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Cubic equations of state are mathematical models used to describe the thermodynamic behavior of pure substances
or mixtures of substances by calculating physical and chemical properties under different pressure and temperature
conditions. These equations are widely employed in various scientific fields, particularly in chemical engineering,
for the thermodynamic study of physical and chemical processes involving phase equilibrium. Thus, the knowledge
derived from these studies enables the development of industrial processes, the synthesis of new processes and
materials, the study of chemical reaction kinetics, analysis of experimental data, and more. Therefore, this study
aims to describe deviations from ideality in real gases, evaluated based on the behavior of the compressibility factor
(2) as a function of pressure (P) for a binary mixture involving hydrogen (H.) and carbon dioxide (CO). In ideal
gases, the system has a compressibility factor equal to one at any pressure, unlike real gases, where the
compressibility factor can assume values smaller or larger than unity. To achieve this, a logical algorithm was
developed for evaluating the compressibility factor using the Peng-Robinson (P-R) and Soave-Redlich-Kwong
cubic equations of state, with mathematical resolution carried out using the Microsoft EXCEL SOLVER. The
calculation procedure involved transforming the initial equations into cubic equations through linearization,
followed by the calculation of compressibility factors that determine the phenomena associated with molecular
attraction and repulsion within the referenced gas mixtures for different compositions, temperatures, and within a
specific pressure range. The results of this analysis revealed the predominance of attractive and repulsive forces
within the studied pressure range, with the transition occurring in the pressure range of 400 to 450 atm for both
mathematical equations under evaluation. Furthermore, these attraction and repulsion phenomena are strongly
influenced by the proportion of each gas in the mixture and the operating temperature. Therefore, understanding
these phenomena enhances the scientific understanding of industrial processes involving phase equilibrium,

especially when implemented in separation operations.

1. Introduction

Cubic equations of state are integral mathematical models for characterizing the
thermodynamic properties of either pure substances or their mixtures, by calculating
their physical and chemical attributes under varied pressure and temperature
conditions. These equations are extensively utilized in numerous scientific fields,
especially in chemical engineering, for thermodynamic analysis of phase
equilibrium in separation processes. The insights derived from these studies
significantly advance the development of industrial processes, synthesis of new
materials, analysis of chemical reactions, and interpretation of experimental data.

The application of cubic equations of state is particularly vital in addressing
thermodynamic cycle challenges. For complex fluids like refrigerants, often used in
these cycles, properties may not be readily available in standard thermodynamic
tables or diagrams. This scarcity increases the complexity of problem-solving in the
chemical industry. Cubic equations of state provide an essential mathematical
framework for deriving thermodynamic insights critical for system analysis
involving these complex fluids, thereby optimizing industrial processes and tackling
complex chemical industry challenges.

Utilization of cubic equations of state in scientific research enables the analysis of
data and outcomes from industrial processes, thereby enriching the knowledge base
across various scientific and technological domains. These equations are especially
useful in understanding gas behavior under high pressure and low temperature,
accounting for intermolecular forces and non-idealities.

This study focuses on real gases' deviation from ideality, evaluated through the
compressibility factor (Z) as a function of pressure (P). Unlike ideal gases, where Z
is uniformly one at any pressure, real gases exhibit Z values diverging from this
norm due to attractive and repulsive intermolecular forces. These forces, influenced
by system pressure, alter the collision rates of fluid particles with the system walls.

Despite advancements in cubic equations of state for gas property determination,
experimental validation remains a gap. Manuel et al. conducted a validation study
on the compressibility factor behavior of CO2 and CH4 systems, finding that the
Soave-Redlich-Kwong equation more accurately fits experimental data for a broad
pressure range, with a minor average deviation.

This study aims to develop an algorithm for assessing the compressibility factor
using two cubic equations of state via Microsoft Excel's SOLVER tool. This

algorithm also calculates other thermodynamic properties, including fugacity
coefficients, entropy, enthalpy, Gibbs free energy, and Helmholtz free energy. The
results are graphically presented to elucidate the influence of molecular interactions
on the thermodynamic behavior of gases in both pure and mixed states.

