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Abstract: The main goal of the present paper is to assess the available information so as to obtain a general 

procedure for dealing with the critical enhancement of the thermodynamic and transport properties of 

supercritical CO2 and CO2 containing binary mixtures for practical and scientific applications. The present review 

provides comprehensive analysis of the thermodynamic and transport properties of supercritical carbon dioxide 

and CO2 containing binary mixtures (experiment and theory) and their various technological and scientific 

applications in different natural and industrial processes. The available information for the thermodynamic and 

transport properties (experiment and theory) enhancement (anomaly) of supercritical carbon dioxide and SC CO2 

+ solute mixtures is comprehensively reviewed. The effect of long-range order parameter fluctuations on the 

thermodynamic and transport properties of supercritical fluids (SC CO2) will be discussed. Simplified scaling 

type equation based on mode-coupling theory of critical dynamics with two critical amplitudes and one cutoff 

wave number as fluid-specific parameters was used to accurately predict of the transport properties of 

supercritical carbon dioxide. The recommended values of the specific parameters (asymptotic critical amplitudes) 

of the carbon dioxide for practical (prediction of the thermodynamic and transport properties of the supercritical 

CO2 for technological applications) and scientific use were provided. The role of the critical line shapes of the 

carbon dioxide containing binary mixture (SC CO2+solvent) in determination of the critical behavior of the 

mixture near the critical point of pure supercritical solvent (CO2) is discussed. Krichevskii parameter concept for 

a description of thermodynamic behavior of dilute near-critical SC CO2+solute mixtures is also discussed. The 

structural and thermodynamic properties of the carbon dioxide containing binary mixtures near the critical point 

of pure solvent (CO2) are discussed. 

Keywords: carbon dioxide, critical point, equation of state, supercritical fluid, thermodynamic properties, 

transport properties  
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1. Introduction 

1.1 Need for thermodynamic properties data for 
supercritical carbon dioxide 

Carbon dioxide is one of the important natural fluids 
and is widely used in various commercial and industrial 
applications. During the past years, interest in using CO2 
has increased because of its advantageous thermodynamic 
and transport properties in supercritical conditions and its 
environmental impact. Deeply understanding of the 
properties of supercritical fluids and SC CO2 containing 
binary mixtures (SC CO2+solute) is extremely important 
from both the fundamental and the technological point 
views. Supercritical fluids have a large range of potential 
in the various technological applications. A deeper 
understanding of the microstructure, thermodynamic and 
transport properties behavior of supercritical fluids and 
binary CO2 containing mixtures near the critical point of 
pure solvent (SC CO2) will lead to marked improvements 
in industrial applications of the supercritical technologies 
for environmental [1-3], mechanical, chemical, biological, 
and geothermal industries [4]. The global warming 
becomes more serious problem due to the increases in 
atmospheric carbon dioxide. By 2030, CO2 emission in 
USA reaches 6.41 billion tones according to the EIA.                   
Green energy use is a good choice. Responding to the 
need to reduce atmospheric emissions of CO2, Brown [2] 
proposed a novel hot dry rock concept that would use 
CO2 as heat transmission fluid, and would achieve 
geologic sequestration of CO2 as an addition benefit. 
Heat engines that use supercritical CO2 as a working 
fluid can obtain 45 % thermal efficiency and this can be 
of great benefit to fossil, renewable, and advanced 
nuclear power plants [5]. Heat engines that use SC CO2 
as a working fluid are smaller and less complex than heat 
engines that use many traditional working fluids 
including superheated steam, helium, and organics. 
Therefore, new studies of the properties of supercritical 
fluids are of great consequence [5]. Supercritical CO2 
(SC CO2) has attracted much interest worldwide as a 
novel heat transmission fluid in recent years [1,2]. The 
CO2 has unique feature, in areas with limited water 
resources using CO2 as an alternative to water as a 
working fluid [6]. The thermal siphon power generation 
and analysis between water and carbon dioxide is 
presented by Atrens et al. [6]. In 2014, Xu et al. [7] 
studied fluid and rock chemical interaction in CO2- EGS 
(Engineered Geothermal System, energy production). 
Hsieh et al. [8] discussed the heat transfer phenomena of 
supercritical CO2 are experimentally studied in upward 
flow vertical tube with silica-based porous media. For the 
availability of CO2-EGS, researchers have discussed 
several topics, including CO2 mineralization by injecting 
CO2 into granite and sandstone [9], carbon capture 

utilization and sequestration [10], geothermal production 
and CO2 sequestration in CO2-EGS [11]. In the works 
[12-14] have been studied heat transfer phenomena 
related to CO2-EGS. The flow rate and pressure are the 
most important parameters in the EGS. All of these 
studies have been limited by the lack of an experimental 
system for investigating the performance of supercritical 
CO2 in a reservoir. In this works were shown that 
efficiency of EGS by using the supercritical CO2 
considerable increases the heat extraction of the 
silica-based porous media in the experimental scale.  

Carbon dioxide capture at supercritical conditions and 
geologic sequestration is considered as one of the most 
promising technology to mitigate atmospheric emissions 
of CO2 from large-scale fossil fuel usage. The storage of 
CO2 at supercritical conditions in deep geologic 
formations (or geologic CO2 sequestration technology) is 
widely considered a feasible approach to reducing 
industrial loadings of greenhouse gases to the atmosphere 
[15-19]. Large volumes of CO2 may be geologically 
stored by injecting supercritical and thus pressurized CO2 
into saline formations or depleted oil and gas reservoirs 
[20-22]. One of the conditions which must be met for 
successful sequestration in formations is temperature and 
pressure conditions must be such that CO2 will be 
supercritical [19]. As well-known, carbon capture and 
storage technologies are expected to play a key role in 
strategies to mitigate climate changes, by ensuring large 
reductions in the rising CO2 emissions from the 
continued use of fossil fuels. Key areas like 
methodologies to identify and assess safe underground 
storage sites and their monitoring, during and after CO2 
injection or the risks to health, ecosystems and atmosphere 
due to CO2 leakages are still poorly known and highly 
relevant. Furthermore, storing CO2 deep below the 
earth’s surface or saline aquifers stands as one of the 
most promising approaches and the knowledge of the 
CO2 behavior in the surrounding environment stands as 
highly relevant to the proper long-term environmental 
safe storage. It is well–known that the CO2 sequestration 
is important and it connects with the global energy and 
global warming (climate changes) problems. Although 
CO2 sequestration plays a vital role in reducing global 
CO2 emissions, there is a high risk associated with the 
process, as the injected CO2 may back–migrate into the 
atmosphere sometime after injection. In compare with the 
other CO2 sequestration approaches, long-term storage of 
CO2 in deep saline aquifers has more advantages and has 
also been identified as a safe, practical and economically 
attractive approach to store captured CO2. This technique 
is the most technically feasible approach with no 
negative environmental impacts and have the largest 
storage capability (up to 10 000 Gt CO2 could be storied 
in worldwide aquifers). However, the method has major 
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drawback in compare with other techniques (for example, 
depleted oil and gas reservoirs and unmineanble coal 
seams) which is no economic benefits. Therefore, most 
of the present studies were focused on SC CO2 
sequestration method. 

As well-known [23-25], from a technological point of 
view, supercritical fluids provide an attractive media for 
chemical reactions. Carbon dioxide at the supercritical 
condition has unique properties as a reaction medium in 
its supercritical state [23-25]. Reactions in supercritical 
CO2 have been reviewed by Kaupp [23], Savage et al. 
[24], and Clifford and Bartle [25]. Since compressibility 
(KT →∞) at the critical and supercritical conditions is 
very large, small changes in pressure is causing 
substantial changes in density which, in turn, affects 
diffusivity, viscosity, dielectric, solvation, and other 
properties. Therefore, CO2 in supercritical conditions are 
considerably changing the kinetics and mechanisms of 
chemical reactions, i.e., one can adjust the reaction 
environment (e.g., solvent properties) by manipulating 
temperature and pressure. Therefore, chemical reaction 
rates can be easily controlled by small changes in T and 
P. The physical and transport properties of supercritical 
fluids lie between those of a gas and those of a liquid and 
may provide a reason to consider supercritical fluids as 
the reaction media. Thus, accurate thermodynamic and 
transport properties data for near- and supercritical CO2 
and carbon dioxide containing mixtures are needed for 
deeply understanding of the microscopic nature of the 
industrial applications process in supercritical CO2 and 
other fundamental scientific and technological 
applications. Thus, the remarkable anomaly 
thermodynamic and transport properties of supercritical 
SC CO2 (see below, Figs. 4 to 12) make it an unusual and 
very reactive medium which is very well adapted to 
many other technological applications such as processing 
of ceramics, crystal growth, thin film deposition, the 
extraction of pollutants or additives from dense matrix, 
etc. 

1.2 Technological applications of the CO2 containing 
supercritical fluid mixtures  

Carbon dioxide has a mild (304.13 K) critical 
temperature and the critical pressure (7.3773 MPa). It is 
nonflammable, nontoxic, and especially when used to 
replace freons and certain organic solvents, 
environmentally friendly. Moreover, it can be obtained 
from existing industrial processes without further 
contribution to the greenhouse effect. Carbon dioxide is 
fairly miscible with a variety of organic solvents, and is 
readily recovered after processing owing to its high 
volatility. It is a small linear molecule and thus diffuses 
more quickly than bulkier conventional liquid solvents, 
especially in condensed phases such as polymers. Finally, 

carbon dioxide is the second least expensive solvent after 
water. The remarkable anomalous properties of 
supercritical fluids and fluid mixtures are widely used in 
industry. Supercritical fluids and fluid mixtures are of 
fundamental importance in geology and mineralogy (for 
hydrothermal synthesis), in chemistry, in the oil and gas 
industries (e.g. in tertiary oil recovery), and for some new 
separation techniques, especially in supercritical fluid 
extraction. Carbon dioxide is also commonly used in 
industrial processes such as the processing of petroleum 
products and enhancement of viscous oil recovery (in 
tertiary oil recovery and new separation techniques). 
Supercritical carbon dioxide has been used also as a 
miscible flooding agent to miscible displacement of 
hydrocarbons from underground reservoirs, i.e., can be 
applied to enhanced oil recovery (EOR). SC CO2 is 
widely used to improve the EOR processes. To improve 
our understanding of the mechanism of the process of 
miscible displacement of reservoir oils by carbon dioxide 
injection and control those processes, knowledge of 
model systems would be helpful. EOR processes can be 
used to recover trapped heavy oil left in reservoirs after 
primary and secondary recovery methods. Primary and 
secondary oil recovery methods produce only 15% to 
30% of the original oil in reservoir. SC CO2 can help to 
accelerate recovery of heavy hydrocarbons and stimulate 
fluids from oil and gas reservoirs. SC CO2 is needed to 
make EOR economical in harsh environments.  

