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Abstract

The necessity of using a pressure (P) or temperéiyrdependence in the Gibbs energy
of mixing of the liquid phase {4) for some isothermal (or isobaric) VLE data sets,
respectively, is discussed in this paper. A gragdhiepresentation, directly obtained
from the experimental data, is proposed as a mdthatearly classify the behaviour of
the systems and select the adequate model (ileding when appropriate the T or P
dependence) to correlate them. The result is treatynof the poorly fitted systems in
the literature could be precisely modelled using torrect procedure with adequate
functions of P or T. Some suitable examples are tsallustrate the validity of these
ideas, providing satisfactory correlation resutis those systems in the literature. The
ideas presented in this paper reveal important céspelated to the inappropriate
application of some thermodynamic consistency (T&3)s to evaluate the quality of
VLE data sets.

Keywords: activity coefficient model, NRTL, VLE, phase edbrium, data

correlation.

1. Introduction

A revision of the published vapor-liquid equilibmu(VLE) data for binary systems, and
their correlation results, shows that quite a higimber of these sets presents a very
poor fitting with insufficient justification. In d&ier words, some VLE behaviours
apparently close to ideality cannot be modellechgisany of the activity coefficient
equations, when other comparable data showing aintiends can be satisfactorily

correlated. For these poorly correlated systenes prameters obtained are published



along with very high values of deviations betweexpezimental and calculated

properties, without any explanation for the trugskns behind such results.

Experimental VLE data at low and moderate pressaresfrequently fitted using an
activity coefficient model such as NRTL] or UNIQUAC [2]. These local composition
models to formulate the dimensionless Gibbs enefgxcess (= GT/RT) of non-ideal

solutions, or alternatively the activity coefficteaf each component, do not include
dependence with total pressure (P) and the depeaderth temperature (T) when
included is very weak. To overcome this limitationm,the case of the correlation of
isobaric VLE data, the binary interaction parangetme occasionally formulated with a
certain mathematical function of T. For exampleg tthemical process simulation

package Aspen PIy8] includes the following expression:
b
T :a+?+c-InT+dT Q)

When the NRTL model is used for the correlatior, tlependence with T may also be

used in the non-randomness paramefer
a; =e+f(T-27315K) )

where a, b, ¢, d, e and f are the parameters ofmibdel, which can be obtained by
correlation of experimental VLE data, and T is temgure (K). This is an accepted

empirical procedure to provide a stronger T-depeodén the model.

However, the case of pressure is different. It islely accepted that at low and
moderate pressures, the influence of P on the Gibbryy of mixing () for the liquid
phases, calculated as the sum of the ided) @nd excess fy contributions, is
negligible. We have only found one papgdi in which the effect of pressure is
considered in the™yfunction for the liquid phase, within a multi-paratric empirical
equation used as part of the checking of thermadynaonsistency of VLE data sets.
The widespread assumption that activity coeffigeare virtually independent of
pressure leads to the common practice of fittirgghisrmal VLE data sets with no
dependence of P in the liquid mixtures. For examiplis is the procedure used in the
VLE Data Collection by DECHEMAS] that includes the correlation with different
models (Margules, Wilson, NRTL and UNIQUAC) of exipeental VLE data sets. In

this data base no variation of the parameters pntissure (isothermal data) or with T



(isobaric data) is considered. This is a commoruwweace in the published papers on
this topic. The effect of P is only considered itmthermal VLE data at high pressures,
but in these cases, state equations (EOS) insteadtiwity coefficient models are

frequently used.

This approximation is related to the incompresgipibf the liquid phases at low
pressures, for which it is well accepted. As consege, when an acceptable correlation
of the experimental isothermal VLE data set at W not possible, it is believed that
the lack of capability (flexibility) of the actiwtcoefficient model is responsible. Even
though this fact could be correct in some casethenpresent paper we show that for
others, the variation with P in thé" function iscompulsory, because otherwise an
inconsistent situation is obtained.

In a previous papdE], we achieved similar conclusions for temperatdegnonstrating
that for some isobaric VLE data sets, the use ditiahal T-dependence, like the one
represented in Eqgs. (1) and (2), is not a questioimcreasing the flexibility of the
model because of the higher number of parameted, lmit is demanded by the VLE
data set itself. The key point is that in theseesaso model, no matter how capable it
is, would be able to fit the data without such peledence. In other words, in these
cases the notion of fitting VLE data without T de@ence in the interaction parameters
is meaningless. In the paper, we started with #y@or phase (ideal gas) and used the
Gibbs minor common tangent equilibrium conditionalatain the dimensionless'g
(GM/RT) values and the slopes {Hgdx,) at each experimental liquid composition
(molar fraction). With this information we idengfi those cases where a uniglle g
curve was not able to simultaneously satisfy alisth§"- values and its derivatives
(dg"*/dx,), requiring a high T-dependence, like the one in @), to overcome the
weak (or non-existent) influence of temperaturéhmactivity coefficient models used.

