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Accounting for dipolar interactions in a physically based equation of state (EOS) can
substantially improve the modeling of phase equilibria of real mixtures. An EOS contri-
bution for dipolar interactions of nonspherical molecules is developed based on a
third-order perturbation theory. Molecular simulation data for vapor-liquid equilibria of
the two-center Lennard—Jones (2CLJ) plus pointdipole fluid is used to determine model
constants of the EOS. The resulting model is compared to simulation data of pure dipolar
nonspherical molecules and their mixtures and an excellent agreement is found. The
proposed dipole term is applied to real substances with the perturbed-chain statistical
associating fluid theory (PC-SAFT) EOS and it is confirmed that accounting for dipolar
interactions not only reduces the binary interaction parameter, but also improves the
description of pure component and mixture phase equilibria. Literature values for the
dipole moment can thereby be used and no further dipole-related pure component
parameter has to be adjusted. This constitutes an advantage over earlier approaches,
where dipole-related parameters were fitted to pure component data or to mixture data.
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Introduction

Many of the newer thermodynamic models applied in sci-
ence and engineering practice are derived from statistical me-
chanical fluid theories. The description of long-range interac-
tions, whether from polar charge distribution or from
permanent (ionic) charges, however, remains challenging. Al-
though appropriate theories are available for dilute conditions,
the behavior of dense polar or ionic fluids is subject to exten-
sive research. Molecular simulations have long since played an
important role in evaluating fluid theories but they may also
more directly aid in bridging the gap to polar systems, as a
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previous investigation—among many other examples—target-
ing on quadrupolar molecules has shown.!

There are two prominent routes toward a description of
dipolar interactions. One is given through integral equations
and the other is through perturbation theories, where a known
nonpolar reference fluid is defined and the dipolar contribution
to the intermolecular interactions is considered as a perturba-
tion. Perturbation theories for polar fluids converge slowly and
are thus commonly given as third-order expansions written in
a Padé approximation, as first suggested by Stell et al.2> Simple
engineering-like expressions for the involved pair correlation
integrals were proposed by Rushbrooke et al.* for fluids exhib-
iting hard repulsion and later, also accounting for ionic charges,
by Henderson et al.> Gubbins and Twu® elaborated multipolar
and nonspherical components, and their mixtures, and derived
simple expressions for fluids with a Lennard—Jones (LJ) refer-
ence potential. Those equation-of-state (EOS) contributions
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were subsequently applied to real substances in combination
with different equations of state.”'° Later, several modifica-
tions of the statistical associating fluid theory (SAFT) EOS
developed by Chapman et al.,'' based on the thermodynamic
perturbation theory of first order,'>'> were applied to polar
fluids. Kraska and Gubbins'® thereby considered LJ-chain mol-
ecules, whereas Jog and Chapman'” developed an expression
suitable for multiple polar sites in chain molecules. The per-
turbed-chain statistical associating fluid theory (PC-SAFT)
EOS of Gross and Sadowski'®!® was applied to quadrupolar
substances?® considering a quadrupole term proposed by
Saager and Fischer.?! Excellent results were also obtained by
Tumakaka and Sadowski?? using the approach of Jog and
Chapman for copolymers. The effect of nonspherical molecular
shape on the polar contribution was studied by Boublik?3.24
considering the radial distribution function of a Gaussian over-
lap fluid. A far-reaching investigation on the structure and
vapor-liquid equilibria of dipolar site—site fluids was presented
by Lupkowski and Monson?>2¢ and McGuigan et al.?” Their
work is based on cluster perturbation theory and delivers re-
markable results when compared to simulation data, as a study
by Dubey et al.?® shows.

Molecular simulation data for structural properties (pair-
correlation function) of the reference fluid has gone into most
of the aforementioned models, whereas Saager et al.>® and
Saager and Fischer?' have suggested a different approach.
Rather than using structural (microscopic) properties from mo-
lecular simulations, they performed molecular simulations for
vapor-liquid equilibria and used properties of the macroscopic
system to obtain a dipole—dipole term and a quadrupole—
quadrupole term by fitting empirical expressions to the simu-
lation data. The simulations were performed for two-center
Lennard—Jones (2CLJ) plus pointdipole fluids with fixed mo-
lecular elongation (L* = 0.505). This approach was shown to
give good results for real substances,?*-3> whereas the applica-
tion to strongly asymmetric mixtures is nontrivial because of
the empirical nature of the polar expressions.

In this work, an equation-of-state contribution for dipolar
interactions of nonspherical molecules is derived. The model is
based on a third-order perturbation theory written in the Padé
approximation and model constants were adjusted to compre-
hensive vapor—liquid equilibrium data3? of pure 2CLJ plus
pointdipole molecules. The advantage of adopting the mathe-
matical form of a perturbation theory is on the one hand the
obvious treatment of mixtures and on the other hand the simple
extension to strongly nonspherical components and asymmetric
mixtures. After an outline of the theory and a comparison of the
EOS to molecular simulation data, the dipole term in combi-
nation with the PC-SAFT EOS is applied to real substances.

