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ABSTRACT 

Modelling CO2-Brine Interfacial Tension using Density Gradient Theory 

Mohd Fuad Anwari Che Ruslan 

Knowledge regarding carbon dioxide (CO2)-brine interfacial tension (IFT) is important for 

petroleum industry and Carbon Capture and Storage (CCS) strategies. In petroleum 

industry, CO2-brine IFT is especially importance for CO2 – based enhanced oil recovery 

strategy as it affects phase behavior and fluid transport in porous media.  CCS which 

involves storing CO2 in geological storage sites also requires understanding regarding CO2-

brine IFT as this parameter affects CO2 quantity that could be securely stored in the 

storage site. 

Several methods have been used to compute CO2-brine interfacial tension. One of the 

methods employed is by using Density Gradient Theory (DGT) approach. In DGT model, 

IFT is computed based on the component density distribution across the interface. 

However, current model is only applicable for modelling low to medium ionic strength 

solution. This limitation is due to the model only considers the increase of IFT due to the 

changes of bulk phases properties and does not account for ion distribution at interface. 
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In this study, a new modelling strategy to compute CO2-brine IFT based on DGT was 

proposed. In the proposed model, ion distribution across interface was accounted for by 

separating the interface to two sections. The saddle point of tangent plane distance 

where (   eq

i iz  ) was defined as the boundary separating the two sections of the 

interface. Electrolyte is assumed to be present only in the second section which is 

connected to the bulk liquid phase side. 

Numerical simulations were performed using the proposed approach for single and mixed 

salt solutions for three salts (NaCl, KCl, and CaCl2), for temperature (298 K to 443 K), 

pressure (2 MPa to 70 MPa), and ionic strength (0.085 mol∙kg-1 to 15 mol∙kg-1). The 

simulation result shows that the tuned model was able to predict with good accuracy CO2-

brine IFT for all studied cases. Comparison with current DGT model showed that the 

proposed approach yields better match with the experiment data. 

In this study, the thermodynamic properties were computed using Cubic Plus Association 

(CPA) equation of state, and the electrolyte contribution was accounted for by adding 

Debye-Huckel activity coefficient in the thermodynamic properties computation. 

 

  



6 
 

ACKNOWLEDGEMENTS  

I would like to thank my committee chair, Dr. Shuyu, and my committee members, Dr. 

Zhiping, and Dr. Hussein for their guidance and support throughout the course of this 

research. 

My appreciation also goes to my friends and colleagues and the department faculty and 

staff for making my time at King Abdullah University of Science and Technology a great 

experience.  

Finally, my heartfelt gratitude is extended to my parents for their encouragement and to 

my family for their patience and support. 

 



7 
 

TABLE OF CONTENTS 

EXAMINATION COMMITTEE PAGE .............................................................................. 2 

COPYRIGHT ................................................................................................................ 3 

ABSTRACT .................................................................................................................. 4 

ACKNOWLEDGEMENTS ............................................................................................... 6 

TABLE OF CONTENTS .................................................................................................. 7 

LIST OF ABBREVIATIONS ........................................................................................... 10 

LIST OF SYMBOLS ..................................................................................................... 11 

LIST OF ILLUSTRATIONS ............................................................................................ 14 

LIST OF TABLES ......................................................................................................... 15 

CHAPTER 1 INTRODUCTION ...................................................................................... 16 

1.1. Importance of CO2-Brine Interfacial Tension (IFT) ......................................... 16 

1.2. Effect of Salt to CO2-water System ................................................................. 18 

1.2.1 Bulk Properties ............................................................................................ 18 

1.2.2 Interfacial Properties .................................................................................. 19 

1.3. Literature Review on CO2-Brine Study ........................................................... 20 

1.4. Thesis Objective and Outlines ........................................................................ 22 

CHAPTER 2 DENSITY GRADIENT THEORY ................................................................... 23 

2.1. Overview ......................................................................................................... 23 

2.2. Density Gradient Theory (DGT) Formulation ................................................. 23 

2.3. Interfacial Tension Computation .................................................................... 25 

CHAPTER 3 FLASH COMPUTATION ............................................................................ 27 

3.1. Overview ......................................................................................................... 27 

3.2. Cubic-Plus Association (CPA) Equation of State (EOS) ................................... 27 

3.2.1 SRK EOS Parameters ................................................................................... 28 

3.2.2 Association Model Parameters ................................................................... 29 

3.2.3 Chemical Potential and Fugacity Coefficient .............................................. 32 

3.3. Electrolyte Modelling ..................................................................................... 33 



8 
 

3.4. Numerical Algorithm ...................................................................................... 37 

3.5. Numerical Example (Result) ........................................................................... 38 

CHAPTER 4 CURRENT DGT MODELLING APPROACH ................................................... 40 

4.1. Overview ......................................................................................................... 40 

4.2. Modelling Strategy ......................................................................................... 40 

4.2.1 Assumption ................................................................................................. 40 

4.2.2 Numerical Method and Initial Guess .......................................................... 40 

4.2.3 Gridding ....................................................................................................... 41 

4.2.4 Convergence Criteria .................................................................................. 41 

4.2.5 Numerical Flow Chart ................................................................................. 41 

4.3. Model Limitation ............................................................................................ 43 

CHAPTER 5 PROPOSED DGT MODELLING APPROACH ................................................ 45 

5.1. Overview ......................................................................................................... 45 

5.2. Proposed Modelling Approach ....................................................................... 45 

5.2.1 Electrolyte Density Profile Across Interface ............................................... 45 

5.2.2 Assumed Electrolyte Density Profile ........................................................... 46 

5.2.3 Interface Boundary Definition .................................................................... 47 

5.3. Numerical Algorithm ...................................................................................... 49 

5.3.1 Numerical Method and Initial Guess .......................................................... 49 

5.3.2 Gridding ....................................................................................................... 49 

5.3.3 Convergence Criteria .................................................................................. 49 

5.3.4 Numerical Flow Chart ................................................................................. 49 

CHAPTER 6 NUMERICAL SIMULATION ....................................................................... 51 

6.1. Overview ......................................................................................................... 51 

6.2. CO2-Water System .......................................................................................... 51 

6.3. CO2-Brine System ............................................................................................ 53 

6.3.1 Model Tuning and Comparison with Current Modelling Approach ........... 53 

6.3.2 Comparison with Experiment Data ............................................................. 55 

6.3.3 Model Tuning for CO2-5 m CaCl2 Solution .................................................. 56 



9 
 

6.4. Computational Time ....................................................................................... 58 

CHAPTER 7 CONCLUDING REMARKS ......................................................................... 59 

7.1. Conclusion ...................................................................................................... 59 

