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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• New density data in CO2 + n-C7, CO2 
+ n-C12 binary systems.

• Density data in CO2 + n-C7 + n-C12 
ternary system.

• Derivations of partial molar volume at 
infinite dilution.

• Determination of clustering effect in bi
nary and ternary systems.

• Combining rule for clustering effect 
with multi solutes in CO2.

Cluster size of binary and ternary systems, where ●; (binary CO2-C7 and CO2-C12 systems), £ ; (ternary 
CO2-C7-C12 system) and ̶; (linear correlation).
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A B S T R A C T

This study aims to investigate clustering phenomena at infinite dilution in supercritical CO₂-rich mixtures with n- 
heptane (n-C₇) and n-dodecane (n-C₁₂), in both binary and ternary systems. The main objective is to understand 
how the individual clustering behaviors of the solutes combine in the ternary mixture, and whether this com
bination follows an additive rule. To this end, density measurements were carried out at 313.15 K and 323.15 K 
over a pressure range of (10− 70) MPa, enabling the determination of partial molar volumes as indicators of 
clustering. The results reveal a pronounced clustering effect at low pressures (below 20 MPa) for both binary and 
ternary systems, as evidenced by strongly negative partial molar volumes, which indicate the formation of 
compact solvation clusters around the solutes. In the ternary mixture, the clustering behavior was found to follow 
a nearly linear combination, based on the mole fractions of the clusters observed in the binary systems. This 
suggests that clustering in CO₂ + multi-solute systems may be predicted from binary behavior.

Two SAFT-type equations of state (PC-SAFT and SAFT-VR Mie) were employed to evaluate their ability to 
model the transition from binary to ternary systems. While both captured the non-ideal volumetric behavior, 
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SAFT-VR Mie demonstrated better quantitative agreement. These findings improve our understanding of sol
ute–solvent interactions in CO₂-rich environments and support enhanced modeling of processes such as super
critical extraction, carbon capture and storage (CCUS), and enhanced oil recovery (EOR).

1. Introduction

The knowledge of the thermophysical properties of carbon dioxi
de+hydrocarbon mixtures at supercritical states has become increas
ingly important in recent years for their importance for developing more 
efficient process design, such as supercritical fluid extraction (SFE), 
carbon capture, utilisation and storage (CCUS), enhanced oil recovery 
(EOR), synthesis of valuable chemicals and, more recently, research into 
the use of CO2 for recycling as part of circular economy [1–5]. In 
particular, throughout the decades, supercritical CO2 has emerged as a 
prominent solvent due to its characteristics, which allows for efficient 
extraction and separation process. Its critical temperature close to room 
temperature (Tc = 304.23 K) and critical pressure lower than 10 MPa (pc 
= 7.38 MPa) makes it an attractive alternative to more harmful solvents 
used in industry.

However, volumetric properties of CO2-solute systems in the super
critical state are not widely documented in the literature. To address this 
gap, our group initiated a series of experimental studies [6–9] on the 
thermophysical characterization of asymmetric CO2 + n-alkane binary 
mixtures. In the present work, we extend the data reported in previous 
articles for two binary mixtures: CO2 + n-C7 and CO2 + n-C12, broad
ening the experimental range up to infinite dilution of hydrocarbon. 
Furthermore, we enlarge the data set by investigating a ternary system 
formed by the addition of carbon dioxide in a mixture of n-heptane 
+ n-dodecane at a fixed composition. For both binary and ternary 
mixtures, density measurements were taken along two supercritical 
isotherms slightly above the critical temperature of CO2 (313.15 K and 
323.15 K) at pressures ranging from (10− 70) MPa, focusing on the 
composition range from (90–99.8) mol% of CO2. In addition, two 
Equation of State (EoS) of the Statistical Associating Fluid Theory 
(SAFT) type [10,11] were used and their results compared with exper
imental data. These equation were selected based on their solid theo
retical foundations.

The extension of the previously published data to higher concen
tration of CO2 was motivated by the observation that CO2 
+ hydrocarbon systems may, rather surprisingly, exhibit non-ideal 
behaviour at hydrocarbon near-infinite dilution above the CO2 critical 
point. In this region, the system shows strong density variation with the 
solute amount. This behaviour is attributed to clustering phenomenon 
[12], which leads to variations in thermophysical properties, potentially 
impacting the efficiency of applications involving CO2 as a supercritical 
solvent. Clusters are defined as agglomerates of solvent molecules 
around a solute molecule, resulting in a shrinkage of the system, evi
denced by a decrease of the partial molar volume of the solute which can 
reach negative values in some systems [6]. This behavior can be char
acterized by determining the cluster size from partial molar volumes and 
isothermal compressibility of CO2 [12], which has been confirmed by 
molecular dynamics simulations [13]. Consequently, our research fo
cuses on the analysis of near-infinite dilution systems with supercritical 
CO2 as solvent, which remain insufficiently explored in the existing 
literature. Specifically, our objective is to study the clustering phe
nomenon and to evaluate the impact of the solute using both one species 
and a binary mixture. This approach allows us to determine whether the 
clustering phenomenon exhibits additivity in such systems. Addition
ally, this study aims to assess the precision and reliability of specific 
equations of state (EoS) in reproducing the experimental data presented 
in this work, both qualitatively and quantitatively.

The work is structured as follows: Section 2 details the materials and 
methods used, including the use of a modified U-shaped density meter 
that allows liquid injection by syringe, along with the methodology to 

determine the uncertainties of the densities and partial molar volumes. 
Section 3 provides a brief theoretical background of the SAFT equations 
of state used in this work. Section 4 presents the results and discussion 
for the three systems investigated. The results of partial molar volumes 
at infinite dilution derived from density data are presented and dis
cussed in Section 5, as well as the cluster size determination and the 
connection between the binary and ternary mixtures near the CO2 crit
ical point. Finally, the main results of the present work are summarized 
in Section 6.

2. Materials and methods

2.1. Materials

Carbon dioxide was purchased from LINDE with a nominal purity of 
99.995 % while n-heptane and n-dodecane were obtained from Ther
moFisher Scientific with a purity of 99.5 % and from Sigma-Aldrich with 
a purity of 99.6 %, respectively. Given the high purity of the hydro
carbons (above 99.5 %) and the range of highly CO₂-rich mixtures (xCO₂ 
> 90 % mol), the contribution of hydrocarbon impurities is negligible 
compared to other uncertainties. In other words, considering the worst- 
case configuration and assuming a 10 % fractional density difference 
between the sample of interest and the impurity, the contribution to the 
uncertainty of the impurities claimed by the manufacturer is approxi
mately 0.003 %[14]. Moreover, the impact of these impurities on CO₂ is 
even smaller. The sources and purities of pure components used for the 
preparation of the investigated mixtures are summarized in Table 1. All 
compounds and their mixtures were used without any further treatment.

