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Abstract  

The deployment of more efficient and economical extraction methods and processing 

facilities of Oil and Gas requires the accurate knowledge of the interfacial tension (IFT) of 

fluid phases in contact. In this work, the capillary constant a2
 of binary mixtures containing 

n-decane and common gases such as carbon dioxide, methane and nitrogen was measured. 

Experimental measurements were carried at four temperatures (313, 343, 393 and 442 K) and 

pressures up 69 MPa, or near the complete vaporization of the organic phase into the gas-rich 

phase. To determine accurate IFT values, the capillary constants were combined with 

saturated phase density data measured with an Anton Paar densitometer and correlated with a 

model based on the Peng-Robinson 1978 equation of state (PR78 EoS). Correlated density 

showed an overall percentage absolute deviation (%AAD) to the measured data of (0.2 to 0.5) 

% for the liquid phase and (1.5 to 2.5) % for the vapour phase of the studied systems and P-T 

conditions.  

The predictive capability of models to accurately describe both the temperature and 

pressure dependence of the saturated phase density and IFT of 16 (gas + n-alkane) binary 

mixtures was assessed in this work by comparison with data gathered from the literature and 

measured in this work. The IFT models considered include the Parachor, the Linear Gradient 

Theory (LGT) and the Density Gradient Theory (DGT) approaches combined with the 

Volume-Translated Predictive Peng-Robinson 1978 EoS (VT-PPR78 EoS). With no 

adjustable parameters, the VT-PPR78 EoS allowed a good description of both solubility and 

volumetric properties of the mixtures measured in this work, with deviations to measured 

density data only slightly higher than those of correlated data. The best IFT predictions were 

obtained with the DGT method with an overall %AAD between (4.9 and 8.3) % for all 

systems considered and IFT data no lower than 1.5 mN.m
-1

. Furthermore, the impact of the 

relative adsorption of gas molecules in the interfacial region on the IFT was further 

investigated with the DGT. 

 

Keywords: interfacial tension, saturated density, VT-PPR78 EoS, Parachor method, linear 

gradient theory; density gradient theory.  
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1. Introduction 

Accurate knowledge of the interfacial tension (IFT) between adjacent phases is 

paramount in multiphase systems. It is used to identify and describe the behaviour and 

characteristics of interfacial phenomena and surface chemistry involved in numerous 

engineering applications throughout the chemical and petroleum industry [1–3]. This 

property is defined as the adhesive force (tension) exerted at the interface between two 

phases. This force keeps the fluids together and it is generally expressed as the force at the 

interface per unit length in units of dyne.cm
-1

 or mN.m
-1

.  

In many chemical engineering processes, such as distillation, adsorption and 

extraction, to name just a few, the interfacial tension is decisive in the control of mass and 

heat transfer between fluids and hence, it greatly influences the design of processes 

equipment [4,5]. This property also affects the quality of products such as glues, coatings, 

paints, agrochemicals, drugs and detergents [2]. With respect to the petroleum industry, 

interface phenomena influences most, if not all, processes involved in the extraction and 

refining of crude oil, from the optimization of reservoir engineering schemes to the design of 

petrochemical facilities. For example, it is well established that several rock properties such 

as wettability, capillary pressure and relative permeabilities strongly depend on IFT. As a 

result, the IFT is a key parameter which determines the distribution of hydrocarbons in the 

pore spaces of a reservoir rock, and in turn, the amount of oil produced [1,3]. 

Several studies have shown that lowering the IFT between the displacing and in-place 

fluids in enhanced oil recovery (EOR) processes reduces the capillary forces. This reduction 

improves the mobility of hydrocarbon reservoir fluids resulting in higher recovery 

efficiencies [6–12]. Surfactant flooding schemes and miscible gas injection processes are 

among the most commonly used EOR techniques. The latter is of particular interest for the 

present work. In a miscible gas injection process, the reduction of the oil-gas IFT is achieved 

as a result of enhanced mutual miscibility between the phases at high pressures. In general, 

the injected gas is rich in carbon dioxide and may contain other common gases such as 

methane and nitrogen. Wagner and Leach’s [13] measurements confirmed that the residual 

oil saturation is significantly influenced by the variation of the IFT in methane-n-pentane 

systems. Other studies [14–16] revealed that liquid loss to the formation in gas condensate 
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reservoirs can be considerably reduced by maintaining flow rates at low IFT values (<0.1 

mN.m
-1

). Knowledge of the interfacial tension is also needed to obtain more realistic 

representations of the slip between phases in dynamic multiphase flow simulations [17]. All 

aspects being considered, accurate estimation of the effect of pressure, temperature and 

composition on the IFT is necessary for the design and/or optimization of production and 

recovery processes of petroleum technology.  

The IFT of reservoir fluids is commonly measured by the Capillary Rise (CR) and 

Pendant Drop (PD) techniques. The latter was used in our previous work [18] for measuring 

the carbon dioxide/water IFT over a broad range of conditions, with measured IFT values 

ranging from (68.52 to 12.65) mN.m-1. In the context of the PD technique, a water droplet 

was formed at the tip of a capillary tube in a high pressure cell and kept in equilibrium in a 

CO2 atmosphere. The Asymetric Drop Shape Analysis (ADSA) method of pendant drops was 

then used together with saturated density data to calculate the interfacial tension values. The 

diameter of the capillary tube can be used to control the drop size. Accurate measurement of 

IFT with the PD method requires a sufficiently large density difference between the phases to 

elongate the drop, reducing the errors that arise from the determination of the droplet 

characteristic dimensions [19,20]. For this reason, the CR technique is in general preferred 

for systems near critical conditions, where the density difference and the IFT values are 

considerably lower. The CR method relies on the fundamentals of capillarity and on the rise 

of fluids in capillary tubes, which in turn, depends upon the interfacial tension. In other 

words, the IFT is calculated by relating the column of liquid above the flat liquid surface and 

the pressure gradients that induce the fluids to move inside the capillary tube. This method 

has been widely used in the literature to measure the surface tension (ST) of pure substances 

and interfacial tension of multicomponent mixtures of interest to the petroleum industry. Of 

particular interest for this work is the study of Weinaug and Katz [21] who investigated the 

interfacial tension of methane-n-propane mixtures with this technique for temperatures up to 

363.2 K and pressures ranging from 10.34 MPa down to ambient, with measured IFT values 

ranging from (12.13 to 0.50) mN.m
-1

. Swartz [22] performed interfacial tension 

measurements of gas saturated crude oil at 304 K and values ranged from (28 to 4) mN.m
-1

. 

More recently, Baidakov and co-workers [23] (and references within) measured the 

interfacial tension in cryogenic and light hydrocarbon systems via the capillary constant (a
2
) 
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determined from capillary tubes with different internal diameters. Overall, this method is 

simple and accurate for application in systems at/or near critical conditions, where the IFT is 

low, and it can be easily implemented at high pressure and temperatures conditions. 

Another important aspect to consider is the density of the saturated phases used in the 

calculation of the IFT values. For systems with relatively low mutual solubility such as 

(hydrocarbon + water) and (nitrogen + water) mixtures, the density of the saturated phases 

has been commonly approximated to that of pure substances [24–27]. However, for more 

miscible systems such as (carbon dioxide + water) [18,28] and (carbon dioxide + n-alkanes) 

[29], studies have shown that these approximations can lead to inaccurate IFT values in 

particular at high pressures. Hence for these cases, a more rigorous approach consists on 

assessing the dissolution of the phases into each other and its effect on the density through 

integrated experimental measurements or estimated with models and correlations.  

A brief literature review carried by Nourozieh et al. [30] showed that experimental 

saturated density data of the carbon dioxide (CO2) and n-decane system are still scarce, with 

most studies limited to the saturated liquid phase and a temperature of 344 K. The most wide-

ranging study was reported by Reamer and Sage [31] who measured the volumetric 

properties of this system for temperatures over the range (278 to 511) K and at pressures up 

to 69 MPa. Nagarajan and Robinson [32], Shaver et al. [33] and Mejía et al. [34] have also 

reported saturated phase densities of this system for temperatures up to 377 K and pressures 

up to near the critical point. Saturated density data of methane (CH4) and nitrogen (N2) with 

n-decane are also, to the best of our knowledge, still limited to the works of Sage and co-

workers [35,36], Amin et al. [37] and Jianhua et al. [38]. As a result, the experimental 

investigation of the IFT in these systems is also, in most cases, limited to the studies listed 

above. Only recently, Georgiadis et al. [39] extended the IFT measurements between CO2 

and n-alkanes, including n-decane, to a broader range of temperatures. Using the PD method, 

the authors measured the IFT of (CO2 + n-decane) at temperatures ranging from (298 to 443) 

K and pressures up to 15 MPa. However, reported IFT values were obtained using pure 

compound densities for the bulk phases, which can lead to an under/over estimation of the 

IFT, as mentioned above and indicated also by the authors in their original work. 
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This communication aims at filling the experimental gap and extending the IFT and 

saturated density measurements of CO2, CH4 and N2 with n-decane. Measurements were 

carried out at temperatures over the range (313-442) K and pressures up to 69 MPa, and both 

the equipment and methodology were validated through comparison with selected 

experimental data available in the literature [31–40]. The densities of the saturated phases 

were measured with a high pressure densitometer and the data correlated with a 

thermodynamic phase behaviour model based on the Peng Robinson 1978 equation of state 

(PR78 EoS) [41]. The differential capillary rise technique was used for measuring the 

capillary constant a
2
 and combined with modelled density data to calculate the IFT values. 