7.2. Recommendation for Future Works ............................................................... 60 

BIBLIOGRAPHY ......................................................................................................... 62 

APPENDIX A ............................................................................................................. 70 

 

 

  



10 
 

LIST OF ABBREVIATIONS 

%AAD   Percentage absolute average deviation 
ANN   Artificial neural network 
Asso.   Association 
CaCl2   Calcium chloride 
CO2   Carbon dioxide 
CPA   Cubic-Plus Association 
DGT    Density Gradient Theory 
EOR   Enhanced oil recovery 
EOS   Equation of State 
H2O   Water 
IFT   Interfacial Tension 
KCl   Potassium chloride 
MC   Monte Carlo 
MD   Molecular dynamic  
MgCl2   Magnesium chloride 
MW    Molecular weight 
NaCl   Sodium chloride 
Na2SO4   Sodium sulfate 
PR   Peng-Robinson 
SRK   Soave-Reidlich-Kwong 
  



11 
 

LIST OF SYMBOLS  

A Interface area (m2) / parameter constant 

Ai  Site A in molecule i 

a0 Pure component parameter in energy parameter in EOS (J m3 mol-2) 

aw Activity of mixed salt solution 

aw
0 Activity of single salt solution 

a(T) Energy parameter in equation of state (J∙m3∙mol-2) 

B Parameter constant 

Bj Site B in molecule j 

b Co-volume parameter in EOS (m3∙mol-1) 

ci Influence parameter of component i (J∙m5∙mol-2) 

c1 Pure component parameter in energy parameter in EOS 

dm Mass density (kg∙m3) 

F Helmholtz free energy (J) 

f Helmholtz free energy density (J∙m-3) 

g(ρ) Radial distribution function in CPA EOS 

ish   Interaction coefficient between salt and non-electrolytic components 

I Ionic strength (mol∙kg-1) 

K Phase equilibrium constant 

kij Binary interaction parameter in EOS 

L Interface thickness (m) 

Mm  salt-free mixture molecular weight (kg∙mol-1) 

m Salt molality (mol∙kg-1) 

NC Number of components 

ni Mole of component i 



12 
 

P Pressure (Pa) 

PCE Capillary entry pressure (Pa) 

R Universal Gas Constant (J∙K-1∙mol-1) 

r Pore throat radius (m) 

T Temperature (K) 

Tc Critical temperature (K) 

v molar volume (m3∙mol-1) 

W  Salt Concentration (wt%) 

xi mole fraction of component i 

yi Ionic strength fraction of electrolyte i 

Z Compressibility factor 

z Normal distance across interfacial region (m) 

jz   Ionic charge for ion j  

β Association volume parameter in CPA EOS 

βij Binary interaction coefficient in DGT 

El

i  Debye Huckel activity coefficient 

i jA B
   Association strength between site A on molecule i and site B on molecule j 

(m3∙mol-1)  

i jA B
  Association energy between site A on molecule i and site B on molecule j 

η Reduced fluid density 

m   Salt-free mixture dielectric constant 

w   Water dielectric constant 

   Contact angle 

µ Chemical potential (J∙mol-1) 

ρ Molar density (mol∙m-3) 



13 
 

   Interfacial tension (mN∙m-1) 

   Fugacity coefficient  

iAX   fraction of site A of molecule i not bonded 

Ω Grand thermodynamic potential (J) 

 

 

 

 



14 
 

LIST OF ILLUSTRATIONS 

Figure 1-1 CO2 solubility in brine at different salinity at T=323 K for CO2+NaCl (aq) 

mixtures. Experiment data is taken from [10][11] ........................................................... 19 

Figure 1-2: Density profile across CO2-brine interface obtained from MD simulation at 

the following condition: P =16 MPa, T = 373 K, and salinity 1.9 mol∙kg-1NaCl [27]. ........ 20 

Figure 3-1 4C Association scheme for water molecule .................................................... 30 

Figure 3-2 Flash computation flow chart .......................................................................... 37 

Figure 3-3 CO2 solubility in the presence of salt. Solid lines represent computed CO2 

solubility. Symbols represent experimental data taken from (a)[56][57][58][59] (b) 

[10][11](c) [59](d) [49] (e)[49] .......................................................................................... 39 

Figure 4-1 Flow chart for current DGT modelling approach ............................................. 42 

Figure 4-2 Comparison between current modelling approach and experimental data. The 

dashed line corresponds to the current DGT modelling approach. The current DGT 

modelling approach data was obtained from [7]. Symbols correspond to experiment 

data obtained from  (a)[18], (b)[18], (c)[19] ,(d)[20]. ....................................................... 44 

Figure 5-1 Density profile across CO2-brine interface obtained from MD simulation at the 

following condition: P =16 MPa, T = 373 K, and salinity 1.9 mol∙kg-1NaCl [27]. ............... 46 

Figure 5-2 Proposed modelling approach separating the interface into two sections .... 47 

Figure 5-3 Chemical potential profile for CO2-water at T=374 K, P = 40MPa computed 

using DGT parameters listed in Table 4-1 ......................................................................... 48 

Figure 5-4 DGT flow chart for the proposed approach .................................................... 50 

Figure 6-1 Comparison between current modelling approach and proposed modelling 

approach for CO2-water system. The solid line corresponds to the result obtained using 

proposed modelling approach while symbol corresponds to the result obtained using 

current DGT modelling approach. .................................................................................... 52 

Figure 6-2 (a) Density and (b) chemical potential profile for CO2-water system at T=374 

K, P=40 MPa. The solid line corresponds to current DGT modelling approach while the 

dashed line corresponds to the proposed modelling approach....................................... 52 

Figure 6-3 Comparison between current modelling approach and proposed modelling 

approach for CO2-brine system. The solid line corresponds to proposed modelling 

approach while the dashed line corresponds to the current DGT modelling approach. 

