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ABSTRACT:Deposition of solid diamond-like hydrocarbons may cause drastic problems in natural gas systems, and therefore it is
of interest to know deposit conditions as accurately as possible. Unfortunately, only a few sets of experimental data for solubility of
diamondoids in gaseous systems have been reported in the literature partly because of the difficulties in measurements of very low
concentrations of the latter compounds in the gas phase. Thus, the reliability of the corresponding data must be checked prior to
their applications. In this communication, we present the results of a thermodynamic assessment test (consistency test) based on an
area test approach for experimental solubility data of adamantane and diamantane in supercritical carbon dioxide and ethane. The
modified Esmaeilzadeh�Roshanfekr (m-ER) cubic equation of state (CEoS) along with the vdW2 mixing rules are used to model
the solubility of the aforementioned diamondoids in the latter supercritical gases. The results show that all of the investigated
experimental data sets seem to be thermodynamically consistent.

’ INTRODUCTION

A serious problem in the natural gas industry is deposition of
solids in the formation, in well bores, and in production facilities
especially at high temperature and pressure conditions, especially
during development of newnatural gas/gas condensate reservoirs.1,2

As a consequence, solid deposition leads to increasing production/
operating/maintenance costs and finally a low gas production rate.
Moreover, considering safety margins in the design of the related
equipment accounting for these depositions imposes another excess
costs and time on the projects.1,3

Diamondoid cage hydrocarbons are ringed compounds con-
taining a diamond-like structure consisting of a number of six-
membered carbon rings fused together.1,3�5 They have highly sym-
metrical, strain-free structures and high melting points, which
demonstrate their relative stability.1,4�6 Asmentioned earlier, the
pressure�temperature conditions in natural gas production/
processes may result in deposition of these compounds. There-
fore, the solubility behavior of the diamondoid solids in natural
gases is of great interest.1,3 Furthermore, applications of diamond-
oids as nontoxic and controllable nanostructures have also been
reported in the literature especially in the field of molecular man-
ufacturing in nanotechnology.5

Regarding the aforementioned significances, thermodynamicmod-
els basedon accurate experimental data of solubility of diamondoids in
gaseous systems are needed to reliably determine the phase behavior
of these compounds during natural gas production/processing. In
other words, measuring accurate experimental data on corresponding
phase behaviors is of great interest. However, several error sources in
experimental measurements including calibration of pressure trans-
ducers, temperature probes, and detectors of gas chromatographs and
possible errors during themeasurements of phase equilibria especially
those dealing with low concentrations, improper design of the
equipment, etc. may lead to unreliable experimental data.

This work aims at testing the thermodynamic consistency of
literature data for the solubility of two common diamondoids
(adamantane and diamantine) in supercritical carbon dioxide and
ethane. An area test approach derived from the “Gibbs�Duhem
equation”7�20 is used for this purpose. It is expected that this study
provides a better understanding of diamondoids solubility in the
natural gas system.

’THERMODYNAMIC CONSISTENCY TEST

The thermodynamic relationship, which is frequently used to
analyze thermodynamic consistency of experimental phase equi-
librium data, is the fundamental “Gibbs�Duhem equation”.7�20

This equation, as presented in the literature, interrelates the activity/
fugacity coefficients of all components in a given mixture. If this
equation is not obeyed within the defined criteria then the data
are declared to be thermodynamically inconsistent. It means that
this relation imposes a constraint on the activity/fugacity coeffi-
cients that are not satisfied by the experimental data.7�20 This is
partly due to various errors occurring during experimental works
especially those dealing with high pressures, time-consuming
phase transitions, compositional gradients, hysteresis, etc.21�23

The ways in which the “Gibbs�Duhem equation”7�20 is ar-
ranged and applied to the experimental data have given origin to
several “Consistency Test Methods”, most of them designed for
low-pressure data. Among these are the “Slope Test”, the “Integral
Test”, the “Differential Test”, and the “Tangent-InterceptTest”.7�20

