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Abstract 
It is well established that the presence of salt in the aqueous phase raises the interfacial 

tension (IFT) of gas-water systems when compared to the case of pure water under the same 

pressure and temperature conditions.  However, experimental data for gas-brine systems is still 

scarce, in particular at high pressure and high temperature (HPHT) conditions. In this 

communication, IFT data for methane with distilled water were experimentally determined using 

the pendant drop and bubble rise methods for temperatures ranging from (311 to 473) K and 

pressures up to 92 MPa and the results compared against literature data. Moreover, for the first 

time, the effect of NaCl on the IFT of the methane-water system was investigated in solutions 

with a maximum salinity of 10 wt% at HPHT conditions.  

The Cubic-Plus-Association equation of state (CPA EoS) along with the Debye-Hückel 

activity model was used to describe the effect of salt in the phase behaviour of the methane-water 

system and bulk properties used to compute the IFT of the studied systems with the Density 

Gradient Theory (DGT). The modelling results showed that by using only bulk phase properties 

and one temperature independent binary interaction parameter adjusted to the methane-water 

system, the DGT was able to predict the impact of NaCl on the IFT with remarkably low 

deviations from measured values. Furthermore, the impact of the fluids microstructure and the 

distribution of molecules across the interface on the IFT were evaluated with the DGT.  

Keywords: Interfacial tension, Methane, Water, Sodium Chloride, Cubic-Plus-

Association, Debye-Hückel, Density Gradient Theory. 
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1. Introduction  
The IFT of gas-water and gas-brine systems is one of the most important parameters in 

petroleum and process industries. IFT can affect water-gas contact movement and distribution of 

hydrocarbons in a reservoir, water alternating gas drive, gas-injected enhanced oil recovery 

processes and multiphase flow calculations [1]. Injecting and storing acid gases like carbon 

dioxide and hydrogen sulphide separated from sour natural gas into reservoir has grown interest 

in the past decade [2,3] and the accurate knowledge of this property is also of key importance for 

the efficient and economical design of potential processes.  

The most commonly used techniques for the experimental determination of the IFT are 

the Pendant Drop or Bubble Rise methods. These approaches involve measuring the dimensions 

of a droplet of liquid in equilibrium vapour (i.e. Pendant Drop) or a gas bubble in equilibrium 

liquid (i.e. Bubble Rise), which when combined with density data, can be used to estimate the 

IFT of the equilibrated phases. An examination of the literature shows that several studies have 

investigated the interfacial tension between pure water and mixtures containing common gases 

such as carbon dioxide, nitrogen and methane in a broad range of pressures and temperatures. 

Reviewed data can be found in the works of Schmidt et al. [4], Rushing et al.[5], Shariat et al. 

[6] and Pereira et al.[7] and references within. However, hydrocarbon reservoirs fluids are often 

in equilibrium with saline formation water. 

The presence of salts can affect the physical properties of the fluid and in particular the 

IFT of aqueous interfaces. The addition of salt(s) to water is known to increase the interfacial 

tension of water-rich systems [5,8–19]. This effect has been attributed to the change in the 

structure of the interface due to the negative adsorption (i.e. depletion) of cations in the interface 

and therefore, to their tendency to accumulate in the aqueous phase [20–23]. This change is to 

some extend related with the disruption of hydrogen bonding forces due to the high 

concentration of molecules from another phase near the interfacial region. As a result, cations 

affinity towards the interface is reduced. Moreover, the addition of salts increases the average 

molecular weight of the aqueous phase which, under the assumption that the excess volume of 

mixing is zero, results in an overall density increase and in turn of the IFT values.  
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Several authors have reported the IFT for different brine and liquid hydrocarbon systems. 

Cai et al. [9] reported IFT data on brine and pure liquid hydrocarbons such as n-C6, n-C8, n-C10, 

n-C12, n-C14 and n-C16 and their mixtures for pressures and temperatures up to 30 MPa and 353 

K, respectively. Badakhshan and Bake [24] presented data on the IFT of n-C6, cyclohexane and 

toluene with brine. IFT data on n-hexane and brine systems were also reported by Ikeda et al. 

[25]. However, IFT experimental data on gas-brine systems at hydrocarbon reservoir conditions 

(HPHT) are scarce in the literature and, to best of our  knowledge, still limited to the IFT of 

brine-natural gas [5] and brine-carbon dioxide [8,10–19]. 

As happens with any new or already existing processes, the design and/or operation 

optimization of petroleum engineering processes requires the deployment of theoretical tools for 

accurately estimating this property. Numerous approaches have been proposed and many 

empirical or semi-empirical methods are being used as standard models in commercial 

simulators for the oil and gas industry. Among all, the Parachor method [26,27] and the scaling 

law [28] gained the most attention due to its simplicity and accuracy for describing the IFT of 

vapour-liquid interfaces in hydrocarbon systems. Even though a Parachor value has been 

reported for water, this method is not recommended for the prediction of IFT of aqueous 

interfaces [1,29]. Instead, a more accurate and reliable model for estimating the interfacial 

hydrocarbon-water systems was proposed by Firoozabadi and Ramey [29]. In their work, the 

authors successfully correlated the IFT between methane and hydrocarbons with water against 

the density of the equilibrated phases over a broad range of conditions. Later, Argaud [30] and 

Sutton [31] developed new versions of the original correlation from Firoozabadi and Ramey [29] 

by readjusting the model to a broader class of compounds and larger database. Although good 

results were obtained with these approaches, they are limited on their transferability and 

predictive capabilities. 