2.2. Apparatus

The experimental apparatus used for measuring the density, ρ, in gas 
+ liquid mixtures was described in detail in a previous article [6]. An 
Anton Paar vibrating U-tube densimeter was utilized for measuring 
densities according to the experimental setup shown in Fig. 1. A set of 
high pressure volumetric pumps was used for working with gas+liquid 
mixtures under pressure. The first pump was used for preparation and 
homogenization of mixtures. It was connected to a CO2 tank placed on a 
high mass high precision balance with an standard uncertainty of 
0.001 g, enabling the weighing of the injected CO2. The CO2 tank is 
connected to the flow cell via a flexible PEEK tube (1/16") to avoid 
disturbances to the balance during gas weighing. The gas mass is 
therefore determined by tank weight during filling. The second pump 
controlled and maintained the pressure above the bubble point during 
the transfer from the first pump to the chamber of the densimeter. An 
external Huber thermostatic bath, with a stability of 0.05 K, regulates 
the temperature of the densimeter while a temperature sensor (Pt 100) is 
positioned inside the jacket to monitor temperature with an standard 
uncertainty of 0.05 K. The pressure is measured throughout the com
plete range with a Presens manometer with an standard uncertainty of 
0.02 %. To achieve the desired solute near-infinite dilution composition, 
a specific technique has been developed in this work. For this purpose, 
the configuration previously used for mixture preparation [6] was 

Table 1 
Purity of Chemicals.

Chemical CAS Manufacturer Purity
carbon dioxide 

n-heptane 
n-dodecane

124–38–9 
142–82–5 
112–40–3

France 
Germany 
Germany

99.995 % 
≥ 99.5 % 
≥ 99.6 %
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modified. The standard uncertainties in mass introduced were estimated 
to be 0.001 g for hydrocarbons where the resulting combined expanded 
uncertainty in the mole % of CO2 calculated with the coverage factor 
(k = 2) to obtain the expanded uncertainties U(xCO2 ) (level of confi
dence = 0.95) are presented in Table 2.

As shown in Fig. 2, a 3-way/2-stem High Pressure Needle Valve was 
added in the setup for precise injection of gas and liquid. This modifi
cation makes the injection system versatile, allowing for preparing gas 
+ liquid mixtures in various composition ranges from (90–99.8) mol% 
of CO2. It should be pointed out that one inlet port is ended by a rubber 
septum to prevent solute reflux during addition of liquid using a syringe.

Before preparing the mixture, vacuum is achieved in the pump. The 
liquid is then added using a syringe, with the needle positioned in 
contact with the valve’s stem after piercing the septum. When the valve 
is opened, the liquid in the syringe is drawn into the cell by vacuum 
suction. The amount of liquid injected is accurately determined by 
performing a double weighing of the syringe. For systems involving two 
hydrocarbons, the liquid mixture is prepared on a precision balance off- 
site of the densimeter by mass weighing and then placed into the in
jection syringe. Following this operation, CO2 is injected at constant 
pressure (5.5 MPa at room temperature) from its storage tank, with the 
mass monitored during the injection. After injection of both liquid and 
gas components, the system is pressurized to a final pressure of 70 MPa. 

This pressure is significantly above the bubble point pressures of the 
investigated systems, which were measured to be below 12 MPa for 
CO₂–n-C₇ [15–18], and even lower for the CO₂–n-C₁₂ [19] system, 
regardless of composition and for both isotherms considered. For the 
ternary mixture, no experimental phase equilibrium data could be 
found. However, a preliminary estimation using the PPR78 model [20], 
which is particularly well suited for predicting phase equilibria in such 
CO2 + alkane systems [21,22], indicates that the bubble point pressures 
also remain below 12 MPa within the temperature range investigated.

The second pump remains closed during the homogenization and 
stabilization of temperature. After several cycles of homogenization 
thanks to the reciprocating motion of the tungsten ball in the pump, the 
sample is transferred at high pressure to the U-tube densimeter by 
moving the pistons of the 2 pumps in opposite directions. This high- 
pressure transfer is essential to avoid any drop in pressure below the 
bubble point during the transfer, thereby maintaining the homogeneity 
of the system throughout the complete transfer process. To avoid a 
sudden drop in pressure when opening the pump containing the initially 
prepared mixture, the U-tube densimeter is fully charged with a buffer of 
the same components at high pressure. This buffer solution is displaced 
by the solution in the first pump. Finally, after displacing more than 
three times the volume of the densimeter, the transfer is considered as 
complete, and the outlet valve is closed.

By measuring the period τ of vibration of the tube containing the 
sample, the density ρ is determined according to the following linear 
relation in terms of the square of the resonance period τ2: 

ρ(T, p) = A(T, p) τ2 − B(T, p) (1) 

where the coefficients A and B are related to temperature and pressure 
according to the robust physically-based model proposed by May et al. 
[23,24] for representing the vibration behavior of a U-tube densimeter: 

A(T, p) =
A0(1 + βτp)((

1 + ε1(T − T0) + ε2(T − T0)
2
)2

(1 + αv(T − T0) + βvp )
)

(2) 

B(T, p) =
B0

(1 + αv(T − T0) + βvp )
(3) 

The seven apparatus parameters (A0, B0, αv, βv, βτ, ε1, ε2) were ob
tained through calibration with water and nitrogen, as well as mea
surements of the U-tube cell under vacuum. The measured vacuum 
periods allow for the determination of the ratio B0/A0 and the param
eters ε1 and ε2. Calibration with nitrogen, using values provided by [25], 
was necessary for measuring in the low-density domain (here for pres
sure below 20 MPa), whereas calibration with water density values [26]
was required for high-density measurements.

Fig. 1. Schematic view of the density measurement setup. (1) Anton Paar, (2) 
U-shape tube, (3) 3-Way/2-Stem High Pressure Needle Valve, (4) Pump n◦1 for 
homogenization and transfer, (5) Precision balance, (6) Gas Tank, (7) Liquide 
injection syringe, (8) Pressure Gauge, (9) Pump n◦2 for isobar transfer.