Furthermore, the predictive capabilities of theoretical approaches such as the Parachor 

[42,43], the Density Gradient Theory (DGT) [44,45] and the Linear Gradient Theory (LGT) 

[46,47] were assessed against IFT data measured in this work and available in the literature 

[21,29,38,48–54]. Vapour-liquid equilibria (VLE) of the mixtures were predicted with the 

PPR78 model (Predictive 1978, Peng-Robinson EoS) developed by Jaubert and co-workers 

[55–59]. Density predictions using this EoS were improved by using the concept of volume 

translation for classical cubic EoS [60,61] and the volume corrections calculated with the 

correlation developed by Miqueu et al. [62]. As it will be shown, the overall lowest 

deviations to measured IFT data were provided with the DGT approach. 
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2. Experimental Section 

2.1. Materials 

The specification and sources of the chemicals used in this work are summarized in 

Table 1. Toluene and n-heptane were used in this work for cleaning purpose only. All 

chemicals were used without further purification. 

Table 1. Suppliers and specification as stated by the supplier of the materials used in this study. 

Chemical Name Supplier Mass fraction purity 

Carbon dioxide BOC 0.99995 

Methane BOC 0.99995 

Nitrogen Air Products 0.9999 

n-Decane Acros Organic >0.99 

n-Heptane  RathBurn Chemicals >0.99 

Toluene Fischer Scientific >0.995 

2.2. Apparatus 

The IFT and equilibrium densities of (gas + n-decane) mixtures were measured with 

the experimental facility illustrated schematically in Figure 1. It consists of a 500 cm
3
 high-

pressure see-through windowed equilibrium cell (A) with two fluid ports (A1 and A2), a U-

shape vibrating-tube densitometer (B) Model DMA HPM and evaluation unit (C) Model 

mPDS 5, both manufactured by Anton Paar, a 100 cm3 small movable piston (D), two check 

valves (E1 and E2) Model 720.4631, manufactured by Sitec with an opening pressure between 

(0.01 and 0.02) MPa, two 300 cm
3
 sample pistons (F1 and F2) and an automatic high pressure 

positive displacement DBR pump system (G) with a maximum capacity of 500 cm
3
. 



  

8 

 

 

 

Figure 1. Illustrative scheme of the experimental facility based on the CR method. In the scheme the following 

are annotated: high-pressure see-through windowed equilibrium cell (A); fluid ports (A1 and A2); U-shape 

vibrating-tube densitometer (B) and evaluation unit (C); 100 cm
3
 movable piston (D); check valves (E1 and E2); 

300 cm3 sample pistons (F1 and F2) and automatic high pressure DBR pump system (G). 

The high-pressure equilibrium cell (A) is designed to hold pressures up to 103.4 MPa 

and temperatures up to 473 K. A magnetic stirrer positioned at the bottom of the cell helps to 

minimize potential temperature gradients within the sample in the cell and provides a good 

homogenization of the system. Two capillary glass tubes, with inner diameter (i.d.) of 0.396 

and 0.986 mm, are positioned inside the cell by means of a custom-build stainless steel 

circular holder. To determine the i.d., several pictures of the capillary tubes were taken with 

an USB camera fitted with magnifying lenses and the images analysed in a computer screen. 

The magnification ratio and a reference length were used to calculate the i.d. of the tubes 

from each picture and the values averaged accordingly. Taking into account all uncertainties 

and from dispersion of the calculated values, we estimated a standard uncertainty of ± 0.003 

mm for the i.d. of the tubes. 

The fluid port A1 of the cell is connected to the densitometer (B) by means of 0.29 

mm i.d. high-pressure tubing with measured length of 3 m which ensures a minimum volume 
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of approximately 0.2 cm3. Two check valves (E1 and E2) and a movable piston (D) controlled 

by an automatic DBR pump (G) enables a closed loop flow of fluids between the equilibrium 

cell and the densitometer. Turning the equilibrium cell upside down allows the density 

measurement of either the saturated liquid or vapour phase. All parts described before are 

housed inside an oven, manufactured by Cincinnati Sub-Zero Model Z-16, with an overall 

temperature control stability of ± 0.1 K.  

The pressure was monitored by means of a pressure transducer (Quartzdyne Series I) 

connected to valve V1 and previously calibrated against a dead weight pressure balance. This 

calibration procedures ensures a standard uncertainty of u(P) = 0.04 MPa. The temperature 

was measured by a high precision built-in thermometer in the densitometer with a specified 

standard uncertainty of u(T) = 0.1 K. The temperature readings from the densitometer were 

checked against a Prema 3040 high precision thermometer and deviations were observed to 

be within the densitometer uncertainties. Methane, nitrogen, carbon dioxide and degassed n-

decane are stored in 300 cm3 sample pistons and loaded into equilibrium cell through valves 

V1, V2 and V3 and fluid port A1. The back pressure in both the sample pistons (F1 and F2) and 

movable piston (D) are controlled by means of a DBR pump system (G) and valves V4 and 

V5.   

An image capturing system (not shown in Figure 1) was used to measure the height 

of the liquid rise in the capillaries. It consists of a camera (Cohu Model DSP 3600) mounted 

in a structure capable of vertical displacement (cathetometer). High magnification lenses are 

fitted into the camera and images with a magnification factor higher than 15x are displayed in 

a computer screen. As an example, a picture taken with this setup is depicted in Figure 2. 

 

Figure 2. Picture obtained with the image capturing system of the liquid rise in the capillary tubes for the (CO2 

+ n-decane) mixture.  
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Once the difference of the liquid rise heights in the capillaries ∆h=h1-h2 is known, the 

capillary constant a2 and the IFT are calculated by: 

21

2

11 bb

h
a

−

∆
=           (1) 

2 ( )g

2

L V
a

IFT
ρ ρ−

=           (2) 

where b1 and b2 correspond to the radii of curvature of the two capillary tubes determined in 

this work by solving the Lane equation [63], ρ
L
 and ρ

V
 correspond to the density of the 

coexisting saturated liquid and vapour phases, respectively, and g is the gravitational 

acceleration (9.81589 m.s
-2

).  

2.3. Experimental Procedure 

The entire capillary rise apparatus was thoroughly cleaned with toluene and n-heptane 

and then dried with compressed air. Once the entire apparatus had been tested for leaks, it 

was kept under vacuum at 333 K. This cleaning procedure was repeated before loading a new 

mixture into the system and helped to remove surface active impurities. The desired 

temperature was set and let to stabilize overnight. 

  For each binary mixture, sufficient n-decane was transferred from the sample piston 

to the equilibrium cell through port A1 of the equilibrium cell as depicted in Figure 1. 

Sufficient liquid hydrocarbon was introduced into the system until (1/4 to 1/3) of the length 

of the capillary glass tubes was covered. The desired pressure inside the cell was set by 

injecting pure gas (i.e., methane, carbon dioxide or nitrogen) into the equilibrium cell and 

controlling the back pressure of the sample pistons. For each pressure/temperature state, 

valves V1, V4 and V5 were kept closed and the content of the cell was stirred until pressure 

and temperature readings were stabilized. Once equilibrium was achieved, normally after 10 

min, stirring was stopped and the liquid rise in each capillary tube was measured.  

 The saturated liquid density was measured by displacing the phase in the equilibrium 

cell into the densitometer whilst stirring. Opening valve V5 and controlling the movement of 

piston D with the aid of the DBR pump, allowed the saturated liquid phase to be displaced 

from the equilibrium cell into the densitometer, as depicted in Figure 1. The injection and 
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withdrawal of hydraulic fluid behind piston D were performed at a constant rate of 100 cm3.h-

1
 with the control software of the pump. The back-flow of fluids from the densitometer to the 

equilibrium cell was prevented by means of check valves E1 and E2. Generally 4-5 cycles (~5 

cm
3
/each) allowed a complete renewal of the fluids inside the densitometer with a total 

pressure change in the system of not more than 0.1 MPa at each stroke, ensuring that the 

equilibrium conditions were maintained. Following this, the cycling was stopped, valve V5 

closed and the resonance period of the vibrating tube (τ) recorded after a 5 minutes period of 

stabilization. As followed in a previous study [18], the density (ρ) of the liquid phase was 

computed by: 

2

1 2
D Dρ τ= −            (3) 

where D1 and D2 are the temperature and pressure dependent densitometer parameters. 

Similarly, the density of the saturated vapour phase was measured by turning the cell upside 

down and repeating the procedure described above. 

