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Thermophysical Properties of Low-Density Pure
Alkanes and Their Binary Mixtures Calculated
by Means of an (n7-6) Lennard-Jones
Temperature-Dependent Potential'

U. Hohm,2’3 L. Zarkova,4 and M. Damyanova4

Self-consistent calculations of interaction pVT-virial coefficients Bj(T),
viscosities nmix(7), and diffusion coefficients D1(T) of binary mixtures of
the alkanes CpHjni» (n < 6) are presented. This study is based on the
recently developed model of the (n-6) Lennard-Jones temperature-dependent
potential (LJTDP) and uses already obtained potential parameters of the
pure alkanes as input data. The well-known and simple Lorentz-Berthelot
(LB) and the more elaborate Tang-Toennies (TT) mixing rules are applied
to the potential parameters of the pure alkanes in order to determine those
of the mixtures. The new Hohm-Zarkova-Damyanova (HZD) mixing rule,
which is an extension of the TT-mixing rule, is also considered. The HZD
takes into account that for the LJTDP model, in general, the repulsive
parameter is an independent variable whose value n #12. As in a recent
examination of binary mixtures of globular molecules, the LB-mixing rule is
superior to TT- and HZD-mixing rules when calculating equilibrium prop-
erties such as Bjy(T). For the transport properties nmix(7) and Di>(T), the
new mixing rule performs slightly better.
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1. INTRODUCTION

Thermophysical properties of binary mixtures such as the binary diffusion
coefficient D1»(T), the viscosity nmix(7), and the second pVT-virial coeffi-
cients Bpix(T) are needed for modeling and optimization of technological
processes and equipment in a wide range of temperatures. In general, these
properties could be measured but the variety of mixtures is not restricted
and, apparently, it is not possible to have measured data for each particu-
lar case. Therefore, it is desirable to have algorithms which allow for a reli-
able calculation of the thermophysical properties of mixtures. The theory
of gas mixtures [1] presents binary mixture properties as a result of inter-
actions between “equal” (of the same sort A or B) and between “unequal”
particles (of two different sorts A and B). Therefore, both sorts of inter-
actions must be known in order to calculate mixture properties.

In this contribution we concentrate on the alkanes CyHj,io
(n < 6), which form the simplest but nevertheless one of the most
important homologous series in chemistry. Low-density thermophysical
properties of these molecules have been described successfully via the
Lennard-Jones temperature-dependent potential, LJTDP [2, 3]

T Rinap(T) AP Riuas(T)\®
UAB<R,T>=2‘:§(_2[6< An )) —nAB<—ARB( ))} (1)

For pure gases we have A =B. R is the center-of-mass distance, Ryag(7T)
is the equilibrium distance, eog(7T') is the potential well-depth, and nap is
the repulsive parameter. As already discussed in detail (see, e.g., Ref. 2),
the temperature dependence of Rpag(T) and eag(T) is due to the vibra-
tional excitation of the molecules. Therefore, in our model the potential
parameters (PP) of, e.g., the noble gases argon, krypton, and xenon would
not show any temperature dependence. The repulsive parameter nap is
supposed to be independent of temperature for all particles. The separa-
tion between equal molecules is

RnAA(T) = Rnaa (T =0K) + 80 f(T), (2

where the product 8§y f(T) is the effective enlargement of molecular size
caused by the vibrational excitation. &y is a constant (independent of tem-
perature) fit parameter, whereas the function f(7T) can be calculated from
the vibrational partition function (see Refs. 2 and 4 for details). Assuming
that the attractive dispersion-interaction does not depend on the tempera-
ture, the potential well-depth for the interaction between equal particles is
given by

ean(T) =ean(0) [Riman (0)/Rmaa (T)1°. (3)
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Within our model and the considered maximum temperature of 1200 K,
this is a reasonable assumption. However, one has to bear in mind that the
dispersion-interaction energy might show a detectable temperature depen-
dence when dealing with very high temperatures where, e.g., black-body
radiation effects become important [5, 6].

