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Abstract

The present study aims to determine the second virial coefficient of gold over a wide range of temperatures from the
boiling point to the critical point. A three - parameter modified Berthelot equation of state has been employed to
determine the second virial coefficient of gold. The parameters of the equation of state are determined through the
critical - point parameters of gold. The temperature -dependence of the second virial coefficient of gold has been
investigated. The obtained results are compared with that of the van der Waals equation of state, Berthelot equation of
state, Tsonopoulus correlation, and McGlashan correlation. The results of this work agree well with that of other
correlations in the vicinity of the critical point. It is also established that gold obeys the single - parameter law of
corresponding states. And, the new parameter introduced in the attractive term of the equation of state is found to be a
thermodynamic similarity parameter.
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1. Introduction

Owing to its unique physical properties, gold has numerous scientific and technological applications in electronics,
catalysis, biotechnology, spectroscopy, etc. The gold nanoparticles have applications in material science, nano-
medicine, electronics, and photonics [1-15]. This fact has led to numerous experimental and theoretical studies on the
thermodynamic properties of gold. The thermodynamic properties of substances are determined by the intermolecular
interactions. The second virial coefficient is a measure of pairwise intermolecular interaction in substances. Thus,
knowledge of the second virial coefficient will enable one to study the intermolecular interaction. Certain
technological applications of gold require knowledge of their high-temperature properties [16—19]. However, the
accuracy of the experimental studies on the high temperature properties of gold is poor due to severe experimental
difficulties. This fact necessitates theoretical studies on the high-temperature properties of gold. Based on a three —
parameter, this work deals with the determination of the second virial coefficient of gold in a wide range of
temperatures, from the boiling point to the critical point [20-27].

The present research methodology has been presented in Figure 1:
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Figure 1. Flowchart of the research methodology

2. Generalized Berthelot Equation of State

The known two - parameter Berthelot equation of state does not quantitatively describe the thermodynamic
properties of liquids and gases [28, 29]. Hence, in this work, an improvement to this equation is proposed by
introducing a third parameter m in the attractive term. Such a generalized Berthelot equation of state for one mole of
substance has the form:

_RT &
V-b TMV?

The parameters a, b and m in Equation 1 may be determined through the critical - point parameters. Application of
the critical-point conditions to the equation of state given by Equation 1 gives the expressions for the equation - of -
state parameters as;
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where, T, - critical temperature, V- critical volume, o, - Riedel's parameter.
Equation 1 may be rewritten in the reduced form as;
" 8T * 3
P* = —— ()
v*-1 T™V

where, P*=P /P, V*=V /V, T*=T/T,.

The reduced equation of state given by Equation 5 represents the single-parameter law of corresponding states with
the thermodynamic similarity parameter m. That is, substances obeying the generalized Berthelot equation of state,
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with the same value of parameter m are thermodynamically similar.

3. Determination of the Equation of-State-Parameters

Using Equations 2 to 4, the parameters a,b and m of the generalized Berthelot equation of state are determined
through experimental data [30] on the vapor — liquid critical parameters for gold. The obtained values of the
parameters a, b and m are presented in Table 1.

Table 1. Equation - of - state parameters for gold

a b
m
102 Jk™m?/mol? 10°° m%/mol*
4.260 0.852 0.874

4. Second Virial Coefficient by Generalized Berthelot Equation of State
The compressibility factor may be expressed in terms of a series in 1/V to get the virial equation of state as [31];
LY
RT vV Vv

Where, B; - second virial coefficient, Bs - third virial coefficient and so on.

+on (6)

For a given substance, the virial coefficient depend only on temperature. In fact, the second virial coefficient is a
measure of pair-wise intermolecular interaction. And, the third virial coefficient is a measure of intermolecular
interaction between three molecules. Hence, the knowledge of the virial coefficient will enable one to determine the
intermolecular potential of substances. In general, reliable data on the virial coefficient of substances are scarce.

The second virial coefficient of substances are determined from the equilibrium PVT properties.The second virial
coefficient is given by [32];

oz
Bzz(a_j atp=0 ()
P )t

where, pis the molar density.

