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Abstract 
Experimental interfacial tensions of the systems (H2O + CO2), (H2O + N2), (H2O + Ar), (H2O + 
CO2 + N2) and (H2O + CO2 + Ar) are compared with calculations based on the Statistical 
Associating Fluid Theory for Variable Range potentials of the Mie form (SAFT-VR Mie) in 
combination with the square-gradient theory (SGT). Comparisons are made at temperatures 
from (298 to 473) K and at  pressures up to 60 MPa. Experimental data for the systems (H2O 
+ CO2), (H2O + N2) and (H2O + CO2 + N2) are taken from the literature. For the (H2O + Ar) 
and (H2O + CO2 + Ar) systems, we report new experimental interfacial-tension data at 
temperatures of (298.15 to 473.15) K and pressures from (2 to 50) MPa, measured by the 
pendant-drop method. The expanded uncertainties at 95 % confidence are 0.05 K for 
temperature, 70 kPa for pressure, 0.016·γ for interfacial tension in the binary (Ar + H2O) 
system and 0.018·γ for interfacial tension in the ternary (CO2 + Ar + H2O) system.  
 
The parameters in the SAFT-VR Mie equation of state are estimated entirely from phase-
equilibrium data for the pure components and binary mixtures. For pure water, the SGT 
influence parameter is determined from vapour-liquid surface-tension data, as is common 
practise. Since the other components are supercritical over most or the entire temperature 
range under consideration, their pure-component influence parameters are regressed by 
comparison with the binary interfacial-tension data. A geometric-mean combining rule is 
used for the unlike influence parameter in mixtures without incorporation of adjustable binary 
parameters. The SAFT-VR Mie + SGT approach is found to provide an excellent correlation 
of the surface tension of water and of the interfacial tensions of the binary systems 
comprising H2O with CO2 or Ar or N2. When applied to predict the interfacial tensions of the 
two ternary systems, generally good results are found for (H2O + CO2 + N2) while, for (H2O + 
CO2 + Ar), the theory performs well at high temperatures but significant deviations are found 
at low temperatures. Overall, the SAFT-VR Mie + SGT approach can be recommended as a 
means of modelling the interfacial properties of systems comprising water, carbon dioxide 
and diluent gases. 
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1. Introduction 
Interfacial properties are of great importance in nature and in a host of engineered products 
and processes; they also present scientific challenges in relation to both measurement and 



modelling [1]. The present paper is concerned with liquid-fluid interfacial tension in systems 
comprising water, carbon dioxide and diluent gases. These systems are of particular interest 
in connection with the proposed storage of anthropogenic carbon dioxide in deep saline 
aquifers. The interfacial tension, together with the liquid-fluid-mineral contact angle, 
influences the capillary entry pressure that must be exceeded before CO2 can displace brine 
from the pore space. A capillary entry pressure exists also for the caprock which, for storage 
integrity, must not be exceeded. Therefore knowledge of interfacial properties is required in 
the design of safe and effective carbon-storage processes. As discussed in this work, 
several experimental studies have quantified the interfacial tension between water and 
supercritical CO2 under conditions of temperature and pressure that encompass those 
typical of storage reservoirs [2]. The effects of salts dissolved in the water have also been 
determined and it can be said that there exists a substantial body of empirical data relevant 
to the storage of pure CO2 in saline aquifers. However it is recognised that the CO2 stream 
may contain significant levels of impurities that will undoubtedly modify the interfacial 
tension. Among these impurities, diluents such as nitrogen, oxygen, argon and hydrogen 
should be considered, depending upon the source of the impure CO2. Relatively few 
experimental data have been reported pertaining to effects of these diluents. 
 
The interfacial tension between an aqueous phase and a supercritical phase, as studied in 
this work, can be recognised as being particularly challenging from both the measurement 
and modelling perspectives. The objective of the present work is to improve our quantitative 
understanding of interfacial tension in such systems by furnishing both new experimental 
data and new modelling results. The modelling approach, based on the Statistical 
Associating Fluid Theory for Variable Range potentials of the Mie form (SAFT-VR Mie) 
equation of state and the square-gradient theory (SGT), is intended to provide a general 
platform for predicting interfacial tension in broad classes of systems over wide ranges of 
conditions, including mixtures of water, carbon dioxide and diluent gases on which the 
present paper is focused. 
 
1.1. Theoretical background 
From a theoretical point of view, the thermodynamic description of an interface is well 
established. The description and modelling of fluid interfaces is the subject of a large body of 
literature, covering an ever-expanding range of theories. In the context of the surface tension 
of inhomogeneous fluid systems, the two most commonly applied theories are square-
gradient theory [3] and density-functional theory (DFT) [4], both of which are described in 
detail in a recent review [5]. 
 
DFT represents one of the most successful fully-predictive approach based on analytical 
equations of state for the analysis of the physics of fluid interfaces at equilibria. Regardless 
of the exact underlying theory describing the free energy, DFT is a construction of a free-
energy functional describing the inhomogeneous fluid, from which thermodynamic properties 
may be derived. Comprehensive reviews of common approximations and approaches may 
be found in the works of Davis [6] and Evans [7]. Unfortunately, while attractive due to its 
predictive nature, DFT is a method of significant numerical complexity. Since the effort 
needed to solve problems in inhomogeneous systems rapidly becomes computationally 
intractable on increasing the number of components, DFT remains undesirable for the 



investigation of complex multicomponent mixtures. With this is mind, SGT represents a 
judicious compromise in terms of numerical complexity and applicability to multicomponent 
systems. The reduction of numerical complexity, compared with DFT, is achieved at the 
expense of the introduction of the so-called influence parameter, thus making SGT not fully 
predictive until it has been appropriately parameterized. 
 
SGT originates in the seminal work of van der Waals [3] (translated by Rowlinson in 
reference [8]) and was later rediscovered by Cahn and Hilliard [9]. The theoretical formalism 
has seen significant efforts in terms of: a rigorous derivation [10]; application to complex 
systems [11]; coupling of intermolecular-potential models and influence parameters [12]; and 
assessment of the computational aspects [13]. In the application of SGT, an equation of 
state (EOS) is needed to determine the properties, fluid-phase equilibria and the free energy 
of the system. Numerous equations of state have been utilized with the SGT, but of 
particular relevance to our present application are the implementations [14-17] coupling SGT 
to the SAFT equation of state, the first of which was carried out by Kahl and Enders [18]. 
The success of the SGT is apparent from the volume of literature covering its application to a 
large range of fluids, utilizing a similar wide range of underlying fluid theories. The theory has 
seen applications to, among other areas: liquid-liquid systems [16], polymers [19], 
associating systems [20-22], polar systems [22], (alkane + CO2) systems [23] and (water + 
gas) systems [24-26]. 
 
In relation to published modelling efforts for systems of relevance to the present work, the 
linear gradient theory (LGT) of Zuo and Stenby [27] deserves a particular mention. LGT is 
essentially an approximation to SGT in which the compositional variations between the 
equilibrium bulk phases are assumed to be linear. The resulting theory is numerically simpler 
than SGT, although the applicability of LGT to systems exhibiting interfacial adsorption is 
questionable due to the assumption of linear variation in composition throughout the 
interface. This is not surprising considering that the LGT was originally proposed primarily 
only for the computation of interfacial tension in multicomponent oil/gas systems without 
consideration of interfacial adsorption. 
  