The current DGT modelling approach data was obtained from [7]. Symbols correspond 

to experiment data obtained from  (a)[18], (b)[18], (c)[19] ,(d)[20]. ............................... 54 

Figure 6-4 Computed IFT for CO2-brine system using proposed approach ...................... 56 

Figure 6-5 (a) Plot of computed IFT versus experiment data (b) IFT plot as a function of 

pressure at different temperature for 5.0 m CaCl2 .......................................................... 57 



15 
 

LIST OF TABLES 

Table 1-1: Available CO2-brine IFT data in literature. NA= Not applicable ....................... 21 

Table 3-1 CPA EOS parameters for CO2-H2O system ........................................................ 32 

Table 3-2 Water-salt interaction coefficient parameters [47]. ........................................ 35 

Table 3-3 CO2-salt interaction coefficient parameters [7]................................................ 36 

Table 4-1 Modelling parameters used for CO2-water/brine IFT computation [50] ......... 43 

Table 6-1: Tuned parameters for 2nd Section for 5 m CaCl2 Solution ............................... 57 



16 
 

CHAPTER 1 INTRODUCTION 

1.1. Importance of CO2-Brine Interfacial Tension (IFT) 

Interfacial tension is one of the important parameters need to be considered for 

multiphase system. In this section, we will briefly describe the importance of CO2-brine 

interfacial tension (IFT) parameter for petroleum industry and Carbon Capture and 

Storage (CCS) strategy.  

In petroleum industry, knowledge regarding interactions between different phases 

present (vapour, liquid, brine) is important because it influences capillary pressure, 

wettability and relative permeability [1][2][3]. These parameters play important role in 

determining the phase distribution, and flow in porous media [1][2][3]. Hence, knowledge 

regarding CO2-brine interfacial tension (IFT) is important, especially for CO2 based 

enhanced oil recovery (EOR) process. 

CO2-brine IFT is also important parameter for CCS strategy. Generally, CCS involves 

separating and capturing CO2 emitted from industrial sources and storing the gas in 

geological sites in order to mitigate global warming. Three are three geological sites that 

have been considered extensively for storage location, which are deep saline aquifer, 

depleted oil and gas reservoir and unminable coal beds [4]. Among these three possible 

geological storage sites, deep saline aquifer provides the largest storage capacity and has 

widest geological spread [4]. In the geological sites, CO2 is trapped based on the 

combination of physical and geochemical trapping mechanisms. The physical trapping 

mechanism involves structural trapping and residual trapping, while geochemical 
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trapping includes solubility trapping and mineral trapping. Among these trapping 

mechanisms, CO2- brine IFT is important for physical trapping mechanism. 

In structural trapping mechanism, the injected CO2 will move upward from the injection 

site due to buoyancy force and accumulate under caprock, which acts as geological seal 

due to its low permeability. There are two pathways for CO2 gas to escape from the 

caprock [4]. The first pathway is through the caprock fractures and faults. CO2 leakage 

could also happen through the pore of the caprock. This leakage happens when difference 

between injected gas pressure and the brine pressure exceeds capillary entry pressure of 

the caprock’s pore. Once the capillary entry pressure is exceeded, the injected gas could 

penetrate the pore space of the caprock and escapes from the storage site, assuming 

there is permeability in the caprock. This mechanism, which is referred as capillary 

breakthrough is influenced by CO2-brine interfacial tension as the capillary entry pressure 

could be approximated using Young-Laplace equation [5][6] [7]: 

 2
2 cosCO brine

CEP
r

 
   (1.1) 

Where r is effective caprock pore radius,   is the contact angle, and   is CO2-brine 

interfacial tension. Hence, knowledge regarding CO2-brine IFT is essential in determining 

the operating injection pressure and the quantity of CO2 that could be stored securely 

(without leakage) under caprock [6]. 
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Interfacial tension between CO2-brine is also important in residual trapping mechanism. 

Residual trapping occurs as brine which initially was displaced by injected CO2 imbibes 

back into the formation pore space once the injected CO2 moves upward due to buoyancy 

force. Small portion of CO2 bubbles will remain in the pore space due to capillary forces, 

which is influenced by CO2-brine IFT [8]. 

1.2. Effect of Salt to CO2-water System 

1.2.1 Bulk Properties 

The presence of salt affects the physical properties and phase behavior of CO2-water 

system. CO2 solubility in aqueous phase is reduced as brine salinity increases as shown in 

Figure 1-1. This trend is due to the interaction between water and ion molecule in 

aqueous phase, which results in less water molecules available to interact and form bond 

with CO2, hence reducing CO2 solubility. The presence of salt also increases the density of 

aqueous phase [9], hence increasing the density gradient between the two equilibrium 

phases.  
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Figure 1-1 CO2 solubility in brine at different salinity at T=323 K for CO2+NaCl (aq) 

mixtures. Experiment data is taken from [10][11] 

 

1.2.2 Interfacial Properties 

The interfacial properties of CO2-brine system are also affected by the presence of 

electrolyte. Experimental measurements showed that IFT increases as brine salinity 

increases [7][9-17]. The increase of IFT could be attributed to the ion tendency to remain 

in aqueous phase. This leads to negative adsorption (depletion) of ion from interface, 

which according to Gibbs adsorption equation will increase CO2-brine IFT [22][23][24]. 

Molecular dynamic (MD) simulations performed for CO2-brine system confirmed the 

negative adsorption profile of ion at interface [25][26][27]. Figure 1-2 shows density 

profile for CO2-brine system obtained from one of the MD simulation studies [27]. 
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Figure 1-2: Density profile across CO2-brine interface obtained from MD simulation at 

the following condition: P =16 MPa, T = 373 K, and salinity 1.9 mol∙kg-1NaCl [27]. 

 

1.3. Literature Review on CO2-Brine Study 

Table 1-1  summarizes the available experimental data in literature for CO2-brine system. 
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Table 1-1: Available CO2-brine IFT data in literature. NA= Not applicable 

Salt 
Molality, m (mol∙kg-1) 

T (K) P(MPa) Reference 
Salt 1 Salt 2 

NaCl (1) 

0.35 

NA 

308 5.0 to 45.0 [6] 

0.98 and 1.98 298 to 423 3.0 to 69.5 [7] 

0.51 to 5.78 298 0.1 to 6.0 [12] 

0.09 to 2.75 300 to 373 4.8 to 25.8 [13] 

0.10 and 1.02 300 to 313 3.0 to 9.0 [14] 

0.17 to 3.42 298 to 398 0.2 to 34.7 [15] 

0 to 1.80 300 to 353 3.0 to 12.0 [16] 

4.28 308 to 343 0.1 to 20.0 [17] 

NaCl (1) 