Parallel reasoning to that of temperature has loaemed out in the present paper for
pressure, for those VLE data sets obtained undédrasmal conditions. Nevertheless, in
this case the conclusions are even more signifibacause, unlike temperature, the
variation with pressure is not usual, neither ia plarameters nor directly in the activity
coefficient models for liquid mixtures. Moreovergwhow that it is possible to know,
just by checking the experimental VLE data set aithusing any model and before
proceeding with the correlation data, if a P-degeice will be required. This reduces

the frequent trial-and-error approaches that anencon in equilibrium data fitting.



The ideas presented lead to a classification of th& data sets that allows the
application of the most adequate correlation prapedn each case. We present some
examples to illustrate all these ideas. New cotimlaesults are presented in the present
paper that accurately describe the experimental daEa for systems that had been
poorly correlated in literature. Moreover, the fimgs of this paper have direct
consequences for the application of some testsudrdty used to evaluate the
thermodynamic consistency of the VLE data setschwire included in the last part of

the paper.

2. Theoretical Development

In order to have vapor-liquid equilibrium, a commi@mgent line must exist between
the Gibbs energy of mixing functions for the vapad the liquid phasesMd and ¢""
curves respectively, providing the global minimufrthe Gibbs energy (Gibbs stability
criterion), as shown qualitatively in Fig.[@]. In this figure, z is the mole fraction of
the lightest component in the binary global mixt(M of components 1 and 2;'xand
y.’ are used for the molar fractions (component 1jhmm liquid and vapor phases at
equilibrium, L and V respectively.

At moderate pressures, ideal behavior of the va@gbaise is frequently considered. In
these cases, the dimensionle¥s gurve for a binary system (if the pure liquid aafd

P of the mixture is considered as the referende)ssgiven by Eq. (3):

G Py Py
=2 oy In| —2 0 y,y,0[0, 3
g ~ yln[pf]wzn[ ng y., Y, 0[0,] (3)

where | is the vapor pressure for the pure component iRaisdthe total pressure.

Eq. (3) sets the™y’ curve at each pressure for isothermal VLE data. SEte two
experimental equilibrium compositions-xand y" in Fig. 1 are known for each VLE
datum. The combination of this information alonghwvthe necessary and sufficient
Gibbs common tangent equilibrium condition univocadet the §* value and its
derivative at each P for the liquid phase (L) imigélgrium with each vapor phase (V),
providing the following equations:
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Consequently, the value of'§ at the experimental liquid molar fraction"XEq. (4))
and the slope of the tangent line to this functrthis same point (Eg. (5)), are both
fixed at each P by: the vapor pressures of the maomponents at T and the

experimental compositions for both V and L phasesgailibrium.

From this point of view, a hypothetically “perfeatdrrelation of VLE data sets will be
obtained when a set of parameters of the model iggethe activity coefficient of the
liquid phase is found that satisfactorily reprodutee §"- values and its derivatives
obtained from the vapor phas®'g In other words, the vapor phase determines axactl
the value and the slope of th&"'gcurve at each one of the liquid equilibrium

compositions (L).

Many of the isobaric or isothermal VLE data setgaated in literature satisfy these
conditions using " functions that are almost constant with tempeeatur constant
with pressure, respectively. This is the case oftla¢ systems that have been

satisfactorily fitted.

In paper{6], we focused on isobaric conditions and showedftitasome specific VLE
data sets it is not possible to satisfy simultasgoboth, the value and the slope of the
g"t curve, at each one of the liquid compositionssTreatment of the problem, which
is not frequently considered, has demonstratetkievant role in the understanding of
the true nature of the limitations regarding catieh of isobaric VLE data. In the

present paper, these arguments are extended aledappasothermal conditions.

3. Study cases

We have selected the following VLE data sets frovma DECHEMA Chemistry Data
Series to illustrate our ideas:

Example 1: toluene (1) + 1-pentanol at 30°C [7]
Example 2: water (1) + acetic acid (2) at 30°C [8]
Example 3: hexane (1) + ethanol (2) at 30°C [9]
Example 4: acetonitrile (1) + water (2) at 20°C [8]
Example 5: diisopropyl ether (1) + ethylbenzengQ2C [10]



Example 6: hexane (1) + 2-nitropropane (2) at 23%T

In Fig 2, the " and the required*tf values have been represented for the first three
systems (examples 1-3) at the experimental mokactibns for all the VLE data,
showing the tie-lines that connect the conjugateahd L phases in equilibrium. These
tie-lines indicate the slopes of the common targémdt must exist between the L and V
phases in equilibrium for ideal vapor behaviour.these three cases it is possible to
draw one hypothetical smooth curve passing thraligihe liquid points that satisfy the
required slopes at each point. This means thabutd be possible to find a good
correlation of the experimental VLE data using adeidor d** with no dependence on
pressure (just one curve for all the equilibriuming® at different pressures). In fact, all
these three systems have been adequately fittéiteiature using the NRTL model
without using P-dependence in th&'gfunction [7,8,9. We have selected these
systems to show, in addition, different possitgktiof appearance in thé' gs x,y
representation of the VLE tie-lines for systemst tda not require dependence on
pressure. In example 1, the vapor phases are dhe dfajectory of the’§- points (Fig.
2(a)), while they are located very close to thajectory in system 2 (Fig. 2(b)). Finally,
system 3 is representative of cases with an az@ooint (Fig. 2(c)).