A considerable number of publications has been devoted to the modelling of the interface 
between H2O and CO2, whereas the (H2O + N2) and (H2O + Ar) binary mixtures are much 
more sparingly represented in the literature. An overview of the published modelling studies 
for the systems of interest in this paper is presented in Table 1. Previous modelling studies 
of (H2O + CO2) cover a wide range of pressures up to 60 MPa, within a more limited 
temperature range from 287 K to 398.15 K [14, 25, 26, 28-36], exempting the study of [28] in 
which the system was considered, but no results presented. These ranges of temperature 
and pressure cover both vapour-liquid equilibrium (VLE) and liquid-liquid equilibrium (LLE) 
between H2O and a compressed CO2-rich phase. The (H2O + N2) system has been studied 
in a limited pressure range up to 30 MPa, at temperatures ranging from (298.15 to 
373.15) K, whereas the (H2O + Ar) system has seen sparing efforts in terms of 
modelling [29]. These conditions correspond to VLE phase behaviour of (H2O + Ar or N2). 
Modelling studies of the ternary mixtures containing H2O and CO2 are restricted to one study 
of (H2O + CO2 + N2) at T ≤ 373 K, including both LLE and VLE regions. In summary, 
previous applications of SGT or LGT have involved either a correlative approach for binary 



systems [14, 25, 30, 33], or use of an ad hoc density-dependent form of the influence 
parameter [26, 35, 36], or have been restricted to narrow ranges of temperature and 
pressure [35]. Accurate predictive results have been obtained with DFT [31] but, as 
mentioned above, this approach is computationally too demanding for application to multi-
component systems. 
 
 
A prerequisite to obtaining an accurate estimate of the interfacial tension of inhomogeneous 
fluid systems is to have at hand a correct representation of the phase equilibria and the 
Helmholtz free energy of the fluid system, through an equation of state (see for example the 
analysis in references [46, 47]). In the present work, we utilize the SAFT-VR Mie [48] 
equation of state with an accurate representation of molecular association [49]. SAFT-VR 
Mie has been shown to be accurate for complex mixtures containing CO2 and H2O [49]. 
 
SAFT-VR Mie is an evolution of the original statistical associating fluid theory (SAFT) [50, 
51], within the framework of the first-order thermodynamic perturbation theory (TPT1) of 
Wertheim [52-57] for the description of the Helmholtz free energy of bonded homonuclear 
segments interacting via a Mie potential [58], with additional association sites accounting for 
short-ranged directional forces where appropriate. This approach yields a very accurate 
expression for the free energy of the model mixture, from which the corresponding 
thermodynamic properties may be derived through standard thermodynamic relations [59]. 
For in-depth reviews of the SAFT approach and its applications, the reader is referred to 
references [60-64]. 
 
1.2 Experimental background 
In relation to the systems of interest in this paper, a number of experimental studies have 
been reported and, in Table 2, we summarise the literature data that are considered further 
in this article [65-71]. In fact, numerous workers have measured the interfacial tension of the 
(CO2 + H2O) system [65, 72-85]. However, as discussed by Georgiadis et al. [65], there is 
significant disagreement between some of these sources and a number of possible causes 
can be identified; these include the effects of trace impurities diffusing to the interface 
(especially in long-duration experiments), imperfect temperature regulation, and inaccuracy 
in the density difference between the two coexisting phases. This last point arises in both the 
pendant-drop and the capillary-rise methods, which are the two main experimental 
techniques employed at high pressures. Interfacial tensions of (H2O + CO2) were also 
obtained by Li et al. [66, 67] from their extensive measurements of (brines + CO2) by 
extrapolation to zero salt molality. Recently, Chow et al. [68] reassessed the data measured 
by Georgiadis et al. [65] and Li et al. [66, 67] to incorporate improved estimates of the 
density difference accounting accurately for CO2 dissolution in the aqueous phase and, in 
the present work, we make use of these revised results. Far fewer studies have been 
published on the other binary systems of interest in our current paper [68-71]. The interfacial 
tension of the (N2 + H2O) system has been measured by Wiegand and Franck [69], Tian et 
al. [70], Yan et al. [71] and by Chow et al. [68]. The interfacial tension of the (Ar + H2O) 
system has been measured only by Wiegand and Franck [69], who studied just three 
isotherms. In that work, only two data points were reported at T = 373 K, and the density 
difference of 433.34 kg·m-3 used at p = 30 MPa differs greatly from that between the pure 



fluids (366.40 kg·m-3) calculated from the equations of state of pure water [86] and pure 
argon [87] as implemented in the REFPROP 9.1 software [88].  
 
 
The interfacial tension of the ternary mixture (CO2 + N2 + H2O) has been measured by Yan 
et al. [71] and by Chow et al. [68]; the latter explored the applicability of estimating the 
interfacial tension of (CO2 + N2 + H2O) system by means of a simple combination of the 
interfacial tensions of the two binary system, (N2 + H2O) and (CO2 + H2O), as developed 
from the suggestion by Shah et al. [89]. The results were found to be satisfactory at 
temperatures well above the critical temperature of CO2, but inaccurate at lower 
temperatures and high pressures. Interfacial tensions of the ternary system (CO2 + Ar + 
H2O) have not been reported in the published literature. In view of the sparse data available 
for (Ar + H2O), and the lack of data for (CO2 + Ar + H2O), it was concluded that additional 
data on these systems were required to fill the gaps in literature. Accordingly, new 
experimental measurements were made as a part of our current work. 
 
2. Experimental 
2.1 Apparatus. 
The apparatus for carrying out pendant-drop interfacial-tension measurements at high 
temperatures (up to 473 K) and high pressures (up to 50 MPa) is shown in Fig. 1; it has 
been described in detail elsewhere [66, 68]. The high-pressure vessel was made from 
titanium and was fitted with axially opposed sapphire windows. The vessel was contained 
within an insulated aluminium jacket fitted with electric cartridge heaters and a temperature 
sensor operating with a proportional-integral-differential temperature controller. High-
pressure syringe pumps were used to inject the experimental fluids. A calibrated platinum 
resistance thermometer was inserted into the wall of the view cell for temperature 
measurement. A pressure transducer, located in the tubing external to the view cell, was 
used to measure the pressure. Standard uncertainties were 0.025 K for temperature and 35 
kPa for pressure. 
 
The cell was first charged with the non-aqueous components before sufficient pure 
degassed water was injected to form a separate aqueous phase in the bottom of the cell. 
Stirring was used to promote phase equilibrium. Pendant drops were created by injecting 
further water through a titanium capillary that entered the top of the cell. Following the 
creation of a new drop, a period of a few minutes was allowed for compositional equilibrium 
to be established with the bulk non-aqueous phase. The drops were imaged, under back 
illumination, by a video camera. The measured outside diameter of the capillary tube for 
creating the pendant drop was (1.60 ± 0.01) mm and this was used as an in-situ calibration 
length scale. Axisymmetric drop shape analysis (ADSA), based on integration of the Young-
Laplace equation, was performed in commercial software (Advanced DROPimage, Ramé-
Hart Instrument Co.). The interfacial tension was then evaluated from the relation 

 βgRργ 2
0Δ= ,  (1) 

where ∆ρ is the density difference between the two fluid phases, g is the gravitational 
acceleration, R0 is the radius of curvature at the apex of the drop, and β is a dimensionless 
shape parameter. 



2.3 Materials.  
The sources and purities of the chemicals used are detailed in Table 3. The composition of 
the mixture [(1 - x2) Ar + x2 CO2] was determined by BOC to be x2 = (0.4973 ± 0.0050). 
 
 
2.4 Validation 
The experimental method was validated by measurement of the surface tension of water at 
T = 298.48 K. The surface tension was measured to be (72.0 ± 0.1) mN·m-1, in close 
agreement with the value (71.92 ± 0.05) mN·m-1 obtained from the IAPWS recommended 
correlation by means of the REFPROP 9.1 software [86, 88, 90]. 
 
