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Abstract
This study aims to characterize binary mixtures consisting of a liquid with a dis-
solved gas by determining their dynamic viscosity and interfacial tension using equi-
librium molecular dynamics (EMD) simulations in the temperature range between 
(298 and 573) K and for solute mole fractions up to 0.20. With the help of a system-
atic variation of solvent and solute molecules, the influence of their molecular char-
acteristics, e.g., in form of size, shape, or polarity, on the thermophysical properties 
of the mixtures is discussed. For this, eight different alkanes and alcohols with a car-
bon number between 12 and 40 as solvents and seven solutes in form of hydrogen, 
helium, methane, water, nitrogen, carbon monoxide, or carbon dioxide are studied. 
Using EMD simulations, the liquid dynamic viscosity is determined in the slightly 
compressed liquid phase close to saturation conditions. Simulations at vapor–liquid-
equilibrium (VLE) are performed to determine the interfacial tension and to calcu-
late the solute molecules at the vapor–liquid interface. To check the applicability of 
the EMD simulations, data for the dynamic viscosity and interfacial tension from 
this work are compared to experimental data of binary mixtures with the same sol-
utes and similar solvents. The results from this work show that the impact of the dis-
solved gas on the thermophysical properties is strongly depending on its molecular 
characteristics. For example, the properties of mixtures containing dissolved He are 
usually within combined uncertainties with the ones of the pure solvent. In contrast, 
dissolving  CO2 leads to a pronounced reduction in both properties at comparable 
solute mole fractions. For the molecular characteristics of the solvent, the carbon 
chain length is shown to influence mainly the interfacial tension and the polarity 
mainly influences the viscosity.
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1 Introduction

Mixtures consisting of liquids with dissolved gases are often in use as working 
fluids in many processes in chemical and energy engineering. Examples are the 
synthesis of base chemical components, such as methanol [1, 2] or dimethyl ether 
[2, 3], the conversion of carbon dioxide  (CO2) and water to synthesis gas [4], 
or the esterification of biofuels [5, 6]. For the efficient design of processes and 
apparatuses, reliable data for the thermophysical properties of the working fluid 
is needed at process-relevant conditions in terms of temperature T, pressure p, 
and composition. Two important properties are the dynamic viscosity η and inter-
facial tension σ, which are addressed within this work. For example, η is related 
to the momentum transport and, therefore, required for the calculation of power 
requirements for mixers and pumps and the characterization of the flow field in 
pipes and reactors. σ is important for describing the wetting behavior at catalysts 
or machineries and the mass transfer at gas–liquid interfaces.

Due to the infinite number of combinations of solvents, solutes, and thermo-
dynamic states, the investigation of η and σ only by experiments is not a feasible 
task. For systems which cannot or only hardly be probed by experiments, also 
because of safety reasons, the use of computer simulations has proven to be a 
valuable tool for thermophysical property research.

Equilibrium molecular dynamics (EMD) simulations, which are used in this 
work for the determination of η and σ, are based on the study of the molecular 
motion in a statistical fluid ensemble by solving Newton’s equations of motion 
using descriptions of the intra- and intermolecular interactions via so-called force 
fields (FF) [7–9]. In this way, multiple thermophysical properties can be calcu-
lated from the recorded molecule trajectories and energies. A further advantage 
of EMD simulations is the possibility to gain insight into the fluid structure on a 
molecular level which is valuable for the analysis of structure–property relation-
ships and can be utilized for the development of prediction models [10–12].

The present work is part of a research project at the Institute of Advanced 
Optical Technologies-Thermophysical Properties (AOT-TP) at the Friedrich-
Alexander-Universität Erlangen-Nürnberg (FAU). The project aims at the char-
acterization of pure linear, branched, or cyclic hydrocarbons and their mixtures 
without and with dissolved gases by the determination of η and surface or inter-
facial tension σ over a wide range of thermodynamic states via surface light scat-
tering (SLS) experiments and EMD simulations. In a first step, a T-dependent 
modification of the L-OPLS FF [13, 14] served for improved predictions of the 
liquid density ρL, ηL, and σ of 12 pure solvents up to T = 573 K [15]. This modi-
fication has since been applied to binary liquid mixtures of n-hexadecane with 
n-octacosane, 2,2,4,4,6,8,8-heptamethylnonane (HMN), or 1-hexadecanol [16], 
and binary mixtures consisting of long linear, branched, or cyclic hydrocarbons 
and seven different gases between (303 and 573)  K [17, 18]. For all investiga-
tions, the results of EMD simulations could be directly compared with the SLS 
experiments. Here again, EMD simulations are used to determine ηL and σ of 45 
further binary mixtures consisting of a liquid with a dissolved gas up to T = 573 K 
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and mole fractions of the dissolved gas in the liquid phase up to 0.20. As sol-
vents, linear and branched alkanes and alcohols of varying carbon number are 
investigated to cover a wide range of molecular size and weight as well as polar-
ity. In detail, n-dodecane, 1-dodecanol, 2-butyl-1-octanol, HMN, 1-hexadecanol, 
n-octacosane, 2,6,10,15,19,23-hexamethyltetracosane (squalane), and n-tetracon-
tane are selected as solvents. As solutes, hydrogen  (H2), helium (He), methane 
 (CH4), water  (H2O), nitrogen  (N2), carbon monoxide (CO), and  CO2 were chosen 
for their variety in size, weight, sphericity, and polarity.

In the following, the relevant information for the EMD simulations, including the 
applied FFs, simulation procedure, and data evaluation will be given. Afterwards, 
the influence of the molecular characteristics of the solvent and solute on the ther-
mophysical properties of the mixtures is discussed. The influence of the solute is 
analyzed by comparing the results for binary mixtures consisting of different gases 
dissolved in either n-dodecane, 1-dodecanol, or n-tetracontane. The simulation 
results are compared to experimental data. Because of the scarce data situation in 
the literature, results for similar systems are used for comparison purpose mainly 
with results for binary mixtures based on similar solvents from our previous inves-
tigations [17, 18]. The influence of the solvent is analyzed by comparing the results 
for binary mixtures consisting of the solutes He,  N2, or  CO2 dissolved in various 
solvents. Finally, the enrichment of solute molecules at the vapor–liquid interface is 
calculated via the relative adsorption Γ(1)

2
 and related to the results for σ to deepen 

the understanding why different solute types have a different impact on σ of the 
binary mixtures.