Now we consider the experimental VLE data for tbetanitrile (1) + water (2) at 20°C

(example 4). The results published for the VLE dataelations for this example using
any of the existing activity coefficient models amzy poor8]. For example, the results
published using the NRTL model have been repredemteFigs. 3(a)-(d), where P

versus the molar fractions x and vy, the equilibricorve y versus x, and also the
calculated Y- points and the slopes of the tangent lines'tb ljave been represented,
respectively, together with the experimental valt@scomparison. Table 1(a) shows
the binary interaction parameters along with thpaive function calculated with Eq.

(6) and deviations in pressure and vapor molatiftras (mean and maximum).

OF(y)= mmZZ(uJ ©)

In Eg. (6) where i and k are used for the compananid VLE data, respectively,
denotes the total number of VLE data, the actieibgfficient denotedal is the one
obtained using the model, amdp is obtained from the experimental data using the
following equation (considering ideal vapor phase)
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The comparison between activity coefficients in ) has been used as objective
function because this is the most widely used miome e.g. DECHEMA Chemistry
Data Serie$5][7-11].

It is noticeable from Table 1(a) and Figs. 3(a) &ny that this system could not be
satisfactorily fitted with the NRTL model. Neithdrave other equations such as
UNIQUAC, Wilson, etc., provided better resUul&.

From the approach presented in the present papersdtisfactory correlation of the
experimental VLE data would require a precise dpson of the §"" function and its

derivatives calculated from the vapor phase, tsfyahe Gibbs minor common tangent
equilibrium condition. This condition must be siéd regardless of the objective

function used (e.g. the activity coefficient furectigiven by Eq. (6)).

Therefore, to analyse the difficulties in the ctatien of some specific systems, it is
very useful to plot the'§" values and the slopes of their tangents lines) balculated
from the experimental vapor phase data (i.e.: alegrto Eqgs. (4) and (5)) and compare
them with the ones calculated with the NRTL modéggs. 3(c) and (d) show that there
is a lack of good agreement between both seriedatd. When this information is
represented showing all the conjugated V and L ghas equilibrium (at each P)
connected with a straight line (Fig. 4), it is alveel that these tie-lines are clearly
secant (not tangential) to any smooth curve pastingugh all the L points. This
smooth curve would represent any hypothetical méatethe activity coefficient with
no variation with P. This fact reveals that for soieothermal VLE data sets, like the
one in this example, the fitting of the equilibriudata with any hypothetical model (as
capable as we can imagine), without taking intcoant the variation of theM curve
with pressure, is simplympossible. Attempting this task is hopeless and, what isenor
it would be possible to identify in advance, whante these special cases of isothermal
VLE, by means of a representation as the one in4Fi¢n this type of figure, the
incompatibility among the required'y values and slopes for the L phases obtained
from the vapor (ideal) phases can be easily obdeA® long as the tie-lines connecting
the two conjugated VLE phases are clearly secamtf(fbm being tangential) to any

smooth §* curve connecting all the L points, it will not lpessible to carry out an



acceptable correlation of the experimental VLE deithout an adequate P dependence
in the model. This situation (example 4) is the @pe to those represented in Fig. 2
(examples 1, 2 and 3), in which the VL tie-lines tangent to a smooti'§ curve that
connects all the liquid phases, making it posdiblénd a model like NRTL without P-

dependence that adequately reproduces this curve.

For systems such as the one discussed (exampfehl,behaviour of the vapor phase
is adequately represented by the ideal model (#edegt low or moderate pressures),
the only possibility of overcoming the reachashd-end situation, and consequently of
making compatible the isothermal VLE data, is teuase the effect of pressure in the
liquid phases. If P-dependent parameters are stk iactivity coefficient model, each
one of the Y* points (at each experimental P) would belong thfferent ¢"* curve
and so itcould be possible to satisfy simultaneously both t1& galues and the slopes
of its tangents required by the VLE condition, at ae shown next. If even then the
results obtained are not acceptable, the only npsoto consider non-ideal vapour

behaviour.

