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:\BSTHACT. A general proeedure to ealculate lIIulticomponcIIt, lIlultiphase liquid equilibria. in
terms of exccss Gihbs encrgy modcls is dcscribed. The algorithllls presentcd for the cakulation
of lIlultiphas(~ equilibria, the thcrlllodynamic st.abilit}. test based OIl the tangent plane crite-
riou, as dcscrihed Ly ~1irhelseIl, and for the estilllation of intcraction paralIlctcrs of t!le l\"ItTL
and ü:\IQU:\C modPls, wcre testpd 011the reprcscntation of cxperimental two- and three-liquid
phasf' P(1I1ilibrium data of ternary amI quaternary mixtures. Agreement hetween ca1culated and
measun'd pquilibrilllll data wa..,;cxcellent for lIlost systems stlldicd . ..\Iso, in order to locate liquid-
l¡quid critical points, i.(~., concentratiolls correspollding to tite plait point coordinates, at specifi('d
temperatlln' and IU'(,SSUH'.an algorithm similar to that of Heidemann ami Khalil but in terrlls of
t}l(' IIIixiIlg Gibhs enl'rgy was den'lop('ci. The prpdictions of the plait points obtained frolIl the
.\"HTL aud U.\"IQL.1\C lIIodcls were satisfactory for a wide variety of systcllIs studied.

nES{;~lE1'\. S(~(l('snillP 1111¡lrocc<1illli('Jlto general para calcular los equilibrios líquidos lIlultifiLsicos
dp SiSt(,IIlClSIllul1icolllpollPntcs Cll t6nllillos de lIlodelos de energía libre de Gibhs de ('xcpso. Los
algoritlllos que se prf'!'('ntan para pI nilclllo dp los equilibrios líquidos lIIultiféisicos, la prueba de
estahilidad tl'rmodilléilllicél basélda ('11PI nit('rio dpl plano tangf'llte descrito por ~Iichelscll y la
f'stilllaci('lIl d(~los par¡íllll'tros de inleracción de los lIlodelos )'"HTL'y U~IQUAC. fueron prohados
('Il la l'l'pn's(,lltaeióll dI' datos eX¡H'rillH'lItales dí' IIlPzclas terllarias .Ycuat.ernarias con dos y tres
fases líquidas PIl equilibrio. La cOIlCordancia ('ntre los datos de equilibrio IIledido!''y los calculados
fue ('x("(,Il'lIte para la IIla.••.oría de los sbt(,IIIas estudiados. :\dl'lIl;ís, con Pi fin de localizar los
PUlltoS críticos líquido.líquido. i.c., coordcnadas ("orn'spondielltes a las coun'lItraciones d,,1 punto
de plil'g\l('. a presión y temperatura espcdficil!'i, se desarro1l6 1111procedimiento similar al de
iIeid('lllallll y KlJalil, 1)('1'0('11térmillos dp la energía de Gibbs de mezclado. Las prcdicciollP~ de
los Plllll(J:-;d(' pliegllf' ubtenidos a pi\r1ir de los lIlodelos :'\flTL y lJ:'\IQUAC fl1('I"UIIsalbfarlorias
para lIlIa amplia \"aril'dad d(' sistpllJa~ ('st udiados .

. AlltIH". lo wholll C()IT('~poIHI(,lw('sltollld 1)(' adcln'ssf'd.
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I'ACS: 05.70.-a; 05.70.C,,; 05.70 ..Jk; 64.70.-p

l. INTRODUCTlON

Liquid-liquid equilibria are of great importallce ill botb chemical and petroleum indus-
tries and the}' have beell stlldied \vith varying degrees of Sllccess and mal1Y a.spects of
them ueed furtber inv",tigatiou. In the petroletlln industry, the design of d",mical Hood-
illg proccsscs and lile illt.cr¡)rctation of process IHlrforUIaIlCe reqllires all Ilwlerstanding
of the pha.se behavior of the chemical sy,t.em,. U,ually, syst.ems which are effect.ive in
improving oil recovery are characterized by three-liquid equilibrium pl,,",e which appear
alld disappear as thc cOllccntratioll of Dile al' Jllore compOllents is varicd ovcr rauges tltat
are encountered during displacement through porous media. Thus, understanding ami
lJlodelillg this distinct plta ....¡e bchavior pattCI"ll kllOWll a.<;¡the silIlultallcou:-I pha."'ic t.ran-
sit.ion from two-phase to three-phase to two-phaM', is extremely important. not. only in
chcmical fioodillg proccsscs hut also in allalyzing tite results of corcfloodillg cxpcrimcnts
and computer simulation of IIlulticompOllcut, IIlultil)hase How through porolls Illedia [1J.
This pha..-;c bchavior pat.tcrn, which can aIso hecn fotlnd in systems that do not CQn-
tain surfactallts [2,3], is eOJlsidercd as Que of tlw major factors governing displaecmcllt
efficiencics of auy ehemical flooding prncess.

In the ehemieal ill<ll1stry, the solvcnt extract.ioll tl'dmology relies heavily upon lim-
it"d liquid miscibility and the distribution of a solute between two liquids pl"~",,. In
a:zeotI'opic distillatioll, tlle scparation of the cntrailH'r fI'oIll thc overhead prodl1ds aftcr
t.he condenser if often fa"ilitated by the form"t.ion of two liquid phases [4]. In t.he design
of tlle equipment [01' sllch processes and sill1ulatioll of indnstrial scale chcmical proccsses,
it is necessary to know, cithcr f1'oll1 experimental data nI' caiculations, the cquilibrillBl
cOlllpositions of the COlllpOllcnts of each phase [5]. In calclllating liqllid-liqllid eqllilibria,
it. i, ""ential 1.0 hav" " knowledge of both the ch"mical potentials of th" components in
a particular phru;e and the relative st.abilit.ie, of various pl,,~,cs at equilibrium. l30th of
tltesc properties are relatcd to thc theI'modynalllics of the system throllgh exccss Gibbs
cnergy fUIlctions and should he evalllatcd togethcr.

At prcscnt, there are ouly few studics cOlIC(~rJling the lIlodclillg of three-liqllid pha....e
(~ql1ilihria with cxcess Gihhs free cnergy models. 111particular, Negahhan el al. [G] pre-
scntcd a reliable pI'occdure for modcling thc pha.";chehavior of ternary systellls with two-
and thI'ee-liquid phascs and a psclldotcrnaI'Y systelll \vith threc-liquid-phasc progression
with increa-,ing salinity. The representation was b,~",d in t.erms of the UNIQUAC [7]
equatioll and the eakulat.ed cOlllpositiollS of t.}¡e different liqllid pltasps in cqllilibrillHl
corresponding 1.0 the experimental data were obt.ain"d by nsing a method similar to that
of Henon el al. [8]' tltat is~cOlIlpositions of t}¡e two alld tltree-liqllid pha.-;(~s\verc rclated by
lile isoactivit.y criterioll. Tite aim of this work is to d('SITi!le a general pro('('dlln~ for calcu-
lating lllult.ipha."le liqllili ('(Iuilil)ria of llltllticOIlIPOlH'llt SystClIlS. The algoritllllls 1)I'escutcd
foI' the cakulatioll of IIltlltiphase liqllid eqllilibrilllll data, the thermodYllalllic stability
allalysis, and the lIIet}¡ods to cstimate the illt.eract..ioll paratneters of t he NHTL [9] and
UNIQUAC [7] lIIode1s. lta\'(~Stlcccssfully been testcd 011 the rcprcscnt.atioll of experimcn-
j~ll tU'n~ :l11rl tl1rf'P_li(lllid_ol1nsf' /,(lllilihrill1l1 ¡Jata of t.f'l"fl;.:¡rvand (l1lrl,t,Pl'llarv svstPtllS.
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2. SOLUTlON APPROACH