1.1. Soave-Redlich—-Kwong Equation of State

In 1972, Soave introduced a significant modification to the Van der Waals Equation
of State, incorporating a specific parameter to account for the molecular size in a
gas system. Prior modifications to this equation primarily concentrated on the
temperature dependence of the gas's attractive forces. Soave's modification,
grounded in the Redlich-Kwong equation of state, extended the parametric
dependence by correlating the constant "a" with both temperature and the acentric
factor. This acentric factor, a concept introduced by Pitzer in 1955[9,10],
encapsulates the deviation of a substance's behavior from that of an ideal gas, as
indicated in Equation (1). The integration of the acentric factor into the equation of
state marked a pivotal advancement in the thermodynamic modeling of real gases,
enhancing the equation's ability to predict gas behavior under various conditions
more accurately.

a=a(T,w) @

The acentric factor, referenced here, is characterized as a measure of the
configuration, sphericity, or deformation of the constituent molecule in the gas
system under investigation, whose influence extends to critical temperature
conditions.

On the other hand, Soave assessed the use of binary interaction parameters (kj) as
an empirical factor employed to adjust the results of equations of state with
experimental data when the system involves a mixture of gases. This proposal allows
for a better understanding of the interaction measures between molecular pairs with
distinct characteristics. Therefore, the determination of kij is based on experimental
data from binary systems, resulting in the best approximation between theoretical
and experimental data, especially for multicomponent systems and, consequently,
those of greater phenomenological complexity 12431,

1.2. Peng-Robinson Equation of State

The Peng-Robinson equation of state has been characterized as the most widely
applied in gaseous systems, particularly in the petroleum industry. During the 1970s,
Peng, a doctoral student under the guidance of Prof. D. B. Robinson at the University


mailto:20221648@isptec.co.ao
mailto:2bchivanga.barros@isptec.co.ao

of Alberta, conducted studies funded by the Canadian Energy Board that led to the
proposition of the Peng-Robinson cubic equation of state. This equation
demonstrates a strong mathematical similarity to the equation proposed by Soave-
Redlich-Kwong, but it exhibits better performance at the critical point. This aspect
broadens the application of the Peng-Robinson equation in systems involving phase
change phenomena, such as gas/condensate (12131417201

intermolecular forces, the mixture parameters are calculated using the procedures
described in the cubic equation of state of Soave-Redlich-Kwong, which involve

binary interaction (ki), considering the physical phenomena described earlier
[15,16,18,19]

2. Methodological Procedures

The study conducted in this context systematically investigates the parametric
behavior of a mixture composed of Carbon Dioxide (CO,) and Hydrogen (H,) under
the initial conditions described in Table 1. Thus, the developed study explores the
thermodynamic behavior of binary gas systems, utilizing the cubic state equations
of Soave-Redlich-Kwong and Peng-Robinson, as detailed throughout this work.

Therefore, the Peng-Robinson equation of state retained the temperature dependence
of the attractive term and the acentric factor introduced by Soave. However, the
authors presented different adjustment parameters for a better description of this
dependence, with significant modifications in the denominator of the term relating
to attractive forces. Nevertheless, in the analysis of phenomena associated with

Table 1. CO, and CH, mixture and physical conditions used in this study.

Components Composition (%) Temperature (K) Pressure (Atm)
co: 0 296.15 19,74 - 700
H. 40 ' o

2.1. Algorithm Description
The methodology employed for the development of this work adheres to the description outlined in the block diagram depicted in Figure 1.
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Figure 1: Block Diagram depicting the algorithm used for solving the equations of state.

2.2. Equation Resolution Procedure

The Solver is a mathematical programming tool integrated into spreadsheet
software, specifically utilized for solving linear programming problems and
seamlessly integrated into Excel. It represents a sophisticated tool that facilitates the
resolution of problems involving multiple variables and parameter constraints
through sensitivity analysis.

Thus, the results presented in Figure 3 stem from the assessment of the influence of
gas composition in the mixture, ranging from pure gases such as CO; or H,. The
obtained values delineate the scope of the study, specifically within the evaluated
pressure range. In the case of molecular hydrogen, within this pressure range, only
the effects of repulsive forces are evident, characterized by compressibility factors
greater than 1 (one).