Theory

Our interest focused on deriving a model suitable for polar
and strongly nonspherical (chain) molecules and we thus even-
tually aim at an EOS contribution for tangent-sphere chain
models. The tangent-sphere model assumes molecules to con-
sist of chains of m freely jointed spherical segments, where, for
the case of a noninteger value for m, the model is not rigorously
defined. It was shown previously,! however, that for small
molecules with segment numbers (1 = m = 2), the tangent-
sphere model can with good precision be brought to congru-
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ence with the more elaborate 2CLJ model. This is important
here because it allows the development of an EOS suited for
both molecular models.

The 2CLJ plus pointdipole model consists of two Lennard—
Jones sites located at a distance L apart from each other and a
pointdipolar site of moment w positioned in the geometric
center and aligned along the molecular axis. The intermolecu-
lar pair potential can thereby be divided into that of a 2CLJ
fluid and the contribution from the dipolar forces, as

u(rij’ ;, 0—’/) = MZCLJ(I.U’ ®;, wj) + ”DD(I'U, ®;, wj) (D
where r;; is the vector from one molecular center to the other
and w, denotes a set of two molecular orientation angles {6,,
¢;}. The pair potential of the pure 2CLJ fluid can conveniently

be written as a two-site LJ potential

MQCLJ(rip w;, wj) = 2 E 48[((7) - (l) ] (2)

a=1B=1 Tap Fap

where o and ¢ are, respectively, the Lennard—Jones segment
size and segment energy parameters; and r,g is the distance
between two LJ sites of different molecules i and j. The dipolar
contribution®* is

M’)D(riﬁ w;, wj) = _I-Li/*‘f/'|rij|73

X [2 cos B,cos 0; — sin O;sin Oicos(p; — d)]  (3)
where u; is the dipole moment, 6, is the polar angle of the
dipole formed with the vector r;;, and ¢, is the azimuthal angle
thereof.

By applying a perturbation theory to the intermolecular
potential, Eq. 1 results in an EOS given in the residual Helm-
holtz energy A", as

ij>

ATes AZ CLJ ADD

NKT ~ NKT * NAT @
where A% is the residual Helmholtz energy of the 2CLJ
reference fluid, A”” is the contribution from dipole—dipole
interactions, N denotes the total number of molecules, and k is
the Boltzmann constant.

Similar to our previous work,! we consider an EOS for
in Eq. 4, which is based on the thermodynamic perturbation
theory of first order!!-!5 and consists of a Lennard—Jones EOS33
and an expression for the radial distribution function g"’(¢) in
the so-called chain term.3¢

Here it is necessary to translate between the molecular
parameters of the tangent-sphere model and the 2CLJ model
and, to do so, we adopt a simple scheme, where the segment
size parameter o for both models is equal and thus

AZCL./

4 m
_ 2CLJ _ 2CL] %2 — _ (, %2CLJ\2
o=0 e= 7€ pre =g (we)
m? m’
— sx2CLJ %k — sx2CLJ
TE=, T P 4P %)
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Table 1. Model Constants of the Dipole Equation-of-State Contribution

i doi ayi asi by, by by; Coi Cii Cai
0 0.3043504 0.9534641 —1.1610080 0.2187939  —0.5873164 3.4869576  —0.0646774  —0.9520876  —0.6260979
1 —0.1358588  —1.8396383 4.5258607  —1.1896431 1.2489132  —14.915974 0.1975882 2.9924258 1.2924686
2 1.4493329 2.0131180 0.9751222 1.1626889  —0.5085280 15.372022 —0.8087562  —2.3802636 1.6542783
3 0.3556977  —7.3724958  —12.281038 0 0 0 0.6902849  —0.2701261  —3.4396744
4 —2.0653308 8.2374135 5.9397575 0 0 0 0 0 0
Every dimensionless molecular elongation L* = L/o is then 4
. . .. . g
(with satlsfactor}.l precision) related to an .equ1valent.segment J%? = E ( i+ by kT) " (10)
number m and this dependency was determined by adjusting m n—0
to simulation data of the 2CLJ fluid from Stoll et al.3* The
relation between elongation L* and segment number m is then
given by
%uk E Cy :/k”’) (11)

m=1+0.1795L* + 3.3283L*? — 3.8855L**

+ 1.3777L** forO=L*=1 (6)

This expression is slightly different from the one obtained
earlier! because the simulation data for the nonpolar 2CLJ fluid
were somewhat improved in the work of Stoll et al.3* compared
with earlier data from the same group.?’

