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Abstract

The idea that cubic EoS’s are very primitive amdited models, quite extended at present
among researchers working on fluid properties ahdsp equilibria, has different roots,
including some limitations observed specifically ébassic and popular equations like Peng-
Robinson (PR) or Soave-Redlich-Kwong (SRK). Thesetao-parameter models, i.e. they
have only an attractive and a repulsive parametehéaracterize each molecule, while other
models like SAFT but also cubic —and still for nassociating molecules- introduce also a
third parameter related somehow to the molecularcgtre or shape. One of the alluded
limitations, actually a very clear one, is the coetg failure in describing the non-ideality in
nearly athermal mixtures, like those composed alkanes with different chain lengths: SRK
and PR predict positive deviations from idealityhieh increase with the system asymmetry,
while experimental measurements show exactly thposife, i.e. increasing negative

deviations from ideality.

This provides an excellent opportunity to try tardly whether such failure is due to the
cubic nature of these classic models or to ther-parameter character and/or to the classic
van der Waals one-fluid (vdW1f) mixing rules tydlgaused. With that motivation, in this
work we used models representing three differetggmaies, in a completely predictive way:
a two-parameter cubic EoS (PR), a three-paramatec €0S (RKPR) and a three-parameter
SAFT EoS (PC-SAFT). Their predictions of infinitelution activity coefficients were
analyzed and compared, in contrast to availabla fitatdifferent mixtures of n-butane to n-
octane as the lighter compound and paraffins rgnfyjom C16 to C36 as the heavier, in both

extremes of dilution.

The obtained results, and their analysis, allowedouextract very clear conclusions which
were not present in the literature so far, regaydine importance of a third parameter in any

type of EOS.



Introduction

The idea that cubic equations of state are rough lemited models for describing the
properties and phase behaviors of mixtures is gektended in part of our research
community. When we try to ascertain what the ratigrounds behind such idea are, we may

find two possible situations.

Sometimes it is a specific comparison, having &sital cubic EoS like Soave-Redlich-
Kwong (SRK)[1] or Peng-Robinson (PR) [2] on one dvaand a SAFT [3] or some other
advanced equation on the other side. This typeoofparison, even without association, is
unfair, just as much as a race between a car amiralane. This Is so since two-parameter
models like SRK or PR are just slightly distorteatresponding states models [4], while
SAFT models have not only repulsive and attragtiaeameters, but also the third parameter
which is associated to the molecular structure baps, completely breaking the
corresponding states limitations. This is a bastt @bjective difference, independently of the
guality of attractive and repulsive terms in eaale; which can of course explain limitations
for describing certain properties, but in ordeh&wve a serious and fair comparison focused
on the implications or limitations of those terraBy three-parameter equation of state should

be compared with other three- and not two-paranmetetels.

In other cases, it is not a comparison, but a detnaton of a qualitatively incorrect trend or
behavior predicted, again, by SRK or PR. This & thse with activity coefficients for n-
alkane nearly athermal mixtures, which is clearkpased for example in the book of
Kontogeorgis and Folas [5]. In this work, mixturase considered ‘athermal’ when they
present a heat of mixing or excess enthalpy vadjualeto zero, according to the typical use
in books, like for example those by Elliot & Lir&][and Kontogeorgis & Folas [5]. For real
mixtures with negligible heat of mixing, like tho$ermed by n-alkanes and such as the
considered in this work, the expression nearly rathé is usually employed. The reader
should be aware, however, that in some works hig of VVahid et al. [7] the term athermal
is applied to a more specific class of mixturesnely those formed by hard-core molecules

with no attractive energy, which are sometimes usedolecular simulation as a reference.

A useful way to assess the non-ideality of mixtusehrough the “infinite dilution” activity
coefficients ¢;°), the limiting value of the activity coefficienthen the concentration is close
to zero {;° = lim,_,¥;). Infinite dilution activity coefficients are imp@nt and widely

used in chemical, biochemical and environmental irEgging [8,9]. Typically, for



asymmetric ‘athermal systems’, such as solutionalkdnes, activity coefficients are below

unity [10-13]. Solutions of n-alkanes do not presgnss energy interaction effects between
different molecules, then the nonideality of suckxtares is mainly attributed to size and

shape differences of the components.

Sacomani and Brignole [14] analyzed the limitatiofi€lassical cubic EoS (particularly the
SRK model) to properly predict the activity coeidicts of binary n-alkane nearly athermal
mixtures. They found that the “non-residual” coodition of the expression for the infinite-
dilution activity coefficient, derived from the SR&quation for binary mixtures, provides
very good predictions and allows for the reproducidf the observed trends for some linear
and branched n-alkane asymmetric homologous sé&egrtheless, the residual or energetic
contribution, which would be expected to be neglgibut is not, worsens the quality of
activity coefficient predictions in mixtures, leadito false positive deviations from ideality.