2.5 Data Analysis. 
The calculation and analysis of the density difference ∆ρ with consideration of solubility 
effects has been described in detail elsewhere [68]. In brief, the solubility of the non-aqueous 
components in the liquid phase was calculated from an asymmetric thermodynamic model 
based on the Peng-Robinson (PR) equation for the gas phase and the non-random two-
liquid (NRTL) model for the liquid phase with parameters fitted to experimental solubility 
data. The molar volume of the mixture was then obtained from the calculated composition, 
the partial molar volume of the solutes (obtained from the model of Sedlbauer et al. [91]), 
and the molar volume of pure water [86]. The NRTL parameter for the H2O - CO2 interaction 
were taken from [92], while those involving Ar were set to zero. The other necessary 
parameters in the combined PR-NRTL model for solubility are detailed in Tables 4 and 5.The 
density of the argon-rich phase was taken to be that of pure argon and calculated from the 
equation of state of Tegeler et al. [87]. For the ternary system (H2O + CO2 + Ar), the 
compositions of both phases were determined in flash calculations based on the PR-NRTL 
model, the aqueous phase density was obtained as before, and the gas-phase density was 
calculated from the mixture model available in the REFPROP 9.1 software incorporating the 
equations of state of the pure components [86-88, 93, 94]. 
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CO2 + Ar kij = –0.031 [97] 

 
We adopt this approach for evaluating the density difference ∆ρ because it appears to offer 
the best accuracy for this key property which is required in the analysis of the raw 
experimental data. Saturated phase densities of the (H2O + CO2) system in the ranges of 



temperature and pressure investigated in the present work have recently been published by 
Efika et al. [98], and those data provide an opportunity to validate the present approach. 
Comparing the calculations of ∆ρ according to the model adopted in this work with the new 
experimental data, we find agreement to within the experimental uncertainty which, applied 
to ∆ρ, amounts to about 2 kg·m-3. Given the much lower mutual solubility of H2O and Ar, we 
are confident that the calculation procedure adopted in this work is robust. As discussed in 
section 4.4, the binary parameters in the SAFT-VR Mie approach used to model the 
interfacial tension were also fitted to the aqueous-phase solubility data. Consequently, both 
the asymmetric thermodynamic model and the SAFT-VR Mie approach are consistent with 
the experimental phase boundary; however, in combination with reference equations of state 
[86, 87, 93, 94] and the partial molar volumes of solutes in the aqueous phase [91], the 
former provides a more accurate estimation of ∆ρ. 
 
2.6 Experimental results for (H2O + Ar) 
Five isotherms at temperatures between (298 and 473) K were measured in the (Ar + H2O) 
system over a range of pressures from (2 to 50) MPa. The results are given in Table 6. The 
standard relative uncertainties ur(γ) of the interfacial tensions were estimated from the 
relation: 
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The relative standard deviation σ(γ)/γ of the interfacial tension data at each state point was 
evaluated from three repeated measurements and the average was found to be 0.2 %; in all 
cases it was < 0.5 %. The overall relative uncertainty ur(γ) was then calculated from Eq. (2). 
Reliable measurements of the liquid and vapour phase densities under the conditions of 
interest are not available. As a measure of the possible uncertainty of ∆ρ, we compare the 
density difference calculated using the PR-NRTL model with the difference between the 
densities of the pure components at the same temperature and pressure [21-23]. The 
maximum absolute relative difference of ∆ρ was found to be 0.9 %, and average absolute 
relative difference to be 0.3 %. Finally, the relative uncertainty of interfacial tension of all 
state points was estimated to be 0.8 %, so that the expanded relative uncertainty at 95 % 
confidence is 1.6 %. 
 
 
As expected, the interfacial tensions of the (H2O + Ar) system are observed to decrease with 
increasing pressure and temperature. When the interfacial tension data are compared with 
those of Wiegand and Franck [99] at overlapping p-T conditions, the agreement is found to 
be within about 2 mN·m-1. 
 
2.7 Experimental results for (H2O + CO2 + Ar) 
For the (CO2 + Ar + H2O) system, five isotherms were measured at temperatures between 
(298 and 473) K at pressures from (2 to 50) MPa. The results are given in Table 7. The 
relative standard deviation σ(γ)/γ of the interfacial tension data at each state point was 
evaluated from three repeated measurements; the average was 0.5 %, and in all cases it 
was < 1.6 %. The overall relative uncertainty ur(γ) was calculated from Eq. (2). The relative 



standard uncertainty of interfacial tension at all state points is 0.9 %, and the expanded 
relative uncertainty at 95 % confidence is 1.8 %. 

 

 

3. Theoretical background 

3.1. Square-gradient theory for description of flat interfaces at equilibrium 
A model of the fluid-fluid interface is obtained in this work by applying the square-gradient 
theory [9, 11, 13, 100, 101] together with the SAFT-VR Mie [48, 102] equation of state to 
evaluate the Helmholtz free energy of the systems of interest. In SGT, a description of the 
free energy of the interface is provided as an expansion in free energy and density [103]. For 
a given fluid in a state of thermodynamic equilibrium at pressure peq and temperature Teq, 
consisting of nc components with the equilibrium compositions xeq equal to xeq,α or xeq,β where 
α,β denotes the equilibrium phases, the interfacial tension of the fluid may be expressed as 
[104] 
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Here, the superscript ‘eq’ denotes properties and conditions of the bulk phases at 
equilibrium, superscript L denotes the liquid equilibrium phase, the superscript V denotes the 
vapour equilibrium phase, the subscripts i,j denote distinct components, and the subscript w 
denotes a chosen reference component. ∆Φ defines the grand thermodynamic potential, µi is 
the chemical potential of component i, V denotes the volume, ρ the density, A the Helmholtz 
energy, and Lij the cross-influence parameter between components i and j. 
 
The physical constraints at equilibrium can be expressed in terms of the grand 
thermodynamic potential as [52] 
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Eq. (4a) represents the condition of mechanical equilibrium of bulk phases (pL = pV), 
whereas Eq. (4b) corresponds to the requirement of identical chemical potentials of each of 
the components in the equilibrium phases (µi

V = µi 
L). Eq. (4c) represents a curvature stability 

condition for interfaces, an analogue to the Gibbs tangent-plane condition [59] for phase 
equilibria.  
 



In our work, the SGT is applied under the assumption of the geometric-mean rule for the 
unlike (cross) influence parameters [11], which leads to a significant simplification of both the 
principal working equations and their subsequent numerical solution [100]. Under this 
assumption the set of (nc – 1) equations to solve for densities between the equilibrium 
densities ρw

V and ρw
L is [100] 

 ( ) ( )eq eq
c, 1,.., 1, 1..,ww i i ii w wL L i w w nµ ρ µ µ ρ µ   − = − = − +    , (5) 

where µi(ρ) represents the chemical potential of component i evaluated at Teq, V, N between 
ρV and ρL. By solving Eqs. (5) for values of ρw varying between ρw

V and ρw
L, ρi ≠ w may be 

obtained, thus allowing for evaluation of Eq. (3a). Eq. (5) represents a special case of the 
general solution, for which numerical solution methods are well documented [11, 100].  
 
From this methodology for the solution of the SGT, it is apparent that the correct selection of 
the reference component, w, is of concern. Solving Eqs. (5), with only one reference 
component w between ρw

V and ρw
L, requires ρw to vary monotonically between ρw

V and ρw
L. 

In such cases where monotonic behaviour of the density of one of the components is not 
guaranteed, the solution domain may be divided into several subdomains, each with a 
particular reference component w, which exhibits monotonic behaviour in ρw. Eqs. (5) may 
then be solved in each subdomain, yielding a solution for the full domain. Construction of 
individual subdomains with particular choices for w may be carried out by choosing at each 
density the reference component for which the largest magnitude of dρi/dρw is obtained, 
using the selection scheme of Sahimi et al. [105], leading to an arc-length continuation 
scheme. In this fashion, all features of the density traces throughout the interface may be 
resolved to satisfaction, without resorting to a priori determination of w from some empiric 
assumptions. 
 
In the case of a single-component fluid, Eq. (3a) may be further simplified to yield directly a 
relation between the interfacial tension and the like influence parameter [13]: 

 2
L
i

V
i

ii iL d
ρ

ρ
γ Φ ρ= ∆∫ . (6) 

The like influence parameter for single components Lii  (i = j), corresponding to the 
experimental interfacial tension of a single-component fluid, may be obtained as a function of 
temperature by matching Eq. (6) against experimental data for γ. 
  