The problem of the ph,",e equilibria 1l1L'largcly heen treated in the literature (see, e.y.,
!lefs. [10-17]). In fact, the specification of the problem imposes to develop c1ficient
procedures of calculation which cnsurc lo find, for allY overall composition and for auy
set of interaction paralJlctcrs of a givcn thenuodYllamic model, thc global Illillimum of
the Gibbs energy of the system. It is ,","umed that the minimization variaLles are the
compositions of al! phases in equiliLrium where the number is not known a priori Lecause
it is dependent of the nUIllLer of phases. Therefore, in order to solve this problem, we
have used, on the one hand, the tangent plane criterion, as descriLed hy Michelsen [121,
to test the stability of either a single ph,",e or au equiliLrillJn Letween phases which, in
ca.se of 1lllstabilitYl it provides good initial cstimates of thc cOIupositious of the extra
pil,",e for the equiliLriulll ca!Cuiations and, on the other hand, a IIlcthod of ca!Culation
of pha ..'ic eqllilibria with specified llUIIlber (JI'phascs cmmrillg thc desecnt alollg the Gibbs
cncrgy surfacc.

A general scheme for the calclllatioll of IIlultiphasc cquilibria at given lClJlperature
and pressurc Ilsillg él ¡jillgle thcrlllodYllamic lIlodc1 for aU pha ..'ics ill cquiliLriuHI is thc
fol!owing: 1) Suppose a homogeneous system. 2) The numher of phases heing p, carry
out a stahility test. If the system is stahle, end of calculation. :3) In case of unstahility or
mctastability, iIlcrea.";a~ the Iltlmber of pha.'ies by olle Iluit and pcrfoflll a flash ealculatioll
at p + I ph,""". Let p = p + I and go hack to step (2).

2.1. Stability test

It h,", been recognized (see !tefs. [12,18]) that asevere problem associated with pha",
cqllilibriulIl caiclllatiolls of a llllllticomponent syst(~1II at specificd tempcrature and prcs-
Sllre, is that the Illlmlwr of ph,L'iPS is nol kllowlI in advancp. Tltc cOllvcntionai approadt
is to fix arhitrarily this 1Il1mber alld to predict thc ph,L'iCcquilihrium compositiolls. How-
everl this lIlay rcslllt in a fail of convergencc with 1l11lllcrical B1cthods lIot reliables or may
reqllire a su1>stantial alllollut al' calculations anly to arrivc at a trivial solutioll in cascs
where the nllJllhcr of pli;L'-'CSis too high. This prohlclIl is of particular illlportancc whcn it
is integrated to the calculatioIl of industrial proccsses such <L'it1le silIllllation al' rescrvoirs
in enhanced oil recovery or in azcotropic distillatioll of Illulticomponcnt systclIIs.

'rile problmn of dd('rminillg whetlwr a hOlllogcIIcous lIIulticompOllcnt mixt.ure can
he di\.ided ~polltallcollsly and irrevcrsihly ¡nto two 01' more diffen~Ilt pha:.;cs, W;L'-'first
addn'sscd hy Gihbs in lH7G alld il Itas buen t}¡c ohject of sevcral pllblicatiolls. The
stahilit.y crit.crial frolll t.he thcI'lllodYIlalIJic poillt. 01' vicw, aJ'() well kllOWIl and they has
1)('''11 alr"ady discussed iu lhe lilera(ur" (SI'" !tefs. [IV.20]). Thes" niteria, ha""l on tI",
local (,{Hlvexity of the G ihhs free energy an~. lo dat e. of limitcd application for SOIllChinar)'
01' tt'l'lIary mixtures. A rigorous extcnsioll to mll1ticolIlPOlwIlt mixtures was presentcd
h.v van Dongell el al. [21L hO\v(~ver, tlwre is still disagreclllcnt in tlw deveJopmcIlt of
practical applicatious [22]. lIlaiuly du" tu tile folluwiug re,",ous: f¡rstly. the ("sI. is only
localiy applicallle. liCIH'(' it il'i a qllalitativt~ olle; tlterefore it dot:s Bot allow to provide tll(~
cOlllpositiollS nf a Ilew plmsc ir au 1lllstability is dct.eeted <tlld. secolldly, tltis approadt
du('s not allow. for a giv(,1l piJase. to dist.illguisiJ t.he stable ZOl1Cfrolll t he llH't;L'itahlp
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one; the fllnction of the Gibbs free energy being eonvex for botb zones. For overeollling
this, several allthors (see flCfs. [12,23,24]) have developed alternative approaehes for
therlllodynamie stability analysis whieh enables to predid the nllmber and type of phases
in eqllilibriulIl as well a.....,f.o obtain the aCCllrate initial estimates rOl' plHL';CeqllilibriulIl
ea1culations.

In this work, the stability analysis of a homogeneous systelll of composition x(\p),

based OH lhe minimizatioll uf the distallcc scparating the Gibhs free cncrgy frolll the
tangent plane at x(\p), has been considered. This stability criterion was initially presented
as a theorelll by 13aker el al. [18] ami it h'L' given place to nllmerical applieations by
Michelsen [12) aud by Nghiem and Heidemann [25], alllong others. 13aker el al. [18)
demonstrated that the llccessary and sllfficicnt eonditiOlI rol' a. systcnl 1.0 be stable, at a
specified temperature ami pressure, is that the tangent plaue to the Gibbs euergy surface
at composition x(\p), shollld at no other point intersect the Gibbs energy sllrface. The
resulting eorollary would expre," that at a given colllpositiou, a systelll is lIustable if
the tangent plaue to the Gibbs euergy surfaee at that poiut intersects tbe Gibbs euergy
surface al. some othcr poillt in the overall composition rauge. Thcsc authors indicate that
lIlathematieally t.he solution of the phase eqllilibria problem can be obtaiued by fiuding
a tangeut plane to the Gibbs energy sllrface at two or more poiuts whicll leads to the
least vallle of t.he Gibbs energy. Such poiut.s of taugeucy eorrespond 1.0 the compositions
of the predicted eqllilibrillln phases beiug reqllired by the material balance res! rict.ious,
so that the global colllpositioll of the system lies withiu the regiou bouuded by theses
poiuts. Siuee the slope of the tangeut. plaue correspouds lo the chemieal poteutials
of the COlllpOllcnts, this tangcnt plallc critcriotl is equivalent 1.0 that rcquirillg eqllality
of ehelllieal pOlent.ials. i. e., preservat.ion of the material balauce and a sta!e of lowest
possible Gibbs energy 11.' the conditions for eqllilibriulll at the specified temperature and
preSSllrc.