In Chapter 3 of the book by Kontogeorgis and FdBls in an interesting section on
advantages and shortcomings of cubic EoS, they dbovasymmetric mixtures between
n/alkanes, that the Peng-Robinson EoS with cldssicaing rules also predicts infinite
dilution activity coefficient values above unity ogtive deviations from ideality) while
measured values indicate the opposite. It is diwova that an a/b mixing rule gives values
below unity, in agreement with experimental obstova Kontogeorgis and Folas [5]
attribute these EoS limitations to the parameteémasion for pure compounds and especially
their extension to mixtures; and they suggest geeaf advanced mixing rules (as the Wong
and Sandler [8,15] or of Huron and Vidal [16,1d)owvercome this issue.

Vahid et al. [7], although from another perspectwel following a different approach, also
showed -as Sacomani and Brignole did for cubic &a8at the repulsive term from SAFT
type models predicted the correct trends of negateviations from ideal mixing for

asymmetric homologous alkane mixtures.

In previous works, we have already shown that eetfrarameter cubic EoS can achieve clear
improvements over two-parameter models like SRKPRBr (Appendix A). See for example
the original development of the RKPR model by Ciadiaand Mollerup [4], with focus on
PVT behavior for pure substances, and the mosintezmed evolved work on predictive
correlations for high-pressure phase behavior ginasetric hydrocarbon mixtures by Tassin
et al. [18], considering also densities and satiditl equilibria. Then, we may wonder... Is it

really the cubic nature, i.e. the van der Waalsulspn term, the reason behind this



gualitatively incorrect trend for activity coeffemts predicted by the SRK or the Peng-
Robinson equations? Is it really necessary to timmore complex mixing rules (i.e., Wong—
Sandler or Huron-Vidal models), being impossible tfee original van der Waals mixing

rules to capture the right trend with a cubic E&®&uld three-parameter cubic equations of
state suffer from the same limitations? How woiéit predictions compare to those from a

three-parameter SAFT type equation?
To provide clear answers to these questions igaaéof this work.

It is not our intention to go deeper in the diseus®f the theoretical correctness of each term
in a model or to evaluate the behaviors at extreoralitions, e.g. infinite pressure limit,

where simplified expressions can be used (for thatreader is referred to some interesting
books in the literature [5,9,19,20]). Instead, ey to answer the questions defined above,
we simply need to evaluate the behaviors and trpretdicted by different types of equations

of state at near ambient conditions, where experiaiemeasurements are available for
asymmetric mixtures of alkanes. The specific choize made, and some other details of the

methodology are discussed in the next section.

Methodology

As a representative model of two-parameter cubi&'&€ove chose the Peng-Robinson
equation (PR) in its original version [2], probaliye most used cubic EoS. To study whether
its limitations can be overcome or not, and howalihird parameter, we will use the RKPR
EoS originally developed by Cismondi and Mollerd, [and then successfully adopted by
other groups for different systems and applicatif#ls-27]. Finally, among the different
SAFT versions, we choose the PC-SAFT EoS develbgdadross and Sadowski [28], which
is likely to be the most used SAFT model at present

When applied to specific compounds, a given eqoatb state can be parameterized
according to different strategies, especially foee (or more) parameter models. Although it
is beyond the scope of this work to review theeaddht alternatives, it must be pointed out
that various strategies and/or sets of parametgre heen considered and published in the
literature during the last two decades for both$A3-T and RKPR. For the first, in this work
we will use the parameters by Tihic et al. [29]fed¥e note that pure compound parameter
tables by Tihic et al. [29] can be used with eitbEboth the original PC-SAFT [28] or the
simplified PC-SAFT [30], since the latter only iotiluced changes in the mixing rules of the



original version. In this work, calculations wererfprmed with the original PC-SAFT Eo0S
of Gross and Sadowski [28]. In the case of PR akBR as usual, parameters were obtained
from critical constants and acentric factor, usiadues for critical temperaturd,{, critical
pressure B.) and acentric factor«() from the DIPPR database [31]. Regarding the pure
compound paramet@y in the RKPR E0S, our recently proposed correlatioralkanes [18]

is used:
8, = 2.70 4+ 0.4981(1 — e—CN/30.437) M
whereCN is the Carbon Number of the n-alkane.

In relation to mixing rules for the cubic EoS’s,teahat, although we had previously
achieved an excellent description of fluid phaskabver for these systems with the RKPR
EoS and quadratic mixing rules for both the ativacand the repulsive parameters [32],
some inconsistencies were detected later for tkedigiion of mixture volumes and solid-
liquid equilibria, but corrected based on the ua dinear mixing rule for the co-volume
[18]. Therefore, in this work we adopt a quadratixing rule only for the attractive
parametea), (Egs. 2 — 4) and a linear mixing rule for thevatume (b) (as it has been the
classic and most typically used approach with c@Hui&'’s), as well as for the third parameter
(61) (Egs. 5 — 6). Moreover, for all alkane binari¢sdged in this work we adopt zelqg;

values for PR and RKPR Eo0S's.

