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Thermodynamics of supercritical carbon dioxide
mixtures across the Widom line†

Denis Saric, Gabriela Guevara-Carrion and Jadran Vrabec *

Supercritical carbon dioxide (scCO2) mixtures are essential for many industrial applications. However, the

knowledge of their thermophysical properties in the extended critical region is insufficient. Here,

supercritical liquid- and gas-like regions dominated by distinct dynamics and thermodynamics exist and

are demarcated by the so-called Widom line. The nature of the anomalies observed for several

thermophysical properties at the crossover between these two regions is the subject of a lively debate.

Hence, the extended critical region of scCO2 and seven of its binary mixtures with hydrogen, methane,

ethane, isobutane, benzene, toluene or naphthalene is studied with respect to thermodynamic, transport

and structural properties on the basis of molecular dynamics simulations and equation of state

calculations. The Widom line is evaluated employing five criteria and a new empirical equation is

proposed for its prediction. Further, the crossover anomalies are investigated in the light of pseudo-

boiling theory, diffusion and viscosity as well as structural characteristics given by the radial distribution

function.

1 Introduction

Supercritical carbon dioxide (scCO2) plays a crucial role in
technologies to mitigate global warming,1 efficiently generate
power2 or replace traditional organic solvents.3,4 Further, scCO2

is an efficient and environmentally friendly alternative to water
for shale gas recovery,5 being a potential bridging fuel in the
transition from coal to renewable energy sources.6

These technologies exploit the unique properties of CO2: its
chemical stability, wide availability at low cost and good
accessibility of its supercritical region due to a critical point
(Tc = 304.13 K, pc = 7.38 MPa) that is near the ambient
temperature. Furthermore, CO2 is non-toxic, not combustible
and has a high solubility for a wide range of solutes. Hence, it is
also applied in many industrial separation and extraction
processes.7 However, the compression of CO2 into supercritical
states and its transportation is energy and cost intensive.8

These costs can be reduced by operating supercritical fluid
(SCF) technologies within an optimal range of thermodynamic

conditions. In fact, the most attractive region of operation for
SCF technologies is close to the critical point of the fluid, i.e.,
1 o T/Tc o 1.1 and 1 o p/pc o 1.5.9 Therefore, a solid
knowledge of the thermophysical properties of the working
fluid is required. In practice, scCO2 is not likely to be found in its
pure form in industrial applications since impurities are
inevitable.10 The presence of other components can significantly
affect its thermophysical properties,11,12 and consequently, the
design and material requirements of SCF industrial units.13

However, despite recent efforts,14–16 experimental data for mix-
tures in the extended critical region are rather rare.17,18

Due to the rapid development of experimental and molecular
simulation techniques in the last decade, unique features of SCF
have been revealed. Near the critical point, distinct regions
where SCF exhibit liquid-like or gas-like structures and a char-
acteristic behavior have been observed by experiment19–22 and
molecular simulation.17,20,22–26

The transition between the liquid-like and gas-like SCF
regions occurs at a supercritical crossover line, whose nature
and definition is the topic of an ongoing scientific debate.27–32

Across the so-called Widom line, which can be considered as a
continuation of the vapor pressure curve, SCF properties like
density or enthalpy change continuously from liquid-like to
gas-like values over a narrow temperature range.33 The Widom
line, that can be observed up to about 10�pc,34 is also termed
pseudo-critical, pseudo-spinodal or pseudo-boiling line.35

The interpretation of the Widom line is still the subject of
controversy33 so that several definitions can be found in the
literature.20,24,30,31 It has been approximated by the locus of
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maxima of different thermodynamic response functions that
originate at the critical point.13,33 In fact, different response
functions give rise to distinct lines that diverge from each other
when moving away from the critical point.13,23,36 Due to these
differences, the concepts of Widom region or Widom delta have
also been introduced.24,37,38 The Widom region represents a
temperature range at a given supercritical pressure where
different Widom lines can be evaluated, e.g., by means of the
maximum of the correlation length39 or, most commonly, by
the maximum of the isobaric heat capacity.40,41

Criteria resting on transport properties can also be used to
determine the delimiting line between liquid- and gas-like
regions, e.g., the minimum of the kinematic viscosity42 or the
equality between the kinetic and potential contributions to the
shear viscosity.43 In the Widom region, transport properties can
drastically change over just a few Kelvin. Further, in case of
mixtures, inflection points of the intra-diffusion coefficients or
the average coordination number have also been found around
the Widom line temperature.44

Another, not less controversial, theory proposes that by
crossing the Widom line, under isobaric conditions up to about
3�pc, a SCF undergoes a supercritical phase evolution over a
finite temperature interval akin to subcritical boiling, which is
called pseudo-boiling. The middle temperature of the pseudo-
boiling transition corresponds to the Widom line temperature.
This concept, originally introduced by Ackerman45 half a cen-
tury ago, has been employed recently to quantitatively analyze
the liquid- to gas-like transition of several pure fluids, such as
argon,46 nitrogen,47 carbon dioxide48 and water.22,49

Another definition in this context is that of the Frenkel line,
where the transition between liquid- and gas-like molecular
diffusion mechanisms27,50–53 in SCF occurs. This line does not
touch the critical point and extends to arbitrarily high tem-
peratures and pressures.51,52 However, because most industrial
applications of SCF operate at near-critical or transcritical
conditions,31,54 only the thermodynamic behavior of SCF across
the Widom line was regarded in this work.

The distinct behavior of the thermodynamic properties
observed in the Widom region can be considered as reminiscent
of the critical anomalies of subcritical fluids.35 Here, just a small
variation of temperature or pressure may cause the density of
scCO2 mixtures to halve, the enthalpy to double and the isobaric
heat capacity to peak by a factor of three or more. As the pressure
increases further away from its critical value, the distinction
between liquid- and gas-like regions55 as well as the extrema of
the thermodynamic response functions fade.35 This behavior is
schematically illustrated in Fig. 1.

This work builds on previous molecular simulation studies
of binary scCO2 mixtures with diluted methane57 or ethanol44

in the extended critical region. The aim of the present work was to
gain a better understanding of the changes of thermodynamic,
transport and structural properties of dilute scCO2 mixtures upon
the near-critical crossover between liquid- and gas-like SCF
regions, also known as Widom line. To examine the influence
of the solute on these properties, seven diluted mixtures of scCO2

with hydrogen or different hydrocarbons ranging from methane

to naphthalene were studied. For this purpose, molecular simula-
tion tools and equations of state (EOS) were employed.

Binary mixtures of hydrogen, ethane, isobutane, benzene,
toluene or naphthalene diluted in sCO2 were considered. All
mixtures were studied at three solute mole fractions near the
infinite dilution limit (mostly 0.5, 1.0 and 1.5 mol%) in the
temperature range from T = 290 K to 350 K along the isobar
p = 9 MPa. Further, the three scCO2 mixtures with aromatic
compounds (benzene, toluene or naphthalene) were studied
along two additional isobars, i.e., p = 10 MPa and 12 MPa.
Moreover, the binary mixture of sCO2 with methane was
studied in the entire composition range in order to compare
the observations made for diluted mixtures with mixtures
having higher solute concentrations.