In the perturbation theory we consider terms of up to third
order written in the Padé approximation,? so that the Helmholtz

energy contribution AP to Eq. 4 is given as
AP? A NKT ,
NKT 1 — A4/A, @)

with A, and A5 as the second-order and third-order perturbation
terms, respectively. For linear and symmetric molecules, these
perturbation terms can be written'2434 as

A Eii €j (r?lofj
Ni = TTp 2 E)C X kaT O'?J nu,inu,jl"“ JZ ij
®)
and
A, s
s _ 7%
NkT P 2 E kz
i
& & skk 0-310-30-3’(
X Xl-.Xij B npu ln)J. _/n[J. k"“ M‘ J “/ k J?ng (9)

kT kT kT 0,005

where p denotes the molecular number density, x; is the mole
fraction, w® = u?/(me;0;) is the dimensionless squared
dipole moment, and the combining rules are &; = (g,£,)"” and
o; = (0; + 0)/2. The abbreviations J,; and J;;; denote
integrals over the reference-fluid pair-correlation function and
over three-body correlation functions, respectively. With the
same reasoning as in a previous study! we assume simple
power functions for these integrals, as
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n=0

where 7 is a dimensionless density and the relation between m
and p depends on the considered EOS, as detailed in the
appendix published in the work of Gross.! The coefficients in
Egs. 10 and 11 depend on chain length m with

my; — 1 m;—1m;—2
an,ij = aﬂn + aln + m a2n (12)
ij i i
m; — 1 my;—1m;—2
bn,ij: b0n+ bln+ b2n (13)
ij ij i
and
m,-,-k -1 m,-jk -1 m,—,—k -
Cy Wik T = Con + : Cin + : Con (14)
m,'jk m,'jk m,'/'k

and where for combining rules of the chain length, we define

m; = (mm)"?  withm; <2 (15)

my = (mmmy)'" with m;;, =2 (16)

The model constants in Eqs. 12—-14 were adjusted to simulation
data of Stoll et al.,** whereby molecular simulations of the spher-
ical Stockmayer fluids were considered for determining the 15
constants a,,, b,, and c,, and simulation data of nonspherical
molecules, ranging from L* = 0.2 to L* = 1, were used to adjust
the 21 selected constants a,,,, a,,; by,, b,,; and c,,, ¢,,. More
specifically, the data considered for the fitting procedure consisted
of vapor pressure data, saturated liquid and vapor density data
(0.55T7* = T* = 0.99T*), and virial coefficients. The resulting
model constants are given in Table 1.

An important restriction to the formalism suggested here is
that the dipole moment is allowed to stretch over only two
segments [that is, m; = 2 and my = 2 in Egs. 15 and 16
because only molecules with an elongation of L* = 1 (equiv-
alent to m = 2) were considered in the regression of the model
constants]. This restriction however does not imply that the
molecules are restricted to two segments. Rather, it is possible
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Figure 1. Vapor-liquid equilibrium of the spherical dipo-
lar LJ fluid (Stockmayer fluid) for various
squared dipole moments.

Comparison of simulation data (symbols: Stoll et al.?3) to the
proposed equation of state (EOS) theory (solid lines) and to
the model of Saager and Fischer (dashed lines).

to consider a molecule with larger segment number m, where
the dipole moment (of a functional group) stretches over only
two or fewer segments. This is ensured by limiting the values
of m; and m;; to a maximum value of 2 in Eqgs. 15 and 16 and
the restriction thus acts only on the polar terms. If a molecule
possesses multiple functional groups, such as copolymers with
polar repeat units, then the number of dipolar moments per
molecule is accounted for through the number of dipolar mo-
ments 7, ; as suggested by Jog and Chapman!’-3 and in a
somewhat different scheme by Walsh et al.* In the case of low
molecular weight substances and within the scope of this study
the number of dipolar moments 7, ; is equal to unity.

A further restriction has gone into the model through the
considered dipolar components, that is, the axial alignment of
the dipole moment. It was shown by Vega et al.*0 that an
orientation of dipole moments perpendicular to the molecular
axis leads to a considerably more substantial effect on physical
properties compared with the axial alignment. If the proposed
EOS is applied to a component where the dipole vector is
oriented, say perpendicular to the molecular axis, one can thus
expect a dipolar contribution that is somewhat too low. Al-
though in the present study we use only dipole moments from
the literature to demonstrate the physical basis of the EOS, in
the future it may also be a sensible measure to adjust a
dipole-related parameter to pure component data.

Results for Pure 2CLJ Plus Dipole Fluids

A comparison of the proposed EOS with simulation data3?
for the vapor-liquid equilibrium of spherical LJ fluids (Stock-
mayer) with varying dipolar moments is given in Figures 1 and
2. A similar comparison is presented in Figures 3 and 4 for the
case of different 2CLJ plus dipole fluids with an elongation of
L* = 1. Considering the wide range of conditions covered by
the simulation data, the correlation results are highly satisfac-
tory. The overestimation of the critical point is already ob-
served for the nonpolar case and the polar contribution does not
aggravate these deviations.