Followiug the work of 13aker el al., Michelseu [12] sllgges!ed a nUlllerieally ellicient
lIlethod for solving the slability analysis based ou the tangeul plane eriteriou which does
not requirc cstimatcs of the Illlmbcr of pha .."les aL equilibriulIl alld tltat providcs composi-
tions of Ihe new pha.,es for unslable syslellls 11.' a prelilllinary step in flash caiculations.
This test IHL'its [oundation ou the faet that if a decrease in Gibbs energy cannot be
achievcd wltcn a hamogencous mixture is divided into t\\'o phases (fonned by rcmov-
ing an infinitesimal amotlllt frolll thc original mixture), thcll tite mixture is stahlc. In
tcnns of aetivity coefficicllts, ,i, this crit.crion for stability can be writlcn, for aH trial
composit.ions x, a...'i

where

N

F(x) = :[Xi[lnxi + Iwy,(x) - h;] 2: O,
i=l

( 1)

!ti = IU;l;~\P) + Ill"Y,(~;(\p)), i = 1, ..• , N. (2)

Therdore, expressiou (1) requires that ti", tangellt plane at no point lies aboye the
Gibbs cncrgy sllrfacc and this is acltieved WIH~1I F(x) is posit.ive in aH its minillla. COIl-
scqucntly. a minimum of F(x) shollld be cOllsidcrcd in t.he interior of the pCfmissiblc
regiall,
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N

LXi=L
i=!

for al! x 2 O. (3)

111 view ofthat to test conditioll (1) for al! trial compositions is not physical!y possible,
Miehelsen [12] a"erts tbat it is sllfficient to test the stability at al! stationary points of
F(x) since this fllllction is non negative at al! stationary points, i.e., points where the
derivatives of F(x) with respect to al! independent variables are egllal to zero. lIenee, the
stability can be cheeked by evalllating only the left-hand side of Eg. (1) at al! stationary
points; that is, by solving the fol!owing eC¡llatioll describing the stationary point:

ln~i + In'Yi(x) - hi = O, i = 1, ... ,N, (4)

the stahility is verified providing that at al! stationary points F(x) 2 O, corresponding
lo L.t~l~i :s: 1. COllverscly, a pha ..<.;cis cOllsidcrcd uIlstable ir stationary points whcre
F(x) < O or L~l ~i > I can he located. In Eg. (4), the independent variabl~s ~¡
can be interpreted as mole nllmber with corresponding mole fractions, Xi = ~;/Lj~¡ ~j
(i=I, ... ,N).

An eC¡lIivalent stability criterion to that given by Ec¡. (1) bllt ba"ed on variables ~¡is
formlllated as

N

F'(~) = 1+ L~i[hl~¡+ In 'Y¡(x) - h.) 2 O,
i=1

(5)

where no constraints on ~i exeept that (¡ > O (i = 1, .... N) are reguired, so that
the stationary points of F"(O cOlTespond lo lhose of F'(x). Moreover, since F"(O is
negative in al! points where F(x) is negative, then a negalive value of F' (O indicates an
unstability of th'o syslem. lIence, solving for Ec¡s. (4) or (5) and obtaining L~¡~iare al!
the Ilccessary ca1culatiolls requircd lo determine the stability of the systcm of compositioll
x('P) at constant lemperature and pressure. The methods proposed by Michelsen [12] for
solving the stationary condition, [Ec¡. (4)]' are direct sllbstitution and acceleraled direcl
substitutioIl. Accelcration mcthods such as the general domillant eigcIlvalllc Illcthod [26]
al' Broydcn's mcthod (see Rcf. [27J) are n~C:()lIlllleIldcd whilc a minimizatioIl mcthod
applied to the stahility fllnct.ion, [Ec¡. (5)]' is also suggesled.

In lhis work. lhe C¡lla,i-Newlon I3FGS minimizatioll method (see fieL [28]) has been
applied to Eg. (5) to determine the stabilily of a givell syslem of composition x('P) at
specified temperature alld presslll'e. Since the fllllction F" (~) al!ows Ilsual!y mllltiple
pointsl which can he lJIillimal lII<txilIla. nI' l'mddlc poilltS, thctl thc adoptioll of sllcll a
method for solving F'({), IInder the constraints ~¡> O. wil! prove to be e!fective ill so
far a, it ¡eads to lhe search of local minima of F" (~); the sign of F' (~) in these minima
enables lo conelude with regard to lhe stability of the syslem.

The iterative proeedure IIsed by the '1uasi-Newton I3FGS lIlethod can be written as

S(k) = _H(k)q(k).

a(k+l) = a(k) + ),s(k).

(6)
(7)
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where q is the gradieut of F' (O cousidered 'L' a fuuctiou of the iteratiou variables.
ni = 2~, and is givcll by

(
DF' )q = Do; = J[;(ln~;+ IIl'Y;(x) - h;),

while the Hessian matrix is

i = 1, ... ,Nj (8)

where

i,j = 1, ... ,J.V, (9)

i,j = 1, ... ,N. ( lO)

In a statiollary poinl, lhe gradicllt is nllll ami lhe I-Iessiall matrix A equills t.o lIlatrix
B, which is very dose to the identity matrix 1. Also, it can be seeu that the trivial
solution ~ = x(<p) correspomiiug to a stationary point, is a local minimum of F' (e) if ami
only if B is positive definite iu that point.

Thus, the approximant H to the inverse lIessian of F'(e). A -1, can be initialized by
auy sYlllmctrie positivc definite matrix SlIclt a.o;,;the idcntity matrix 1, and it is corrccted
or updated by the double-rauk BFGS formula

with

,¡(k) = o/k+I) _ o(k),

¡(k) = q(k+I) _ q(k),

( 12)

( 13)

durillg lhe suhsequcnt iteratiolls. In additioll, this mcthod rcquires a line search algoritlnll
to compute the step leugth A. This is done c:arefully by usiug a rigorous nl"thod such
'L' the propoSl,d by Fleteher [28]. The pmpose of the !ine seareh being to ensme a
satisfactory deerease of the fuuction F' (e), theu the following two requirements have
becn sct lo achicve this ailll:

F'(o(k) - F'(e)(k+l) 2: _flAq(k)'/'S(k),

Iq(k+ 1 )'I's(k) I :;; _fTq(k)'l's(k),
( 14)

(15)

starting with an inexact line (fT = 0.9) ami linishing with a fairly line seareh (fT = 0.1):
lhe parallll~tcrp heillg fixcd (~qllal to 0.01.

ncstrict(~d, quadratic ill!.erpo!atiolls or cuhic ('xtrapolat.iolls and inh'rpolatiolls. <1('-
peu<!iug ou ti", ll"t of Eqs. (1'1) and (15). are Ils<'d to r""eh au acn'pta1>le value of A.
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Fleteher [28] has shown that this line-seareh algorithm takes into aeeonnt the e!feet of
round-off crrors alld tllrus iuto all exact line search when tIJe parameter a tcnds to zero.

In so far a.."i thc approximallt H rcmaills positive defillitc, tllc property of descent Oll
F' (~) is effective and the convergen ce is always toward a local minimum, however, it
<locs Ilol gllaralltcc tlle convergcllcc to a ncgative une inullcdiately after having fOlllld
any kind of mininnuu; the only arbitmry part iu this method being the initialization of
variables (;. This method has a superliuear mte of couvergence at the end of calculations
and the converged approximant to the inver~e of the Hessian matrix is very close to the
real onc.