2  EMD Simulations

EMD simulations predict the movement of atoms and molecules in a statistical 
ensemble by solving Newton’s classical equations of motions and describing the 
intra- and intermolecular interactions between two atoms. From the resulting tra-
jectories, forces, and energies, a broad range of thermophysical properties, includ-
ing the viscosity and interfacial tension which are of interest in this work, can be 
accessed. Further information on the underlining principals of MD simulations can 
be found in the respective literatures [7–9]. In the following, only the relevant infor-
mation of the present study is summarized.

The accuracy of the predicted properties from EMD simulations strongly depends 
on the employed FFs. The L-OPLS FF was chosen for modeling of the solvent mol-
ecules, since it has shown the best agreement with experimental reference data for 
predicting equilibrium and transport properties of long alkanes and alcohols [19], 
including diffusivities in their mixtures with dissolved gases [10, 11, 20–22].

In our previous studies, by incorporating a T dependency in one parameter of the 
6–12 Lennard–Jones (LJ) potential, which is used to describe repulsive and disper-
sive interactions between two atoms, the L-OPLS all-atom (AA) FF [13, 14] was 
modified for a better representation of the density ρ, η, and σ of 12 pure linear or 
branched alkanes and alcohols with carbon numbers between 12 and 40 at T between 
(298.15 and 573.15) K [15]. This modification led to improved predictions of ρ, η, 
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and σ with average absolute relative deviations from SLS experiments, which were 
presented in the same work, of (1.1, 17, and 11) %, respectively. The T-dependent 
modification [15], which is fully transferable to other substances, was then tested 
by comparing predicted η and σ of binary liquid mixtures of linear and branched 
alkanes and alcohols [16], cyclic liquid organic hydrogen carriers (LOHCs) [23] 
and their mixtures [24] as well as binary mixtures consisting of a hydrocarbon liq-
uid with different dissolved gases [17, 18] to experimental values from SLS. In all 
cases, the T-dependent modification has shown to greatly improve the T-dependent 
drift of the simulated properties in comparison to the experimental ones. Therefore, 
the same FFs are employed within this study for the solvent molecules. The partial 
charges located on the center of the atoms were taken from the original publications 
and are summarized together with the FF parameters in the Supporting Information 
of our previous publication [15]. For the gas solutes, namely,  H2, He,  CH4,  H2O, 
CO,  N2 and  CO2, the FFs employed in our previous publications are used [17, 18]. 
All FFs used in this study are non-polarizable flexible all atom FFs, characterized by 
pair-additive potential energy functions describing intramolecular and intermolecu-
lar interactions.

2.1  Simulation Details

All EMD simulations were performed using the GROMACS software package, ver-
sion 5.1.2 [25] at T = (298.15, 323.15, 348.15, 373.15, 423.15, 473.15 and 573.15) 
K or starting at elevated T for solvents with a melting T above 298.15 K. Equations 
of motion were integrated using the Leapfrog algorithm with an integration time 
step of 2 fs for all systems. The bonds between the lighter hydrogen atoms and the 
heavier carbon or oxygen atoms in the solvent molecules were constrained using the 
LINCS [26] algorithm. The LJ and electrostatic interactions are calculated from the 
6–12 LJ potential and coulombic potential, within the cutoff radius of 1.6 nm. Long-
range electrostatic interactions beyond the cutoff radius is modeled via the parti-
cle-mesh Ewald (PME) algorithm [27]. For simulations in the slightly compressed 
liquid phase, standard dispersion corrections for energy and pressure is considered 
for calculating long-range LJ interactions beyond the cutoff radius. Long-range LJ 
interaction in VLE simulations are calculated using LJ-PME algorithm [28].

The simulations were initialized by randomly inserting solvent molecules into a 
cubic simulation box with periodic boundary conditions in all directions. The num-
ber of solvent molecules corresponds to approximately 30,000 atoms in each case 
to maintain comparable computational effort for all mixtures. Three unique simu-
lation boxes are created, which are the bases of three independent simulation runs 
for all following steps. Afterwards, solute molecules are added to match the calcu-
lated solubility data. Details on the solubility data used in this work are discussed 
in the Supporting Information. After an energy minimization step to approximate 
realistic atomic proximities following the random insertion of molecules into the 
simulation box, the desired T and p was attained in 1 ns simulation run in a canoni-
cal ensemble (NVT), followed by a 10 ns simulation run in an isothermal-isobaric 
ensemble (NpT). To avoid a possible phase separation, p in the NpT simulations was 
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set 0.2 MPa above the calculated saturation p. ρL was determined from the NpT sim-
ulation, neglecting first 0.5 ns for equilibration of T and p, and the liquid dynamic 
viscosity ηL was calculated from a subsequent simulation in an NVT ensemble based 
on the Green–Kubo method [29, 30], which is further detailed in the “Data evalua-
tion” section.

To create a simulation box in VLE, which is required for calculating σ, the cubic 
simulation boxes were extended in the z-direction to create two vapor–liquid inter-
faces. For typical simulation boxes with a box length of (6.0 to 7.0) nm, previous 
studies have shown that an extension by a factor of three is sufficient to ensure that 
the long solvent molecules in the vapor phase only interact with one of the two inter-
faces. Additional solute gas molecules were then added to the vapor phase to reach 
the vapor density of the solute at the required partial pressure. These values were 
obtained from the REFPROP data base [31]. Afterwards, VLE simulations of about 
(15 to 20) ns in an NVT ensemble were performed to calculate σ, neglecting the 
first 5 ns for equilibration. From the same VLE simulations, the partial number den-
sities of the solute and solvent as function of the z-coordinate of the simulation box 
were obtained to study a possible enrichment of the constituent species at the inter-
face, which is further explained in Sect. 2.2.

For calculating the composition in the liquid phase and the related saturation p, 
solubility data are required. Experimental solubility data are only available for a few 
systems and had to be inter- and extrapolated with respect to the carbon number 
in the solvent molecules for all other systems. This is detailed in the Supporting 
Information.