The parameters D1 and D2 were calibrated against the density of carbon dioxide, 

methane, nitrogen and n-decane calculated from correlations given in REFPROP [64] for 

each P-T of interest. To check our calibration procedure, the density of the reference fluids 

was calculated at pertinent conditions with Eq. 3 and the percentage average absolute 

deviation (%AAD) to data [64] was found to be (0.26, 0.57, 0.49 and 0.05) %, for carbon 

dioxide, methane, nitrogen and n-decane respectively. Since gases are in general much more 

compressible and more sensitive to temperature and pressure changes, uncertainties in 

pressure (u(P) = 0.04 MPa) and temperature (u(T) = 0.1 K) can introduce significant 

variations on the density measurements. Furthermore, at low pressures it was difficult to 

obtain a highly reliable and stable reading of τ when the vapour phase in the binary mixture 

was circulated through the densitometer. This might be due to the retention of micro-droplets 

of the liquid phase in the densitometer which could not be completely displaced by the flow 

of the vapour phase alone. Hence, fewer points were obtained for the density of the vapour 

phase of the studied systems when compared to the liquid phase. Similar difficulties were 

highlighted by Chiquet et al. [28] when measuring the saturated density of the (CO2 + H2O) 

system. Overall, taking into account the uncertainties in pressure and temperature 

measurements and from observation of dispersion of the density measurements, we estimate a 
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combined expanded uncertainty of Uc(ρ) = 1.5 kg.m-3 and Uc(ρ) = 7.0 kg.m-3 for the density 

measurements of the liquid and vapour phases respectively, with a level of confidence of 

0.95. 

The generated densities were correlated with the PR78 EoS described in Appendix A. 

The adjustment of binary interaction parameters and the volume-translation technique within 

cubic EoSs [60,61] were employed for a correct description of the generated data. Originally 

proposed by Martin [60] and later developed by Peneloux et al. [61], the volume-translation 

concept aimed at improving the density predictions of classical two-parameter EoS, in 

particular the density of the saturated liquid phase. The method involves the introduction of a 

translation factor (volume correction) for each component within a mixture without any 

impact on the calculation of the equilibrium phase compositions. Optimized binary 

interaction parameters and volume corrections used for each system and temperature are 

listed in Table S1 in supporting information together with the calculated %AAD to 

experimental data.  Finally, IFT values were calculated with Eq. 2 using the measured 

capillary constants a2 and correlated density data at pertinent P-T conditions. 
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3. Model 

3.1. Parachor 

The Parachor model [42,43] and its derivatives are indeed the most successful and 

widely used approaches in the petroleum industry due to its simplicity and good description 

of the IFT of both simple and complex reservoir mixtures at high pressure and temperature 

conditions. In the Parachor approach, the interfacial tension can be correlated to the bulk 

density difference of the phases in equilibrium by the equation proposed by Macleod [42] and 

Sugden [43] for pure substances: 

1/ ( )E L V

chIFT P ρ ρ= −  (4) 

where Pch is the Parachor value, ρL and ρV are the liquid and vapour molar density of the 

coexisting saturated phases and E is the scaling exponent. Using the simple molar averaging 

technique, Weinaug and Katz [21] extended this model to mixtures by: 

1/E

,

1

(x )
compN

L V

ch i i i

i

IFT P yρ ρ
=

= −∑  (5) 

where xi and yi are the equilibrium mole fractions of component i in the liquid and vapour 

phases, respectively, and Pch,i is the Parachor of component i.  

A considerable volume of research and review works show in detail modifications for 

the scaling exponent, with values ranging from 3.45 to 4, and correlations for expressing the 

Parachor values as function of properties such as molecular weight, specific gravity or critical 

properties. Reviewed modifications can be found in the work of Ali [65]. In this work, we set 

E equal to 4 and the Parachor values of pure substance were calculated with the correlation 

proposed by Fanchi [66]. 

3.2. Density Gradient Theory 

The DGT is a more rigorous theoretical approach which has gradually been shown to 

be a good tool for predicting interfacial properties of a wide class of systems and interfaces. 

The reader is referred to previous studies [18,67] and references within for more details. In 

summary, the DGT approach is based on the use of phase equilibria properties of bulk phases 
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separated by a well-defined interface to compute the density distribution of each component 

across the interface and interfacial tension values. This theory has its origins in the work of 

van der Waals for inhomogeneous fluids [68], but only after the reformulation made by Cahn 

and Hilliard [44], it found its widespread use in the modelling of interfacial tension. 

Accordingly, the IFT between two equilibrated phases within the DGT framework is 

computed by: 

2 ( )
ji

ij

i j

dd
IFT c dz dz

dz dz

ρρ
ρ

+∞ +∞

−∞ −∞

= = ∆Ω∑∑∫ ∫  (6) 

.

0( ) ( ) Eq

i i

i

f pρ ρ ρ µ∆Ω = − +∑  (7) 

where ∆Ω is the variation of the grand thermodynamic potential, f0 is the Helmholtz free 

energy density of the homogeneous fluid at local density ρ, .Eq

iµ  are the pure component 

chemical potentials evaluated at the phase equilibrium conditions of the bulk phases, cij is the 

cross influence parameter and p is the equilibrium pressure. The cross influence parameters 

are related to pure component influence parameters cii and cjj by the mixing rule: 

jjiiijij ccc )1( β−=           (8) 

where βij is the binary interaction coefficient. When βij is set to zero, Eq. 8 is reduced to the 

simple geometric mixing rule and this makes the calculation of the interfacial tension fully 

predictive.   

Even though the influence parameters of pure substances cii and cjj can be derived 

from theoretical  expressions, its application to practical systems can be rather complicated as 

it requires the prior calculation of the radial density distribution function of a pure fluid in the 

homogeneous state [69–71]. To overcome this constraint, the parameters are commonly 

correlated from surface tension data. For practical purposes, several semi-empirical 

approaches have been developed and various EoS-dependent correlations have been reported 

in the literature [62,72–74] for the estimation of the influence parameter. This parameter 

increases slowly with increasing temperature but rapidly diverges near the critical point [62]. 

For this reason most approaches have considered this temperature dependency when 

combining the DGT with several EoSs. Among all, Miqueu et al. [62] derived a simple linear 
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correlation for the influence parameter of hydrocarbons, gases and refrigerants as a function 

of reduced temperatures (Tr=T/Tc) when using a volume-translated version of the original PR 

EoS. Due to its simplicity and applicability to the systems investigated, this expression was 

adopted for the estimation of the influence parameter of the substances in the present work. 

The expression has the following form [62]: 

1610

1.2326 1.3757
ii

ii

A
ω

−−
=

+
 (9) 

1610

0.9051 1.5410
ii

ii

B
ω

−

=
+

 (10) 

2/3

,

1ii i i ii ii

c ii

T
c A B a b

T

  
= − +   
   

 (11) 

where Tc,ii and ωii correspond to the critical temperature and acentric factor of component ii, 

respectively, and aii and bii are the energy and co-volume parameters of the PR78 EoS. 

In order to compute interfacial tension values with Eq. 6, the density distribution of 

each component (dρi/dz) needs to be determined. The profile of each component can be 

calculated by applying the minimization criterion of the Helmholtz free energy to planar 

interfaces and solving the set of Ncomp non-linear differential equations in a finite domain [0, 

L] defined as: 

2

.

12
( (z),..., (z))

j Eq

ij i N i

j

d
c

dz

ρ
µ ρ ρ µ= −∑   for i,j = 1…Ncomp (12) 

with ρi(z=0) = bulk vapour = ρi
V
 and ρi(z=L) =bulk liquid = ρi

L
  

In a recently published work [67], the system of non-linear equations was solved by 

casting the solution of the density profiles for a given length of the interface L and subsequent 

enlargement until the computed IFT variation was lower than 0.1 %. This procedure allows 

the computation of the density profiles in a mixture without any prior assumption on the 

distribution of the components across the interface. However, taking cij to be equal to the 

geometric mean greatly simplifies Eq. 12 and the problem to be solved is reduced to a system 

of algebraic equations. For a binary mixture the problem is defined as: 
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11 2 1 2 2 22 1 1 2 1( ( , ) ) ( ( , ) )
Eq Eq

c cµ ρ ρ µ µ ρ ρ µ− = −    (13) 

It is clear from the previous simplification that the density profile of each component 

can be computed as roots of the algebraic equation Eq. 13, i.e., the density of one component 

(dependent variable) can be described as function of the density of the other one, in which the 

latter is used as an independent (reference) variable in a Newton-Raphson root finding 

scheme. The selection of the reference component density needs to be done with care, as it 

needs to be a monotonic function of z over the entire interfacial region [75–79]. Since it is not 

known beforehand whether or not the density of a component has a monotonic behaviour, 

and in order to avoid problems in finding the roots of Eq. 13, several authors [75–77] 

suggested that the selection of the independent variable can be alternated at each calculation 

step and the root finding calculation continued over the domain in which the density of the 

reference component is monotonically changing with z. As an example, this means that if one 

chooses ρ1 as reference, a turning point would be foreseen by the approach of the value of 

dρ1/dρ2 to zero for each increment of ρ1 and at this point one would merely change the 

reference variable to ρ2. More recently, Miqueu et al. [79–81] concluded that for non-

associating compounds and in vapour-liquid interfaces, the criteria for the selection of the 

reference variable can be done on the basis that the components with the lowest surface 

tension would have a tendency to accumulate in the interfacial region, while the density of 

the less volatile components would pass monotonically from the vapour to the liquid phase 

and hence, this component can be selected as reference variable. This method has been 

validated in binary and multicomponent hydrocarbon mixtures containing methane, nitrogen 

and carbon dioxide [73,79–81] and therefore, it was also adopted in this work. A detailed 

description of the method used for casting the roots of Eq. 13 can be found elsewhere [77–

79].  