This paper is organized as follows: first, theoretical back-
ground and methodology are described. Second, simulation
results for different thermodynamic properties are shown
together with EOS-based calculations. Subsequently, the limits
of the Widom region, based on pseudo-boiling theory, are given
for all regarded mixtures and an equation for the determination
of the Widom line is proposed. Transport properties, i.e.
diffusion coefficient and shear viscosity, are discussed with
an emphasis on the dynamic definitions of the Widom line.
Radial distribution function and the excess number of solvent
molecules are interpreted in the light of the microscopic
structure, leading to the observed characteristics of the Widom
region. Finally, conclusions are drawn. Computational details
and additional results are supplied in the ESI.†

2 Methods
2.1 Force fields

Molecular models that adequately mimic the intermolecular
interactions are the primary requirement for the sampling of

Fig. 1 Density, enthalpy and isobaric heat capacity of the scCO2 mixture
with 1 mol% of hydrogen along the isobars p = 9 MPa and 12 MPa (inset).
Solid lines represent the GERG-2008 EOS56 and the dotted line indicates
the Widom line temperature. The isobaric heat capacity was scaled up by a
factor of ten. The temperature range in which these properties strongly
change is delimited by dashed lines.
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thermophysical properties by molecular simulation techniques.
In this work, rigid and non-polarizable force fields of united-
atom type were employed, which account for intermolecular
interactions by a set of Lennard-Jones sites and, if required,
point dipoles or point quadrupoles. The molecular models for
CO2,58 hydrogen,59 methane,60 ethane,60 isobutane,61 benzene,62

toluene62 and naphthalene63 were parameterized with an optimi-
zation procedure based on quantum chemical calculations and
fitting to experimental vapor–liquid equilibrium (VLE) data in
previous work of our group.61,64,65 The molecular models for
benzene and toluene were additionally fitted to self-diffusion
coefficient data.62 The parameters of the employed force fields
are listed in the MolMod database.63 A visual representation of the
molecular models for the seven binary scCO2 mixtures studied in
this work is shown in Fig. 2.

To define a molecular model for a mixture on the basis of
pairwise additive pure substance models, only the unlike
interactions have to be specified. The unlike electrostatic
interactions can be determined by the laws of electrostatics.
However, unlike Lennard-Jones parameters are treated by com-
bining rules, as no physically sound alternative exists.66 The
simple Lorentz–Berthelot combining rules were chosen as a
starting point, but a binary interaction parameter x was
employed to adjust the unlike Lennard-Jones energy parameter

sab = (saa + sbb)/2 (1)

and

eab ¼ x
ffiffiffiffiffiffiffiffiffiffiffiffi
eaaebb
p

; (2)

where sab and eab are the Lennard-Jones parameters for size
and energy of the unlike interaction, respectively. The optimal
binary interaction parameter x for a given mixture was fitted to
experimental VLE data with a procedure described in preceding
work,67 cf. Table S1 of the ESI.†

The isothermal VLE of the studied mixtures show an excellent
agreement between simulation data on the one side and experi-
mental and EOS data on the other side, cf. Fig. 3 and Fig. S1–S3
of the ESI.† VLE of all mixtures considered in this work, except
for CO2 + toluene and CO2 + hydrogen, were studied along three
isotherms near the critical temperature of the solute. For
instance, CO2 + methane was considered along three isotherms

that are well above the critical temperature of the solute, cf.
Fig. S2 of the ESI.† Fig. 3 shows the isothermal VLE of CO2

mixtures with ethane or benzene. CO2 + ethane has a low boiling
azeotropic behavior since the critical temperature of CO2 and of
ethane are similar. In contrast, the remaining CO2 mixtures
exhibit a zeotropic phase behavior.

2.2 Thermodynamic properties

Two subsequent equilibrium molecular dynamics simulations
were carried out with the ms272 code to sample thermodynamic,
transport and structural properties of scCO2 mixtures. In the
first run, a simulation in the isobaric–isothermal (NpT) ensemble
was performed at specified conditions of temperature, pressure
and composition to obtain the mixture density. This density was
subsequently specified for the second simulation run in the
canonical (NVT) ensemble to determine the thermodynamic,
transport and structural properties of interest.

Six thermodynamic properties were studied due to their
anomalous behavior in the supercritical state:35 density r,
enthalpy h, isobaric heat capacity cp, isothermal compressibility
bT, volume expansivity a and speed of sound w. These proper-
ties were calculated from the derivatives of the Helmholtz

Fig. 2 Visual representation of the molecular models that form the seven
scCO2 mixtures that were investigated in this study.

Fig. 3 Vapor–liquid equilibria of CO2 mixtures with ethane (bottom) or
benzene (top) along three isotherms. Solid lines for CO2 + ethane denote
data from the GERG-2008 EOS56 and for CO2 + benzene from the Peng–
Robinson EOS (kij = 0.096).68 Crosses represent experimental data for
CO2 + ethane69 and CO2 + benzene,68,70,71 whereas circles depict present
molecular simulation results. Red vertical marks on the very right stand for
the supercritical states of interest.
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energy obtained with the Lustig formalism72–74 in the NVT
ensemble. For the enthalpy, isobaric heat capacity and speed
of sound, ideal contributions from the reference EOS (see
Section 2.5) were added to the residual contributions sampled
by simulation. The superposition of the ideal contribution from
EOS with the residual simulation data may be questioned due
to the missing internal degrees of freedom of the employed
molecular models.75 However, the comparison of the residual
isobaric heat capacity from simulation and EOS shows good
agreement, suggesting a small influence of the internal degrees
of freedom on the studied properties.

The relations between the Helmholtz energy derivatives and
the remaining thermodynamic properties are straightforward, cf.
Thol et al.76 For instance, the speed of sound was determined by

w2

RT
M ¼ 1þ 2Ar

01 þ Ar
02 �

1þ Ar
01 � Ar

11

� �2
Ao

20 þ Ar
20

; (3)

where Ar
mn represents the residual Helmholtz derivatives with respect

to the reduced inverse temperature and reduced density and
Ao

20 = �co
v expresses the isochoric heat capacity of the ideal gas.76

2.3 Kirkwood–Buff integrals

Kirkwood–Buff integrals (KBI) Gij were calculated to gain
insight into the microscopic fluid behavior of the studied
mixtures. KBI are defined as77

Gij ¼ 4p
ð1
0

gijðrÞ � 1
� �

r2dr; (4)

where gij(r) is the radial distribution function. Because eqn (4)
is defined for the grand canonical ensemble, corrections are
required when the canonical ensemble is employed.78 Thus, the
truncation method by Krüger et al.79 was applied here. Moreover,
corrections of the radial distribution function based on the
method by Ganguly and van der Vegt80 were employed. The
partial molar volume vi of the binary mixture of components i
and j can be calculated employing the sampled KBI with

vi ¼
1þ rjðGjj � 2GijÞ

ri þ rj þ rirjðGii þ Gjj � 2GijÞ
; (5)

where ri and rj are the molar densities with ri = rxi. Cluster
formation can be characterized by the excess number of solvent
molecules surrounding a solute one with respect to the bulk.81

The so-called excess coordination number is given by82

Nexcess
CO2

¼ rCO2
Gij; (6)

where rCO2
is the density of pure CO2 and Gij denotes the KBI

between CO2 and a solute.