2.2  Data Evaluation

The Green–Kubo formalism [29, 30] is used to calculate ηL within this study. This 
formalism analyzes the pressure autocorrelation function (PACF) of the off-diagonal 
elements of the p tensor. By averaging over the plateau of the running integral of 
the PACF ηL(τ) with respect to correlation time τ, ηL can be obtained. However, in 
practice, it is difficult to identify the plateau region due to an accumulation of statis-
tical noise at long correlation times [32]. Alternatively, Zhang et al. [33] proposed a 
time-decomposition method for the reliable determination of ηL. Using this method, 
ηL(τ) of multiple short simulation runs are fitted to a double exponential function 
according to

In Eq. 1, A and α are fitting parameters and τ1 and τ2 characterize the decay time 
of the two exponential functions. For more detail of this method, reader is referred 
to the respective publication [33]. In the following, the procedure adopted within 
this study is detailed.

To apply the method of Zhang et al. [33], the NVT simulations are divided into 
multiple short simulations of 2 ns. In the upper part of Fig. 1, ηL(τ) for the result-
ing 28 short simulations for the binary mixture of 1-dodecanol and  CO2 with 
xCO2

 = 0.20 at 423.15 K is shown together with their running average indicated by 

(1)�L(�) = A��1(1 − e�−�1 ) + A(1 − �)�2(1 − e−�∕�2 ).
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a black dashed line. The running average is then fitted with respect to τ according 
to Eq. 1. In a next step, the double standard deviation, σ(η(τ)), between all indi-
vidual runs is calculated as a function of τ and fitted to the functional form σ(η(τ)) 
= B·τb up to a cutoff time of τcut = 6·max(τ1, τ2), where B and b are fitting param-
eters. In all the investigated systems within this study, b values were between 0.6 
and 0.8. In a final step, the running average is again fitted according to Eq. 1 up 
to τcut with a weighing function of 1/τb. ηL follows directly from the plateau value 
of the theoretical equation according to Eq. 1. To compare the approach of Zhang 
et al. [33] with the results from one long simulation run, the running average of 
28 simulations of 2 ns length is compared with ηL(τ) from a 60 ns long simulation 
run for the system of 1-dodecanol with dissolved  CO2 at xCO2

 = 0.20 is shown in 
the lower part of Fig.  1. While both methods yield similar ηL, the method pro-
posed by Zhang et al. [33] has the advantage that the plateau range is calculated 
from the decay times of the exponential functions and is, therefore, not influenced 
by the subjectivity of the individual, as is the case for the classical approach.

σ is calculated from the diagonal elements of the p tensor from the simulations 
in VLE according to

Here, Lz is the box length in z-direction and pxx, pyy, and pzz are the diagonal ele-
ments of the pressure sensor. σ is then determined by averaging σ (t) over the simula-
tion time excluding the first 5 ns for equilibration and formation of the vapor–liquid 
interface. For more details on the calculation of σ from MD simulations, the reader 

(2)�(t) =
Lz

2

(

pzz(t) −
pxx(t) + pyy(t)

2

)

Fig. 1  (Top part) Liquid 
dynamic viscosity ηL of 28 
simulations of 2 ns length (solid 
lines) and their running average 
(dashed line) as a function of the 
correlation time τ for the binary 
mixture of 1-dodecanol with 
dissolved  CO2 at a  CO2 mole 
fraction x

CO
2
 = 0.2 and tempera-

ture T = 473.15 K. (lower part) 
Comparison between the run-
ning average of the 28 simula-
tions of 2 ns length (dashed line) 
and the evaluation of a single 
60 ns long simulation (dotted 
line) as a function of τ 
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is referred to our previous publications [15, 34] as well as the general literature on 
MD simulations [7–9].

For a vapor–liquid interface parallel to the x,y-plane, the relative adsorption of 
the solute (component 2) with respect to the solvent (component 1) Γ(1)

2
 can be cal-

culated using the component number density profiles along the z-axis ρi(z), obtained 
from EMD simulations in VLE according to [35, 36]

Here, ρL,i and ρV,i represent the bulk liquid and vapor densities of component i far 
away from the vapor–liquid interface. They can be calculated by averaging over ρi(z) 
in the range where ρi(z) is independent of z.

The final results for the thermophysical properties of the binary mixtures investi-
gated in this work are summarized in Table 1 together with their statistical uncertain-
ties and thermodynamic states. The final values for the properties are the averages of 
the three independent simulation runs. The expanded statistical uncertainties, based 
on a coverage factor k = 2, are calculated from the double standard deviations of the 
values from the three simulations.

3  Results and Discussion

The results for ρL, ηL, σ, and Γ(1)

2
 for the 45 binary mixtures investigated in this work 

are summarized together with their expanded statistical uncertainties and thermo-
dynamic states in Table 1. Systems based on solutes with a low solubility, i.e.,  H2, 
He, and  N2, were investigated at constant p of about 7.0 MPa to allow a compar-
ison with previous publications containing binary mixtures with the same solutes 
[17, 18] which were conducted at a maximum p = 7.0 MPa due to the limitations 
of the experimental setup. Systems with more soluble solutes, namely,  CH4, CO, 
 CO2, and  H2O, were investigated at xsolute = (0.10 and 0.20) in the case of  CH4 and 
 CO2, xsolute = (0.05 and 0.10) in the case of CO, and xsolute = (0.045 and 0.09) in the 
case of  H2O. The simulations were carried out at T between (298.15 and 573.15) 
K, or starting from approximately 20 K above the melting T of the solvent. Due to 
the low solubility of  H2O in hydrocarbons at low T, the simulations with dissolved 
 H2O were carried out between T = (423.15 and 573.15) K. In the following, first the 
results for ηL and σ are shown and discussed. To investigate the influence of the dis-
solved gas, the deviation of the reported mixture properties from the pure solvents 
investigated by EMD simulations [15] are calculated. For this, ηL and σ of the pure 
solvents were correlated with respect to T, as detailed in the Supporting Informa-
tion. Here, it must be mentioned that the a general overprediction for ηL and σ of 
the pure solvents by up to 30 % with respect to the T-dependent correlations from 
SLS results could be observed in our previous publication [15]. In this work, the 
influence of the dissolved gas in form of the deviation between the mixtures and the 
pure solvents is compared to experimental and simulated data for similar systems 

(3)Γ
(1)

2
= −

(

�
L,2
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V,2

)
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investigated within the same project [15–18] and further experimental results from 
the literature, when available. For each property, first, the influence of the solute is 
discussed using the results for binary mixtures consisting of the gases  H2, He,  CH4, 
 H2O, CO,  N2, or  CO2 dissolved in n-dodecane, n-tetracontane, or 1-dodecanol. Here, 
the different molecular characteristics of the solutes, e.g., molecule size, weight, or 
polarity, allow a systematic investigation of the influence of the solute on the prop-
erties of the mixture. To study the influence of the molecular characteristics of the 
solvents on the properties of the mixtures, binary mixtures based on the solutes He, 
 N2, or  CO2 dissolved in solvents with a variation in the chain length, hydroxylation, 
or branching are discussed. Finally, results for Γ(1)

2
 are shown for some of the investi-

gated binary mixtures and the influence of the surface enrichment on σ is discussed.