Once the density profiles are known, the interfacial tension with the DGT can be 

calculated by solving the following integral over the density of the reference component ρ1 

and given by: 

1

1

2

2 2
1 2 22 12 11 1

1 1

2 ( , ) c 2c c

L

V

d d
IFT d

d d

ρ

ρ

ρ ρ
ρ ρ ρ

ρ ρ

    
 = ∆Ω + +   
     

∫    (14) 
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 Moreover, the coordinates in density space can be transformed to location space and 

the density profiles represented in the z domain by:  

1

0
1

2

2 2
22 12 11

1 1
0

1 0 1 1

1 2

c 2c c

( ) ( )
2 ( , )

d d

d d
z z d

ρ

ρ

ρ ρ

ρ ρ
ρ ρ ρ

ρ ρ

    
+ +    

     = +
∆Ω∫    

(15) 

In addition to computing IFT values, the distribution of species across the interface 

can also be used to compute the local adsorption of molecules in the interface. Accordingly, 

the adsorption of species i on species j (Γij) can be calculated as defined by Gibbs from the 

following expression [82]: 

12 1 ( )C z dzα
+∞

−∞
Γ = − ∆∫    (16) 

where ∆C(z) is the symmetrical interface segregation at symmetrical concentrations αi 

defined as [83,84]: 

2 2 1 1

2 1

( ) ( )
(z)

L L
z z

C
ρ ρ ρ ρ

α α

− −
∆ = −    (17) 

1 2 1 2( ) ( )

L V

i i
i L L V V

ρ ρ
α

ρ ρ ρ ρ

−
=

+ − +
 (18) 

Complementarily, the adsorption isotherms can also be computed directly from 

experimental IFT data and bulk phase density by [85]: 

1 2 1 2
12

2 2( )

V L L V

L V

T

IFT

P

ρ ρ ρ ρ

ρ ρ

− ∂ 
Γ = −  

− ∂ 
 (19) 

where the values Γ12 can be directly compared with those predicted with Eq. 16 and the 

density profiles calculated with the DGT. In Eq. 16 and 19, Γ12 corresponds to the adsorption 

of component 1 relative to component 2, and hence the adsorption of component 2 is assumed 

to be zero.  
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3.3. Linear Gradient Theory  

To overcome the need for solving computational-demanding density profile equations 

and to speed up IFT calculations, Zuo and Stanby [46,47] developed the LGT. In the LGT 

framework, the density of each component across the interface is assumed to be linearly 

distributed and thus, the density distribution of each species can be readily calculated by: 

( )i
i

d z
D

dz

ρ
=    (20) 

( )L V

i i
iD

L

ρ ρ−
=    (21) 

where Di is a constant for each component i calculated from the density of the coexisting 

liquid ρ
L
 and vapour ρ

V
 phases separated by an interface of thickness L. With this assumption, 

the numerical effort inherent to the resolution of a set of equations for finding the density 

distribution of each component across the interface is eliminated.  

 Based on the linear distribution of densities across the interface, Zuo and Stanby [46] 

directly derived the influence parameter of the mixture c from the original DGT: 

1 1

comp compN N

ji
ij

i j

c c
ρρ

ρ ρ

∆∆
=

∆ ∆
∑ ∑    (22) 

where ∆ρi is the density difference of component i between the coexisting vapour and liquid 

phases and 
ijc is the cross influence parameter calculated with Eq. 8. However, Zuo and 

Stanby [47] concluded that the mixing rule in Eq. 22 is not suitable for high pressures and 

hence, suggested the following expression based on the classical van der Waals mixing rule 

for the energy parameter in cubic EoS: 

comp compN N

ij i j

i j

c c x x= ∑ ∑    (23) 

 where xi and xj correspond to the molar fraction of components i and j in the liquid phase and 

ijc is the cross influence parameter calculated with Eq. 8. 

 According to the LGT, the IFT can be computed similarly to the DGT by: 
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1 2 12 ( , )

L

V

IFT c d

ρ

ρ

ρ ρ ρ= ∆Ω∫    (24) 

 The LGT has been successfully applied in the modelling of the IFT of both weak and 

strong associating fluids and complex mixtures [46,47,86–91]. However, the correct 

description of the IFT of several systems required the use of temperature dependent binary 

interaction coefficients βij adjusted against experimental mixture data. This is particularly 

evident in systems such as (CO2 + hydrocarbon) [47] and (gas + water) [89–92] where the 

adsorption of molecules in the interface plays a key role on the IFT and thus, the linear 

distribution of the density profiles, and in turn, the mixing rules for the influence parameter 

(Eq.22 and Eq.23), are incapable of accurately describing the adsorption phenomena in the 

interfacial region. A complementary investigation of these results is also carried in the 

present work. 

In summary, in this work we compare the predictive capabilities of the DGT and LGT 

models by setting βij in Eq. 8 equal to zero and assessing the results against data measured in 

this work and from the literature, as well as with the predictions from the Parachor method 

(Eq. 5).  

3.4. Phase equilibrium model  

The procedure for modelling interfacial tension with the IFT models described above 

requires first an accurate description of the equilibrium properties of the two phases separated 

by the interface being considered at a given temperature and pressure. These properties were 

calculated by applying the criterion of equality of the chemical potentials of each component 

in the coexisting equilibrium phases [93] in combination with the Predictive Peng-Robinson 

1978 (PPR78) EoS developed by Jaubert and co-workers [55–59]. 

The PPR78 EoS [55–59] relies on the original PR EoS [41] as described in Appendix 

A and therefore, the simplicity and robustness of the model remains unchanged. However, 

unlike the classical PR EoS [41], where binary interaction parameters kij are usually adjusted 

against VLE data for an accurate description of bulk phase compositions, in the PPR78 model 

these parameters are predicted for each temperature using a group contribution concept. A 

total of 21 different groups have been established and validated by the authors against an 
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extensive database of VLE measurements. In summary, the PPR78 model can be used for 

estimating the kij of mixtures involving hydrocarbons, water, mercaptans and common gases 

(CO2, N2, H2S and H2) and accurately predicting the VLE over a wide range of experimental 

conditions.  

In order to obtain the best prediction possible for the density of the saturated phases, 

the volume-translation method was also used. Unlike the procedure followed in the 

Experimental Section of this work, volume corrections were estimated from methods 

available in the literature. Presently, several volume correction methods have been presented 

for cubic EoS, with approaches including the use of a constant correction term or temperature 

and density dependent correlations. For further discussion of these methods the reader is 

referred to the works of Abudour et al. [94,95] Considering all approaches, in this work we 

chose to use the expression derived by Miqueu et al. [62] for calculating the volume 

corrections of all systems investigated. This correction was chosen because of its simplicity 

and applicability to a wide range of substances, including the ones in this work.  

To summarize, the bulk equilibrium properties (VLE and densities) were computed in 

a fully predictive manner with the volume-translated PPR78 (VT-PPR78) EoS and used in 

the IFT models. The model was also used to evaluate ∆Ω within the DGT (Eq. 14) and LGT 

(Eq. 24) framework from fundamental thermodynamic relationships [73,89].  
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4. Results and Discussion 

4.1. Experimental Measurements 

4.1.1. Equilibrium densities 

The saturated densities of methane, nitrogen and carbon dioxide with n-decane were 

measured at temperatures of (313, 344, 393 and 443) K and pressures up to 68 MPa or near 

the complete vaporization of the liquid hydrocarbon and the results are presented in Tables 

S2 through S4 in supporting information. Measured densities were also compared to selected 

literature data [31–36,38] and to correlated density and the results are plotted in Figure 3. 

As can be seen in Figure 3, our density measurements are in quite good agreement 

with the data of Sage and co-workers [31,35,36], Nagarajan and Robinson [32], Shaver et al. 

[33], Mejía et al. [34] and Jianhua et al. [38] within the range studied. The largest deviation 

were observed between our measurements and those reported by Sage and co-workers [31] 

for the density of the saturated vapour phase at high pressures and low temperatures. Indeed, 

despite the excellent agreement with the density of the saturated liquid phase, results from 

Sage and co-workers [31] at 313 K suggest a lower density for the vapour phase of (CO2 + n-

decane) with increasing pressures. It is worthy of note that no comparison was performed 

with the data measured by Amin et al. [37] for the saturated density of (CH4 + n-decane) as 

quantitative results were not published in their original work nor made available at the time 

of this study.  