For its utilization, it is enabled in the Excel spreadsheet add-ins options, contingent
on its corresponding availability. Following the activation of the Solver and the
definition of the objective cell for the cubic state equation intended to be solved,
along with the assigned value (zero), since the goal is to nullify the equation with a
predefined minimal error, with the variable cells designated for modification, the
cell representing the volume to be calculated, resulting in the equation being equated
to zero, is selected. This process is iteratively performed for each proposed pressure.
In the present study, a pressure range between 19,74 and 700 atm was explored,
using a variable scale, and the outcomes of this exploration are detailed in Figure 1.
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3. Results and Discussion

The investigation of the compressibility factor (Z) as a function of pressure for the
two cubic equations of state [Soave-Redlich-Kwong (S-R-K) and Peng-Robinson
(P-R)] at 303.15 K was undertaken in this study. It was observed that the dominance
of attractive and repulsive forces, and the transition thereof, is contingent upon the
specific equation of state employed. This transition was found to occur within the

pressure range of 400 to 450 atm. 0 100

Factor de Compressibilidade (Z)

260 360 460 560 660 760 800
The data depicted in Figure 2 illustrate the variation of the compressibility factor as
a function of pressure for the two equations assessed in this study. The figure
highlights the influence of system pressure on the attractive and repulsive forces
among the constituent molecules of the mixture under isothermal conditions, as
outlined in Table 1. For both equations of state explored in this research, the SRK
equation exhibits a more pronounced impact of molecular interactive forces,
encompassing both attractive and repulsive interactions. This observation is likely
attributed to a heightened adherence to the physical phenomena incorporated within

the equation model.

Pressdo (Atm)
Figure 2: Compressibility Factor Behavior as a Function of System Pressure.

Conversely, with pure CO,, attractive forces predominantly occur up to a pressure
of 600 atm, with an inversion observed beyond this pressure. The introduction of a
reduced percentage of H; into the mixture, specifically 20% and 40%, reflects the
predominance of CO, molecule behavior in the mixture, influenced by the presence
of H,. This behavior mirrors the analysis of H, with the introduction of reduced
percentages of CO,, resulting in the predominance of hydrogen molecule behavior

N . in the mixture.
Therefore, based on the data presented in Figure 2, the SRK equation of state

demonstrates greater predominance and representation of phenomenological
performance. This is the rationale for its utilization in assessing the influence of gas
composition in the mixture on the compressibility factor's behavior as a function of
pressure (Figure 3).

With the level of knowledge derived from this analysis, the study extended to
investigate the influence of temperature on the compressibility factor's behavior
within the pressure domain for a mixture of 60% CO, and 40% H,.

11



16

1,4
v
&
o]
N 1,2
2
N
= 1,04
S
Q
&
>, 0.8
3
@ 061 —m— (0%) CO2 : (100%) H2
5 —e— (20%) CO2 : (80%) H2
g 04l —A— (40%) CO2 : (60%) H2
© —v— (60%) CO2 : (40%) H2
—&— (80%) CO2 : (20%) H2
0.2 1 —<— (100%) CO2 : (0%) H2
T

T T T T T T T
0 100 200 300 400 500 600 700 800
Pressure (Atm)
Figure 3: Compressibility Factor Behavior as a Function of Gas Composition

The results are depicted in Figure 4. A qualitative analysis of the compressibility
factor's behavior reveals similarity across the studied temperatures, with more
pronounced deviations observed when the compressibility factor is assessed at
283.15 K and 293.15 K identified as the upper and lower limits of the obtained
parameters. However, the highlighted temperatures exhibited analogous behavior,

with the compressibility factor overlapping for pressures exceeding 500 atm.
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Figure 4: Compressibility Factor Behavior as a Function of Temperature (60%
COZ and 40% Hz)

Therefore, even with this analysis, considering the mathematical models describing
the equations of state studied in this work, temperature emerges as a parameter of
significant importance in the behavior of the compressibility factor. It should always
be considered in gas mixture studies due to its impact on the predominant attractive
and repulsive forces within the gas mixture system.

3. Conclusions

Based on the results presented in this study, the following conclusions can be drawn:

a) Cubic equations of state serve as fundamental tools for investigating the
behavior of gas mixtures, enabling the identification of the influence of
molecular attractive and repulsive forces through an understanding of the
compressibility factor's behavior in the mixture.

b)  The proportion of each component in the gas mixture directly affects the
profile of the compressibility factor's behavior, with the behavior of pure gases
prevailing when the fractions of other components are reduced.

c)  Temperature is a crucial parameter for comprehending gas behavior, as it is a
variable present in all studied equations and directly influences the pressure
range under investigation.

d) Building upon previous studies, it was affirmed that the acentric factor
incorporated into cubic equations of state enhances the analytical performance
of behavior in gas mixtures. This is attributed to the fact that the size of
molecules directly impacts the attractive and repulsive forces present in gas
mixtures.

e)  Comparison of the obtained data with literature values allowed the assertion
that the cubic equation of state proposed by SRK demonstrates closer
alignment with experimental data. Consequently, it was employed in studying
the compressibility factor's behavior as a function of pressure for different
fractions and temperatures within the system.

