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Abstract

In this work, Peng-Robinson EOS (equation of state) was chosen to represent liquid phase behavior.
Then, regarding the three acids, Lauric, Palmitic and Stearic, bulk modulus coefficients were calculated
in three values of pressures (0.1, 1.0 and 2.0 GPa) and a range of temperature of 350-450 K. According
to the literature, results for carbon dioxide, bulk modulus in the liquid phase is in the same line for the one
in the solid phase considering the temperature dimension. Based on it, in this work, the bulk modulus
was estimated at three temperatures for three acids in solid-phase by extrapolating the results in the
liquid phase. Despite there are no experimental data available in the literature, these results seem to be
consistent with the thermodynamic constraints, and useful discussions were provided.
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Una extensidn teodrica aplicada a
los acidos puros de cadena larga
en la fase liquida para analizar su
comportamiento en la fase solida

Resumen

Enestetrabajo, se eligié la ecuacion de estado de Peng-Robinson EOS para representar el comportamiento
de la fase liquida. Luego, considerando los tres acidos, Laurico, Palmitico y Estearico, los coeficientes
del médulo de masa se calcularon en tres valores de presién (0,1, 1,0 y 2,0 GPa) y en el rango de
temperatura de 350-450 K. De acuerdo con la literatura, resultados para diéxido de carbono, el médulo
de masa en la fase liquida esta en la misma linea que el de la fase sdlida considerando la variable
de temperatura. Con base a esto, en este trabajo el médulo de masa se estimé a tres temperaturas
para los tres acidos en la fase solida extrapolando los resultados en la fase liquida. Aunque no hay
datos experimentales en la literatura, estos resultados parecen ser consistentes con las restricciones
termodinamicas y se han obtenido discusiones utiles.

Palabras clave: Expansion térmica del volumen; Médulo de masa; Fases liquidas y sélidas; Acidos grasos; Ecuacion
de Tait; Ecuacion de Vinet; Ecuacion de Birch-Murnagham.

Uma extensao teodrica aplicada
aos acidos puros de cadeia longa
na fase liquida para analisar seu
comportamento na fase solida

Resumo

Neste trabalho, a equagédo de estado de Peng-Robinson EOS foi escolhida para representar o
comportamento da fase liquida. Entdo, considerando os trés acidos, Laurico, Palmitico e Estearico, os
coeficientes médulo de massa foram calculados em trés valores de pressao (0,1, 1,0 e 2,0 GPa) e na
faixa de temperatura de 350-450 K. De acordo com a literatura, resultados para o diéxido de carbono,
0 médulo de massa na fase liquida esta na mesma linha para o referido em fase sélida considerando
a variavel temperatura. Baseado nisso, neste trabalho o médulo de massa foi estimado em trés
temperaturas para os trés acidos na fase solida pela extrapolagao dos resultados na fase liquida. Apesar
de néo existir dados experimentais na literatura, estes resultados parecem estar consistentes com as
restricdes termodinamicas e discussdes Uteis foram obtidas.

Palavras-chave: Expanséo térmica do volume; Médulo de massa; Fases liquida e sélida; Acidos graxos; Equacéo
de Tait; Equacéo de Vinet; Equacdo de Birch-Murnagham.
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Introduction

There is an increasing interest in the development
of equations of state for solid, liquid, and vapour
phases [1-6], to improve process efficiency and
yield. Many authors have studied methods for the
distinction of a liquid phase from a vapour phase
without reference to its saturation properties.
Poling et al. [7], used the following criteria based
on the isothermal compressibility (k) to identify the
phase of a fluid. The method works only at low
pressures and away from the critical point where
the isothermal compressibility of the vapour and
liquid phases in equilibrium are very different [8].
Inthe presentwork, we have studied the mechanical
propierties, especially volume compression (V/V,)
of three acids with a long carbon chain by extending
the bulk modulus property in liquid phase to the
solid phase. Then, it was feasible to widely used
Tait, Vinet, Murnaghan and Kholyia Equation
of State (EOS) [8-13]. Calculated results were
evaluated regarding the conformation of molecule
studied but not compared with the experimental
values due to they do not exist.

It is observed that, Murnaghan formulation [8-
10], gives almost the same results as reported
by input parameters, the values of bulk modulus
and its first-order pressure derivative for the acids
stearic, palmitic and lauric, which were taken from
extending results from P-R equation [7], at low and
constant temperature. The values of bulk modulus
and its first-order pressure derivative for acids with
long carbon chain was taken to be in the range of
2.2 <K;<3.3 GPa and 18< K '<61.

Theory

Usually the study of the influence of pressure (P) under
the volume (V) comes from relations of condensed
matter and is done by the equation of states. There
are many equations of state described in the literature
but there is still a severe need to search a simple and
most suitability equation of state which is applicable
in the entire range of compressions. It is observed
that most EOS give the same result under small
compression.