Good reviews of these methods are given elsewhere.7�20

In recent years, Valderrama and co-workers13�17 have performed
thermodynamic consistency tests on various phase equilibrium
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systems. Recently, Eslamimanesh and co-workers2,7,18,19 have
applied almost the same approach for performing the thermo-
dynamic consistency test on significant systems encountered in
the petroleum industry, e.g., water content of methane in equilib-
rium with gas hydrate, liquid water or ice,18 sulfur content of
hydrogen sulfide,19 wax solubility in gaseous systems,2 and solubility
in carbon dioxide/methane and water system inside and outside
the gas hydrate formation region.7

The method, which is based on rewriting the “Gibbs�Duhem
equation”7�20 in terms of fugacity coefficients,2,7,13�20 employed
here is considered as a modeling procedure. Accurate representa-
tion of the experimental data (i.e., the average deviations of the
model results from experimental values are within the acceptable
range according to the studied system and the desired purpose) is
requested to correctly apply the consistency test. Fitting of the
experimental data allows adjustment of some model parameters
through minimizing a defined objective function.2,7,13�20 The
basic requirements of a proper data assessment test have been
well studied earlier.2,7,13�20

Expressions. The “Gibbs�Duhem equation”7�20 for a binary
mixture at constant temperature can be rewritten in terms of the
fugacity coefficients as follows2,7,13�20

Z� 1
P

� �
dP ¼ y1dðln j1Þ þ y2dðln j2Þ ð1Þ

where y represents the solute mole fraction in a fluid phase; P
stands for pressure; d is the derivative symbol; Z is the compres-
sibility factor; andj stands for the fugacity coefficient in the related
phase. In this equation, subscripts 1 and 2 refer to components 1
and 2, respectively. Equation 1 is rearranged as

1
P
dP
dy2

¼ y2
ðZ� 1Þ

dðln j2Þ
dy2

þ ð1� y2Þ
ðZ� 1Þ

dðln j1Þ
dy2

ð2Þ

or in integral form as followsZ
1
Py2

dp ¼
Z

1
ðZ� 1Þj2

dj2 þ
Z ð1� y2Þ

y2ðZ� 1Þj1
dj1 ð3Þ

The properties j1, j2, and Z can be calculated using an
appropriate thermodynamic model.
In eq 3, the left-hand side is designated by Ap and the right-

hand side by Aj, as follows
2,7,13�20

Ap ¼
Z

1
Py2

dP ð4Þ

Aj ¼ Aj1 þ Aj2 ð5Þ

Aj1 ¼
Z ð1� y2Þ

y2ðZ� 1Þj1
dj1 ð6Þ

Aj2 ¼
Z

1
ðZ� 1Þj2

dj2 ð7Þ

Thus, if a set of data is considered to be consistent, Ap should
be equal to Aj within acceptable defined deviations. To set the
margins of error, a percent area deviation (100 3ΔAi/Ai) between

experimental and calculated values is defined as2,7,13�20

100 3ΔAi=Ai ¼ 100
Aji

� Api

Api

" #
ð8Þ

where i refers to the data set number. Themaximumvalues accepted
for these deviations regarding the proposed systems are evaluated
using suitable mathematical procedures. The detailed derivations of
the preceding equations can be found elsewhere.2,7,13�20

’THERMODYNAMIC MODEL

Smith and Teja3 have already shown that the solubility of
diamondoids in gaseous systems can be well represented using
conventional thermodynamic models adopted for representation of
solid compounds in supercritical fluids by applying a three-parameter
equation of state (EoS) for evaluation of fugacity coefficients. For
phase equilibrium calculations, the equality of the fugacity of solute to
its fugacity in supercritical fluid is assumed as follows1,23

f si ¼ f supercriticali ð9Þ
where f refers to the fugacity; superscript s denotes the solid state; and
subscript i stands for ith component in the mixture. Taking into
account the following assumptions:23