3.2 Influence parameters in SGT 
From Eqs. (3a), (5) and (6) it is apparent that the principal parameter governing the 
description of the interface in the SGT is the influence parameter, Lii. Multiple approaches for 
the correlation of Lii with temperature exist. One often-used choice successfully applied by 
other authors is a linear function in temperature [106], i.e.,  

 1 0
ii ii iiL a T a= + , (7) 

where aii
1 and aii

0 are constants obtained from interfacial-tension data. Such an approach is 
excellent for correlative purposes. For practical applications of Eq. (7) in the context of 
multicomponent fluids, a combining rule relating Lii and Ljj with the unlike Lij must be 



presented. As stated as an assumption Eqs. (5), we employ a simple geometric-mean 
combining rule with no adjustable binary parameter: 

 ij ii jjL L L= . (8) 

 
3.3. Statistical associating fluid theory for variable range interactions of the generic Mie form  
The statistical associating fluid theory [50, 51] is a family of perturbation-based theories for 
describing the Helmholtz free energy of a model mixture of associating chains of tangentially 
bonded spherical segments, following the seminal work of Wertheim [52-55].  
 
In the present work, we use the SAFT for potentials of variable-range of the Mie type (SAFT-
VR Mie) [48]. The molecular model in SAFT-VR Mie comprises chains of bonded 
homonuclear spherical segments with individual segments interacting via Mie potentials. The 
effects of solvation, hydrogen-bonding or association-like interactions are incorporated by 
assigning, where relevant, attractive sites through additional off-centre short-range square-
well potentials between particular molecules [107]. 
 
An expression for the Helmholtz free energy of this model fluid is obtained by applying the 
TPT1 of Wertheim [52-55], who showed that the free energy of such a system can be 
obtained from knowledge of the free energy and fluid structure of the reference system of 
monomeric segments. 
 
The interaction between segments k and l at the centre-centre separation rk  is given by the 
Mie potential [58]: 
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where σkl is the segment diameter, ϵkl the depth of the potential and λr,kl and λa,kl the 
repulsive and attractive exponents of the segment-segment interactions respectively. The 
directional short-range association interactions between sites a and b on segments k and l 
can be described by the square well potential: 
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where rkl,ab is the centre-centre distance between site a and site b, rc
kl,ab is the cut-off range of 

the a – b interaction between segments k and l, and –εassoc
kl ,ab is the energy of short-range 

interaction between sites a and b on segments k and l. Each short-range “site” is offset from 
the segment centre by a distance rd

kk,aa, with the effect that an equivalent description of the 
short range interactions may be expressed in terms of a bonding volume Kkl,ab in the TPT1 
framework [56], which does not discriminate between relative positions of sites. 
 
Following this approach, a model molecule i is described by mi spherical segments of size σii 
interacting through a Mie potential of repulsive and attractive exponents λr,ii and λa,ii, with a 



well-depth of ϵii,and with potential short range site–site interactions interacting with an 
energy of εkk,ab

assoc and a bonding volume parameter Kkk,ab. 
 
3.4 Free-energy terms 
For a mixture of chains described with the SAFT-VR Mie molecular model the 
thermodynamic properties of the mixture are given through the Helmholtz energy obtained 
by a statistical-mechanical treatment of the model within the canonical ensemble. A common 
way to express this relationship for SAFT type equations is to write the Helmholtz energy as 
a perturbation series of terms: 

 ideal mono chain assocA A A A A= + + + , (11) 

where Aideal represents the free energy of an ideal gas mixture, Amono represents the 
contribution to the free energy of Mie segment-segment repulsive and attractive interactions, 
Achain represents the change in free energy due to formation of molecular chains from Mie 
segments, and Aassoc represents the change in free energy due to short range association 
interactions. A detailed derivation and analysis of the individual terms may be found in the 
original publication [48]; for brevity only an outline of the key relations is provided here. 
 
The free energy of an ideal gas mixture is given by [108]: 
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where kB is Boltzmann constant, N is the number of molecules, xi is the mole fraction of 
component i and Λi is the thermal de Broglie wavelength, which is taken to include rotational 
and vibrational, as well as the usual translational contributions. 
 
The free energy due to the spherically-symmetric repulsion and attraction interactions 
between segments described by the Mie potential is obtained by applying the Barker-
Henderson high-temperature perturbation expansion [109, 110] to third order: 

 mono HS
1 2 3A A A A A+ + += , (13) 

where the reference system is a mixture of hard spheres with Helmholtz free energy AHS. 
The diameters dkk of the hard spheres are temperature dependent [110] and the free energy 
AHS is computed using the approach of Boublík [111] and Mansoori et al. [112], whereby  
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The dimensionless free energy per spherical segment, aHS in equation 14, further depends 
on the number density of segments ρs as well as the moments of density as follows: 
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where xs,k are the fraction of k-segments in the fluid. 
 



Higher-order contributions to the perturbation expansion are obtained in a similar fashion, 
with summations over free-energy contributions per segment, with each contribution being 
the product of the corresponding inverse power of temperature, leading to a series of mean-, 
fluctuation- and third-order terms as follows: 
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While analytical expressions for the contributions aq are given in reference [48], we provide 
in the following a summary of each term. The first-order perturbation term a1 is obtained by 
following the SAFT-VR [37] methodology and applying the mean-value theorem in order to 
obtain an analytical expression from knowledge of the radial distribution function of the 
reference hard-sphere fluid. This amounts to a mapping between the real density of the fluid 
and an effective density applicable for a range of Mie potentials of exponents 5 < λkl

 ≤ 50, 
where λkl represents either the attractive or the repulsive exponent. The second-order 
fluctuation term, a2, is obtained using the improved macroscopic compressibility 
approximation (MCA) suggested by Zhang et al. [113], in combination with the corrections 
proposed by Paricaud [114] for soft potentials based on analysis of Monte Carlo molecular 
simulation data of Mie fluids. Finally, the third-order term a3 utilizes an empirical expression, 
effectively incorporating higher-order terms due to the use of critical- and phase-equilibrium 
data for selected Mie fluids in the parameterization [48]. 
 
The change in the Helmholtz free energy due to formation of molecular chains from the 
monomer fluid is computed as a sum of contributions from the radial distribution function of 
the Mie fluid evaluated at contact for the tangentially bonded segments, gii

Mie: 
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In equation 17 gii
Mie is evaluated for a hypothetical fluid of a packing fraction of ζx: 
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By expanding the logarithm in equation 17 to second order [48], gii
Mie may be expressed in 

terms of the hard-sphere contributions and the perturbation contributions g1 and g2 [107] as 
follows: 

 ( ) ( ) ( ) ( ) ( ) ( ) ( )2Mie HS HS HS
, B 1, , B 2, ,exp / / / /ij d ij ij ij ij d ij ij ij ij d ij ijg g k T g g k T g gσ ε σ σ ε σ σ = +
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The hard-sphere expression of Boublík [115] employed for gd,ij
HS in equation 19 represents 

the radial distribution function of the reference system of hard spheres of diameter dij at 
separations of σij. Perturbation terms of first and second order are approximated by the 
corresponding values at contact distances equal to dii: 

 ( ) ( ) , 1, 2q ij q ijg g dσ ≈ =  (20) 



The perturbation expansion to the first order is obtained in a self-consistent manner using 
the pressure from the virial and the free energy routes [37, 48, 116]. For the second-order 
term an expression based on the MCA is employed.  
 
The change in free energy due to short-range directional association between molecules 
follows the TPT1 formulation [35,38-41,56] of Wertheim (the latest formalism for associating 
Mie fluids is employed in our current work [107]): 
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where nsites,i is the number of site types on molecule i, nai is the number of sites of type a on 
molecule i and Xai is the fraction of non-bonded sites of type a on molecule i. The fraction of 
non-bonded sites of type a on molecule i is obtained by solving the set of mass action 
equations: 
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where ∆abij is the integrated association strength between site a on molecule i and site b on 
molecule j. The integrated association strength may be expressed as a product of the Mayer 
function of the bonding interaction between sites a and b, Fab, the association kernel I and 
the bonding-volume of association Kab [49]: 

 ab ab abF K I∆ = . (23) 

The Mayer function of the bonding interaction is given as: 
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where εab
assoc is the energy of association. The association kernel I has been mapped to 

reproduce results of the reference hypernetted chain (RHNC) integral equation theory for the 
radial distribution function by using [49]: 
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where T* is reduced temperature (T* = kBT/ε), ρ* is reduced density (ρ* =ρσ3) and aij are 
mapping constants as a function of the repulsive exponent: 
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and bi,j,k are mapping constants given in reference [49]. 
 