Table 2 
Combined expanded uncertainty U(xCO2) in mol% of CO2 for all the system 
investigated.

CO2 + n-C7 CO2 + n-C12 CO2 + n-C7 + n-C12

xCO2 U(xCO2 )
a xCO2 U(xCO2 )

a xCO2 U(xCO2 )
a

mol% mol% mol%
89.39 0.006 90.00 0.004 90.00 0.005
93.00 0.006 94.02 0.004 93.03 0.007
96.00 0.008 96.00 0.004 96.00 0.006
98.00 0.006 98.20 0.004 98.03 0.006
99.28 0.006 99.20 0.004 99.30 0.004
99.79 0.005 99.50 0.004 99.80 0.004

aUc(xCO2 ) = k ∗

⎛

⎝xCO2 (1 − xCO2 )

[
u2(mCO2 )

m2
CO2

+
u2(mCx )

m2
Cx

]0.5
⎞

⎠

mCx ;mass of alkanesmCO2 ; mass of CO2

Fig. 2. Enlarged view of the 3-Way/2-Stem High Pressure Needle Valve, (1) 
CO2 injection valve, (2) Liquid injection valve, (3) rubber septum, (4) CO2 
injection tubing and (5) Liquid injection syringe.
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The combined standard uncertainty uc(τ) in resonance period mea
surements for τ, τvacuum , τH2O and τN2 was determined by the quadratic 
sum of different source of uncertainty in measurement of resonance 
period u(τ) as well as temperature u(T) and pressure u(p), each weighted 
by the respective partial derivatives of τ with respect to these variables 
as proposed by Guidelines for evaluating and expressing the uncertainty 
of NIST measurement results [28]: 

u2
c (τ) = [u(τ) ]2 +

(
∂τ
∂T

)

p
[u(T) ]2 +

(
∂τ
∂p

)

T
[u(P) ]2 (4) 

A statistical-based calculation method has been implemented to 
propagate uc(τ), uc(τvacuum), uc(τH2O) and uc(τN2 ), as well as the un
certainties in the densities of the calibration fluids u(ρH2O), u(ρN2

) in the 
determination of the standard uncertainty in density u(ρ). In this method 
[27] a random normal distribution perturbation of 5000 points is 
generated around each experimental period and, from these perturbed 
periods, a distribution of densities were calculated using Eqs. 2 and 3. 
The standard deviation of the obtained distribution is taken as the 
standard uncertainty in the density measurement which is then multi
plied by the coverage factor (k = 2) to obtain the expanded uncertainties 
U(ρ) (level of confidence = 0.95). Each set of perturbed density data are 
then used to derive the partial molar volume PMV according to the 
method proposed in a previous article [27].

3. Modelling

Two SAFT equations of state (EoS): PC-SAFT [28] and SAFT-VR Mie 
[11] were tested to investigate their potential for predicting the partial 
molar of hydrocarbon solutes at near-infinite dilution in supercritical 
carbon dioxide. Both equations of state contains different terms in the 
reduced Helmholtz energy, including contributions from an ideal gas, 
hard-chain (for PC-SAFT), monomer (for SAFT-VR Mie), dispersion, as 
well as association. However, in our current study, the association 
contribution was not used due to the lack of association among com
ponents in the investigated mixtures.

This type of molecular based EoS, initially proposed by Chapman 
et al. [10] by applying Wertheim’s theory of associating fluids [29] to 
chain molecules, is now extensively used in the fields of materials sci
ence and chemical engineering due to its accurate prediction of ther
modynamic properties of both liquids and gases mixtures. Although 
these EoS are based on theoretical foundations, they require adjustments 
of their parameters to provide quantitative results for pure component 
properties. For mixtures, mixing rules are needed. In them, it is usual to 
include a non-zero binary interaction parameter (kij) if they are asym
metric as those studied in this work.

The PC-SAFT EoS was developed by Gross and Sadowski [28], by 
considering a hard-chain reference constituted of spherical segments 
connected in pairs by the modified square-well potential proposed by 
Chen and Kreglewski [30]. They introduced a Barker-Henderson-type 
perturbation to capture the attractive interactions between these 
chains. Accordingly, for a non-associating molecule, the residual molar 
Helmholtz energy ares is written as the sum of two contributions, as 
follows: 

ares = ahc + adisp (5) 

The first term is the contribution from the hard chain reference fluid, 
the second represents the perturbation contribution, which take into 
account attractive interactions. A comprehensive development of these 
terms is provided in [28]. The equation requires three parameters to 
describe the non-associated fluids: the number segment ms, the diameter 
of spherical segment σ, and the energy parameter ε/k. In this work, 
PC-SAFT was implemented using VLXE advanced pVT simplified soft
ware [31].

Lafitte et al. [11] developed a statistical associating fluid theory for 
variable range interactions (SAFT-VR) of the Mie form (SAFT-VR Mie), 

which is implemented in the Templated Equation of State Package 
software (teqp) developed by Bell et al. [32]. This implementation em
ploys advanced numerical techniques without relying on analytical de
rivatives, facilitating EoS implementation without a loss of precision. In 
this EoS, the molecules are considered as a chain formed from spherical 
monomers with repulsive and attractive interactions through the Mie 
potential uMie(r), which is defined as: 

uMie(r) =
λr

λr − λa

(
λr

λa

) λr
λr − λa

ε
((σ

r

)λr
−
(σ

r

)λa
)

(6) 

where r is the distance between the segments, λr and λa are the repulsive 
and attractive exponents, ε is the potential depth and σ is the diameter of 
monomers. In the absence of association between molecules, the resid
ual molar Helmholtz energy is also written as the sum of different 
contributions: 

ares = msaMono + adisp + achain (7) 

where ms is the number of segments, and aMono is the Helmholtz energy 
of Mie monomers. It is obtained from the Mie potential using Barker- 
Henderson [33] perturbation expansion. The third term represents the 
contribution due to chain formation of Mie segments. It was obtained 
from Wertheim’s first-order perturbation theory (TPT1) function. A 
detailed description and development of these terms is set out in detail in 
[11]. In addition to the three parameters (ms, σ, ε/k), parameters must be 
added to account for Mie potential characteristics: one for the repulsive 
term λr and and one attractive λa interaction [11,34].