1. the supercritical fluid is assumed to be insoluble in the solid
(solute-containing) phase;

2. the molar volume of the solute is pressure-independent;
3. the fugacity coefficient of the solute at saturation is unity,

eq 9 is written as23

Pi
sat exp

vsiðP� PisatÞ
RT

� �
¼ yijiP ð10Þ

where v is the solid molar volume; R represents the universal gas
constant; T refers to temperature; and superscript sat stands for
saturation conditions. The values of sublimation pressures (Pi

sat)
and solid molar volumes (vs) are taken from GPA Research Report
171,1which have been reported inTable 1 alongwith other required
physical parameters. For evaluation of the fugacity of diamondoids
in the gas phase, the modified Esmaeilzade�Roshanfekr (m-ER)
cubic three-parameter equation of state (CEoS)24,25 along with
vdW2mixing rules8,12,23 has beenused. Previous studies23�26 demon-
strated that the calculated/predicted phase behavior in the solid
compound þ supercritical fluid system using the aforementioned
CEoS24,25 ismore accurate than the similar Patel�Teja (PT) EoS.27

The detailed description of the applied CEoS24,25 and mixing
rules8,12,23 has been presented in previous articles.23�26

Table 1. Physical Properties of the Investigated
Compounds1,3

T Psata vsb 3 10
3 Tc

c Pc
d

substance K MPa (m3
3mol�1) K MPa ωe

carbon dioxide -* - 304.13 7.377 0.2239

methane - - 190.564 4.599 0.0114

ethane - - 305.32 4.872 0.0995

adamantane 333 2.52 3 10
�4 0.1273 703 2.92 0.185

diamantane 333 2.21 3 10
�6 0.1554 791 2.26 0.163

353 1.37 3 10
�5 0.1554

a Sublimation pressure. b Solid molar volume. cCritical temperature.
dCritical pressure. eAcentric factor. *Not required.
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Methodology. The following algorithm is applied for the
thermodynamic consistency test:2,7,13�20

1. Determine Ap from eq 4 using the experimental P�T�y
(pressure�temperature�molar composition of diamond-
oids in the gas phase) data. Use a numerical integration for
this purpose. In this work, Simpson’s 3/8 rule28 has been used

2. Evaluate Aj by eqs 5 to 7 using the obtained values for j2

and Z from the thermodynamic model23 for the proposed
system and y2 from experimental data.

3. For every set of the experimental data, determine an absolute
percent area deviation (100 3ΔAi/Ai) between experimen-
tal (Ap) and calculated values (Aji) using eq 8.

Consistency Criteria. The deviations of the thermodynamic
model results should lie within a defined acceptable range. In this
work, the accepted absolute relative deviations (ARDs) for the
calculated mole fractions of diamondoids in the supercritical
phase (defined by the following equation) are considered to be
between (0 and 20) % according to capabilities of the thermo-
dynamic model23 for this purpose2,7,13�20

100 3ARD ¼ 100
jycalcdi � yexptli j

yexptli

ð11Þ

where superscripts calcd and exptl refer to calculated and experi-
mental values, respectively.
It is shown that the ARDs percent of the model23 results from

experimental values1 are generally less than 20 %. Therefore, the
model can be considered acceptable for the data assessment test.

Table 2. Experimental Data1,3 Ranges Used for Performing
the Thermodynamic Assessment Test

range of data

system set no. T/K Na P/MPa y2
c
3 10

4 refb

adamantane þ CO2 1 333 5 7.7 to 20.06 4.13 to 64 1,3

adamantane þ CH4 2 333 3 5.62 to 20.08 0.83 to 4.23 1,3

adamantane þ C2H6 3 333 5 8.1 to 20.06 37.5 to 384 1,3

diamantane þ CO2 4 333 4 12.62 to 20.1 0.29 to 7.08 1,3

diamantane þ CH4 5 353 4 17.37 to 20.09 0.71 to 1.09 1,3

diamantane þ C2H6 6 333 3 10.1 to 20.06 5.25 to 52.4 1,3
aNumber of experimental data. bReference of experimental data.
cDiomondoids solubility (mole fraction).