The model constants were adjusted to simulation data, al-
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Figure 2. Vapor-pressure curves of the spherical dipolar
LJ fluid (Stockmayer fluid) for various squared
dipole moments.

Comparison of simulation data (symbols: Stoll et al.?3) to the
proposed EOS theory (solid lines) and to the model of Saager
and Fischer (dashed lines).

whereby Joule—-Thomson inversion points were not considered.
A comparison of Joule-Thomson inversion points*! deter-
mined from molecular dynamics simulations and calculations
of the EOS model are depicted in Figure 5. The diagrams
indicate that the significant influence of a dipolar moment on
this property is very well captured by the model.

Results for Mixtures of 2CLJ Plus Dipole Fluids

The vapor-liquid equilibria of a dipolar 2CLJ fluid and a
nonpolar spherical LJ fluid are given in Figure 6. The simula-
tion data of Stoll et al.*> were generated for a mixture of real
components (carbon monoxide and methane), considering a
binary interaction parameter, and the phase behavior of the real
mixture was reproduced with good accuracy. The binary inter-
action parameter considered in the molecular simulations was
introduced to derive an improved representation of the behav-
ior of the real mixture, which is defined as a correction to the
unlike energy parameter of the Berthelot—Lorentz combining
rule, as g; = (g,¢,)*°(1 — k;). This definition is also common

2.5

2.0 1
x
|_
15 & 1
s L]
° p*2=45
3 p*2=3
o u*=15 )
1.0 N E.2=0
) this yvork ‘
0.0 0.2 0.4 0.6 0.8
p*
Figure 3. Vapor-liquid equilibrium of the 2CLJ fluid with

fixed molecular elongation L* = 1 (dimer) and
various squared pointdipole moments p*2.

Comparison of simulation data (symbols: Stoll et al. 33) to the
proposed EOS theory (lines).
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Figure 4. Vapor-pressure curves of the 2CLJ fluid with
fixed molecular elongation L* = 1 (dimer) and
various squared pointdipole moments p*2.
Comparison of simulation data (symbols: Stoll et al.33) to the
proposed EOS theory (lines).

in equations of state and the k; value introduced in the simu-
lations can also be used in the theory. The EOS is thus applied
without any adjustable parameter because the pure component
parameters and the binary interaction correction considered in
the simulations were used and, in doing so, the model is in

Figure 6. Simulation data (Stoll*?) for the vapor-liquid
equilibrium of a mixture of the 2CLJD [L* =
0.3455 and (u*2°)2 = 2.9710] and the LJ fluid

at four temperatures.
For the simulations, pure component parameters and binary
interaction parameter were adjusted to describe a mixture of
methane and carbon monoxide. Model prediction (no adjust-
able parameter) of the EOS (lines) using the same pure
component and mixture parameters as in simulation.

good agreement with the simulated data. This is an important
test for the dipole term because no mixing scheme of polar

20 ¢ ] . . .
A contributions is applied and the results solely reflect the func-
tional form of the second- and third-order terms of the pertur-
15+ bation theory and their interplay in the Padé approximation.
The vapor-liquid equilibrium of a mixture of two dipolar LJ
5.1 ol (Stockmayer) fluids*? is displayed in Figure 7 and the model is
) ] found to be in good agreement with the simulation data.
g Liquid-liquid equilibria often mark a challenging and sen-
05 o L*=0.83, y"=16978 ] sitive test for equations of state. De Leeuw et al.** conducted
— this work A
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T Figure 7. Simulation data (Gao et al.#3) for the vapor-
liquid equilibrium of a mixture of two spherical

Figure 5. Joule-Thomson inversion points of the 2CLJ

plus dipole fluid.
Molecular elongation L* and dipole moments w** as labeled

in diagrams. Comparison of simulation data (symbols: Vrabec

et al.#!) to predictions of the proposed EOS theory (lines)
Nonpolar 2CLJ (dotted line) considered for orientation.

dipolar LJ (Stockmayer) molecules.

For the simulations, pure component parameters and binary
interaction parameter were adjusted to describe a mixture of
R142b and R22. Model prediction (no adjustable parameter)
of the EOS (lines) using the same pure component and mix-

ture parameters as in simulation.
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Figure 8. Helmholtz energy of mixing of Lennard-Jones-
Stockmayer mixtures at T = 1.15 and p* =
0.822 for five dipole moments of the Stock-
mayer fluids (u*2 = {1, 2, 3, 4, 5} in order of
increasing Helmholtz energy).