 Other methods, based on statistical thermodynamics, take into account the density 

gradients in the interface like the perturbation theory [32], integral and density functional 

theories [32–35], or the density gradient theory (DGT) [36,37]. In particular, the latter has been 

thoroughly applied in the prediction of IFT values of a wide class of systems and interfaces. The 

reader is referred to the study of Pereira et al. [7] and references within for further details.  
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Of relevance for this study, Yan et al. [38] and Schmitt et al. [4] were able to describe the 

IFT of aqueous systems containing methane and common gases over a broad range of conditions 

by coupling the simplified version of the DGT, originally introduced by Zuo and Stenby [39] 

(known as Linear Gradient Theory or LGT), with classical cubic equations of state. Khosharay 

and co-workers [40,41] extended the work to association equations of state (EoSs) and 

successfully described the IFT of aqueous systems with the LGT. However, the computation of 

IFT values in a predictive manner with the LGT is very limited as in general there is a necessity 

to use a considerable number of binary interaction parameters, some of them temperature 

dependent, regressed against experimental IFT data. On the other hand, Miqueu et al. [42] and 

Nino-Amézquita and Enders [43] showed that the original DGT when coupled with an 

appropriate phase behaviour model was capable of predicting the IFT of the methane-water 

system using bulk phases properties and a single, temperature independent, binary interaction 

parameter. The computed values were not only in very good agreement with data from the 

literature over a broad range of thermodynamic conditions but the model was also able to capture 

the interfacial tension minimum observed by Wiegand and Franck [44] at high pressures. 

Moreover, other properties such as species distribution across the interfacial region and interface 

thickness computed by the DGT revealed to be in very good agreement with molecular 

simulations [42]. 

The accurate estimation of IFT values with the DGT relies therefore on a correct 

description of both composition and density of the bulk phases. For systems containing polar 

and/or associating compounds, the DGT has been commonly coupled with theoretical based 

EoSs such as the Statistical Associating Fluid Theory (SAFT), and its variants, or the Cubic-

Plus-Association (CPA) to successfully describe the IFT of aqueous interfaces [7,42,43,45–49].  

In this communication new experimental IFT data are reported for methane with pure 

water and aqueous solutions composed of 5 and 10 wt% of sodium chloride for temperatures 

ranging from (311 to 473) K and pressures up 92 MPa. The IFT results for methane-water were 

found to be in good agreement with data from the literature, validating both the method and 

experimental procedure followed. In addition, the good capabilities shown by the DGT approach 

for describing the IFT of the methane-water systems was here extended to the methane-brine 

system by coupling the DGT model with the CPA EoS [50,51] together with the electrostatic 
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term from the Debye-Hückel activity model [52] for accounting the effect of salt on the 

properties of the bulk phases. All in all, as it will be shown, by accurately describing the effect of 

pressure, temperature and salt on the density and composition of the equilibrated phases, the 

DGT was capable of describing the IFT of the methane-water system over a broad range of 

experimental conditions and of predicting the IFT increase due to the presence of electrolytes. 
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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. Aqueous solutions with a concentration of (5.01±0.05) and (10.02±0.11) wt% of NaCl were 

prepared in this work gravimetrically by adding the salt to degassed and deionized water. 

Table 1. Suppliers and specification of the materials used in this study. 

Chemical Name Supplier Mass fraction purity Purification Method 
Methane BOC 0.99995 none 

Water - - deionized 
Sodium Chloride Sigma-Aldrich >99% none 

2.2. HPHT PVT Cell 

The HPHT rig used in this work was configured to examine the phase properties of fluids 

at representative pressures and temperatures of deep hydrocarbon reservoirs. The experimental 

equipment can be used for PVT tests on the phase behaviour and properties of pure and multi-

component reservoir fluid systems with and without water and in the presence of salt. Dew point, 

bubble point, phase volumes, interfacial tension, density, and viscosity measurements are the 

current capabilities of the mentioned apparatus. The physical properties of a wide range of 

reservoir fluids have been measured and reported so far with this setup [53–62]. The PVT facility 

is designed to operate from ambient conditions to a maximum pressure of 135 MPa at 523.15 K 

or 200 MPa at 473.15 K.  

The experimental setup (Figure 1) consists of a high pressure cylindrical equilibrium cell 

closed at both ends by two sapphire windows and with four equally distributed fluid ports.  The 

equilibrium cell is made of a Hastelloy C-276 alloy league highly resistant to corrosion. Two 15 

cm3 high pressure cells are connected to the equilibrium cell, one is directly to the bottom of the 

equilibrium cell and the other is connected to the side of the cell, as depicted in Figure 1. All 

parts described above are housed inside a Stuart Scientific oven which allows a temperature 

stability of ± 0.1 K.   

The base of the 15 cm3 cells is connected to opposite sides of a custom-build push pull 

mercury pump (not shown in Figure 1). This pump has been designed to allow the sample fluids 
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to flow around the equipment, ensuring equilibrium conditions are reached throughout 

experiments. An additional hand pump connected to the system controls the overall pressure by 

injection or withdrawal of mercury and it is also used for loading the sampling fluids into the 

HPHT facility. The internal temperature of the equilibrium cell was monitored by a high 

precision PRT temperature probe directly inserted in one the fluid ports of the cell and in contact 

with the fluids. Two Quartzdyne QS 30K-B pressures transducers connected to the bottom of the 

15 cm3 cells are used to measure the pressure of the system. Both pressures transducers were 

previously calibrated against a deadweight tester and the temperature probe by comparison 

against a certified high precision probe. This calibration procedure ensures standard uncertainties 

of u(P) = 0.04 MPa and u(T) = 0.1 K.  