The intermolecular interaction potentials Uag(R,T) for unlike interac-
tions between two different alkanes A and B can be obtained by different
mixing rules for binary mixtures (see, e.g., Refs. 1, 7, and 8). In our recent
studies of binary mixtures between atoms and globular molecules [9], we
have applied the Lorentz-Berthelot (LB) as well as the physically more
reasonable Tang-Toennies (TT) mixing rules for the potential parameters
RnAB(T) and eag(T). The Lorentz-Berthelot mixing rule is given by [1]

naB= (maA +nsp)/2, (4a)
RinAB(T) =[Rmaa(T) + Rmpe(7)] /2, (4b)

eAB(T) =+/eaa(T)epp(T). (4c)

The Tang-Toennies mixing rule can be written in the form [7],

l/¢
{0-5[(8AA(T))¢(RmAA(T))w + (SBB(T))(p(RmBB(T))w]}

(eaa(T)epg(T)' 2 (RimaA (T) Rmpe(T))?

(Rmap(T))" 0=
(4d)
and
3 AA ~BB\ /2
12 (RmAA(T)RmBB(T)) 2otAOéB<C6 C¢ )

(RmaB(T))® C?Aot% +C2B(¥i
(4e)

ean(T) = (ea(Tepr(T))

where « is the dipole-polarizability of the molecule and C¢ is a con-
stant in the leading term —CgR % of the dispersion-interaction energy. The
original Tang-Toennies mixing rule is derived for the explicit case of a
(12-6) Lennard-Jones potential yielding the constants nag =12, ¢ =1/13,
and ¥ =12/13 in Eq. (4d) [7].

Many different mixing rules can be found in the literature [8],
but generally they are concerned with a (12-6) Lennard-Jones potential.
Although rather sophisticated, they all have certain drawbacks in describ-
ing the vast amount of thermochemical and thermophysical properties of
binary mixtures (see, e.g., Ref. 8). That is why we preferred to use the
same approach as in Ref. 7, however, taking into account that in our
LJTDP model the repulsive parameter » is an independent variable whose
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value n# 12 results from the minimization. The obtained modified Hohm—
Zarkova-Damyanova (HZD) mixing rule now uses the parameters ¢ =

1/(nap+1) and ¢ =¢nap in Eq. (4d).

2. PROCEDURE

The potential parameters of the (n-6) LITDP Uaa (R, T) of the pure
alkanes were determined by minimizing the sum F of M squared devia-
tions between experimentally obtained (index “exp”) and calculated (index
“calc”) thermophysical properties normalized to their individual relative
experimental error a; exp, Which is given by the experimentalists. As input
data we have used N, viscosities n, Np second pl'T-virial coefficients B,
Ng second acoustic virial coefficients g, and N,p binary diffusion coeffi-
cients Djy, whereas the calculations are performed with the parameterized
LITDP, Eq. (1);

In (”h cak) 2 (Bl calc) 2 In (/31 calc)
F = Z 1iexp + Z B; exp + Z Bi exp

Ai nexp di, Bexp aj, Bealc

N,p ((lez)i,calc)
n Z (pD12)iexp

All details concerning the experimental input data 7; exp, Biexp> Bi,exp> and
pDj exp and their relative uncertainties a; exp can be found in Refs. 2 and 3.
The obtained LJITDP potential parameters at 7T =0K and the root-mean-
square deviations RMS =./F/M of the “best” solutions are also given in
Refs. 2 and 3 and repeated in Table 1. Here, M =N, + Np+ Ng+ N,p
is the number of all experimental input data used in our minimization
procedure. RMS denotes the root-mean-square deviation of the fit. RMS
< 1 means, that the LJTDP can reproduce the experimental input data
within their stated experimental uncertainty a; exp; see Ref. 2 for a detailed
discussion.
The temperature dependence of Ryaa(7T) is given in the form,

)