Comparison of simulation data (symbols: de Leeuw et al.*4)
and predictions of the proposed EOS (lines).

molecular simulations to study the excess properties of mix-
tures with a dipolar component. To isolate the effect of varying
dipole moments on the mixture behavior, they considered mix-
tures of Stockmayer and LJ fluids where both molecules pos-
sess identical LJ parameters. The Helmholtz energy of mixing
is displayed in Figure 8 for a fixed temperature 7% = 1.15 and
a typical liquid density (p* = 0.822) and it becomes apparent
from the shape of the curves that, for higher dipole moments,
a liquid-liquid separation will occur. The proposed EOS is in
good agreement with the simulation data. By constructing the
excess Gibbs enthalpy of mixing, de Leeuw et al.** found that
Stockmayer fluids with dipole moments above u*> = 3.15
exhibit a liquid-liquid demixing with the LJ fluid at the spec-
ified conditions. Moreover, they derived a quasi-phase equilib-
rium diagram by assuming fixed densities in both phases, as
depicted in Figure 9. The equivalent assumptions were intro-
duced into the EOS by fixing the densities of the hypothetical
phases to the value considered in the simulation. There is thus
no adjustable parameter involved and the predictions of the
EOS are in excellent agreement with the simulation data. A full
and consistent liquid-liquid equilibrium calculation for a fixed
pressure of P* = 1 is also given in Figure 9 for comparison.
A similar study for the case of nonspherical molecules was
carried out by Miiller et al.*> Figure 10 compares the Gibbs
enthalpy of mixing as well as the excess contribution thereof as
derived from simulation to the proposed EOS. Both the simu-
lations and the model suggest complete miscibility for dipole
moments of (uw*>“*)> = 4 and 8, whereas a liquid—liquid
demixing is found for a dipole moment of (u**“*)? = 12.

Application to Real Components and Mixtures

The above-described model framework can be applied with
the PC-SAFT EOS, as demonstrated earlier for quadrupolar
components.! The derived dipole expressions can readily be
incorporated by adding Eq. 7 to the appropriate equation of the
Helmholtz energy in the PC-SAFT model.'® For brevity, the
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0.2 0.4 0.6 0.8 1.0

Xstockmayer

Figure 9. Liquid-liquid equilibria of Lennard-Jones-
Stockmayer mixtures at T = 1.15.

The symbols are from simulation data (symbols: de Leeuw et
al.*#) for two (hypothetical) phases with fixed densities of p*
= 0.822. Solid line is the prediction of the proposed EOS
using the same density in both phases. A prediction of the true
liquid-liquid equilibrium according to the EOS at P* = 1 is
shown for comparison (dashed line).

EOS is referred to as perturbed-chain polar SAFT (PCP-
SAFT). Throughout this study, we consider dipole moments as
tabulated in the literature*¢ and thus no additional parameter is
introduced with the dipole term. Here we strive to demonstrate
that accounting for dipole interactions will considerably im-
prove correlation results for polar components and their mix-
tures. It is noteworthy, however, that a more comprehensive
investigation will be presented in a subsequent study that also
accounts for the polarizability of molecules and thus the in-
duction of dipoles.

We determined the three pure component parameters of the

0.6 ; . :
. 12=(ﬂ"2CLJ) 2
I= 04t L 7
= 8
o)
027 4 1
*
0.0
12:(”‘ 2CLJ) 2
202} . 1
— [ ]
> 8
< 04 4
4
0.6 : R '
0.0 0.2 04 06 0.8 1.0
XZCLU)

Figure 10. Gibbs enthalpy of mixing (bottom) and excess
Gibbs enthalpy of mixing (top) for 2CLJ and
2CLJD mixtures at T*2°’ = 2.1546 and P* =
2.907 with L* = 0.505.

Comparison of simulation data (symbols: Miiller et al.*>) for
three dipole moments of 2CLJD fluids and predictions of the
proposed EOS (lines).
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Table 2. PCP-SAFT Pure Component Parameters for Dipolar Components

AAD-% PCP-SAFT
(AAD-% PC-SAFT)