2.4 Transport properties

Transport properties were sampled with equilibrium molecular
dynamics and the Green–Kubo formalism.83,84 Diffusion coeffi-
cients and shear viscosity can be obtained concurrently with
this approach so that it was preferred over non-equilibrium
molecular dynamics. Here, self-diffusion coefficients, more
specifically termed intra-diffusion coefficients in case of mix-
tures, were sampled on the basis of the individual molecular

velocity autocorrelation functions by

Da ¼
1

3Na

ð1
0

dthva
i ðtÞ � va

i ð0Þi � (7)

Therein, Na is the number of molecules of component a and
va

i (t) is the center of mass velocity vector of the i-th molecule of
component a at time t. The brackets h� � �i denote the NVT
ensemble average.

The shear viscosity Z is associated with the off-diagonal
elements of the microscopic stress tensor Jxy

p

Z ¼ 1

VkBT

ð1
0

dthJxy
p ðtÞ � Jxy

p ð0Þi; (8)

where V stands for the volume and

Jxy
p ¼

XN
i¼1

miv
x
i v

y
i �

1

2

XN
i¼1

XN
jai

rxij
@uðrijÞ
@ryij

: (9)

Here, i and j denote different molecules of any species that
interact with the potential u. The upper indices x and y stand
for the spatial vector components, e.g., for velocity vx

i or site–site
distance rx

ij. The first and second terms of eqn (9) represent the
kinetic and configurational (potential) energy contribution to
the shear viscosity, respectively. Consequently, the Green–Kubo
integral (8) can be decomposed into kinetic, configurational
and kinetic-configurational energy contributions. The mathe-
matical expressions of these contributions to the shear viscosity
are given in the ESI.† To improve statistics of the simulation
data, five independent terms of the stress tensor Jxy

p , Jxz
p , Jyz

p ,
( Jxx

p � Jyy
p )/2 and ( Jyy

p � Jzz
p )/2 were considered.85

Two approaches to correct the finite-size effects of the
sampled intra-diffusion coefficients were studied. The correc-
tion methods by Yeh and Hummer86 and Leverant et al.87 were
assessed by looking at four mixtures for systems containing
different numbers of molecules (500, 1000, 2500 and 5000).
Three state points were considered per mixture. The results
from both approaches are similar for the scCO2 mixtures with
1.5 mol% of benzene or toluene sampled at three pressures, cf.
Fig. S4 and S5 of the ESI.† The approach by Leverant et al. yields
marginally better results for the scCO2 mixtures with ethane
and isobutane for three compositions along the isobar
p = 9 MPa, cf. Fig. S6 and S7 of the ESI.† Finite-size corrections
based on the approach by Yeh and Hummer were thus used in
this work. They amount between 5.0% and 6.8% for the intra-
diffusion coefficients of benzene and toluene, and between
1.0% and 4.3% for ethane and isobutane.

2.5 Equations of state

Molecular simulation data were compared to empirical refer-
ence models implemented in the NIST REFPROP 10.088 and
TREND 5.089 databases. Experimental data for CO2 mixtures at
the supercritical states of interest are hardly available in the
Dortmund Data Bank (DDBST).18 Thus, the Helmholtz energy
EOS from Span and Wagner90 was used for pure CO2 and the
highly accurate GERG-2008 EOS56 was used to predict the
thermodynamic properties of scCO2 mixtures with hydrogen,
methane, ethane or isobutane. The data for the mixtures
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CO2 + benzene and CO2 + toluene were calculated with REFPROP
on the basis of the mixture models from Blackham and Lemmon.88

It is important to note that the accuracy of the predictions of the
empirical mixture models cannot be completely assured because of
possible data extrapolation into the supercritical region.

The shear viscosity of scCO2 was evaluated with the refer-
ence correlation by Laesecke et al.91 The prediction of the shear
viscosity of binary scCO2 mixtures is based on a modified one-
fluid, extended corresponding states approach,92 which is also
implemented in REFPROP. Due to the lack of experimental shear
viscosity data for binary scCO2 mixtures, these predictions have
to be taken with caution.

3 Results and discussion

Pure scCO2 and seven of its binary mixtures with hydrogen (H2),
methane (CH4), ethane (C2H6), isobutane (C4H10), benzene
(C6H6), toluene (C7H8) or naphthalene (C10H8) were studied in
this work. The supercritical states of interest were specified to
have a composition close to the infinite dilution limit (0.5, 1.0
or 1.5 mol% of solute) in the temperature range from T = 290 K
(0.95�Tc,CO2

) to 350 K (1.15�Tc,CO2
) along the isobar p = 9 MPa

(1.22�pc,CO2
). The aromatics benzene and toluene were addi-

tionally studied along the isobars p = 10 MPa and 12 MPa. As an
exception, CO2 + naphthalene was studied at solute mole
fractions of 0.3, 0.5 and 0.6 mol% to obtain adequate statistics.
On average, 23 simulations per mixture were performed at the
supercritical states of interest, which are exemplarily indicated
by red vertical marks in Fig. 3.

The Widom line, defined as the locus of the maxima of a
given thermodynamic response function, can be easily obtained

from an EOS. In this context, several distinct Widom line types,
which depend on the selected response function, e.g., the isobaric
heat capacity, can be defined, cf. Fig. 4. These lines are enclosed in
the Widom region, which contains a set of Widom temperatures
at a given supercritical pressure. In the following discussion on
thermodynamic properties, the Widom line temperature is
referred to as the temperature where the isobaric heat capacity
exhibits a maximum at a given pressure, cf. Fig. 5.

Criteria resting on transport properties, e.g., the minimum
of kinematic viscosity42 or the equality of the configurational
and kinetic contributions to the shear viscosity,43 have also

Fig. 4 Different Widom line types of pure CO2 determined by the maxima
of cp (red), a (dark red), bT (dark green) or the minimum of w (pink) from the
EOS by Span and Wagner.90 Symbols show the present molecular simula-
tion results. Circles represent the Widom line temperature determined by
the isobaric heat capacity maximum. Triangles indicate the crossover
temperature from the equality of the configurational and kinetic contribu-
tions to the shear viscosity. The critical point of CO2 is represented by a
cross and the dotted lines (red) delimit the pressure range of interest.