P-dependence in the NRTL parameters

To consider P dependence in the binary interagiemameters of the model we have
used a formulation similar to the one included he tAspen Plus Chemical Process
Optimization Softwar¢3] for temperature (Eq. (1)):

T, =g +b—F‘i+<;I-InP+p-I (8)

If necessary, when the NRTL model is used for thieetation, the dependence with P

can also be used in the non-randomness parameter:
aij:qj+fj-|3 9

where @, by, Gj, ¢j, g and f; are the parameters of the model, which can bermutdy
correlation of the experimental isothermal VLE datand | are the components of the

system.

It is important to point out that the NRTL paramstepublished using the
“conventional” procedure, for example the DECHEMAdmhistry Data Serie§5],

could be used as starting point of the correlatowhich the influence of pressure is

8



considered. To do that, the previously publishedTNRparameters for VLE data
correlations (e.g. in cal/mol) should be transfadm@o dimensionless values (dividing
by RT) to obtain the ‘g parameter in Eq. (8). Using this procedure, w&kensure that
the conventional solution (known in many casegrésent in the optimization from the
beginning and any other solution of the fitting ggss will be always better than that,

for those cases where P-dependence is necessary.

We carried out the correlation of the VLE data thee binary system acetonitrile (1) +
water (2) at 20°C (example 4) using this procedemajbining the Egs. (8) and (9) with
the activity coefficient model (NRTL) and the oljge function in Eq. (6). The
correlation results obtained, labelled as NRTL f@¥® shown in Table 1(b) and Fig. 5.
For practical purposes, we did not restrigtduring the correlation process to attain a
better approximation to the experimental VLE datgardless of its supposed physical

meaning, but the use of P-dependenas; iwas not necessary since f=0 in Eq. (9).

These results reveal that allowing a P dependemdbe §'- function leads to very
satisfactory correlation results. The calculatedspures and vapor molar fractions
reproduce the experimental values very well. Tlisbecause using the proposed
procedure it was possible to satisfy simultaneouly required - and dd"“/dx;
(named in some parts of this paper as slopes) si@seshown in Fig. 6. In this figure, it
is also possible to observe the evolution of tHé& gurves with pressure which was
necessary to satisfy the VLE requirements, in tiberval of pressures of this data set. In
Fig. 6(b) both §* and §"V curves are simultaneously represented for P=62:#q)

as an example to show the fulflment of the Giblmsnmon tangent equilibrium
condition., The required common tangents betweenidgiuid and vapor phases are also
satisfied for all other pressures in this VLE datd. We would like to remark that to
achieve this correlation result, unstable LLE $iplif is provided by the model at some
pressures. However, the stable solution in allehesses correspond with vapor and
liquid phases in equilibrium, as it is shown in .Fifb) for one specific pressure. For

this reason, stability must be checked in all thage equilibria calculations.

It is important to remark that only the L and V misi (corresponding with the VLE tie-
lines) and those to the left of L and to the righiv have real existence. Compositions
between L and V equilibrium points are not stabid ao, points on the curve in this
interval are fictitious. Therefore, the calculagttt curves in Fig. 6 allow satisfying the



equilibrium conditions reproducing faithfully thexgerimental VLE data and, at the

same time, the influence of pressat¢he existing liquid mixtures remains weak.

The same correlation procedure has been appliedher VLE data sets very poorly
fitted in literature with any model, as the exanspteand 6. Also in these cases, the
addition of pressure in the model is required tkenthe vapor and liquid behaviour
compatible with the experimental equilibrium dataasured. In Tables 2 and 3 and
Figs. 7 and 8, we present the correlation resoitstHese two systems. These results
show the necessity of considering P-dependendeeigt" function (labelled as NRTL

f(P)) to achieve an acceptable fitting of the expental data.

3. Procedurefor the correlation of VLE data

There are a considerable number of VLE data seth, isobaric and isothermal, with a
very standard appearance that inexplicably canaaabisfactorily correlated with any
of the existing models to formulate the non-idéaditof the liquid mixtures. From the
point of view presented in this paper for isothdrownditions, and in a previous paper
[6] for isobaric conditions, we have demonstrated thathese systems no model, as
highly flexible as can be imagined, can fit theadétP or T dependence, respectively,

are not included in the parameters of the model.

Analysing the § curves for many VLE data sets at constant T orofh br azeotropic

and non-azeotropic systems, we have identifiedath@wving types of behaviours:

I Group 1: formed by the majority of systems. These systems that exhibit a
smooth experimental™- curve that can adequately accommodate the common
tangents to the vapor and liquid phases in equilibi(Fig. 2)

ii.  Group 2: formed by a non-negligible number of VL&alsets, both isothermal
and isobaric, that exhibiting a smooth experimentit- curve cannot
accommodate the common tangents to the vapor quid phases in equilibrium.

- Group 2A. Includes those systems that can be pbrfeorrelated by
considering an adequate variation of the"guith T or P (Figs. 6 and 7).
Usually, this approach will provide a satisfactagyrelation of all variables,
including the activity coefficients M, vapor molar fractions;and T or P.