 
Figure 1. Schematic diagram of the HPHT facility fitted with the needle for interfacial tension measurements (using 
pendant drop or bubble rise method). 

In order to perform the interfacial tension measurements, liquid drops (Pendant Drop) or 

gas bubbles (Bubble Rise) are created inside the cell at the tip of a capillary tube (o.d. 0.510 ± 

0.001 mm) and maintained at equilibrium in contact with the gas or aqueous phase, respectively, 

as depicted in Figure 1. Pictures of the drops or bubbles are recorded with a JVC TK-C1381 

video camera fitted with magnification lenses and the images displayed in a computer monitor. A 
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light and filter are used to adjust the contrast of the images. The drop or bubble equatorial 

diameter de is determined with the aid of Scenalyzer Live software and by using the diameter of 

the capillary tube as a reference. The other required dimension (ds) is calculated by considering a 

distance from the bottom equal to de and measuring the diameter of the drop or bubble at this 

height. As an example, captured images and key dimensions are depicted in Figure 2. Once de 

and ds are known, the IFT between the adjacent phases can be calculated by a mathematical 

approach derived from a force balance between buoyancy and gravitational forces and it is 

defined by [63]: 

2

3

( )
10

eg dIFT
H
ρ∆

=
×

  Eq. 1 

where IFT is in mN.m-1 and de is in mm, g is the gravitational acceleration in m.s-2, ∆ρ represents 

the density difference between the two phases in kg.m-3 and H is the dimensionless shape factor 

determined in this work from correlations reported by Jüza [64] and the ratio ds/de. 

 

Figure 2. Example of pictures captured with the HPHT facility: (a) droplet of heavy phase (i.e. water or brine), 
suspended in the light phase (i.e. methane), and (b) bubble of light phase in equilibrium in the heavy phase. The 
letters de and ds represent the key dimensions used in the calculation of the IFT.  

2.3. Experimental Procedure 

Generally, as mentioned before, the IFT can be determined with this method by two 

equivalent approaches: either a drop of the aqueous phase is formed in the methane-rich phase or 

a methane bubble is formed in the bulk aqueous phase. In this work, the IFT of the methane-

water system was determined with the Pendant Drop method whereas for the methane-brine 

system the Bubble Rise method was used. The reason for this is that we observed an alteration in 



10 
 

the wettability of the capillary tube when salts were present in the system. This hindered the 

formation of proper liquid (brine) droplets. 

Before loading the system in the cell, the equipment was thoroughly cleaned by circulating 

deionized water, which was then flushed and the procedure repeated several times. Once the 

apparatus had been dried with compressed air, it was put under vacuum at a temperature of 373 

K. This procedure was repeated each time before loading a new system and helped minimise the 

presence of impurities during the experimental measurements. The desired temperature was then 

set and let to stabilize overnight. 

Water or brine was introduced into the cell until a liquid phase was visible through the 

sight glass window. The desired pressure was set by controlling the volume of methane 

introduced into the cell and the equilibrium conditions achieved by circulating the mixture 

during one hour. Thereafter, great care was taken to form droplets/bubbles during the tests. Each 

droplet/bubble would take about three minutes to form and a snap shot taken just before the 

departure of the droplets/bubbles from the tip of the needle. The characteristic dimensions of at 

least 6 consecutive droplets/bubbles were calculated and the values averaged and combined with 

density data to estimate the interfacial tension.. The procedure was repeated for each pressure 

and temperature of interest. 

The density difference between the methane and water/brine-rich phases is required for the 

calculation of the interfacial tension values (Eq. 1). The approximation of the density of the 

phases in the methane-water system to that of pure water and methane has been thoroughly 

followed by others [44,65–67] and, to the best of our knowledge, only Shariat et al. [6] reported 

significant differences between the density of the saturated phases and that of pure substances for 

temperatures in the range (323-477) K and pressures up to 137.9 MPa. According to their work 

[6], the density of the water-saturated CH4 phase significantly exceeded the density of pure 

methane for pressures up to 137.9 MPa and 422 K. The inverse behaviour was reported for the 

density of the CH4-saturated water phase when compared to the density of pure water under the 

same conditions. Moreover, the differences of this phase to pure water density appeared to 

diminish with increasing pressures. The authors attributed these effects to the mutual solubility 

of water and methane [6]. These results seem to be in contrast with those of water/carbon dioxide 
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[7,68], where the density of the water-saturated CO2 phase can be fairly approximated to that of 

pure CO2 whereas the density of the CO2-saturated water phase is higher than that of pure water 

at the same pressure and temperature. Accordingly, the mutual solubility of water/methane is 

considerably lower than that of water/carbon dioxide, and hence for the case of water/methane, 

the density of the light and heavy phases would be expected to be even closer to that of pure 

compounds. 

In this work, the density of the saturated phases of the methane-water system was taken to 

be equal to that of pure methane and water calculated from correlations given in REFPORP [69]. 

