understanding and detail parameters, an accurate 

model could not be obtained. The enhancement 

factor, E is one of the difficult characteristics of 

modeling gas absorption with chemical reaction. 

E = 1 +
1

  
1

𝐸𝑖−1
 

1.35
+ 

1

𝐸1−1
 
1.35

 

1
1.35 

            (9) 

 

𝐸𝑖 = 1 +  
C𝐵,𝐿C𝐷

bD 𝐴,𝐿C𝐴,𝑖
 ,  𝐸1 =  

 M

tan  M
                        (10) 

 

𝑀 =  
D𝐴,𝐿k2 C𝐵,𝐿

 k𝐿
𝜊 

2                                                      (11) 

D𝐶𝑂2 ,𝐿 = D𝐶𝑂2 ,𝑤𝑎𝑡𝑒𝑟  
μ𝑤𝑎𝑡𝑒𝑟

μ𝐿

 
0.8

                              (12) 

 

D𝐶𝑂2 ,𝐿 = 2.35 × 10−6  
−2119

T𝐿
 

0.8

                          (13) 

 

𝛍𝒘𝒂𝒕𝒆𝒓

𝛍𝑳
= 𝐞𝐱𝐩  

 𝟐𝟏.𝟏𝟖𝒘+𝟐𝟑𝟕𝟑  𝜶 𝟎.𝟎𝟏𝟎𝟏𝟓𝒘+𝟎.𝟎𝟎𝟗𝟑𝑻−𝟐.𝟐𝟓𝟖𝟗 +𝟏 𝒘

𝐓𝑳
𝟐  

𝟎.𝟖

      (14) 

 

H𝐶𝑂2
= 10(5.3−0.035𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡 −

1140

𝑇
)
         (15) 

 

Rate constant, k2 depends on the solvent’s 

reaction properties. For MEA, the rate constant is 

second order and can be determine as shown below: 

 

log k2 = 10.99 − 2152/TL               (17) 

 

2.1.3 Parameters: 

There are many parameters used in the models 

that the values are taken from the literatures. The 

correlations are referred from the available 

literatures. For example the  𝒂. 𝒌𝑪𝑶𝟐𝑳 and 𝒌𝑪𝑶𝟐𝑳 were 

taken from the correlations used by Onda et al. 

(1968). 

 

RESULTS AND DISCUSSION 

 

3.1. Model Validation: 

The developed model in this project is validated 

with the experimental data obtained by 

Tontinwachwuthikul et al. (1992), as mention earlier. 

For the validation, a 6.55 m height packed absorption 

column with 0.1 m internal diameter was used. 

12.7 mm ceramic Berl saddles were packed in the 

column. The operating pressure of the column is 

103.15 kPa.  

Fig. 2 shows the flow of the gas stream inlet and 

MEA solvent stream inlet conditions. NaOH solvent 

conditions are listed in the Table 1. 

 
 

Fig. 2: Schematic of the CO2 absorber process conditions 

 
Table 1: NaOH solvent conditions 

NaOH Inlet Stream 

NaOH feed (kmol/m3)  
2 

Liquid flow rate (m3/m2 h) 13.5 

Feed temperature (°C) 15 

 
3.2. CO2 Mole Fraction Profile: 

 

Fig. 3 shows the profile of gas phase CO2 mole 

fraction along the column height using MEA solvent. 

From the result obtained, mutual agreement had been 

achieved  between the simulation result and the 
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experimental result. The mole fraction of CO2 is 

slightly over-predicted around 2 to 5 meters from to 

bottom of column. This may be due to the minor 

deviations in the empirical correlations used in this 

project. 

 

Fig. 4 shows the profile of gas phase CO2 mole 

fraction along the column height using NaOH 

solvent. The simulation results shows a large 

deviation from experimental results  due to some 

missing parameters of the NaOH such as heat 

capacity and physical liquid mass transfer coefficient 

of NaOH.  

The CO2 concentration in gas phase reduces 

along the column as the CO2 is being continuously 

absorbed by the solvent. From the results, it can be 

concluded that the CO2 absorption process more 

likely happens at the bottom of the absorber. The 

amount of the CO2 being absorbed depends on the 

pressure of gas stream and solvent concentration and 

temperature.

  

 

 
 

Fig. 3: Relationship between CO2 mole fraction in gas and distance from lower segment to upper segment of 

column (MEA Solvent) 

 

 
 

Fig. 4: Relationship between CO2 mole fraction in gas and distance from lower segment to upper segment of 

column (NaOH Solvent) 

 
3.3. Gas Temperature Profile: 

 

Fig. 5 shows the profile of gas phase 

temperature across the column height using MEA 

solvent. Based on the graph, the agreement between 

the simulation results and experimental results are 

good.  