The PR78 EoS with binary interaction parameters and volume corrections listed in 

Table S1 in supporting information was capable of correlating the saturated density of the 

studied systems with relatively low deviations to the measured data. As listed in Table S1 

and depicted in Figure 3, the highest deviations were obtained for the density of the vapour 

phases, with a maximum %AAD of 3.6% obtained for the (CH4 + n-decane) system at the 

highest temperature. This approach also allowed correct description of the density of the 

vapour phase at low pressures, where a limited number of points were measured, as 

illustrated in Figure 3. Altogether, the PR78 EoS with adjusted parameters allowed a 

reproduction of the saturated density with an overall %AAD to measured data between (0.2 

to 0.5) % in the liquid phase and between (1.5 to 2.5) % in the vapour phase. These results 
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validate the adequacy of our method for estimating the density difference of the systems 

studied herein.  
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Figure 3. Saturated density-pressure diagrams of CH4 (a), CO2 (b) and N2 (c) with n-decane. Full symbols 

represent experimental data measured in this work: T = 313 K (�), T = 343 K (�), T = 393 K (�) and T = 442 
K (�). Empty symbols represent literature data: (a) Reamer and Sage [36], T = 311 K (����), T = 344 K (����) and 

T = 444 K (����); Sage et al. [35], T = 394 K (����); (b) Reamer and Sage [31], T = 311 K (����), T = 344 K (����) and 

T = 444 K (����); Nagarajan and Robinson [32], T = 344 K (����); Shaver et al. [33], T = 344 K ( ); Mejía et al. 

[34], T =344 K (����); (c) Jianhua et al. [38], T = 313 K (����). Solid lines represent correlated densities obtained 

with the PR78 EoS and parameters listed in Table S1 in supporting information at pertinent temperatures.  
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4.1.2. Interfacial tension 

The capillary constant a2 of three binary mixtures (CH4 + n-decane), (CO2 + n-

decane) and (N2 + n-decane) were measured in the temperature range (313-442) K and 

pressures up 69 MPa and the results combined with correlated density difference to estimate 

the IFT.  Capillary constants and IFT values are listed in Tables 2 through 4 for each P-T 

condition studied. A comparison between our measurements and data in the literature [32–

34,37–40] is shown in Figure 4. 

As depicted in Figure 4, our measurements are in quite good agreement with the 

measurements of Amin et al. [37] and Stegemeier et al. [40] for (CH4 + n-decane), Nagarajan 

and Robinson [32], Shaver et al. [33], Georgiadis et al. [39] and Mejía et al. [34] for (CO2 + 

n-decane) and Jianhua et al. [38] for (N2 + n-decane). In general, our measurements show that 

the IFT of the studied systems are slightly lower than data reported by others in the literature. 

The largest deviations were obtained between our measurements and those from Amin et al. 

[37] at low pressures for (CH4 + n-decane). However, data points from Amin et al.[37] at low 

pressures have been brought to question as the slope of their results suggest an IFT for this 

system at ambient pressure significantly higher than surface tension of n-decane at pertinent 

temperatures. As an example, we have plotted in Figure 4 (b) their measurements at 311 K 

(n-decane ST = 22.18 mN.m
-1

 at 311 K [64]). Moreover, it is worth mentioning that data 

measured by Georgiadis et al. [39] for (CO2 + n-decane) at 344 K and 443 K were 

recalculated using the approach adopted in this work for the density difference between the 

equilibrated phases and plotted in Figure 4 (c). It was found that the absolute difference 

between the recalculated and the original IFT data [39] had an average of 0.18 mN.m-1 

(%AAD = 3.7 %) and reached a maximum of 0.48 mN.m-1 (%AAD = 17.7%) at the highest 

temperature and pressure, where the density difference between the equilibrated phases 

reached the lowest value within the range studied. The reader is referred to our previous 

publication [18] for more details of the impact of the approximation to pure substance density 

on the IFT values. 

From Figure 4 it can be seen that the pressure increase leads to a reduction of the 

interfacial tension values in all systems investigated, more pronounced for the (CO2 + n-

decane) system. On the other hand, the temperature increase leads to a decrease of the IFT in 
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the (CH4 + n-decane) and (N2 + n-decane) systems over the entire pressure range, whereas a 

crossover was observed in the (CO2 + n-decane) system for pressures ranging from (5 to 10) 

MPa, where the impact of temperature on the IFT is less marked. In general, the dependence 

of the IFT on temperature is more pronounced at low pressures and gradually decreases with 

increasing pressures, as depicted in Figure 4. 

The combined expanded uncertainties in the interfacial tension measurements, Uc 

(IFT), are assessed by considering the effect of uncertainties on the measured capillary 

constants a
2
, U1 (IFT), and uncertainties on the estimation of the density of the equilibrated 

phases, U2 (IFT). 

U1(IFT) can be estimated by considering the impact of uncertainties of the 

cathetometer and dispersion of the measured difference of the liquid rise height in the 

capillary tubes ∆h. We estimated a combined expanded uncertainty for ∆h of Uc(∆h) = 0.010 

cm for measurements ranging from (1.876 to 0.129) cm, with a level of confidence of 0.95. 

The calculation of the expanded uncertainty of a
2
 depends not only of the i.d of the capillary 

tubes, but also of the magnitude of ∆h, and in turn, of the total pressure of the system. In our 

measurements, the combined expanded uncertainty of a
2 

was found to be Uc(a
2
) = 0.000331 

cm2, with a level of confidence of 0.95, yielding expanded relative uncertainties for this 

parameter between (0.5 to 0.7) % at low pressures and up to 8 % for pressures close to the 

complete evaporation of n-decane into the gas-rich phase, where ∆h reached the lowest 

values. Using the law of propagation of errors [96], U1 (IFT) can be estimated by:  

1/2
2

2 2

1 2
( ) ( )c

IFT
U IFT U a

a

 ∂ 
=    ∂  

 (25) 

1/2
2

2
2 2( ) ( )c c

a
U a U h

h

  ∂
 = ∆  ∂∆  

 (26) 

The second contribution, U2 (IFT), can be estimated by considering the deviations 

between correlated and measured density data for each system, phase and temperature of 

interest (Table S1 in supporting information).  The impact of uncertainties in temperature 

(u(T) = 0.1 K) and pressure (u(P) = 0.04 MPa) on the estimation of the density of the 

saturated phases are somewhat suppressed by the deviations of the model to measured data 
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and hence, were not considered. The expression for estimating U2 (IFT) has the following 

form [96]: 

1/2
2 2

2 2

2 ( ) ( ) ( )L V

c cL V

IFT IFT
U IFT U Uρ ρ

ρ ρ

    ∂ ∂
=  +     ∂ ∂    

 
(27) 

The combined expanded uncertainties in the IFT measurements estimated with a 

confidence level of 0.95, are shown in Tables 2 through 4 for each system and experimental 

condition, with values averaging (0.13, 0.12 and 0.14) mN.m
-1 

in the (CO2 + n-decane), (CH4 

+ n-decane) and (N2 + n-decane) systems, respectively. Overall, the expanded uncertainty of 

the IFT measurements increased with pressure, with estimated expanded relative 

uncertainties lower than 1.5% at low pressures and up to 11.3 % near the critical point, where 

IFT values are very low (<1.5 mN.m
-1

).  
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Figure 4. IFT-pressure diagrams of CH4 (a), CO2 (b) and N2 (c) with n-decane. Full symbols represent 

experimental data measured in this work: T = 313 K (�), T = 343 K (�), T = 393 K (�) and T = 442 K (�). 

Empty symbols represent literature data: (a) Stegemeier et al. [40], smoothed data T = 311 K (����); Amin et al. 

[37], T = 311 K (����); (b) Nagarajan and Robinson [32], T = 344 K (����); Shaver et al. [33], T = 344 K ( ); 

Georgiadis et al. [39], T = 344 K (����) and T = 443 K (�); Mejía et al. [34], T =344 K (����); (c) Jianhua et al. 
[38], T = 313 K (����). Data from Georgiadis et al. [39] were recalculated using the approach adopted in this work 

for the density difference between the equilibrated phases. 
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Table 2. Measured interfacial tension data of the (CH4 + n-decane) system. The density difference between 

equilibrated phases corresponds to correlated data using the PR78 EoS and parameters listed in Table S1 in 

supporting information. 