\Vhen the stability of a system is studied in relation to multiphase liquid equilibria,
seveml minima of the fundion F'(~) may coexist so that different initialir.ations should
be use<l to reach thclIl. Herc, the search is iuitialized from almost pllre phases (N
di!ferenl iuilialir.ations) and from an equimolar mixlure (see Ilef. [29]). The initializalions
correspuuding lo pure lrial phases have lhe advanlage that liquid immiscibility in highly
non-ideal SystCIIlS is prolllptly detected alld compotlcnt activity coefficiellts are cvaluated
cllcaply. NOllctheless, it is certain tltat for a large nUlnber of cases, one uf thesc initial
guesses iuvolves an approach toward lhe trivial solution, ¡.e., ~ = x("). These ealculations
can bc avoid if aftcr caclt iteration, tite convergente variable

l' = 2F' (~)t ((i - x~")) iJF'(~)
i=- I ni DCf,

(16)

is evalualed. Thus, lhe value of ,. wil! approach ti", unily ,e' ~ approaches the trivial
solutioll, so the search is aballdoned whcn

Ir - 11< 0.2 amI F'(~) < 10-3•

while lhe criterion of convergence l1sed for a non-trivial soll1tioll was

(17)

( 18)

\VI",n the stability of a single-pha", system is tested, al! different inilialir.ations are ex-
plored nn! il finding two ncgative minima (if they exist) of the fnnction F' (O. Therefore.
t\ .....o millima at lea..,t exist if the systcm is localIy Illlstable; the compositiolls corrcspoud-
ing to thesc minima anl llscd to illitializc thc two-pha.."e eqllilihrium ealclllatiou. 011
the contmry, if F' (~) admits only a miuimum, t.hen the "ystem is metie,table aud the
composit.iOll whieh COIT(lSI}()lHlsthis IlIillilIllllll togethcr with t.he overall eompositioll, are
llscd to illitializc the equilihrilllll ealclllatioll. A systelll with :.;everal phase:-; i1l equilih-
ril1l1l is alway:-; lIleta ..'it.abh~ (the equilihriulIl havillg iJecll aln~ady ('alculated). IIcuec, we
search ollly aB llBstahilit.y aIld tile phasc cqllilihriulII ca1clliat.ioll is illitiali~ed from t.he

IlCWcOlllpositioIl aJl(I fr(llll tlle eOlllpositioIlS 01' the illitial piJasps ill cquilihriulIl.
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2.2. Pitase equilibriwn calcula/ions

Tbe prohlcIIls that are COlIIlllOllly fOllud whcll \Ve scarch lo solve a sct of eqllations
describillg the equilihrillrn hetweell lllllltiple phaBes, are trallslated hy a lllllltit\lde of
sol\ltio\ls witho\lt physical sigllifieanee heca\lse of the laek of convergellee with eertain
lluIllcrical lIlcthods or dllC \.0 the absence of a good initializatioIl.

The lllllnher of p phaBes in eq\lilibri\lrn beillg a I'riori \lnknown, then two different
approaches have been developed for solving this prohlern. The first one consists of a.s-
SlllIling a maXiJIlllTIl llumbcr of pila....r..¡eswhich can he dcdllccd froIll the pha.L"'ic rule, thcll
lo removc that one which does Bot appcar dllring pha.sc cquilihriulll calculations. This
approach is Bol cconomical in tcrms of lhe 1l11lllher of calculatiolls that it is ncccssary to
carry out, and lIlay fail to find a solutioll al' lIlay lead lo errolleous solutions. The sccond
approach allows to solve the problern a l' phases only when an ulIstability is deteeted with
the sol\ltion at l' - 1 phaBes. This approach, rnore frec\llelltly \lsed, only is effective if it
is accompanied of él.rigorolls stahility test rol' lI111ltipha .."ic systclIls and of an appropriatc

I1lllIlcrical metllOd of calcl1lalion.
Arguahly, 'lile of the 1Il0st \lseful lIlcthods to r:a!Culate ph;~se equilibria reported in

the literature is based on tbe lIliuilllization of the lotal Gibbs free energy. This lIlethod
ofrers scope for solvin/!; a ]lhase equilihriulll at l' ph;~ses illllller!iately after a stability at
l' - 1 is earried out. llasically, the fOrJIllllation of the problelll can he stater! ;~, the s"areh
for the /!;Iobal lIlinilllnlll of the molar Gibbs free energy of the systeJn, e, at s]lecified
telllperalllre T and pressure P,

mili G =
71;"" )

P IVL L ,,~'I')IL~'P)
;;;;;;;.1 j;;;;;.l

(19)

11Ilder the material balance rOllslraints
p

'''('1') =z.L I /'

:p;;;;;.\

and the incquality COllslraillts

i=l, ... ,lY, (20)

,,('1') > (), - , i = 1, ... 1 IV; r,.p = 1, ... ~p, (21 )

where ZI is tite JIlale fradian of component i in the systcm. alld n~i.P) is the mole nUlIlber of
compOIlent i in pha...o;,;el' per mole of t}¡c f('(~d. Ir t.he chelllical potelltia1s Il~"') (i = 1, ... ,1\';
r,.p = 1: .... p) are cxpressed ill terlllS 01'adivity coefficicnts alld a."iSUmillg the composition
,,~,,) of the ]lh;~se p ;~s dependenl (Jf tite variahles ,,~.p) (i = 1, ... , N; 'P = 1, ... , l' - 1),
tllPll t}lP probklll reduces to the following cOllstraitwd lIlinimization:

(e-eO) l' "" .nlin!::>'1= =" 11('1')In ()'I') ~('I')) .
f .• ")' 1fT L..!-- I t /1

11, ",'1;;;;;.1 I;;;;;'}

wil.li l}¡e ill£~qllality (,ollst.raillts givclI b.y Eq. (21) alld

(22)

p-l

L n~"') ::; Z"
;p;;;;;.1

i = 1, .... N, (2:l)
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where CO= I:i;:'l Zil'? is the molar Gibbs free energy ofthe system at the reference state,
I'? is the standard chemical potentia! of component i, and n:p), x~p), and ,¡p) (T, 1', x(p»)

are cOllsidered as fllllctiollS of n~'I') (i = 1, .. " N; 'P = 1, ... ,JI - 1); the illeql1alities (21)
ane! (2:q e!cfining a cotlvex e!omain of tlw variahles ni<p) in ~lN(]J-l).

The gradient g and the ¡¡essian matrix G of 6g can then be evall1ated from

i=l, ... ,N; r.p=l, ... ,p-l; (24)

[ (
O. ! Dln'V('I'») J ! 8 In'V(p)]J: 1) 11 l) /z"q, ----+. +----+---'1' nI'!') N('!') Un('!') n(p) N(p) 8n(p) ,

t l t t

i,j = I, ... ,N; 'P,</;= 1, ... ,p-1. (25)

If the eql1ilibrium ratios oI each component i bet.ween phase 'P and the reference ph;~,e r
(which is generated from a stability allalysis),

.,.('1')
f( '1') = :..J....- l rv 1 1? (r)' 1. = , ... ,1 ; r.p = , ... ,]J - ,

:1:i
(26)

are illtroduced. wc can thcn exprcss tlle Hcssiall matrix G a...'; the Sl1t1lIllatioIl of t\\'O
symmetricalmatrices A and Q of order N(JI - 1), defincd ;~,

A (1) O O

O A(2)

A= (27)

O
O O A(p-l)

Q(I) R R

R Q(2)

Q= (28)

R
R R Q(p-l)

where A (p), Q("), and R are al! sY"lllletrica! matrices oI order N sllch that for 'P =
l ..... Ji - 1 we ha,'e

(
'11 ¡'(PI)

A('-) = (Il,\j

¡¡/I(p), [. (l 1) 1 1]
(l,j n;,,1 + /1;1') - N(") - N(") . i,j = I ..... N:

(2U)
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i,j = 1, ... ,iVj

i,i=l, ... ,N.