3.5 Combining rules 
The equations presented in the previous sub-section require values for parameters of the 
unlike interactions between components i and j. These interactions are characterized by a 
choice of combining rules relating the values of like interactions to those of the unlike 



interactions, while allowing for subsequent adjustment to data of real mixtures. The unlike 
segment size is obtained using the Lorentz rule, as the arithmetic mean of the like values of 
components i and j:  
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The unlike dispersion energy of interaction is obtained using a modified Berthelot rule, as a 
geometric mean with corrections for size effects: 
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where kij is a binary interaction parameter, which may be adjusted using experimental data 
of binary systems. Equation 28, may be obtained through a procedure given by Hudson and 
McCoubrey [117] as detailed in reference [118]. 
 
The combining rule for unlike exponents for the Mie potential is expressed as [48]: 

 ( ) ( ) ( )( )1 3 3 3λ Γ λ λ= − + − −ij ij ii jj , (29) 

where Γij represents an adjustable binary interaction parameter.  
 
3.6 Thermodynamic properties 
Given the expressions for the Helmholtz free energy, thermodynamic properties of the 
system may be obtained through standard thermodynamic relationships [59]. For purposes 
of calculation of phase equilibria and interfacial tension, the most pertinent properties are the 
pressure and the chemical potential. The pressure for a given composition, temperature and 
volume may be obtained as: 
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whereas the chemical potential of component i is given by 
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Calculation of fluid-phase equilibria based on the chemical potential at a given pressure are 
carried for the systems presented here using standard methods as documented in the book 
of Michelsen and Mollerup [59]. 
 

4. Comparison of theory and experiment  

4.1 Parameterization of SAFT-VR Mie - SGT 
The parameterization procedure applied in this work follows the standard approach whereby 
parameters of the pure components are obtained from pure-component experimental data, 
and binary interaction parameters are subsequently estimated from selected binary data. 
Where possible, parameters established in previous work have been used. For example, the 



SAFT-VR Mie model parameters for CO2, N2 and Ar are taken from reference [102], whereas 
parameters for H2O (with the generic Mie association kernal) are taken from reference [49].  
These model parameters are listed in Table 8. All models employ an λr-6 potential, 
consistent with the theory of London [119]. 
 
H2O is described as a spherical molecule with four association sites, two of type e and two of 
type H, where only unlike (e-H) bonding is allowed (see Ref. [49] for details); note that H2O 
is the only self-associating molecule among those listed in Table 8. Both Ar and N2 are non-
associating and are thus described by only the four Mie potential parameters and the 
number of segments in a molecular chain. CO2 is described as a non-self-associating 
molecule.  However, in order to describe the binary interaction between H2O and CO2 a 
solvation approach, as suggested in references [120, 121], has been taken. In this approach 
the interaction between H2O and CO2 is described by a single association site on the CO2 
molecule that interacts with two sites on H2O. The single site on CO2 represents in an 
effective way the solvation of the electronegative oxygen atoms by the electropositive 
hydrogen atoms in H2O. In addition to the solvation interaction, a binary interaction 
parameter, kCO2,H2O, has been introduced. Both kCO2,H2O and the site-site association 
interaction between CO2 and H2O have been determined by adjustment to best match 
experimental mutual solubility data [92] for the CO2-H2O VLE between (298.15 and 448.15) 
K and (1.6 to 17.5) MPa. 
 

Comp j kH2O,j NSites εHB/kB [K] K [Å3] 
CO2 0.01521 1 1376.9676 275.8941 
     

Comp j kH2O,j kCO2,j ΓH2O,j Γ CO2,j 
CO2 0.01521    
N2 –0.8800 + 0.002110(T/K)  –0.3130  –0.4092 
Ar –0.0964 0.1625 –0.2340 0.2955 

 
The binary interaction parameters used in this study are given in Table 9. SAFT-VR Mie 
binary interaction parameters, kij, for the dispersive energy between H2O, CO2 and gaseous 
components have been estimated using data from [92]. Describing the effect of pressure on 
the solubility of N2 in H2O is a challenging problem to model using SAFT type models. In the 
present work, a temperature-dependent binary interaction parameter, kij, has been estimated 
using the experimental solubility data of N2 in H2O at temperatures between (274.20 and 
362.95) K provided in reference [122]. Additionally, kH2O,Ar and ΓH2O,Ar were estimated using 
data from [123], kCO2,N2 and ΓCO2,N2 were estimated using data from [124], and kCO2,Ar and 
ΓCO2,Ar were estimated using data from [125]. 
 
 
4.2 SGT influence parameters 
The influence parameters for the components in this work are expressed as linear functions 
of temperature following Eq. (7), with constants aii

1 and aii
0 taking the values presented in 

Table 10. Ideally, the pure-component influence parameters would be determined for each 
substance using surface-tension data at all temperatures of interest. This approach was 
adopted for water, which exhibits VLE of the full temperature range investigated, using the 



correlated surface tension obtained from the NIST REFPROP 9.1 software [88, 90], at 
temperatures between (278.15 and 478.15) K. However, the light gasses Ar and N2 are 
supercritical for the conditions examined and the critical temperature of CO2, 304.13 K, is 
near to the lower end of the temperature range under investigation. Extrapolation of the 
influence parameter from lower temperatures would be unreliable, especially as an analytical 
EOS, such as SAFT-VR, cannot represent the free energy accurately in the critical and 
subcritical regions simultaneously. To accommodate these challenges, we have estimated 
the influence parameters for the non-aqueous components from binary interfacial-tension 
data using the experimental data of reference [68], for (H2O + CO2) and (H2O + N2), and 
Table 6 for (H2O + Ar). 
 
 
4.3 Comparison with experiment 
In Figs. 2 and 3 we compare the experimental interfacial tensions of Georgiadis et al. [65] 
and Li et al. [66, 67] for (H2O + CO2), as recalculated by Chow et al. [68], with those 
calculated using our SAFT-SGT approach applied at the experimental temperatures and 
pressures. It can be seen that the theory captures accurately the behaviour observed 
experimentally. The comparison is further explored in Fig. 4, where we plot deviations 
between the experimental and theoretical values. Here, one can see some significant 
deviations at temperatures around the critical temperature of CO2 where the phase 
behaviour is changing from VLE to LLE. The differences are quantified by means of the 
average absolute relative deviations ∆AAD, given by 
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where γi,exp and γi,calc are the experimental and calculated interfacial tensions at the ith state 
point, respectively, and Np is the number of points considered. The values of ∆AAD are listed 
by isotherm in Table 11. The overall ∆AAD calculated for all isotherms, which is also given in 
Table 11, is 4.2 %, reflecting the generally good performance of the theory. Similar 
comparisons are shown in Figs. 5 and 6 for the (H2O + N2) system and in Figs. 7 and 8 for 
the (H2O + Ar) system. In both systems, the agreement with experiment is excellent and the 
overall values of ∆AAD are comparable with the relative uncertainty of the data. Considering 
the individual isotherms, it is clear that, in most cases, the values of ∆AAD are slightly larger 
at lower temperatures.  
 
When comparing SAFT-VR Mie + SGT predictions with experiment for the ternary system, 
calculations were carried out at the experimental state points specified by T, p and y2/y3, 
where y2 and y3 are the gas-phase mole fractions of the two non-aqueous components. The 
experimental and modelling results for the two ternary systems investigated are compared in 
Figs. 9 and 10. In the case of (H2O + CO2 + N2), the predictions are satisfactory at all 
temperatures investigated and the overall ∆AAD is around twice the experimental uncertainty. 
For (H2O + CO2 + Ar), theory and experiment again agree well at the higher temperatures 
but significant systematic differences are observed at the two lower temperatures 
considered. While it is difficult to be specific about the origin of the low-temperatures 
discrepancies, they may reflect proximity to the critical temperature of CO2. 