a = Ziijix]'aij (2)

a;; = (1 - kij)J/auaj; 3)
3 \ki

Aji = A, (m) 4)

b =% x;b; (5)

01 = Xix;61 (6)

Wherex; andx; are molar fractions of componeinandj respectivelyik;; is the attractive
binary interaction parameter for th@ndj binary system?, ; is the reduced temperature for

componenti, k; is the constant defining the temperature deperedericthe attractive

parameter for component

It is worth noting that thé, parameter has not the same effect than introduginglume

shift parameter (typically called “c”) within a agbEOS, as it was originally proposed by



Péneloux et al. [33] and then it was extended lerotwuthors [34-36]. A volume shift
parameter modifies EoS predicted volumes withofécting the predicted phase equilibria,
whereasd; acts as a true third parameter, which modifies olume and equilibrium EOS
predictions. When searching for systems to study,emcountered that important sets of
measurements of infinite dilution activity coeféats were published a few decades ago for
binary mixtures composed of n-butane, n-pentanteexane, n-heptane and n-octane as the
light component, and different heavier alkanes w#ibon numbers ranging from 16 to 36
[10,12,13]. Most of those measurements are in ¢neperature range of interest covering
from ambient conditions to 100°C. Therefore, owdsgtwill be focused on those five series

of binary systems.

Finally, the activity coefficient logarithm valuerf thei species [n(y;(T, P, x))] will be
calculated based on the corresponding logarithmfugfacity coefficient in solution
[In(p;(T, P, x))] and the pure compound fugacity logarithin(lp; (T, P))] coefficient at the

same system temperature and pressyre)(

ln(yi(T,P,x)) = ln(g’éi(T, P, x) - ln((pl(Ti P)) (7)

In most conditions considered, both compounds e gtates, as well as their mixtures, are
in liquid state. In the few cases where the pugietilcompound is in gas state, e.g. n-hexane at
373.15 K, the metastable liquid at such temperatreonsidered in order to compute the

fugacity coefficient in Eq. (7).

Results

In this section we compare experimental infiniteutthn activity coefficients for n-alkane

asymmetric mixtures with our predictions obtaineithwthe following models: (a) original

PC-SAFT with parameters by Tihic et al. [29], (l3-BEoS and (c) RKPR-Eo0S, both with the
pure compound properties from DIPPR [31]; and ie ttase of RKPR with the third

parameted, correlated for alkanes by Tassin et al. [18]. PR RKPR were both used with
null interaction parameterst{(,=0 andl,, = 0) and classical mixing rules far and b

parameters.

Figures 1 and 3 show the predicted activity cogffits compared to the corresponding
experimental data of Parcher et al. [12] and Kfi@ for binary mixtures of n-hexane and
n-heptane infinitely diluted in heavier alkanestfwcarbon numbers ranging from 16 to 36).

Whereas, Figs. 2 and 4 illustrate the quality addptions for heavy paraffins infinitely



diluted in n-hexane and n-heptane respectively, twedcorresponding experimental data

[10,12].

It is worth to mention that, while all measuremempisblished by Parcher et al. [12]

correspond to 373.15 K, for the binary systemsaiairtg n-pentane, n-hexane and n-heptane

as the light compound, infinite dilution coefficisnreported by Kniaz [10] have been

measured at different temperatures from 250.8 B4t 15 K (see Figs. 1 and 3).

Additional figures to those shown in this work, da@ found in the Supplementary Material

(Figs. S1 — S4). The reader will be able to find #ctivity coefficient predictions for binary

mixtures of n-butane, n-pentane and n-octane tefindiluted in heavier alkanes, as well as

the quality of predictions for heavy paraffins mfely diluted in n-pentane.
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Figure 1. Experimental and predicted logarithms of activibefficients at infinite dilution of n-hexane in n-

alkane solvents as a function of the alkane cartbonber. Full black triangles: experimental datditierent

temperatures from Kniaz [10]; full green squareqmezimental data at 373.15 K from Parcher et a];[@thpty

black dots and black lines: predictions with RKP&SEwvith§; parameter correlated in [18]; empty red dots and

red lines: predictions with PC-SAFT model with paeders according to ref. [29]; empty blue dots hiug

lines: predictions with PR EoS. Thick and thin Eref the three models correspond to Parcher gt3land

Kniaz data [10] predictions, respectively. Notibattall predictions consider null interaction paesens.
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Figure 2. Experimental and predicted logarithms of actidibefficients at infinite dilution for n-alkane in n
hexane binary systems at different temperaturdsbfack triangles: experimental data from Knia®Jlempty
black dots and black lines: predictions with RKP&SEwvith6; parameter correlated in [18]; empty red dots and

red lines: predictions with PC-SAFT model with paeders according to ref. [29]; empty blue dots hiug

lines: predictions with PR EoS. Notice that allgictions consider null interaction parameters.
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Figure 3. Experimental and predicted logarithms of actidbefficients at infinite dilution of n-heptane in n

alkane solvents as a function of the alkane cartonber. Full black triangles: experimental datditierent
temperatures from Kniaz [10]; full green squareqegimental data at 373.15 K from Parcher et a;[@hpty
black dots and black lines: predictions with RKP&SEwvith§; parameter correlated in [18]; empty red dots and

red lines: predictions with PC-SAFT model with pasders according to ref. [29]; empty blue dots hiug
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Kniaz data [10] predictions, respectively. Notibattall predictions consider null interaction paeaans.
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Table 1.Percentage average absolute deviations®irfor binary mixtures of light n-alkanes at infiniddution

in heavier n-alkanes (Cx indicates an n-alkane withrbon atoms).