Nomenclature:
w: Acentric factor;
PVT: Pressure, Volume, and Temperature;

P: Gas pressure (atm);
T: System temperature (K);
a and b: Constants in the cubic equations of state utilized.

Acknowledgments:

The authors of this article sincerely express their gratitude for the collaboration of
the Postgraduate Coordination and Undergraduate Coordination of the Chemical
Engineering Course at ISPTEC. Their dedication and support were instrumental in
the development of this work.

References

[1] Muachia, Alfredo; Manuel, Anatalisio; Marques, Jane; Lemos, Maria; Barros,
A. Chivanga Barros; Uso das equacdes generalizadas de pitzer para Avaliacéo
termodinamica de gases; SAPIENTIAE: Revista de Ciéncias Sociais, Humanas
e Engenharias; (1) 35-43, 2020.

[2] Bertoli, Savio L.; Kalvelage, Pollyana M. S., Albuquerque, Allan A. and Barros,
Anténio A. Chivanga. (Vapor + Liquid) Equilibrium for Mixtures Ethanol +
Biodiesel from Soybean Oil and Frying Oil; International Journal of
Thermodynamics. Vol. 20. Turquia. (Pp. 159-164). 2017.

[3] Michelsen, M. L., & Mollerup, J. (2007). Thermodynamic models: fundamentals
and computational aspects. John Wiley & Sons.

[4] Peng, D. Y., & Robinson, D. B. (1976). A new two-constant equation of state.
Industrial & Engineering Chemistry Fundamentals, 15(1), 59-64.

[5] Riazi, M. R., & Daubert, T. E. (1987). Vapor-liquid equilibrium of hydrocarbon
systems using the Peng-Robinson equation of state. Fluid Phase Equilibrium,
39(2-3), 139-153.

[6] SMITH, JM.; VAN NESS, H.C.; ABBOUT, M.M. (2007). Introducéo &
Termodinamica da Engenharia Quimica. 72 Edicdo, Editora LTC, Cap. 3, pag.
64 a81.

[7] Soave, G. (1972). Equilibrium constants from a modified Redlich-Kwong
equation of state. Chemical Engineering Science, 27(6), 1197-1203.

[8] Voutsas, E. C., & Tassios, D. P. (1993). Predictive cubic equations of state for
pure compounds and mixtures: A critical review. Industrial & Engineering
Chemistry Research, 32(7), 1241-1294.

[9] NASCIMENTO A. M., ARCE-CASTILLO P. F. Aplicagao das fungdes de
partida e equagdes cubicas de estado nos ciclos termodinamicos de poténcia a
vapor. XI Congresso de Engenharia Quimica em Iniciagdo Cientifica —
UniCamp. Brasil — Sao Paulo, 201.

[10] 1L.H. Bell, J. Welliquet, M.E. Mondejar, A. Bazyleva, S. Quoilin, F. Haglind;
Application of the group contribution volume translated Peng—Robinson
equation of state to new commercial refrigerant mixtures; International Journal

of Refrigeration; Volume 103, July 2019, Pages 316-328

[11] Manuel, N., Major, T., Pedro, S. and Barros, A. A. Chivanga (2023). Use the
Thermodynamic State Equations to Analyze the Non-ideality of Gas Mixtures.
International Journal of Thermodynamics, 1-8. DOI: 10.5541/ijot.1328839 [12]
Elechi, V. U.; Ikiensikimama S. S. and Azubuike, I. I. "A Correlation for
estimating Gas Compressibility Factor in the Niger Delta", Festschrift for J. A.
Ajienka, pp. 137-148, 2015

[13] Mamedov, Bahtiyar A.; Somuncu, Elif and Askerov, Iskender M.; Theoretical
Assessment of Compressibility Factor of Gases by Using Second Virial
Coefficient. Zeitschrift fur Naturforschung, 73 (2), 121-125,
2018. https://doi.org/10.1515/zna-2017-0225.

[14] Costa, M. A.; Analise do desvio de comportamento entre gas real e gas ideal.
Rio Grande do Norte, 2006.

[15] Mahan, Bruce H.; Myers, Rollie J. ; University Chemistry; Addison-Wesley
world student series
Chemistry Series University Chemistry, Rollie J Myers
World student series; Benjamin/Cummings Publishing Company, University
of California; 1076 pages, 2008.