As well-known, most energy in the world is provided 
by burning oil. Also, the reserves of fossil oil in the 
world are very limited and reducing rapidly. This leads to 
the search of new more efficient technologies of the 
residual heavy oil recovery. The oil price is continuously 
rising which initiates an interest of the researchers to 
develop new more efficient enhanced oil recovery 
technologies. In the petroleum reservoirs, the mixtures of 
natural gas and crude oil are existing at high 
temperatures and high pressures. Reservoir-fluids are 
compositions of thousands of hydrocarbons and a few 
non-hydrocarbons, such as nitrogen, CO2, and hydrogen 
sulfide. The phase behavior (P-T-x phase diagram) of the 
reservoir mixtures (hydrocarbon+CO2) under high 
temperature and pressure (reservoir conditions), and their 
thermodynamic and transport properties are extremely 
important for development of the gas condensates 
production technologies. The phase behavior and 
thermodynamic properties of the mixtures are function of 
composition, temperature and pressure (thermodynamic 
condition of the reservoir mixture). The P-T-x phase 
diagram of gas-condensate and thermodynamic 
conditions in oil reservoirs is undergoing complex phase 
and flow behaviors changes during the depletion of the 
reservoir (Abbasov and Fataliev [26]). This is related 
with a loss of the valuable condensate fluid in the  
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reservoir. A deep understanding of the influence of phase 
behavior and composition changes of the reservoir 
mixtures during the depletion is required to control and 
predict the performance of gas condensate reservoir 
(Katz and Kurata [127], Raghavan and Jones [28]). 
During the oil and gas production, the reservoir pressure 
decreases, therefore, the hydrocarbon mixtures 
composition, volumetric (PVTx) properties, and phase 
behavior (P-T-x) are also changing. Gas or liquid 
injections are also causing the reservoir-fluid 
composition and properties changing. Near- and 
supercritical fluids with anomaly properties are 
continuing widely to be used in industry [30-41], for 
example, in the oil and gas industries to study retrograde 
condensation phenomena, enhanced-oil-recovery 
processes, for some new separation techniques, especially 
in supercritical fluid extraction, coal conversion, etc. 
N-decane is one of a typical component of petroleum, 
and can be used as a good candidate for a model system. 
Heavy crude oils, entrapped in reservoirs can be 
recovered by injections of a miscible gas (CO2 at 
supercritical condition, for example) at high pressures 
into the reservoir (Manssori and Savidge [42]). Binary 
mixture of CO2+n-decane is of interest in modeling of 
the enhanced-oil-recovery processes. Carbon dioxide was 
used as a miscible flooding agent to displace heavy crude 
oil from a reservoir (lowering of the interfacial tension 
IFT, low-IFT displacement technique), i.e., miscible 
displacement of reservoir oil by injection of CO2 at 
supercritical conditions. Volumetric (PVTx) and phase 
boundary (P-T-x) properties (including VLE data) of 
CO2+n-decane binary mixture are needed for simulation 
of petroleum reservoir conditions and for development of 
the separation processes technologies. Carbon dioxide 
mixture with crude heavy oil exhibites liquid phase at 
temperatures above the critical temperature of CO2, and 
can be used as driving gas in low-temperature reservoirs. 
The residual heavy oil displacement efficiency with SC 
CO2 essentially depends on phase behavior generated 
during the displacement processes, i.e., the details of the 
(P-T-x) phase behavior of CO2 with heavy crude oil 
components near the critical point should be known (Orr 
and Taber [43] and Larsen et al. [44]). Phase behavior 
(P-T-x phase diagram) of the natural reservoir mixtures 
(complex gas-condensate system) is very similar to those 
for binary mixtures of CO2+n-decane. The fundamental 
thermodynamic behavior of carbon dioxide containing 
binary mixtures such as CO2+hydrocarbon near the 
critical point of pure supercritical solvent CO2 and near 
the cricondentherm, cricondenbar, and in the retrograde 
regions, and some details of the phase behavior are still is 
less understood. Binary mixture of CO2+n-decane is the 
key system to develop thermodynamic models for 
prediction of the properties of natural gas-condensate 

(Voulgaris et al. [45]). The thermodynamic behavior of 
the complex multicomponent natural gas mixtures in the 
reservoirs can be understood by the study of simple key 
binary mixture such as CO2+n-decane. The binary 
systems CO2+ heavy n-alkane are of interest in enhanced 
oil recovery technologies (see, for example, Refs. 
[43-51]). This is the reason why use of supercritical CO2 
as a solvent is rapidly increasing in such important areas 
as enhanced oil recovery [45-50]. Due to the growing 
interest in the extraction of viscous crude oils (low 
volatility compounds of oil) with supercritical CO2 in 
tertiary oil recovery and new separation techniques, the 
thermodynamic properties of CO2+high n-alkane 
mixtures are of interest to the petroleum and natural gas 
industry (Doscher and El-Arabi [47]). In order to 
improve our understanding of the mechanism of the 
process of miscible displacement of reservoir heavy oils 
with supercritical carbon dioxide injection, predict and 
control those processes, a better knowledge of model 
systems is very useful. In our previous several 
publication [51-53] we have reported the volumetric 
(PVTx and phase boundary, P-T-x diagram) and 
calorimetric (CVVTx) property data of the binary 
CO2+n-decane mixture near the critical, supercritical and 
retrograde condensation regions. In these publications we 
have provided comprehensive thermodynamic (thermal, 
caloric, phase boundary, critical curves properties) 
studies of the binary CO2+n-decane mixtures in the 
critical, supercritical and retrograde condensation regions. 
Previously, we also reported the isochoric heat capacity 
(CVVTx) and liquid-gas coexistence curve (TS, PS, S) 
data of the pure components CO2 (Abdulagatov et al. 
[54,55]) and n-decane in the near-critical and supercritical 
regions. Carbon dioxide is one of the main non- 
hydrocarbon components of the natural gas. Therefore, 
knowledge of the critical and supercritical 
thermodynamic and transport property data for the main 
key components of the natural gas and oil (reservoir 
mixtures) such as CO2+hydrocarbon mixtures has 
potentially important industrial applications in the 
petroleum and natural gas engineering, for optimal 
design of chemical reactors and high-pressure extraction 
and separation equipments. As is well-known, 
supercritical CO2 as a solvent offers many potential 
advantages over conventional organic solvents [56-59]. 
Therefore, supercritical CO2 has the potential to replace 
harmful organic solvents in industrial applications. 

Examples of the applications of supercritical CO2 in 
the pharmaceutical industry can be found for controlling 
particle size [60-65]. The use of supercritical CO2 for 
environmental cleanup and associated processing is 
presently the focus of considerable research attention. 
Environmental applications of the supercritical CO2 
include regeneration of activate carbon, soil remediation, 
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and clean up of aqueous wastes streams [66-74]. Also, as 
was mentioned above, use of the supercritical CO2 as a 
solvent is rapidly increasing in such important areas as 
enhanced oil recovery processes [75,76]. The main 
commercial successes of supercritical CO2 have been in 
the food processing industry [77-82]. Over a few 1000 
varieties of seeds, roots, leaves, flowers, fruits and barks 
have been successfully extracted with supercritical CO2 
[83]. Also, supercritical carbon dioxide is widely used as 
a solvent in supercritical fluid extractions and 
supercritical fluid chromatography [29-38], and was 
successfully applied for a number of separation and 
reaction processes [32,33,38-40]. 

As well-known, the addition of a polar co-solvent such 
as acetone and ethanol, for example, to a supercritical 
CO2 often leads to an enhancement of the solubility of a 
solute and improving the selectivity of supercritical CO2 
[84-88]. Alcohols were often used as modifiers for CO2 
in supercritical fluid extraction processes. The use of 
alcohols (for example methanol and ethanol) as a 
co-solvent can improve both solubility and selectivity as 
a powerful separation technique. Small amounts of 
co-solvents (for example, 3 to 5 mol% of methanol or 
acetone in SC CO2), which are referred to as modifiers or 
entrainers, may be used to modify the polarity and 
solvent strength of the primary supercritical CO2 to 
increase the solubility of solutes and their selectivity, 
therefore, minimize the operating costs in a extraction 
processes [89-91]. The co-solvents (basically alcohols, 
hydrocarbons, acetone, etc.) are commonly polar or 
non-polar organic compounds which are miscible with 
supercritical carbon dioxide. The addition of a small 
amount of co-solvent into a primary supercritical solvent 
(CO2) tends to change the critical properties (TC, PC, C) 
of the resulting solvent mixture (CO2+co-solvent). It is 
important to choose the right co-solvent because the 
mixture critical parameters (TC and PC) and phase 
behavior can be different from those of the primary 
solvent, affecting the operating conditions. For example, 
the addition of 4.9 mol% hexane to CO2 increased the 
mixture critical temperature by 4% and the critical 
pressure by 15% [92]. Thus, in order to regulate 
interactions of the fluid with a specific compound, or to 
manipulate the critical properties of the mixtures, it is 
very important to introduce polar or non-polar 
co-solvents into SC CO2. 

Understanding of the phase behavior and critical curve 
properties of carbon dioxide containing binary mixtures 
CO2+solute can facilitate design and efficient operation 
of supercritical extraction reactors. Phase equilibrium 
and critical property data are providing the guidelines for 
system operation to avoid the problems caused by 
CO2+solute binary mixtures which are important in 
determining the treatability of these materials. The 

fundamental thermodynamic behavior of CO2+solvent 
binary mixtures is not understood well enough to allow 
supercritical fluid chromatography and supercritical fluid 
extractions to be conducted without the possibility of 
encountering serious phase behavior problems. Prediction 
can result in considerable error for the critical curves of 
mixture estimation which may lead to inadvertent 
operation in a two-phase (L-V) region of a phase 
diagram.  