Substance M (g/mol) m oA ek (K ut (D) P p Temp. Range (K)  Data Ref.*
Ketones
Acetone 58.08 2.7447 32742 23299 2.88 0.55(1.61) 1.31(2.94) 1,2
Butanone 72.107 29835 3.4239 24499 2.78 0.70 (1.52)  1.91(2.82) 1,2
2-Pentanone 86.134 3.3537  3.4942  246.66 2.7 1.44 (1.87)  1.73(1.83) 1,2
3-Pentanone 86.134 3.2786  3.5159  248.69 2.82 0.77 (0.85)  1.53(2.02) 1,2
Aldehydes
Propanal 58.08 2.6001  3.2872  235.21 2.72 0.75(2.43)  0.77 (0.49) 193-503 1,2
Butanal 72.107 2.8825  3.4698  247.09 2.72 1.58 (1.53)  2.00 (2.57) 248-535 1,2
Esters
Methyl methanoate 60.053 2.6225  3.1095  239.05 .77 1.45(1.17)  1.03 (1.48) 174-487 2
Ethyl methanoate 74.079 2.8338 33316  244.50 1.93 0.79(0.92)  1.52(1.80) 193-508 2
Propyl methanoate 88.106 3.1723  3.4296  245.64 1.89 0.90(0.95) 0.87(1.01) 270-538 2
Ethyl ethanoate 88.106 3.5060 3.3177  230.24 1.78 1.28 (1.30)  2.15(2.24) 190-523 2
Propyl ethanoate 102.13 3.7658  3.4289 23542 1.78 1.17 (1.22)  1.01 (1.07) 260-549 2
n-Butyl ethanoate 116.16 3.9629 35482 24227 1.87 2.05(2.03) 1.21(1.26) 200-579 2
Methyl propanoate 88.106 3.4442 33255  234.26 1.85 1.18 (1.26)  1.76 (1.87) 186-530 2
Ethyl propanoate 102.133 3.7954  3.4169  233.09 1.74 1.20(1.26)  1.16(1.22) 240-546 2
Propyl propanoate 116.16 4.0993  3.4921 235.38 1.8 3.60(3.53) 0.69(0.75) 220-568 2
Methyl butanoate 102.133 3.6420 3.4535  240.02 2.03 1.04 (1.12)  0.88 (0.96) 240-554 2
Ethers
Dimethyl ether 46.069 22634 32723  210.29 1.3 0.24 (0.25)  0.53 (0.80) 200-400 2,3
Methyl ethyl ether 60.096 2.6425 33794  215.79 1.17 1.94 (1.96) 0.45(0.41) 270-437 2,3
Methyl n-propyl ether 74.123 3.0004  3.4602  222.67 1.107 1.97 (1.99)  1.07 (1.04) 220-476 2
Diethyl ether 74.123 29726  3.5127  219.53 1.15 0.66 (0.68)  1.01 (1.04) 220-466 2
Miscellaneous
DMSO 78.13 3.0243  3.2427  309.36 3.96 0.46 (1.45)  0.33(0.58) 291-519 1
HC1 36.461 1.5194 29794  203.32 1.109 0.80(1.19)  0.73 (0.57) 150-324 2
Chloro methane 50.488 1.8070  3.3034  229.97 1.896 0.47 (0.60)  0.46 (1.71) 283-416 4
Chloro ethane 64.514 22207 3.4335  237.03 2.05 1.09 (1.63)  1.33(1.77) 135-460 2
Average 1.23(1.42)  1.05(1.23)

"Dipole moments (1D = 3.33564 X 107 3° c¢m) from the literature.*¢ For dimensionless dipole moments from parameters in units as specified, it is p* =
wil(maie, Jk) X 10%1.3807 A® X K/D>.

*References: (1) Korea Thermophysical Properties Data Bank, http://www.cheric.org/kdb/, 2004; (2) Daubert TE, Danner RP, Sibul HM, Stebbins CC. Physical and
Thermodynamic Properties of Pure Chemicals: Data Compilation. Washington, DC: Taylor & Francis, 1989; (3) VDI-Wirmeatlas. 7th Edition. Diisseldorf,
Germany: VDI-Gesellschaft Verfahrenstechnik und Chemieingenieurwesen (GVC), 1994; (4) Hsu CC, McKetta JJ. Pressure—volume—temperature properties of
methyl chloride. J Chem Eng Data 1964;9:45-51.

PCP-SAFT EOS for a number of polar components preferentially
from triple point to critical point. Table 2 presents the pure
component parameters and the correlation results in terms of the
average absolute deviations (AADs) and, for comparison, the , .

numbers in the parentheses are results of the nonpolar PC-SAFT
EOS considering the same pure component data. It becomes 500 - »
apparent from the AAD values in Table 2 that the correlation
results of components with high dipole moments are substantially
improved, when dipolar interactions are taken into account, 400
whereas for ethers as weak dipoles, of course, only slight improve-
ment is found. Figure 11 shows the vapor-liquid equilibrium of
acetone in a 7—p diagram. The coexisting densities as calculated 300
from PCP-SAFT are in good agreement with the experimental
data, whereas considerable deviations are seen for the case where

S — PGP-SAFT
----- PC-SAFT

T/ K

the dipole term is omitted (PC-SAFT). A clear improvement of the 200 | |
PCP-SAFT EOS is also found for the enthalpy of vaporization, as
displayed in Figure 12. : - : :

The vapor—liquid equilibria of mixtures of acetone with 0 200 400 600 800
nonpolar components of varying molecular elongation Density / kg/m®
(ethane,*® n-butane,* n-pentane,’® decane’') are displayed in ] o .
Figures 13 to 16, respectively. Accounting for the polar inter- ~ Figure 11. Saturated vapor and liquid densities of ace-
actions reduces the (absolute) value of the binary interaction tone.
parameter and thus enhances the predictive capability of the ggrglzzgilsigfiiggsxgéig?gg g%%%%ggﬁ&%ﬁg;}?gﬁ?g
model. More important, though, the description of the mixture Results of the PC-SAFT EOS with the Jog—Chapman dipole
behavior is improved. This is apparent for the liquid phase, term are given for comparison (thin dashed line).
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Figure 12. Enthalpy of vaporization of acetone.