3.1  Liquid Viscosity

The results for ηL of binary mixtures consisting of  H2, He,  N2,  CH4,  H2O, CO, or 
 CO2 dissolved in n-dodecane (left panel), 1-dodecanol (middle panel), or n-tetrac-
ontane (right panel) are shown in Fig. 2 as a function of T. Open and closed sym-
bols are used to indicate different xsolute for systems with dissolved  CH4,  H2O, CO, 

Fig. 2  (Top) Liquid dynamic viscosity ηL of the binary mixtures of n-dodecane (left), 1-dodecanol (mid-
dle), or n-tetracontane (right) with the dissolved gases  H2, He,  N2,  CH4,  H2O, CO, or  CO2 by EMD simu-
lations as a function of T and solute mole fraction (open and closed symbols). For comparison, the cor-
relations for ηL of the solvents from EMD simulations [15] are shown (solid lines). (Bottom) Relative 
deviations between ηL of the binary mixtures and ηL of the pure solvents. The dotted lines mark the aver-
age expanded uncertainty (k = 2) of the results for the pure solvents. Error bars are shown only exempla-
rily for the mixtures containing He for clarity. The mole fractions of the dissolved gas given in the legend 
are approximate values. The real composition at each T can be taken from Table 1
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and  CO2. For comparison, ηL of the pure solvents investigated by EMD simulations 
[15] are shown as solid lines. To study the influence of the dissolved gas on ηL, the 
deviations of ηL for the binary mixtures from the one of the pure solvents is given in 
the lower part of Fig. 2. Exemplary error bars are shown only for the He-based mix-
tures for legibility. For all the systems investigated within this section, the average 
expanded statistical uncertainty (k = 2) of ηL is 12 %.

Due to the relatively large uncertainties for ηL in the range of (10 to 20) % (k = 2), 
ηL of the binary mixtures shown in Fig. 2 are mostly within combined uncertainty 
with ηL of the pure solvents. However, even within combined uncertainties, the 
T-dependent trends of the deviations between the binary mixtures and the pure sol-
vents, which represents the influence of the dissolved gas, can be compared to previ-
ous studies for ηL of binary mixtures based on the same solutes and similar solvents 
as shown here. For mixtures based on n-dodecane, which is shown in the left panel 
of Fig. 2, the results can be compared to the work of Klein et al. [18], who investi-
gated binary mixtures of the same solutes dissolved in n-hexadecane over the same 
T range and similar compositions. For the solutes He and  H2 the EMD simulations 
in this work predict ηL of the mixtures to be larger than that of pure n-dodecane 
by up to (13 and 10) % for He and  H2. This agrees with the results from SLS for 
the binary mixtures based on n-hexadecane, which also show ηL of the mixtures 
to be within combined uncertainties at T < 423 K and larger in comparison to pure 
n-hexadecane by up to (13 and 7) % for He and  H2 [18]. The results from this work 
also agree with the findings for the n-hexadecane-based mixtures from EMD simu-
lations by Klein et al. [18], who also found ηL of the He- or  H2-based mixtures to be, 
on average, larger by approximately 10 % in comparison to pure n-hexadecane. The 
increase in ηL for mixtures containing He or  H2 with respect to the pure solvents can 
be explained by the effect of the increased p necessary to dissolve the solutes, while 
the pure solvents are investigated under saturation conditions or at p = 0.1 MPa. The 
increase of p from saturation conditions to 7.0 MPa, for example, would lead to an 
increase in ηL of (9.1 or 30) % for T = (298.15 or 573.15) K [31]. For the smallest 
gases He and  H2, this p effect seems to be larger than the effect of the dissolved 
gases, which usually leads to a decrease in ηL, so that ηL for these mixtures is larger 
than that of pure n-dodecane.

For  N2, the EMD simulations from this work also predict ηL to be, on aver-
age, larger than that of pure n-dodecane. This agrees with the findings from SLS 
experiments for the binary mixture of n-hexadecane +  N2 of Klein et  al. [18] only 
for T > 473  K. At smaller T, the results from SLS show ηL of the mixtures to be 
smaller than that of pure n-hexadecane. The failure of the EMD simulations to pre-
dict a smaller ηL for the  N2-based mixtures in comparison to the pure solvent was 
already seen by Klein et al. [18] for the n-hexadecane-based mixture. This suggest 
that this failure can be explained by the inability of the applied L-OPLS FF [13, 14] 
to accurately predict the properties of the pure solvents at low T. This was already 
seen and discussed in our previous publications as well as by other authors [15, 16, 
18, 19]. The L-OPLS FF seems to overpredict the interstitial space between the sol-
vent molecules, which is supported by a too small ρL [15, 19], and overpredict the 
attractive intermolecular interactions, which is expressed by a too large ηL [15, 19]. 
With respect to the binary mixtures with dissolved  N2, this means that in the EMD 
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simulations, the small  N2 molecules can occupy the overmuch interstitial space, 
which leads to a larger ηL in comparison to the pure solvent.

For the binary mixtures of n-dodecane and  H2O, the EMD simulations from this 
work predict ηL of the mixture to be within combined uncertainties with the pure 
solvent with an average absolute deviation of about 4 %. Based on the two investi-
gated xsolute = (0.045 and 0.090), no clear influence of xsolute on ηL can be found. This 
agrees with the finding from SLS and EMD simulations for the binary mixtures of 
n-hexadecane and  H2O of Klein et al. [18], which also found no clear influence of 
dissolved  H2O on ηL of the solvent over the entire range of T and xsolute.