4.4 Interfacial profiles 
One advantage of the SGT approach is its ability to describe simultaneously both integral 
(interfacial tension) and differential (density profile) properties. The binary systems 
comprising water with the non-aqueous components studied in this work are all found to 
exhibit similar characteristics: the density profile of water is monotonic across the interface, 
whereas that of the non-aqueous component rises to a maximum in the interfacial region, 
indicating adsorption onto the interface, the extent of which is strongly sensitive to the 
temperature and pressure. In Fig. 11, this behaviour is exemplified by the z – ρi projection of 
the (CO2 + H2O) system. In Fig. 11(a), the calculated profiles are given for the system at T = 
297.90 K and p = 5.01 MPa. One can see that CO2 exhibits strong interfacial adsorption on 
the non-aqueous side.  When the pressure is increased, the CO2 density profile tends 
towards a more monotonic behaviour, reflecting the increase in the (bulk) density of the CO2 
on the non-aqueous side of the interface. This is illustrated in Fig. 11(b) in which one 
observes a less-pronounced maximum, indicating a relative decrease in the adsorption of 
CO2, and a corresponding increase in the density of the CO2-rich phase. When the 
temperature is increased, the features of the CO2 profile are smoothed out, as illustrated in 
Fig. 11(c)); here the non-monotonic behaviour is preserved, but the maximum is less 
pronounced and shifted towards the centre of the interfacial region. The geometric features 
of the interfacial density profile of the non-aqueous component vary somewhat with the 
nature of that component as exemplified by comparing the case of argon, shown in figure12, 
with the profiles for CO2 shown in Fig. 11. 
 
The density profiles of the ternary systems are exemplified in Fig. 13 for the case of the 
system (Ar + CO2 + H2O). One can observe the adsorption of both Ar and CO2 at the 
interface, whereas H2O retains the monotonic behaviour seen for the binary systems. Figs. 
13(a) and 13(b) show that, at T = 297.80 K, the adsorption of Ar is pronounced on the non-
aqueous side, followed by adsorption of CO2 along the interface. As seen in Figs. 13(c) and 
13(d), at T = 373.00 K the adsorption of Ar is less pronounced and the features of the 
density profiles are more smoothed out. The features of the density profiles of the system 
(N2 + CO2 + H2O) are qualitatively the same, except that, as shown in Fig. 14, the adsorption 
of N2 at T = 298.17 K is much less pronounced than the corresponding adsorption of Ar at a 
similar temperature. 
 

5. Discussion and conclusion 

In order to facilitate a comparison of experimental and modelling results for the interfacial 
tension of water with carbon dioxide and diluent gases, a high-quality and wide-ranging 
experimental database has been considered. New experimental interfacial-tension data for 
(H2O + Ar) and (H2O + CO2 + Ar) were gathered to supplement other recent data from our 
laboratory on the systems (H2O + CO2), (H2O + N2) and (H2O + CO2 + N2). These data cover 
wide ranges of temperature and pressure encompassing those representative of carbon 
dioxide storage in deep saline aquifers. The experimental data are compared in detail with 
calculations based on square-gradient theory implemented with the SAFT-VR Mie equation 
of state. Importantly, all of the parameters that appear in the SAFT-VR Mie equation of state 
were obtained from phase-equilibrium data, including vapour pressures, saturated-liquid 
density and mutual solubility, excluding interfacial tension. In implementing the square-



gradient theory, only pure-component influence parameters have been used; mixtures are 
treated with a quadratic combining rule without incorporation of adjustable binary 
parameters. This has the twin merits of simplifying the theory and limiting the amount of data 
regression required. The influence parameter of water was obtained from correlated surface-
tension data, while those of the non-aqueous components were regressed against 
interfacial-tension data for the corresponding binary system with water. With this very-limited 
fitting of interfacial data, we find generally good agreement with the experimental data. 
 
The present work improves on previous studies through consideration of a large body of 
high-quality experimental data, including new data reported in this paper, and by application 
of the SAFT-VR Mie equation of state, with an accurate association model for water, used in 
conjunction with the SGT. The approach is predictive for multicomponent mixtures, 
computationally inexpensive, and the results presented exhibit good agreement between 
theory and experiment. In this regard, it can be said that the modelling approach is well-
suited to the prediction of interfacial tension data under carbon storage conditions.     
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Nomenclature 
<xps:span class=deft>A</xps:span> <xps:span class=defd>Helmholtz free 
energy</xps:span> 
<xps:span class=deft>aii

1, aii
2</xps:span> <xps:span class=defd>coefficients in correlation of 

influence parameter</xps:span> 
<xps:span class=deft>d</xps:span> <xps:span class=defd>hard-sphere 
diameter</xps:span> 
<xps:span class=deft>F</xps:span> <xps:span class=defd>association Mayer 
function</xps:span> 
<xps:span class=deft>g</xps:span> <xps:span class=defd>radial distribution 
function</xps:span> 
<xps:span class=deft>I</xps:span> <xps:span class=defd>association kernel</xps:span> 
<xps:span class=deft>K</xps:span> <xps:span class=defd>association bonding 
volume</xps:span> 
<xps:span class=deft>kB</xps:span> <xps:span class=defd>Boltzmann’s 
constant</xps:span> 
<xps:span class=deft>kij</xps:span> <xps:span class=defd>binary parameter</xps:span> 
<xps:span class=deft>L</xps:span> <xps:span class=defd>influence parameter</xps:span> 
<xps:span class=deft>m</xps:span> <xps:span class=defd>segment number</xps:span> 
<xps:span class=deft>nc</xps:span> <xps:span class=defd>number of 
components</xps:span> 
<xps:span class=deft>N</xps:span> <xps:span class=defd>number of 
molecules</xps:span> 
<xps:span class=deft>Np</xps:span> <xps:span class=defd>number of points</xps:span> 
<xps:span class=deft>p</xps:span> <xps:span class=defd>pressure</xps:span> 



<xps:span class=deft>r</xps:span> <xps:span class=defd>segment-segment 
distance</xps:span> 
<xps:span class=deft>T</xps:span> <xps:span class=defd>temperature</xps:span> 
<xps:span class=deft>V</xps:span> <xps:span class=defd>volume</xps:span> 
<xps:span class=deft>x</xps:span> <xps:span class=defd>mole fraction</xps:span> 
<xps:span class=deft>X</xps:span> <xps:span class=defd>non-bonded site 
fraction</xps:span> 
 
Greek letters 
<xps:span class=deft>α, β</xps:span> <xps:span class=defd>phases</xps:span> 
<xps:span class=deft>γ</xps:span> <xps:span class=defd>interfacial tension</xps:span> 
<xps:span class=deft>∆</xps:span> <xps:span class=defd>integrated association 
strength</xps:span> 
<xps:span class=deft>∆Φ</xps:span> <xps:span class=defd>grand potential</xps:span> 
<xps:span class=deft>ε</xps:span> <xps:span class=defd>segment-segment energy 
parameter</xps:span> 
<xps:span class=deft>ζ</xps:span> <xps:span class=defd>packing fraction</xps:span> 
<xps:span class=deft>λ</xps:span> <xps:span class=defd>Mie-potential 
exponent</xps:span> 
<xps:span class=deft>Λij</xps:span> <xps:span class=defd>binary parameter for Mie-
potential exponents</xps:span> 
<xps:span class=deft>µ</xps:span> <xps:span class=defd>chemical potential</xps:span> 
<xps:span class=deft>ρ</xps:span> <xps:span class=defd>density</xps:span> 
<xps:span class=deft>σ</xps:span> <xps:span class=defd>segment diameter</xps:span> 
 
Subscripts 
<xps:span class=deft>a</xps:span> <xps:span class=defd>attractive</xps:span> 
<xps:span class=deft>a,b,i,j,k,l,q</xps:span> <xps:span class=defd>indices</xps:span> 
<xps:span class=deft>c</xps:span> <xps:span class=defd>critical</xps:span> 
<xps:span class=deft>r</xps:span> <xps:span class=defd>repulsive</xps:span> 
<xps:span class=deft>w</xps:span> <xps:span class=defd>index of reference 
component</xps:span> 
 
Superscripts 
<xps:span class=deft>eq</xps:span> <xps:span class=defd>equilibrium</xps:span> 
<xps:span class=deft>HS</xps:span> <xps:span class=defd>hard sphere</xps:span> 
<xps:span class=deft>L</xps:span> <xps:span class=defd>liquid</xps:span> 
<xps:span class=deft>V</xps:span> <xps:span class=defd>vapour</xps:span> 
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Fig. 1. Interfacial tension apparatus, where the gas cylinder provides pressurised pure Ar or 
the equimolar (CO2 + Ar) gas mixture to the view cell. C1: optical cell with stirrer; P1, P2: 
high-pressure Quizix pumps; P3: vacuum pump; TT: platinum resistance thermometer 
(Pt100); PT: flow-through pressure transducer; N1, N2: injection ports; V1, V2, V3: high-
pressure valves; V4, V5, V6: three-way valves; V7: four-way switch; V8: rupture-disc safety 
head; V9: relief valve. 
 