The parameters for pure components used in this work were sourced 
directly from the literature and taken from the original publications on 
the development of PC-SAFT [28] and SAFT-VR Mie [11], as listed in 
Table 3. Also, the binary interaction parameters (BIPs) were determined 
by fitting densities predicted by the EoS with those obtained from ex
periments. The goal is to minimize the difference between the calculated 
and experimental density values. This method relies on an iterative 
process. In particular, the approach implemented in the Templated 
Equation of State Package (teqp) software requires an initial guess for 
the co-existing densities and compositions. For a more detailed expla
nation of the model, see Ref. [32]. PC-SAFT and SAFT-VR Mie are both 
based on the same SAFT framework but differ by their treatment of the 
dispersion forces. In PC-SAFT, the Barker-Henderson perturbation is 
added to the hard chain to account for the attraction between chains 
whereas it is considered at the monomer level in SAFT-VR Mie. More
over, the variable range in SAFT-VR Mie, allows flexibility in adjusting 
the repulsive interaction and attractive range, making it applicable 
across variable range of interactions, from soft to highly repulsive, and 
for short-range Mie potentials. A key feature of this approach is its 
significantly enhanced accuracy in the near-critical region [34].

4. Results and discussion

4.1. Pure compounds

The densities of pure CO2, n-C7, and n-C12 were measured at tem
peratures of 313.15 K and 323.15 K and at pressures from (10− 70) MPa. 
Under these conditions, pure CO2 is at a supercritical state. The results 
are given in Table S1 of the Supplementary Materials file. The experi
mental densities of carbon dioxide were compared with the values from 
the reference equation of state developed by Span and Wagner [35] with 
an estimated uncertainty, Uc(ρ)= 0.05 %. From this comparison, an 

Average Absolute Deviation (AAD% = abs(1
n
∑n

i=1100×
|xexp

i − xEoS
i |

xEoS
i

)) of 

0.08 and a Maximum Deviation (MD % = max(100×
|xexp

i − xEoS
i |

xEoS
i

)) of 0.21 

at 313.15 K and an AAD % of 0.07 and a MD % of 0.22 at 323.15 K were 
observed. It should be noticed that the relative deviations increase as 
pressure decreases towards the critical pressure of CO2, as shown in 
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Fig. 3. Across the range, experimental data show an underestimation of 
EoS as a reference. In this near critical domain, the density is lower 
(around 620 kg⋅m− 3) than at high pressure and the change in density 
with respect to pressure is significant, making the relative uncertainty in 
density caused by pressure uncertainty significant. Concerning experi
mental n-C7 densities, a comparison was made with those from the Span 
and Wagner equation of state [36] (Uc(ρ)= 0.2 %), and good agreement 
was obtained for both temperatures, with an AAD of 0.03 % and an MD 
of 0.06 % at 313.15 K, and an AAD of 0.03 % and an MD of 0.05 % at 
323.15 K. Similarly, the experimental density of n-C12 was compared 
with Lemmon and Huber EoS [37] (Uc(ρ)= 0.2 %), and an excellent 
match was obtained, particularly at 313.15 K and up to 50 MPa, with an 
AAD of 0.03 % and an MD of 0.05 %. Similar results were obtained at 
323.15 K up to 70 MPa, with an AAD of 0.03 % and an MD of 0.05 %. 
The AAD % and MD % from reference EoS are shown in Table 4.

4.2. Binary systems

4.2.1. CO2 + n-C7
Herein, we present experimental densities of six mixtures of the CO₂ 

+ n-C₇ binary system at 313.15 K and 323.15 K under eight different 
pressures. The CO₂ mole fraction in these mixtures was greater than 

89 %, with pressures ranging from (10− 70) MPa. Tables S2 and S5 in 
Supplementary Material lists the obtained densities for this binary 
system.

Few density data of the CO2 + n-C7 mixture in the supercritical state 
is available in the literature. Fenghour et al. [38] reported density 
measurements for CO2 + n-C7 at temperatures from 302 K to 459 K and 
the pressure range from (3.61–55.48) MPa at three composition 
29.18 %, 38.88 % and 42.70 % on molar fraction of CO2. 
Medina-Bermudez et al. [39] reported experimental densities for this 
binary system at five compositions from 2.18 % to 94.96 % in a range of 
temperatures from 313.08 K to 362.38 K at several pressures up to 
24.906 MPa. Bazile et al. [6] presented measurements for two iso
therms: 303.35 K and 313.25 K over a range pressures from 10.12 MPa 
to 70.54 MPa. Unfortunately, they limited their study to mixtures con
taining up to 83.26 % carbon dioxide, making the investigation of the 
system at infinite dilution of n-C₇ in CO₂ difficult. Nevertheless, they 
used an extrapolation to study the volumetric properties of the system at 
infinite dilution focusing on the densities and derivatives properties 
such as partial molar volumes and excess isothermal compressibility.

We have determined the density of different mixtures with high CO₂ 
content to complement the work mentioned in [6]. The objective was to 
obtain an analytical equation that accurately represents the density as a 
function of CO₂ composition in the vicinity of infinite dilution. In Fig. 4, 
the mixture densities are plotted for all composition in the experimental 
pressure range for the CO2 + n-C7 mixture at 313.15 K. A clear inversion 
in the density trend with composition is observed around 15 MPa: at 
lower pressures, increasing the CO₂ content leads to a decrease in den
sity, whereas at higher pressures, it leads to an increase. A similar 
behavior can be observed at 323.15 K, although in this case, the inver
sion occurs at a higher pressure of approximately 20 MPa.

Table 3 
PC-SAFTa and SAFT-VR Mieb EoS parameters for pure carbon dioxide (CO2), n-heptane (n-C7), and n-dodecane (n-C12) where ms is the number of segments, σ is the 
diameter of the segment, ε is the strength of the interaction, and λr and λa are the repulsive and attractive exponents, respectively.

PC-SAFT EoS SAFT-VR Mie EoS

Substance ms σ/Å (ε/k)/K ms σ/Å (ε/k)/K λr λa

CO2 2.0729 2.7852 169.21 1.50 3.1916 231.88 27.557 5.1646
n-C7 3.4831 3.8049 238.40 2.3949 4.4282 358.51 17.092 6.00
n-C12 5.3060 3.8959 249.21 3.2519 4.7484 437.72 20.862 6.00

aFrom Gross and Sadowski [28], bFrom Lafitte et al.[11].

Fig. 3. Deviations between Span and Wagner EoS [26] and measured values for 
density of pure CO2. ☐; (313.15 K) and ❚; (323.15 K).

