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Comments & Replies

Comments on Liquid—Liquid Equilibrium Data Regression

Antonio Marcilla,* Mari “a del Mar Olaya, and Maria Dolores Serrano

Chemical Engineering Department, University of Alicante, Apdo. 99, Alicante 03080, Spain

The aim of this letter is to remark on the importance of the
rigorous fulfillment of the isoactivity criterion when tie-lines
are calculated during the correlation of experimental liguid
liquid equilibrium (LLE) data, which seeks the optimum set of
binary parameters for the model used to formulate the activity i
coefficients (i.e., NRTL, UNIQUAC, ...). As will be presented : |
below, we have found some papers and also one processg™ i -g"

1

simulation software package where an inconsistent procedure
for LLE regression is used that leads to apparent solutions which

are not tie-lines (i.e., with different activities in each phase :
wrongly assumed to be at equilibrium) and lie very far from X,
the true values.

The equilibrium condition states the equality of chemical

ntials for each component in all ph resent, which - . . o
potentials for each component all phases present, N Figure 1. Qualitative representation of the dimensionless Gibbs

translates into the equality of activities (the isoactivity criterion) energy of mixing ¢) function versus composition for (a) a binary
whenever all phases are in the same aggregation state at constagistem and (b) a ternary system.

temperature and pressure. In the case of LLE, the following

equation must be satisfied Therefore, LLE calculations can be carried out using the
L L necessary but not sufficient isoactivity criteria or the necessary
&= Or VirX=ViX (1) and sufficient minor common tangent condition. If the first

criterion is used, a stability test must be performed to check
that a stable and not a metastable solution has been calculated.
The isoactivity criterion is in practice the most frequently used

wherea’, y7, andx’ are the activity, activity coefficient, and
mole fraction of componerntin phaseP (I and Il denote liquid

phases), respectivgly. . . . equilibrium condition in LLE calculations.
The representation of the dimensionless Gibbs energy of For example, the procedure used in the Ligtidquid
mixing (g" = G"/RT) versus composition defines a curve/ Equilibrium Data Collection DECHEMA Chemistry Data

§urface/hyper§urface, depending on the number of qomponentsSeriesg, which is applied by many authors to make equilibrium
in the system, i.e., two, three, or more components. Gibbs provedy,, yegressions, considers the following objective functions.

that a necessary and _sufficient condition for absolute stability The activity objective function (OR)

of a mixture (M) at a fixed temperature, pressure, and overall

composition is that the Gibbs energy of mixing"j curve/

surface/hypersurface at no point lies below the line/plane/ OF(@) = Z z (aili - ailil)z @
hyperplane tangent to the surface at a given overall composition P
(x). A more modern explanation and derivation of this condition
was given in other referencés.

Figure 1a shows a qualitative representation ofgheurve _
versus composition for a partially miscible pair, whekeand OF(x) = z min z 04 = %79 + 10 = %91 (3)
x! are the equilibrium compositions (common tangent line). ! '
Figure 1b shows a qualitative representation of a typical
triangular phase diagram (top face) and the Gibbs energy of
mixing surface for a type 1 (Treybal classification) ternary
system, where the LLE tie-lines correspond to the two conju-
gated points having a common tangent plane taythsurface.

If a cross-section of thg¥ surface through one of the tie-lines

is examined, thg" line between the equilibrium compositions
must be tangent to the curve at the equilibrium points to satisfy b
the minor tangent plane criteria, in a way similar to that shown
in Figure la for a binary system.

The concentration objective function (Od)

wherei refers to each component apdefers to the tie-line.
They start the parameter estimation using &HKjnce this
requires no qualified guess of the parameters. After convergence,
they shift to the OF{) which is in agreement with the goal of
fitting the experimental concentrations.
We would like to emphasize two very important points:
(1) The OF§) with experimental mole fractions may only
e used as a simplification in the first steps of the regression
procedure. However, it must be pointed out that, for a given
set of parameters, this condition will not giveal equilibrium
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Figure 2. Dimensionless Gibbs energy of mixing™) versus

composition (molar fraction) (a) on a false published tiefrand
(b) on a true tie-line that fulfills the minor common tangent criterion.

- X- Equilibrium compositions.

Figure 3. Dimensionless Gibbs energy of mixing™) versus
composition (molar fraction) (a) on a false published tiedliaed
(b) on a true tie-line that fulfills the minor common tangent criterion.