(30)

(31 )

Ammar [301 h'L' shown that matrices A(I') ('1' = 1, ... ,1'- 1)are al! positive ddinite
insidc thc salllc domain of coexist.cllcc involving the l' pha.'';cs. lIeBce, the Hcssiall matrix
A and its inverse A -1 can easily be evaluated from matrices A(I') and A(I')-l which are
known analytical!y.

In this work, t.he fol!owing scheme b'L,ed on t.he minimizat.ion of t.he t.ot.al Gibbs free
energy ami using InK(I') ('1' = 1, ... ,1' - 1) as variables at. specified temperat.ure and
pressure, ha" heen adopt.ed t.o solve t.he lIlult.ipluL'" liquid equilibria for mult.icomponent.
systmlls, which is au extension lo that prescllted by Allllllar a.lld RellOll [17] lo solvc thc
sillglc-stage isothcrInal flash problcl11:

1. Initialize the equilibrium ratios In K(I') ('1' = 1, ... ,1'- 1) from a stabilit.y test..
2. Solve t.he set. of uon-linear equat.ions by Newton-Raphson it.eration

N Z¡(I<¡(I')-l)L ll. =0, '1'=1, ... ,1'-1,
i:::: 1 t

with

1'-1
JI¡ = 1+ L N(I') (I<il') - 1), i = 1, ... ,N.

1'=1

to cOlnput.e t.he phase fradions N(I'),

¡\'

N(I') = L "ll'). '1' = 1. ... ,1' - 1.
i=!

3. Calculate the mole fract.ions x(l') of the ditrerent. ph'L,es from,

.. tI,) _ Z¡

.l'i - ¡Ji' i = 1, ... , N,

2:~1')= I<¡(I')J:~I'), i = 1,... ,N; '1'= 1,... ,1'- 1.

4. Calcula!e Li!/(k). g(k), and elaborat.e t.he test. of convergence

5. Define new values of In K(I') ('1' = l. ... , l' - 1) and go back to st.ep 2.

(32)

(33)

(34)

(35)

(37)
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The whole proccss is titen rcpeated lIIlt.il cOllvcrgcllcc is obtaillcd. It has becn wcll
identified [17] that Eq. (22) can eflieiently he solved from an Ilneonstrained lninimization
al¡;orithm by keeping the variahles n~"') (i = 1, ... , N; 'P = 1, ... ,1' - 1) inside the
COIlVCXcOllstraillts dOlnain givcn hy Eqs. (21) and (2~qdurillg thc scarch for lile solution.
lIowcvcL lIIainly fOf II1ultipltasc systcms, SOIllC algorithms can lcad 1.0a violatioll of thcse
cOllstraints at tite carlicst itcratioIls whcn thc initializatioll is [al' froIll thc solution CVCIl
if the ¡atter wa.s obtained from a stahility test. That is, the projeetion of the variables
n~") (i = 1, ... , N; 'P = 1, .... 1' - 1) on the eonstraints dOlnain can not be Illlmerically
jl1stified w¡th somc algorithms and rcsults in a singularity of matrix A and in an crratic
hehavior of the snhseqllent calcnlations.

In order to Overcome these diflicnlties, we have adopted a hybrid approaeh to minimize
the total Gihbs free energy of tbe system, starting with the steepest-descent method in
cOlljuuctioll w¡th a robust illitializatioll supplicd frolJl the stahility test t.oCIlSlIrc a certaill
progrc~~."frolll iJIitializatiolls, aJld CJldillg \\'ilh tlw (Illa.si-Newton nFeS IIlcthod, Wllich
ha....,superlincar rate of convergence ami cnsllrcs the property of strict dcsccllt c.; the G ibbs
cuergy surface; thc converged soluliOllS from botll IIlcthods represcuting local minima of
the Gibbs free energy.

The iterative schellle presented above is COllllllon for these two lIIethods aud only the
forlll to update the valnes of In K(") in step (5) of the schellle will dilfer from one method
lo aIlot Iler.

St.eepest-deseeut mdhod

This mcthod is a gradient-type IIIcthod and it is au extcnsiOll of tlle successive subslitu-
lioll algorithm illcorporating a lille scarch lo estilIlale tite stcp length Al alld it can hc
expre,"e" by

Q,,,",i-Newton BFGS lIIethod

S(k) = _A(k)-Ig(k),

p(k) = As(k) = _g(k),

In K(k+l) = In K(k) + .\p(k)

(:l8)

(39)

(40)

This mcthod ha.sa sllpcrlilH~ar ratt~ of convergence al tite ewl calclllations and althollgh is
slowcr to rcach tlw solution théUl with the Ncwtoll IIlcthod (v..'ith qlladratic convergente
ratc), it has the advantage of g(~llerating a malrix vcry c10sc lo t}¡c inversc Hessian
lIIatrix G -1 so that. this lIIet.hod 1,,", the same feat.ure i"' the Newtou method nnder the
CÍITulllstallces wllcre thc ill¡tialion l)[occ(lurc is l)crforIncd Ilcaf cOllvcrgcd IJOilltS. The
BFGS step can be written as

S(k) = _H(k)g(k),

plk) = As(k)

In K(k+ 1)= In Klk) + .\p(k).

(41)

(,12)

(,¡;¡)



70 FEItNANDOGAItCÍA-SÁNCIIEZE'I' AL.

wherc the approximaut. H 1.0 thc iuverse of the Hessiau matrix is set. cc¡ual 1.0 A -1 at thc
cnd of the stccpcst-deseeut method ami it is updat.ed hy t.hc 13FGS formula.

Ó(k) = lu K(k+l) _ lu K(k). (44)

",(k) __ g(k+l) _ g(k),, (45)

aud Ec¡. (11), duriug the subscc¡ueut iteratious. Allmatriccs H are positivc ddiuite siucc
A -1 is positivc defillitc; heBre, the dcsccllt propcrty is cnsured alld convergcllcc is always
to local mínima.

Thc commou fcatmc of thesc methods is that both rcquirc a partial liue seareh '11-
goritluu 1.0 eomputc the stcp Icugt.h A. This is doue by imposiug thc followiug t.wo
rcquircIIlcllts UPOIl A:

t:J.g(k) _ t:J.g(k+l) 2: _pAg(k)T s(k),

Ig(l'+ l)"rs(k) I ::; _ag(k)"rs(k),
(46)

(47)

in arder lo Cllsurc a satisfactory dccrcasc of l::J..g, alld rcstridcd, quadratic intcrpolations
or cubic cxtrapolatious aud iutcrpolatious arc used to fiud A.

Fillally, it is wort1l Iloting that one of most important steps of otlr algorithm is thc
switch from thc stccpest-dcsccut mcthod 1.0 the C¡l1ik,i-Ncwtou UFGS oue, siucc it shollld
lead to él.derrease in cxccution time dllring tite ealclllations; othcrwisc the .switch is nol
Ilccessary. Thereforc, ba.."icd011 cxtellsivc testing of pha.se eqllilihrilllll calclllatiolls. '....e
suggcst that the passagc to the c¡uasi-Newtou UFGS mcthod t.akcs placc after at lcast
five itcrations and WhCIl the gradicut non n is lm....er than 10-3 RT. Nonetheless. in certain
situatiolls corrcspondillg to an ill conditioning of tlle Hessiall matrix, it lIlay be Ilecessary
to get ha<:k telllporally (2-3 iterat.ious) 1.0 thc steepest-dcscent n",t.h"d.