Franco and coworkers 2017 [14], have been
demonstrated that P-R (Peng-Robinson) Equation (7),
presented reliable results when used to estimate
molar volumes of liquid and solid phase for stearic,
palmitic, and lauric acids. Estimates for thermal
expansivity and isothermal bulk modulus can be done
for those systems providing reasonable results.
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For different phases, the volume (V) can be written
by the Equation (1),

('3‘_V)d+
6TPT

Or substituting the definitions of expansivity
and compressibility, the Equation (1) becomes
Equation (2),
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Where a is the thermal expansion coefficient and
k is the compressibility. Considering the second
parameter k and inverting it, thus:

(),

Then this inversion is called bulk modulus (K7) and
is defined as [13,14],

1y,
k

()

(4)

Where T is the temperature of the system and the
derivative has to be calculated using an EOS.

Equation (4), has been applied to the solid systems
such as NaCl and MgO at relatively low pressure,
the calculated values of the isothermal bulk modulus
was found agree with available experimental data
in the pressure range.

Jayanti and Venkatarathnam 2016 [8], have shown
the variation of isothermal compressibility (k7)
of solid carbon dioxide with the temperature at
specified pressures, along with that of the vapour
and liquid phases.

The calculations with the vapour phase are
limited to the sublimation region, and those with
the liquid phase to the solid melting region. It can
be seen from their work that the slopes of the
isobars are of the same sign for both the solid
and the liquid phases, while those of the vapour
are of the opposite sign (relative to the solid and
liquid phases). A similar result was also obtained
experimentally by Heberlein et al. [15], in the case
of solid nitrogen.

In this work bulk modulus parameter Ky (T,P)
estimated for the liquid phase is extended to solid
phase. All the values are obtained using the results
from the Peng-Robinson equation of state, with
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the help of an approximation of Equation (4), for ~ Where V, and V, are calculated using the P-R
some fatty acids. Then, considering two different  equation for each state condition.
states, with p, and p,, the result was obtained There are no experimental data reported by any

approximately by: researcher based on the theoretical or experimental
measurement of thermodynamic properties at

K,=-V (%) (5) any pressure. Then, the results will be applied to

=)y estimate the parameters used in the appropriate

equations for the solid phase.
And Equations (7), (8), (9), and (10) are Tait, Vinet,
Birch-Murnaghan and Kholiya et al. 2014, equation

V= VitV (6) of states [16-19], respectively, and here Krand Kr
2 are the bulk modulus and its first-order pressure
derivative at specific p and T, respectively:
— Kr 14 - L -
P(LT)= P [exp {(KT+ D=7 )} 1] (7)
—-2/3 1/3 1/3
P =3k~ [1 =" [exp {3 kr - DA -] (8)
07/3 05/3 o 2/3
PO =3[ L L2 14 S -1 ®
K, -1 -2
P T) =3[kl -3)-2 (K -2 + (Ki -D | (10)
Results and discussion was done previously. The values of the liquid molar

volume (V, cm®ml), the isothermal bulk modulus
Table 1 illustrates the properties of the compounds  (K;) and the thermal expansion coefficient a (T, P)
used in the equation of state in this work. Test of  (K') were determined.
validity of P-R [7], and selection of one to be used

Table 1. Properties for the chemicals [19].

Chemical  p/atm  TJK w TJK  T.K P /bar y2o°c
Lauricacid 1568 74343 1000 571.00 316.98 - 198.61
c12H2402
Pa'm':l'c acid 168 78522 0999 61215 33566  8.266E-08 258.85
C16 3202
Stearicacid 15,5 55509 1018 63420 34249  4.266E-08 282.03
C1BH3602

The density results obtained from P-R Equationare  moduli. Elevating temperature at a given pressure
reported in Franco et al. 2017 [14], along with the decreases all of the elastic moduli, it is also
input data on experimental density. For the sake observed in Table 2. In general, most of the elastic
of comparison, the calculated results presented by ~ moduli exhibit similar pressure dependence at the
Lauric, Palmitic, and Stearic acids are also listed investigated temperature range. It is important
in their work. to mention that Gal 2021 [23], has analysed the
According to Mao et al. 2015 [20], although K, phases o, B, B> and " which showed different
(adiabatic bulk moduli) increases almost linearly  bulk moduli K, and K;," and different zero pressure
with pressure, at 300 K exhibits a downward trend  volumes (Vo) than those reported in the literature.
with pressure due to the softening of the shear
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Table 2. K, (GPa) parameters estimated by using data calculated in this work.