For the three solutes  CH4, CO, and  CO2, which were investigated over a wider 
range of xsolute due to their better solubility in the solvents in this work, also the 
strongest influence on ηL could be observed. For all three solutes, a smaller ηL of 
the mixtures in comparison to pure n-dodecane can be observed. This reduction 
by dissolving the solutes is most pronounced at the two lowest investigated T with 
deviations of about − 25 % for  CH4 and  CO2 and − 18 % for CO with respect to 
pure n-dodecane for the largest investigated xsolute. With increasing T this reduction 
decreases so that the deviations at T = 573.15 K are − (14, 9.4, and 0.30) % for  CH4, 
 CO2, and CO, respectively. Both the T-dependent trend and the absolute deviations 
of the mixtures from the pure solvent agree well with the findings for n-hexade-
cane-based mixtures from SLS and EMD simulations from Klein et al. [18]. For the 
binary mixture of n-dodecane and  CO2, the results from this work can furthermore 
directly be compared to the experimental results of Czubinski et al. [37], who meas-
ured ηL for this binary mixture using a oscillating-piston viscometer with relative 
expanded experimental uncertainties (k = 2) between (2.0 and 5.5) % in the T range 
between (280.4 and 351.3) K over a wide range of compositions. In the comparable 
T range between (305.6 and 351.3) K and xsolute = 0.20, the authors found a rela-
tive average deviation between ηL of the mixture from pure n-dodecane [31] of − 29 
%. This deviation is larger but still within combined uncertainties with the devia-
tion found in this work, which is − 19 % for T between (298.15 and 348.15) K and 
xsolute = 0.20. Here, this underprediction of the influence of the dissolved  CO2 on ηL 
can also be related to the aforementioned inability of the FF to predict the pure com-
ponent properties and the interstitial space of the solvent. Similar to the explanation 
for the mixture of n-dodecane and  N2, the overprediction of the interstitial space 
allows some of the  CO2 molecules to occupy this free volume in the fluid structure 
without interfering with the intermolecular interaction between the solvent mole-
cules, which leads to the underprediction of the solute influence and, therefore, to an 
overprediction of ηL of the mixtures.

The investigation of binary mixtures consisting of the same solutes dissolved in 
1-dodecanol allows an analysis of the influence of the solvent characteristics on ηL 
of the mixtures. Also here, the influence of the dissolved gases is investigated by 
calculating the deviation between ηL of the mixtures and that of pure 1-dodecanol 
was previously investigated by EMD simulations [15]. The absolute values for ηL 
for the eleven binary mixtures based on 1-dodecanol as well as the deviations from 
the pure solvent are shown in the middle panel in Fig. 2. For the three low-solubility 
gases  H2, He, and  N2, ηL of the binary mixtures agree within combined uncertainties 
with ηL of pure 1-dodecanol. This in in agreement with the findings for the mixtures 
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based on n-dodecane which suggests that the polar character of the alcohol molecule 
does not influence the interactions between solute and solvent molecules. The results 
for the mixture containing  H2 can further be compared to the results from Klein 
et al. [17], which investigated the binary mixture consisting of 1-hexadecanol and 
 H2 using SLS and EMD simulations. They also found ηL of these mixtures to be 
within combined uncertainties of the pure solvent. The ηL of the two binary mix-
tures containing  H2O are within 5 % of pure 1-dodecanol. This is, however, contra-
dictory to the findings for mixtures consisting of  H2O dissolved in 1-hexadecanol 
of Klein et al. [17], where the results from SLS have shown an approximately 40 % 
larger ηL for the mixtures in comparison to pure 1-hexadecanol at T = 573.15 K. The 
EMD simulations presented together with the SLS results, however, were not able to 
predict larger ηL for the mixtures [15], which agrees with the present work. Here it 
seems, that the combination of the modified L-OPLS FF [13, 14] and the SPC/E FF 
for water [38], which does not consider a T-dependent change of the FF parameters, 
fails to accurately predict the influence of the strong hydrogen bonds on ηL at high T.

For the three gases with a larger solubility, namely  CH4, CO, and  CO2, the ηL 
reduction in comparison to the pure solvent was found to be more pronounced in the 
1-dodecanol than in n-dodecane at low T. The maximum deviation from the pure 
solvent is − (44, 28, and 44) % in 1-dodecanol and − (29, 21, and 42) % in n-dode-
cane for dissolved  CH4, CO, and  CO2, respectively. Since also the reduction of ηL for 
the binary mixtures containing the non-polar  CH4 is more pronounced in the alcohol 
than the alkane, the difference is most likely not related to the polarity of the solvent 
but rather to the much larger ηL of pure 1-dodecanol in comparison to n-dodecane. 
This means that dissolving a low-viscous solute leads to a stronger reduction in the 
mixture ηL when the solvent ηL is much larger at comparable compositions.

Finally, binary mixtures consisting of the same solutes, with the exception of 
 CO2, dissolved in n-tetracontane are studied, which allows the investigation of the 
influence of the solvent carbon chain length on ηL of the mixtures. Due to the large 
melting point of n-tetracontane [15, 39], simulations could be performed only at 
T > 423.15 K. Results for ηL of the binary mixtures and pure n-tetracontane [15] as 
well as the deviations between ηL of the binary mixture and the pure solvent are 
shown in the right panel of Fig. 2. Since large reductions in ηL due to a dissolved 
gas are usually more pronounced at T between (298.15 and 373.15) K and because 
of the larger statistical uncertainties in determining ηL for large molecules, all ηL 
results for the binary mixture are within combined uncertainties of the pure solvents. 
This suggests that the influence of the carbon chain length of the solvent is rather 
weak. This is supported also by experimental SLS investigations of the same solutes 
as investigated in this work dissolved in either n-hexadecane [18] or n-octacosane 
[17], which showed almost identical deviations between ηL of the binary mixtures 
and the pure solvents in both cases.

To further study the influence of the molecular characteristics of the solvent on 
the thermophysical properties of the mixtures, binary systems consisting of either 
He,  N2, or  CO2 dissolved in various solvents were investigated by EMD simulations. 
The results for ηL for the binary mixtures as well as the relative deviation from ηL of 
the pure solvents [15] are shown in Fig. 3 for the solutes He (left panel),  N2 (middle 
panel), and  CO2 (right panel).
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In the case of He as the solute, ηL of the mixtures scatter around that of the pure 
solvents over the entire T range for most solvents. The only exception is the mixture 
based on 1-hexadecanol, where a (16 to 33) % smaller ηL of the mixture in compari-
son to pure 1-hexadecanol can be found over the entire T range. Here, it seems that 
the He molecules are interfering with the intermolecular interactions of 1-hexade-
canol more strongly than with other solvents. This is also observed when comparing 
mixtures of  N2 or  CO2 dissolved in different solvents. The largest reduction in ηL can 
be observed for the 1-hexadecanol-based mixtures. Therefore, it seems that a failure 
of the solute FF can be ruled out.