- Group 2B. Requires in addition a strong non-idgadit the vapor phase to

enable the coupling of the vapor and liquid phaseemon tangents to the

10



g" functions. At low and moderate pressures, congeatiequations of state
(EOS) do not provide, in most cases, a remarkaloléifroation of the ideal
vapor behaviour. As an alternative for these caséa/ilson type equation

could be adequate to formulate the fugacity coieffic(p;).

Most of the systems fitted satisfactorily in litenee belong to group 1. Related to group
2, in the present paper we have presented somepéesnf isothermal VLE data sets of
group 2A and those for isobaric conditions arg6in Next we discuss one example that
belongs to group 2B: water (1) + n,n-dimethylacet(2) a P=200 mmH§L2]. For
this system, the correlation results obtained usiRJ L, or any other classical model,
describe the experimental equilibrium data pookjreover, the addition of a very
flexible T-dependence in the binary interactiongpaeters, such as that given in Eq. (1),
does not solve the problem. In this and other sindases, the only possibility to make
the experimental VLE data compatible with the afuiim condition (formulated by
the common tangent line) is, in addition, the samisal modification of the ideal*h’
function. In many cases, it cannot be achievedgugypical EOS. We have used a
Wilson type equation for non-ideal™y behaviour with good results (taking into
account that this equation does not allow phasétisgl which the vapour phase
requires). Table 4 shows the correlation resultgiobd for this system using the
different procedures discussed. In Fig. 9 comparisb experimental and calculated
results obtained with parameters presented in T&(blehave been represented showing
a satisfactory fitting of the data. In all casde lthis one that belongs to group 2B, a
very high number of parameters is necessary toeaehan acceptable fitting of the
experimental VLE data. However, the important aspetthis matter are as follows: i)
the necessity of this high number of parametersoially justified, and ii) these
parameters have been selected based on a process Wie requirements of the
experimental behaviour have been considered. Inesoases, fitting parameters are
added without any criterion, in an attempt to aehibetter correlation results. This
practice is not recommended at all. For examplasider the case discussed in this
paper where thef function requires P (or T) dependence and, asnaecpience, as
much as we increase the number of parameters ig'thenodel, the fitting is simply
impossible without such consideration. There immdus aphorism in physics: “Give
me four parameters and | can fit an elephant. Giedive and | can wag its tail”. This

humorous comment could lead to thinking, errongguslat increasing the number of

11



fitting parameters will allow the easy reproductmiany phase equilibrium behaviour.
Regrettably, this is not true because the cormguttionality also has to be also present
in the equations and, on many occasions, this 1y difficult to achieve. The
combination of adequate functions containing tlguired number of parameters along
with the checking of Gibbs stability criterion ibet key to reaching a satisfactory
correlation result. Nowadays, with the great conmgutapacity of computers, nobody
need use a poor fitting solution to avoid handhmgjtiple parameters in the equations.

4. Implications on thermodynamic consistency tests

The ideas discussed in the present paper have isogplieations on the veracity of the
results obtained when applying some typical theynacdic consistency (TC) tests for
the evaluation of the experimental VLE data. Wikned al.[13] present an excellent
summary of the state of the art in TC tests apptina The fulfilment of the Gibbs-

Duhem (GD) equation is the criterion most widelyedigor consistency of the VLE

data:
Tx=1) h® P(x=1) V& B
.[T(x1:O) RT? d J-P(xl 0) RTd +J-Xl_ In=- d)i C (10)

where F and V are, respectively, the excess enthalpy and voluméhé mixing

process.

Because this equation can be handled in differentswa variety of TC tests can be
found in the literature that are frequently combliirie produce a unique quality factor
for the VLE data set. For example, the NIST TheratadEngine (TDE) software
packagd14] includes the algorithm proposed by Kang ef Hl| to assess the quality of
experimental VLE data. This algorithm consists ofcambination of five tests:
Herington Test (Area TesfL6], Van Ness Tedqtl7], Point Tes{1§], Infinite Dilution
Test[19] and Pure Component Consistency Té§t. The result of this algorithm is the
so-called global quality factor (&) for the VLE data set. Some of these tests have
been seriously questioned in literatuf#3,20,21,2P . However, its use is still
widespread, to the point that it is a requiremanhany journals and data banks, for the
acceptance of experimental VLE data sets.

12



The results presented in the present paper praddéional reasons to question the
way in which some of these tests are applied. Kkamgle, the Van Ness Test is
regarded as a modelling capability test in whialhh RRTL equation is frequently used
[15], but using constant binary parameters with presand with a very weak variation
with temperature. For example, the Thermodata EngiDE uses a version of NRTL
with five parameters for binary mixturds’,, A5, A%, A5, a;, [23]. For isobaric data

sets, temperature dependence of the parameteqsresented as follows:

B

A, =Ar+ 2 11
i — i ? (11)

For isothermal data sets, binary interaction patarse are considered to be

composition-dependent
A, =AR AR (x X, ) (12)

Therefore, the temperature dependence considettbeé imodel to test the quality of the
data is very weak and the pressure dependence ribesxist. Because it has been
demonstrated that some isobaric and isothermal Wat sets require that the Gibbs
energy of mixing functiomecessarily includes a marked dependence with T or P,
respectively, and trying the fitting otherwise wadde incongruous, it is clear that the
penalization of these experimental VLE data favauld neither be correct nor justified.
In other words, the same invalidated VLE data sefict pass the TC test with a high
quality factor QJ'F, if an adequate form of the model considering emmently T or P,

was used.