Fig. 5 Temperature dependence of the thermodynamic properties of
scCO2 (black) and its mixtures with 1.5 mol% of hydrogen (blue) or
benzene (red) at p = 9 MPa. Symbols show the present molecular
simulation results. Density (circles) and enthalpy (triangles up) are shown
at the top, isobaric heat capacity (triangles down) and speed of sound
(squares) in the center, isothermal compressibility (diamonds) and volume
expansivity (hexagons) at the bottom. Dashed and solid lines represent the
EOS by Span and Wagner for CO2,90 the GERG-2008 EOS56 for CO2 +
hydrogen and the mixture model by Blackham and Lemmon88 for CO2 +
benzene. Dotted lines indicate the Widom line temperature determined by
the maximum of the isobaric heat capacity. Statistical uncertainties were
omitted when they are either within symbol size or lead to visual clutter.
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been used to determine the position of the crossover line
between liquid- and gas-like regions of SCF. Both criteria have
been shown to be consistent with the Widom line obtained
from the maximum of the isobaric heat capacity criterion for
simple model fluids.42 This correspondence was also observed
in this work employing molecular simulation data, as shown in
Fig. 4 for pure scCO2.

An overview of the criteria that have been proposed in the
literature for the determination of the Widom line from thermo-
dynamic, dynamic and structural points of view is given in Table 1.

3.1 Thermodynamic properties

The mole fraction dependence of different thermodynamic prop-
erties of all seven scCO2 mixtures along the isobar p = 9 MPa is
given in Fig. 5 and Fig. S8–S18 of the ESI.† The pressure
dependence of these properties for scCO2 mixtures at a constant
mole fraction is given in Fig. 6 and Fig. S19–S23 of the ESI.†

Simulation results and EOS data follow the same qualitative
trends for all scCO2 mixtures and compositions studied along
the isobar p = 9 MPa, cf. Fig. 5 and Fig. S8–S15 of the ESI.† Data
from molecular simulation exhibit a relatively large scatter near
the Widom line, which can be traced back to strong density
fluctuations relative to the system size that are inherent to this
region. Nonetheless, molecular simulation results predict the
location of the maximum or minimum of the observed thermo-
dynamic properties well. Both density and enthalpy curves have
a symmetrical sigmoidal shape with respect to the temperature.
Isobaric heat capacity cp, isothermal compressibility bT and
volume expansivity a peak by approximately one order of mag-
nitude within this temperature range. The speed of sound
exhibits a minimum as the slope of its temperature dependence
changes from negative, characteristic for liquids, to positive,
which is normal for gases. As the pressure increases, the peaks of
the thermodynamic response functions concurrently lose ampli-
tude, widen and shift to higher temperatures, cf. Fig. 6. In
addition, density and enthalpy curves gradually change from a
sigmoidal to a more linear course, as illustrated in Fig. 1. Thus,
the distinction between the liquid- and gas-like supercritical
regions disappears as the SCF shifts away from the critical point.

The average relative deviation (ARD) between simulation
and EOS data for density, enthalpy and speed of sound for all
mixtures along the isobar p = 9 MPa is 3.6%, 6.1% and 6.0%,
respectively. However, these deviations depend strongly on
temperature. For example, the ARD of density between simulation
and the reference EOS for CO2

90 in the temperature range from
T = 312 K to 333.15 K amounts to 7.6%. Hence, the employed
molecular model for CO2 is slightly less accurate in this tempera-
ture range. The density of diluted scCO2 mixtures from present
simulation work is nonetheless consistent with the EOS. The
sampled thermodynamic properties cp, bT and a of all CO2 mixtures
show ARD to EOS data of 12.0%, 15.1% and 13.6%, respectively.

The strongest changes of the time-independent thermo-
dynamic properties occur between T = 305 K and 320 K for all
mixtures and compositions studied along the isobar p = 9 MPa.
Depending on the solute, density and enthalpy of these mix-
tures decrease by a factor of B2 to 2.7 and B1.7 to 2.2,
respectively. More than two thirds of these changes take place
in a narrow band around the Widom line temperature (Tw �
2.5 K).

Simulation results show that the Widom line temperature
of scCO2 decreases upon the addition of 1.5 mol% hydrogen by
DT B 5 K and increases upon the addition of 1.5 mol% benzene
by DT B 4 K, respectively. Empirical EOS models predict a
shift of the Widom line temperature in the same direction by
DT B 3 K for each mixture. This shift of the Widom line
temperature corresponds, e.g., to a modification of the pressure
for pure scCO2 by B0.55 MPa.

The shift of the Widom line temperature at a given pressure
varies strongly with the solute added and becomes weaker with
decreasing solute mole fraction, cf. Fig. 8. As expected, the less
solute in the scCO2 mixture, the closer is its Widom line
temperature to that of pure scCO2. However, as it can be
inferred from molecular simulation data, even a small amount
of solute, e.g., 0.1 mol%, can shift this temperature by
DT = �0.33 K for CO2 + hydrogen, by DT = +0.20 K for
CO2 + isobutane and by DT = +0.50 K for CO2 + naphthalene.
Minor impurities present in scCO2, e.g., with a few hundred
ppm, would shift the Widom line temperature by just a few mK.

Table 1 Thermodynamic, dynamic and structural criteria for the determination of the Widom line based on different properties

Criterion Ref.

Thermodynamics
Density r Inflection 13 and 35
Enthalpy h Inflection 13 and 44
Isobaric heat capacity cp Maximum 35
Isothermal compressibility bT Maximum 35
Volume expansivity a Maximum 35
Speed of sound w Minimum 35
Thermodynamic factor G Minimum 44

Dynamics
Configurational shear viscosity Zcc, kinetic shear viscosity Zkk Equality 43
Kinematic viscosity n Minimum 42
Thermal diffusivity DT Minimum 42
Intra-diffusion coefficient Di Inflection 17 and 44

Structure
Average coordination number NA–B Inflection 44
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The observed shift of the Widom line can be linked to the
displacement of the critical point of the binary mixture caused
by the addition of solute.93 To visualize this link, the Widom line
temperature of the scCO2 mixtures calculated by simulation and
EOS was plotted against the critical temperature of the solute in
Fig. S24 of the ESI.† In fact, experimental critical point data from
DDBST18 support that the critical temperature shifts to lower
temperatures for CO2 mixtures with hydrogen, methane or
ethane, while it shifts to higher temperatures for CO2 mixtures
with isobutane, benzene, toluene or naphthalene. Thus, a solute
with a lower critical temperature than that of pure CO2 decreases
the critical temperature and consequently the Widom line
temperature of the mixture and vice versa. Benzene and toluene
have similar critical properties so that the Widom line tempera-
ture of their mixtures with scCO2 hardly changes.

The pressure dependence of the Widom line temperature of
scCO2 and its binary mixtures with benzene, toluene or
naphthalene sampled with molecular simulation is shown in
Fig. S25 of the ESI.† An increase of the pressure from p = 9 MPa
to 12 MPa rises the Widom line temperature of these scCO2

mixtures at a constant composition by about DT B 15 K. Thus,
the Widom line temperature of these three mixtures increases
linearly by DT B 0.5 K for a pressure shift of Dp = +0.1 MPa
independent on the solute mole fraction.