[16] Colonna, P.; Nannan, N. R.; Guardone, A. A, and Van der Stelt, T. P., “On the
Computation of the Fundamental Derivative of Gas Dynamics using Equations
of State”, Fluid Phase Equilibria 286, 43, 2009.

[17] Rowland, Darren and May, Peter M. Comparison of the Pitzer and Hiickel
Equation Frameworks for Activity Coefficients, Osmotic Coefficients, and
Apparent Molar Relative Enthalpies, Heat Capacities, and VVolumes of Binary
Aqueous Strong Electrolyte Solutions at 25°C. J. Chem. Eng. Data, 2015.

12


https://www.redalyc.org/journal/5727/572763612004/572763612004.pdf
https://www.redalyc.org/journal/5727/572763612004/572763612004.pdf
https://www.sciencedirect.com/journal/international-journal-of-refrigeration
https://www.sciencedirect.com/journal/international-journal-of-refrigeration
https://www.sciencedirect.com/journal/international-journal-of-refrigeration/vol/103/suppl/C
https://doi.org/10.1515/zna-2017-0225
https://www.google.co.ao/search?hl=pt-BR&tbo=p&tbm=bks&q=inauthor:%22Bruce+H.+Mahan%22&source=gbs_metadata_r&cad=7
https://www.google.co.ao/search?hl=pt-BR&tbo=p&tbm=bks&q=inauthor:%22Rollie+J.+Myers%22&source=gbs_metadata_r&cad=7
https://www.google.co.ao/search?hl=pt-BR&tbo=p&tbm=bks&q=bibliogroup:%22Addison-Wesley+world+student+series%22&source=gbs_metadata_r&cad=7
https://www.google.co.ao/search?hl=pt-BR&tbo=p&tbm=bks&q=bibliogroup:%22Addison-Wesley+world+student+series%22&source=gbs_metadata_r&cad=7
https://www.google.co.ao/search?hl=pt-BR&tbo=p&tbm=bks&q=bibliogroup:%22Chemistry+Series%22&source=gbs_metadata_r&cad=7
https://www.google.co.ao/search?hl=pt-BR&tbo=p&tbm=bks&q=bibliogroup:%22University+Chemistry%22&source=gbs_metadata_r&cad=7
https://www.google.co.ao/search?hl=pt-BR&tbo=p&tbm=bks&q=inauthor:%22Rollie+J+Myers%22&source=gbs_metadata_r&cad=7
https://www.google.co.ao/search?hl=pt-BR&tbo=p&tbm=bks&q=bibliogroup:%22World+student+series%22&source=gbs_metadata_r&cad=7

United States of America. www.doi.org/10.1021/acs.jced.5b00161.

[18] Adacid, Yoshinori; Fijihara, Ichiro; Takamiya, Masaaki and Nakanishi,
Koichiro. Generalized equation of state for Lennard-Jones fluids—I. Pure fluids
and simple mixtures. Fluid Phase Equilibria Journal. Volume 39. United States
of America. (Pp. 1-38). 1988 DOI: www.doi.org/10.1016/0378-3812
(88)80001-3.

[19] Van Wylen, G.; Sonntag, R.; Borgnakke, C. Fundamentos da Termodinamica
Classica. Tradugdo da 4? edigdo Americana. Editora Edgard Bliicher Ltda. Sao
Paulo, 2003.

[20] Simdes, Marcus C.; Hughes, Kevin J.; Ingham, Derek B.; Ma, Lin, and
Pourkashanian, Mohamed. Estimation of the Pitzer Parameters for 1-1, 2-1, 3—-
1, 4-1, and 2-2 Single Electrolytes at 25°C. J. Chem. Eng. Data. 61, 7. United
States of America, Pag. 2536-2554, 2016. DOl:
http://www.doi.org/10.1021/acs.jced.6b00236.

[21] C. Hwang, G. A. Iglesias-Silva, J. C. Holste, K. R. Hall, B. E. Gammon and
K. N. Marsh, “Densities of carbon dioxide + methane mixtures from 225 K to
350 K at pressures up to 35 Mpa”, J. Chem. Eng. Data, vol. 42, n° 5, pp. 897—
899, September 1997, doi: 10.1021/je970042b

13


http://www.doi.org/10.1016/0378-3812
http://www.doi.org/10.1021/acs.jced.6b00236
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Gustavo+A.++Iglesias-Silva
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=James+C.++Holste
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Bruce+E.++Gammon
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Bruce+E.++Gammon
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Kenneth+N.++Marsh
https://doi.org/10.1021/je970042b