Refrigerants, for example, CH2F2 (R32) and R134a 
can be used to modify (effective modifiers) the properties 
of CO2 in supercritical chromatography and supercritical 
fluid extraction. Even CH2F2 might be preferable to 
modifiers like methanol, since polar modifiers are usually 
not completely miscible with CO2, or increase the critical 
parameters. Furthermore, methanol strongly self-associates, 
which limits its effectiveness as a co-solvent. 

The thermodynamic and transport properties of CO2 at 
ambient conditions are very well understood and were 
improved significantly, while the behavior of CO2 in the 
highly compressible conditions (near-critical and 
supercritical conditions) are less clear and currently still  
of great scientific and practical interest. Thus, 
supercritical CO2 plays a key role in both natural and 
industrial processes and, as was mentioned earlier, in 
reducing atmospheric emissions of CO2. While 
atmospheric CO2 are near room temperature, similar CO2 
are present at high temperature and high pressure in deep 
geological formations (underground reservoirs), and 
other industrial operations at supercritical conditions. 
Thus, there is great practical interest in the thermodynamic 
properties of CO2 at supercritical condition. 

There are other very important industrial applications 
of SC CO2. For example, using SC CO2 instead of water 
in a closed-loop Hot Dry Rock (HDR) system offers 
some significant advantages over the original Los 
Alamos concept (Brown [2]). This new HDR concept 
would employ a binary-cycle power plant with heat 
exchange from the hot SC CO2 to a secondary working 
fluid for use in a Rankine (vapor) cycle. Thermodynamic 
analyses showed that SC CO2, due to its unique 
supercritical anomaly properties, is nearly as good as 
water when used for heating mining from a confined 
HDR reservoir.   

From fundamental scientific point view, however, we 
do not yet have a sufficient understanding of the 
microscopic nature of the properties (especially structural 
properties) of supercritical CO2, which is responsible for 
their unusual thermodynamic behavior in the near- and 
supercritical regions. A deeper understanding of the 
microstructure and physical chemical nature of 
supercritical CO2 and SC CO2 containing fluid mixtures 
properties will lead to considerable improvements of the 
important practical applications for environmental, 
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mechanical, chemical, biological, and geothermal 
industries.  

1.3 Scientific applications of the supercritical fluid 
mixtures   

There are also very important theoretical aspects that 
related with near-critical and supercritical phenomena in 
systems when one of the components (solvent) is near its 
critical condition [93,94]. For example, negative or 
positive divergence of the solute properties such as 

partial molar properties ( 2 2 2, , PV H C   ) in the immediate 

vicinity of the solvent's (CO2) critical point and 
path-dependence of the solvent properties in near-critical 
systems are of great theoretical interest [93-98]. The 
thermodynamic behavior of near-critical and supercritical 
CO2+solute mixtures is also of theoretical interest, for 
example, to understand the effect of solute molecules on 
the near- and supercritical behavior of solvent (CO2) or to 
examine consequences of the isomorphism principle on 
the critical behavior of solute+solvent mixtures. The 
shape of the critical curves (TC‒x, PC‒x and C‒x) for 
CO2+solute mixtures is of great interest to the study of 
the critical phenomena in binary mixtures. The shape of 
the critical locus is very sensitive to difference in solute’s 
and solvent’s molecular size and shape, and specific 
interactions of the components. The thermodynamic 
properties of infinite dilute mixtures near the critical 
point of the solvent (carbon dioxide) are completely 
determined by the critical lines behavior, namely, initial 
slopes of the critical curves, i.e., (dTC/dx) and (dPC/dx) at 
x→0 or through the so called Krichevskii parameter (see 
below). Thermodynamic behavior of the dilute mixtures, 
when one of the components (solvent, CO2) is near the 
critical point, is extremely important for modeling and 
prediction of the supercritical fluid technological 
processes.  

Thermodynamic prediction methods which are based 
on the principle of corresponding states also require 
accurate knowledge of the critical property data of the 
pure components (TC, PC, C) and critical lines TC(x), 
PC(x), C(x) of the mixture. It is apparent that the 
accuracy of the thermodynamic properties prediction in 
these methods depends on the uncertainties of the pure 
components and mixtures critical property data. Accurate 
knowledge of the critical properties of mixtures is 
important also in predicting their phase behavior near the 
critical point. The critical point parameters are the key 
properties in the construction of phase diagrams as they 
represent the boundary of the vapor-liquid region 
(accurate define the location and border of the two- and 
one-phase regions). Determination of the phase 
boundaries allows one to estimate retrograde regions and 
appropriate operating conditions for supercritical fluid  

extraction processes. One of the main problem in 
developing of the supercritical fluid phase behavior is the 
lack of reliable experimental critical properties data for 
the mixtures. The critical properties (the critical curve 
data) for mixtures are also needed to develop scaling type 
(crossover) equation of state Kiselev et al. [99-106], 
Abdulagatov et al. [107], Anisimov et al. [108], Belyakov 
et al. [109,110], and Povodyrev et al. [111]. There are 
various approaches to predict the critical properties of 
mixtures using the correlations [112,113], but most of 
them are either restricted in the type of mixture to which 
they are applicable, or are of poor predictive. Also, the 
type of the phase diagrams of the CO2+solute binary 
mixtures defines by the shape of the critical lines [114]. 
For example, in the well-known classification of phase 
diagrams proposed by van Konynenburg and Scott [114], 
binary mixtures of CO2 with n-alkanes belong to three 
different types depending on the shape of critical lines. In 
this classification scheme [114], the systems CO2+(C2 to 
C4) are belonging to type-I, and CO2+n-C8 is the type-II, 
while CO2+n-C16 is the type-III. As one can see, this 
example illustrates the complexity that can be observed 
experimentally for these types binary mixtures. 

Thermodynamic and transport property data of near- 
and supercritical CO2, such as asymptotic critical 

amplitudes of isochoric heat capacity ( 0A ) and 

liquid+gas coexistence curve near the critical point (B0) 

and  the i r  un iversa l  r a t ios ,  0 0A A  ,  2
0 0 0A B  , 

2
0 0 0A B    , 1

0 0 0D B  , 0
0

C

A

v


 

  
 

, with the amplitudes 

for other properties (compressibility 0
 , pressure D0, 

and correlation radius 0),  are very useful for theory to 
check and confirm the predictive capability of the 
existing scaling theory of critical phenomena [115-120] 
and its physical bases. The critical amplitudes of 

isochoric heat capacity ( 0A ) and the density on the 

liquid-gas coexistence curve (B0) are also defining other 
very important theoretically meaning critical amplitudes 

such as 2
0 0 00.058B A   , D0= 1

0 01.69 B   and 

 1 3

0 00.266 Cv A    [121] using universal relations 

between the critical amplitudes. Experimentally 

determined asymptotical critical amplitudes ( 0A and B0, 

fluid-specific parameters) of CO2 can be used to check 
and confirm the predicted capability of the universal 
correlations between the asymptotic critical amplitudes      
and acentric factor  based on the corresponding states 
principle [121].  Thus, the main goal of the present 
review is firstly to give the readers a prospective of 
supercritical CO2 applications to thermal and energy  
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sciences (environmental, mechanical, chemical, 
biological, and geothermal industries), secondly to try to 
overview the most recent developments in the 
thermodynamic, transport and structural properties of 
pure supercritical CO2 and related CO2 containing binary 
mixtures near the critical point of pure solvent (carbon 
dioxide). In addition, we have reviewed wide-ranging 
theoretically based (scaling-type) correlations for 
transport properties and crossover equations of state for 
CO2.  

2. Effect of Critical Fluctuations on the 
Thermodynamic and Transport Properties of 
Supercritical Carbon Dioxide 

As well-known, systems near the critical point and in 
the supercritical region exhibit long-range fluctuations in 
the order parameter (density difference, ∆=-c) 
associated with the phase transition [122]. The 
fluctuations are characterized by the length (correlation 
radius ) which is diverging at the critical point. Fig. 1 
demonstrates the temperature and density dependence of 
the correlation radius for CO2 calculated from the 
fundamental reference equation of state [123,124] for 
selected supercritical isotherms. These critical fluctuations 
not only cause critical anomaly of the thermodynamic 
and transport properties in the immediate vicinity of the 
critical point, but also affect these properties in a wide 
range of temperature and pressure around the critical 
point (supercritical region, see Figs. 2 and 3). These 
temperature and pressure ranges around the critical point 
are including the regions where supercritical fluid 
technology is applicable.  

2.1 Thermodynamic properties 

The critical anomaly of thermodynamic properties of 
near- and supercritical fluids is significant over a wide 
range of density and temperature around the critical point 
(see Figs. 2 and 3).The literature search based on the 
TRC/NIST Archive [125] showed that thermodynamic 
and transport properties of carbon dioxide were well 
studied by many authors, although there are restricted 
data in the supercritical conditions. Existing data 
(TRC/NIST DataBase) cover a wide range of temperature 
and pressure. 29, 15, 9, and 7 data sources were found in 
the NIST SOURCE Data Archive for the PVT, CP, CV, 
and speed of sound, respectively, at supercritical 
conditions for carbon dioxide. Also, 19 and 13 data 
sources are listed in the NIST SOURCE Data Archive for 
thermal conductivity and viscosity of CO2, respectively, 
in the supercritical region. Most reliable and accurate 
thermodynamic [126-138] and transport [139-147] 
property data were published in these works. These data 
were used to develop reference fundamental equations of 
state [123,148] and reference correlation equations for 
thermal conductivity [149] and viscosity [150-152] (see 
also REFPROP [124]). The uncertainties of the reference 
equation of state [123] for CO2 are approximately 0.2% 
(to 0.5% at high pressures) in density, 1% (in the vapor 
phase) to 2% in heat capacity, 1% (in the vapor phase) to 
2% in the speed of sound, and 0.2% in vapor pressure, 
except in the critical region. The estimated uncertainties 
of the equation of state reported in Ref. [148] at pressures 
up to 30 MPa and temperatures up to 523 K range from 
0.03% to 0.05% in density, 0.03% (in the vapor) to 1% in 
the speed of sound (0.5% in the liquid) and 0.15% (in the 
vapor) to 1.5% (in the liquid) in heat capacity. In this 
equation of state the special interest has been focused on 

 

 
 

Fig. 1  Correlation radius of CO2 as a function of density (a) and pressure (b) along the supercritical isotherms calculated from 
reference EOS by Span and Wagner [123] (REFPROP [124]. 
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Fig. 2  Reduced ranges of density (ρ), temperature (T), and pressure (P), relative to their values ρc, Tc, Pc at the critical point, where 
the critical enhancement contribution (density fluctuations affects) to the thermodynamic properties is larger than 1% for 
CO2. The critical enhancement exceeds 1% in the shaded regions between the saturation curves (solid) and the 1% 
enhancement curves (dashed).  