(2) The calculated mole fractiong®*' in OF(x) must be  condition) that must be imposed to obtain calculated composi-
those obtained when solving the equation @& O foragiven  tjons for a given set of parameters and therefore must be zero
set of parameters and where the experimental composjons  or extremely small. However, the composition objective function
shouldnot be introduced to calculate the activity coefficients. \would only decrease as far as the model is capable of

Therefore, although at the beginning of the correlation reproducing the experimental behavior, a condition that depends
procedure OF) can be used in the following form on many factors, such as the quality of the experimental data

or the capability of the model to reproduce the desired behavior,
OF(@@) = min z Z (i 045 = 75 04)%)? (4) among others. For many published LLE data regressions, the
o OF(x) value is usually not small enough. Therefore, it is not an
acceptable practice to promote a decrease in the)OQf{ue
by “relaxing” the isoactivity requirement O&) for the calcu-

where y(x) denotes that the activity coefficients] are

calculated as a function of the experimental mole fractixfj’ns lated tie-lines because:

(i = componentp = | or Il liquid phasesj = tie-line) and (1) The calculated compositions would not be the real tie-
OF(a) cannot be zero (unless purely by chance), the calculation |jnes corresponding to the model and the binary parameters
procedure must finish using the following equation obtained. which is inconsistent.

(2) When the regressed parameters are used to calculate LLE
OF@ =% > (g = data, the tie-lines obtained would be different from those
I 0 caled k2 obtained in the regression.
yi 06222 = 0 (5) (3) The calculated parameter values set (i.e., NRTL, UNI-
QUAC, ..., parameters) would probably be improved if the true
to obtain the calculated Compositi0l7&§aICd for each set of  calculated equilibrium compositions are compared with the
parameters. Such calculated compositions, which solve eq 5,experimental ones.
are those to be compared with the experimental ones ix)OF( Despite the fact that the above-stated ideas are widely known,
That is, the optimization method must determine the best set of the acceptance of simplifications during regression calculations
parameters for the model that minimize the composition is surprisingly common. Many authors do not give details about
deviations of eq 3 between calculated and experimental data,their equilibrium calculation steps, and in some cases, it has
but where thexﬁaICd are real equilibrium compositions. This even been found that published calculated compositions given
condition is satisfied by solving eq 2, which must be equal to as a result of the correlation are not real equilibrium composi-
zero (minimum is not enough), as is indicated in eq 5. Therefore, tions (eq 2 is not fulfilled). If simplifications are made during
the two objective functions (eqs 2 and 3) are not comparable atcorrelations and isoactivity is not strictly required or checked,
all. The isoactivity condition is a requirement (necessary the calculated compositions obtained may notde equilib-
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Figure 4. LLE data for the ternary system methanol fidiphenyl amine (2} cyclohexane (3) at 25C. Experimental and calculated data
(ChemCAD regression) together with the re-calculated tie-line obtained with the Flash Unit for the global mixture M (in mole fractions).
0O, experimental data;-O—, tie-lines (ChemCAD regression);®--, LLE flash unit; ¢, global mixture for LLE flash unit.

Table 1. False Tie-Lines and Their Equivalent True Tie-Lines (Obtained Using the Midpoint of the False Tie-Line as the Mixture Point),
Including the OF(a) Values®

phase | phase Il
tie-line reference X1 X3 X1 X3 OF(@)
10 false published tie-line 0.98857 0.00225 0.48139 0.45200 0.05372
true tie-line 0.98595 0.00240 0.33029 0.58949 5188°
7 false published tie-line 0.9810 0.0019 0.1690 0.7637 0.3716
true tie-line 0.98370 0.00372 0.32999 0.61005 407°

2 |In mole fractions.