(apDIZ)t exp

RmaA(T) = RmaA(0) + Arexp(—=B1/T) + Asexp(—=By/T) (6)

where the fit parameters Aj, A, By, and B; can also be found in Table
I. Equation (6) can be used for a fast calculation of Ryaa(7T) and subse-
quently e44(T) at any desired temperature 7.
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3. RESULTS
3.1. Pure Alkanes

By using the LITDP we are able to calculate the thermophysical
properties of the pure alkanes mostly within their stated experimental
uncertainty aexp, see Table 1. This result is independent of their molecular
shape and holds for spherically symmetric as well as for small non-spher-
ical alkanes. Moreover, the small dipole moment inherent in some of the
alkanes (e.g., propane and n-pentane) does not result in a deterioration of
the quality of the results. Therefore, we conclude that our model might be
also applicable for other non-spherical and slightly dipolar molecules.

3.2. Binary Mixtures of Alkanes

Given the potential parameters of the pure compounds, the poten-
tial parameters of the binary mixtures can be calculated via the combi-
nation rule for nap (see Eq. (4a)) and the two alternative mixing rules
for Rnag(T) and eag(T) displayed in Egs. (4b) and (4c) (Lorentz-Berth-
elot, LB) or Egs. (4d) and (4e) (original Tang-Toennies, TT, with nap =
ngg=nag=12, ¢ =1/13, and v =12/13, and HZD with ¢ =1/(nag+1),
Y = gnap, Where the parameter nag is obtained from Eq. (4a)). Subse-
quently, the calculation of the mixture and interaction properties is per-
formed following the formulae given by the molecular theory of gases
[1], which requires a knowledge of the interaction potential between equal
(UaA(R,T) and Upp(R, T)) and unequal (Uag(R, T)) particles as a func-
tion of the intermolecular distance R and temperature 7.

3.3. Comparison with Available Experimental Data

In this section, we compare our results mainly with two sets of exper-
imental data: equilibrium (Bj2) and transport (nnix and Djpy) properties.

The pVT-interaction virial coefficients BSXP) are taken from the recent

compilation of Dymond et al. [10], where only the smoothed values are
used. A detailed analysis of all experimental values will be the subject of a
special review paper [11]. Viscosities nyix and binary diffusion coefficients
D1, of mixtures are compared mainly to experimental data presented by
Abe et al. [12] and augmented by some diffusion data given by Gotoh et
al. [13].

As can be seen from Egs. (4b) to (4e), application of the different
mixing rules will result in different parameter sets, Rnag(7) and eag(7T).
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Therefore, within our model the calculated interaction energy given in Eq.
(1) differs also for the different mixing rules. Hence, different numerical
data in the calculated thermophysical properties can be expected as was
already shown in our recent paper, which considers binary mixtures of rare
gases with certain quasi-spherically symmetric molecules [9].

In Figs. 1-13 we compare calculated and experimental By, data for
several of the possible mixtures between the alkanes C,Hyyyo (n < 6). In
the figures the difference ABlzzBSJTDP) — BSXP ) is displayed as a func-
tion of T; the error bars of the smoothed values are also taken from Ref.
8. In all cases we observe that By, calculated with the Lorentz-Berthelot
(LB) mixing rule is closer to the experimental results than calculated with
the TT-mixing rule. In five cases all calculated values obtained from the
LB-mixing rule are inside the experimental error bars (CH4—C,Hg, Fig. 1;
C2H67n-C4H10, Fig. 8; C2H6fn-C5H12, Fig. 9; C3Hgfn-C4H10, Fig. 10;
C3Hg-n-CsHjy, Fig. 11). In all other cases, at least at one temperature,
experiment and theory agree within the error bounds. Contrary to this,
the TT-mixing rule only gives some results that are in reasonable agree-
ment with experiment. The HZD-mixing rule, however, works only slightly
worse compared to the LB rule. Therefore, we conclude that for the alk-
anes, the LB-mixing rule gives results superior to TT- and HZD-mixing
rules when the equilibrium property Bj; is considered. The same trend for
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Fig. 1. Deviations ABj; = BI(IZ“JTDP) — ngw of the interac-
tion pVT-virial coefficients for the indicated mixture calcu-
lated with Lorentz-Berthelot (filled symbols), Tang-Toennies
(nap=12, ¢ =1/13, and ¥ =12/13 in Eq. (4d), open circles)
and HZD (open triangles) mixing rules. BI(EXP ) is taken from
Dymond et al. [10].