Table 4. Detailed Results of Thermodynamic Data Assessment Test on the Investigated Experimental Data1,3

system T/K P/MPa Za j2
gf j1

gg Ap
b Aj

c 100 3ΔAi/Ai
d TRe

adamantane þ CO2 333 7.70 0.65570 0.11291 0.72589 733.006 586.494 19.988 TCh

10.17 0.52363 0.04154 0.64849

12.59 0.43315 0.01558 0.58026

16.65 0.42522 0.00694 0.49461

20.06 0.45647 0.00494 0.44610

adamantane þ C2H6 333 8.10 0.37881 0.00517 0.57718 38.245 35.189 7.990 TC

11.04 0.38532 0.00178 0.48067

12.72 0.41220 0.00129 0.44371

15.93 0.47775 0.00096 0.39357

20.06 0.56697 0.00082 0.35298

diamantane þ CO2 333 12.62 0.44345 0.00202 0.58420 1273.873 1182.235 7.194 TCh

15.12 0.42368 0.00091 0.52706

17.55 0.43516 0.00061 0.48405

20.10 0.45822 0.00047 0.44904

diamantane þ C2H6 333 10.10 0.39645 0.00027 0.50506 213.422 166.947 21.777 TCh

13.13 0.49683 0.00008 0.38325

20.06 0.56532 0.00007 0.35059
aCompressibility factor. bArea of integral related to the experimental data. cArea of integral related to the calculated values. dArea deviation. eTest result.
f Fugacity coefficient of diamondoids in the gas phase. g Fugacity coefficient of supercritical gas. hTC: thermodynamically consistent data.

Table 3. Calculated Solubility of Diamondoids in the Gas-
eous System Using the Thermodynamic Model23

set no. T/K P/MPa y2
exptla

3 10
4 y2

calcdb
3 10

4 kij
c lij

c ARDd %

1 333 7.70 4.13 3.49 0.277 0.283 15.5

10.17 8.85 8.85 0.0

12.59 23.30 19.50 16.3

16.65 43.90 44.55 1.5

20.06 64.00 64.00 0.0

3 333 6.07 37.50 16.27 0.041 0.036 56.6

8.10 87.30 87.30 0.0

11.04 188.00 212.97 13.3

12.72 265.00 274.13 3.4

15.93 343.00 342.42 0.2

20.06 384.00 384.00 0.0

4 333 8.13 0.30 0.15 0.196 0.270 49.6

10.14 0.57 0.45 20.4

12.62 1.75 1.75 0.0

15.12 3.69 3.75 1.7

17.55 5.53 5.53 0.0

20.10 7.08 7.07 0.1

6 333 7.65 5.25 3.06 0.034 0.160 41.6

10.1 13.80 13.80 0.0

13.13 27.30 27.96 2.4

16.58 63.40 44.06 30.5

20.06 52.40 52.40 0.0
a Experimental diamondoids solubility in the gas phase (mole fraction).
bCalculated diamondoids solubility in the gas phase (mole fraction). cThe
order of magnitude of the binary interaction parameters is in agreement with
those reportedbySmith andTeja.3 d100 3ARD=100((|y2

calcd� y2
exptl|)/y2

exptl).
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For determination of the acceptable percentages of the two
evaluated areas' deviations from each other, the error propagation
has been performed on the existing experimental data. This was
done using the general equation of error propagation,28,29 consider-
ing the temperature and mole fraction of diamondoids in the
supercritical phase as the independent measured variables.2,7,13�20

The calculated individual area (Aj) is the dependent variable of
interest. The error in the calculated areas, EA, is calculated as
follows2,7,13�20