T (K) P(GPa) Stearic acid Palmitic acid Lauric acid
0.1 2.23 2.461 2.595
350 1.0 1.00 2.319 2.657
2.0 1.00 2.407 2517
0.1 1.628 1.673 1.913
400 1.0 1.644 1.699 1.900
2.0 1.676 1.719 1.933
0.1 1.221 1.264 1.385
450 1.0 1.238 1.267 1.389
2.0 1.234 1.268 1.471

The values of K. have been predicted through
P-R Equation using Equation (5), by taking all
input parameters from Table 1 for three different
fatty acids. The results are shown in Table 2 as
a function of temperature in three pressures: 0.1,
1.0 and 2.0 GPa. As the carbon chain decreases,
the effect of temperature in the bulk modulus is
similar for the three acids. In general, the pressure
effect is slightly observed. Apart from Stearic
acid at 350K, it is noted that K remained almost
constant in the range of pressure studied. As the
temperature increases, the K, value decreases.
This was observed in most of the cases studied.
For a given temperature, K.  decreases as the
carbon chain decreases. By comparing the results,
in the pressure ranges of Table 2, it can be seen
that the K, value remains practically unchanged
which results in the derivative Kr around of: 18.2,
29.9 and 61.0 for each acid in the same sequence
presented in Table 2.

Pandey et al, 2015 [21], point out that the input
values of K, (GPa) and K’, for carbon nanotube
bundles, individual carbon nanotubes, and
graphite are taken from literature and is cited here,
in pairs: (37.0;11.0), (230; 4.5) and (33.8, 8.9),
respectively. They have presented the calculated
values of volume compression with pressure for
those systems using the different of states: Suzuki,
Shanker, Tait and Murnaghan Equation of State
(EOS).

To study the compression behavior the present
study requires two input parameters, namely,
K, (GPa) and K’,. In the literature, there are no
experimental values for the long carbon chain
acids. Then, an extrapolation of data from the liquid
phase was done by observing the recommendation
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in the Jayanti and Venkatarathnam’'work. Sigh
et al. 2021 [24], determined the MechElastic
package that can plot the equation of state (EOS)
curves for energy and pressure for a variety of
EOS models such as Murnaghan, Birch, Birch-
Murnaghan, and Vinet, by reading the inputted
energy/pressure versus volume data obtained via
numerical calculations or experiments. This work
will be done soon and is particularly useful for the
high-throughput analysis of elastic and mechanical
properties of materials.

Figures 1-3 shown the behavior of V/V, as a
function of the pressure for the three acids used
in this work.

Figure 1. Compression behavior of Stearic acid using
different EoSs (0 Tait Equation, oVinet Equation,
oBirch-Murnagham Equation, *Kholiya et al. 2014).
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Figure 2. Compression behavior of Palmitic acid using
different EoSs. (¢ Tait Equation, o Vinet Equation,
o Birch-Murnagham Equation, *Kholiya et al. 2014,).

Figure 3. Compression behavior of Lauric acid using
different EoSs. (0 Tait Equation, oVinet Equation,
o Birch-Murnagham Equation, * Kholiya et al. 2014).

In the low compression range by using the suitable
cited of input parameters, all the equations
can provide similar theoretical results as at low
pressure all EOSs give almost the same results.
But as pressure increases the difference of the
values calculated from different EOS increase.
For high compression the small difference in the
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carbon chain has a hard effect on the calculated
values and in the form of an EOS becomes more
significant, different EOSs give different results.
From Figures 1 and 2 it is clear that Tait EOS, Vinet
EOS, Birch-Murnaghan EOS and Kholiya EOS
give results compatible when V/V, is below 0.92
while Figure 3 for Lauric acid gives low results and
hence fails a lot at high pressure. It is pertinent to
mention here that the selection of other set of input
parameters also provides analogous outcome.
Latimer et al. 2018 [25], have commented that
despite over a century of theoretical development
and experimental testing of energy—volume (E-V)
EOS for solids, there is still a lack of consensus
about which equation is indeed optimal, as well as
to what metric is most appropriate for making this
judgment. Recently, the literature [26], has shown
that the characteristic parameters P* V* of the
modified Vander Walls EOS depend only on the
nature of the material and not on its state (liquid,
glassy, solid of different structure), then it would be
interesting to verify this new EOS for acids.

Conclusions

Peng-Robinson equation of state was approved to
represent the pVT behavior for at least three fatty
acids such as Lauric, Palmitic and Stearic. Based
on this finding, the bulk modulus parameters and
its first derivative was estimated and their results
applied to study the behavior of solid compression.
Results have shown that similarly to other materials
the estimated parameter can be calculated by
extrapolation of data from liquid phase but have
considerable influences with the carbon long
chain. Also, at high pressure, it is really necessary
to have experimental data to decide the best EoS
to be chosen.
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Notation

k—bulk modulus, GPa;
P—pressure, Pa;
T—temperature, K;

V—molar volume, cm®mol;
w—admensional acentric fator;
k—compressibility, Pa'.
o—isothermal expansivity, K.
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Subscripts and superscripts
c—critical;

eb—boiling point;

trp—triple point;

S—solid;

S—adiabatic;

O0—at T, temperature;
T—isothermal;

‘—derivative.
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