Table 4 
Average Absolute Deviation percentages (AAD/%) and Maximum Deviation 
percentages (MD/%) from reference EoS.

T = 313.15 K T = 323.15 K

Compound AAD/% MD/% AAD/% MD/% Ref.
CO2 0.08 0.21 0.07 0.22 [35]
n-C7 0.03 0.06 0.03 0.05 [36]
n-C12 0.03 0.05 0.03 0.05 [37]

Fig. 4. Experimental densities of CO2 + n-C7 as a function of pressure for all 
compositions and pure CO2 at 313.15 K, where; ■; (89.39 %), ◻; (93.00 %), ▴; 
(96.00 %), △; (98.00 %), ✦; (99.28 %), ✧; (99.79 %) and ——; (100 %) mol% 
CO₂. Lines are a guide for eyes.

A.A. Acuña et al.                                                                                                                                                                                                                               The Journal of Supercritical Fluids 228 (2026) 106778 

5 



4.2.2. CO2 + n-C12
For the binary mixture of CO2 + n-C12, density measurements were 

carried out at the same conditions of pressure and temperature as for 
CO2 + n-C7, with solvent compositions ranging from (90–99.5) mol% of 
CO2. The results are reported in Tables S3 and S6 of the Supplementary 
Materials file.

This system has been previously studied by different authors. Ash
croft et al.[40] measured densities and computed derivatives properties 
such as partial molar volume, using a vibrating tube densitometer at a 
mole fraction gas solubility of 0.0129 under conditions of 298.15 K and 
a pressure of 0.1 MPa. Zhang et al.[41] measured densities at temper
atures ranging from 313.55 K to 353.55 K at four different CO2 molar 
percentages from 24.97 % to 86.10 %, and the density of n-C12 under 
pressures, from 8 to 18 MPa. Zambrano et al.[42] reported density 
measurements and excess volume for this system in a range of temper
atures from 283.15 K to 393.15 K with CO2 content from 10.14 % to 
60.22 % and pressures up to 100 MPa. Nevertheless, the experimental 
conditions including pressure, temperature, and composition did not 
align with those utilized in this present work, in particular regarding 
high CO2 content above 90 mol%.

Bazile et al.[7] studied this mixture at eight different compositions of 
CO2 ranging from 20.5 % to 98.77 % in molar percentages at two iso
therms, 303.15 K and 313.15 K, and pressures ranging from (10− 70) 
MPa. Fig. 5 shows the experimental densities of the CO₂ + n-C₁₂ system 
as a function of pressure at 323.15 K for all investigated compositions. In 
this system and at this temperature, a crossover point similar to that 
observed for the CO₂ + n-C₇ mixture appears around 20 MPa.

4.3. Ternary system

4.3.1. CO2 + n-C7 + n-C12
The ternary system, composed of CO2, n-C7 and n-C12, was analyzed 

as a pseudo-binary system comprising CO2 and a hydrocarbon mixture 
to compare the results with those obtained on binary mixtures. Only one 
specific mole ratio between the two hydrocarbon component was 
considered, which is xn− C12/xn− C7 = 0.47. In contrast, the CO2 content in 
mixtures studied varied between 90 mol% and 100 mol%. In total, 6 
ternary mixtures were investigated at the same pressure and tempera
ture conditions as those of the binary systems. The obtained density data 
for these ternary mixtures are given in Tables S4 and S7 of the Supple
mentary Materials file. Santos et al. [43] measured the densities from 

293.15 K to 363.15 K and for pressure up to 70 MPa in the ternary 
mixture CO2(1) + n-C7(2) + n-C12(3) at two compositions: 49.09 mol% 
and 74.25 mol% of CO2. Unfortunately, the experimental conditions for 
the compositions of n-C7 and n-C12 in their ternary mixtures, using x2 
= x3 = (1 - x1)/2 do not precisely match those considered here and do 
not cover near-infinite dilution of hydrocarbons as studied here. In Fig. 6
experimental densities are plotted as a function of pressure at 313.15 K 
for all compositions studied with this ternary system. As noted with both 
binary systems at this temperature condition, for pressures ranging from 
16 MPa to 70 MPa densities increase as CO2 content increases below the 
density of pure CO2. However, at pressures below 16 MPa, the reverse 
trend can be seen. As previously indicated, a small increase in solute 
amount results in a significant increase in the density of the system at the 
lowest pressures. This phenomenon is further illustrated in Fig. 7, where 
the density is presented as a function of mole fraction for different iso
bars at 323.15 K. It can be seen that isobars above 20 MPa display a 
monotonous increase, whereas those below 20 MPa show a regular 
decrease over the same composition range. At 20 MPa, the isobaric 
curve appears nearly horizontal, corresponding to the crossover point 
observed in the ρ–p diagram. It is important to note that the observation 
of a nearly horizontal isobaric curve is limited to the composition range 
between 0.90 and 1. Below this range, the curve is no longer flat, 
meaning that the impression of a sharp crossover observed in Figs. 4, 5 
and 6 is also a consequence of the restricted composition window. When 
the composition range is extended, the isopleths still intersect, but no 
longer at a single point—rather, over a broader region. This indicates 
that the plateau observed in the ρ–x curve, or the crossover seen in the 
ρ–p diagram at a given temperature, does not correspond to the inter
section of the pure-component isothermal density curves. That inter
section occurs at a lower pressure, and thus at a lower density. Santos 
et al. [43] reported a similar trend for this ternary mixture at 363.15 K 
and 20 MPa.

4.4. SAFT modelling

Below we present the results of density modelling of the studied 
systems using the two EoSs described in Section 3. The predicted den
sities are found in Tables S1, S2, S3 and S4 and were compared with the 
experimental ones. The results of the comparison between experimental 
and calcualted data, in terms of AAD % and MD %, and optimized kij are 
listed in Table 5. For pure CO2, PC-SAFT underestimates the density 

Fig. 5. Experimental densities of CO2 + n-C12 mixture as a function of pressure 
for all compositions and pure CO2 at 323.15 K. ■; (90.00 %), □; (94.02 %), ●; 
(96.00 %), ο; (98.20 %), ▴; (99.20 %), △ (99.50 %) and ——; (100 %) mol% 
CO₂. Lines are a guide for eyes.