EA ¼ DAjj

DT

� �
ΔT þ DAjj

Dy

� �
Δy ð12Þ

and consequently the percent error in the areas

100 3 EA ¼ 100

�����EAAjj

�����
2
4

3
5 ð13Þ

where subscript j refers to the jth calculated area and ∂ andΔ are
the partial derivative and difference operators, respectively. We
assume maximum uncertainties of ( 0.3 K for the experimental
temperature and ( 5 % for the experimental solubility data.1

However, these uncertainties depend on the method of experi-
mental measurements: e.g., the method used by Teja and co-
workers1,3 is based on a dynamicmethod. Themaximum acceptable
errors are highly dependent on the uncertainty of solubility
measurements, and one can also neglect the first right-hand side
term of eq 12. However, the uncertainty for the measurement of
solubility of diamondoids is high, and that is why it is justified to
perform our thermodynamic consistency test on such data.
Because analytical derivatives are not so simple regarding the

expression of them-ER-EoS24,25 with vdWmixing rules,8,12,23 the
partial derivatives of the two preceding equations have been
evaluated using the central finite difference28 method. It results in
the100 3ΔAi/Aibetween (0 and23)%.Therefore, the range [0,23]%
is established as the acceptable error range of calculated areas (Ai)
of thermodynamically consistent data resulting from eqs 4 to 7.
The thermodynamic consistency test criteria are applied based

on the steps well-presented in our previous works.2,7,13�20

’RESULTS AND DISCUSSION

Six experimental isothermal data1,3 of solubilities of adaman-
tane and diamantane in supercritical carbon dioxide, methane,
and ethane have been treated here for the data assessment test.
Table 2 summarizes the ranges of the data.

The results of calculations of solubilities of investigated diamond-
oids in supercriticalCO2 and ethane are shown inTable 3. The tuned
binary interaction parameters using the proposed thermodynamic
model23 are also reported in this table. It is implied that the applied
model is able to represent four of the experimental solubility data sets
within the acceptable absolute deviation range of [0,20] % requested
for a successful data assessment test. However, it has been found out
that the applied model can not well represent the experimental
solubility data of diamondoids for the systems containing methane.
This conclusion is in agreementwith the previous statement of Smith
and Teja3 regarding these systems with unusual phase behaviors:
“However, the CH4�adamantane system could not be correlated
satisfactorily even with two adjustable parameters”.3

Table 4 reports the results of the thermodynamic consistency test
for solubilities of investigated diamondoids in supercritical carbon
dioxide and ethane. It should be noted that the data points for which

the proposed thermodynamic model does not lead to the devia-
tions within the acceptable range are ignored for the assessment test.

The results show that all of the studied experimental data that
are well-represented by the applied thermodynamic model23

seem to be thermodynamically consistent. This fact demonstrates
the capability of the experimental procedure of measuring these
solubilities using the dynamic method in spite of several difficul-
ties in such measurements. Another element inferred from the
test results is that these measurements have been done with
careful calibration of the measuring devices like pressure trans-
ducers and temperature probes.

Furthermore, the results of such a test introduce a procedure
to select the experimental data by which a thermodynamic model
is supposed to be tuned and optimal values of themodel parameters
are supposed to be obtained. Thermodynamically inconsistent
data (sometimes not fully consistent data) used for tuning of the
models will bring about inaccurate predictions of the model in
further applications, and the cause of such deviations may not be
easily figured out.2,7,13�20

Moreover, it should be noted that the performed consistency test
method has been developed based on the “Gibbs�Duhem
equation”,7�20 which holds for homogeneous phases. Due to the
fact that the solubility of diamondoids in the gas phase is very low, it
is assumed that the gas phase is a homogeneous one. Finally, more
meticulous studies should be done to develop thermodynamic
models suitable for representation of the solubility data for the
methane þ diamondoids system. Having applied a proper model,
the consistency test of the corresponding data would be possible.