% AAD iny® AADINY® o AADINY™  Experimental
Binary system
for PR-Eos  [OrPC-SAFT {5 RKPR-E0S  data from

EoS
C4 infinite diluted in n-alkanes 109.7 12.8 13.9 21
C5 infinite diluted in n-alkanes 40.9 8.6 4.1 [12]
C6 infinite diluted in n-alkanes 36.1 6.8 2.3 [12]
C7 infinite diluted in n-alkanes 30.4 6.4 1.6 [12]

C8 infinite diluted in n-alkanes 32.0 7.0 1.8 [12]




Table 2. Percentage average absolute deviationg“infor binary mixtures of heavy n-alkanes at infinite

dilution in n-pentane-n-hexane and n-heptane (@icates an n-alkane with x carbon atoms).

% AADiny> AADINY® %AADINY®  Eyperimental

Binary system
inary sy for PC-SAFT-  for RKPR-

for PR-E0S data from
EoS EoS
n-alkanes at infinite dilution in C5 746.5 33.8 .B4 [10]
n-alkanes at infinite dilution in C6 318.4 18.4 a4. [10]
n-alkanes at infinite dilution in C7 360.6 16.9 23. [10]

As Figs. 1 to 4 show, PR EOS yields positive déwet from Raoult’s law for all the studied
systems and conditions, whereas experimental dea segative deviations from Raoult’s
law (i.e. activity coefficient values below unitpr negative values foin(y®)), in a
magnitude that increases with the system asymmétey, In(y*®) values become
progressively more negative, see Figs. 1-4 and. F$dsS4 in Supplementary Material).
Moreover,y® values predicted with PR-EoS have the highestadievis, as become evident
from calculated percentage absolute average dengashown in Tables 1 and 2. This effect
is more noticeable for the cases of heavy n-alkarfgste diluted in C5, C6 or C7, where the
% AAD are over 300% for all studied systems (selald 2).

PC-SAFT and RKPR models yield negative deviationomfRaoult’s law for all cases, with
the exception that RKPR predicts just a slightlgipee deviation for C16 infinite diluted in
C6 at 250.8 K, or ideal behavior in practical terfese Fig. 2). In all cases (Figs. 1-4 and
Figs. S1-S4 in Supplementary Material) PC-SAFT texhs go below those corresponding
to RKPR and, based on the comparison with the @xpetal data, it seems that PC-SAFT
tends to slightly exaggerate the negative deviatioom ideality, while RKPR is in general
closer to the observed behavior in these mixturas is confirmed by numbers in Tables 1
and 2, with two soft and one clear exception. Tite $oft exception corresponds to n-Butane
infinitely diluted in paraffins (see Fig. S1 in Suementary Material and Table 1). In this
case deviations are similar but with opposite $agnlPC-SAFT and RKPR, with data points
falling always between both models. For reasonscale affecting differently the points
closer to one or the other model, average deviahdm(y ) is slightly lower for RKPR
while the AAD iny® -which is the one computed in Table 1- is sligtthyer for PC-SAFT.

Then, regarding the two other exceptions which iveosystems with heavy n-alkanes



infinite diluted in C5 and C7 (see Table 2), we hée call the reader’s attention about the
following. When having a closer look at the dats seported by Kniaz [10], one realizes that
the activity coefficients measured for C32 arelicases unexpectedly low (Figs. 2, 4 and S3
in Supplementary Material). This leads us to thih&t the n-Dotriacontane used in those
experiments might have been contaminated with lkeeaa@mpounds or there could have been
another reason for these systematic deviations ttentrend observed based on the other
measurements reported by the same author. If va¢ tlhese points for C32 as outliers and
recalculate the %AAD based on the other points) the number is lower for RKPR in all

cases.

From Table 1, and based on data from Pacher §t2j|. we see that for C5, C6, C7 or C8
infinite diluted in heavier n-alkanes, % AAD for RR is around 5 % lower than for PC-
SAFT.