Note that for the studied mixtures and thermodynamic
conditions only one Widom region was observed. The presence
of two Widom regions, as described by Raju et al.17 for mixtures
having strongly different critical points, was not found for the
regarded mixtures, which can be traced back to the small
amount of the solute present and the limited range of studied
thermodynamic conditions. This intriguing behavior was also
not found in this work for the mixture of scCO2 with CH4,
which was analysed over the entire composition range. Only
one Widom region was observed along the isobar 9 MPa and
temperatures between 208 K and 335 K, cf. Fig. S26 and S27 of
the ESI.† Further studies are required to shed light into the
thermodynamic behavior of concentrated mixtures of scCO2

during their liquid- to gas-like transition.

3.2 Limits of the extended Widom region

Separating out the Widom region, where thermodynamic and
transport properties change dramatically over a small tempera-
ture range, can simplify the analysis of SCF, since fluids outside
of this region can be regarded as normal gases or liquids.54 In
this work, the methodology proposed by Banuti94 based on
pseudo-boiling theory was used to analyse the limits of the
Widom region for the regarded scCO2 mixtures, cf. Fig. 7 and
Fig. S28–S30 of the ESI.† In this theory, the phase evolution
from liquid- to gas-like SCF is compared to isobaric boiling of a
subcritical liquid. Both processes require a structural enthalpy
contribution to overcome the intermolecular attraction during
the transition from liquid- to gas-like regions. However, the
supercritical phase evolution needs additional enthalpy to
overcome the temperature interval associated with pseudo-
boiling.94 All thermodynamic quantities related to pseudo-
boiling were calculated with the asymptotes of the ideal gas,

liquid and pseudo-boiling enthalpy47,94 on the basis of EOS
data, as demonstrated in Fig. S28 of the ESI.† The numerical
results are listed in Table S2 of the ESI.† The mixture scCO2 +
naphthalene was not considered due to the lack of EOS data.

Fig. 7 shows the pseudo-boiling analysis of the scCO2 mixtures
with 1.5 mol% of hydrogen or benzene along the isobar p = 9 MPa.
The transition between liquid- and gas-like SCF begins at the
denominated pseudo-boiling start temperature (T�), crosses the
Widom line (TW) and terminates at the end temperature (T+). A
fluid is considered to have indistinguishable liquid-like character-
istics at temperatures below T� and gas-like characteristics for

Fig. 6 Temperature dependence of the thermodynamic properties of
scCO2 (black) and its mixture with 1.5 mol% benzene at p = 10 MPa (red)
as well as scCO2 (blue) and its mixture with 1.5 mol% benzene at p = 12 MPa
(green). Symbols show the present molecular simulation results. Density
(circles) and enthalpy (triangles up) are shown at the top, isobaric heat
capacity (triangles down) and speed of sound (squares) in the center,
isothermal compressibility (diamonds) and volume expansivity (hexagons) at
the bottom. Dashed and solid lines represent the EOS by Span and Wagner
for CO2

90 and the mixture model by Blackham and Lemmon88 for CO2 +
benzene. Dotted lines indicate the Widom line temperature determined by
the maximum of the isobaric heat capacity. Statistical uncertainties were
omitted when they are either within symbol size or lead to visual clutter.
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temperatures above T+.95 The extended Widom region is delimited
by T� and T+. Thus, anomalous behavior of time-independent
and transport properties of the SCF is expected to be found only
therein. The knowledge of the limits of the extended Widom
region is important for process design in near-critical regions
either to avoid or to benefit from the strong changes of the
thermodynamic properties of SCF.

The temperature interval delimiting the extended Widom
region DPBT = T + � T � varies, depending on the solute present
in the scCO2 mixture. For instance, this temperature interval for
scCO2 mixed with 1.5 mol% benzene DPBT = 24.7 K differs
strongly from the temperature interval of pure scCO2

DPBT = 18.7 K. In the extended Widom region, the mixture of
scCO2 + benzene is associated with an enthalpy change that is
B12% larger than that of pure scCO2. All scCO2 mixtures
experience a reduction of density by a factor of B2.5 to 2.9 and
an increase of enthalpy by a factor ofB2.1 to 2.5 within the extended
Widom region. The structural enthalpy, defined by pseudo-boiling
theory, is 2.2 to 2.6 times larger than the thermal enthalpy for all
mixtures and compositions studied along the isobar p = 9 MPa.

In terms of pressure dependence, the calculated tempera-
ture interval of the extended Widom region for pure scCO2 at
p = 12 MPa is three times larger than at p = 9 MPa. Conse-
quently, the pseudo-boiling enthalpy of pure scCO2 is 50%
larger at the higher isobar because a larger temperature interval
DPBT = 56.7 K has to be overcome. Hence, the thermal enthalpy
increases and the ratio of the structural to thermal enthalpy
contributions decreases with increasing pressure. It should be
noticed that the structural enthalpy along the isobar p = 12 MPa
is still 10% larger than the thermal enthalpy.

3.3 Widom line temperature

The Widom line temperature was assessed for all studied mixtures
employing five different criteria, i.e. two thermodynamic and three

dynamic, as listed in Table 1. Numerical results are presented in
Table S3 of the ESI.† Simulation and EOS data show the same
qualitative trends for the Widom line temperature with respect to
the solute mole fraction along the isobar p = 9 MPa. The quanti-
tative shift of the Widom line temperature differs slightly, depend-
ing on the employed criterion. Exemplarily, Fig. 8 shows the
comparison of the Widom line temperature assessed from simula-
tion data with that calculated from EOS data on the basis of one
thermodynamic and one dynamic criterion. The Widom tempera-
ture calculated from the maximum of the isobaric heat capacity and
EOS data agrees well with the one obtained employing the same
criterion and simulation data, having an ARD of 0.3%. Further,
there is a good agreement with the Widom temperature calculated
from the equality between the kinetic and configurational contribu-
tions to the shear viscosity (see Section 3.5), with an ARD of 0.2%.
Hence, these two criteria are comparable. Furthermore, the tem-
perature at the kinematic viscosity minimum corresponds largely to
the temperature obtained with the shear viscosity criterion with an
ARD of 0.2%. In contrast, the Widom line temperature determined
from the inflection point of the intra-diffusion coefficient deviates
by about 1% from the reference Widom temperature.