 

 
 
 

Fig. 3  Contribution of critical enhancement for supercritical CO2. Reduced ranges of density (ρ), temperature (T), and pressure (P), 
relative to their values ρc, Tc, Pc at the critical point, where the critical enhancement contribution to the thermal conductivity 
is larger than 1 % for CO2 [121]. 

 

the description of the critical region and the extrapolation 
behavior of the formulation (to the limits of chemical 
stability). The overall uncertainty (at the 95% confidence 
level) of the proposed correlation [149] for thermal 
conductivity of CO2 varies depending on the state point 
from a low of 1% at very low pressures below 0.1 MPa  
between 300 and 700 K, to 5% at the higher pressures of 
the range of validity. The uncertainty in viscosity 

calculated from Refs. [150-152] ranges from 0.3% in the 
dilute gas near room temperature to 5% at the highest 
pressures. Reported experimental thermodynamic 
properties data of supercritical CO2 together with the 
values calculated from reference equation of state are 
shown in Figs. 4 to 9 as a function of pressure and 
density. As one can see, in general the agreement 
between the measured and calculated values of 
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thermodynamic properties CO2 in the supercritical region 
is good. However, these reference fundamental equations 
of state are analytical at the critical point (multiparametric 
equations of state) and incorrectly representing scaling 
features of anomaly of the thermodynamic functions in 
the immediate vicinity of the critical point (in the 
asymptotical region). This means that the equations of 
state remain analytic at the critical point and do not 
account the well-known and theoretically confirmed 
(scaling theory [162-164]) singular behavior of 
thermodynamic properties in the immediate vicinity of 
the critical point. For practical applications, we need to 
calculate thermodynamic properties close to the critical  
 

 
 

Fig. 4  Measured and calculated densities of carbon dioxide as 
a function of pressure in the supercritical region. 
Symbols are reported data from NIST/TRC DATA 
BASE [125]; Solid lines are calculated from reference 
equation of state by Span and Wagner [123] 
(REFPROP [124]); Dashed curve is liquid+gas 
coexistence boundary [124]. 

 

 
 

Fig. 5  Measured and calculated isochoric heat capacities of 
carbon dioxide as a function of density in the 
supercritical region. Symbols are reported by 
Amirkhanov et al. [130,131] and Abdulagatov et al. 
[54,55]; Solid lines are calculated from crossover 
model [153-157]; Dashed lines are calculated from 
reference EOS by Span and Wagner [123] (REFPROP 
[124]). 

point (including supercritical condition, see Figs. 2 and 3) 
as well as far away from the critical point where classical 
(analytic) equations of state is valid. Crossover models 
are incorporating (smoothly transforming scaling-type 
EOS to classical mean filed EOS) scaling and classical 
type equations of state. Crossover scaling type equations 
of state for CO2 were developed by Sengers et al. 
[122,165,166] and Kiselev et al. [153-157,167]. 
Crossover models [122,153-157,165-167] are incorporating 
non-analytical scaling laws in the critical region and the 
analytical (classical mean-field) equation of state far 

 

 
 

Fig. 6  Measured and calculated isochoric heat capacities of 
carbon dioxide as a function of temperature along the 
critical isochore. Solid curve is calculated from 
crossover model [102,153-157];  - Abdulagatov et al. 
[54,55]; ○-Adamov et al. [158,159]; Dashed lines are 
calculated from reference EOS by Span and Wagner 
[123] (REFPROP [124]). 

  

 
 

Fig. 7  Saturated densities of carbon dioxide derived from 
isochoric heat capacity measurements together with 
the data reported by other author’s and calculated 
from equations of state. - Amirkhanov et al. 
[130,131]; - Abdulagatov et al. [54,55]; Other 
symbols are from NIST/TRC DATA BASE [125]; 
Solid curve is calculated from crossover model 
[102,153-157]; Dotted curve is calculated from Span 
and Wagner [123] (REFPROP [124]). 
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Fig. 8  Measured and calculated isobaric heat capacities of carbon dioxide along the supercritical isobars (a) and supercritical 
isotherms (b). Symbols are reported data from NIST/TRC DATA BASE [125]; Solid curves are calculated from reference 
EOS by Span and Wagner [123] (REFPROP [124]). 

 

 
 

Fig. 9  Measured and calculated speed of sound for carbon dioxide along the supercritical isobars (a) and supercritical isotherms (b) 
calculated from reference EOS by Span and Wagner [123] (REFPROP [124]). Symbols are reported data by Herget [160] 
and Estrada-Alexandersa and Trusler [161]. 

 
from the critical point. This type equation of state 
reproduces the thermodynamic properties of supercritical 
fluids with high accuracy, including the asymptotical 
scaling behavior and contains minimum adjustable fitting 
parameters. 

2.2 Transport properties 

2.2.1 Thermal conductivity of supercritical CO2 

The critical thermal conductivity enhancement is 
significant over a substantial range of densities and 
temperatures around the critical point. This phenomenon 
for thermal conductivity of CO2 is illustrated in Fig. 3, 
which shows the reduced ranges of density, temperature, 
and pressure where the critical enhancement contributes 
more than 1% to the actual thermal conductivity for CO2. 
It is seen that the enhancement is significant over the 
reduced density range 0.06</C<2.27 and over the 

reduced temperature range 0.81<T/TC<1.44. As one can 
see from Fig. 3, the thermal conductivity exhibits a 
considerable increase in the vicinity of their liquid –gas 
critical points (in the supercritical region). In order to 
account the effect of the critical fluctuation the total 
experimentally observed thermal conductivity λ was 
presented as the sum of an enhancement part C caused 
by the long-range critical density fluctuations and a 
background term b which is the thermal conductivity to 
be expected in the absence of critical fluctuations: 

c b                    (1) 

The rate of the critical fluctuations decay in fluids near 
the liquid-gas critical point is determined by the thermal 
diffusivity, DT=/CP. The separation, Eq. (1), of the 
thermal conductivity into a critical and a background 
contribution leads to splitting of the thermal diffusivity D 
into a critical ∆CDT= C/CP and a background  
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Db=b/CP contributions as DT=CDT+Db. According to 
the mode-coupling theory of dynamics critical 
phenomena, a set of coupled integral equations for the 
critical contributions to the thermal diffusivity cD(q)  
and the shear viscosity c(q) can be used. The 
dependence of cD(q) and c(q) on the wave number q 
of the fluctuations needs to account due to the long-range 
nature of the critical fluctuations. One then obtains [121] 
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where kB is Boltzmann’s constant and T the temperature, 
and  and  are the azimuthal and polar angles of the 
wave vector k with respect to the wave vector q. The 
integrals in Eqs. (2) and (3) are to be evaluated over all 

values of k=|k| up to a maximum value of qD. The 

maximum value of qD corresponds to a length of scale 
separating long- and short-range critical fluctuations. As 
one can see, D, η, and CP depend only on the value of the 
critical fluctuations wave vector. In order to deduce the 
critical contributions to the thermal diffusivity, thermal 
conductivity, and shear viscosity, we need the solution of 
Eqs. (2) and (3) in the hydrodynamic limit q→0. 

In the asymptotical range of the critical point CDT 
approaches a Stokes-Einstein law 

  B
c c 0

6
DR k T

D D


    , where ξ is a correlation length 

and RD universal dynamic amplitudes ratio. In the 
asymptotical range of the critical point the viscosity η 

obeys to the simple power law  b
z

Q   , where z = 

8/15π2 = 0.054 is a universal dynamic critical exponent 
and where Q is a system-specific coefficient. The 
contribution of the fluctuation term of the viscosity is 
very small, therefore it can be neglected for practical 
applications. Hence, (k) in Eq. (2) can be replace by 
≈b as an independent of the wave number k. In the 
limit q→0 Eq. (2) reduces to [121] 
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In Eq. (4) we included the universal dynamic 
amplitude RD, therefore, Eq. (4) will reproduce the 
asymptotic critical behavior of ∆CD near the critical point. 
In the immediate vicinity of the critical point the term 
D(k)/ in Eq. (4) becomes negligibly small, since the 
thermal diffusivity D→0 vanishes at the critical point, 
while far away from the critical point the contribution of 
D(k)/ is positive. Therefore, neglecting of this term 
leads to overestimating of the integral value. The 
contribution of this term never becomes large. To 
compensate of the overestimation we need to integrate up 
to a lower cutoff wave number Dq < qD 
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As one can note Eq. (4) is identical to the 
mode-coupling integral considered by Kawasaki [168] 
and Ferrell [169], difference in the presence of a finite 
upper cutoff wave number Dq . A finite upper cutoff 

number is necessary for getting a physically correct 
nonasymptotic critical behavior of the thermal 
conductivity.   

Using the approximations reported by Olchowy and 
Sengers [170], representation of the critical enhancement 
can be written as 
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where Y is a crossover function defined by 
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     (7) 

κ is the ratio P

V

C

C
  . At the Dy q    , Eq. (6) 

represents the asymptotic critical behavior as 

  B
c c 0

6
DR k T

D D


    . Since mode coupling accounts 

presence of the long-time-tail contributions to the 
transport properties far from the critical point in the 
background thermal conductivity b , the mode-coupling 

integrals (2) and (3) are not vanishing in the range far 
from the critical point. However, the critical part of the 
thermal conductivity will vanish at D 0y q    far 

from the critical point, since the second term in Eq. (7)  
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Fig. 10  Measured and calculated thermal conductivities of carbon dioxide along the supercritical isotherms as a function of density 
(a) and pressure (b). Symbols are reported data from NIST/TRC DATA BASE [125]; Solid curves are calculated from 
reference correlation by Huber et al. [149] (REFPROP [124]). 