rium compositionsthe accuracy of the regression is distorted; The following two examples (two incorrectly calculated tie-
and neither standard deviation nor any other data fit indicator lines) corresponding to different papers and authors (Figures 2
obtained is valuable. and 3) are used to illustrate the above discussion. In these
After we discovered some published papers where this figures, the dimensionless Gibbs energy of mixing curve is
inconsistency appeared, a bibliographic search was carried outplotted againsks on the cross-section that contains the incor-
to determine the frequency of this inadequate procedure. Torectly calculated tie-line. Also, the straight line that connects
make this verification, it was necessary that the papers includedthe gV values of the wrong LLE compositions has been
not only the values for the activity coefficient model parameters graphically represented. Such a line must be tangent to the Gibbs
but also the calculated compositions. This requirement notice- energy curve at both conjugated equilibrium points, according
ably decreased the number of articles available for checking.to the necessary and sufficient equilibrium condition of the
We had not intended to find all the papers with this kind of minor common tangent pladé However, it can be observed
inconsistency but only to check those encountered with all the in Figures 2a and 3a that the line which connects the calculated
information required. Théournal of Chemical & Engineering tie-line is secant and therefore is not a true tie-line. Conse-
Data and Fluid Phase Equilibriawere used as sources of quently, the corresponding Cdj(s not small enough to consider
information, and a total of seven papers were cheék&t. the equilibrium requirement to be fulfilled (Table 1). To check
Only in two of the seven papers revievi€ddid all the the difference between the correctly calculated tie-lines and the
calculated tie-lines fulfill the Gibbs energy minor common incorrect published ones having the same parameters, the
tangent criterion. In the other four papéi&s’1®more than 35 isoactivity criterion was rigorously applied to the mixture
% of the calculated tie-lines were thermodynamically incon- defined by the midpoint of the line given by the published
sistent. One papehad only incorrectly calculated tie-lines. To  conjugated compositions. ThgV versus xz cross-sections
quantify the consequences of this inconsistent practice, theobtained for the two previous examples are represented in
deviation between the falsely calculated tie-lines published in Figures 2b and 3b, where the lines connecting the conjugated
the reviewed papers and the true ones was calculated. To dgphases have also been represented. It can be seen that calculated
that, the isoactivity criterion was rigorously applied to calculate tie-lines are now tangent to the Gibbs energy curve as is required
true LLE compositions, obtaining deviations as high as 28 % by the equilibrium condition and also that the values for the
in component mole fraction, which obviously cannot be activity objective function (OF)) are extremely small, indicat-
neglected. ing isoactivity. All incorrect conjugated compositions and
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regression result given by the ChemCAD Regression Tool using

-0.1 NRTL to formulate the activity coefficients. The binary
02 parameters obtained aréy;; = 973.66,A2; = —1186.80,A13
= 296.54,A31 = 575.61,A3 = —1038.90,A3; = —912.45 (¢
03 = 0.2). The upper calculated tie-line is obviously incorrect. If
L, 04 the dimensionless Gibbs energ@M/RT) given by NRTL is
& o5 represented along the last incorrect ternary tie-line given by
ChemCAD, the minimum common tangent criterion is not
06 satisfied: the compositions of the incorrect tie-line do not have
07 the lowest global energy and therefore do not represent a stable
08 solution (Figure 5a). The same representation for the recalculated
' tie-line shows that the minimum common tangent criterion is
" Gibbs energy curve; Not tangent line; now satisfied (Figure 5b). The midpoint My(= 0.51765,x;
- X False compositions (Chemcad regressions) = 0.02145,x3 = 0.4609) of the incorrect tie-line obtained in
the regression of the LLE data has been used as input for a
X3 b splitting calculation in ChemCAD’s Flash Unit to recalculate
0.1 F N A the tie-line, obtaining the correct result that fulfills the isoactivity

02: 04 06: 08 e L

: : and stability criteria (Figure 5b).

Phase equilibria calculation is a complex matter which
involves overcoming many pitfalls. In the LLE regressions, the
calculated compositions must be real equilibrium compositions
and, therefore, must satisfy the isoactivity condition, although
they may be very different from the experimental data. For any
set of parameters involved in the regression procedure, the
equilibrium compositions must be calculated to compare them
with experimental ones. Besides, a global stability test must be