P /MPa a
2
 /cm

2
 ∆ρ / (kg.m

-3
) IFT / (mN.m

-1
) 

Experimental Error / (mN.m
-1

) 

U1 U2 Uc=U1+U2 

T = 313.3 K 
0.45 0.055604 716.8 19.56 0.12 0.04 0.16 

1.08 0.053354 709.6 18.58 0.12 0.04 0.16 

2.97 0.047465 687.4 16.01 0.11 0.03 0.14 

5.83 0.040651 652.2 13.01 0.11 0.03 0.14 

10.43 0.030826 592.2 8.96 0.10 0.03 0.13 

12.46 0.027056 565.0 7.50 0.09 0.03 0.12 

15.28 0.022493 526.8 5.81 0.09 0.03 0.12 

18.20 0.017667 487.0 4.22 0.08 0.02 0.10 

22.04 0.013141 434.3 2.80 0.07 0.02 0.09 

28.02 0.006550 349.2 1.12 0.06 0.01 0.07 

29.64 0.005008 324.8 0.80 0.05 0.01 0.06 

30.50 0.004485 311.5 0.69 0.05 0.01 0.06 

T = 343.2 K 
0.86 0.049980 687.8 16.87 0.11 0.09 0.20 

1.87 0.047895 677.1 15.92 0.11 0.09 0.20 

3.62 0.042900 658.1 13.86 0.11 0.08 0.19 
7.11 0.035523 618.5 10.78 0.10 0.07 0.17 

10.69 0.028974 575.7 8.19 0.09 0.06 0.15 

13.97 0.023981 534.9 6.30 0.09 0.05 0.14 

17.34 0.019055 491.4 4.60 0.08 0.04 0.12 

20.83 0.014462 444.4 3.15 0.07 0.03 0.10 

24.43 0.010336 393.0 1.99 0.06 0.02 0.08 

29.16 0.005532 318.3 0.86 0.05 0.01 0.06 

T = 392.6 K 
0.94 0.040320 654.9 12.96 0.11 0.09 0.20 

3.85 0.034366 624.8 10.54 0.10 0.07 0.17 

7.45 0.028610 585.7 8.22 0.10 0.06 0.16 
10.50 0.024874 550.9 6.73 0.09 0.05 0.14 

14.08 0.019385 507.9 4.83 0.08 0.04 0.12 

17.86 0.015420 459.4 3.48 0.07 0.03 0.10 

21.14 0.012118 413.9 2.46 0.07 0.03 0.10 

23.99 0.009248 371.1 1.68 0.06 0.02 0.08 

28.49 0.005795 293.4 0.83 0.05 0.02 0.07 

T = 442.3 K 
4.18 0.027188 573.7 7.66 0.09 0.05 0.14 

7.18 0.023121 540.9 6.14 0.09 0.05 0.14 

11.11 0.018592 494.9 4.52 0.08 0.04 0.12 

14.25 0.014825 454.9 3.31 0.07 0.03 0.10 

17.43 0.011425 410.9 2.30 0.07 0.02 0.10 

20.70 0.007503 360.7 1.33 0.06 0.02 0.08 

22.53 0.005729 329.6 0.93 0.05 0.02 0.07 

24.63 0.004289 290.2 0.61 0.05 0.01 0.06 

u(P) = 0.04 MPa, u(T) = 0.1 K, Uc(IFT) calculated with a level of confidence of 0.95. 
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Table 3. Measured interfacial tension data of the (CO2 + n-decane) system. The density difference between 

equilibrated phases corresponds to correlated data using the PR78 EoS and parameters listed in Table S1 in 

supporting information. 

P / MPa a
2
 /cm

2
 ∆ρ / (kg.m

-3
) IFT / (mN.m

-1
) 

Experimental error / (mN.m
-1

) 

U1 U2 Uc=U1+U2 

T = 313.5 K 
3.49 0.040452 669.2 13.29 0.11 0.03 0.14 
5.51 0.025601 621.2 7.81 0.10 0.02 0.12 

6.71 0.017105 574.1 4.82 0.09 0.02 0.11 

6.79 0.015717 569.9 4.40 0.09 0.02 0.11 

7.09 0.013273 551.9 3.60 0.09 0.02 0.11 

T = 343.2 K 
0.99 0.04816 682.4 16.13 0.11 0.17 0.28 

3.59 0.03873 640.3 12.17 0.10 0.14 0.24 

5.69 0.03007 596.0 8.79 0.10 0.11 0.21 

7.02 0.02481 560.6 6.83 0.09 0.10 0.19 

8.39 0.01882 514.8 4.76 0.08 0.07 0.15 

10.43 0.00991 415.7 2.02 0.07 0.04 0.11 

10.84 0.00842 387.9 1.60 0.06 0.04 0.10 

11.52 0.00517 331.9 0.84 0.05 0.02 0.07 

11.80 0.00403 302.9 0.60 0.05 0.02 0.07 

T = 392.7 K 
1.21 0.03959 639.3 12.42 0.10 0.04 0.14 

4.84 0.03142 584.0 9.01 0.09 0.04 0.13 

8.73 0.02190 506.7 5.45 0.08 0.05 0.13 

10.81 0.01664 454.2 3.71 0.07 0.04 0.11 

12.65 0.01222 398.5 2.39 0.06 0.04 0.10 

13.98 0.00938 351.1 1.62 0.06 0.03 0.09 

15.47 0.00413 288.1 0.58 0.05 0.02 0.07 

T = 442.5 K 
3.60 0.02752 564.8 7.63 0.09 0.04 0.13 

6.02 0.02342 524.5 6.03 0.09 0.04 0.12 

7.86 0.01985 490.2 4.78 0.08 0.03 0.11 

10.26 0.01572 439.6 3.39 0.07 0.03 0.10 

12.64 0.01166 380.9 2.18 0.06 0.03 0.09 

14.44 0.00806 328.7 1.30 0.05 0.02 0.07 

u(P) = 0.04 MPa, u(T) = 0.1 K, Uc(IFT) calculated with a level of confidence of 0.95. 
 

 

 

 

 

 

 



  

29 

 

 

Table 4. Measured interfacial tension data of the (N2 + n-decane) system. The density difference between 

equilibrated phases corresponds to correlated data using the PR78 EoS and parameters listed in Table S1 in 

supporting information. 

P / MPa a
2
 /cm

2
 ∆ρ / (kg.m

-3
) IFT / (mN.m

-1
) 

Experimental Error / (mN.m
-1

) 

U1 U2 Uc=U1+U2 

T = 313.4 K 
1.19 0.061758 712.0 21.58 0.12 0.06 0.18 

3.74 0.058648 684.0 19.69 0.11 0.06 0.17 

10.54 0.052924 611.7 15.89 0.10 0.08 0.18 

14.75 0.050178 569.9 14.04 0.09 0.10 0.19 

22.00 0.047366 504.6 11.73 0.08 0.13 0.21 

27.98 0.045745 457.1 10.26 0.07 0.15 0.22 

34.68 0.043297 410.6 8.72 0.07 0.16 0.23 

42.36 0.041875 364.4 7.49 0.06 0.18 0.24 

47.33 0.041180 338.1 6.83 0.05 0.19 0.24 

51.02 0.040452 320.2 6.36 0.05 0.19 0.24 

55.78 0.040055 298.8 5.87 0.05 0.20 0.25 

62.17 0.039129 273.0 5.24 0.04 0.21 0.25 

T = 343.2 K 
0.71 0.056266 689.3 19.03 0.11 0.04 0.15 

3.72 0.053454 659.2 17.29 0.11 0.04 0.15 

7.32 0.050145 624.1 15.36 0.10 0.05 0.15 
14.50 0.045547 558.0 12.47 0.09 0.07 0.16 

21.10 0.042437 502.9 10.47 0.08 0.09 0.17 

28.29 0.039294 449.3 8.66 0.07 0.10 0.17 

35.01 0.036946 404.9 7.34 0.07 0.11 0.18 

41.75 0.034663 365.5 6.22 0.06 0.12 0.18 

48.85 0.033274 328.7 5.37 0.05 0.13 0.18 

57.07 0.031356 291.4 4.48 0.05 0.13 0.18 

64.47 0.029603 261.9 3.81 0.04 0.13 0.17 

69.00 0.028445 245.6 3.43 0.04 0.13 0.17 

T = 392.6 K 
0.41 0.046374 653.1 14.86 0.11 0.03 0.14 
3.80 0.043231 622.6 13.21 0.10 0.03 0.13 

7.48 0.041081 590.7 11.91 0.10 0.03 0.13 

14.67 0.036582 531.7 9.55 0.09 0.03 0.12 

20.90 0.032976 484.7 7.84 0.08 0.03 0.11 

28.27 0.02871 434.1 6.12 0.07 0.03 0.10 

34.92 0.025899 392.8 4.99 0.06 0.04 0.10 

41.99 0.023948 353.0 4.15 0.06 0.04 0.10 

49.27 0.020675 316.1 3.21 0.05 0.03 0.08 

55.60 0.018956 287.0 2.67 0.05 0.03 0.08 

62.59 0.015949 257.5 2.02 0.04 0.03 0.07 

64.93 0.015255 248.3 1.86 0.04 0.03 0.07 

 



  

30 

 

 

Table 4. (continued) 

P / MPa a
2
 /cm

2
 ∆ρ / (kg.m

-3
) IFT / (mN.m

-1
) 

Experimental Error / (mN.m
-1

) 