Considering that some TC tests are based on thacitgpof modelling of the

experimental VLE data, but in their application atitthe available tools to achieve an
adequate fitting are frequently used, the resultthat on many occasions the
experimental VLE data sets are wrongly penalizedcagshermodynamically consistent.

In these cases, the problem is in the applicatidheoTC tests and not in the data itself.

Recently, Fernandez et §24] have proposed a more rigorous method to evalbate t
consistency of experimental data in VLE and VLLE&tthvoid the necessity of using
several tests simultaneously. The application of tmethod requires using a

mathematical model for the Gibbs energy of mixihgttadequately represents the

13



experimental behaviour of the system. The authmpgse one that is a function of P, T

and molar fractions in accordance with the ide#asbdéished in the present paper.

We now focus on the Area Test in the version byikdgon for isobaric VLE data. This
test proposes an approximation to evaluate thessxeathalpy term in the Gibbs-
Duhem equation (Eq. (13)):

j:((:)) F:‘; dT+ :m;’—i dx, = 0 (13)
This excess enthalpy term could be considered @asraction of the fulfilment of the
Area (or equal-area) test by Redlich-Kister (res¢d to constant T and P) for isobaric
VLE data in which T is variable. This term requidkga that are difficult to measure but
that are not negligible, especially for mixing pesses accompanied by strong thermal
effects. Otherwise, only when both T and P are tamigs possible to assure that the
activity coefficients for components 1 and 2 (fobiaary mixture) cross each other,
allowing both required positive and negative argashe Redlich-Kister test to be
evaluated. This is shown in Fig. 10(a) where aitatale ¢"" surface is represented as
a function ofy =, (T for isobaric or P for isothermal data) and mdtaction x. In this
case, the projection of all thé"§ curves at constany that correspond with the
experimental VLE data is a unique curve which ngaely provides the crossing in the
Iny; curves for i=1 and 2 (Fig. 11(a)). Otherwise, gyawint representative of each VLE
datum is located in a different'§ curve (Fig. 10(b)) and in this case the; lourves
could not cross each other, as shown in Fig. 1b)example of system showing this
type of behaviour is water (1) + n,n-dimethylaceatienat P=200 mmHg12]. The
question that arises is how this could affect tppliaation of the Herington test.
Without going into details about the equations psmal by Herington, because they
have been extensively described in literat{t8,1q9, the method is based on the
information of a very scarce number of systemsapiplication to those systems with
strong thermal effects, like those under discussamuld produce false results. The
magnitude required in the excess enthalpy ternthiose systems with non-crossing;In
curves, and consequently without changes in the aighe area in the Redlich-Kister
plot [25], is much higher than the values provided by thartidéon method. As result,
the test could declare some data sets as incamsighen in practice they are not. This

is an additional critique to the Herington methathose lack of rigor has already been
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discussed in several pap€r$3,20,21,2P but is still used in some very popular

algorithms for TC evaluation of VLE data sets.

5. Conclusions

Many of the experimental VLE data sets that appearly correlated in the literature
using activity coefficient models such as NRTL oNIQUAC require a strong
dependence on temperature (constant P) or anyessyre (constant T) in the Gibbs
energy of excess function, which are not frequemtbysidered. For this type of
systems, the use of such functions is not an oftidra necessity and no hypothetical
model, as flexible as we can imagine, could fit tteda unless this dependence is
considered. A type of graphical representationetbam the analysis of th&' gunction

for the vapor and liquid phases, is suggested ¢avsiihen P (or T) dependence in the
model is required. The advantage of this methaflas it can be carried out before the
correlation procedure using exclusively experimeXisE data. This is very useful in
order to avoid frequent trial-and-error procedufiesshing on many occasions with
non-satisfactory fitting results for systems thatild be well fitted. It is also important
to identify those systems where the vapor phasaeatdre considered as ideal and the
g™V function must be strongly modified to obtain aodocorrelation of the
experimental VLE. A classification of the systenestbeen presented based on their
characteristics for an optimal model correlatiortha context of VLE data. Moreover,
the aspects discussed in this paper revel the dquade application of the
thermodynamic consistency tests that is made inyrsases and whose result could be
the wrong quality penalization of experimental VHgta sets. Finally, we suggest that
authors should assure not only the quality of i@ ¢hut also the correlation results they
obtain, and journals should share this responsipilestablishing the required

measurements.