038 used to guarantee the stability of the solution.
= Gibbs energy curve; Tangent line; Literature Cited
" " Equilibrium compositions. (1) Smith, J. V.; Missen, R. W.; Smith, W. R. General Optimality Criteria
Figure 5. LLE phase splitting for the global mixture M: (a) for Multiphase Multireaction Chemical EquilibriunAIChE J.1993
incorrect tie-line (ChemCAD regression) and (b) correct tie-line 39, 707-710. o -
(ChemCAD Flash Unit) (in mole fractions). (2) Jiang, Y.; Smith, W. R.; Chapman, G. R. Global Optimality Conditions

and Their Geometric Interpretation for the Chemical and Phase
correctly calculated tie-lines t_ogether with @J-yalues for the 3) nggggﬁ? fﬁ?liﬂfw\quiﬁﬂgt&% Sggrgéiﬁ%r?ﬁlg&%iﬁbn
two examples are arranged in Table 1. DECHEMA Chemistry Data Series. Frankfurt, 1980; Vol. V.
All these frequent inconsistencies in the LLE data regression (4) Garca, M. A.; de Lucas, A.; Valverde, J. L.; Rodriguez, J. F. Ligtid
may be caused by inconsistent use of the equilibrium require- gq‘g?] En‘,‘l“':l:tr’]réa Cgaqggggejswgf:%%“e”e atvarious temperatures.
ment together with the experimental and calculated mole fraction (s) Fahim, M. A.; Al-Muhtaseb, S. A. LiquidLiquid Equilibria of the

comparison and demonstrate the evident absence of stability ternary system Water-Acetic Acid-2-Methyl-2-Butandl Chem. Eng.

it icati i i i Data 1996 41, 1311-1314.
.Ve”flcqtlon' The a.ppll_catlgn. of tlhe resu':js Ot.)tamed using this (6) Fahim, M. A.; Merchant, S. Q. LiquidLiquid Equilibria of Systems
Inconsistent practice Is obviously unproductive. . Containing Propylene Carbonate and Some Hydrocarkbr@hem.
On the other hand, apart from correlation results published, Eng. Datal998 43, 884-888.

a widely used commercial process simulator such as ChemCAD (7) Fahim, M. A.; Al-Muhtaseb S. A.; Al-Nashef, I. M. Liquieliquid
(Chemstations Inct§ has been tested as far as equilibrium qu'r']'g;'f Efntg.egaﬁg'gg%Stlegy{ggmce“c Acid + 1-Hexanol.
calculations are concerned. It includes phase equilibrium (8) choe, J.; Ho Song, K. LiduidLiquid Equilibria for the Ternary
calculation strategies that are capable of overcoming the most ~ Systems Nonane- Dimethyl Carbonatet- Methanol and Decane:
important difficulties encountered when dealing with equilibrium ZD(')'(T)‘Zet%' f;srgfggée; Methanol at 298.15 KJ. Chem. Eng. Data
calculations, but unfortunately, it does not include details about (g) Ghildiyal, R. C.; Nanoti, S. M.; Kulsrestha, N. N.; Rawat, B. S.;
its internal procedures. It has been proved that globally stable Yogendra, K.; Krishna, R. Liquid-Liquid Equilibrium in the Toluene
solutions are always found using the Flash Unit with LLVS ;OM%QXE%‘V' Ketone+ Water SystemFluid Phase Equilib1989
option. .However' the Binary Interacthn Parameter (BIP) (10) Célombo, A Battilana, P.; Ragaini, V.; Bianchi, C. L. Ligtitiquid
regression tool does not work properly in some cases: when Equilibria of the Ternary Systems Water Acetic Acid + Ethyl
some LLE ternary systems were regressed, certain calculated  Acetate and Watet Acetic Acid + IsophoroneJ. Chem. Eng. Data

Al : ; P 1999 44, 35-39.
tie Ilngs were obtained that do not satisfy the equilibrium (11) Reyes, J. A Conesa, J. A.: Marcilla, A.; Olaya, M. M. Selidquid
conditions, although the program guarantees convergence. If" " Eqiilibrium Thermodynamics: Checking Stability in Multiphase

those “incorrect” tie-lines are recalculated running an LLE flash Systems Using the Gibbs Energy Functind. Eng. Chem. Re2001,
; Anoi ; ; 40, 902-907.
e;1nd_u3|ng the midpoint of th.e Ilncotrechqn]udgated phases a'S(12) ChemCAD 5.2.0. (Chemical Process Simulati@hemstations Inc.,
the input mixture, a correct tie-line is obtained. 1998-2002.
In Figure 4, the ternary system methanol (t)diphenyl
amine (2)+ cyclohexane (3) at 25C is shown as an example ) )
to illustrate this inconsistency. In this figure, the experimental Received for review June 6, 2007. Accepted September 11, 2007.

data for this system are represented together with a convergentiE700320U