U1 U2 Uc=U1+U2 

T = 442.2 K 
0.90 0.036251 606.3 10.79 0.10 0.01 0.11 

4.38 0.033340 576.8 9.44 0.09 0.01 0.10 

7.63 0.032050 549.9 8.65 0.09 0.01 0.10 
16.35 0.026196 481.3 6.19 0.08 0.01 0.09 

21.24 0.023749 445.2 5.19 0.07 0.01 0.08 

28.27 0.019947 396.3 3.88 0.06 0.01 0.07 

35.48 0.016675 349.2 2.86 0.06 0.01 0.07 

45.91 0.011062 285.7 1.55 0.05 0.01 0.06 

48.67 0.009874 269.8 1.31 0.04 0.01 0.05 
55.67 0.007964 230.4 0.90 0.04 0.01 0.05 

u(P) = 0.04 MPa, u(T) = 0.1 K, Uc(IFT) calculated with a level of confidence of 0.95. 
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4.2. Modelling 

The development of predictive and accurate models for calculating equilibrium phase 

properties and interfacial tension is necessary for the design of more efficient and reliable oil 

recovery processes and multiphase flow simulations. Hence, in this work we evaluate the 

predictive capabilities of the VT-PPR78 EoS and IFT models to represent the experimental 

data of the studied systems. This analysis is also extended to binary mixtures containing CH4, 

CO2 and N2 and other n-alkanes by comparing the IFT predictions against selected literature 

data [21,29,38,48–54]. 

Classical cubic equations of state have been extensively applied in the literature in 

combination with IFT methods to model the interfacial tension of (gas + n-alkane) systems 

[46,47,72,76,78–81,86,88,97–99]. Unlike most of these studies, where volume corrections 

and/or binary interaction parameters within the EoS framework were adjusted to bulk phase 

property data in order to obtain a good representation of the phase behaviour of the mixtures, 

here the most reliable bulk phase properties were obtained in a fully predictive manner with 

the VT-PPR78 model described in Section 3. Discrepancies between measured and predicted 

bulk phase properties of the studied systems in terms of %AAD are given in Table S1 in 

supporting information and, as an example, a comparison at 343 K is plotted in Figure 5. The 

deviations between measured and predicted IFT with the Parachor, LGT and DGT 

approaches for the studied systems as well as for other (gas + n-alkanes) mixtures are listed 

in Table 5. A graphical representation of the results for selected systems and conditions is 

depicted in Figures 6 through 8. 

As it can be seen in Figure 5, the VT-PPR78 predictions are in quite good agreement 

with experimental solubility and density data. Moreover, as listed in Table S1 in supporting 

information, the VT-PPR78 EoS allowed a prediction of the saturated density data measured 

in this work with an overall %AAD between (1 to 2.9) % for the liquid phase and (3.2 to 

4.8)% for the vapour phase. A complementary graphical representation of the predictive 

capabilities in systems containing other n-alkanes is plotted in Figure S1 in supporting 

information. Overall, deviations from predicted densities to measured data are only slightly 

higher than those obtained with correlated density data (Table S1 in supporting information), 
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endorsing the adequacy of the model to predict the effect of pressure and temperature on the 

phase behaviour of the studied systems. 
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Figure 5. Pressure-composition (a) and pressure-density (b) diagrams of CH4 (red), CO2 (green) and N2 (black) 

with n-decane. Symbols in (a) represent solubility data taken from the literature: Reamer et al. [36], T = 344 K 

(�), Reamer and Sage [31], T = 344 K (����) and Azarnoosh and McKetta [100], smoothed data T = 344 K (����). 

Symbols in (b) represent density data measured in this work at 343 K. Solid lines represent predictions from 

VT-PPR78 EoS. 

Table 5 and Figure 6 show that the DGT approach provided the best predictions of 

the IFT of n-alkanes systems with methane, carbon dioxide and nitrogen, with an overall 

%AAD of (8.3, 5.5 and 4.9) %, respectively. In general the highest deviations were observed 

near the critical point, where IFT values are rather low (IFT < 1.5 mN.m-1) and experimental 

uncertainties considerable. In this region, the overall deviations of all models ranged between 

(15.9 to 54.9)% and they are somewhat related with the inappropriate description of the phase 

behaviour by cubic equations of state near the critical point, as depicted in Figure 5. This is 

characteristic of equations of state without the cross-over approach. Nonetheless, the VT-

PPR78 + DGT results are in good agreement with other DGT studies [29,34,51,52,101], in 

which more complex and molecular-based equations of state, such as the Statistical 

Association Fluid Theory (SAFT) and its derivatives, are used for the description the bulk 

saturated properties and the Helmholtz free energy density of the fluid across the interfacial 

region. 

It can be seen in Table 5 that the LGT model outperforms in general the Parachor 

method for systems in methane and nitrogen atmospheres. Overall, the LGT allowed a 

prediction of the IFT of (CH4 + n-alkanes) and (N2 + n-alkanes) systems far from the critical 
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point (i.e., IFT > 1.5 mN.m-1) with a %AAD of (10.1 and 7.7) %, respectively, whereas 

deviations to measured data with the Parachor method were of (14.5 and 13.9) %, 

respectively. On the other hand, a significant under estimation of the IFT was obtained for the 

systems containing carbon dioxide with the simplified version of the DGT at moderate 

pressures, as depicted in Figure 6 (b), resulting in an overall %AAD of 20.3 %, whereas 

overall deviations with the Parachor method yield only 9.3%. These findings are agreement 

with the modelling results of Zuo and Stenby [47], in which a large and negative binary 

interaction parameter for the cross influence parameter was necessary for correct description 

of the IFT of systems containing CO2 with the LGT model.  



  

34 

 

 

0

5

10

15

20

25

0 5 10 15

IF
T

 /
 m

N
.m

-1

P / MPa

0

5

10

15

20

25

0 5 10 15

0

5

10

15

20

0 10 20 30 40
IF

T
 /

 m
N

.m
-1

P / MPa

0.0

0.5

1.0

1.5

2.0

2.5

3.0

2 4 6 8

0

5

10

15

20

0 20 40 60 80

IF
T

 /
 m

N
.m

-1

P / MPa

0

5

10

15

20

0 10 20 30

(a)

(b)

(c)

 

Figure 6. IFT-pressure diagrams of CH4 (a), CO2 (b) and N2 (c) and n-alkane systems. Symbols in (a) represent 

experimental IFT data of CH4 and: n-propane taken from Weinaug and Katz [21], T = 338 K (����); n-hexane 

taken from Nino-Amezquita et al. [52], T = 350 K (����); n-heptane taken from Jaeger et al. [53], T = 323 K (�) 

and n-decane from this work, T = 343 K (����). Symbols in (b) represent experimental IFT data of CO2 and: n-

butane taken from Hsu et al. [49], T = 344 K (����); n-heptane taken from Jaeger et al. [50], T = 353 K (����); n-

decane from this work, T = 343 K (����) and n-tetradecane taken from Cumicheo et al. [29], T = 344 K (�). 

Symbols in (c) represent experimental IFT data of N2 and: n-hexane taken from Garrido et al. [54], T = 333 K 

(�); n-heptane taken from Nino-Amezquita et al. [51], T = 323 K (����) and n-decane from this work, T = 343 K 

(����) and T = 442 K (����). Dashed, dotted and solid lines represent predictions from the Parachor, LGT and DGT 

approaches, respectively, in combination with the VT-PPR78 EoS. 
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As an example, the density profiles and adsorption isotherms obtained with the DGT 

are plotted in Figure 7 and Figure 8 for a temperature of 344 K and systems with n-decane. 

The profiles showed an enrichment of the interface in gas molecules, as reflected by the 

observation of a peak in the density profile of methane, carbon dioxide and nitrogen. This is 

in agreement with other DGT studies [29,34,51,52,72,79,98,101–104] and Molecular 

Dynamic simulation and Monte Carlo approaches [54,104,105]. Additionally, this relative 

enrichment seems to decrease with increasing pressure as the relative height of the peaks of 

all three light components decreases and moves towards the liquid surface and the interface 

thickness is enlarged. These results are supported by the adsorption isotherms plotted in 

Figure 8 and calculated with Eq. 16 and using experimental IFT data from the literature [33] 

and measured in this work. Accordingly, the adsorption of gas molecules at the interface 

increases with pressure and reaches a maximum for all three gases, suggesting a saturation 

limit for the relative adsorption of gas molecules, as also concluded by others [29,34,85,104].  

Furthermore, the adsorption rate (dΓ12/dP) is more pronounced for CO2 when 

compared to that of CH4 and N2 in n-decane. This behaviour can help explaining the high 

pressure dependence of the IFT of hydrocarbon systems containing CO2, in which the large 

adsorption of CO2 leads to a higher reduction of the IFT. These results also demonstrate the 

inadequacy of the approximation of the mixture influence parameter (Eq. 23) and linear 

density assumption under the LGT framework and the poor IFT predictions obtained with 

this model for systems containing carbon dioxide. 