 

 
 

Fig. 11  Measured and calculated viscosities of carbon dioxide along the supercritical isotherms as a function of pressure (a) and 
density (b). Symbols are reported data from NIST/TRC DATA BASE [125]; Solid curves are calculated from reference 
correlation by Laesecke and Muzny [150] (REFPROP [124]). 

 

 
 

Fig. 12  Measured and calculated thermal diffusivities of carbon dioxide along the supercritical isotherms as a function of pressure 
(a) and density (b). Symbols are reported data from NIST/TRC DATA BASE [125]; Solid curves are calculated from 
reference correlation (REFPROP [124]). 
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subtracts the residual part. As we can note the expression 
for the fluctuation part of the thermal conductivity 
depends on the isobaric CP and isochoric CV heat 
capacities, the viscosity η, the correlation length ξ, and a 
system-dependent cutoff parameter Dq . 

In the asymptotical range of the critical point the 
isochoric heat capacity, the susceptibility, and correlation 
length diverge as a simple power laws in the one-phase 

region ( 0T  ) along the critical isochore ρ = ρc  as 
[171,172] 
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The critical amplitudes 0A , 0B , 0 satisfy a 

universal relation 
0 0
2
0

0.058 0.001
A

B

 
  . According to 

the principle of two-scale-factor universality 

 1/ 3
00 A c 0.266 0.003A N     . The amplitudes 0A  

and 0B  are defining from the measured isochoric heat 
capacity and liquid-gas coexistence curve density data. 
These amplitudes were used as primary information for 
developing a correlation 

0 5.58 7.94A    and 0 1.45 1.21B       (9) 

where ω is the acentric factor. The values for 0A  and 

0B  for some fluids were plotted as a function of the 
acentric factor ω in Fig. 13. The susceptibility amplitude 

0 can then be calculated as 
2
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derived correlating for the isochoric heat capacity 

amplitude 0A , we can estimate the asymptotic critical 

amplitude for correlation length 0 as 
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where   1
c cv N  is the molecular volume at the 

critical point. Fig. 14 shows a comparison of the 
experimental correlation length amplitudes with the 

values calculated from 
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provides good prediction for the 

critical amplitude of correlation length. For represent of 
the critical fluctuation part of the thermal conductivity, 
we need to estimate the cutoff parameter Dq in Eq. (6). 

Fig. 14(b) shows the values of 1
Dq  as a function of 1/ 3

cv . 

The values of 1
Dq   are sensitive to the background part 

of the thermal conductivity b. We value of 1
Dq   

correlates with the 1/ 3
cv , within the accuracy of cutoff 

parameter determination. For practical applications, the 
fluctuation (critical) part of the thermal conductivity c 
can be expressed by Eq. (6) with the recommended 

values of universal parameters D 1.02,R   R 1.5,T   

0.630, 1.239   . The crossover model Eq. (6), together 

with Eq. (7) provides a good representation of the critical 
anomaly of the thermal conductivity of fluids in the 
critical and supercritical regions. The practical 
applications of this equation require an equation of state 
for the thermodynamic properties and an equation for the 
viscosity of the fluid. Also, two fluid-dependent 

asymptotical critical amplitudes ( 0A  and 0B ) and one 

fluid-specific cutoff wave number Dq are required for 

the thermal conductivity representation. Above described 
technique can be used when reliable values of the 

 

 
 

Fig. 13  Heat-capacity ( 0A ) and coexistence-curve ( 0B ) amplitudes as a function of the acentric factor ω. The symbols are the 
reported data from the literature (see Ref. [121]). The solid line is calculated from the correlations Eq. (9). The dashed 
curve is calculated from the correlation equation by Gerasimov [173].  
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Fig. 14  Correlation-length amplitude 0 (a) and cutoff parameter 1
Dq  (b) as a function of 1/ 3

cv . The full circles are the values of 

reported data from the literature. The open circles are the values of calculated from the correlations Eq. (9). 

 
critical amplitudes ( 0A and 0B ) are not available. If 
reliable experimental thermal conductivity data in the 
critical and supercritical regions are available, then cutoff 
wave number Dq can be determined from a fit to the 

crossover model. However, for practical calculations it 
can be well estimated by using the relation 

1
D 0.0240q     1/ 3

c0.863 ,v  Therefore, the method 

described in the present work can be used for quantitative 
estimates of the fluctuation part of the thermal 
conductivity of various molecular fluids, even in the case 
of absence of the reliable experimental thermal 
conductivity data in the critical and supercritical regions. 

3. The Critical Properties of Carbon Dioxide 
Containing Binary Mixtures and Related 
Thermodynamic Properties 

3.1 The critical properties of binary mixtures 
CO2+solute and the Krichevskii parameter 

Very limited thermodynamic and transport property 
data are available for binary CO2 containing supercritical 
mixtures (CO2+solute). In many technological applications 
(supercritical fluid technology, for example) of 
supercritical solvents (CO2), including separations and 
chemical reactions carried out in such media, the solute is 
of low volatility (heavy n-alkanes, for example) and is 
present in small concentrations (dilute mixture, SC 
solvent+solute). Since isothermal compressibility of pure 
solvent (CO2) is diverging at the critical point (KT), 
small changes in the pressure is a result in large changes 
of the density and, therefore, of the solubility of various 
low vo la t i l i ty  so lu tes  in  SC so lven t  (CO 2 ) . 
Thermodynamic behavior of infinite dilute mixtures near 
the critical point depends on microscopic phenomena 
involving density perturbation induced by the presence of  
the near- and supercritical solvent and propagation of this 

density perturbation to a distance given by the solvent's 
correlation length which 2≈KT (where KT is the 
isothermal compressibility of pure solvent, see Fig. 1) 
[174-179]. The thermodynamic of infinite dilute binary 
mixtures has wide-ranging scientific interest because of 
the dominant role played by coexistence of both short- 
(solvation) and long- (compressibility driven) ranged 
phenomena [97,174,179] in fluid systems near the critical 
point of pure solvent. Thermodynamic behavior of the 
infinite dilute solutions near the critical point of pure 
solvent is extremely important for understanding of the 
intermolecular interactions and the microscopic structure 
of the near- and super-critical solutions where the 
interaction between solute-solute molecules can be 
neglected. In the limit of infinite dilution (x0), most 
partial molar properties of the solute such as 

( 2 2 2, , PV H C   ) diverge strongly at the critical point of 

pure solvent [94,98,180-186]. The thermodynamic 
properties behavior of infinitely dilute mixtures near the  
critical point of solvent can be completely determined by 
the Krichevskii parameter which is equal to the 

derivative 
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 calculated at the critical point of 

pure solvent (CO2, for example) [90,94-97,187-191]. 
Using the concept of the Krichevskii parameter, 
Levelt-Sengers [191] proposed a description of 
thermodynamic behavior of dilute near-critical solutions 

based on the derivative 
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, or Krichevskii function, 
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, where A is the Helmholtz free 

energy. The Krichevskii parameter governs all of the 
thermodynamic properties of a dilute solution in the 
vicinity of the critical point of a pure solvent (CO2). The 
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Krichevskii parameter plays a crucial role in near-critical 
solution thermodynamics [191]. For example, the 
Krichevskii parameter determines the shape of the 
dew-bubble curves near the critical point, behavior of 
isotherm in P-x space and isobars in T-x space, Levelt 
Sengers [95,97]. 

The Krichevskii parameter can be readily calculated 
using initial slopes of the critical lines of binary mixtures 
using the following relations [97,192,193] 

C C

C C CC
c S c

V T CRL CXC CRL

P dP TP

x x dT x

                          
  (10) 

or, equivalently, 

C C

C C CC
c S c

cV T CXC CRLCRL

dP dP dTP

x dT dT dx

                        
 (11) 

where CdT

dx
and CdP

dx
 are the initial (x→0) slopes of the 

TC (x) and PC (x) critical lines, and 0
C

S

CXC

dP

dT
   
 

 is the 

slope of the pure solvent’s vapor-pressure curve (CO2) 
evaluated at the critical point of the solvent (always 
positive). The regimes near-critical behavior of the dilute 
mixtures strongly depends on the signs and the 

magnitudes of the derivatives, CdT

dx
, CdP

dx
,  and 

C
S

CXC

dP

dT
 
 
 

i.e. on the magnitude and sign of the 

Krichevskii parameter. Therefore, the direct comparison 
of the values of the Krichevskii parameter calculated 
with Eqs. (10) and (11) using the critical properties data 
and the values estimated from the independent direct 
measurements of P-x dependence along the critical 
isochore-isotherm of pure solvent (see for example, 
Abdulagatov et al. [194-197]) provides a good test for the 
accuracy and consistence of the different type of 
thermodynamic data. In our previous publications (see  

Abdulagatov et al. [198,199]), we calculated the value of 
Krichevskii parameter for the CO2+solute mixtures with 
Eqs. (10) and (11) using the measured values of the 
critical curve data. Measured critical curve data (see our 
previous publication [201]) for most technologically 
important CO2 containing binary mixtures are presented 
in Figs. 15 to 29. The value of the derivative 

0.1712
C

S

CXC

dP

dT
   
 

MPaK-1 for pure CO2
 reported by 

Span and Wagner [200] was used to calculate the 
Krichevskii parameter together with critical curves data 
(see our critical lines data compilation [201]). Good 
agreement was found between the values of the 
Krichevskii parameter calculated from Eq. (10) using the 
critical curve properties of the mixture and the values 
estimated from other thermodynamic data (Henry’s 
constant, distribution coefficient, solubility). 
Comprehensive review of the critical lines of the CO2 
containing binary mixtures was provided in our earlier 
publication [201].   