CaCl2 (2) 
0.05 to 1.50 0.05 to 1.50 300 to 373 5.0 to 25.3 [18] 

NaCl (1) 

KCl (2) 
0.85 to 4.28 0.13 to 0.67 298 to 448 2.0 to 50.0 [20] 

CaCl2 (1) 
0.05 to 2.70 

NA 
300 to 373 4.9 to 25.2 [19] 

2.50 and 5.00 343 to 423 2.0 to 50.0 [21] 

MgCl2(1) 2.50 and 5.00 NA 343 to 423 2.0 to 50.0 [21] 

Na2SO4 0.49 and 0.98 NA 343 to 373 2.0 to 16.0 [21] 

 

There are several approaches that have been used for computing CO2-brine IFT. These 

approaches are ranging from empirical correlations [13][15][17][20][29][30], Density 

Gradient Theory (DGT) model [7], artificial neural network (ANN) model [28] and MD 

simulation [25][26][27]. 
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1.4. Thesis Objective and Outlines 

This paper will focus on discussing the current modelling strategy to model CO2-IFT using 

DGT, its limitation and the proposed approach to improve the DGT model. A brief 

overview of Density Gradient Theory (DGT) is presented in CHAPTER 2. CHAPTER 3 

summarizes the computation procedure and the equation used for computing phase 

equilibrium in this study. CHAPTER 4 discusses the current modelling strategy used to 

compute CO2-brine IFT using DGT, and its limitation. The proposed DGT-based modelling 

approach and the numerical simulation performed using the proposed approach are 

presented in CHAPTER 5 and CHAPTER 6 respectively. Finally, CHAPTER 1 summarizes the 

findings and the concluding remarks. 
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CHAPTER 2 DENSITY GRADIENT THEORY 

 

2.1. Overview 

Density Gradient Theory (DGT) was originated from Van der Waals’s work in 1894 [31].  

However, it was only after the reformulation by Cahn and Hilliard in 1958 [32], that the 

theory becomes widespread and extensively used for computing interfacial tension (IFT) 

[7][9][33][34]. In DGT approach, IFT is computed based on the component density 

distribution across the interface. The interfacial properties obtained from DGT model  has 

been shown to be in good agreement with the results obtained from molecular dynamic 

(MD) simulation [35][37] and Monte Carlo (MC) simulation [35][36]. This chapter briefly 

describes DGT formulation and the assumptions made to simplify the computation.  

2.2. Density Gradient Theory (DGT) Formulation 

In DGT, the Helmholtz free energy density, f of the inhomogeneous system is assumed to 

be a function of local molar density and its derivatives [32]: 

  2, , ,...
V

F f dV       (2.1) 

Where F  is the total Helmholtz free energy of the system, and  is molar density.  By 

assuming that the composition gradient is small relative to the reciprocal of the 

intermolecular distance, the density dependent term and density-gradient dependent 

term for f could be handled as independent variables [32][34]. Using Taylor’s series 
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expansion, f could be written as follows (the expression is truncated after second-order 

term) [32][33]:  

    2 0

1 1

1
, , ,...

2

NC NC

ij i j

i j

f f c     
 

        (2.2) 

Where  0f   is Helmholtz free energy density of the local homogeneous state, i  is 

the local gradient density of component i, NC is number of components, and ijc  is cross 

influence parameters. The cross influence parameter is defined as follows: 

  1ij ij i jc c c    (2.3) 

Where ij  is the binary interaction coefficient, and ic  is influence parameter of 

component i. Combining Eq. (2.1) and  (2.2), the Helmholtz free energy of inhomogeneous 

system in the absence of external potential is: 

  0

1 1

1

2

NC NC

ij i j
V

i j

F f c dV  
 

      (2.4) 

Based on 2nd law of thermodynamics, the Helmholtz free energy of the system is minimum 

at equilibrium. Applying the minimum energy criteria and Euler-Lagrange approach to Eq. 

(2.4), we obtain the following equation: 

  
   00

1 1 1

1
; 1,...,

2

eq
NC NC NC

kj

ij j k j

j j k i i i

fc f
c i NC


  

    

 
       

  
    (2.5) 
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Where eq is the bulk phase equilibrium density. Assuming cross influence parameter is 

weakly dependent on the density, and using chemical potential definition, 
 

i

i

f 








 ,  

Eq. (2.5) could be simplified as follows for planar interface: 

  
2

0

2
; 1,...,

j eq

ij i i

j

c i NC
z


  

 
     

   (2.6) 

The density profile across the interface is obtained by solving Eq. (2.6) together with the 

following boundary conditions: 

 
 

 

V

L

 

 

 

 
  (2.7) 

Where V  and L  are vapour phase and liquid phase equilibrium density respectively. 

Note that for planar interface, the following equation could be obtained by multiplying 

Eq. (2.6) with i

z




, summing over i and integrating: 

  0

1 1 1

1

2

NC NC NC
j eq eqi

ij i i

i j i

c f P
z z


  

  


  

 
    (2.8) 

 

2.3. Interfacial Tension Computation 

For planar interface, the interfacial tension, is defined as the difference per unit area of 

the interface between the grand potential of the inhomogeneous system,    and the 
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grand potential if the system is only consisted of bulk vapour and bulk liquid,  eq  

[33]: 

 
   eq

A A





    (2.9) 

The grand potential of the inhomogeneous system and bulk phases are defined in Eq. 

(2.10) and (2.11) respectively: 

    0

1 1 1

1

2

NC NC NC
eq

ij i j i i

i j i

f c dz     


  

         (2.10) 

  eq eqP dz




     (2.11) 

Replacing Eq. (2.10) and (2.11) into Eq. (2.9): 

  0

1 1 1

1

2

NC NC NC
eq eq

ij i j i i

i j i

f c P dz     


  

         (2.12) 

Replacing Eq. (2.8) into Eq. (2.12), we obtain the following equation for planar interface: 

 
1 1

NC NC
ji

ij

i j

c dz
z z






 




 
   (2.13) 
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CHAPTER 3 FLASH COMPUTATION 

 

3.1. Overview 

The composition and density of both bulk phases present in the system are required as 

boundary condition for interfacial tension (IFT) computation using Density Gradient 

Theory (DGT).  In this study, Cubic Plus Association (CPA) Equation of State (EOS) was used 

to model CO2-H2O system. The presence of electrolyte was accounted for by adding 

Debye-Huckel activity coefficient term in the fugacity computation of CPA EOS.  