In order to illustrate the implications on the cdetp behavior of mixtures and given that
most readers might be familiar with this type dbtphs they appear in different books, Figs.
5a — 5b show complete predictions of activity coefhts for both compounds in a binary
system. Two of the systems considered in this sty with available data points at both
extremes are included, namely C6+C36 and C7+C28pil2ethe fact that in the two systems
the temperature corresponding to both experimeuaigts differ in around 100 degrees (see
Fig. 5 caption for experimental data details), wk imcluded them given the soft effect of

temperature on these activity coefficients, andilfastrative purposes, and we perform our

calculations at an intermediate temperature ofi825
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Summarizing, both PC-SAFT and RKPR are able to ipretthe proper behaviors for
experimentally observed infinite dilution activiepefficients in the studied (nearly) athermal
mixtures, and also their trends along asymmetrindlogous series, whereas PR-E0S clearly
fails. RKPR was used in this work with classic vdWhixing rules, and it performs
comparably or better than PC-SAFT model to pregitt In other words, it seems there was
nothing wrong the classic vdW1f mixing rules, wreethird parameter takes into account the
evolution of shape in a family of compounds likealkanes, similarly to what then
parameter does in SAFT models, since RKPR and PEFSAodels have demonstrated to be
able to properly predicg™ behavior in the studied systems. Note, althoulgat the third
parameter is only present in the attractive terrthefRKPR EoS, while for SAFT models it
also appears in the repulsive term. Neverthelesspite this specific difference, we know
from the works of Sacomani and Brignole [14] anchieet al. [7] that both repulsive terms,
either the van der Waals or the SAFT one basedaoth ¢hains of spheres, correctly predict
the trends of negative deviations from ideal mixfog asymmetric mixtures of n-alkanes.
Then, the picture changes when an equation of satempleted for real fluids: It was
already known that the coupling with the attractteem in cubic EoS's like SRK or PR
worsens the quality of activity coefficient predets in mixtures, leading to false positive
deviations from ideality [14]. Now, from the resufiresented in this work, we see that is not
the case with PC-SAFT, which provides good prediittiand a correct trend when the full
equation is applied to real mixtures in near roamnditions of temperature and pressure.
Moreover, our results have also clearly shown #@meswith a cubic EoS, the RKPR, for
which the essential difference with SRK or PR igih@ a third parameter that interpolates
between their structures or density dependenceslandgo beyond. Therefore, we see that
the same parameter that broke the limitation ofn&gque universalZ, value for pure
compounds (sedppendix A), corrects for the deviations from ideality wheppked to

mixtures.

Here, a question may naturally arise: How is itt tthas third parameter in a cubic EoS
corrects these behaviors? In what follows, we mledome detailed insight and elements for
an answer. For cubic Eo0S's, the logarithms of fitgacoefficients in Eq. (7) can be
decomposed into different terms, as it is explaimedetail in Appendix B, leading to the

following decomposition for the logarithm of thetiaty coefficient:

ln(yi) — Firep + FiattZP + Fiatt3P + FZL- (8)



The decomposition is done in such way that eaah terfunctionally valid either for a 2P-
EoS (SRK, PR) or a 3P-E0S (RKPR), the only formé#ference being that a constasit

parameter makes ttR#**3 term vanish in a 2P-EoS.

Fig. 6 shows how the curves in Fig. 5a, for n-Ce-€36, are decomposed into these terms.
The curves in Fig. 6, considering both componaetgal a higher complexity than one may

expect in advance, but there are some importamreésons to make:

- In accordance with Sacomani and Brignole [14],s&e that the non-residual contribution
for the activity coefficient of the lighter compadimvould show the right behavior or type of
deviation, but it is worsen and even inverted by dltractive term. Nevertheless, the picture

is very different for the heavy compound.

- It is interesting to note that the attractive triutions of the RKPR EoS have low or
moderate values, and may even neutralize each, atinde the F#**2 term in the PR EoS

diverges to important magnitudes, either positivaegative, for both components.

- Moreover, for n-C6 with the RKPR EO0S, the 2-Raddtive term is nearly zero in the whole
range of composition, and it is very clear how ttmed-parameter term is the one that drives
the logarithm of gamma to its position. The conttibns are different for n-C36, but the

result is also the right one.

- Overall, and considering the very different c@rdieat both models show for the same term
-in particular the repulsive one-, it becomes clbat what makes the difference is not only
the presence of the extra term related to the fammeter compositional dependence, but
also the different parameterization induced byedéhts; values, in particular for the co-
volume of the heavy compound (83.1 and 78.9 ccimtilis case).