 

 
 

Fig. 15  Reported critical curve data for series of binary 
CO2+n-alkane mixtures in PC‒TC projection. 
Symbols are reported data (see our previous data 
compilation paper Abdulagatov et al. [201]). Solid 
lines are vapor-pressure of pure n-alkane calculated 
from REFPROP, Lemmon et al. [124]. Dotted 
–dashed line is the critical isochore of pure CO2. 

 

 
 

Fig. 16  Reported critical curve data for series of binary CO2+n-alkane mixtures in TC‒x (a) and PC‒x (b) projections. Symbols are 
reported data (see our previous data compilation paper Abdulagatov et al. [201]). 
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Fig. 17  Reported experimental critical curve data for binary 
CO2+n-decane mixture in TC‒x, C‒x and PC‒x 
projections together with our results. ●-Polikhronidi 
et al. [51-53]. Symbols are reported data (see our 
previous data compilation paper Abdulagatov et al. 
[201]). 

3.2 Thermodynamic and structural properties of CO2 
containing binary mixtures near the critical point of 
pure solvent (CO2)  

3.2.1 Thermodynamic properties of dilute mixtures 
near the critical point of pure solvent and Krichevskii 
parameter 

Long-range density fluctuations, when one of the 
component of the mixture (solvent, CO2) in the critical 
region, the mixture exhibit critical enhancement of the 
thermodynamic and transport properties (critical anomaly) 
[93-97]. For example, solute partial molar properties 

( 2 2 2, , PV H C   ) in the immediate vicinity of the solvent's 

(CO2) critical point are diverging. Partial molar 

properties ( 2 2 2, , PV H C   ) are directly related with the 

Krichevskii parameter and critical curves behavior (see 
for example, Abdulagatov et al. [198,199]). The partial 

molar volume at infinite dilution, 2V  , is a very 

fundamental solution property [93-98]. It can be 
expressed as a simple integral by using the direct 
correlation function (DCF) [174-176] (see below). The 

partial molar volumes, 2V  , of hydrocarbons in CO2 

interest for calculation solubility using Henry's law, 

especially near the critical point of pure CO2 where 2V   

increases strongly with increasing compressibility KT of 
pure CO2 and diverges at the critical point of the pure 

solvent. The partial molar volume 2V   can be calculated 

using the Krichevskii function as 
TV

P

x

 
  

 [95,174-176] 

1
2 1T

TV

P
V K

x



          

          (12) 

 

 
 

Fig. 18  Reported experimental critical curve data for binary 
CO2+n-decane mixture together with our results in 
PC‒TC and C‒TC projections. ●-Polikhronidi et al. 
[51-53]. Symbols are reported data (see critical curve 
data compilation [201]). Solid lines are pure 
component vapor – pressure curves calculated from 
reference EOS (REFPROP, Lemmon et al. [124]). 
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Fig. 19  PC‒TC projection of the critical lines of СО2+solute (alcohols) reported by various authors together with vapor-pressure 
curve for pure components. Symbols are reported data (see critical curve data compilation [201]). 

 

 
 

Fig. 20  PC‒TC projections of the critical lines of СО2+С2Н6, СО2+n-С10Н22, СО2+n-С3Н8 and СО2+СН4 mixtures reported by 
various authors. Symbols are reported data (see critical curve data compilation [201]). Dashed lines are from crossover 
model [102,153-157]; Solid curves are vapor-pressure curves of the pure components (REFPROP [124]). 
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Fig. 21  PC‒TC critical curves behavior of СО2+С7Н8 and СО2+С6Н6 mixtures reported by various authors. Solid curves are 
vapor-pressure curves of pure components calculated from REFPROP [124]. Symbols are reported data (see critical curve 
data compilation [201]). 

 

 
 

Fig. 22  Behavior of the TC‒C projection of the critical curve of СО2+С6Н6 and СО2+С2Н6 mixtures reported by various authors. 
Solid curves are liquid+gas coexistence curves of pure components calculated from REFPROP [124]. Symbols are 
reported data (see critical curve data compilation [201]). 

 
where KT and  are the compressibility and density of 
pure solvent, respectively. In the vicinity of the solvent’s 
critical point, T→TC, isothermal compressibility diverges 

as  T CK T T
    , therefore, the partial molar 

volume 2V   also diverges strongly like KT. The 

Krichevskii function J does not diverge at the solvent's 
critical point and can be used to describe the behavior of 
dilute binary systems. The sign of the partial molar 

volume 2V  depends on the sign of the Krichevskii 

parameter because KT >0 is always positive and values of  

the 1
TV

T 







 

x

P
K  near the critical point. Depending   

on the chemical nature of the solute molecules, the values 

of partial molar volume tends to 2V     or  2V    

  (see Figs. 30 to 32). This anomaly is caused by the 
critical effects due to the divergence of the isothermal 
compressibility KT of the pure solvent and is common for 
all dilute near-critical mixtures [93-95,97]. According to 

the scaling theory, 2V   diverges along the solvent’s 

critical isotherm-isochore as (x‒1+/) [93-95,97,202-204]. 
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Fig. 23  PC‒TC, TC‒x and PC‒x critical curves for СО2+H2O mixture reported by various authors. Symbols are reported data (see 
critical curve data compilation [201]). 

 

 
 

Fig. 24  PC‒TC projections of the critical lines of binary carbon dioxide containing mixtures СО2+Н2, СО2+О2, and СО2+N2 
reported by various authors Symbols are reported data (see critical curve data compilation [201]). Solid curves are 
vapor-pressure curves for pure components [124]. Dashed-dotted curve is the critical isochore of pure CO2. 

 

For the classic theory (=1, =0.5, =3), 1 3
2V x   

and for the non-classical case (=1.24, =0.325, =4.83), 
0.2133

2V x  . Adding a solute molecules to the 

critical solvent (CO2) which will likely raise the pressure, 
C

TV

0
P

x

    
 (Krichevskii function is positive), will  
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Fig. 25  TC‒x and PC‒x projections of the critical lines of binary carbon dioxide containing mixtures СО2+SO2, СО2+H2S , and  
СО2+SF6 reported by various authors. Symbols are reported data (see critical curve data compilation [201]). 

 

 
 

Fig. 26  TC‒C, C‒x and PC‒TC projections of the critical lines of binary carbon dioxide containing mixtures СО2+SF6, СО2+H2S 
and СО2+SO2 reported by various authors. Symbols are reported data (see critical curve data compilation [201]). Solid 
curves are vapor-pressure curves for pure components [124]. 

 

cause the positive divergence of the partial molar volume 

2V    . For binary mixtures of CO2+n-alkane (n>5), 

CO2+alcohol and CO2+acetone, the negative divergence 

of the 2V    was observed (see Figs. 30 to 32), 

therefore, the negative divergence of the derivative 

m

PT

V

x

     
, and the Krichevskii parameters for  

these systems are negative, 
C

TV

0
P

x

    
. However, for 

low n-alkanes (n<5, see Fig. 33) and noble gases (Ne, Kr, 
for example) the values of the Krichevskii parameter are 
positive, therefore, partial molar volumes for these 
mixtures are positively diverging. Also, the derivative, 

C
m

P
TVPT

H P
T

x x
          

, therefore, the partial molar  
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enthalpy 2H  of the solute diverges as the isobaric 

expansion coefficient P of pure solvent, which in turn 
diverges as the isothermal compressibility KT. The partial 

molar heat capacity 2PC  related with the partial molar 

enthalpy as  2 2P P
C H T    , therefore, the values of 

2PC  already diverge at the critical point of pure CO2, 

but its divergence is much stronger than that of the partial 
molar volume and enthalpy. 

The Krichevskii parameter, derived from the critical 
curves data, plays the crucial role in the study of other 
properties of near-critical dilute solutions such as Henry’s 

 

 
 

Fig. 27  PC‒TC and TC‒C projections of the critical lines of binary carbon dioxide containing mixtures СО2+R23, СО2+R32, and 
СО2+R134a reported by various authors. Symbols are reported data (see critical curve data compilation [201]). Solid curves 
are vapor-pressure and liquid+gas coexistence curves for pure components [124]. 

 

 
 

Fig. 28  PC‒TC projections of the critical lines of binary carbon dioxide containing mixtures СО2+n-C4H9OH, СО2+n-C3H7OH, and 
СО2+n-C6H12 reported by various authors. Symbols are reported data (see critical curve data compilation [201]). Solid 
curves are vapor-pressure curves for pure components [124]. 
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Fig. 29  PC‒TC projection of the critical line for СО2+solute 
(some complex organic compounds) reported by 
various authors. Symbols are reported data (see 
critical curve data compilation [201]). Solid curves 
are vapor-pressure curves for pure components [124]. 
●- acetonitryl; ○-pyridine; -chloroform; ■-acetic 
acid; ×- acetone. 

 
constant, KH, distribution equilibrium constant, and the 
solubility [188,205-208]. The value of the Krichevskii 
parameter can be calculated from the Henry's constant KH 
[187,188] near the critical point as  

 
1

ln H
C

K
T A B

f
 

 
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 
      (12) 

or 

 ln CT E A B               (13) 

where KH is the Henry's constant defined as HK   

 
2

2 2
0

lim
x

f X


and f2 is the fugacity of a solute, f1 is the 

fugacity of the pure solvent;  is the liquid phase density  

of the pure solvent along the liquid-gas coexistence curve, 

and C is the solvent’s critical density; 2 2
subE y P P  is 

the enhancement factor, and P, y2, 2
subP  are the pressure, 

solubility, and sublimation pressure, respectively. The 
values of constant B is related to the Krichevskii 
parameter by 

2

C C

C
T V

P
R B

x


    
          (14) 

Near the critical point, (‒C) approaches to zero as 
(T‒TC), therefore the temperature derivative of Henry’s 
constant diverges as (T‒TC) . Eqs. (12) and (13) imply 

that 
1

ln HK
T

f

 
 
 

and TlnE are linear in the solvent density, 

with a slope given by the Krichevskii parameter. 
The Krichevskii parameter can be also calculated from  

vapor-liquid distribution factor [187,191,208,209] KD 

which is defined as  
2 2

2 2
, 0
limD Tx y

K Y X


 , where Y2 

and X2 are the molar functions of the solute in the vapor 
and liquid phase, respectively. At the critical conditions 
the vapor-liquid distribution factor KD related to the 
Krichevskii parameter by [206,209] 

 2

1
ln 2

C C

D C
T V C

P
T K

x R
 



    
    (15) 

As one can see from this relation, the value of 
Krichevskii parameter can be estimated from the slope of 

the plot TlnKD versus (‒C) or 
1

ln HK
T

f

 
 
 

 versus 

 

 
 

Fig. 30  Partial molar volumes 2V  of CO2 containing binary mixtures СО2+СН4 and СО2+n-С4Н10 along the supercritical isotherms 

of pure CO2 calculated from Eq. (12) and crossover model [102,153-157]. 
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Fig. 31  Partial molar volumes 2V  of CO2 containing binary mixtures СО2+Ne, СО2+Kr, СО2+С3Н7OH and СО2+СН3OH along 

the supercritical isotherms of pure CO2 calculated from Eq. (12) and crossover model [102,153-157]. 
 