3.2. Cubic-Plus Association (CPA) Equation of State (EOS) 

CPA EOS was introduced in 1996 in order to extend the capability of cubic EOS to 

polar/hydrogen bonding compounds. The presence of hydrogen bonding or highly polar 

component lead to strong interactions between components which need to be accounted 

for in order to ensure the accuracy of calculated thermodynamic properties [38][39].  

CPA EOS combines cubic EOS with association model from Wertheim’s perturbation 

theory. In this study, Soave-Reidlich-Kwong (SRK) EOS was chosen for cubic EOS part. In 

general, the CPA equation is written as follows: 

 .CPA SRK AssoP P P    (3.1) 
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3.2.1 SRK EOS Parameters  

The cubic term in CPA EOS takes into account the physical interaction between molecules. 

The SRK EOS is defined as follows: 

 
 

 
SRK

a TRT
P

v b v v b
 

 
  (3.2) 

In equation above,  a T is the energy parameter,  b is co-volume parameter, v  is molar 

volume, R is universal gas constant and T is temperature. The energy parameter in SRK 

term is defined using Soave-type temperature dependency [38]: 

  

2

0 11 1
c

T
a T a c

T

  
     

   

  (3.3) 

The parameters 0a  and  1c , as well as co-volume parameter b are usually obtained by 

fitting experimental vapour-pressure and saturated liquid density data [38]. 

Van der Waals mixing rule are used in extending the SRK term to mixture [38]: 

  
1 1

1
NC NC

i j ij i j

i j

a x x k a a
 

    (3.4) 

 
1

NC

i i

i

b x b


   (3.5) 
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Where ix  is the mole fraction of component i and ijk is binary interaction parameter. The 

following expression taken from the work of Tsivintzelis [40] was used to define ijk

between CO2-water in this study: 

 0.15508 0.000877ijk T      (3.6)  

3.2.2 Association Model Parameters 

The association term in CPA EOS takes into account the chemical bond presence in the 

system due to specific site-site interaction between the molecules. Hydrogen bonding 

interaction and Lewis acid-base type interaction are example of interactions presence in 

CO2-water system [40]. To model these interactions, 4C association scheme was used to 

model water molecule as depicted in Figure 3-1 [41]. In this scheme, two electron donor 

sites and two electron acceptor sites are considered for each water molecule. These 

actives sites are able to form bond with the active sites of the same species (self-

association), or with active sites of different species (cross-association). Only H2O is 

considered as self-associating component in this study. However, to account for solvation 

between CO2 and water, CO2 is assumed to have one active site that acts as electron 

acceptor and able to cross-associate with electron donor site of water molecule [40]. 
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Figure 3-1 4C Association scheme for water molecule 

 

The association term in Eq. (3.1) is defined as follows: 
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 where ( )g   is radial distribution function, and  
iAX is the fraction of site A on molecule i 

not bonded with other active sites. The radial distribution function ( )g  is defined as 

follows: 

  
1

1 1.9
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  (3.8) 

Where   is the reduced fluid density computed using the following equation: 
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b
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The parameter
iAX is computed using the following equation: 
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where
jBX is the fraction of site B on molecule j not bonded with other active site, and 

i jA B
 is the association strength between site A on molecule i and site B on molecule j.  

The association strength i jA B
 is computed using the following equation: 

   exp 1
i j

i j i j

A B
A B A B

ijg b
RT


 

  
     

   

  (3.11) 

Where i jA B
 and i jA B

 are the volume of interaction and association energy between site 

A on molecule i and site B on molecule j respectively. The binary co-volume parameter ijb

is computed as follows: 

 
2

i j

ij

b b
b


   (3.12) 

Note that parameter i jA B
 and i jA B

 for self-associating molecules are usually obtained by 

fitting experimental vapour-pressure and saturated liquid density data [38]. Table 3-1 lists 

CPA EOS parameters for CO2-water system. 
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Table 3-1 CPA EOS parameters for CO2-H2O system  

 a0 (J m3 mol-2) c1 b (10-5 m3 mol-1) ε (J mol-1) βCPA Reference 

H2O 0.12277 0.6736 1.45 16,655 0.0692 [42] 

CO2 0.35079 0.7602 2.72 - - [40] 

 

For cross-association between CO2-water, parameter i jA B
 and i jA B

 were taken from the 

work of Tsivintzelis [40]: 

 2 2

2 2
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      (3.13) 
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   (3.14) 

3.2.3 Chemical Potential and Fugacity Coefficient 

The chemical potential for component i, i  is defined as follows: 

 .CPA SRK Asso

i i i      (3.15) 

Where [43][44]: 
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Where in is mole of component i.  

Fugacity coefficient of component i, i   is defined as follows:  

 ln ln
CPA

CPA CPAi
i Z

RT


     (3.18) 

3.3. Electrolyte Modelling 

The presence of salt in the system was accounted for in the study by adding Debye-Huckel 

electrostatic contribution in the fugacity coefficient calculation [45]: 

 ln ln ln ; 1,...,CPA El

i i i i NC       (3.19) 

Where CPA

i is the fugacity coefficient of component i computed using CPA EOS and  El

i  

is Debye-Huckel activity coefficient. El

i is computed using the following equation [45]:  
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  (3.20) 

Where I is molality-based ionic strength, ish is the interaction coefficient between 

electrolyte and non-electrolyte component, mM is the salt-free mixture molecular weight, 

A and B  are parameters expressed as function of temperature and dielectric constant of 

water.  
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The ionic strength I  is computed as follows: 

 21

2
j j

j

I m z    (3.21) 

Where jm and jz  are molality and ionic charge of ion j respectively. Parameters A and 

B are defined as follows [45]: 
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Where md  is salt-free mixture mass density, and m is salt-free mixture dielectric constant 

computed as follows: 

 m w wx    (3.24) 

Where wx and w are salt-free mole fraction and dielectric constant of water respectively. 

The function  
1

2f BI  is defined as follows [45]: 
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The ish parameter for water-salt and CO2-salt were taken from the works of Haghighi [47] 

and Pereira [7] respectively. For water-salt interaction coefficient, ish  is expressed as a 

function of salt concentration and temperature [47]: 

 
2

2

2H O salt

A C
h BW DT E

W W
        (3.26) 

Where W is salt concentration in weight percentage, and A , B , C , D , and E  are tuned 

parameters. Note that T in the equation above is in the unit of Celsius [47]. 