Comparison of experimental data (symbols) to the PCP-
SAFT EOS (solid lines) and the PC-SAFT model (short
dashed lines). Results of the PC-SAFT EOS with the Jog—
Chapman dipole term are given for comparison (thin dashed
line).

where the solubility of nonpolar compounds in the acetone-rich
phase is now in better agreement with experimental data. The
enthalpy of mixing is an important indicator for the tempera-
ture behavior of thermodynamic models. Figure 17 gives the
enthalpy of mixing for the acetone and n-decane system and the
fair to good agreement of the PCP-SAFT model suggests
robustness of the model toward extrapolations with tempera-
ture.

Finally, the vapor-liquid equilibrium of a dimethyl sulfoxide
(DMSO) and toluene’? system is shown in Figure 18. The
improvement of the PCP-SAFT EOS as opposed to its nonpolar
equivalent is very pronounced in this case as a result of the high
dipolar moment of u; = 3.96D for DMSO.

The previously considered polar substances possess only
single polar sites. For multifunctional molecules, the definition
of a dipole moment is less unambiguous and we see two
promising strategies for applying fluid theories to such com-

*  Ohgakietal, 1976
4l PCP-SAFT, kij=0.037
..... PC-SAFT, kij=0.065
L]

P / MPa

0
0.0 0.2 0.4 0.6 0.8 1.0
X

Ethane

Figure 13. Vapor-liquid equilibrium of the acetone-
ethane mixture at T = 25°C.
Comparison of PCP-SAFT (k; = 0.037) and PC-SAFT (k;
= 0.065) correlations to experimental data.*®

AIChE Journal

® Matvienko, Yarym-Agaev 1994
04 PCP-SAFT, kij=0.037 i
----- PC-SAFT, kij=0.065

***** PC-SAFT-SF, kij=0.045 o

0.0 0.2 0.4 0.6 08 1.0

Xn-Bulane

Figure 14. Vapor-liquid equilibrium of the acetone-n-
butane mixture at T = 40°C.

Comparison of PCP-SAFT (k; = 0.037) and PC-SAFT (k;
= 0.066) correlations to experimental data.*®

ponents. On the one hand, and most obvious, one can adopt a
group-contribution philosophy and assign dipolar moments to
functional groups, adjusting either u; or n,, ; to account for their
effectiveness. Another appealing concept was proposed by Jin
and Sandler,”>®> who determined partial charges and dipolar
moments of functional groups from quantum mechanical cal-
culations. This procedure has the elegant advantage that the
cancellation or aggravation of polar moments within a mole-
cule can be accounted for.

Comparison to Existing Dipole Expressions

From several dipole theories for nonspherical molecules, the
approaches of Jog and Chapman'7?23% and of Saager and
Fischer?' were elaborated in most detail and a comparison to
these theories constitutes a meaningful test to the proposed
PCP-SAFT EOS. The dipole expression of Jog and Chapman
requires an adjustable dipole parameter when applied to real
systems, that is, the effective fraction of dipolar sites per

20 : . .

T=422.6K

T

— PCP-SAFT, kij=0.024
""" PC-SAFT, kij=0.072

0.0 0.2 0.4 0.6 0.8 1.0

Xn—Pen(ane

Figure 15. Vapor-liquid equilibrium of the acetone-n-
pentane mixture at three temperatures.

Comparison of PCP-SAFT (k; = 0.024) and PC-SAFT (k;
= 0.072) correlations to experimental data.>®
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Figure 16. Vapor-liquid equilibrium of the acetone-n-
decane mixture at T = 60°C (spheres)and T =
40°C (diamonds).

Comparison of PCP-SAFT, PC-SAFT, and PC-SAFT-Jog—
Chapman correlations to experimental data.>!

molecule x, ;. For small molecules x,, ; should ideally be x,; =
1/m,. If this is assumed for the case of acetone to compare the
Jog—Chapman term (PC-SAFT-JC) EOS to the PCP-SAFT
model without adjusting dipole-related parameters, one finds a
tendency of PC-SAFT-JC to predict wide liquid-liquid demix-
ing behavior to all of the systems considered here. This mal-
behavior cannot be suppressed. If on the other hand either the
dipole moment or the x,, ; parameter of the PC-SAFT-JC model
is adjusted to pure component data, the best fit is obtained
when these parameters are zero and the dipole term vanishes.
It may be added that this problem also persists when a Len-
nard—Jones reference® is considered, rather than the hard-
sphere reference of Rushbrook et al.* Alternatively, it was
suggested?>-38:54 to use binary mixture data along with pure
component properties for fitting pure component parameters of
the PC-SAFT-JC model and we use the resulting parameters