Fig. 6. Experimental densities of CO2 + n-C7 + n-C12 as a function of pressure 
for all compositions and pure CO2 at 313.15 K. ■; (90.00 %), □; (93.03 %), ▴; 
(96.00 %), △; (98.03 %), ●; (99.30 %), ○; (99.80 %), and ——; (100 %) mol% 
CO₂. Lines are a guide for eyes.
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value at both temperatures, except for the lowest pressure. The largest 
deviations are obtained in the region in which the density change with 
pressure is most pronounced, close to 9.0 MPa at 313.15 K and 10.4 MPa 
at 323.15 K [35]. On the other hand, SAFT-VR Mie overestimated the 
densities at all pressures and temperatures. This EoS predicted the 
density better than the other one with smaller deviations, especially at 
323.15 K. For n-C7 and n-C12, the results obtained with SAFT-VR Mie 
were somewhat better than PC-SAFT ones (Table S1). The experimental 
conditions were far from the critical conditions of these compounds so 
the deviations were similar along p and T as shown in Fig. 8.

For binary mixtures, initial calculations with kij= 0 were performed. 
Both equations of state correctly predict the non-ideal behaviors of the 
systems, i.e., the strong density increase with solute content at the 
lowest pressure. For all mixtures, introducing nonzero kij significantly 

improved the predictive accuracy of both SAFT models. In the case of 
PC-SAFT, at 313.15 K, the AAD % was reduced to 0.72 % for the CO₂ 
+ n-C7 and to 0.66 % for CO₂ + n-C12. Similarly, for SAFT-VR Mie, the 
AAD % for CO₂ + n-C7 decreased from 1.57 % to 0.79 %. Therefore, both 
EoS have improved their predictive accuracy by adding the binary 
interaction parameter.

To assess the performance of the two equations of state using opti
mized binary interaction parameters, calculated densities were 
compared in Figs. 9 to 11 with experimental data. Fig. 9 shows density as 
a function of pressure along various isopleths for the CO₂–n-C₇ binary 
mixture at 323.15 K. Fig. 10 presents density versus CO₂ mol% along 
different isobars for the CO₂–n-C₁₂ binary system at 313.15 K. Finally, 
Fig. 11 illustrates the same property for the ternary mixture as a function 
of composition at 313.15 K and various isobars. In all cases, the models 
capture the influence of pressure and CO₂ composition with good ac
curacy for both binary and ternary mixtures. The deviations observed 

Fig. 7. Experimental densities of CO2 + n-C7 + n-C12 as a function of molar 
fraction of CO2 from 10 to 70 MPa at 323.15 K. ■; (10 MPa), ◆; (11 MPa), ▴; 
(20 MPa), ● (30 MPa), □; (40 MPa), ◊ (50 MPa), △; (60 MPa) and ○; 
(70 MPa). Lines are a guide for eyes.

Table 5 
Binary interaction parameter (kij) and comparison between experimental and 
calculated densities in terms of average absolute deviation (AAD/%)a and 
maximum deviation (MD/%)b.

PC-SAFT EoS SAFT-VR Mie EoS

System T/K kij AAD/ 
%

MD/ 
%

kij AAD/ 
%

MD/ 
%

CO2 313.15 - 0.96 1.98 - 1.29 1.51
323.15 - 2.27 7.73 - 1.79 3.53

n-C7 313.15 - 0.47 0.76 - 0.11 0.22
323.15 - 0.47 0.78 - 0.11 0.21

n-C12 313.15 - 0.54 0.91 - 0.16 0.17
323.15 - 0.53 0.91 - 0.15 0.17

CO2 + n- 
C7

313.15 0 2.65 8.62 0 1.57 5.79
313.15 0.120 0.72 1.68 0.053 0.79 1.46
323.15 0 4.40 20.30 0 2.16 11.24
323.15 0.120 1.49 8.75 0.053 1.23 3.89

CO2 + n- 
C12

313.15 0 3.02 8.77 0 1.45 4.50
313.15 0.125 0.66 1.52 0.057 0.86 1.45
323.15 0 4.31 20.48 0 1.39 6.41
323.15 0.125 0.97 4.52 0.057 1.38 3.95

CO2 + n- 
C7 + n- 
C12

313.15 0.120 / 
0.125

0.65 1.64 0.055 0.80 1.48

323.15 0.120 / 
0.125

1.54 9.70 0.055 1.27 3.68

aAAD (%) = Average Absolute Deviation; bMD (%) = Maximum Deviation 
Percentages.

Fig. 8. Deviations from PC-SAFT and SAFT-VR Mie EoS density predictions at 
313.15 K over all experimental pressures. □; (pure CO2), ○; (pure n-C7) and 

△; (pure n-C12). Filled symbols (PC-SAFT), empty symbols (SAFT-VR Mie).

Fig. 9. Density predictions using PC-SAFT and SAFT-VR Mie EoS as a function 
of pressure at 323.15 K for the CO₂ + n-C₇ binary mixture. —; (PC-SAFT), ̶ ; 
(SAFT-VR Mie), data: ; (89.39 %), ; (93 %), ; (96 %), and (100 %) mol 
% CO₂.
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between calculated and experimental data mainly result from the 
inability of the equation of state to reproduce the density of pure CO₂ 
with the unmodified pure-component parameters. Both equations of 
state show similar absolute deviations; however, SAFT-VR tends to 
systematically overestimate densities, while PC-SAFT consistently un
derestimates them relative to experimental values. Nevertheless, the 
smaller values of kij for SAFT-VR Mie, indicated that it is a better pre
dictive model than PC-SAFT for our asymmetric systems. The calculated 
values of the density of the three systems at 313.15 K are reported in 
Tables S2, S3, and S4 given in the Supplementary Material. Additionally, 
Tables S5, S6, and S7 of the Supplementary Materials file list the pre
dicted densities at 323.15 K, which are compared with the experimental 
values.