Fig. 6 shows the profile of gas phase 

temperature throughout the length of the column 

height using NaOH solvent. The graph shows that 

there are discrepancies in the middle of the column. 

This is due to the parameter of absorption heat or 

reaction of NaOH-CO2 and the heat transfer 

coefficient of NaOH were unable to be determined.  

Based on the graphs, the temperature of inlet gas 

reduces along the flow from the bottom to top of 

absorber. This is because the heat of reaction is 

absorbed by the solvent solution. Thus the gas 

temperature profile is related and contributed to the 

solvent temperature profile. The results show that the 

enhancement factors differ significantly along the 

absorber. The largest changes in enhancement factors 

occurred at the bottom of the absorber where the 

chemical reaction happened vigorously. 
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Fig. 5: Relationship between gas temperature and distance from lower segment to upper segment of column 

(MEA Solvent) 

 

 
 

Fig. 6: Relationship between gas temperature and distance from lower segment to upper segment of column 

(NaOH Solvent) 

 
3.4. Solvent Temperature Profile: 

 

Fig. 7 shows the profile of solvent temperature 

throughout the length of the column height for MEA 

solvent. The agreement between the experimental 

results and simulation results are good however there 

are some minor variations. These variations can be 

reduced and eliminated by increasing the intervals in 

shooting method to discretize the model. 

 

Fig. 8 shows the profile of solvent temperature 

throughout the length of the column height for NaOH 

solvent. The agreement between the simulation 

results and experimental results are good. The 

solvent temperature profile shows the temperature of 

solvent increases along the flow of the solvent from 

top of column to bottom. Since, this is exothermic 

reaction, the heat produced will cause the 

temperature increase  at the lower segment of the 

absorber. The reaction is fairly less at top of the 

absorber thus the solvent temperature is almost 

constant or varies little. The solvent temperature 

profile also depend on the solubility of inlet gas 

  

 

 
 

Fig. 7: Relationship between solvent temperature and distance from lower segment to upper segment of column 

(MEA Solvent) 
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Fig. 8: Relationship between solvent temperature and distance from lower segment to upper segment of 

column (NaOH Solvent) 

 

Conclusion: 

From this study, mutual agreement had been 

found  between the simulation and  the pilot scale 

experimental data. The performance of two solvents 

had been successfully evaluated and compared. 

Specific parameters for each solvent especially the 

physical properties need to be thoroughly revised to 

emulate a better performance. Hence, this project has 

open up for future research on CO2 absorption for 

natural gas processing plant that provides a greater 

challenge.  
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Nomenclature: 

𝐚 interfacial area packing (m
2
/m

3
) 

𝐂𝐂𝐎𝟐𝐆 gas phase CO2 concentration (kmol/m
3
) 

𝐂𝐩𝐆 heat capacity of gas (kJ/kmol K) 

𝐂𝐩𝐋 heat capacity of solution (kJ/m3 K) 

𝐃𝐣 diffusivity of component j (m
2
/s) 

𝑬 enhancement factor 

𝑮𝒂𝒊𝒓 molar flow rate of air (m
3
/m

2
h) 

𝑯𝑪𝑶𝟐
 henry’s law constant of CO2 (kmol/m

3
 kPa) 

𝒉𝑮 heat transfer coefficient (kJ/s m
2
 K) 

𝐇𝐑 heat of absorption and reaction (kJ/kmol) 

𝐇𝐒 heat of vaporization of solvent (kJ/kmol) 

𝐤𝟐  reaction rate constant (m
3
/kmol s) 

𝐤𝑳
𝝄 physical liquid mass transfer coefficient (m/s) 

𝒌𝐆 physical gas mass transfer coefficient 

(kmol/m
2
 s kPa) 

L liquid flow rate, m
3
/m

2
 s 

𝑵𝑪𝑶𝟐𝐆 molar flux of CO2 (kmol/m
2
s) 

P total pressure, kPa 

𝒑𝑪𝑶𝟐
 partial pressure of CO2 (kPa) 

𝑺𝑪𝑶𝟐
 source term representing the rate of chemical 

absorption of CO2 

𝐓𝐢 temperature of gas or liquid (K) 

𝐮 gas velocity in the z direction along the 

column height (m/s) 

w percentage of mass of solvent present in the 

solution  

X Concentration of solvent (kmol/m
3
) 

𝒀𝑪𝑶𝟐
 mole ratio of CO2 in the gas phase 

𝐳 distance from lower segment of packing to 

upper segment (m) 

𝜶 CO2 loading 

B  Reagent in the liquid 
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