The density of the brines was calculated from a correlation proposed by Al Ghafri et al.[70]. This 

correlation was adjusted against density data of aqueous NaCl solutions for pressures and 

temperatures up to 68.5 MPa and 473 K, respectively, and maximum salinity of 26 wt%, with a 

reported percentage absolute average deviation (%AAD) of 0.02%. By using this correlation, the 

density values of the brines were extrapolated slightly for the highest pressures investigated in 

this work without a significant loss of accuracy. Moreover, the calculated density difference 

between the phases was always large enough for the effect of mutual solubility and density 

approximation not to have a significant impact on the IFT values (see Pereira et al.[7]).  
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3. Model  
The DGT approach is based on the use of phase equilibria properties of bulk phases 

separated by a well-defined interface to compute interfacial tension values. This theory has its 

origins in the work of van der Waals [71] and after the reformulation made by Cahn and Hilliard 

[36] it found its widespread use in the modelling of interfacial tension. The reader is referred to 

previous publications [35,72–74] for a detailed description of the model. In summary, the 

interfacial tension calculated by the DGT can be written as: 

02 ( )ji
ij i i

i j i

ddIFT c dz f P dz
dz dz

ρρ ρ ρ µ
+∞ +∞

−∞ −∞

 = = − +  
∑∑ ∑∫ ∫  Eq. 2 

where f0 is the Helmholtz free energy density of the homogeneous fluid at local density ρ, μi are 

the pure component chemical potentials, P is the equilibrium pressure and cij is the cross 

influence parameter. In order to compute interfacial tension values with Eq. 2, first the density 

distribution of each component (dρi/dz) was calculated by applying the minimization criterion of 

the Helmholtz free energy to planar interfaces and solving the following set of non-linear 

equations defined as: 

2
0

12 ( ,..., )j
ij i N i

j

d
c

dz
ρ

µ ρ ρ µ= −∑   for i,j = 1…Ncomponents Eq. 3 

where 0
iµ  is the chemical potential of each component evaluated at each grid point (i.e. zth) in the 

interface within the discretization scheme employed. The set of equations were reduced to a 

finite domain by approximating the density boundary conditions to those of the bulk, known as 

Dirichlet boundary conditions defined as: 

I
i iρ ρ=   at z = 0 Eq. 4 

II
i iρ ρ=   at z = L Eq. 5 

in which the superscripts I and II correspond to the equilibrated phases in contact and L is the 

length of the interface. Since one does not know beforehand the interface thickness, L was first 

estimated and subsequently enlarged until the variation of the IFT values computed with Eq. 2 

was lower than 0.1%. Usually initial values of L = 0.5 nm sufficed for the method to converge at 
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each enlargement of the interface. A detailed description of the method used for casting the 

solution of Eq. 3 can be found elsewhere [73,74]. 

Although the pure influence parameters (cii and cjj) can be derived from theoretical 

expressions [72,75], for simplicity, these parameters are in general adjusted against pure surface 

tension data widely available in the literature. In a previous work [7], adjusted influence 

parameters were correlated against bulk phase density data, as proposed by Khosharay and co-

workers [67,76,77]. This approach has shown to be able to produce good results when modelling 

the IFT of aqueous systems containing high soluble gases such as CO2 and H2S [7,76], over a 

broad range of conditions, and low soluble gases such as CH4, C2H6 and C3H8 for temperatures 

and pressures up to 313 K and 6 MPa, respectively [67]. However, when applied to the present 

systems, and in particular at high pressures, we encountered some numerical problems on the 

resolution of the density profiles and also a severe over-estimation of the IFT values. For this 

reason, in this work the influence parameters were taken to be temperature and bulk density 

independent, as suggested by others [42,43,45,47,78]. Thus, the influence parameter for water 

was calculated from an empirical correlation developed by Queimada et al. [79], whereas for 

methane this parameter was regressed from surface tension data given from correlations in 

REFPROP [69]. Water and methane influence parameters were calculated at fixed reduced 

temperatures of 0.45 and 0.48, respectively, and the values used in this work are given in Table 

2.  

The cross influence parameters were related to pure component influence parameters (cii 

and cjj) by: 

(1 )ij ij ii jjc c cβ= −  Eq. 6 

where βij is the adjustable (0<βij <1) binary interaction coefficient. This parameter was adjusted 

against an intermediate IFT data point for the methane-water system and then used to evaluate 

this property at other P-T conditions. The optimum value was found to be βij = 0.39. It should be 

noted that the same value for this parameter was used for the methane-brine systems and hence, 

all IFT values were computed in a fully predictive manner. 
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The procedure for modelling interfacial tensions first requires the calculation of the 

equilibrium properties of the two phases separated by the interface being considered at a given 

temperature and pressure. As followed in a previous work [7], these calculations were carried out 

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

coexisting equilibrium phases [80] in combination with the CPA EoS [50,51], using the Soave-

Redlich-Kwong cubic term and the conventional van der Waals one fluid mixing rules. This 

model was also used to evaluate μi in Eq. 2 and f0 in Eq. 3 from fundamental thermodynamic 

relationships [4,78]. The phase behaviour of the methane-water system has been exhaustively 

studied in the literature with the CPA EoS [79,81–83] and hence, molecular parameters for 

methane and water were taken from the studies of Voutsas et al.[81] and Kontogeorgis et al. [84] 

and they are listed in Table 2. Water was modelled with a 4C association scheme (according to 

the terminology introduced by Huang and Radosz [85]), in which the hydrogen bonding between 

the hydrogen atoms and the lone pairs of the oxygen were considered. The methane-water binary 

interaction parameters used in this work within the CPA EoS framework (kij) were taken from 

Haghighi et al. [82]. 