Results for ηL of further binary mixtures based on  N2 as the solute show no sys-
tematic deviations from the pure solvents, which agrees with the results from EMD 
simulations for the binary mixture of n-hexadecane and  N2 from our previous inves-
tigation [18]. Here, one should keep in mind, however, that SLS results from the 
same publication [18] have shown that at T < 373.15 K a reduction in ηL in compari-
son to pure n-hexadecane could be observed, as discussed in the previous section.

Finally, investigations of binary mixtures with  CO2 as the solute and xsolute = 0.20, 
which are shown in the right panel of Fig.  3, show a typical T-dependent trend. 
There is first a strong reduction of ηL caused by adding  CO2 at low T, followed by a 
convergence to ηL to that of the pure solvent with increasing T. This behavior could 
already be seen for  CO2 dissolved in various solvents by SLS and EMD simula-
tions [17, 18]. While the T-dependent trend is very similar for the different solvents, 
the magnitudes of the relative deviations change significantly with the molecular 

Fig. 3  (Top) Liquid dynamic viscosity ηL of the binary mixtures consisting of He (left panel),  N2 (middle 
panel), and  CO2 (right panel) dissolved in various solvents investigated by EMD simulations as a func-
tion of T. For comparison, ηL of the pure solvents investigated by EMD simulations [15] are shown (solid 
lines). (Bottom) Relative deviations of ηL of the binary mixtures from ηL of the pure solvents. The dotted 
lines mark the average expanded statistical uncertainty (k = 2) of ηL for the pure solvents. Error bars are 
shown only exemplarily for the mixtures based on 1-dodecanol for clarity
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characteristics. In general, dissolved  CO2 has a stronger impact on ηL of alcohol-
based mixtures. This can be explained by the presence of strong hydrogen bond, 
which are partly replaced by interactions with the polar  CO2 molecules. The disper-
sive van-der-Waals interactions, which are present in both alkanes and alcohols, are 
weaker in comparison, which explains the smaller impact of dissolved  CO2 on ηL 
of alkane-based mixtures. The comparison between the linear 1-dodecanol and the 
branched 2-butyl-1-octanol as the solvent shows a stronger reduction for the linear 
alcohol. An explanation for this behavior can be found in the steric effect of the side 
branch in 2-butyl-1-octanol, which allows  CO2 molecules to occupy the free volume 
created by the steric effect without interfering with the intermolecular interactions 
between the solvent molecules.

3.2  Interfacial Tension

The interfacial tension σ was calculated using EMD simulations for the same binary 
mixtures and the same thermodynamic states as for ηL. In the following, the influ-
ence of the molecular characteristics of the solvent and solute on σ is investigated by 
comparing the results for the binary mixture with σ of the pure solvents also investi-
gated using EMD simulations and published in a previous publication [15].

The results for σ of binary mixtures consisting of  H2, He,  N2,  CH4,  H2O, CO, or 
 CO2 dissolved in n-dodecane (left panel), 1-dodecanol (middle panel), or n-tetracon-
tane (right panel) are shown in Fig. 4 as function of T. Open and closed symbols are 
used to indicate different xsolute for systems with dissolved  CH4,  H2O, CO, and  CO2. 
For comparison, σ of the pure solvents investigated by EMD simulations [15] are 
shown as solid lines. To study the influence of the dissolved gases on σ, the devia-
tions of σ for the binary mixtures from that of the pure solvents is given in the lower 
part of Fig. 4. Exemplary error bars are shown only for the He-based mixtures for 
legibility. The results in Fig. 4 show that due to the much smaller statistical uncer-
tainty (k = 2) of approximately 2.5 %, the influence of the solute on σ of the binary 
mixtures can be better resolved than was possible for ηL.

In the case of the solvent n-dodecane, the results from this work can be com-
pared to the binary mixtures based on the same solutes and the solvent n-hexadecane 
investigated by SLS and EMD simulations [18]. For the two solutes He and  H2O, 
σ of the binary mixtures are within combined uncertainty of pure n-dodecane over 
the entire T range. This agrees well with the findings for the same solutes dissolved 
in n-hexadecane by SLS and EMD simulations [18]. For the solute  H2, a smaller σ 
for the mixtures in comparison to pure n-dodecane with deviations up to 10 % were 
found in this work. Since both SLS and EMD simulations have shown agreement 
between σ for binary mixtures of  H2 dissolved in n-hexadecane and that of pure 
n-hexadecane, it seems that  H2 has a stronger influence on σ for shorter n-alkanes. A 
possible explanation for this, is the smaller difference between the liquid and vapor 
densities for shorter alkanes. Since the density difference is often used to corre-
late the interfacial tension [40], this can explain why dissolved  H2 seems to have a 
stronger influence on σ in mixtures based on shorter alkanes.
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For the more soluble gases, a clear reduction in σ is observed from the addi-
tion of the dissolved gas. This reduction grows stronger with increasing xsolute. 
The magnitude and T-dependent trend of the deviations of σ for the mixtures 
from pure n-dodecane are similar to those observed in n-hexadecane [18]. At 
T < 473 K, the deviation between σ of the binary mixtures and pure n-hexadecane 
are within 27 % and show only a small T-dependent trend. At T = 573.15 K, this 
deviation increases for most mixtures and reaches a maximum of approximately 
44 % in the case of the binary mixture with  CO2 and xsolute = 0.20. An explanation 
for the larger deviations at the highest investigated T is the small absolute value 
for σ at this T, which leads to an increasing relative deviation in comparison to 
mixtures based on n-hexadecane, which has a larger σ [15, 41].