1732 Hohm, Zarkova, and Damyanova

30
1 (@]
20{ © o
1 (@)
— 101 A (@]
o
£ [ T =&
I 0
T
mv‘\‘- -10 ® °
< E ) Methane - Propane
-204 e B
i PY o TT
-30 : 12D
200 250 300 350 400
T,K
Fig. 2. See Fig. 1.
4
0 IS 5
© (@]
201 A A A
- A A
[} |
e LT
ST e
Q- Methane - n-Butane
< -20-4 e LB
d o TT
A HZD
-40 [ ]
300 400 500 600
T,K

Fig. 3. See Fig. 1.

LB and TT was observed before for binary mixtures between spherically
symmetric molecules and noble gases [9].

Abe et al. [12] have measured the viscosities of binary mixtures of
different compositions between some of the alkanes considered here. In
that work, binary diffusion coefficients are also calculated from the vis-
cosity data by application of the law of corresponding states. The uncer-
tainty of the experimentally obtained 7y is 1%; the uncertainty of Di;
is estimated by the present authors to be 2%. The deviations Anpix =

IOO[U(EXP)— (LJTDP)]/n(LJTDP) and ADj,= 1OO[D&EXP)—D%]Z“JTDP)]/D?ZJTDP)

mix Mimix mix
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are shown in Figs. 14-19. In general, we conclude that many of the
calculated data lic within the error bars of the experiments. However,
application of the TT-mixing rules gives slightly better results for the
transport data, n and D. A similar trend was observed before in the case
of other binary mixtures [9]. Finally in Figs. 20-22 various absolute val-
ues of the binary diffusion coefficient Dj; are compared. It can be seen
that the data of Gotoh et al. [13] are always higher by up to 10% than the
corresponding calculated quantities. This is outside the experimental error
bar of 3-5% [13]. For the case of the transport data, n,;x and Di, the
HZD-mixing rule performs nearly exactly like the original TT rule. In
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general, the calculated data do not differ by more than 0.1%. For the sake
of clarity, the results from HZD are not displayed in Figs. 14-22.

3.4. Correlation of the Potential Parameters with Other Physically
Meaningful Quantities

We have already demonstrated that by using the LJITDP we are able
to calculate some thermophysical properties of the pure alkanes CyHop 2
(n < 6) within their experimental error bars [2, 3]. In this work, we have
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shown that the application of simple mixing rules on the PP of the pure
substances can account for a reasonable accurate calculation of interac-
tion virial coefficients, viscosities, and binary diffusion coefficients. In one
of our earlier studies we have revealed [2] that the dispersion-interaction
energy constant,

« _ naBeaB(0)

GAB=, ¢ LRm AB(0)]° (7)
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for the pure alkanes (A = B) is linearly related to the exact Cg aa Which
can be obtained, e.g., from dipole-oscillator strength distributions (DOS-
Ds) [14]. Here we also consider Cg Ap for the binary mixtures, A #B,
which can be calculated via Eq. (7) by applying the mixing rules Egs.
(4a)—(4e). In Fig. 23 the results for C¢ 6.AB aIc compared to Cg o, Which
again is obtained from DOSDs [14]. Interestingly, we observe the same lin-
ear relationship between Cg 6.AB and Cg ap for the pure alkanes and their
binary mixtures. The quality of this linear relationship is nearly indepen-
dent of the mixing rule applied. Moreover, no difference between the orig-
inal TT- and HZD-mixing rules is observed. A least-squares fit shows
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that Cg‘, Ap 1 about twice Cg ap. This is expected since the effective Cg" AB
also contains contributions from higher-order dispersion-interaction ener-
gies. The linear relationship might give a route for calculating C g’ Ap Values
from known Cg ap, because the latter ones are available from spectro-
scopic data of the pure entities.