 
 

Fig. 32  Partial molar volumes 2V  of CO2 containing binary 

mixture СО2+aceton along the supercritical isotherms 
of pure CO2 calculated from Eq. (12) and crossover 
model [102,153-157]. 

 
(‒C). The linearity of TlnKD versus (‒C) or 

1

ln HK
T

f

 
 
 

 versus (‒C) curves is strongly supported 

by experiments. Mendez-Santiago and Teja [210] have 
compiled available solid-supercritical fluid data and 
showed that Eq. (13) is valid over a wide range of 
temperatures and pressures, including solvent reduced 
pressures up to 2.5. In this work [210] the solubility data 
were correlated using Eq. (12), and best-fit values of the 
slope A and intercept B (Krichevskii parameter) were 
determined. Japas et al. [209] reported the Krichevskii  

 
 

Fig. 33  Krichevskii parameter of binary systems of СО2 
+n-alkane as a function of carbon number of solute 
(n-alkane) reported by various authors. ●- C10H22 
(Polikhronidi et al. [51-53]); ○-Furuya and Teja 
[190]; -chloroform; ■-Abdulagatov et al. [201]; ×- 
Roth [211]; and + - Furuya and Teja [212]. 

 
functions and parameters for some mixtures from 
solubility of the solids in a variety of near-critical 
solvents. 

The distribution constant KD correlation equation was 
developed by Plyasunov and Shock [207]. This equation 
given by 

 
   3 2ln lnD

l
K n V F Gv Hv

V




 
     

 
   (16) 

where coefficient n related to the Krichevskii parameter 
by means of   
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   (17) 

Harvey [189] showed that RTlnx, where x the mole 
fraction of the solute in the supercritical phase in the 
presence of inert pure solid as a second phase, is linear in 
the solvent density, with the Krichevskii parameter, 

divided by 2
C   

 1 2
ln C CT V

C
C

P

x
RT x C  



 
  

          (18) 

where C1 is the constant. Therefore, the comparison of 
the Krichevskii parameter derived with critical curves 
data from Eqs. (10) and (11) and from other independent 
measurements of the Henry’s constant, distribution 
coefficient, and solubility are a good test for the 
thermodynamic consistence among various type 
measurements. 

3.2.2 Structural properties of the supercritical CO2 
containing binary mixtures  

The structural (direct, Cij, and total, Hij, correlation 

integrals and cluster’s size, excN ) properties of infinite 

dilution mixtures are also directly related with the 
Krichevskii parameter and critical curves behaviour. 
Thermodynamic behaviour of dilute mixtures is 
extremely important for the understanding of solute and 
solvent molecular interactions and the microscopic 
structure of solutions near the critical point of pure 
solvent (CO2). The Krichevskii function is related with 
the total correlation function integral (TCFI) as [213]  

 11 12

TTV

H HP

x K

     
  (19) 

where H11 and H12 are the TCFI defined as ijH    

 ijh r dr ;     1ij ijh r g r   is the total correlation 

function for i-j pair interactions; gij(r) is the radial 

distribution function; and   1
11 TH K RT    is the 

TCFI for i-i pair (pure solvent CO2 molecules) 
interactions; KT and  are the isothermal compressibility 
and density of pure solvent (CO2), respectively. In terms 
of the direct correlation function, cij (r), for i-j pair 
interactions, the Krichevskii function J is defined as 
[186,213,214] 

 2
11 12J RT C C           (20) 

where C11 and C12 are the direct correlation function 

integrals (DCFI) defined as  dij ijC c r r  ; and 

    1
111 TC K RT     is the DCFI for i-i (pure 

solvent CO2 molecules) pair interactions. The DCFI’s are 
related to the TCFI by the integrated Ornstein-Zernike 
equation [165] as 

12 12 12 11H C C H             (21) 

The DCFI (C12) and TCFI (H12) are also can be 
expressed by partial molar volume at infinity dilution as 
[214,215] 

 2
12 2 11 12and

T

V
C V V V H H

K RT


       (22) 

The values of direct (C12) and (C11) correlation 
function integrals for binary carbon dioxide containing 
mixture CO2+n-butane are depicted in Fig. 34 . Eq. (22) 
can be used to calculate the DCFI and TCFI from the 

partial molar volumes 2V  , therefore, to calculate the 

microscopic intermolecular potential function parameters 
using the relation between the direct and total correlation 
functions and interaction potential function uij (r) 
(Percus-Yevick approximation). The value of the 

 

 
 

Fig. 34  Direct correlation integrals (C11,C12) for binary mixture СО2+n-С4Н10 along the critical isotherm (304.2 K) of pure solvent 
(СО2) as a function of density calculated from crossover model [102,153-157] using Eqs. (20)-(22). 
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Krichevskii function, J, also associated with the behavior 
of the microstructure of the dilute mixture (see below), 
measures the finite microscopic rearrangement of the 
solvent structure around the infinitely dilute solute 
relative to the solvent structure of ideal solution. The 
Krichevskii function is defining the structural properties 
of infinite dilute mixtures, namely, the excess number of 

solvent molecules excN  (structural parameter) around 

the infinitely dilute solute relative to that number around 
any other solvent molecule as [214] 

TV
exc T

P
N K

x


      

          (23) 

where     2
12 11

0

4
shellR

excN g r g r r dr     , is the 

definition of the excess number of solvent molecules 
surrounding molecule of the solute. As one can see from 

this relation, exc 12 11N N N   , where 12N   

  2
12

0

4
shellR

g r r dr   and   2
11 11

0

4
shellR

N g r r dr   are 

the coordination numbers for the first solvation shell 
(molecule clusters). N12 is indicating the number of solute 
molecules surrounded by a cage of N12 molecules of 
solvent, while N11 indicating that each solvent molecule 
in the bulk surrounded by a cage of N11 other solvent 
molecules. Since isothermal compressibility goes to 
infinity at the solvent critical point, TK   , therefore, 

the cluster size also goes to infinity excN    

depending on the Krichevskii parameter sign. The 

discontinuity of excN  is the result of long range (critical) 

part of the radial distribution function gij (r). As one can 
see from Fig. 35, for CO2+acetone and CO2+n-butane 

mixtures, the values of excN  are positively infinite at 

the critical point of pure CO2. 

4. Isochoric Heat Capacity Maxima-Minima Loci 
for Supercritical CO2  

Fig. 5 shows the density dependence of the measured 
one-phase CV along the selected supercritical isotherms 
for CO2 together with the values calculated from 
reference fundamental (Span and Wagner [123], 
REFPROP [124]) and crossover (KIselev et al. [153-157]) 
equation of state. One- phase isochoric heat capacities are 
also providing valuable theoretical information on 

temperature derivatives  2 2P T


   of P-T isochores 

behavior of fluids in the supercritical region and at 
densities of ≈2C. For example, it is well-known 
[216-226] that one-phase CV‒dependence provides 
very useful information about qualitative behavior of 

P‒T isochores curvature,  2 2P T


  , i.e., qualitative 

behavior of the thermodynamic PVT surface (phase- 
diagram) in the critical and supercritical regions. Second 

temperature derivatives of pressure,  2 2P T


  and 

vapor-pressure,  2 2
Sd dP T , for carbon dioxide can be 

directly calculated from the measured values of CV in the 
one-phase region as a first density derivative, 

 V T
C    and two-phase liquid  V2C and vapor 

V2C measurements at saturation as 
 
[54,55,130-132] 

2 2

2
T

VCP

TT






   
       

          (24) 

 
2

S V2 V2
2

d

d

P C C

T V VT

 


 
            (25) 

Thus, one- and two-phase CV 
measurements as a 

function of specific volume (or density) are defining the 

real curvature,  2 2P T


  and  2 2
Sd dP T , of the 

 

 
 

Fig. 35  Cluster’s size, excN  as a function of density of pure solvent (СО2) in binary mixture СО2+Acetone and СО2+n-С4Н10 along 

the supercritical isotherms calculated from Eq. (23) using crossover model [102,153-157]. 
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(PT) surface and 
 

vapor-pressure (PS‒TS) curve of 
fluids in the near- and supercritical regions. As Fig. 5 

demonstrates, the sign of the  2 2P T


  changes from 

positive (below C) to negative (above C) around the 
critical density (passing through the maximum near the 
critical point), depending on the supercritical isotherms. 
This means that CV‒ isotherms show the maximum 
around the critical density along the supercritical 
isotherms (see Fig. 5). As one can see from Eq. (24), the 

locus of CV extreme,
  VC      , coincides with a 

locus of P-T isochore inflection points, where 

   2 2
V T

0P T C 


       [216-222]. The location 

of the CV maxima or P‒T inflection points in the 
supercritical region is changing with temperature 
(isotherm) increasing (see also our previous publication 
[216]). The loci of the isothermal and isochoric maxima 

and minima of heat capacity,  2 2P T


    

 V T
0C     and  V 0C    , for SC CO2 are 

depicted in Figs. 36 to 38 in the P-T and ‒T projections. 
Therefore, PVT data together with CVVT measurements 
are providing very useful theoretical information to 
develop functional form of the fundamental equation of 
state which is correctly taking into account non-classical 

(scaling),  V CC T T
  , behavior of isochoric heat 

capacity and testing predictive capability of the various 
theoretical models. Thus, the asymptotic scaling behavior 
of the temperature dependence of pressure along the 
critical isochore near the critical point (in the sub- and 

supercritical regions) should be as   2,CP t t    , 

(where =0.11
 
is the universal critical exponent of the 

isochoric heat capacity), which means that the first 
temperature derivative of pressure  

 

 
 

Fig. 36  Isochoric CV minima   0V V
C T    loci of CO2 (dashed curves) in T‒ and P‒T projections. Solid curves are liquid+gas 

coexistence (a) and vapor-pressure curves (b) calculated from reference EOS [123] (REFPROP [124]). 
 