Nomenclature

aj, by, 6j, dj, g, fj  parameters

Aj binary interaction parameters (cal fMpl
g ideal Gibbs energy (dimensionless)
g excess Gibbs energy (dimensionless)
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Gibbs energy of mixing (J- mibhnd dimensionless, respectively)

excess enthalpy (J m9

n number of VLE data

O.F objective function

P pressure (Pa)

p° vapor pressure (Pa)

Qe global quality factor for the VLE data set

R gas constant (J-kmorl %)

vE excess volume (fmol™)

T temperature (K)

VLE vapor-liquid equilibrium

VLLE vapor-liquid-liquid equilibrium

Xi molar fraction of component i in liquid phase

Vi molar fraction of component i in vapor phase

Z; molar fraction of component i in the binary global
mixture

Greek symbols

aij non-randomness NRTL factor

Vi activity coefficient for component i

ol fugacity coefficient

Tij NRTL binary interaction parameter

Y T for isobaric or P for isothermal data

Super scripts

cal calculated

exp experimental

L liquid phase

\ vapor phase

Subscripts
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I components
k VLE data
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Table 1
Correlation results of the experimental VLE datadwample 4 using the NRTL model:

a) with constant parameters (NRT[I8], and b) with parameters dependent on pressure

(NRTL f(P)). The objective function calculated byg.E6) and the mean and maximum

deviations in P and;yhave been included.

(2) NRTL
A1 (cal/mol) | Az (cal/mol) 1o

1133.67 890.574 0.5296

O.F() r(nrr? r?qul_lAgF)) (rrnnan)w(ﬁgp) meanAy; maxAy;

0.893 5.68 16.48 0.0511 0.148b
(b) NRTL f(P)
] aj bj (MmHQ) G d; (mmHg?) 6i fy (mmHg?)
12 44,4118 0.873161 -6.87589 -0.158597 0.147648 O
21| -452.753 -2.59140 77.1902 -0.56690L -0.039320 O

O.F() r(nrr? r?qul_lAgF)) (rrnnan)w(ﬁgp) meanAy; maxAyi

0.0145 0.972 1.735 0.0044 0.0086




Table 2

Correlation results of the experimental VLE datadwample 5 using the NRTL model:

a) with constant parameters (NRTL0], and b) with parameters dependent on pressure
(NRTL f(P)). The objective function calculated by.E6) and the mean and maximum

deviations in P and;yhave been included.

(@) NRTL
A1 (cal/mol) | Az (cal/mol) 1o
835.626 -461.593 0.2749
meanAP maxAP
O.F() (mmHg) (MmHg) meanAy; maxAy;
0.649 6.65 14.7 0.0293 0.0620
(b) NRTL f(P)
] ajj bij (mmHQ) G d; (mmHg") 8 fij (MmHg")
12 41.6503 65.5484 -13.1781 -0.03917)f -0.171954 0O
21 1.21027 -31.3570 0.699308 -0.011635 0.681p66 O
meanAP maxAP
O.F{) (mmHg) (MmHg) meanAy; maxAy;
0.0638 4.22 18.8 0.0061 0.01¢




Table 3
Correlation results of the experimental VLE datadrample 6 using the NRTL model:
a) with constant parameters (NRT[L)], and b) with parameters dependent on pressure

(NRTL f(P)). The objective function calculated by.E6) and the mean and maximum

deviations in P and;yhave been included.

(@) NRTL
A1 (cal/mol) | Az; (cal/mol) o1z

847.988 780.622 0.6421

O.F() r(nrsr?]nﬁgli; (Tn ar;(ﬁgp) meanAy; maxAy;

0.396 8.52 20.5 0.0112 0.0318
(b) NRTL f(P)
] ajj bj (MmHQ) G dj (mmHg") & fi (mmHg")
12| 46.9449 243.191 -3.38461 0.046585% 0.199893 O
21| -7.85728 52.2899 2.52101 -0.02713p -0.577396 O

O.F() r(nn(]er?]nﬁgli; (rrnn ar;:ﬁgP) meanAy; maxaAy;

0.102 1.10 3.18 0.0053 0.0186




Table 4

Correlation results of the experimental VLE datavi@ater (1) + n,n-dimethylacetamide
(2) at 200 mmHg using the NRTL model: a) with canstparameters (NRTIL2], and
b) with parameters dependent on temperature (NRT) &ind non-ideal vapor phase.

The objective function calculated by Eq. (6) ane tean and maximum deviations in P

and y have been included.