A simple equation for the prediction of the Widom line
temperature of scCO2 mixtures was developed, cf. eqn (10). For
this purpose, the Widom line of the scCO2 mixtures was fitted
with respect to the pressure p, solute mole fraction xi and
critical properties of both mixture components

Twðp;xiÞ¼Tc;CO2
� p

pc;CO2

� �0:1487

þxi � 119:8 � Tc;i

Tc;CO2

� �2

�164:6
" #

;

(10)

where Tc,i is the critical temperature of the solute, while Tc,CO2
=

304.13 K and pc,CO2
= 7.3773 MPa are the critical properties

of CO2. The results obtained from eqn (10) for nine scCO2

Fig. 7 Pseudo-boiling analysis of scCO2 (black) and its mixtures with 1.5 mol%
of hydrogen (blue) or benzene (red) along the isobar p = 9 MPa. Circles
represent simulation data. Dashed lines represent the EOS by Span and Wagner
for CO2,90 the GERG-2008 EOS56 for CO2 + hydrogen and the mixture model
by Blackham and Lemmon88 for CO2 + benzene. The Widom line temperature
is indicated by the dotted lines. The pseudo-boiling start T� and end T+

temperatures enclose the extended Widom region as depicted by solid lines.

Fig. 8 Mole fraction dependence of the Widom line temperature along
the isobar p = 9 MPa employing two criteria: (1) maximum of the isobaric
heat capacity, (2) equality of the kinetic and configurational contributions
to the shear viscosity. The Widom line temperature calculated with
criterion (1) on the basis of EOS is represented by solid lines. Circles and
triangles indicate the Widom line temperature calculated from simulation
data with criterion (1) and (2), respectively.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 6

/2
5/

20
26

 1
:3

8:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp02701a


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 28257–28270 |  28265

mixtures along three isobars were compared to EOS and
simulation data in Fig. S31 of the ESI.† The change of the
Widom line temperature with solute mole fraction in depen-
dence of the solute added was reproduced well with this
equation. It should be pointed out that the proposed empirical
equation is expected to be accurate for scCO2 mixtures near the
infinite dilution limit in the regarded temperature and pressure
ranges.

3.4 Intra-diffusion

Transport and thermodynamic properties of fluids are strongly
connected.43 In fact, the inflection point of the shear viscosity
and the self-diffusion coefficient have been used before to
identify the crossover between the liquid- and gas-like regions
of scH2O, which was shown to coincide with the Widom line.23

Consequently, the behavior of transport properties close to the
Widom line was closely examined for the studied scCO2

mixtures.
The intra-diffusion coefficients of scCO2 and the given

solute were analyzed. It was observed that both intra-
diffusion coefficients exhibit a sigmoidal course with respect
to the temperature for all mixtures along the isobar p = 9 MPa,
cf. Fig. 9 and Fig. S32, S33 of the ESI.† These curves show a
linear behavior at low temperatures, experience a strong
increase in the temperature range from T = 305 K to 320 K,
i.e., the Widom region, and become progressively linear at
higher temperatures. Thus, they show a similar behavior as
previously observed for the enthalpy. Across the extended
Widom region, the intra-diffusion coefficient of scCO2

increases by approximately one order of magnitude and that
of the solute by a factor of B3.5. These data point out the
existence of distinct regions with a liquid-like low diffusivity
and a gas-like high diffusivity of the SCF.

Consistent with the differences observed in the Widom
region for time-independent properties, the strong change of
the temperature dependence of the intra-diffusion coefficients
starts at different temperatures, depending on the solute,
demonstrating a shift of the Widom line for mixtures. The
intra-diffusion coefficients of CO2 and ethane behave similarly
with increasing temperature. Hence, the Widom line of this
mixture is expected to be similar as for pure CO2 at the same
pressure. In fact, this observation was also made with respect to
time-independent properties.

Diffusion of molecular species is affected by the thermo-
dynamic conditions, but also by their weight and size. For
instance, lighter molecules propagate faster, which is reflected
by a larger intra-diffusion coefficient, e.g., for hydrogen diluted
in scCO2. The intra-diffusion coefficient of hydrogen increases
by at least one order of magnitude over the studied temperature
range. Heavier molecules, such as naphthalene, propagate
significantly slower and their intra-diffusion coefficient curves
are smoother, cf. Fig. 9.

3.5 Shear viscosity

Recently, Bell et al.43 introduced a methodology to determine
the crossover between liquid- and gas-like regions of SCF. The
authors showed the crossover to be consistent with that
observed at the kinematic viscosity minimum43 and hence with
the Widom line defined by the maximum of the isobaric heat
capacity.42 Bell et al.43 found for some model and real fluids
that this crossover occurs where the shear viscosity kinetic
contribution Zkk (eqn (S2) of the ESI†), that dominates the
gas phase, and the configurational contribution Zcc (eqn (S3) of
the ESI†), that dominates the liquid phase, are equal. These
contributions to the shear viscosity can be sampled only by
means of molecular dynamics simulation. Thus, both contribu-
tions were assessed here to analyze the seven scCO2 mixtures
along the isobar p = 9 MPa.

Fig. 10 shows the temperature dependence of the kinetic,
configurational and kinetic-configurational contributions to the
shear viscosity of scCO2 + hydrogen along the isobar p = 9 MPa.
As can be seen, the shear viscosity kinetic and configurational
contributions have opposing trends with respect to the tempera-
ture. At lower temperatures, the configurational contribution is
dominant, which is characteristic for dense fluids with a liquid-
like behavior. As expected, the kinetic contribution increases
with temperature, while the configurational contribution
decreases as the intermolecular interactions become weaker.
With further temperature rise, the kinetic contribution prevails,
which is typical for low-density fluids and gases.43 Similar trends
of the individual contributions to the shear viscosity were
confirmed for scCO2 along three isobars and scCO2 + naphtha-
lene at two compositions along the isobar p = 9 MPa, cf. Fig. S34
and S35 of the ESI.†

The observed behavior of both contributions is in line with
the assessed shear viscosity of the studied scCO2 mixtures,
since it changes from high, liquid-like values, to low, gas-like
values with rising temperature. Across the Widom region, the
shear viscosity changes on average by a factor of B1.8 for all

Fig. 9 Temperature dependence of the intra-diffusion coefficients of
binary mixtures of scCO2 (black) with 0.5 mol% of ethane (dark green),
isobutane (dark yellow), benzene (red), toluene (blue) or naphthalene
(green) along the isobar p = 9 MPa. Circles represent the intra-diffusion
coefficient of the solute and solid lines represent the intra-diffusion
coefficient of scCO2. The inset shows the results for hydrogen (grey)
and methane (dark red) over a larger intra-diffusion coefficient range.
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studied mixtures. Interestingly, the addition of 0.5 to 1.5 mol%
of solute has a minor influence on the shear viscosity of the
mixture. Exemplarily, the inset of Fig. 10 shows the shear
viscosity of scCO2 mixed with 0.5 to 1.5 mol% of hydrogen
or benzene as a function of temperature along the isobar
p = 9 MPa. Analogous graphs for the remaining mixtures are
depicted in Fig. S34 and S35 of the ESI.† In general, simulation

results agree within their statistical uncertainties for tempera-
tures well below and above the Widom region. In this region,
simulation data show a rather strong scatter mainly due to
density fluctuations. Nevertheless, simulation data follow
throughout the qualitative trends specified by the predictive
equations.