The effect of salts in the bulk equilibrium properties, and in turn in the computed IFT  

values, was considered by using the approach introduced by Aasberg-Petersen et al.[86] and 

extended to the CPA EoS by Haghighi et al.[82,87]. Accordingly, the effect of salt on the 

equilibria (i.e., V L
i iφ φ= ) can be evaluated with an EoS by addition of the contribution of an 

electrostatic term: 

ln ln lnEoS EL
i i iφ φ γ= +    Eq. 7 

The electrostatic term in the previous equation is based on the Debye-Hückel activity 

coefficient expression:  

1/2
3

2ln ( )EL is m
i

Ah M f BI
B

γ =    Eq. 8 

where his is the interaction coefficient between the dissolved salt and non-electrolyte 

components. In this work, the water-salt interaction parameters were taken from the work of 

Haghighi et al.[87] whereas the electrolytic interaction coefficients between NaCl and methane 
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were adjusted against solubility data available in the literature [88–90]. A Quadratic temperature 

dependence for his was established for experimental data in the temperature range (298-478) K 

and for a maximum salinity of 27 wt%: 

4

3 21.3998 10 1.2176 317.4CH NaClh T T−
− = × − + , with T in Kelvin Eq. 9 

As it can be seen in Figure 3, the CPA EoS estimations are in very good agreement with 

solubility data from the literature over a broad range of pressures and temperatures and salinities. 

Moreover, the CPA EoS is also capable of describing the density increase of the aqueous 

solutions due to the presence of sodium chloride (Figure 4 (a)) and the density difference 

between the equilibrated phases (Figure 4 (b)) in the methane-water and methane-brine systems. 

Table 2. CPA parameters and DGT influence parameters for methane and water used in this work. 

 a0 (J.m3.mol-2) c1 b (10-5 m3.mol-1) ε (J.mol-1) Β Ref cii (10-20 J.m5. mol-2) 

H2O 0.12277 0.6736 1.45 16655 0.0692 [84] 1.8014 
CH4 0.2278 0.444 2.84 – – [81]  2.0955 
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Figure 3. CH4 solubility-pressure diagrams for the methane-water and methane-NaCl brine systems at temperatures 
of interest. Symbols represent experimental data taken from the literature [88–92] and solid lines represent the CPA 
EoS estimations. 
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Figure 4. (a) Density-pressure diagram of water and NaCl at different temperatures. Solid symbols represent data 
taken from correlations in REFPROP and data from Al Ghafri et al. [70]. (b) Density difference-pressure diagram of 
methane-water and methane-brine systems at 373 K. Symbols represent the density difference used in the 
calculation of the IFT values and they are given in Tables 3 to 5. Solid lines in (a) and (b) represent the CPA EoS 
estimations. 
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4. Results and Discussion  
The IFT of the methane-water system was measured at HPHT conditions and the validity 

of both the methodology and equipment used assessed by comparison of the results against 

literature data [44,65,67,93,94]. Moreover, the effect of salts was investigated by measuring the 

interfacial tension of two methane-NaCl brine systems. To the best of our knowledge, data on the 

effect of NaCl on the IFT of the methane-water system are here reported for the first time. The 

concentration of brines considered ranged from 5 to 10 wt% of NaCl. 

Methane-water IFT measurements were performed in the temperature range (311-473) K 

and pressures up to 90 MPa and the results are listed in Table 3 and plotted in Figure 5. 

Interfacial tension measurements in brines were carried out for temperatures over the same range 

and pressures up to 92 MPa. The effect of NaCl on the IFT of the methane-water system was 

investigated in aqueous solutions with a salinity of (5.01 ± 0.05) wt% and (10.02 ± 0.11) wt% 

and the results are listed in Table 4 and Table 5 and plotted in Figure 8. 

As followed in a previous study [7], the combined expanded uncertainties Uc (IFT) in the 

interfacial tension measurements were assessed by accounting and combining the uncertainties 

on the determination of the key dimensions of the droplets, U1 (IFT), and the uncertainties on the 

estimation of the density difference for the equilibrated phases, U2 (IFT).  

U1 (IFT) was estimated by considering a maximum variation of 10% in the dimensions ds 

and de determined from the pictures taken. This variation is related with the relative dispersion 

observed between the values ds and de calculated from each picture taken and they are caused in 

part by vibrations and from variations in the dimension de. The effect of uncertainties in pressure, 

temperature and salinity in the calculation of the density are considerable lower than 

uncertainties that might be introduced by the approximation of the density of the saturated phases 

to that of pure methane and water/brine. Hence, the effect of uncertainties on the density, i.e. U2 

(IFT), was assessed by considering a maximum impact of mutual solubility on the density 

calculated for each phase. A maximum variation of 2.5 % was allowed for the density of the 

water-saturated CH4 phase when compared to the density of pure methane [69], whereas a 

change no higher than 0.5 % was considered for the density of the aqueous phase when 
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compared to the density of pure water [69] and of the brine [70]. This approach allows to some 

extent take into consideration the results of Shariat et al. [6]. 

Accordingly, U1 (IFT) and U2 (IFT) can be evaluated by the law of propagation of errors 

by [95]:  

2 2
2 2

1( ) ( ) ( )c e c s
e s

IFT IFTU IFT U d U d
d d

   ∂ ∂
= +   ∂ ∂   

 (Eq. 10) 

2 4

2 4

2 2

2 2
2 ( ) ( ) ( )c H O c CH

H O CH

IFT IFTU IFT U Uρ ρ
ρ ρ

   ∂ ∂
= +      ∂ ∂   

 (Eq. 11) 

The combined expanded uncertainties in the IFT measurements estimated with a confidence 

greater than 95 % are shown in Tables 3, 4 and 5 for each experimental condition and in general 

the IFT combined expanded uncertainty has an average value of 2.84 mN.m-1. Contrarily to the 

carbon dioxide-water system [7], where uncertainties in the estimation of the IFT values 

appeared to be dominated by uncertainties in the density of the phases, uncertainties in the 

estimation of the IFT of the systems investigated here are mainly controlled by the determination 

of the characteristic dimensions of the droplets.   