’CONCLUSIONS

A thermodynamic data assessment test was applied to the four
isothermal experimental data sets1,3 for solubilities of adaman-
tane and diamantane in supercritical carbon dioxide and ethane.
The data assessment test was based on the area test approach
derived from the original “Gibbs�Duhem equation”7�20 at constant
temperature. The m-ER CEoS24,25 with vdw2 mixing rules8,12,23

was used to model the corresponding solubilities. The results
showed that the aforementioned experimental solubility data,
which are generally well-represented by the applied model,23

seem to be thermodynamically consistent. In addition, the results
indicated that the measurements of such data must be done
accurately and deliberately to be able to use them in tuning of the
future thermodynamic models for predictions/representation of
solubility of diamondoids in the gaseseous system.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: amir-hossein.mohammadi@mines-paristech.fr. Tel.:
þ (33) 1 64 69 49 70. Fax: þ (33) 1 64 69 49 68.

Funding Sources
The financial support of the ANR (Agence Nationale de la
Recherche) and OSEM (Orientation Strat�egique des Ecoles des
Mines) is gratefully acknowledged. Ali Eslamimanesh wishes to
thank MINES ParisTech for providing a PhD scholarship.

’ACKNOWLEDGMENT

The authors are grateful to Prof. Amyn S. Teja and Prof. G. Ali
Mansoori for useful comments on the modeling part and Prof.



2659 dx.doi.org/10.1021/je200193n |J. Chem. Eng. Data 2011, 56, 2655–2659

Journal of Chemical & Engineering Data ARTICLE

Jos�e O. Valderrama for the fruitful discussions done on the
consistency test issue.

’REFERENCES

(1) Teja, A. S.; Smith, V. S.; Sun, T. S.; Mendez-Santiago J. Solids
deposition in natural gas systems. Research Report 171, GPA project
905�93, 2000.
(2) Mohammadi, A. H.; Eslamimanesh, A.; Richon, D. Wax solubi-

lity in gaseous system: Thermodynamic consistency test of experimental
data. Ind. Eng. Chem. Res. 2011, 50 (8), 4731–4740.
(3) Smith, V. S.; Teja, A. S. Solubilities of diamondoids in super-

critical solvents. J. Chem. Eng. Data 1996, 41, 923–925.
(4) Wingert, W. S. G.c.-m.s. analysis of diamondoid hydrocarbons in

Smackover petroleums. Fuel 1992, 71, 37–43.
(5) Xue, Y.; Mansoori, G. A. Self-assembley of diamondoid mol-

ecules and derivatives (MD simulations and DFT calculations).
Int. J. Mol. Sci. 2010, 11, 288–303.
(6) Fort, R. C., Jr. Adamantane The Chemistry of Diamond Molecules;

Marcel Dekker, Inc.: New York, 1960.
(7) Eslamimanesh,A.;Mohammadi, A.H.; Richon,D.Thermodynamic

consistency test for experimental solubility data in carbon dioxide/
methane þ water system inside and outside gas hydrate formation
region. J. Chem. Eng. Data 2011, 56 (4), 1573–1586.
(8) Prausnitz, J. M.; Lichtenthaler, R. N.; Gomez de Azevedo, E.

Molecular Thermodynamics of Fluid Phase Equilibria; Prentice-Hall, Inc.:
NJ, 1999.
(9) Smith, J. M.; Van Ness, H. C.; Abbott, M. M. Introduction to

Chemical Engineering Thermodynamics, 6th ed.; McGraw-Hill: New York,
2003.
(10) Van Ness, H. C.; Abbott, M. M. Classical Thermodynamics of

Non-electrolyte Solutions; McGraw-Hill: New York, 1982.
(11) Raal, J. D.; M€uhlbauer, A. L. Phase Equilibria: Measurement and

Computation; Taylor & Francis: WA, 1998.
(12) Poling, B. E.; Prausnitz, J. M.; O’Connell, J. P. The Properties of

Gases and Liquids, 5th ed.; McGraw-Hill: New York, 2001.
(13) Valderrama, J. O.; Alvarez, V. H. A versatile thermodynamic

consistency test for incomplete phase equilibrium data of high-pressure
gas�liquid mixtures. Fluid Phase Equilib. 2004, 226, 149–159.
(14) Valderrama, J. O.; Robles, P. A. Thermodynamic consistency of

high pressure ternary mixtures containing a compressed gas and solid
solutes of different complexity. Fluid Phase Equilib. 2006, 242, 93–102.