3.6 Structural analysis

The anomalous behavior of the thermodynamic and transport
properties observed in the Widom region is considered to be
reminiscent of the singular behavior of fluids at the critical
point.35 The divergence of these properties at the critical point is
related to the divergent correlation length and the presence of
critical fluctuations, whose magnitude and effects decrease
when moving away from the critical point.54,96 The correlation
length, which describes the inner relation between fluctuations,54

was calculated for all studied mixtures with the method recom-
mended by Sengers et al.97 The required susceptibility was
obtained from simulation data, while the remaining parameters
are either constant or calculated from critical data. A maximum
of the correlation length was observed in the Widom region,
indicating that fluctuations become larger when the Widom line
is approached, cf. Fig. S36 of the ESI.† Thus, the strong changes
of the studied thermodynamic properties can be traced back to
this phenomenon. Further, the correlation length of near-critical
fluctuations98 was smaller than half of the simulation box length
for all explored conditions.

The radial distribution functions (RDF) is usually employed
to gain insight on the microscopic structure of fluids. Here, the
RDF of all scCO2 mixtures with 1 mol% of the solute was
studied. Exemplarily, the solvent–solvent RDF and the solute-
solute RDF, the magnitude of the first peak and the average
coordination number are shown in Fig. 11 for scCO2 + benzene
at selected temperatures in the extended Widom region.

Fig. 10 Temperature dependence of the kinetic Zkk (brown triangles),
configurational Zcc (green triangles) and kinetic-configurational Zkc (grey
squares) contributions to the shear viscosity of scCO2 mixtures with
0.5 (top), 1 (center) and 1.5 mol% (bottom) of hydrogen along the isobar
p = 9 MPa. The dotted line indicates the Widom line temperature
calculated with the criterion of Bell et al.43 The inset shows the tempera-
ture dependence of the shear viscosity of binary mixtures of scCO2 (red)
with 0.5 (top), 1 (center) and 1.5 mol% (bottom) of hydrogen (blue) or
benzene (red) along the isobar p = 9 MPa. Here, circles show simulation
data and solid lines EOS data. The reference correlation for the shear
viscosity by Laesecke et al.91 was used for scCO2. An extended corres-
ponding states approach92 was used for the mixtures.

Fig. 11 Microscopic structure of the scCO2 mixture with 1.0 mol% of
benzene at p = 9 MPa. Center-of-mass radial distribution functions g(r) for
CO2–CO2 (top left) and C6H6–C6H6 (bottom left) are shown for five
temperatures: 300 K (red), 310 K (green), 315 K (black), 317 K (pink) and
340 K (blue). The magnitude of the first peak (top right) and the average
coordination number (bottom right) for CO2–CO2 (black), C6H6–C6H6

(red) and CO2–C6H6 (blue) as a function of temperature are depicted by
crosses.
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Similar plots for the remaining mixtures are given in Fig. S37–
S42 of the ESI.†

A clearly pronounced first peak of both RDF is present for all
studied scCO2 mixtures. However, magnitude, shape and posi-
tion of the peak depend on the solute and the state point.
In general, the position of the nearest neighbor shell peak of
the solvent–solvent interaction gCO2–CO2

(r) does not change
significantly with temperature. It is located at B4.2 Å, which
is consistent with neutron-diffraction experiments with pure
scCO2.99 However, the peak becomes broader with rising tem-
perature, indicating thermally induced weakening of the fluid
structure of the first coordination shell. At lower temperatures
(T o 310 K), the presence of a second peak can be clearly
observed, which indicates a well-structured second coordina-
tion shell. With rising temperature, the second peak becomes
broader and eventually subsides at T = 340 K. This weakening of
the second peak indicates the progressive reduction of the
molecular order in the fluid structure, which is consistent with
the transition from a liquid- to a gas-like structure, where a
second coordination shell cannot be distinguished anymore.
Similarly, the first peak position of the solute-solute RDF
remains nearly constant with varying temperature, but the peak
magnitude and shape noticeably change, which can also be
considered as a result of the thermal weakening of the structure.
However, a stronger change of the peak suggests that the solute-
solute structure is more easily disturbed by rising temperature than
the solvent–solvent structure. Further, the flattening of the second
coordination shell peak within the extended Widom region was
also observed for the solute-solute RDF. It should be noticed that
the presence of a shoulder in the first peak of gC6H6–C6H6

(r) that can
be seen in Fig. 11 is related to the different orientations that can be
adopted by benzene molecules. Furthermore, on the same basis,
similar observations were made for the scCO2 mixture with toluene
as a solute.

To gain a better insight, the magnitude of the first peak
and the average coordination number of the RDF for solvent–
solvent, solute-solute and solvent–solute were plotted over
temperature, cf. Fig. S37–S42 of the ESI.† Exemplarily, results
for scCO2 + benzene are shown in Fig. 11. In general, the
temperature dependence of the first peak magnitude resembles
the sigmoidal shape observed for the density and enthalpy, i.e.,
a relatively strong change of the peak magnitude occurs over a
small temperature range. This fact and the increase of the peak
magnitude with rising temperature can be explained by the
normalization of the RDF with the average bulk density. An
exception to this behavior was found for scCO2 + hydrogen,
where gH2–H2

(r) and gCO2–H2
(r) fall with rising temperature.

For this mixture, it can be assumed that the normalization
effect of the density does not override the stronger H2–H2

interactions present at lower temperatures in the liquid-like
region. On the other hand, the RDF gC6H6–C6H6

(r) and
gC7H8–C7H8

(r) experience a similar shift of the position and of the
peak magnitude with rising temperature. This may be attributed to
the similar molecular structure of these aromatics. Both show a
B1.8 times larger first peak amplitude at the highest than at the
lowest temperature along the isobar p = 9 MPa.

In analogy to the density, the average coordination number
up to the first shell decreases sigmoidally with respect to
temperature for all studied mixtures. The steepest change of
the average coordination number occurs around the Widom
line temperature. As expected, the average coordination number
of gCO2–CO2

(r) is higher than that between the solute molecules
because of their large surplus in the mixture. In general, the
average coordination number of solute-solute and solvent–solute
also decreases with rising temperature. However, for most of the
studied mixtures, at temperatures above B320 K, the solute-
solute and mixed coordination number have approximately the
same value, which can be explained by a weakening of inter-
molecular solvent–solvent interactions observed in the gas-like
region.

Furthermore, the ‘‘clustering’’ effect,82 where many solvent
molecules collapse around a single solute molecule in the high
compressibility region, was also studied in this work. This
effect leads to a negative partial molar volume of the solute
component at infinite dilution and can be quantified by the
excess coordination number of CO2 molecules surrounding the
solute molecule regarding a uniform distribution at bulk
density.81 Fig. 12 shows the calculated excess coordination
number and the partial molar volume of the studied aromatics
infinitely diluted in scCO2, whereas the remaining mixtures are
discussed in Fig. S43 of the ESI.† Both properties exhibit values
close to zero at lower temperatures (T o 305 K) and increase
rapidly near the Widom line, where a maximum is observed,
before approaching zero again at higher temperatures. These
observations suggest that during the transition between liquid-
and gas-like regions, the clustering effects together with large
fluctuations can, as a reminiscence of criticality, explain the
behavior of static and dynamic thermodynamic properties
observed in the Widom region.