 
 

Fig. 37  Isothermal CV maxima – minima,  
T

0VC    , loci or locus of P-T isochore inflection points,  22 0P T


   , of 

CO2 in T‒and P‒T projections. Solid curves are liquid+gas coexistence curve (a) and vapor-pressure curves (b) calculated 
from reference EOS [123] (REFPROP [124]) and crossover model [153-157]. 
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Fig. 38  Locus of isochore inflection points,  2 2 0P T


   ,  

in the P-T phase diagram of CO2. Solid curves are P-T 
isochterms calculated from reference EOS [123] 
(REFPROP [124]). Dashed curve is the isochore 
inflection points calculated from isochoric heat 
capacity measurements,  

T
0VC    , by 

Abdulagatov et al. [216]. 

 
 V V

P T    , remains finite at the critical point, while 

the second temperature derivative,  2 2

c
P T


  and 

 2 2
Sd P T , diverges weakly as CV, i.e., as t  . 

Both  2 2
Sd P T  and  2 2

ρc
P T   derived from CV 

measurements goes to infinity at the critical point as 

t   (scaling behavior). Therefore, the curvature parts 

of equation of state,  ,P T , and vapor-pressure 

equation,  SP T , should be non- analytical function of 

the temperature at the critical point, for example 

  2 2 2
1 2 3SP T Pt P t P t             (26) 

where  C Ct T T T  is the reduced temperature 

difference; TC is the critical temperature; Pi (i = 1,3) are 
the adjustable parameters; =0.52 is the universal critical 
exponent [227,228]. According to the complete scaling 
theory [229-233], the values of fitting parameters P1 and 
P3 

in vapor-pressure Eq. (26) are related with the critical 

amplitude 0A  and background parameter crB of the 

isochoric heat capacity (see Eqs. (27) and (28)), 

 V
0 1

B B

1 crC B
A t A t

k k
             (27) 

and asymmetric parameter of the coexistence cure 
diameter a3 

1 2
0 1 2 3 4B t B t B t B t B t              (28) 

where  

 
20 cr 3

2 3 2 4 0
B

2 ; , ,
1 1 3

A B a
B b B b B B as

k a



    
 

[120] 

       
0

1 3 cr
3 3

1 1
,

1 2 1 1 2

A
P P B

a a 



  
   

 (29) 

Thus, isochoric heat capacity is providing very useful 
scientific information for study details of the supercritical 
fluids properties. 

5. Asymptotic Critical Amplitudes of Carbon 
Dioxide 

According to the scaling theory of critical phenomena 
[171,162-164], the thermodynamic properties of fluids 
near the critical point exhibit the same singular 
asymptotic critical behavior as that of a lattice-gas. 
Scaling theory correctly predicts the experimentally 
observed asymptotic thermodynamic behavior of fluids 
near the critical point as an asymptotical scaling power 
laws with universal critical exponents (, , , , ) 
[121,171,162-164] and non-universal (system-dependent) 

critical amplitudes ( 0A , B0, D0, 0
 , 0 ). The 

universality of scaling functions leads naturally to the 
universality of the critical amplitude combinations [115, 
234-237]. According to the principle of universality of 
the critical phenomena (universality of the scaling 

functions), only two amplitudes ( 0A , B0, for example) 

are necessary to determine all other amplitudes such as 

( 0 0 0 0, , ,D    ). Both asymptotic critical amplitudes 

( 0A , B0) can be determined form the same calorimetric 

(isochoric heat capacity) experiments (see details in 
[54,55,130-132,238]). Also, as shown above (Section 

2.2.1, Eq. (9)), these asymptotic critical amplitudes ( 0A , 

B0) can be predicted using acentric factor, . Universal 
amplitude combinations are a key issue in the study of 
phase transitions and critical phenomena, and other 
related fields (supercritical phenomena, for example) and 
very important to study of the current status of theory and 
experiment. According to scaling theory (universality 

principle), the critical amplitude ratios ( 2
0 0 0, A B   , 

1
0 0 0D B  , and 0 0

   ) are universal, depending only 

on universal critical exponents and associated with the 
universal scaling relations between the critical exponents. 
Universal critical exponents of isochoric heat capacity 
(=0.11) and liquid-gas coexistence curve ( = 0.324) 
and their non-universal asymptotical critical amplitudes 

( 0A  and B0) play an important role in theory of the 

critical phenomena and practical applications to develop 
scaling type equation of state for near-critical and 
supercritical fluids. For example, the asymptotic critical 

amplitudes ( 0A and B0) together with other critical 

amplitudes ( 0
 , D0, 0) satisfy to universal relations 
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[115-120,154,239] 0 0 0.524A A    [118,119],  

0 0
2
0

0.058
A

B

  
  [120,154], 1

0 0 0 1.69D B   [154,239], 

and 

1 3

0
0 0.266

C

A

v


 

  
 

 [115-117] (see also Table 1). 

The values of other critical amplitudes such as 0
 , 0 

and D0 can be estimated using these universal relations 
and the present values of the critical amplitudes for heat 

capacity ( 0A =7.95 [54], see Table 2 for CO2) and 

coexistence curve ( 0B =1.64 [54]) for CO2 as 
2
0

0
0

0.058
0.18

B

A


   , 0 1
0 0

1.69
1.40D

B  


,  and 0   

  1 3

00.266 0.15 nmCA v
  , where vC=NAC molecular 

volume at the critical point. The values of universal 
critical amplitude ratios predicted by various theoretical 
models [120,154,239,240] are presented in Table 2 
together with the values derived from our experimental 
isochoric heat-capacity and coexistence curve data for 
CO2 [54,55]. As one can see from Table 2, the agreement 
is good enough. The values of the asymptotic critical  

amplitudes ( 0A and B0) for CO2 predicted from Eq. (9) 

using acentric factor  are 0A =7.36 and B0=1.72 

(=0.22394 for CO2). The uncertainties of the predicted 

values of ( 0A and B0) are 15% for 0A and 10% for B0. 

These predicted data are deviated from our experimental 

values within 8% for 0A  and 4.9% for B0, i.e., close to 

their uncertainties. Also, the critical amplitude of the 

two-phase isochoric heat capacity ( 0A ), the background 

parameter crB , and the asymmetric parameter a3 of the 

coexistence curve can be used to estimate vapor-pressure 
equation parameters (P1 and P3) from Eq. (29). Thus, the 
values of the fitting parameters P1 and P3 

of the 
vapor-pressure equation can be directly calculated from 

the asymptotic critical amplitudes ( 0A , Bcr) of heat- 

capacity and asymmetric parameter a3 of the coexistence 
curve singular diameter calculated from the measured 
isochoric heat- capacities and saturated densities for CO2 
[54,55,140-132]. This allows developing 
thermodynamically consistent equations for vapor 
pressure, saturated liquid and vapor densities, and two- 
phase heat-capacities, therefore, other thermodynamic 
properties. 

 

Table 1  Experimental and theoretical universal critical amplitude ratios  

Models 2
0 0 0A B     1

0 0 0D B   0 0A A   0 0
    

Crossover model 0.052 1.64 0.524 4.96 

 expansion 0.048 [118] 1.67 0.5200.01 [119] 4.90 [118] 

d=3 field theory [240] 0.05940.0011 - 0.5410.014 4.770.30 

3D Ising model [119] 0.0580.001 - 0.5230.009 4.950.15 

Experiment (this work, for benzene) 0.058 1.69 0.524 - 

 
Table 2  Critical amplitudes for carbon dioxide 

RD RT    0   
nm 

1

D
q  / 

nm 
References 

+1.01 2.0 0.63 1.2415 0.189 0.150 0.4 [170] 

1.01 1.5 0.63 1.2415 0.189 0.150 0.4 [243] 

TC/ 
K C /kmolm-3 PC /MPa 0A  0B  0  

0/ 
nm 

References 

304.11 10.6 7.372 7.62 1.68 0.22 0.15 [241] 

304.13 10.6 7.372 7.95 1.64 0.18 0.15 [54] 

304.14 10.6 7.377 7.37 1.71 0.20 0.15 [242] 

 
6. Conclusions 

In the present review, we have provided comprehensive 
assessment of the available thermodynamic and transport 
properties of supercritical carbon dioxide and CO2 
containing  binary mixtures, SC CO2+solute, (experiment 

and theory) and their various technological and scientific 
applications in different natural and industrial processes. 
The existing crossover and reference multiparametric 
analytic equations of state for CO2 (NIST REFPROP 
[124]) were analyzed to calculate the thermodynamic and 
transport properties of supercritical carbon dioxide. The  
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critical properties data (critical lines) of the SC CO2 
containing binary mixtures were used to estimate the 
value of the Krichevskii parameters for CO2+solute near 
the critical point of pure CO2. The role of the critical line 
shapes of the carbon dioxide containing binary mixtures 
SC CO2+solute in determination of the critical 
thermodynamic behavior of the dilute mixture near the 
critical point of pure CO2 using the Krichevskii parameter 
concept were studied. Calculation of the critical 
anomalies of the thermodynamic properties (solubility, 
Henry’s constant, partial molar properties) using the 
Krichevskii parameter near the critical point of pure CO2 
were detailed reviewed. Simplified scaling type equation 
based on mode-coupling theory of critical dynamics with 

two critical amplitudes ( 0A  and 0B ) and one cutoff wave 

number ( Dq ) as fluid-specific parameters can be used to 

accurately predict the transport properties (thermal 
conductivity, viscosity and thermal diffusivity) of 
supercritical carbon dioxide. The recommended values of 
the specific parameters (asymptotic critical amplitudes, 

0A , 0B , D0, 0
 , 0

 , and 0) of the carbon dioxide for 

practical and scientific use were provided.  
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