For CO2-salt interaction coefficient, ish  is expressed as a function of temperature [7]: 

 
2

2

CO salth AT BT C      (3.27) 

The water-salt and CO2-salt interaction coefficient parameters are listed in Table 3-2 and 

Table 3-3 respectively. 

Table 3-2 Water-salt interaction coefficient parameters [47]. 

Salt A (x 106) B (x 106) C (x 106) 
D (x 106) 

(°C-1) 
E (x 106) 

NaCl -3,879.89 -6.09 -45.95 -8,137.28 10.43 

KCl -6,427.25 -2.68 -308.79 -7,445.30 6.16 

CaCl2 -3,566.60 -9.67 385.81 -3,960.14 16.19 
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Table 3-3 CO2-salt interaction coefficient parameters [7] 

Salt 
Molality 

range 
(mol/kg) 

Temperature 
range (K) 

A (x 103) B  C (x 10-3) 

NaCl 0.3 to 5.0 293 to 473 -3.6813 2.8025 -0.4808 

KCl 1.0 to 4.5 313 to 433 -1.4933 1.0512 -0.1624 

CaCl2 0.3 to 5.0 309 to 424 -1.2369 0.85643 -0.1155 

 

The electrolyte model could be extended to mixed salt solutions by using the approach 

suggested by Patwardhan and Kumar [46]. In this approach, the activity of a mixed salt 

solution could be expressed as a function of the corresponding activity of as a single salt 

solution [46]: 

 0

,log log
salt

w i w i

i

a y a   (3.28) 

Where wa is the activity of mixed salt solution, 0

,w ia is the activity of a single electrolyte 

solution with same ionic strength as the mixed salt solution, and  iy  is the ionic strength 

fraction of the salt i. iy  is defined as follows: 

 i
i salt

j

j

I
y

I




  (3.29) 
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3.4. Numerical Algorithm 

Figure 3-2 shows the flash computation algorithm implemented in this study. The phase 

stability analysis was used in this study to obtain initial guess for flash computation. The 

phase stability analysis implemented was based on the computation procedure described 

by Firoozabadi [44]. 

 

Figure 3-2 Flash computation flow chart 
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3.5. Numerical Example (Result) 

Several numerical simulations were performed in order to check the validity of the flash 

parameters used and the flash algorithm implemented in this study. The result shows that 

the computed CO2 solubility is in good agreement with experimental data as shown in 

Figure 3-3. The following trend could be observed from the CO2 solubility plot: 

• At constant temperature and salinity, CO2 solubility in aqueous phase increases as 

pressure increases.  

• At constant temperature and pressure, CO2 solubility in aqueous phase decreases 

as salinity increases.  

• At relatively low temperature, CO2 solubility in aqueous phase decreases as 

temperature increases at constant pressure and salinity. However, at high 

temperature and high pressure, CO2 solubility in aqueous phase increases as 

temperature increases at constant pressure and salinity. This non-monotonic 

trend could be attributed to the hydrogen bonding between water molecules [60] 

[61].  Water molecules form strong hydrogen bonding network in aqueous phase. 

At relatively low temperature, the hydrogen bonding network is stable and CO2 

solubility decreases as temperature increases (entropic effect). At high 

temperature, the hydrogen bonding network breaks down, allowing more CO2 

molecule penetrates into the aqueous phase as temperature increases [60][61]. 

Hence, CO2 solubility increases as temperature increases.  
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Figure 3-3 CO2 solubility in the presence of salt. Solid lines represent computed CO2 

solubility. Symbols represent experimental data taken from (a)[56][57][58][59] (b) 

[10][11](c) [59](d) [49] (e)[49] 
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CHAPTER 4 CURRENT DGT MODELLING APPROACH  

 

 

4.1. Overview 

Density Gradient Theory (DGT) has been used previously in the literature to model CH4-

brine IFT [9] and CO2-brine IFT [7]. Similar assumptions and modelling strategies were 

implemented in both models. This section briefly describes the modelling strategy and 

assumptions implemented in this approach. 

4.2. Modelling Strategy 

4.2.1 Assumption 

As stated in Section 1.2, the presence of salt would change physical properties of the bulk 

phase (solubility and phase density) and interfacial properties (ion depletion at interface). 

In this model, only the changes of the physical properties of equilibrium phases are 

included in the computation. The changes in physical properties are accounted for by 

adding the Debye Huckel activity coefficient as described in Section 3.3. The ion 

distribution across the interface was not evaluated, i.e., assume no ion presence in the 

interface [7][9]. 

4.2.2 Numerical Method and Initial Guess 

Finite difference method was used to solve set of non-linear equations in Eq. (2.6), 

together with the boundary conditions listed in Eq. (2.7), in order to obtain the density 

profile across interface. A linear density profile was used as initial guess as suggested by 

Cornelisse [33]. As the interface thickness, L is not known beforehand, this value is initially 



41 
 

estimated and subsequently increased until the computed IFT value reaches convergence. 

Pereira suggested to use initial L = 0.5 nm for this computation [50].  

4.2.3 Gridding 

In his work, Pereira suggested to use 500 uniform grid points for this computation [50]. 

4.2.4 Convergence Criteria 

The convergence criteria suggested for computing density profile at each specified 

interface thickness is 
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, while the convergence criteria used in 

computing IFT is 0.1%
new old

new

 




  [50]. 

4.2.5 Numerical Flow Chart 

Figure 4-1 shows the process flow chart describing this modelling approach while Table 

4-1 listed modelling parameters used for CO2-water/brine IFT computation [7]. Note that 

Pereira used similar DGT parameters for modelling both CO2-water IFT and CO2-brine IFT 

in his work [7]. 
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Figure 4-1 Flow chart for current DGT modelling approach 
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Table 4-1 Modelling parameters used for CO2-water/brine IFT computation [50] 

 ci (10-20 J m5 mol-2) ij  

H2O 1.80137 
0.27 

CO2 2.84620 

 

 

4.3. Model Limitation  

 

This modelling approach had been shown to be capable to predict gas-brine IFT for low   

and medium concentrated brines [7][9]. For CO2-brine mixture, the computed IFT is in 

good agreement with the experimental data for brine solutions with ionic strength up to 

I=2.7 mol∙kg-1 [7].  However, significant deviation was observed in computing IFT for more 

concentrated brine as shown in Figure 4-2. The deviation in computed IFT for 

concentrated brine case could be attributed to the fact that ion distribution across 

interface was not accounted for in the model. 
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Figure 4-2 Comparison between current modelling approach and experimental data. The 

dashed line corresponds to the current DGT modelling approach. The current DGT 

modelling approach data was obtained from [7]. Symbols correspond to experiment data 

obtained from  (a)[18], (b)[18], (c)[19] ,(d)[20]. 
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CHAPTER 5 PROPOSED DGT MODELLING APPROACH  

 

5.1. Overview 

The current modelling approach for computing IFT for CO2-brine does not account for ion 

distribution at interface. This limits the usage of model in computing IFT for only low and 

medium ionic strength brine solution. In this section, we will propose a new modelling 

approach which will incorporate ion distribution at interface in the computation. 