3. DATA REGRESSION

In order to nsc the NHTL or UN1QUAC thennodynamic models (see Appendices A and
B) or allY other excess Gihhs cllergy lIludel ror liquid-liquid ca1clliations, it is essential to
obtain the rcquired adjllstablc model paramcters frolll rcgrcssioll of expcrimental data
whidl, in turn. can he IIsed for iuterpolatioll of the da.ta nr extrapolatiolls in regions
bcyond whcrc mca.'tIl"elllent.s have heen lIlade. Thereforc, wit.h a givcn sel. of modPl
parameters, it is possihle to calclllate t.hc 11l1mber of phascs in eqllilibrilllll and their
compositiolls from t.lw global compositioll of the systclIl. Howcver, if the minimizatioll
uf ~g is started f1'olll any set of paralllPters, t.lw ph;L"Ccql1ilihrillm ealcl1lat.ioll conld.
for instance, lead to a ltomogencous syst.cIIl in which the distance lo the experimental
systcm will he illdcpendcnt of the paramcter valucs inside a ('crtain dOlllain. so that
it is Ilcccssary to initializc thesc paralllcters with re(L~oJlable values. Toward that C11<1,
the followillg I>fOccdllrcs are givcll to estimat.e tlH~ IIJOde! pararlwters from liqlli(l-li(11Iid
cqllilibrilllll data.
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1. Millimization of the SUIll of s<juared differenees oetweell aetivity logarithms of eaeh
component in each pha..')c,

Npar

+Q I>~,
m=l

(48)

where Wij is the weighting factor assoeiated to the eomponellt i of tie line (or tie
triangle) j, xL is the experimental mole fraetioll of eomponent i of tie line (or tie
triangle) j in phase 1, and "Y)j is the corresponding aetivity coe!ficiellt which is
calculated from an excess Gioos ellergy model depending on ,;J) alld the model
parameten; ]Jm (1ft = 1,... 1Npar). Equation (48) has bccn writtcll ror threc equi-
lihrium phascs but for systclIls with two cquilibriuIIl phases, it reduces to COlltCllts
of the first oraeketed tenn.

2. Minilllizatioll of the sum of s<juared dilferences between the calculated alld experi-
mental mole fraetions,

(49)

wherc WijkJ Xjjkl aud Xijk, represcnt, rcspcctively, thc wcighting factor, the exper-
imental mole fraction, alld the ealculated mole fractioll of compollent i in pha....,c j
corresponding to the tie line (or tie triangle) k.

The second term of the right-halld side of E<js. (48) and (49), i.e., the "penalty" term,
is added to the .)bjective functions Fa and F" to ellsure that we can get relatively small
parallleters without increasillg the minimum of these functions, so that the risk of lIlul tiple
solutions is avoided. This term has also the advalltage that the minimum of Fa and F"
becomcs sharper proIllotillg thus the convcrgcllcc, and it is activated only ir aue ar more of
thc lIlodel panullctcrs are grcatcr than a spccificd valuc. In tltis work, we have chasen the
value of constant Q iu sueh a way that the c¡uantity Q(500)2 represeuts approximatively
oue per cent of the value of the oojecti\'e function (Fa or F,,). This approach I"L' beeu
systematically tlsed to estimate the NRTL and UNIQUAC parameters. In addition, we
havc also replaccd the experimental llllcertainties (which in gcneral are Bot availahle) by
weighting: factors which can be Ilsed to force t.he thcfmodYllamic lIlodel to represent with
more accuracy certaill conccJltratiolls. Hcrc, tllllcss otherwisc statcd, aH thcsc factors
were fixed ec¡tlal to tlnity.

Althotlgh the activity objeetive functioll Fa In, been frec¡tlently nsed in the literature,
it stlffers from the disac!vantage that it ouly coutains the differences between computed
activities. I1cJlce, millilllizatiotl of this functioll <loes lIot Iwcessarily Icad to small diffcr-
CIlces Iwiw(,clI experimclltal alld ealClllated lIlole fractiolls which is dcsired in practicc.
Notwithstalldillg1 to obtaill an initial gllCSS of thc model panunetcrs, it is oftcll advall-
tagcolls to use functioll Fa siw:c it caIl be cvaluatcd cxplicitly. Paranwtcrs obtaillcd in
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this fashion providc a suífieiently good initial cstimate to enable fairly easy convergence
in subsequcnt iterations based on ¡'':r.

Converscly, lninilllization of obj(~ctive flluctioll fr is more cOlllplicated and timc COI1-
snming (see Refs. [8.31,:32]). It involves the cOlnpntation of mole fractions Xi]k for a
given current set of model parameters and minimization of Eq. (49) with respect to the
mudel parameters frolIl whieh ,viII aris(~ a IlCWset of parameters. Computatioll is then
eontillucd llntil the vaIue of Fx is stllaller titan a pJ'(~:-;cribcdtolerallce.

!tI Eq. (49), t}¡c experimental alld ealcllIated pha.'ics correspowiing to each point of
",'erall composition are conpled by orrb. of decreasing proximity. lIowever. it is possible
that during minimizatioll of Fx tberc (~xists a mislllatcb in tbc lllllllber of ealculated and
expcrimental phascs, C.y., when t}¡ere are t\1..-oexperimental plta.ses but threc ealculated
ones. In this case, the calcnlated pIHe'" which is tI", farthest from experimental plHe""
wiIl 1Iol he laken iulo account in l}¡e ohjective filndioll. In fad, it is expcctcd tllaí. tbis
last p}¡a."'lCwiIl only appear in a ver)' slJlall amollnt él.•.•SOOIla..,;;;the other calclllated pbases
are close to thc experimental olles sillce both tite experimental and calculated SYSt.ClllS
correspond to the same overall composition. In this regard, ba.scd OHthc rcpresentatiotl of
a wide variety of binary, terllary and quaternary sYSI.t~lIIS1this approach always lIlat.chc<1
correctly t!le number of calculated and experiu",nta! phases for all systems stll<!ied.

In this work, the estimation of the NflTL and UNIQUAC parallleters W¡l.' carried out
in a two-step proecdllre which involves tile minimizatioll of flludiOllS Fa ami ¡'"'r by llsing
either the Silllplex [:\3] or the Mar<¡uardt [34] optilllization methods.

4. CALCULATION 01' LlQUID-L1t¡UlD CRITICAL POINTS

lt has been establislll'cl (spe Ref. [:15]) that critical points in ¡iquid systems (i.c .. plait
points) play aH important. role in dwmieal and petrolellm industries. Thus. lmving in-
dicated itl previolls sediolls how we can gct liqllid-pbasc eqllilibriulIl compusitiolls frolIl
overall cOlJlpositioIls IlSillg an cxcess Gihbs cllergy lIlodcl1 in this section \v(! llave ad-
dressed our attelltioll to t he calclllat.ioll of liquid-liquid critical points of mult.icolllpollcnt
mixtures llsing a pro('('<illrP similar to that sllggl'sk<1 hy Nov;ik el al. [36} \\'bich is. in
turllo. a lIlo<iificatioll t.o tltat presellt(~d by IIcidclllallll and Khalil [:H].