25 : s ‘
201 7 e S 1
//. 0/ e ° , \\
S e ° \
© o /7
§1'5 i A%
- Iyt W
& iy
~10t /0 ‘R
wo e \
e 2 Y
*  Messow etal, 1977 \
05 7 PCP-SAFT, kij=0.033 o\
oo PC-SAFT, kij=0.059 \
””” PC-SAFT-JC, kij=0.021
0.0 . ! ‘ ‘
0.0 0.2 04 0.6 0.8 1.0
XAcetone

Figure 17. Excess enthalpy of mixing for the acetone-n-
decane mixture at T = 25°C.
Comparison of PCP-SAFT, PC-SAFT, and PC-SAFT-Jog—
Chapman calculations to experimental data.>! Binary inter-

action parameters k;; were adjusted to VLE data (see Figure
16).

1202 March 2006

® Nissema an& Karvo, 1‘977 '
PCP-SAFT, kij=-0.012
PC-SAFT, kij=0.025

P / kPa

0.8

0 . .
0.4

0.6 1.0

XTquene

Figure 18. Vapor-liquid equilibrium for the dimethyl sul-
foxide (DMSO)-toluene mixture at T = 50°C.

Comparison of PCP-SAFT and PC-SAFT correlations to
experimental data.>?

proposed by Dominik et al.>* The long-dashed lines in Figures
11 and 12 give the coexisting densities and the enthalpy of
vaporization of pure acetone, respectively, and these diagrams
show an advantage of the PCP-SAFT model for pure compo-
nents. The phase equilibria of the mixtures considered herein
are generally very well described by the PC-SAFT-JC EOS. A
representative comparison is given in Figures 16 and 17. How-
ever, because mixture data were used in the regression of the
pure component parameters of acetone, the comparison is not
quite on equal ground and one can conclude it to be a consid-
erable advantage of the PCP-SAFT model that no binary-
mixture data have to be included for identifying pure compo-
nent parameters and that, in fact, no dipole-related parameter at
all has to be regressed for small molecules.

The dipole expression of Saager and Fischer can be ap-
plied with the PC-SAFT EOS by applying the conversion
relations Eqgs. 5 and 6. This scheme, however, is applicable
only for molecules with segment numbers of =2, so that
acetone for example with segment numbers of approxi-
mately 2.5 is excluded. An alternative mixing scheme was
applied by Gross and Sadowski?® (without detailing the
equations, however) and later published by Dominik et al.5*
A representative calculation result for mixtures is given in
Figure 14. The Saager-Fischer PC-SAFT model (PC-SAFT-
SF) describes mixture equilibria very similar to the nonpolar
PC-SAFT model, but with the advantage of a lower value of
k;. Compared to an earlier implementation,>* the PC-
SAFT-SF model can further be refined, by multiplying Eq.
10 of Dominik et al.>* with m,;/1.5222, where 1.5222 is the
segment number equivalent to an elongation of L* = 0.505.
This modification closely mimics the dependence of density
on the elongation L* as considered in the 2CLJ framework.3>
According to our experience, however, neither this refine-
ment nor the consideration of a one-fluid mixing scheme as
proposed by Miiller et al.5> leads to a general improved
description of mixtures, when compared to the nonpolar
PC-SAFT EOS (although lower k;; values are required). In
this light the results obtained from PCP-SAFT can be ap-
preciated as providing systematic improvements in the de-
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scription of pure components and mixtures of real sub-
stances.

Conclusions

The equation of state contribution for dipolar interactions
developed in this work is suitable for dipolar molecules in the
two-center Lennard—Jones framework as well as for tangent-
sphere molecules (like that realized in the SAFT family) and is
therefore applicable with different equations of state. The EOS
contribution is based on a third-order perturbation theory,
where model constants were adjusted to molecular simulation
data for the vapor-liquid equilibrium of two-center Lennard—
Jones plus pointdipole molecules, covering molecular elonga-
tions from L* = 0O (spherical Stockmayer fluid) to L* = 1
(dipolar Lennard—Jones dimer fluid). Although the temperature
ranges covered by the considered simulation data are limited to
the critical points, the Joule-Thomson inversion points were
also well predicted by the model for higher temperatures. The
model was compared to simulation data of polar mixtures and
very good results were found for vapor-liquid as well as for
liquid-liquid systems. When applied to real substances with the
PC-SAFT EOS a clear improvement in the description of pure
component behavior was achieved without introducing an ad-
ditional pure component parameter. Rather, dipole moments
from the literature can be used directly. The EOS was applied
to the phase equilibrium of mixtures and revealed an improved
representation of the experimental data, whereas the required
binary interaction parameter was decreased at the same time,
indicating an enhanced predictive capability of the model.
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