2.0

2077171 T T 7T T

L L T T T T T T T
C6-PR 1 1C36-PR i
1.54 4 1.5- s .
o4 T -~ 4 10-
T--.... \.\. 1 )
B \. - -
05 ] o8
g T \] 1
of————————— H 0.0 terarrm
-0.5 4 4 -05- B N i
4 4 4 '\_\. 4
1.0 F, H -1.0- F, . -
N
4T A S Free N
-1.5 4 —_ F‘anzp 4 154 —.— FKE“ZP \.\ _
Lny, Lny, \
-2.0 — 7T T~ T T 1 T T 1T T T 17 -2.0 LA S S S A B N S S p e
00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 10
n-Hexane molar fraction (z,) n-Hexane molar fraction (z,)
2.0 L.l T T 1 1 1 1 1T T T 2.0 L — T T T " T T T T T
f e — C6-RKPR: {C36-RKPR 1
sl T — 4 154 -
1.0 T a 1'0 - .
0.5 i
00 fr=r=emememem. e
-0.54 —— - . i
-’ - . FZI
-1.04 T Free
- —_— FanzP E
1.5+ __ e
1 —Lny, ] .
-2.0 —r T 7T T T T n.y' -2.0 — T T T T T T T T~ T T~ T T T T T
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
n-Hexane molar fraction (z,) n-Hexane molar fraction (z,)

Figure 6. Complete curves of predicted logarithm of activdbefficient, and its terms (as defined in Eq. 8 Appendix B) at 325 K and 1 bar for the binaryteygs C6+C36. Predictions with

PR EoS are found in the two images at the top,enthié corresponding predictions with RKPR EoS atheabottom. Notice that all predictions considell interaction parameters.



Conclusions

In this work we have used three different EoS m®del a completely predictive way,
evaluating their performance to model asymmetrigtunes of n-alkanes based on activity
coefficients, especially through infinite dilutiofalues, for which an important collection of
data is available in the literature. The three nedeluded two cubic EoS, representative of
the two-parameter (PR) and three-parameter (RKR®gories, and the PC-SAFT EoS
which, as every SAFT model in its non-associatiegsion, has (at least) three parameters.
Confirming trends already observed in the literatuand contrary to what experimental
measurements show, PR predicted positive deviafrons ideality in all cases. In turn, both
PC-SAFT and RKPR predicted the right qualitativentts of negative deviations from
ideality, with a magnitude that increases with roolar size asymmetry, and varying degrees
of quantitative agreement with experimental data.

First of all, and coming back to our original quess inspired on observations by
Kontogeorgis and Folas, we can now conclude thatsimple and classic van der Waals
mixing rules can perfectly capture the right treradsactivity coefficients in asymmetric
nearly athermal mixtures with a cubic EoS. Themfar is not necessary to turn to more
complex mixing rules. The only requisite is thaé ttnodel has the flexibility to consider
different shapes of molecules, and their mixtuees] this is provided by a proper third
parameter. Based on a detailed decomposition ferdiit sub-terms for the system n-C6 + n-
C36, and comparing these curves for the PR and RE&Rs, we could see how the fixing
of the analyzed two-parameter pitfall is explaingdrtially by the third-parameter
composition dependence itself and partially by hbeother pure-compound parameters are
affected by a differen; value in the RKPR.

Moreover, we have shown that when the comparistndss a cubic and a SAFT model is a
fair one, i.e. using a three-parameter EoS in loaes, performances are similarly good in
describing the behavior of asymmetric mixtures, @mdn be even better with the cubic EoS,

as it has been observed in this work.

Third parameters have been present in SAFT EoS Isxsaee their origin, but this does not
apply to the historical development of cubic Eo$\& hope that this contribution helps in
convincing our colleagues in the research commuhay a third parameter is as necessary in

cubic EoS’'s as it is in SAFT ones.
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Appendix A. Equations of state with two and three prameters: PR, RKPR
and PC-SAFT

Although the use of two and three-parameter cubicatons of state to describe the phase
behavior of asymmetric mixtures has been previod&gussed [32,37], the purpose of this
appendix is to provide a summary of these typesqgofations and their main differences. In
particular, we focus on those EoS used in this wBdng-Robinson equation of state [2] (PR
EoS) with two parameters, Generalized Redlich KwBegg Robinson equation of state [4]
(RKPR E0S) with three parameters and PC-SAFT, afsthree-parameter type, but non-
cubic. Mollerup & Michelsen [20] proposed the fallmg general expression, shown in Eq.
Al, in which all of the well-known cubic EoS arentained for particular pairs of valueg,(
d2):

RT a (T)
v—b (v+ 81b) (v+ 6,b)

P = (A1)

Whend; ands, constants are (1+2, 1 —v/2) respectively the PR equation is obtained [2],
whereas (0, 0) leads to the van der Walls EoS (v{88) and (1,0) to the Redlich Kwong
EoS (RK) [39]. In Eq. Alb anda are, respectively, the size (co-volume) and coeesi

energy parameters; and the two parameters condiftt@r®R, RK or vdW Eo0S, for example.
Furthermore, if we add the following restriction:
_6162 - 61+ 62 - 1 =C (AZ)

and transform the constatf into a compound specific parameter, then we hateree-
parameter equation of state which connects thed?R)(and PR (c=1) density dependences

through the following expressions for the comptasisy factor (Eqs. A3, A4 and A5):

1 ant
P _ A3
RKPR ™ 14 (1+481”)(1+4;21’7) (A3)
7= % (A4)
b
n=u (A5)

As it has been widely studied and discussed prelydd,22,32], the intrinsic limitations of
two-parameter cubic equations of state to reprodudemetric and derived properties in
some cases, rather than from their empirical characome from the fact that every two-



parameter equation of state for which the comploéigifactor can be expressed in terms of
two dimensionless variables that are direct or igely proportional to the molar volume

and/or the temperature, is a corresponding stateeinThis was demonstrated by Mollerup
[20] and its details can be consulted in appendof e original work of the RKPR EoS [4].