In gelleral, applicalioll of this pn)('('<111l"ercqllires lo find a v('do!' L},x tbat sat.isfy tIJe
rdatioll

D. 6x = O. (GO)

w}¡cre D is tlle matrix of secoIld dcrivativ(~s of tlw lIIixillg Gihhs cncrgy with n~spcct t.o
the {'orrespollc1illg mole fradions,

alld

(D2 A )D _ W.(hll

- D:f1Ü,I:j '1', l' .
i.j=I. .... N-1. (S 1 )

N

!:J.YIII =¿ :r¡ 11I(:l:i"li)
;-1

(52)
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is tlle IIlIXlIlg Gihhs free ellcrgy for an N-compollcnt systeIll at constallt tClnperatllre
anl! pressure. alld .6.x = .6.XI' 6.X2 ..... 6.Xl\'_1 is a nOll-zero vector of changcs in the
mole fractioll. 011 tlle spinodal sllrface, the det.ermiJlallt of lIlatrix D should he zero, i.e.,
d(~t(D) = O, \vllich can iw (~valllated by GallS~iall e1ilIlinatioll with scalcd colllmll pivot.ing
lo redllCtl matrix D to an upper t.riangular [onu which, in turll, is llsed to find 6.x; thcn
det.(D) is e""luated as the product of the diagonal elelllents. It is ,~",ullled that the I,~,t
COIllPOIIellt of vector 6.x is Ilot z(~ro, ami in this WélY6.xN-l = 1 can be selected, thcn
use hack- substitution to filld 6..1:), 6.x2, ..... 6.xS_2.

When vector L':.x is inserted in Eq. (50), then the following cnhic fonn tenn shollld
vltllish:

(53)

The e1cmcllts in the <Juadratic and cllhie forms of tlle critical criteria can casil}' hc
oi)t.<tÍne<i frOlIl tite rclatioJls

',]= 1,... ,N-l; (54)

\' \" \'+ C2j,v,v+ C2LvN - q:\,,v,v, i,j, le = L ... ,N - 1; (55)

\\'herc Qij' alld Q:)k are the secolld alld third derivativcs of tIJe excess Gibhs cnergy with
re:-;¡)cct t.o tIte COIIIIJOsiti0I1. Nevcrtl.eless, for more complicated tilermodynamic IIlodcls
where the eva1twtioIl oftlw third order compositioll derivatives o[t}¡e excess Gihbs cllergy
is too cll1llhersome, !vliclwlscll [38) prescllled a lllodificatioll to cvalllatc IlllllwricaIly tllc
rllbic fonll C. That. is, al! third order partial colllpositioll derivatives can colllpletely be
avoided ir e is rewrittcJI as

wit.lJ

¡\'-) ¡\'-)

e = :L :L Di]L':.1:iL':.Xj = L':.xTD' L':.x,
i=l j=J

(5ü)

(57)
D' = [iJD(X + :,L':.x, '1',1')] ,

ds ,0;=0

wlwre D" is a partial cOlIlpositioll derivativ(l of D in t.hc 6.x-diredioll. ThllS, SillC(l ollIy
a single dcrivative is rC<Jllin~d. tItcn 1ll11llerical diffcrcntiation. ba.ticd Ol! forward 01' ccntral
finitc-diffcI'Pllccs! can effiei(,lltly be IIst'd.

Tite illlplcmclllat.ion of lhe ex('('s:-; GilliJs encrgy approltch fol' COIllPlltillg plait. poillts
lIsillg this pl'ocpdlln~ al ('ollstant t.(,lIlperatllre i.1Ild pr(,sslln~. I'equires tu ilerate OIl mole
fractiolls .1'1 aud .1:'2in a )H'stcd wa.y. Tltat. i:-;. bas('d 011 au initial gu('s:-; of ;1:1. e.y .. for
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ternary systems, by using the XI and X2 (solute) values corresponding to the closest tic
lille approaching tlle plait poillt nr froJll au equirnolar mixture, the COlllpositioll :£2 is
determined in au iuner loop until det(D) = O is satisfied; then the convergeuce criterion
of the cubic form e is checked. If e evalllated at the stability limit is zero (01' smaller
than a prescribed tolerance), the calculation ends; otherwise a new estimated for XI is
gellcrated in au olllcr loop and tite itcration UPOIl X2 is carried out again. Once XI and
X2 have beeu obtained, the remaiuing cOlllpositions can theu be calculated from the 1Il0le
fraction cOllstraillt cquatioll.

5. NUMERICAL EXAMPLES

The lIlethods described above for the ealculatiou of IIlllltipha.se liquid equilibria aud the
estilllation of the parameters of a given lIlodcl frolllliqllid-pha.se equilibria data exhibiting
al lIlost thrcc cocxisting pha.~es,are uscd lo reprCscllt the p}¡ase behavior of tite syst.cms
preseuted below. !lere, both the NRTL [U] and UNIQUAC [71 equations have been Ilsed
a.s the thermodynalllic lIIodcls for all phases iu eqllilibrillm.

5.1. Ternary syste",s

Two ternary systems exhibitiug silllultaneously two- and three-liqllid ph'Lse eqllilibria
have bccn considcrcd to dClIloIlstratc thc performance of thc computational proccdurc
prc!':icntcd in this work: l-hexanol-nitrorncthallc-watcr al 21°C and l-llonanol-
uitromethane-water at 23°C. These systellls were abo represeuted by Negahban el (JI. [6]
using the UNIQUAC eqllation.

Tite liquid-pha."Ic cqllilibrium data of lhe l-hexanol-nitrolIlcthanc-walcr syslclIl. rc-
ported by Sazonov et al. [:19], inclnde fonrteen two-pl"Lse ti,,-lines and one three-pha.",
lie-triallgle while liJe equilibriulll data uf thc 1-llonallol-llitroIllCtlul.Ilc-watcr systclll, re-
ported by Sazonov ami Chernysh"va [40], iuclude teu two-phase tie-lines and oue three-
pha."'ie tic-triangle. The phase diagrams ol' thcsc systcllls show that aH cOlIlpOnCllt pairs
are partially miscible.

lu this work we have us"d both the NltTL and UNIQUAC "quations to "stimat" their
intcractioll parametcrs which best. rcprescllt thc cxpcrimental cquilibriulIl data of thcsc
SystCIIls

1
and lhey are givctl in Table I. Abo reported in lhis lable are lile purc-com¡>oncnt

JIlolccular-strnctural paralllcters lhat w('rc tak(~Il l'roIll lhe col1cction ol' Sorcnscll and

Arlt[41j.
Figures 1 and ¿ sho\',' the eakulated alld (~xpcrimclltal tic lincs for lile systt~llIs 1-

heXatlOI-llitrOllletll:LIIC-water at 21°C all<t l-1l0I1:lIlol-tlit.rOlllctl¡;L11C-\Vater at 2:JoC, resI)cc-
tively. In both fi¡;nr"s, th" shad"d arca ''''picts the exp"rimental thre,,-liquid-pha.se r<'gion
\....hilc the a{ljaccllt lia.'.,lwd lines show t.lw caklllat.c{l t III'('C-I)ha..<.;chOlllldary 11001laill.