For fluids obeying Equation 1, the compressibility factor is;

1 ap
= - m+1 (8)
1-bp RT
From Equations 7 and 8, we get the second virial coefficient of fluids obeying Equation 1 as;
a
S ©
The second virial coefficient may be reduced through the critical volume as;
« B
B,=—%
YA (10)
Hence, we get;
2 =3 T o

5. Second virial Coefficient of gold

The second virial coefficient of gold at various temperatures are determined by Equation 11 with the value the
parameter m presented in Table 1. The obtained values of the second virial coefficient for gold are presented in Table
2. For comparison, the second virial coefficient of gold is also determined through the Tsonopoulus correlation [33],
McGlashan correlation [34], van der Waals and Berthelot equations of state. The results are also presented in Table 2.
The temperature dependence of the second virial coefficient of gold is also plotted in Figure 2.
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Table 2. Second virial coefficient of gold
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B,*
™ Eq.(11) McGlashan Berthelot Tsonopoulos van der
a: correlation [34] EoS correlation[33]  Waals EoS
0.60 -1.726 -2.359 -2.792 -2.903 -1.542
0.62 -1.647 -2.214 -2.593 -2.691 -1.481
0.64 -1.574 -2.082 -2.413 -2.501 -1.424
0.66 -1.506 -1.962 -2.249 -2.332 -1.371
0.68 -1.442 -1.853 -2.099 -2.179 -1.321
0.70 -1.382 -1.753 -1.963 -2.041 -1.274
0.72 -1.326 -1.662 -1.837 -1.916 -1.229
0.74 -1.273 -1.578 -1.721 -1.802 -1.187
0.76 -1.223 -1.450 -1.614 -1.698 -1.147
0.78 -1.176 -1.428 -1.516 -1.603 -1.109
0.80 -1.132 -1.361 -1.424 -1.515 -1.073
0.82 -1.089 -1.299 -1.340 -1.434 -1.039
0.84 -1.019 -1.240 -1.261 -1.359 -1.006
0.86 -1.011 -1.186 -1.188 -1.289 -0.975
0.88 -0.975 -1.135 -1.119 -1.225 -0.945
0.90 -0.941 -1.087 -1.055 -1.164 -0.917
0.92 -0.908 -1.043 -0.996 -1.108 -0.889
0.94 -0.877 -1.000 -0.939 -1.055 -0.863
0.96 -0.847 -0.960 -0.887 -1.006 -0.839
0.98 -0.819 -0.923 -0.838 -0.960 -0.815
1.0 -0.792 -0.887 -0.791 -0.916 -0.792
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Figure 2. Second virial coefficient of gold

The generalized Bertholet equation of state has been employed to calculate the second virial coefficient of gold. As
seen from Table 2, the generalized Berthelot Equation of State gives higher values of the second virial coefficient
compared to the Tsonopoulus correlation, the McGlashan correlation, and the Berthelot equation of state. But, the
generalized Berthelot Equation of State gives a smaller value of the second virial coefficient compared to the van der
Waals equation of state. In the vicinity of the critical point, this discrepancy greatly decreases.
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6. Conclusion

The second virial coefficient in a wide range of temperatures from the boiling point to the critical point of gold has
been determined using the generalized Berthelot equation of state. A single - parameter law of corresponding states
based on the generalized Berthelot equation of state has been derived. It is established that the introduced parameter m
is a thermodynamic similarity parameter of substances. The obtained results agree with those of other correlations in
the high temperature region, i.e., in the vicinity of the critical point.

7. Declarations
7.1. Author Contributions

Conceptualization, R.B.; methodology, R.B.; software, M.S.; validation, M.S.; formal analysis, R.B.; investigation,
M.S.; data curation, M.S.; writing—original draft preparation, R.B.; writing—review and editing, R.B. All authors
have read and agreed to the published version of the manuscript.

7.2. Data Availability Statement

The data presented in this study are available in article.

7.3. Funding

The authors received no financial support for the research, authorship, and/or publication of this article.

7.4. Institutional Review Board Statement

Not applicable.

7.5. Informed Consent Statement

Not applicable.

7.6. Declaration of Competing Interest

The authors declare that there is no conflict of interests regarding the publication of this manuscript. In addition,
the ethical issues, including plagiarism, informed consent, misconduct, data fabrication and/or falsification, double
publication and/or submission, and redundancies have been completely observed by the authors.

8. References

[1] Martynyuk, M. M. (1999). Ideal tensile strength of metals on the basis of a generalized Van der Waals equation. Journal of
Engineering Physics and Thermophysics, 72(4), 682—686. doi:10.1007/bf02699274.