(a) NRTL
A1 (cal/mol) | Az; (cal/mol) o1z
3.0940 -53.8757 0.3024
O.F(y) me(?(r:m)A T m?)xcﬁT meanAy; max Ay
0.898 0.770 1.986 0.0374 0.0941
(b) NRTL f(T) and non-ideal vapor phase (Wilson)
] aj b (mmHg) Ci dj (mmHg") & fy (mmHg")
12| -0.001587 | 697.900 | -0.804139| 0.008289 0.2 0
21| -0.080572 153.715 | 0.018984| -0.002705 0.2 0
Ajj (Wilson)
12 0.794
21 1.779
O.F() me(?g)AT m(oaoégT meanAy; maxAy;
0.020 0.317 1.202 0.0047 0.0299
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Table 1

Correlation results of the experimental VVLE data for example 4 using the NRTL model:

a) with constant parameters (NRTL) [8], and b) with parameters dependent on pressure

(NRTL f(P)). The objective function calculated by Eq. (6) and the mean and maximum

deviations in P and y: have been included.

(a) NRTL
Az (cal/mol) | A21 (cal/mol) 12

1133.67 890.574 0.5296

O.F(y) I(nrﬁerlrr]lHAgs (I:lnar); ﬁ 5) mean Ay max Ay1

0.893 5.68 16.48 0.0511 0.1485
(b) NRTL f(P)
ij aij bij (mmHg) Cij dij (mmHg™?) € fi (mmHg™)
12| 44.4118 0.873161 -6.87589 -0.158597 | 0.147648 0
21 | -452.753 -2.59140 77.1902 -0.566901 |-0.039320 0

O.F(y) I(nrﬁféll_g (I:lnar); ﬁ 5) mean Ay max Ay

0.0145 0.972 1.735 0.0044 0.0086




Table 2

Correlation results of the experimental VVLE data for example 5 using the NRTL model:

a) with constant parameters (NRTL) [10], and b) with parameters dependent on pressure

(NRTL f(P)). The objective function calculated by Eq. (6) and the mean and maximum

deviations in P and y: have been included.

(a) NRTL
Az (cal/mol) | A2z (cal/mol) 12

835.626 -461.593 0.2749

O.F(y) I(nrger‘#HAgI)) (I:lnar); ﬁ 5 mean Ay max Ayy

0.649 6.65 14.7 0.0293 0.0620
(b) NRTL f(P)
ij aij bij (mmHg) Cij dij (mmHg™?) € fi (mmHg™)
12| 41.6503 65.5484 -13.1781 -0.039177 |-0.171954 0
21| 1.21027 -31.3570 0.699303 -0.011635 | 0.681666 0

O.F(y) I(nrﬁzr‘#HAgI)) (I:lnar); ﬁ g) mean Ay max Ay

0.0638 4.22 18.8 0.0061 0.019




Table 3

Correlation results of the experimental VVLE data for example 6 using the NRTL model:

a) with constant parameters (NRTL) [11], and b) with parameters dependent on pressure

(NRTL f(P)). The objective function calculated by Eq. (6) and the mean and maximum

deviations in P and y: have been included.

(a) NRTL
Az (cal/mol) | A21 (cal/mol) 12
847.988 780.622 0.6421
O.F(y) I(nrger‘#HAgI)) (I:lnar); ﬁ 5 mean Ay max Ay
0.396 8.52 20.5 0.0112 0.0318
(b) NRTL f(P)
ij alj bij (mmHg) Cij dij (mmHg™?) 8 fi (mmHg™)
12| 46.9449 243.191 -3.38461 0.046585 | 0.199393 0
21| -7.85728 52.2899 2.52101 -0.027135 |-0.577396 0
O.F(y) I(nrger‘#HAgI)) (I:lnar); ﬁ 5 mean Ay max Ay
0.102 1.10 3.18 0.0053 0.0186




Table 4

Correlation results of the experimental VLE data for water (1) + n,n-dimethylacetamide

(2) at 200 mmHg using the NRTL model: a) with constant parameters (NRTL) [12], and
b) with parameters dependent on temperature (NRTL f(T)) and non-ideal vapor phase.

The objective function calculated by Eq. (6) and the mean and maximum deviations in P
and y1 have been included.

(a) NRTL
Az (cal/mol) | A2z (cal/mol) 12
3.0940 -53.8757 0.3024
O.F(y) me(%ré)A T m?fC?T mean Ay max Ay:
0.898 0.770 1.986 0.0374 0.0941
(b) NRTL f(T) and non-ideal vapor phase (Wilson)
ij alj bij (mmHg) Cij dij (mmHg™?) 8 fi (mmHg™)
12 | -0.001587 697.900 -0.804139 0.008289 0.2 0
21 | -0.080572 153.715 0.018984 -0.002705 0.2 0
Aij (Wilson)
12 0.794
21 1.779
O.F(y) me(?,ré)A T m?;(C?T mean Ay max Ay:
0.020 0.317 1.202 0.0047 0.0299
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Fig. 1. Qualitative representation of the Gibbs minor common tangent equilibrium

criterion applied to VLE of a binary system at some specific T and P.
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curve vs. xi. Parameters are given in Table 1(a) [8].
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