(15) Valderrama, J. O.; Zavaleta, J. Thermodynamic consistency test
for high pressure gas�solid solubility data of binary mixtures using
genetic algorithms. J. Supercrit. Fluids 2006, 39, 20–29.
(16) Valderrama, J. O.; Re�ategui, A.; Sanga, W. E. Thermodynamic

consistency test of vapor-liquid equilibrium data for mixtures containing
ionic liquids. Ind. Eng. Chem. Res. 2008, 47, 8416–8422.
(17) Valderrama, J. O.; Fa�undez, C. A. Thermodynamic consistency

test of high pressure gas�liquid equilibrium data including both phases.
Thermochim. Acta 2010, 499, 85–90.

(18) Eslamimanesh, A.; Mohammadi, A. H.; Richon, D. Thermo-
dynamic consistency test for experimental data of water content of
methane. AIChE J. 2011, in press.
(19) Eslamimanesh, A.; Mohammadi, A. H.; Richon, D. Thermo-

dynamic consistency test for experimental data of sulfur content of
hydrogen sulfide. Ind. Eng. Chem. Res. 2011, 50, 3555–3563.

(20) Bertucco, A.; Barolo, M.; Elvassore, N. Thermodynamic con-
sistency of vapor-liquid equilibrium data at high pressure.AIChE J. 1997,
43, 547–554.
(21) Lemoine, B.; Li, Y. G.; Cadours, R.; Bouallou, C.; Richon, D.

Partial vapor pressure of CO2 and H2S over aqueous methyldiethano-
lamine solutions. Fluid Phase Equilib. 2000, 172, 261–277.
(22) Coquelet, C.; Galicia-Luna, L. A.; Mohammadi, A. H.; Richon,

D. The essential importance of experimental research and the use of
experimental thermodynamics to the benefit of industry. Fluid Phase
Equilib. 2010, 296, 2–3.

(23) Yazdizadeh, M.; Eslamimanesh, A.; Esmaeilzadeh, F.
Thermodynamic modeling of solubilities of various solid compounds
in supercritical carbon dioxide: Effects of equations of state and mixing
rules. J. Supercrit. Fluids 2011, 55, 861–875.

(24) Esmaeilzadeh, F.; Roshanfekr, M. A new cubic equation of state
for reservoir fluids. Fluid Phase Equilib. 2006, 239, 83–90.

(25) Bonyadi, M.; Esmaeilzadeh, F. A modification of the alpha
function (R), and the critical compressibility factor (ζc) in ER
(Esmaeilzadeh�Roshanfekr) equation of state. Fluid Phase Equilib.
2008, 273, 31–37.

(26) Eslamimanesh, A.; Esmaeilzadeh, F. Estimation of the solubility
parameter by the modified ER equation of state. Fluid Phase Equilib.
2010, 291, 141–150.

(27) Patel, N.; Teja, A. S. A New Cubic Equation of State for Fluids
and Fluid Mixtures. Chem. Eng. Sci. 1982, 37, 463–473.

(28) Constantinides, A.; Moustofi, N. Numerical Methods for Che-
mical Engineers with MATLAB Applications; Prentice Hall PTR: NJ,
1999.

(29) Mickley, H. S.; Sherwood, T. K.; Reed, C. E. Applied Mathe-
matics in Chemical Engineering; McGraw Hill: New York, 1957.