A second linear relation has been observed between R, aa(0) and
the cube root of the molecular volume anq/ i, as defined by the 0.001 au
envelope of the electronic density [2]. We also additionally consider in
this case the properties of binary mixtures. Here we define the length
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parameter for a binary mixture via

v _ VinA+ Vi)'’
m,AB T 2 .

@®)

In Fig. 24 Ry, Ag(0) is plotted against Vr:]/ 3AB. As can be seen, the same
13

linear relationship exists between Ry, Ap(0) and V, ", , for pure substances
and binary mixtures. In this case Ry, Ap(0) calculated from the TT-mixing
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rule gives a slightly better correlation with Vél/ ZB compared to the
LB-mixing rule. Again, the differences between TT- and HZD-mixing rules
are negligible.

Another different length parameter of a molecule can be obtained
from its critical volume. In Fig. 25 we have plotted R, aAg(0) against the
cube root of the critical volume V(lj{iB, again for both pure substances

(A= B) and binary mixtures (A # B). In the latter case Vé//iB is calculated
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from the pure substance data via [15]

i3 Lo 13
Veas=3 (VC,A + VC,B) :
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©)

Again a linear relationship is found. In this case our results obtained from
the Lorentz-Berthelot mixing rule give a slightly better linear correlation
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Fig. 22. Comparison of experimental [12, 13] and calculated
values of D]z for C3H87}1-C4H10.
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Fig. 23. Dispersion-interaction energy constant C¢ 45 calcu-
lated in this work against Cs aop obtained from dipole-oscilla-
tor strength distributions (DOSDs) [14]. The dashed line is a
linear least-squares fit using all pure and mixture data, which
are obtained from the LB-mixing rule. For the sake of clar-
ity, the results from the TT-mixing rule are not displayed; see
text.
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Fig. 24. Ry, A(0) as a function of the cube-root V[:l/ ZB of the
molecular volume. The dashed line is a linear least-squares fit
using all pure and mixture data, which are obtained from the
HZD-mixing rule. For the sake of clarity, the results from the
TT-mixing rule are not displayed; see text.
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Fig. 25. Ry, a(0) as a function of the cube-root VCI_//iB of
the critical volume. The dashed line is a linear least-squares fit
using all pure and mixture data, which are obtained from the
LB-mixing rule. For the sake of clarity, the results from the
TT-mixing rule are not displayed; see text.
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compared to TT and HZD. It is noteworthy that in this plot only experi-
mentally accessible quantities are related to each other.

4. CONCLUSION

We have applied the Lorentz-Berthelot (LB), Tang-Toennies (TT),
and a modified version of the Tang-Toennies mixing rule, called the
Hohm-Zarkova-Damyanova (HZD) mixing rule to calculate the poten-
tial parameters of the LJTDP of binary mixtures. We have demonstrated
that these mixing rules are able to account for the calculation of viscos-
ities n, pV'T second virial coefficients B, and binary diffusion coefficients
D1y of low-density binary mixtures nearly within their experimental error
bounds. Although the original Tang-Toennies (TT) mixing rules have a
deeper physical background, they are not superior to the Lorentz-Berth-
elot (LB) mixing rules when calculating thermophysical properties within
our LJTDP model. As has already been observed in one of our recent
studies, the LB-mixing rule works much better compared to the original
TT-mixing rule for the case of the interaction virial coefficient By, and
only slightly worse for viscosities nyix and binary diffusion coefficients
Di>. However, we observe a much better performance of the HZD com-
pared to the TT-mixing rules when dealing with Bj>. For the case of the
transport properties the difference between TT- and HZD-mixing rules
are negligible. This trend should become more pronounced in a further
study when thermophysical property reference data for low-density binary
mixtures of the alkanes are available.
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