Thus, Zc results a characteristic constant for each pdatidwo-parameter EoS, e.g. 3/8 for
the vdW EoS [38], 0.307 for the PR EoS [2], or fbBthe RK EoS [39].

In order to overcome the limitations of a two-paeden cubic equation of state, a third
compound-specific parameter in the density deperelehthe equation of state is necessary
to model different types of fluids and their asyntmeemixtures. In the case of RKPR EO0S,
this third parameter i8;, a structural parameter, which increases with symericity (and
also with polarity, but polarity is not presentatkanes). This parameter comes from Eq. 11
in the “Pure compound parameters” section of oavipus work [18], also reproduced as Eqg.
(1) in this work.

The expressions for the residual Helmholtz enedj¥°§ and pressure in the RKPR EoS are
the following (Egs. A6, A7 and A8):

ATeS b a v+8.b
= —ln(l——)— In L A6
T W () s )
3 k
a=dc (2+TT) (A7)
3 \k
__RT ac(2+Tr>
- v—b - 1—51 (A8)
(V+61b)(v+mb)

The covolume and the critical value of the attractparameter for a pure substance are
calculable from the following expressions:

RT,

b=0,"¢ (A9)

2
a, = 0, F (A10)

Pc

Note that for simplicity, and in the context of pustompounds, only in this Appendix the “i”

subscript is omitted for the different parameterd pure compound properties.

Q, andQ, are functions of the third parametgr



_ 3y2+3yd;+d?+d,—1

Q, Gytdii? (Al11)
&y = 3y+211—1 (AL12)
Wherey andd, are intermediate variables defined as:

y=1+[20+ 8017 +(75)" (A13)
d, = 11—‘;? (A14)

Further details of the deduction of these expressaan be found in the original reference of
the RKPR EoS [4].

It is well-known that a temperature dependenceHerattractive parameteris required to
achieve a reasonable quantitative agreement witpererental data, especially vapor

pressures. Although with different coefficientsttbthe SRK [1] and PR [2] equations use:

- 0= (14m (- F)
a=-—=(1+m (1-T) (A15)
known as Soave's classidunction, which works quite well for subcriticarperatures but
is known to lead to inconsistencies in the supgcali region. Instead, the RKPR Eo0S
employs anothex function:

0= 2=(2p)

Adopting the two classical restrictiong'c( and Pc) for the determination of the three
parameters at the critical point and having alsapsetl a standard procedure to determine the
temperature dependenceaofadjustingk such that the vapor pressure implied by the aicentr
factor is reproduced), the RKPR Eo0S provides ontaexdegree of freedomd) in
comparison to classic two-parameter cubic E@Safd b) like SRK or PR. Different
approaches were followed in previous articleshia ¢riginal RKPR development, Cismondi
and Mollerup [4] proposed the relation Z= 1.168 Z°® as the default setting for non-
associating fluids, which was latter followed byet authors [22,23,27]. Remember that Z
for RKPR-EOS is related to, through Eq. A3. In other works, Cismondi et al. ided to
impose the reproduction of the liquid density apecified temperature, either at the triple
point [22] or at Tr = 0.70 [25].



In recent works [18,32,37] it was found that prédics of phase equilibria for asymmetric
mixtures were quite sensitive to the valuesofand therefore it was proposed that this third
parameter of the RKPR model could be defined basmdonly on properties of pure
compounds, but also on the basis of propertiesiraryp systems, particularly of the most
difficult series to model among hydrocarbon mixtire asymmetric series of methane + n-
alkanes. In summary, the approach adopted herghatghe parameters of pure compounds

come from reproducinc, Pc andw, and imposing a value 6f.

As PC-SAFT EoS [28] was also applied in the presank, it is also worth noting that, as in
any three parameter EoS, its compressibility fa(gr varies with its third parameter value.
This has been detailed in [40], and we make hesegugeneral and brief explanation. The

compressibility factor of a three or a two paramé&@S can be expressed as follows:

__ P(a,b,cy,THv
RT

A (A17)

In the general context of Eq. Al#,anda are, respectively, any pair of size and cohesive
energy parameters in an EoS, particularlpande/k in the PC-SAFT Eo0S. Accordingly,
denotes the dimensionless third parameter, whidPQrSAFT equal#. Moreover, the pure

component critical conditions can be expressed as:

v? oP(a,b,cyT)\

(F5s), = 0 (A18)
v3 02P(ab,cv,T)\

(E—azv ) =0 (A19)

In the case of any two-parameter EoS, considehagctis a universal constant, there is a
unique solution to Eqs A18 and A19, afidis characteristic constant for such cases, as it
was previously explained in this appendix. Otheewisom Eq. Al7, there is a different
value ofZ,. corresponding to each value of the third parameftd?tC-SAFT (as well as for
any three parameter EoS like RKPR Eo0S).