4.1. Methane-Water 

Methane-water IFT data covering a large range of pressures and temperatures is available 

in the literature [6,8,44,66,67,94,96–104] but, only Jennings and Newman [93], Wiegand and 

Franck [44], Tian et al. [94], Ren et al. [65],  Khosharay and Varaminian [67] and Shariat et al. 

[6] measured isotherms sufficiently close for comparison with IFT data from the present work. 

As can be seen in Figure 5, the IFT values measured in this work are in reasonable good 

agreement with the data from Wiegand and Franck [44], Ren et al. [65], Khosharay and 

Varaminian [67] and Shariat et al.[6], within the conditions investigated and uncertainties of our 

measurements. Data from Tian et al. [94] are in excellent agreement with the data from Wiegand 

and Franck [44], and also in good agreement with this work for T = 423 K and T = 473 K 

(Figure 5 (b)); for T = 373 K, measured IFT deviates from the data of Shariat et al. [6]  at low 

pressures, and from the data of Tian et al. [94] as well as of Wiegand and Franck [44] at high 

pressures. 
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Overall, the results of this study showed a reduction of the interfacial tension with 

increasing pressure and temperature, with IFT values ranging from (65.8 to 30.7) mN.m-1. 

Moreover, this reduction seems to be more pronounced for pressures up to 20 MPa, with IFT 

values levelling off for higher pressures. Even though Wiegand and Franck [44] have reported an 

IFT minimum for this system, we did not clearly observe experimentally this behaviour within 

the pressure range studied.  
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Figure 5. (a) and (b) IFT-pressure diagrams for the methane-water system. Symbols represent experimental IFT 
values and solid lines represent the DGT estimations using a single temperature independent binary interaction 
parameter βij = 0.39 (Eq. 6). Data from Shariat et al.[6] were read from graphs.  

As can be seen in Figure 5, the DGT approach by using bulk phase properties estimated 

with the CPA EoS and a single temperature independent binary interaction parameter (βij = 0.39) 

was able to provide a good representation of methane-water IFT data with a %AAD of 3.1% 

from data measured in this work. The highest deviations were obtained at 311 K and high 

pressures, where the model under-estimate the IFT values, as depicted in Figure 5 (a). 

Nonetheless, it is worthy of note that the DGT estimations are within the experimental 

uncertainties of the measured data. 

Another important advantage of the DGT is that it allows the calculation of the 

distribution of each component along the interfacial region and thus, access to fundamental 

information of the properties of fluids microstructures and their impact on the IFT values. The 

density profiles of water and methane calculated with the DGT at 313 K and 373 K and for 

different pressures are plotted in Figure 6. Moreover, the relative adsorption of methane 

molecules with respect to water molecules (Γ12) in the interfacial region was estimated from the 
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calculated density profiles and the results compared to modelled IFT in Figure 7. The following 

expression was used for the estimation of Γ12 [105–107]: 

12 1 ( )C z dzα
+∞

−∞
Γ = − ∆∫  (Eq. 12) 

where ΔC(z) is the symmetrical interface segregation at symmetrical concentrations αi defined 

as: 

2 2 1 1

2 1

( ) ( )(z)
L Lz zC ρ ρ ρ ρ

α α
− −

∆ = −  (Eq. 13) 

  
1 2 1 2( ) ( )

L V
i i

i L L V V

ρ ρα
ρ ρ ρ ρ

−
=

+ − +
 (Eq. 14) 

As depicted in Figure 6 (a), the DGT shows a local enrichment of the interface with 

methane molecules, as the density profile for methane runs through a maximum whereas the 

profile for water have the usual tanh-shape (Figure 6 (b)). It can also be seen that with 

increasing pressures and temperatures, the local accumulation in methane molecules is reduced 

as the area below the methane peak broadens. Furthermore, similar to what was observed in 

molecular simulation studies [108], the position of the peak in the density profile of methane 

seems to move towards the vapour phase as the pressure becomes increasingly high. On the other 

hand, no significant changes are evident in the shape of the density profile of water. These results 

were computed without any prior assumption on the density distribution of molecules across the 

interface, i.e., without the selection of water or methane as reference variable for the resolution 

of the set of non-linear equations (Eq. 3). It is worth mentioning that both the calculated density 

profiles and interface thickness yield a good agreement with the results obtained for this system 

by Miqueu et al.[42] and Nino-Amézquita and Enders [43] when combining the DGT with EoSs 

from the SAFT family. 
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Figure 6. (a) Methane and (b) water density profiles computed with the DGT at 313 K and 373 K and different 
pressures. 

The comparison of the methane adsorption curves with the estimated IFT reveals a close 

relationship between the fluids microstructure and the IFT, as depicted in Figure 7. Accordingly, 

from the DGT results plotted in Figure 7 one may infer that: 

• Methane adsorption is positive for pressures up to approximately 84 MPa and reaches a 

maximum at P = 16.8 MPa (373 K), P = 20.8 MPa (423 K) and P = 23.9 MPa (473 K); for 

pressures above 84 MPa, methane adsorption is negative (i.e., depletion), with temperatures 

having a small impact on the adsorption values. These results are in good agreement with the 

calculations of Wiegand and Franck [44] and endorse the theory of the formation of a methane 

film at the water surface [109]; 

• As mentioned above, the IFT values of this system show great pressure dependence up to 

20 MPa, with values levelling off for pressures up to around 84 MPa for all temperatures; above 

this pressure, the IFT values show a moderate increase with increasing pressures. The inversion 

of the IFT dependence with pressure and the observation of an IFT minimum seem to occur for 

pressures around the transition point between the positive and negative adsorption of methane 

molecules. This suggests that methane activity in the interface has an important impact on the 

behaviour of the IFT, as also concluded by of Miqueu et al. [42]. The computed IFT minimums 

with the DGT were found to be 43.9 mN.m-1 (373 K), 38.0 mN.m-1 (423 K) and 29.7 mN.m-1 

(473 K) at approximately 84 MPa.  
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Figure 7. Methane relative adsorption, Γ12, (dashed line) and IFT (full line) as function of pressure computed with 
Eq.12 and density profiles obtained with the DGT at 373 K (black), 423 K (red) and 473 K (green). Symbols 
represent the IFT minimum calculated for each isotherm. The binary interaction parameter within the DGT 
framework was fixed to βij = 0.39 (Eq. 6) for all temperatures.  
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Table 3. Measured methane-water IFT data. The density difference (Δρ) used corresponds to the difference between 
the values of pure water and methane obtained from correlations given in REFPROP [69] for each P-T state.  