5.2. Proposed Modelling Approach 

5.2.1 Electrolyte Density Profile Across Interface 

As discussed in CHAPTER 1, negative adsorption (depletion) of electrolyte would be 

observed at interface as ion tends to remain in the aqueous phase. Figure 5-1 shows 

density profile for CO2-brine system obtained from one of the MD simulation studies. The 

profile shows ion tendency to stay in aqueous phase, with the ion density is zero near 

bulk vapour region. Ion density rises quite steeply near the middle of interface before 

starting to follow water density profile trend. 
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Figure 5-1 Density profile across CO2-brine interface obtained from MD simulation at the 

following condition: P =16 MPa, T = 373 K, and salinity 1.9 mol∙kg-1NaCl [27]. 

5.2.2 Assumed Electrolyte Density Profile 

Based on the electrolyte density profile shown in Figure 5-1, the interface region could be 

approximately divided into two sections, one section without electrolyte and one section 

with electrolyte. This will be our main idea to improve the current modelling approach for 

computing CO2-brine DGT. 

In our proposed modelling approach, we would separate the interface into two regions 

as shown in Figure 5-2. The DGT computation will be performed separately for each 

section. Once water and CO2 density profile through both sections was obtained, the IFT 

is computed using Eq. (2.13).  
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Figure 5-2 Proposed modelling approach separating the interface into two sections 

 

In 2nd section of the interface, we assume constant molality profile in order to mimic the 

sharp increase of ion concentration shown in Figure 5-1. Note that the electrolyte 

concentration in the second section is only used for chemical potential computation for 

non-electrolyte component, and not for IFT computation. Only density gradient of water 

and CO2 are used for IFT computation. 

5.2.3 Interface Boundary Definition 

The main challenge in this proposed approach is in defining the boundary separating the 

two sections as the density profile for each component across the interface is not known 

in advance. We referred to work by Liang [52] in coming up with the definition of the 

section boundary.  In his work, Liang showed that the optimal density path for geometric 

mean DGT ( 0ij  ) will pass a saddle point of the tangent plane distance (tpd), where 

  eq

i iz   [52]. The density at this point will be referred to as saddle point density for 

the rest of the work. The tpd is defined as follows:  

    
NC

eq eq

i i i

i

tpd P P        (5.1) 
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In his later work, Liang introduced the Spot-DGT approach, in which two linear density 

profiles were assumed connecting the two bulk phase densities and the saddle point 

density [53]. This approach was shown to give good approximation to original DGT 

approach even for the case with non-zero ij [53]. 

Figure 5-3 shows chemical potential profile for CO2-water system at T=374 K and P=40 

MPa. The saddle point is located approximately near the middle of interface. Based on 

this observation, the saddle point density was selected as the boundary separating the 

two sections of the interface in the proposed model. 

 

Figure 5-3 Chemical potential profile for CO2-water at T=374 K, P = 40MPa computed 

using DGT parameters listed in Table 4-1 
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5.3. Numerical Algorithm 

The numerical algorithm procedure implemented in the proposed model is mostly 

identical to the current DGT model described in Section 4.2. The main difference is 

anadditional computation step was performed to compute saddle point density before 

proceeding with DGT computation. 

5.3.1 Numerical Method and Initial Guess 

The numerical algorithm and initial guess used in the proposed model is similar to the 

current DGT model approach described in Section 4.2.2. 

5.3.2 Gridding 

N = 200 uniform grid points were used for both sections in this analysis. 

5.3.3 Convergence Criteria 

The convergence criteria used in the proposed model is similar to the current DGT 

model approach described in Section 4.2.4. 

5.3.4 Numerical Flow Chart 

Figure 5-4 shows the numerical flow chart in computing CO2-brine IFT using the proposed 

approach.  
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Figure 5-4 DGT flow chart for the proposed approach 
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CHAPTER 6 NUMERICAL SIMULATION    

 

6.1. Overview 

Before proceeding with modelling CO2-brine system, numerical simulations were 

performed for CO2-water system in order to check the validity of the proposed approach. 

The proposed model was later tuned for CO2-brine system and the obtained results were 

compared against current modelling approach in Section 6.3. Next, the tuned model was 

used to compute CO2-brine IFT for a wide range of experimental data.  

6.2. CO2-Water System 

In this analysis, the DGT modelling parameters ( ic  and ij  ) listed in Table 4-1 were used 

for both sections in these runs. The results were compared against the current DGT model 

(described in Section 4.2) in Figure 6-1. Negligible difference was observed between the 

IFT computed from both models, hence validating the proposed approach. Density and 

chemical potential profile plot in both modelling approaches also showed similar trend as 

depicted in Figure 6-2. The difference of interface thickness, and correspondingly the 

profile shift between the two model is due to stringent convergence criteria implemented 

in the proposed approach, as convergence condition needs to be satisfied individually for 

each section. 
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Figure 6-1 Comparison between current modelling approach and proposed modelling 

approach for CO2-water system. The solid line corresponds to the result obtained using 

proposed modelling approach while symbol corresponds to the result obtained using 

current DGT modelling approach. 