[2] Palpant, B., Guillet, Y., Rashidi-Huyeh, M., &Prot, D. (2008). Gold nanoparticle assemblies: Thermal behaviour under optical
excitation. Gold Bulletin, 41(2), 105-115. doi:10.1007/BF03216588.

[3] Inogamov, N., Zhakhovsky, V., &Khokhlov, V. (2018). Laser ablation of metal into liquid: Near critical point phenomena and
hydrodynamic instability. AIP Conference Proceedings, 1979, 203101. doi:10.1063/1.5045043.

[4] Esther, J., &Sridevi, V. (2017). Synthesis and characterization of chitosan-stabilized gold nanoparticles through a facile and
green approach. Gold Bulletin, 50(1), 1. doi:10.1007/s13404-016-0189-1.

[5] Jurkin, T., Guli$, M., Drazi¢, G., &Goti¢, M. (2016). Synthesis of gold nanoparticles under highly oxidizing conditions. Gold
Bulletin, 49(1-2), 21-33. doi:10.1007/s13404-016-0179-3.

[6] Larsson, S. (2004). Superconductivity in copper, silver, and gold compounds. Chemistry - A European Journal, 10(21), 5276-
5283. doi:10.1002/chem.200400017.

[7] Manas, A. (2020). Gold’s red shift: colorimetry of multiple reflections in grooves. Gold Bulletin, 53(3-4), 147-158.
doi:10.1007/s13404-020-00285-y.

[8] Manisekaran, R., Jiménez-Cervantes Amieva, E., Valdemar-Aguilar, C. M., &L6pez-Marin, L. M. (2020). Novel synthesis of
polycationic gold nanoparticles and their potential for microbial optical sensing. Gold Bulletin, 53(3-4), 135-140.
doi:10.1007/s13404-020-00283-0.

[9] Masoud, N., Partsch, T., de Jong, K. P., & de Jongh, P. E. (2019). Thermal stability of oxide-supported gold nanoparticles. Gold
Bulletin, 52(2), 105-114. doi:10.1007/s13404-019-00259-9.

[10] Ko, S. H., Choi, Y., Hwang, D. J., Grigoropoulos, C. P., Chung, J., &Poulikakos, D. (2006). Nanosecond laser ablation of gold
nanoparticle films. Applied Physics Letters, 89(14), 141126. d0i:10.1063/1.2360241.

179



Journal of Human, Earth, and Future Vol. 1, No. 4, December, 2020

[11] Sawtelle, S. D., & Reed, M. A. (2019). Temperature-dependent thermal conductivity and suppressed Lorenz number in
ultrathin gold nanowires. Physical Review B, 99(5), 54304. doi:10.1103/PhysRevB.99.054304.

[12] Shim, S. H., Duffy, T. S., &Takemura, K. (2002). Equation of state of gold and its application to the phase boundaries near
660 km depth in Earth’s mantle. Earth and Planetary Science Letters, 203(2), 729—739. doi:10.1016/S0012-821X(02)00917-2.

[13] Sadrolhosseini, A. R., Abdul Rashid, S., &Zakaria, A. (2017). Synthesis of Gold Nanoparticles Dispersed in Palm Oil Using
Laser Ablation Technique. Journal of Nanomaterials, 2017, 6496390. doi:10.1155/2017/6496390.

[14] Wang, Y., Zhou, X., Liu, Q., Jin, Y., Xu, C., & Li, B. (2020). Gold nanorods as colorimetric probes for naked-eye recognition
of carnitine enantiomers. Gold Bulletin, 53(3—4), 159-165. doi;:10.1007/s13404-020-00286-x.

[15] Wu, Z. Q., & Lin, F. (2017). Evaluation of Pt and Au pressure scales based on MgO absolute pressure scale. Science China
Earth Sciences, 60(1), 114-123. doi:10.1007/s11430-015-0232-4.

[16] Wisniak, J. (2010). Daniel Berthelot. Part I. Contribution to thermodynamics. EducacionQuimica, 21(2), 155-162.
doi:10.1016/s0187-893x(18)30166-6.

[17] Bessinger, B., & Apps, J. A. (2005). The Hydrothermal Chemistry of Gold, Arsenic, Antimony, Mercury and Silver. (No.
LBNL-57395). Lawrence Berkeley National Lab. (LBNL), Berkeley, California, United States.