5. Derivatives properties

5.1. Partial Molar Volume (PMV)

The calculation of properties derived from experimental densities of 
mixtures provides insights into the nature of solute-solvent interactions. 
The discussion is especially interesting if the composition of the mix
tures corresponds to infinite dilution conditions as in this work. This 
section analyzes the partial molar volume of a component i (vi) and the 
cluster size of the binary and ternary mixtures. The calculation was 
performed at (10, 11, and 20) MPa, and at 313.15 K and 323.15 K. The vi 
is an intensive property that is influenced by pressure, temperature, and 
composition. When the partial molar volume of a component differs 
significantly from its pure molar volume, it indicates that the solution 
exhibits non-ideal behavior, which can be due to factors such as solva
tion or clustering effects. For a solute, the disparity between the partial 
molar volume and its molar volume in the pure state becomes often 
increasingly more pronounced as solute composition approaches infinite 
dilution due to the solvent environnement. Thus, analyzing partial 
molar volumes of a solute at infinite dilution v∞

solute can provide insights 
into the nature and extent of the deviations to ideal solution behavior. 
For the CO2 + n-Cx binary system, the partial molar volumes were 
determined using the following relations: 

vCO2 = Vm +(1 − xCO2 )

(
dVm

dxCO2

)

p,T
(8) 

vn− Cx = Vm − xCO2

(
dVm

dxCO2

)

p,T
(9) 

Those equations relate the vi to the molar volume of the mixture (Vm) 
and its derivative with respect to CO2 molar fraction at constant pressure 
and temperature (dVm/dxCO2 )p,T. This latter was calculated using a 
curve-fitting method, which first involves fitting the experimental den
sity data as a function of the molar fraction xCO2 , followed by an 
analytical differentiation of the resulting function. Since there is no 
theoretical function to describe ρ(xCO2 ), an empirical function must be 
selected for the fitting process. The choice of the functional form is 
crucial not only for achieving a good fit but, more importantly, for 
ensuring the appropriateness of the derivative calculation, particularly 
at the boundary of the domain, i.e. at xCO2 = 1. The lack of a theoretical 
form makes the estimation of the uncertainty in the calculated deriva
tive challenging. To address this, two types of functions were tested to 
guide the selection process: polynomial and Padé-type approximations. 
The latter is expressed as the ratio of two polynomials of degrees M and 
N, and can be written as: 

Padé [M/N] =

∑M
i=0aiρM

1 +
∑N

j=1bjρN
(10) 

where ai and bj are the fitted parameters. To achieve this, Python pro
gramming code was written using libraries such as NumPy, Pandas, and 
SciPy. The code employs a curve-fitting approach to identify the most 
accurate mathematical model representing the relationship between the 
mole fraction of CO₂ and the density of a mixture. A suite of mathe
matical functions is tested using a non-linear least-squares minimization 
algorithm (the curve_fit function from the scipy.optimize mod
ule) to identify optimal parameters. The objective function used by 

curve_fit is the sum of squared residuals (
∑n

i=0

(
ρi

calc − ρi
exp

)2
), 

which is minimized to determine the best-fit parameters for each func
tion. The code then calculates deviations, such as the AAD % and MD %, 
to assess the accuracy of each function. This approach enables the se
lection of the function that best captures the experimental data, 
providing a robust and reliable representation of the relationship be
tween the mole fraction of CO₂ and density. Table S8 of the 

Fig. 10. Density predictions as a function of pressure from PC-SAFT and SAFT- 
VR Mie EoS at 313.15 K for the CO₂ + n-C₁₂ binary mixture. —; (PC-SAFT), ̶ ; 
(SAFT-VR Mie), data: ; (10 MPa), ; (11 MPa), ; (20 MPa), ; (30 MPa), ; 
(40 MPa), ; (50 MPa), ; (60 MPa) and ; (70 MPa).

Fig. 11. Density predictions as a function of pressure from PC-SAFT and SAFT- 
VR Mie EoS at 313.15 K for the CO₂ + n-C₇ + n-C₁₂ ternary mixture. —; (PC- 
SAFT), ̶ ; (SAFT-VR Mie), data: ■; (10 MPa), □; (11 MPa), ▴; (20 MPa), △; 
(30 MPa), ●; (40 MPa), ○; (50 MPa), ◆; (60 MPa) and ◄; (70 MPa).
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Supplementary Materials file provides a list of the tested functions 
including their forms and the observed deviations from experimental 
data. For both Padé-type and polynomial approximations, increasing the 
degree (parameters) in the equations above a certain value does not 
significantly improve the fit, as it may lead to overfitting of the exper
imental data, resulting in poor data smoothing and potentially 
increasing errors in the derivation(Fig. 12). Therefore, the tests were 
limited to fourth degree in both polynomial and Padé-type functions. 
Among all tested functions, we chose the Padé [2/4] equation with four 
parameters was chosen for the computation. This approach not only 
provides a good fit to the experimental data but also smooths the data up 
to infinite dilution. To assess the uncertainty in dVm/dxCO2 , a pseudo- 
random perturbation of the density data was conducted using 5000 
trials. From this analysis, we determined vCO2 , vn− Cx , and the corre
sponding combined uncertainties (Table S9 in Supplementary Material).

The partial molar volumes of solutes obtained for both binary mix
tures are plotted as a function of mole fraction for (10, 11 and 20) MPa 
isobars at 313.15 K in Fig. 13. For the (10 and 11) MPa isobars, it is 
noticed a change in sign from positive towards negative values as CO2 
content increases. Negative solute PMV values at infinite dilution in 
supercritical CO2 were previously reported both experimentally [6,12, 
44–46] and from molecular simulations [13]. A negative value for the 
PMV of solute at infinite dilution indicates that the addition of solute to a 
mixture enclosed in a fixed volume V results in a pressure drop corre
sponding to a negative derivative of pressure with respect to addition of 
solute moles: 
(

∂p
∂nsolute

)

T,V
= −

vsolute
(

∂nVm
∂p

)

T,n

< 0 (11) 

As shown in Fig. 14 for the binary mixture of CO2 + n-C7 at 313.15 K 
and 10 MPa, the decline in solute PMV implies a crossover regarding the 
PMVs of the solvent and solute, indicating that they are equal at the 
crossover composition. Therefore, at this specific composition, the molar 
volume Vm is also equal to both PMVs due to the following relationship: 

Vm = xCO2 vCO2 +(1 − xCO2 )vsolute = vCO2 (12) 

Furthermore, at this specific point, the molar volume reaches a 
minimum as its derivative with respect to mole fraction equals zero 
according to: 
(

∂Vm

∂xCO2

)

p,T
=

vCO2 − Vm

1 − xCO2

= 0 (13) 

The observation of a negative PMV at infinite dilution in the CO2 
+ solute system, leading to contraction of the system upon the addition 
of solute particules in pure CO2 near critical condition, can be attributed 
to a clustering effect. Eckert et al.[44] defined this effect as the 

phenomenon where solvent molecules aggregates around solute mole
cules upon the addition of solute particles in the system. Debenedetti 
et al.[12] concluded that the link between the clustering effect and the 
change of PMV occurs near the critical point of the solvent. Therefore, 
measuring volumetric properties measurements at near-infinite dilution 
near the critical point of solvent becomes essential for identifying the 
conditions where clustering phenomena becomes significant, helping to 
define process conditions.