The relative deviations between the binary mixtures based on 1-dodecanol 
with the same dissolved gases as investigated in n-dodecane are depicted in the 
middle panel of Fig. 4 and show a very similar T-dependent trend as the n-dode-
cane-based mixtures. The largest difference can be found at T = 573.15 K, where 
the deviations in the 1-dodecanol-based mixtures are in general smaller in com-
parison to the n-dodecane-based mixtures. This can again be explained with the 
larger absolute value for σ of 1-dodecanol than n-dodecane. The comparison 

Fig. 4  (Top) Interfacial tension σ of the binary mixtures of n-dodecane (left), 1-dodecanol (middle), or 
n-tetracontane (right) with the dissolved gases  H2, He,  N2,  CH4,  H2O, CO, or  CO2 by EMD simulations 
as a function of T and solute mole fraction (open and closed symbols). For comparison, the correlations 
for σ of the solvents from EMD simulations [15] are shown (solid lines). (Bottom) Relative deviations 
between σ of the binary mixtures and σ of the pure solvents. The dotted lines mark the average expanded 
uncertainty (k = 2) of the results for the pure solvents. Error bars are shown only exemplarily for the mix-
tures containing He for clarity. The mole fractions of the dissolved gas given in the legend are approxi-
mate values. The real composition at each T can be taken from Table 1
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between n-dodecane and 1-dodecanol as the solvents shows that the terminal 
hydroxyl group seems to have only a very small influence on σ in binary mix-
tures with dissolved gases. This can be explained by the tendency of long primary 
alcohols to arrange themselves in such a way at the interface that the hydroxyl 
group is oriented into the liquid bulk phase and the alkane tail is oriented towards 
the interface [15, 16, 42].

The results for σ of binary mixtures consisting of n-tetracontane and the same 
solutes, with the exception of  CO2, are shown in the right panel of Fig. 4. For the 
solutes He,  H2, and  H2O, agreement within combined uncertainties with σ of pure 
n-tetracontane can be found, which agrees with the observations done for the same 
solutes dissolved in n-dodecane, n-hexadecane [18], or n-octacosane [17]. For the 
mixtures containing  CH4,  N2, or CO, however, the reduction in σ is, in compari-
son to the pure solvent, much less pronounced in the n-tetracontane-based mixtures 
than in other solvents. A possible explanation for this is the molecule size or shape 
of n-tetracontane. The linear character with a very long carbon chain containing 
40 carbon atoms can lead to bending and entanglement between the solvent mol-
ecules, which causes free volume within the fluid structure. This free volume can 
be occupied by the solute molecules and leads to a depletion of solute molecules at 
the vapor–liquid interface. Therefore, only a small influence of the solute on σ of the 
binary mixture can be observed. The larger influence of  N2 in comparison to CO or 
 CH4 can again be explained by the larger vapor density in the case of  N2 due to the 
larger p.

As it was done for ηL, the influence of the molecular characteristics of the solvent 
on the σ of the mixtures is addressed with the binary systems consisting of either 
He,  N2, or  CO2 dissolved in various solvents. The results for σ of the binary mix-
tures as well as the relative deviation from σ of the pure solvents [15] are shown in 
Fig. 5 for the solutes He (left panel),  N2 (middle panel), and  CO2 (right panel). In 
the case of He as the solute, no clear influence of the dissolved He on σ of the binary 
mixtures can be found, with the exception of the mixture containing 1-hexadecanol 
as the solvent. Similar to what was shown for ηL, σ of the binary mixture consisting 
of He dissolved in 1-hexadecanol is between (9 and 17) % smaller than that of pure 
1-hexadecanol. Since there are no experimental data available for mixtures consist-
ing of He dissolved in a primary alcohol, this behavior cannot be verified.

For the binary mixtures containing  N2 as the solvent, which are shown in the 
middle panel of Fig. 5, we can find a reduction in σ in comparison to the pure sol-
vent between (10 and 31) %. Up to T = 473 K, no clear T-dependent trend for the 
relative deviation between σ of the binary mixtures and that of the pure solvent can 
be observed. At T = 573.15 K, the relative deviation is in general larger for mixtures 
where σ of the solvent is small. The fact that the relative deviation between σ of 
the mixtures and that of the pure solvents are very similar for the different inves-
tigated solvents shows that the molecular characteristics of the solvent, e.g., chain 
length, branching, or hydroxylation, have only a small influence on σ in mixtures 
with dissolved  N2. For mixtures based on the solute  CO2, which are shown in the 
right panel of Fig. 5, however, a clear influence of the solvent characteristics on σ 
of the mixtures can be found. While the relative deviation between σ of the mix-
tures and that of the pure solvent are clearly visible for all investigated solvents, the 
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magnitude and T-dependent trend varies greatly. The influence of the dissolved  CO2 
is less pronounced in the branched alkanes or alcohols, i.e., squalane, HMN, and 
2-butyl-1-octanol, than in the linear ones. For the mixture based on squalane, for 
example, the deviation between σ of the mixture and that of pure squalane are within 
11 %, while mixtures based on the linear isomers n-triacontane deviate by up to 20 
% from the pure solvent. The dissolved  CO2 also seems to have a smaller influence 
on the branched 2-butyl-1-octanol than on the linear 1-dodecanol at T < 423.15 K. 
The smaller influence in branched molecules can be explained by the free volume 
in the fluid structure caused by the steric effects of the side branches. As previously 
mentioned, this free volume can be occupied by the solute molecules, which leads to 
a smaller impact of the dissolved gases on σ of the mixtures.

3.3  Structure–Property Relationship—Influence of Surface Enrichment 
on the Interfacial Tension

The relative adsorption of the solute (component 2) relative to the solvent (com-
ponent 1) Γ(1)

2
 as a measurement for the enrichment of solutes molecules at the 

vapor–liquid interface can be used to investigate how the fluid structure close to 
the interface influences σ [35, 43, 44]. In this work, Γ(1)

2
 is used to study why 

different solutes with comparable xsolute in the bulk liquid phase have a differ-
ent impact on σ. For this, the results for Γ(1)

2
 of binary mixtures consisting of  H2, 

Fig. 5  (Top) Interfacial tension σ of the binary mixtures consisting of He (left panel),  N2 (middle panel), 
and  CO2 (right panel) dissolved in various solvents investigated by EMD simulations as a function of T. 
For comparison, σ of the pure solvents investigated by EMD simulations [15] are shown (solid lines). 
(Bottom) Relative deviations between σ of the binary mixtures from that of the pure solvents. The dotted 
lines mark the average expanded statistical uncertainty (k = 2) of σ for the pure solvents. Error bars are 
shown only exemplarily for the mixtures based on 1-dodecanol for clarity
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He,  N2,  CH4,  H2O, CO, or  CO2 dissolved in n-dodecane (left panel), 1-dodecanol 
(middle panel), or n-tetracontane (right panel) are shown in Fig. 6 as function of 
T. Open and closed symbols are used to indicate different xsolute for systems with 
dissolved  CH4,  H2O, CO, and  CO2.