[18] Kubaschewski, O., & von Goldbeck, O. (1975). The thermochemistry of gold - Fundamental data for the solution of practical
problems. Gold Bulletin, 8(3), 80-85. doi:10.1007/BF03215072.

[19] Etchegoin, P. G., Le Ru, E. C., & Meyer, M. (2006). An analytic model for the optical properties of gold. Journal of Chemical
Physics, 125(16), 164705. doi:10.1063/1.2360270.

[20] Kazakevich, V. S., Kazakevich, P. V., Yaresko, P. S., &Kazakevich, D. A. (2018). Laser ablation of gold and titanium targets
in heavy water. Journal of Physics: Conference Series, 1096(1), 12123. doi:10.1088/1742-6596/1096/1/012123.

[21] Lytton-Jean, A. K. R., &Mirkin, C. A. (2005). A thermodynamic investigation into the binding properties of DNA
functionalized gold nanoparticle probes and molecular fluorophore probes. Journal of the American Chemical Society,
127(37), 12754-12755. doi:10.1021/ja0522550.

[22] Migdal, K. P., II'Nitsky, D. K., Petrov, Y. V., &Inogamov, N. A. (2015). Equations of state, energy transport and two-
temperature hydrodynamic simulations for femtosecond laser irradiated copper and gold. Journal of Physics: Conference
Series, 653(1), 12086. doi:10.1088/1742-6596/653/1/012086.

[23] Jhabvala, J., Boillat, E., Antignac, T., &Glardon, R. (2010). On the effect of scanning strategies in the selective laser melting
process. Virtual and Physical Prototyping, 5(2), 99-109. doi:10.1080/17452751003688368.

[24] Otmani, S., Tamim, R., Moustaine, D., &Mahdouk, K. (2017). Thermodynamic properties of gold-rare earth elements.
European Physical Journal: Special Topics, 226(5), 1123-1135. doi:10.1140/epjst/e2016-60227-3.

[25] Puliti, G., Paolucci, S., & Sen, M. (2012). Thermodynamic properties of gold-water nanofluids using molecular dynamics.
Journal of Nanoparticle Research, 14(12), 1296. doi:10.1007/s11051-012-1296-4.

[26] Ruffino, F., Grimaldi, M. G., Giannazzo, F., Roccaforte, F., &Raineri, V. (2008). Thermodynamic properties of supported and
embedded metallic nanocrystals: Gold on/in SiO2. Nanoscale Research Letters, 3(11), 454-460. doi:10.1007/s11671-008-
9180-y.

[27] Singh, J. K., Adhikari, J., &Kwak, S. K. (2006). Vapor-liquid phase coexistence curves for Morse fluids. Fluid Phase
Equilibria, 248(1), 1-6. doi:10.1016/j.fluid.2006.07.010.

[28] Sobko, A. A. (2014). Description of Evaporation Curve by the Generalized Van-der-Waals-Berthelot Equation. Part I. Journal
of Physical Science and Application, 4(8), 524-530.

[29] Balasubramanian, R. (2019). Thermodynamic Limit of Superheat of Fluids by a Generalized Berthelot Equation of State.
American Journal of Materials Science and Application, 7, 3.

[30] Khomkin, A. L., &Shumikhin, A. S. (2017). The thermodynamics and transport properties of transition metals in critical point.
High Temperatures - High Pressures, 46(4-5), 367-380.

[31] Boschi-Filho, H., &Buthers, C. C. (1997). Second virial coefficient for real gases at high temperature. arXiv, 1-31,
doi:10.48550/arXiv.cond-mat/9701185.

[32] Sadus, R. J. (2002). The Dieterici alternative to the van der Waals approach for equations of state: Second virial coefficients.
Physical Chemistry Chemical Physics, 4(6), 919-921. doi:10.1039/b108822;.

[33] Poling, B.E., Prausnitz, J.M., O’Connell, J.P. (2001). The Properties of Gases and Liquids. Fifth Edition, McGraw-Hill
Companies, New York, United States.

[34] McGlashan, M. L. (1968). Compression Factors, Landolt Bornstein. Royal Institute of Chemistry, London, United Kingdom.

180


https://doi.org/10.1103/PhysRevB.99.054304