In summary, the good agreement between both theoretical and experimental 

approaches for the calculation of Γ12 at low and moderate pressures validates to some extent 

the density profiles calculated with the DGT approach. The results also endorse the capability 

of the model to provide a perspective of the distribution of species across the interfacial 

region and its impact on the IFT. However, for pressures near the critical point, the 

theoretical approach yields values significantly different from those obtained with Eq. 19 as 

depicted in Figure 8. Deviations between the two approaches are related in part to large 

uncertainties in the calculation of the derivative (∂IFT/∂P)T in Eq. 19 and in limitations of 

both DGT and cubic EoS near the critical point. 
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Figure 7. Vapour and liquid density profiles as function of the distance from the interface at 343 K for the 

systems containing n-decane and methane (a), carbon dioxide (b) or nitrogen (c) computed at different pressures 

with the DGT in combination with the VT-PPR78 EoS. Solid lines represent the density profile for n-decane and 

the dashed lines represent the density profiles of gases accordingly. Pressures in (a) equal to 1.87 MPa (Black), 
10.69 MPa (Green) and 24.43 MPa (Red). Pressures in (b) equal to 0.99 MPa (Black), 5.69 MPa (Green) and 

10.43 MPa (Red). Pressures in (c) equal to 14.50 MPa (Black), 28.29 MPa (Green) and 64.47 MPa (Red).   
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Figure 8. Gas adsorption (Γ12)-pressure diagram for the systems containing methane (Green), carbon dioxide 
(Black) or nitrogen (Red) with n-decane at 343 K. Symbols represent the gas adsorption calculated with Eq. 19 

and experimental IFT data measured in this work (Full Symbols) and from the literature [33] (Empty Symbols). 

Lines represent the gas adsorption predicted with Eq. 16 and density profiles obtained with the DGT approach.  
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Table 5. Summary of the calculated %AAD between measured and predicted IFT of several (gas + n-alkanes) binary systems using the VT-PPR78 EoS in combination with 

Parachor, LGT and DGT models. 

System 

 

T /K NP 

%AAD a) 

NP 

%AAD a) 

Data Source IFT > 1.5 mN.m-1 IFT ≤ 1.5 mN.m-1 

 Parachor LGT DGT Parachor LGT DGT 

Methane +  
         

n-propane Weinaug and Katz [21] 258-338 26 26.0 10.4 4.8 15 29.7 13.4 11.3 

n-butane Pennington and Hough [48] 311-344 4 25.2 19.3 4.0 11 29.5 19.4 4.3 

n-hexane Nino et al. [52] 300-350 9 5.4 6.4 8.2         

n-heptane Jaeger et al. [50,53] 298-323 18 6.1 6.8 10.1         

n-decane This work 313-442 31 10.0 7.4 14.4 8 30.5 14.9 59.8 

 
 Overall 88 14.5 10.1 8.3 34 29.9 15.9 25.1 

Carbon dioxide +  
         

n-butane Hsu et al. [49]  319-377 14 18.2 24.6 10.2 24 74.1 66.4 40.9 

n-heptane Jaeger et al. [50] 323-353 10 7.9 18.0 5.7 4 40.8 54.7 11.5 

n-decane This work 313-442 23 10.0 23.7 3.7 4 10.5 19.6 30.9 

n-dodecane Cumicheo et al. [29] 344 12 7.8 14.6 5.9         

n-tridecane Cumicheo et al. [29] 344 13 3.6 20.3 3.7 1 10.0 4.1 67.7 

n-tetradecane Cumicheo et al. [29] 344 14 6.9 20.5 3.9 1 4.8 1.0 63.1 

 
 Overall 86 9.1 20.3 5.5 34 28.0 29.2 42.8 

Nitrogen +  
         

n-pentane Jianhua et al. [38] 313 6 16.6 6.3 5.0         

n-hexane Garrido et al. [54] 303-333 28 7.2 5.3 2.9         

n-heptane Nino et al. [51] 295-373 11 9.8 8.9 7.1         

n-octane Jianhua et al. [38] 313 8 14.0 5.2 1.1         

n-decane This work 313-442 44 21.9 12.7 8.5 2 23.8 22.4 54.9 

 
 Overall 97 13.9 7.7 4.9 2 23.8 22.4 54.9 

a)
% 1/ ( ) 100

Exp ExpNP Model

i i ii
AAD NP IFT IFT IFT= × − ×∑  
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5. Conclusion 

Multiphase flow frequently occurs in many stages of chemical and petroleum 

engineering processes. The IFT between phases plays a decisive role in the flow 

characteristics and behaviour not only at the reservoir level, but also throughout the well and 

pipeline, and production facilities. In this work, the IFT between oil and gas were measured 

for representative binary systems containing n-decane and common gases such as carbon 

dioxide, methane and nitrogen for temperatures in the range (313-442) K and pressures up to 

69 MPa. Saturated phase density data were also measured and correlated with a model based 

on the Peng-Robinson 1978 EoS. The adjustment of binary parameters and volume 

corrections allowed a reproduction of the data with relative low deviations to the density of 

both liquid and vapour phases. The capillary constant a2 measured from the differential 

capillary rise method was combined with modelled density to estimate the IFT of the studied 

systems and the results were found to be in good agreement with selected literature data, 

validating both the methodology and the experimental procedure followed. Moreover, both 

density and IFT measurements complement the experimental gap found in the literature and 

extend these measurements to reservoir conditions. 

The coupling of the VT-PPR78 EoS with the Parachor, the LGT and the DGT 

approaches was applied to evaluate their predictive capabilities by comparison with density 

and IFT data measured in this work and from the literature. The IFT and phase behaviour 

properties of a total of 16 (gas + n-alkane) binary systems were modelled with no adjustable 

parameters to mixtures (i.e. in a fully predictive manner). The VT-PPR78 EoS allowed a 

good prediction of the effect of pressure and temperature on both VLE and volumetric 

properties of the studied systems. The best IFT predictions were obtained with the DGT 

model with an overall %AAD between (4.9 and 8.3) % to data far from the critical point. The 

poorest predictions were obtained with all models for IFT values lower 1.5 mN.m-1, where 

experimental uncertainties are considerable and classical cubic EoSs fail to describe the 

critical region. The DGT, through the calculation of the distribution of species in the 

interfacial region, showed a local enrichment and relative adsorption of gas molecules in the 

interfacial region, which increased with pressure and reached a saturation limit. This 
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behaviour was more pronounced for CO2 which seems to explain the high pressure 

dependence of the IFT values of (CO2 + n-alkane) systems when compared to that of (N2 + n-

alkane) and (CH4 + n-alkane). These results also explain the large negative deviations 

obtained with the LGT for systems with CO2, in which the assumption of a linear density 

distribution of species in the interfacial region proved inadequate. Nonetheless, the LGT 

stands as a good alternative of the Parachor method for n-alkane systems with methane and 

nitrogen. Altogether, the good agreement found between the relative Gibbs adsorption 

isotherms calculated using experimental IFT data and density profiles calculated with the 

DGT endorses the adequacy of the model for describing the complex microstructures that 

arise from fluid interfaces and their impact on the IFT values. 
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8. Appendix A  

The thermodynamic phase behaviour model used in this work to model the VLE and 

densities of the studied mixtures was based on the PR78 EoS [41] with the volume-translation 

technique. Accordingly, this EoS is expressed for a pure substance as: 

( )

( ) ( )

RT a T
p

v b v v b b v b
= −

− + + −
 (A.1) 

2 2
20.45724

( ) 1 (1 )c
r

c

R T
a T m T

P
 = + −   (A.2) 

20.37464 1.54226 0.26992m ω ω= + −                       for ω<0.49 (A.3) 

2 30.3796 1.485 0.1644 0.01667m ω ω ω= + − +          for ω≥0.49 (A.4) 

0.07780 c

c

RT
b

P
=  (A.5) 

PR cv v v= +  (A.6) 

where a and b are the EoS energy and co-volume pure substance parameters, respectively, 

obtained from the pure critical data, Tc and Pc, and the acentric factor, ω. When dealing with 

the volume-translated version of this EoS, vPR and vc are the untranslated molar volume and 

the volume correction, respectively.   

 For mixtures, the energy and co-volume parameters are calculated employing the 

conventional van der Waals one-fluid mixing rules, with one binary interaction parameter, kij, 

for the energy parameter and the linear mixing rule for the mixture volume correction. They 

have the following form: 

(1 )i j ij i j

i j

a x x k a a= −∑∑  (A.7) 

i i

i

b x b=∑  (A.8) 

ic i c

i

v x v=∑  (A.9) 
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8.1.1. Highlights 

• (Density + IFT) measurements are performed in synthetic reservoir fluids; 

• Measured systems include CO2, CH4 and N2 with n-decane; 

• Novel data are reported for temperatures up to 443 K and pressures up to 69 MPa;  

• Predictive models are tested in 16 (gas + n-alkane) systems; 

• Best modelling results are achieved with the Density Gradient Theory. 

 