P (MPa) Δρ (kg.m-3) IFT (mN.m-1) Experimental Error (mN.m-1) 
U1 U2 Uc = U1+U2 

T = 311.0 K 
3.39 972.4 66.03 3.55 0.34 3.89 
7.54 944.3 59.95 3.23 0.33 3.56 

14.38 894.4 57.94 3.12 0.37 3.49 
28.21 813.2 52.29 2.81 0.45 3.26 
44.73 762.0 51.43 2.77 0.54 3.31 
61.30 733.4 49.28 2.65 0.59 3.24 
81.60 711.7 50.39 2.71 0.66 3.37 

T = 373.2 K 
3.65 940.7 54.76 2.96 0.28 3.24 

10.07 908.2 50.64 2.73 0.28 3.01 
21.14 853.6 48.29 2.60 0.32 2.92 
30.54 815.2 45.02 2.43 0.34 2.77 
51.02 759.5 42.20 2.27 0.41 2.68 
60.31 742.8 41.61 2.24 0.44 2.68 
71.05 727.6 41.92 2.26 0.47 2.73 
82.76 714.5 41.93 2.26 0.50 2.76 

T=423.2K 
2.74 905.6 49.23 2.66 0.25 2.91 
7.29 887.0 46.41 2.50 0.24 2.74 

17.17 847.0 42.69 2.31 0.25 2.56 
27.79 808.6 40.72 2.20 0.28 2.48 
38.47 777.2 38.35 2.07 0.30 2.37 
48.44 754.0 39.43 2.13 0.35 2.48 
62.28 729.4 38.60 2.08 0.38 2.46 
75.91 711.3 39.19 2.11 0.43 2.54 
89.77 697.1 38.67 2.08 0.45 2.53 

T=473.2K 
2.41 855.4 40.35 2.18 0.20 2.38 

14.09 816.7 34.86 1.89 0.20 2.09 
21.22 794.5 34.20 1.85 0.21 2.06 
34.79 757.8 32.44 1.75 0.24 1.99 
51.54 723.4 30.53 1.65 0.26 1.91 
70.12 696.4 31.46 1.70 0.32 2.02 
83.44 682.1 30.74 1.66 0.33 1.99 

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

 Similar to other gas-water systems [5,8,10–19], the addition of salt resulted in a general 

increase of the interfacial tension values over the pressures and temperatures considered, as 

depicted in Figure 8. Overall, the presence of 5 wt% and 10 wt% NaCl resulted in an average 

increase of the IFT in 1.4 mN.m-1 and 4.1 mN.m-1, respectively, when compared to the methane-

water IFT. Moreover, the variation of the IFT with pressure and temperature was similar to that 

mentioned above for the methane-water system.  

The effect of salt on the IFT of the methane-water system was modelled with the DGT 

approach by accounting the effect of the dissolved electrolytes on the density and composition of 

the saturated phases alone, i.e. the distribution of ions across the interface was not evaluated. In 

this sense, the IFT of the methane-brine system was predicted by using the bulk phase properties 

estimated with the CPA EoS in combination with the electrolyte term and by keeping the binary 

interaction parameter βij = 0.39 within the DGT framework,  as applied in the methane-water 

system. As depicted in Figure 8, the predicted IFT values are in good agreement with the IFT 

data reported in this work, within the experimental uncertainties, with the highest deviations 

obtained for the system with the highest salinity at 473 K. Overall, the DGT showed a %AAD of 

4.8% to measured data for temperatures and pressures up to 473 K and 92 MPa, respectively, and 

maximum salt concentration of 10 wt%.  

The capability of this method to predict the effect of salts on the IFT stands out as very 

good if one takes into consideration that only bulk phase properties and one temperature 

independent binary interaction parameter (βij = 0.39 in Eq. 6), tuned against methane-water IFT 

data, were used for computing the IFT of the brine systems. 
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Figure 8. IFT-pressure diagrams for the methane-water and methane-brine systems. Symbols represent experimental 
IFT values measured in this work and solid lines represent the DGT predictions using a temperature independent 
binary interaction parameter fixed to βij = 0.39 (Eq. 6). 
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Table 4. Measured methane-brine IFT data for a salinity of 5.01 ± 0.05 wt% NaCl. The density difference (Δρ) used 
corresponds to the difference between the values correlated by Al Ghafri et al.[70] for the brine and pure methane 
obtained from correlations given in REFPROP [69] for each P-T state. 