The magnitude of this clustering effect can be quantified using the 
cluster size ξcluster, which represents the excess number solvent mole
cules surrounding a single solute molecule at infinite dilution. Based on 
the statistical mechanical theory of solutions by Kirkwood and Buff [47], 
ξcluster can be estimated from the following relation [12]: 

Fig. 12. Deviations from the experimental data for each tested function for the 
ternary mixture at various CO2 molar percentages at 10 MPa and 313.15 K.

Fig. 13. Partial molar volumes of alkanes for binary mixtures as a function of 
CO2 molar percentages at 313.15 K. Square ◻; (10 MPa), circle ο; (11 MPa), 
and triangle △; (20 MPa). Red lines represent the partial molar volume of n-C7, 
and black lines represent the partial molar volume of n-C12.

Fig. 14. Partial molar volumes of n-C7 for the binary mixtures as a function of 
CO2 molar percentages at 313.15 K and 10 MPa. The red line represents the 
partial molar volume of n-C7, the solid black line represents the partial molar 
volume of CO2, and the dotted line represents the molar volume of the bi
nary mixture.
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ξcluster =
RTκT,CO2 − v∞

solute
Vm,CO2

(14) 

where κT,CO2 and Vm,CO2 are the isothermal compressibility and molar 
volume of pure CO2. For both CO2 + n-C7 and CO2 + n-C12 mixtures, the 
solute partial molar volume becomes negative at high concentrations of 
CO2 below 20 MPa and both experimental temperatures (313.15 K and 
323.15 K), indicating the formation of clusters in this pT range (Table 6). 
Conversely, at 20 MPa and above, both partial molar volumes are pos
itive, leading to a negative value for ξcluster, with the partial molar vol
ume of n-C7 having values higher than that of CO2. Debenedetti et al.
[12] mentioned that negative values of ξcluster (positive partial molar 
volume) correspond to a physical sense of repulsion. It should be 
emphasized that neither the crossover of partial molar volume curves 
shown in Fig. 14 nor the clustering phenomenon is directly related to the 
intersection of density isopleths, as observed in Figs. 4, 5 and 6. These 
are fundamentally distinct properties. A crossover between density 
isopleths may occur without the presence of clustering, as illustrated by 
the CO₂–n-C7 system at 303.15 K [6]. Conversely, clustering should arise 
even in the absence of any isopleth intersection, particularly when the 
solute has a density that is either consistently higher or consistently 
lower than that of CO₂ across the full pressure range. To investigate this 
behavior experimentally and by molecular simulation, binary systems 
involving either very light or very heavy solutes mixed with CO₂ are 
planned for study in the next phase of our research program.

The same procedure for calculating the PMV was applied to the 
ternary mixture, by treating it as a pseudo-binary mixture. As for binary 
mixtures, the results show that PMV values below 20 MPa are negative, 
indicating a clustering phenomenon at both temperatures. Interestingly, 
it has been noticed that the clustering effect in this ternary mixture 
treated as a pseudo-binary is linearly correlated with that observed in 
the binary mixtures, following the relationship ξpseudo− binary

cluster = f (xn− C7 , 
xn− C12 ), as shown in Table 6 and Fig. 15. This important result suggests 
that the clustering effect may be additive in mixtures containing 
different solutes and could be estimated using a simple mole-fraction- 
weighted average based on the corresponding binary mixtures. In 
other words, it indicates that the mixture behaves as an ideal solution of 
clusters in a supercritical solvent. However, a more extensive analysis of 
other CO₂ + alkane systems is necessary to confirm this general linear 
correlation.

6. Conclusion

This work provides a comprehensive study of density and clustering 
phenomena in binary and ternary CO₂-rich systems containing n-hep
tane (n-C₇) and n-dodecane (n-C₁₂) under supercritical conditions. Den
sity measurements were performed with high precision using a modified 
vibrating U-tube densimeter, with a new protocol enabling analysis of 
systems with CO₂ compositions between (90 and 99.8) mol% across a 
pressure range of (10− 70) MPa and temperatures of 313.15 K and 
323.15 K.

The experimental results show a significant deviation from ideal 
solution behavior in these mixtures, especially at pressures below 
20 MPa. For these conditions, partial molar volumes of the hydrocar
bons exhibited negative values, indicating contraction of the system up 
addition of hydrocarbon solute molecules into the CO₂ solvent due to 

clustering. This clustering effect becomes more prominent near the CO₂ 
critical point, where solvent compressibility is highest. These findings 
support the hypothesis that the addition of solute molecules under su
percritical conditions leads to the formation of solute-solvent aggre
gates, as defined by the clustering phenomenon.

For the ternary mixture (CO₂ + n-C₇ + n-C₁₂), treated as a pseudo- 
binary system, the clustering behavior appeared to be additive. The 
cluster size in the ternary system showed a linear trend consistent with 
those observed in the corresponding binary mixtures, suggesting that 
clustering in multicomponent systems may be estimated using a simple 
mole-fraction-weighted average. These findings point to the potential 
for simplifying the description of complex CO₂–hydrocarbon mixtures in 
supercritical applications. Nevertheless, further measurements 
involving CO₂ + alkane systems are needed to confirm the general 
applicability of this linear behavior.

The study further evaluated the predictive capabilities of two SAFT- 
type equations of state, PC-SAFT and SAFT-VR Mie, in reproducing the 
observed experimental behavior. While both models effectively 
captured the non-ideal trends and density variations at high solute 
dilution, they exhibited notable deviations near the CO₂ critical point. 
The introduction of optimized binary interaction parameters (BIPs) 
significantly improved predictive accuracy, reducing deviations for both 
binary and ternary systems. However, the challenges observed near 
critical conditions underscore the need for further refinement of these 
models to accurately describe density and clustering phenomena.

Overall, this study provides new insights into the volumetric prop
erties, clustering mechanisms, and additivity of clustering effects in CO₂- 
rich systems under supercritical conditions. These findings have signif
icant implications for industrial processes utilizing supercritical CO₂, 
such as supercritical fluid extraction, enhanced oil recovery, and carbon 
capture and storage, where understanding solute-solvent interactions 
and predicting volumetric behavior are critical for process optimization. 
Future work will focus on validating these results through molecular 
simulations and extending the analysis to other solutes and multicom
ponent systems.
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