The results in Fig. 6 for all three solvents show a general decrease of Γ(1)

2
 with 

increasing T. This can be explained by the increasing kinetic energy and dynam-
ics of the molecules, which counteracts the enrichment of the solute molecules at 
the vapor–liquid interface by the mixing process. For all three investigated sol-
vents, Γ(1)

2
 for the mixtures containing  H2O and He are close to zero, indicating 

that there is no or only a very small enrichment of the solute molecules at the 
interface. This is not surprising, since also σ for these systems are mostly within 
combined uncertainties with that of the pure solvents. Also for the solute  H2, only 
small Γ(1)

2
 within 0.5   nm−2 can be found in all three solvents. This agrees well 

with the value found for the binary mixtures consisting of n-hexadecane with dis-
solved  H2 were Γ(1)

2
 = 0.54   nm−2 was calculated for T = 323.15  K [18]. A large 

difference in Γ(1)

2
 can be found, for example, when comparing the solutes  CH4, 

CO, and  CO2 dissolved in either n-dodecane or 1-dodecanol at xsolute = 0.10. Here, 
Γ
(1)

2
 of the mixtures containing CO is approximately 50 % larger than that of the 

other two solutes at T = 298.15 K, indicating a larger surface enrichment of CO. 
This observation can explain why σ of the binary mixture containing CO deviate 
more from σ of the pure solvent, as shown in Fig. 4. In the case of n-tetracontane, 
the largest Γ(1)

2
 can be found for the mixture containing  N2, which agrees with the 

observations from the investigation of σ, where the largest deviation between σ of 
the mixtures and that of pure n-tetracontane was found for the mixture containing 
 N2. Additionally, the smaller influence of dissolved  CH4 on σ in mixtures based 
on n-tetracontane in comparison to other linear alkanes can directly be linked to 
the smaller Γ(1)

2
 in n-tetracontane-based mixtures.

Fig. 6  Relative Adsorption of the solute (component 2) relative to the solvent (component 1) Γ(1)

2
 of the 

binary mixtures of n-dodecane (left), 1-dodecanol (middle), or n-tetracontane (right) with the dissolved 
gases  H2, He,  N2,  CH4,  H2O, CO, or  CO2 by EMD simulations as a function of T and solute mole frac-
tion (open and closed symbols). Error bars are shown only exemplarily for the mixtures containing  CH4 
and xsolute = 0.20 for clarity. The mole fractions of the dissolved gas given in the legend are approximate 
values. The real composition at each T can be taken from Table 1
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In general, the results for Γ(1)

2
 shown in Fig.  6 and given in Table  1 show that 

the deviation between σ of the binary mixtures from that of the pure solvents are 
inversely proportional to Γ(1)

2
 , which shows that the enrichment of solute molecules 

at the vapor–liquid interface is an important property for understanding, correlating, 
and predicting σ of mixtures consisting of liquids with dissolved gases [35, 43, 44].

4  Conclusions

In the present study, results for ηL, σ, and Γ(1)

2
 of 45 binary mixtures consisting of a 

linear, branched, or oxygenated hydrocarbon and a dissolved gas obtained by EMD 
simulations are presented. The binary mixtures consist of the solvents n-dodecane, 
n-octacosane, n-tetracontane, HMN, squalane, 1-dodecanol, 1-hexadecanol, or 
2-butyl-1-octanol and the solutes  H2, He,  CH4,  H2O,  N2, CO, or  CO2 and were inves-
tigated in the T range between (298.15 and 573.15) K and xsolute up to 0.20. Using 
EMD simulations, ηL, σ, and Γ(1)

2
 of the binary mixtures could be accessed with aver-

age expanded statistical uncertainties (k = 2) of (12, 3.7, and 12) %, respectively. By 
comparing the thermophysical properties of the binary mixtures with those of the 
pure solvents, the influence of the dissolved gas on ηL and σ could be analyzed. Due 
to the relatively large statistical uncertainties for ηL, such an influence could not be 
resolved within combined uncertainties of the binary mixture and the pure solvent 
data. For the more soluble gases  CH4, CO, or  CO2, however, an influence of the dis-
solved gas could be pointed out and the results were compared to those obtained by 
SLS and EMD simulations for binary mixtures with similar solvents and the same 
dissolved gases. Here, deviations of up to − 50 % with respect to ηL of the pure sol-
vent could be observed for binary mixtures containing  CH4 or  CO2 at T between 
(298.15 and 323.15) K. With increasing T, the difference between ηL of the mixtures 
and that of the pure solvents reduced for all binary mixtures based on these sol-
utes and was mostly within combined uncertainties at T = 573.15 K. For the solute 
CO, a similar T-dependent trend for the difference between ηL of the mixtures and 
that of the pure solvents was observed. However, the relative deviation was always 
within 27 % and, therefore, always smaller in comparison to the mixtures contain-
ing  CH4 or  CO2. An investigation of the solutes He,  N2, or  CO2 in different solvents 
has shown that the relative reduction of ηL in comparison to the pure solvents is 
larger in mixtures containing linear or branched alcohols than in linear or branched 
alkanes. The observations with respect to the influence of the gas on ηL agree well 
with experimental and simulated data for binary mixtures based on similar solvents 
from the literature.

In the case of σ, the relatively small statistical uncertainties allowed a more thor-
ough analysis of the influence of the dissolved gases for all binary mixtures. While 
σ of mixtures containing the solutes He or  H2O are mostly within uncertainties of 
the pure solvents, large deviations outside combined uncertainties were found for 
 CH4, CO, or  CO2 over the entire T range. Here, the influence of the dissolved gas 
was found to strongly depend on the solute type. The binary mixture of CO dis-
solved in n-dodecane with xsolute = 0.10, for example, deviates by − 27 % from σ of 
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pure n-dodecane at T = 298.15 K, while the mixtures with dissolved  CO2 at the same 
T and xsolute deviates only by approximately − 8 %. With the help of Γ(1)

2
 , which could 

also be calculated from EMD simulations in VLE, the stronger impact of CO on σ 
could be related to its stronger enrichment at the vapor–liquid interface. Although 
absolute values for ηL and σ can differ by up to 30 %, the agreement between experi-
mental and simulated results shows that EMD simulations are a valuable tool for the 
prediction of how a dissolved gas may influence mixture properties.
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