  



  

 

Fig. 2. Interfacial tensions γ as a function of pressures p for the (H2O + CO2) system. 
Experimental data from Georgiadis et al. [65]: �, T = 297.9 K; �, T = 312.9 K; ����, T = 
333.5 K; �, T = 343.3 K; �, T = 374.3 K; –––, SAFT-VR Mie + SGT calculations at the 
experimental temperature. 
 

 



  

  

  

Fig. 3. Interfacial tensions γ as a function of pressure p for the (H2O + CO2) system. 
Experimental data extrapolated to zero salt molality from Li et al. [67] : �, T = 323.15 K; �, 
T = 343.15 K; ����, T = 373.15 K; �, T = 393.15 K; �, T = 423.15 K; ����, 448.15 K; –––, SAFT-
VR Mie + SGT calculations at the experimental temperature. 



 

Fig. 4. Difference ∆γ = (γexp - γcalc) between experimental interfacial tensions γexp of the (H2O 
+ CO2) system and values γcalc calculated using our SAFT-VR Mie + SGT approach: ����, 
T = 297.9 K; ����, T = 312.9 K; �, T = 323.15 K; ����, T = 333.5 K; �, T = 343.15 K; �, 
T = 343.3 K; �, T = 373.15 K; ����, T = 374.3 K; ����, T = 393.15 K; �, T = 423.15 K; and 	, T 
= 448.15 K. Error bars show the expanded uncertainty of data from Georgiadis et al. Dashed 
lines represent the average absolute deviation of the calculations from the experimental 
data. 
 



 

Fig. 5. Interfacial tensions γ at pressures p for (H2O + N2). This work: �, T = 298.15 K; �, 
T = 323.15 K; �, T = 373.15 K; �, T = 448.15 K; –––, SAFT-VR Mie + SGT calculations; ����, 
surface tensions for pure water [86, 88]. Literature data from Wiegand and Franck [69] 
(shown in red): 	, T = 298.15 K; �, T = 373.15 K. Literature data from Tian et al. [70] 
(shown in blue): �, T = 298.15 K; �, T = 373.15 K. Literature data from Yan et al. [71] 
(shown in green): �, T = 298.15 K and �, T = 373.15 K. 
 

 



Fig. 6. Difference ∆γ = (γexp - γcalc) between experimental interfacial tensions γexp of the (H2O 
+ N2) system and values γcalc calculated using our SAFT-VR Mie + SGT approach. This 
work: �, T = 298.15 K; �, T = 323.15 K; �, T = 373.15 K; �, T = 448.15 K. Literature data 
from Wiegand and Franck [69] (shown in red): 	, T = 298.15 K; �, T = 373.15 K. Literature 
data from Tian et al. [70] (shown in blue): �, T = 298.15 K; �, T = 373.15 K. Literature data 
from Yan et al. [71] (shown in green): �, T = 298.15 K and �, T = 373.15 K. Dashed lines 
represent the average absolute deviation of the calculations from the experimental data. 
 

 

Fig. 7. Interfacial tensions γ at pressures p for (H2O + Ar). This work: �, T = 298.15 K; �, 
T = 323.15 K; �, T = 373.15 K; �, T = 448.15 K; ����, T = 473.15 K; –––, SAFT-VR Mie + 
SGT calculations; ����, surface tensions for pure water [86, 88]. Literature data from Wiegand 
and Franck [69] (shown in red): 	, T = 298.15 K; ▬, T = 373.15 K.  
 
 



 

Fig. 8. Difference ∆γ = (γexp - γcalc) between experimental interfacial tensions γexp of the (H2O 
+ Ar) system and values γcalc calculated using our SAFT-VR Mie + SGT approach. This 
work: �, T = 298.15 K; �, T = 323.15 K; �, T = 373.15 K; �, T = 448.15 K; ����, T = 473.15 
K. Literature data from Wiegand and Franck [69] (shown in red): 	, T = 298.15 K; ▬, 
T = 373.15 K. Dashed lines represent the average absolute deviation of the calculations 
from the experimental data. 
 
 

  



  

Fig. 9. Interfacial tensions γ at pressures p for the (H2O + CO2 + N2) system. Experimental 
data: �, T = 298.15 K; �, T = 323.15 K; �, T = 373.15 K; �, T = 448.15 K;–––, SAFT-VR 
Mie + SGT calculations. 
 

  

  

Fig. 10. Interfacial tensions γ at pressures p for the (H2O + CO2 + Ar) system. Experimental 
data:  �, T = 298.15 K; �, T = 323.15 K; �, T = 373.15 K; �, T = 448.15 K;–––, SAFT-VR 
Mie + SGT calculations.  
 
 



 

Fig. 11: Density profile of the (CO2 + H2O) system calculated from SAFT-VR Mie + SGT at: 
(a) 297.90 K and 5.01 MPa; (b) 297.90 K and 14.99 MPa; (c) 374.30 K and 5.00 MPa; (d) 
374.30 K and 20.00 MPa. Profiles are indicated as a function of interfacial width (z) from the 
vapour side (left) to the liquid side (right). Red denotes CO2 and blue denotes H2O. The 
dashed vertical lines indicate the transition from bulk to interfacial densities. 
 
  

 



Fig. 12: Density profile of the (Ar + H2O) system calculated from SAFT-VR Mie + SGT at 
298.00 K and 20.11 MPa. Profiles are indicated as a function of interfacial width (z) from the 
vapour side (left) to the liquid side (right). Orange denotes Ar and blue H2O. The dashed 
vertical lines indicate the transition from bulk to interfacial densities. 
 
 

 

Fig. 13: Density profile of the (Ar + CO2 + H2O) system calculated from SAFT-VR Mie + SGT 
at: (a) 297.80 K and 5.03 MPa; (b) 298.00 K and 40.36 MPa; (c) 373.10 K and 5.00 MPa; (a) 
373.00 K and 40.20 MPa. Profiles are indicated as a function of interfacial width (z) from the 
vapour side (left) to the liquid side (right). Orange denotes Ar, red CO2 and blue H2O. The 
dashed vertical lines indicate the transition from bulk to interfacial densities. 
 
 



 

Fig. 14: Density profile of the (N2 + CO2 + H2O) system calculated from SAFT-VR Mie + SGT  
at 298.17 K and 5.07 MPa. Profiles are indicated as a function of interfacial width (z) from 
the vapour side (left) to the liquid side (right). Green denotes N2, red CO2 and blue H2O. The 
dashed vertical lines indicate the transition from bulk to interfacial densities. 
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Table 1. Previous modelling studies for the interfacial properties of (H2O + CO2), (H2O + N2), 
(H2O + Ar) and (H2O + N2 + CO2); here, T and p refer to the temperature and pressure 
ranges examined, respectively.  