Snapshots of molecular configurations represent only one
microstate. However, a single microstate may well represent all
possible microstates being permutations of the fluid structure
patterns.101 Therefore, snapshots of the mixtures at different
temperatures were analyzed. Exemplarily, snapshots of simula-
tion volumes of scCO2 mixed with 1.0 mol% benzene at
three temperatures are shown in Fig. S44 of the ESI.† At the
lowest temperature, where the mixture is clearly in liquid-like
region, the solute molecules appear in more organized
structures than at the highest depicted temperature, which is
consistent with the previous observations. Thus, across the
Widom region, the liquid-like ordering of the solute molecules
gives way to a random structure characteristic of the gas-like
region.

4 Conclusions

Molecular dynamics simulation was extensively applied to
scCO2 and seven of its binary mixtures with hydrogen,
methane, ethane, isobutane, benzene, toluene or naphthalene
and, where possible, compared to the most accurate EOS
models. A thorough analysis of these scCO2 mixtures was
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performed to characterize the anomalies observed in the
Widom region.

It was shown that the density, intra-diffusion coefficients
and shear viscosity of scCO2 mixtures vary at least by a factor of
two when the Widom region is crossed at the studied conditions.
Thermodynamic response functions peak significantly and
structural properties, i.e., the magnitude of the first peak of
the RDF and the average coordination number, show strong
sigmoidal changes with rising temperature. Further examination
of the structure of scCO2 mixtures indicates a progressive
reduction of the molecular order and thus a transition from
liquid- to gas-like structures. For instance, the second coordina-
tion shell becomes indistinguishable and eventually disappears
with rising temperature.

Additional molecular simulation analysis shows a maximum
of the correlation length and the excess coordination number at
the Widom line, which indicate the presence of clustering
effects in this region, which might explain the anomalous

behavior of the studied thermodynamic properties and the
observed negative partial molar volumes. To sum up, the existence
of distinct liquid-like regions (high density, high viscosity and low
diffusivity) and gas-like regions (low density, low viscosity and high
diffusivity) in the extended critical region was confirmed in this
work, together with the crossover between these regions. This
crossover occurs in the Widom region, where anomalies of thermo-
dynamic response functions and transport properties are observed
and suggested to be the result of the presence of fluctuations and
clustering, which are a reminiscence of criticality.

Five criteria for the determination of the Widom line were
compared for all studied mixtures. The criterion of the equality
of the kinetic and configurational contributions to the shear
viscosity, which can only be assessed by molecular dynamics
simulation, was applied for the first time to real mixtures. The
line where these contributions are equal was shown to closely
match the Widom line defined by the maximum of the isobaric
heat capacity.

Further, a simple equation to predict the Widom line of
dilute scCO2 mixtures as a function of pressure, solute mole
fraction and critical properties of the mixture components was
proposed. It was shown that the liquid- to gas-like crossover
line exhibits a non-negligible variation upon the addition of
even small amounts of solute to pure scCO2. These changes of
the Widom line arise from modifications in both the critical
point and the slope of the coexistence line of mixtures.

Finally, the region where the transition between liquid- and
gas-like regions occurs was delimited based on pseudo-boiling
theory and advanced EOS. It was shown that this extended
Widom region varies with the type and amount of the solute.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

D. Saric gratefully acknowledges the support by the Konrad-
Adenauer-Stiftung e.V. This work was funded by the Deutsche
Forschungsgemeinschaft (DFG) under the grant VR 6/11 and
conducted under the auspices of the Boltzmann-Zuse Society of
Computational Molecular Engineering (BZS). Molecular
dynamics simulations were performed either on the Cray’s
CS500 system Noctua at the Paderborn Center for Parallel
Computing (PC2) or on the HPE Apollo system Hawk at the
High-Performance Computing Center Stuttgart (HLRS) contri-
buting to the project MMHBF2.

Notes and references

1 A. Imre, C. Ramboz, U. Deiters and T. Kraska, Environ.
Earth Sci., 2015, 73, 4373–4384.

2 E. I. Koytsoumpa, C. Bergins and E. Kakaras, J. Supercrit.
Fluids, 2018, 132, 3–16.

Fig. 12 Excess coordination number (open symbols) and partial molar
volume of the solute component at infinite dilution (solid symbols) for
scCO2 mixed with benzene (top), toluene (center) and naphthalene
(bottom) along the isobar p = 9 MPa. Both properties were calculated
from Kirkwood–Buff integrals100 corrected with the procedure by Ganguly
and van der Vegt.80 Dashed lines indicate the zero values of the two
vertical axes.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 6

/2
5/

20
26

 1
:3

8:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp02701a


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 28257–28270 |  28269
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59 A. Köster, M. Thol and J. Vrabec, J. Chem. Eng. Data, 2018,

63, 305–320.
60 J. Vrabec, J. Stoll and H. Hasse, J. Phys. Chem. B, 2001, 105,

12126–12133.
61 B. Eckl, J. Vrabec and H. Hasse, J. Phys. Chem. B, 2008, 112,

12710–12721.
62 G. Guevara-Carrion, T. Janzen, Y. M. Muñoz-Muñoz and
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79 P. Krüger, S. K. Schnell, D. Bedeaux, S. Kjelstrup, T. J. H. Vlugt

and J.-M. Simon, J. Phys. Chem. Lett., 2013, 4, 235–238.

80 P. Ganguly and N. F. A. van der Vegt, J. Chem. Theory
Comput., 2013, 9, 1347–1355.

81 A. W. S. Hamani, H. Hoang, T. Q. Q. Viet, J.-L. Daridon and
G. Galliero, J. Supercrit. Fluids, 2020, 164, 104890.

82 P. G. Debenedetti, Chem. Eng. Sci., 1987, 42, 2203–2212.
83 M. S. Green, J. Chem. Phys., 1954, 22, 398–414.
84 R. Kubo, J. Phys. Soc. Jpn., 1957, 12, 570–586.
85 D. Alfe and M. J. Gillan, Phys. Rev. Lett., 1988, 81,

5161–5164.
86 I. C. Yeh and G. Hummer, J. Phys. Chem. B, 2004, 108,

15873–15879.
87 C. J. Leverant, J. A. Harvey and T. M. Alam, J. Phys. Chem.

Lett., 2020, 11, 10375–10381.
88 E. Lemmon, I. H. Bell, M. Huber and M. McLinden, NIST

Standard Reference Database 23: Reference Fluid Thermo-
dynamic and Transport Properties-REFPROP, Version 10.0,
National Institute of Standards and Technology, Gaithers-
burg, Maryland 20899, 2018.

89 R. Span, R. Beckmüller, S. Hielscher, A. Jäger, E. Mickoleit,
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