Appendix B. Decomposition of the In(y;) expression in different
contribution terms

In order to get a deeper understanding of the effethe third parameter in a cubic EoS and
how it corrects the behavior predicted fgrandy;°, we propose here to decompose the
logarithm of the fugacity coefficient in Eq. (7)pchanalyze its terms. For cubic EoS's, we

first consider the general formulation for th&®;), following the approach proposed by

Michelsen and Mollerup [20] as shown in Eq. B1:

o= -0+ 2)  n-HE) -2E) (@) -n

T,TL]' nj

(B1)

It is worth noting that in Eq. B1, the term contagthed; parameter derivative disappears in

a 2P-EoS (SRK, PR). In Eq. B1 the variabigg, D, f, B and §, are defined as:

n=yn; (B2)
g=1In (1 - %) (B3)
D=%n%;na;(T) (B4)
e () @)
B =%;n;b; (B6)
5, = Eliou (B7)

n

Equation B7 defines the mixtutg parameter for RKPR EoS. Still, if applied to the PoS,

one gets the same value as for every pure compaend,+v2 (see appendix A).

In Eq. B1, the derivativeég—D)

) a a8
, (—f) , (—f) and(—l) are calculable as:
"l nV,8, nV,B

aB T ni/ .,
J



aD
(o). =2%maym) (88)
MNj
+V -t

or <f <(V+§1B)(V+i;giB)>>
(55w, =~ ; (89)
of 1 1 2 2

a7 = —fl(1 Bl
(661)7,1"/,3 61_1;21 V+613 + (V+%B)(1+51)2 f( + (1+61)2) ( O)
% _ 611_61
(ani)nj - (B11)

Now, considering Eq. 7 of this paper, we can obtiafp;) by subtracting the logarithm of the
pure compoundi” fugacity coefficient [n(¢;)) to the logarithm of the fugacity coefficient
of compound I” in solution, given by Eq. Bl. Furthermore, suchuation can be
decomposed into different terms that are functignadlid either for a 2P-EoS (SRK, PR) or
a 3P-EoS (RKPR), as stated in Eq. (8), and whiclhavwe rewritten here:

In(y;) = F/°P + FAt2P 4 poetsh 4 Fz, (B12)

Its detailed terms are:

L

. 0p. Op.
F.rep=_g+%—[—ln<1—”lbl>+ oLl ] (B13)

0

) ) 0% i (@ 0
FiattZP - _ % (é) bi _r (a_D) — [_ ny Qi (_f) bi _ I zngaii (Bl4)
nv,5, n; Tn; RT 0B nv,8; RT

=200 () @9

nj
Fyz, = =In(2) = [~ In(Z))] (B16)
Considering that:

1 v2+8,n{b;
= =Ty ln( e ) (B17)

op (5. _ 0,1-81 0,
nibl(61 1+61 Vi +1+81nlbl




0 0 -1
fi tv;
0 0 0,1-81 0
< (Vi+51ni bi)(vi+1+81ni bi)

(Z_jl;)n,v,s1 - nfb; (B18)

Note that in Eq. B15 no pure-compound term appleensg substracted to the mixture term.
The reason for that is that, due to its definitioriEq. B11, the composition derivative of the

&, parameter becomes zero when valued for thedmpound in pure state.

In the results section of this paper, we numerycailalyze the contribution of each term in
Eq. B12 to the final value dh(y;). It is worth mention that the proposed decompaosits
valid for a 2P-EoS (SRK, PR) or a 3P-E0S (RKPRndpe¢he only formal difference that a

constan®t; parameter makes ttR§**3F term vanish in a 2P-EoS.



List of symbols

A Helmholtz energy
a cohesive or energy parameter in an equatiotatd s
b general notation for the size-related paramatan equation of state; co-volume in a cubic EoS
¢ general notation for the dimensionless thircapaeter in an equation of state
k constant defining the temperature dependentieeddttractive parameter in the RKPR EoS
m third parameter in SAFT-type equations of statenber of segments
(also, the characteristic constant in Soaakgha function)
n mole number
P absolute pressure
R universal gas constant (R = 0.08314472 bar L0l
T temperature
V total volume
x molar fraction

Z compressibility factor

Greek letters

@ fugacity coefficient in solution

y  activity coefficient

y® infinite dilution activity coefficient

61 third parameter in the RKPR EoS

&, non-adjustable parameter defined in term§, of

e/lk  energetic parameter in PC-SAFT: square p@lkntial depth

n dimensionless variable relating the size paransaetd the molar volume
p molar density

c size parameter in PC-SAFT: segment diameter

Tt dimensionless variable relating the energetrameter and the temperature



w acentric factor

Subscripts
c critical property
i component

r reduced property

Superscripts
0  pure compound

res residual property
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