System T [K] p [MPa] Approach Equation of State Year Ref 

H2O + CO2 - - SGT PR 1993 [28] 

H2O + CO2 313 0 to 25 LGT SRK 2001 [30] 

H2O + CO2 298.15 to 318.15 0 to 5.9 Cahn-Type PR 2007 [29] 

H2O + CO2 297.9 to 373.3 1 to 60 DFT SAFT-VR [37] 2010 [31] 

H2O + CO2 287 to 313 0.1 to 25 SGT SAFT-VR Mie 2006 [38] 2010 [14] 

H2O + CO2 300 to 383 0 to 30 Simulation - 2012 [32] 

H2O + CO2 298.2 to 333.2 0 to 25 SGT PCP-SAFT [39] 2012 [25] 

H2O + CO2 297.8 to 374.3 1.01 to 60 LGT CPA 2013 [33] 

H2O + CO2 298.15 to 398.15 0.1 to 60 SGT sPC-SAFT [40] 2014 [26] 

H2O + CO2 298.15 to 303.15 0 to 25 Simulation SAFT-γ Mie [41] 2014 [34] 

H2O + CO2 284.15 to 312.15 1 to 6 SGT CK-SAFT [42] 2014 [35] 

H2O + N2 298.15 to 373.15 1 to 30 LGT SRK [43] 2001 [30] 

H2O + N2 298.15 to 373.15 1 to 30 LGT CPA [44] 2013 [33] 

H2O + N2 298.15 to 373.15 1 to 30 LGT CPA 2015 [36] 

H2O + Ar 298.15 to 318.15 0 to 8 Cahn-Type PR [45] 2007 [29] 



H2O + N2 + CO2 298.15 to 373.15 1 to 30 LGT CPA 2013 [33] 

 
 
Table 2. Previous studies for the interfacial tension of (H2O + CO2), (H2O + N2), (H2O + Ar), 
and (H2O + N2 + CO2); here, T and p refer to the temperature and pressure ranges 
examined, respectively. 

System T [K] p [MPa] Year Ref 

H2O + CO2 298 to 374 1 to 60 2010 [65] 
H2O + CO2 323 to 448 2 to 50 2012 [66, 67] 
H2O + CO2 298 to 448 1 to 60 2015 [68] a 
H2O + N2 298 to 573 20 to 280  [69] 
H2O + N2 298 to 473 10 to 100  [70] 
H2O + N2 298 to 373 1 to 30  [71] 
H2O + N2 298 to 448 2 to 40 2015 [68] 
H2O + Ar 298 to 473 10 to 100  [69] 
H2O + N2 + CO2 298 to 373 1 to 30  [71] 
H2O + N2 + CO2 298 to 448 2 to 40 2015 [68] 
a reanalysis of the raw data from references [65-67]. 

 
 
Table 3. Description of chemical samples, where x denotes mole fraction of a single 
substance or a mixture of defined composition and ρe denotes electrical resistivity. 

Chemical name Source Purity Additional 
purification 

Carbon dioxide BOC x ≥ 0.99995 None 
Argon BOC x ≥ 0.99998 None 
(0.5027 Ar + 0.4973 CO2) BOC x ≥ 0.99995 None 
Water Millipore Direct-Q 

UV3 apparatus 
ρe ≥ 18 MΩ·cm at 
T = 298 K 

Vacuum degassed 

 
 
Table 4.  Critical temperature Tc, critical pressure pc and acentric factor ω of the pure 
components studied in this work [88].  

Component Tc/K pc/MPa ω 
Ar 150.86 4.898 –0.004 
CO2 304.13 7.3773 0.22394 
H2O 647.10 22.064 0.34430 
 
 
Table 5.  Binary interaction parameters kij and Henry’s constants Hij for use in the PR-NRTL 
model, where sat

OH2
p  is the vapour pressure of pure water at temperature T. 

Table 6. Interfacial tension γ for (H2O + Ar) at temperatures T and pressures p, with 
calculated density difference ∆ρ. a 

p ∆ρ γ ∆ρ γ ∆ρ γ 
[MPa] [kg·m-3] [mN·m-1] [kg·m-3] [mN·m-1] [kg·m-3] [mN·m-1] 



 T = 298.01 K T = 323.16 K T = 373.28 K 
2 965.3 71.6 958.8 67.1 933.3 58.5 
5 916.5 69.7 914.2 65.7 896.3 57.2 
10 832.9 67.4 839.1 63.2 833.6 55.5 
15 748.7 65.3 764.4 61.1 772.4 53.9 
20 665.1 63.3 692.5 59.4 714.0 52.7 
25 590.7 61.9 624.6 57.9 657.8 51.6 
30 522.0 60.7 561.2 56.5 605.0 50.8 
40 405.9 58.6 457.0 54.5 510.2 49.3 
50 316.7 57.0 366.9 53.3 430.0 48.2 

 T = 448.07 K T = 473.53 K   
2 871.6 43.1 843.8 37.3   
5 841.7 42.5 815.9 36.5   
10 792.4 41.3 770.2 35.6   
15 744.4 40.3 725.4 34.8   
20 698.1 39.5 682.9 34.1   
25 653.9 38.8 642.7 33.7   
30 612.3 38.3 602.8 33.1   
40 534.4 37.3 531.0 32.9   
50 464.7 36.6 500.1 32.8   
a Expanded uncertainties at 95 % confidence are U(T) = 0.05 K, U(p) = 70 kPa, and U(γ) = 
0.016γ. 
 
 
Table 8. Pure-component parameters in SAFT-VR Mie used in this work. Here, m is the 
number of segments of diameter σ making up a molecular chain of segments interacting 
through a Mie potential with repulsive exponent λr and attractive exponent λa and a well-
depth of ε; Ntypes is the number of site types and Nsites is the number of sites of each type, 
interacting with an association energy of εHB and a volume of K between sites of unlike type. 

Comp. m σ 
[Å] 

λr λa ε/kB 
[K] 

Ntypes / Nsites εHB/kB 
[K] 

K 
[Å3] 

Ref. 

H2O 1.0000 3.0555 35.823 6.00 418.00 2/2 1600.00 496.66 [49] 
CO2 1.6939 3.0471 18.131 6.00 236.12 - - - [102] 
N2 1.4214 3.1760  9.875 6.00  72.44 - - - [102] 
Ar 1.0000 3.4038 12.085 6.00 117.84 - - - [102] 
 
 
Table 9.  Binary parameters used with SAFT-VR Mie in this work between H2O (component 
1) and other components in the mixture. Here, kij are the binary parameters in equation 28, 
Nsites are the number sites interacting with one site type on H2O with an energy of εHB and a 
volume of K, and Γij are the binary parameters in equation 29.  
Table 10. SGT influence parameters a1 and a0 for the components studied in this work. 

Component aii
1 [J m5 mol–2 K–1] aii

0 [J m5 mol–2] 
H2O 9.749⋅10–24 9.624⋅10–21 
CO2 3.189⋅10–23 –9.473⋅10–21 
N2 2.723⋅10–23 –8.078⋅10–21 



Ar 5.640⋅10–24 –1.040⋅10–21 

 
 
Table 11.  Average absolute relative deviations ∆AAD between experimental interfacial 
tensions and values calculated from the SAFT-VR Mie + SGT approach for isotherms at 
temperatures T, and overall average absolute relative deviations ∆AAD,overall for each system 
investigated. 
 

System Literature ∆AAD,overall T ∆AAD 
 source [%] [K] [%] 

298 8.2 
313 4.9 
323 4.4 
333 6.6 
343 4.6 
373 2.9 
393 2.5 
423 1.9 

(H2O + CO2) [65-68] 4.2 

448 4.7 
298 2.6 
323 2.1 
373 0.7 

(H2O + N2) [68] 1.5 

448 0.5 
298 1.0 
323 1.3 
373 0.3 
448 0.4 

(H2O + Ar) This work 1.8 

473 1.4 
298 5.1 
323 5.1 
373 2.8 

(H2O + CO2 + N2) [68] 3.6 

448 1.5 
298 19 
323 12 
373 5.4 
448 2.1 

(H2O + CO2 + Ar) This work 7.9 

473 0.6 
 
 