 

Figure 6-2 (a) Density and (b) chemical potential profile for CO2-water system at T=374 K, 

P=40 MPa. The solid line corresponds to current DGT modelling approach while the 

dashed line corresponds to the proposed modelling approach. 
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6.3. CO2-Brine System  

6.3.1 Model Tuning and Comparison with Current Modelling Approach 

In this analysis, ic  and ij   for CO2-water system listed in Table 4-1 were used as 

parameters for 1st section. For 2nd section (with electrolyte), ic parameters for CO2-water 

system was used and only ij was tuned to match the experimental data. Four set of 

experimental data for brine solution with medium to high ionic strength (4.0 mol∙kg-1 to 

8.1 mol∙kg-1) was used for this tuning analysis. The optimum value was found to be 

0.35ij  . Figure 6-3 compares the IFT computed with the proposed approach and 

current modelling approach. The result shows that the proposed approach gives better 

approximation to experimental data compared to the current modelling approach. 
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Figure 6-3 Comparison between current modelling approach and proposed modelling 

approach for CO2-brine system. The solid line corresponds to proposed modelling 

approach while the dashed line corresponds to the current DGT modelling approach. The 

current DGT modelling approach data was obtained from [7]. Symbols correspond to 

experiment data obtained from  (a)[18], (b)[18], (c)[19] ,(d)[20]. 
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6.3.2 Comparison with Experiment Data 

The tuned model was then used to compute IFT for available experiment data for three 

type of salts (NaCl, KCl and CaCl2). The available experiment data covers brine solution 

with ionic strength range from 0.085 mol∙kg-1 to 15 mol∙kg-1, temperature range from 298 

K to 448 K, and pressure range from 2 MPa to 70 MPa [6][7][13][14][17][18][19][20][21]. 

862 data points were considered in this analysis. 

The simulation result was plotted in Figure 6-4. The result shows that the model is capable 

of predicting IFT with a high degree of accuracy for brine solution with ionic strength up 

to 9 mol∙kg-1. However, the tuned model is shown inadequate for computing IFT for high 

concentration brine case, 5 mol∙kg-1 CaCl2 brine solution (ionic strength I=15 mol∙kg-1) as 

the computed values are consistently lower than IFT values. Additional runs were 

performed in order to find the optimal parameters for this brine solution as described in 

Section 6.3.3.  

The overall percentage average absolute deviation, %AAD, for this analysis was computed 

using the following equation: 

 
1

100%
%

Model Exp
NP

i i

Exp
i i

IFT IFT
AAD

NP IFT

 
 
 
 

   (6.1) 

Overall, this model yield %AAD of 6.1%. Note that this %AAD is approximately similar to 

the %AAD obtained when using the parameters listed in Table 4-1 for computing CO2-

water IFT, 6.5% [7]. 
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Figure 6-4 Computed IFT for CO2-brine system using proposed approach 

 

6.3.3 Model Tuning for CO2-5 m CaCl2 Solution 

Additional runs were performed to compute the optimized parameter for 5 mol∙kg-1 CaCl2 

solution as the model described in section 6.3.1 consistently underestimates IFT values 

for this solution. In this analysis, both ic and ij  parameters for 2nd section were used as 

tuning parameters. ic and ij  parameters for CO2-water system listed in Table 4-1 were 
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used for 1st section of the interface. Table 6-1 listed the tuned parameters values used for 

2nd section. The result was plotted in Figure 6-5. The result shows that the computed IFT 

is in good agreement with the experimental data. The computed %AAD in this analysis 

was 4.6%. 

Table 6-1: Tuned parameters for 2nd Section for 5 m CaCl2 Solution 

 ci (10-20 J m5 mol-2) ij  

H2O 3.24247 
0.27 

CO2 4.83854 

 

 

Figure 6-5 (a) Plot of computed IFT versus experiment data (b) IFT plot as a function of 

pressure at different temperature for 5.0 m CaCl2 
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6.4. Computational Time 

The numerical simulation was performed using RStudio software (Version 1.1.383). On 

average, each simulation run took approximately three minutes for completion. The 

specification of the computer used in this study was presented in APPENDIX A. 
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CHAPTER 7 CONCLUDING REMARKS 

7.1. Conclusion 

Knowledge regarding CO2-brine interfacial tension (IFT) is important for petroleum 

industry and Carbon Capture and Storage (CCS) strategies. One of the methods that could 

be used to compute CO2-brine IFT is by using Density Gradient Theory (DGT), which is the 

main focus in this work. In the first part of this study, the current strategy used to model 

CO2-brine IFT using DGT and its limitation was discussed. The model is able to predict CO2-

brine IFT with good accuracy for low and medium ionic strength solution. However, 

significant deviation was observed in using the model to compute CO2-brine IFT for more 

concentrated brine. This limitation is due to the model only considers the increase of IFT 

due to the changes of bulk phases properties (solubility and phase density) and does not 

account for ion distribution at interface. 

In this study, a new modelling strategy based on DGT to compute CO2-brine IFT was 

proposed. In the proposed model, ion distribution across the interface was accounted for 

by separating the interface to two sections. The saddle point of tangent plane distance 

where (   eq

i iz  ) was defined as the boundary separating the two sections of 

interface. Electrolyte is assumed to be present only in the second section which is 

connected to the bulk liquid phase side. 
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Numerical simulations were performed using the proposed approach for single and mixed 

salt solutions for three salts (NaCl, KCl, and CaCl2). The available experiment data covers 

temperature range from 298 K to 443 K, pressure range from 2 MPa to 70 MPa, and ionic 

strength range from 0.085 mol∙kg-1 to 15 mol∙kg-1. The simulation result shows that the 

tuned model was able to predict with good accuracy the IFT for CO2-brine system for all 

studied cases.  

7.2. Recommendation for Future Works 

The followings are recommendations for future works: 

• In this study, only three salts, NaCl, KCl, and CaCl2 are considered as these are the 

only salts which all relevant parameters are currently available in literature for 

phase equilibrium computation. For future study, the developed model could be 

applied for computing IFT for CO2-brine system consisting other salts such as 

MgCl2 and NaSO4.  

• This study focuses on showing the applicability of the model for computing CO2-

brine IFT, and not on designing a robust and efficient numerical algorithm. Hence, 

numerical algorithm optimization based on the developed model also could be 

one possible topic for future study. 

• The numerical simulations performed in this study used different DGT parameters 

for 0-9 mol∙kg-1 and 15 mol∙kg-1
 ionic strength cases. Hence, another possible topic 

for future study is developing general formula for DGT parameters ( ic  and ij ) as 
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a function of salinity/ionic strength, and possibly as a function of pressure and 

temperature as well. 

• For future study, the developed model also could be extended to include more 

components instead of just CO2 and water/brine.  
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APPENDIX A 

Computer Specification 

Operating System: Windows 10 Home 64-bit 

Processor: Intel i7-6700HQ (2.60GHz) 

Random Access Memory (RAM): 12.0 GB DDR4 2133 MHz 

Storage: 128 GB PCIe SSD 

 

 