P (MPa) Δρ (kg.m-3) IFT (mN.m-1) Experimental Error (mN.m-1) 
U1 U2 Uc = U1+U2 

T = 311.0 K 
3.31 1006.2 64.67 3.48 0.33 3.81 
7.21 979.8 60.35 3.25 0.33 3.58 

14.19 928.8 56.42 3.03 0.35 3.38 
24.06 865.8 53.84 2.90 0.42 3.32 
38.69 809.3 50.22 2.70 0.48 3.18 
57.64 770.5 50.07 2.69 0.57 3.26 
77.22 746.9 49.18 2.64 0.62 3.26 

T = 373.2 K 
3.28 974.7 58.04 3.12 0.30 3.42 
7.22 954.8 53.13 2.86 0.28 3.14 

14.29 918.6 50.44 2.71 0.29 3.00 
23.84 873.3 47.71 2.57 0.32 2.89 
39.16 819.0 44.94 2.42 0.38 2.80 
58.47 776.6 43.66 2.35 0.44 2.79 
77.91 749.8 42.97 2.31 0.49 2.80 

T = 423.2 K 
3.32 936.3 50.99 2.74 0.26 3.00 
7.11 920.5 48.34 2.60 0.25 2.85 

14.00 892.1 45.12 2.43 0.26 2.69 
24.30 852.6 42.66 2.30 0.28 2.58 
38.23 809.5 41.11 2.21 0.32 2.53 
58.26 766.8 39.28 2.11 0.37 2.48 
79.57 737.6 40.65 2.19 0.44 2.63 
90.74 726.4 40.55 2.18 0.46 2.64 

T = 473.2 K 
3.92 885.4 42.70 2.30 0.22 2.52 
7.10 874.5 40.95 2.20 0.21 2.41 

14.16 850.7 38.39 2.07 0.21 2.28 
24.57 818.2 36.13 1.94 0.23 2.17 
38.06 782.9 34.00 1.83 0.25 2.08 
58.58 743.7 32.91 1.77 0.29 2.06 
81.36 715.0 33.42 1.80 0.35 2.15 

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 5. Measured methane-brine IFT data for a salinity of 10.02 ± 0.11 wt% NaCl. The density difference (Δρ) 
used corresponds to the difference between the values correlated by Al Ghafri et al. [70] for the brine and pure 
methane obtained from correlations given in REFPROP [69] for each P-T state. 

P (MPa) Δρ (kg/m3) IFT (mN.m-1) Experimental Error (mN.m-1) 
U1 U2 Uc = U1+U2 

T = 311.0 K 
2.84 1044.8 74.01 3.98 0.38 4.36 
7.15 1015.9 66.28 3.56 0.36 3.92 

14.35 963.1 62.66 3.37 0.39 3.76 
24.62 898.0 56.92 3.06 0.44 3.50 
43.09 832.7 54.97 2.96 0.54 3.50 
57.98 804.4 52.51 2.82 0.58 3.40 
76.19 782.0 53.58 2.88 0.65 3.53 
91.29 768.9 52.98 2.85 0.68 3.53 

T = 373.2 K 
3.19 1010.2 59.69 3.21 0.30 3.51 
7.24 989.8 56.96 3.07 0.30 3.37 

14.07 954.6 53.01 2.86 0.31 3.17 
24.41 905.4 51.64 2.78 0.35 3.13 
38.47 855.3 50.45 2.71 0.41 3.12 
58.26 810.9 47.58 2.56 0.46 3.02 
76.53 785.1 47.09 2.53 0.51 3.04 
92.46 769.0 46.46 2.50 0.54 3.04 

T = 423.2 K 
3.79 970.9 50.95 2.74 0.26 3.00 
7.14 956.9 49.25 2.65 0.26 2.91 

14.05 928.2 46.63 2.51 0.26 2.77 
24.37 888.3 44.00 2.37 0.28 2.65 
39.51 841.6 41.76 2.25 0.32 2.57 
59.16 800.3 41.13 2.21 0.38 2.59 
77.40 774.7 41.41 2.23 0.43 2.66 
92.39 759.2 41.66 2.24 0.46 2.70 

T = 473.2 K 
2.82 929.0 45.46 2.45 0.23 2.68 
7.51 912.6 41.14 2.22 0.22 2.44 

14.33 889.3 38.81 2.09 0.22 2.31 
24.43 857.2 37.65 2.03 0.23 2.26 
38.40 820.0 36.28 1.95 0.26 2.21 
57.98 781.8 35.05 1.89 0.30 2.19 
77.57 755.5 34.63 1.86 0.34 2.20 
90.67 742.3 32.95 1.77 0.35 2.12 

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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5. Conclusions  
The pendant drop and bubble rise methods were used to determine the IFT of the 

methane-water and methane-brine systems for temperatures over the range (311 to 473) K and 

pressures up to 92 MPa. Both equipment and methodology were validated by comparison against 

methane-water IFT data available in the literature. Furthermore, the impact of adding 5 and 10 

wt% of NaCl was also investigates here for the first time. The results showed an average increase 

of the interfacial tension values in 1.4 mN.m-1 and 4.1 mN.m-1 for the brines with a NaCl 

concentration of 5 and 10 wt%, respectively, when compared to the methane-water system, over 

the studied range of pressures and temperatures. 

The DGT approach was coupled with the CPA EoS and it was used to describe the phase 

behaviour and the IFT of the methane-water system over a broad range of conditions. By using 

no more than one temperature independent binary interaction parameter and bulk properties, the 

DGT method was able to provide a good representation of the measured IFT data for the 

methane-water system, with a %AAD of 3.1%. Furthermore, the impact of electrolytes on the 

IFT was accounted in the model by considering only the effect of salts on bulk phase properties 

such as composition and density through the Debye-Hückel activity model. The modelling 

results showed that the DGT was able to predict the increase of the IFT of the methane-water 

system due to the presence of up to 10wt% NaCl. Overall, predictions deviated from measured 

data with a %AAD of 4.8%.  
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