TIIl~cOlllparisoll betw('ell ealclllated :lIId cxpcrinwlltal cOllccnt.ratiolls is carripd out
froIll t he valllc ol' t.he root-lJlcan-sqllan~ dcviatioll defillPd by

min(Frl
(21Vbill + :JNtri)lY - lVpar 1

(58)



T""LE I. Estimated hillar)" interartioll parameters of lhe "RTL (Helloll ami Prausnilz, 1968) and U"IQUAC (Ahrams ami Prausllilz,
1975) equat.iolls for the systems l-hexanol-nit.romcthane-water al 21°C and l-nonanol-nitrornethanc-water al 230C.

U"IQUAC ~!o!ecular- Ul\IQUAC
Structural Parametcrs Paramctcrs, f{

Sytitem ,. q I,J aí} flji

1-II('xalloi (1) ,1.803! 4,1320 1,2 317,97 55,061
:\itromethalle (2) 2,01l86 I.8680 J.3 37,872 443,51
\\'at<'l' (3) 0,9200 1A1l00 2,3 ,181.09 165.57
I-"onallol (1) 6,8263 5.7520 1,2 395,12 33,874
:\itromethalle (2) 2,1l086 1.8680 1,3 135.42 340,22
\Vater (3) 0,9200 I.4000 2,3 416,08 207,64

Rool-~leall-
Sqllare De\'.

%ax
0,83

0.46

:,(RTL
Parameters, J(

Qi) Gij aji

0,2022 134.üJ 734,57

0,1866 -108,29 1397,87
0,3461 681.14 658,64
0,1612 33,608 1081.4
0,1674 -180,50 1740.4
0,3481 666,83 852,29

Root-~lean-
Square Dev,

%a.l
2,21

0.46
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1- HEXANOL

D
o

WATER

¡':XPER I Y.:-:NTAL

CI\I.CUl,I\TED

0.2 0.4 0.6

MOLE Ff?ACTIOW;

0.8 NITROMETHANE

FH;mu: l. EX¡H'rilIlC'lllai data ami cairu1<lt(,d phase cnn'lope with the U:\IQUAC (:\brallls ami
Prausnitz, 1975) {'qual.ioll for t.hc system l-hcxaIlol-nitroIllPtlJalle-watel" al 21°C.

whcw Fr is the objective fundÍon which represcnts the difreren("(~s het\vccll caictl-

lated and cxperimclltai llIole fradioIls, and lV, .Nbill' lVtri1 and lVpar are. respectively. the
1I1111lbcrof COIll¡>OllClltS, tic lilles. tic triallgh~s. all<l Illodel parameters. The root.-lIIcall-
square dcviatioll vahws obtaillcd rOl' tlw NRTL ami UNIQU.r\C {~(l'latioIlS an' al so giVCll
in l'able 1. 111general. lhe reslllts show thal t.he ealculated pllas(~behavior (kscri!J{~st.he
experillwIltal data of t.hese systcms quit(~ well.

On tiJe other hand
1

in order lo silow the cvolut.ioll of the piJase lH'havior of Ihe 1-
lIo11anol-llitrolllcthallC-\\'ater systC'1ll wit h illcreasitlg telllperatlln~. tlle cquilihriulIl data
of this systelIl were modded with the Uf\:IQUAC equation in the temperature ran¡;e of
20 (o .15.1oC. The eqllilibrilllll dala. reported hy Sazonov and Chernysheva [40]. ("(lIItain
seven (wo-phase tie-lines ami olle I.hree-pha-", tie-triangle al. 20°C, ten I.wo-phase I.ie-lines
alld (me thrC'P-pha,o.;e t.ie-triall¡..!;lc at. 23°C. and fOllrÍ,{'(,1lhvo-phas{~ t.ic-lill(~s al. ,J;,.I°C. This
systcm display a thr('{~-pha."ie evolutioJl patterll with decreasing t.clllperat.ure. l.e.. at. high
t.clllperat.ure. aH mixt.ures split illt.o t,\VOequilibrilllll phases whilt~ a tllrce-phase rcgiotl
appcars in so fal' as t he h~lIIperat.llre d('creascs.

For {'ach t{~lIlp('rattlre, t.hc phasc eqllilibrilllll dat.a of t.his syst{~1II w('n~ wgress('<! with
tlw U1'\IQUAC eqUltt.ioll. Figlln~:~ shows the ('stilllat('d UNIQUAC paralllcters cxpn'sscd
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l-NONANOL

0.8 NITROMETHANE0.60.40.2

EXPER 1r-lENTA!.

r:ALCULATED
o

WATER

c=J TIIREE- PIIASE REG ION

'•.¡¡.: J r;:!T ¡"RACTJ m;;;

FICUUE 2. ExperillH'Ilta! data and calrulatp<! phase cIl\"('lope \vith the UNIQU:\C (Abrallls alld
PrausIIilz, l!r;,j) (,<¡\latioll for the system 1-1l0Ililnol-nitrOlIlPtiJane-\\'€lter at 230C.

as a fllllctioll uf t.ellll)(~ratllre. AII cxamillatioll ()f this figllre illdicat.es that t}¡c estimatt'd
paramt'lers eitht'r de(,I'('as(~01' illcrcase lilwarly as tCIIlpcratuI'c incrca..'ics. COllscqllcntly,
tite parallletcrs cau ade'luate1y !Je cxprcssed as a liuear flluctiou of telllperatlll'c !Jy.

Il I ('1' 27'\ le)flij = flij + flij - ..,) (59)

\vlH're T is tiw tplIlperature in I<dvill. Table II sllllllWtriz('s tlw results of pha."ic lwhavior
for l!Ji, syslelll. After applyiug Eq. (5!J) al differ""l telllperatlll'es, it. cau !Jc s<,eu t.1",t. tIlP
J)J'I't!ictf'd t!Jn'e-piJase n'gioll extcllds i)Pyollf! the tellllH~rat IIrc rallgl~ that was ill\"{~stigatl'd
cxpcr¡IIIl~Iltally, ()f ("()lIrSp, lo exalll¡JI(~ t.I11~capabilit.y of the lIlodcl extrap()lati()ll~ it is
Ill'{"('ssary t(l cany out IIH'aSllrellll~llts ",itll silllilar o\'l~rall {'OI11J>ositions as tlH)Se llscd ¡II
tlw pn'<iict.('d thn'c-plJase I"l~giolls.

5.2. (JuattTlI(l1'Y.'iystnll

Rl'iativl»Y f('\\' dat.a exist. rOl"systellls ('olllprised of four liquid ('OIlIPOIll'IIt.S ando tu datl~.
ooly a fl~\I,.'rpsean;hers ha\"{~ at.tempt.l'd to calc:1l1al.f~ <¡llaterllary liquid-liquid ('qlliliiJ-
ria [,12 .. 1:q. Liqllid-liqllid !'ql1ilihrilllll ('ak1l1at iOllS (JI" quaternary liquid syst('llIs ha\'illg
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FIGUHE 3. Estirnatcd UNIQUAC parameters exprcsscd as a fUIlction of tcmpcraturc rOl' thc sys-
tcm l-nonanol-nitromethane-watcr. Phase eqllilibrillIll data from Sazono\' and Chernyshcva [40].

up to three i1l1lni,cible ¡iquid pair, bave been investigated (see Ref. [41]) but systeIrls
with three-liquid plla.ses, which have potcntial applicatioIl in tcrtiary oil fccoverYl have
not been ,iIrlulated. In this sedion, the liqui<l-phase equilibriuIrl data for the systeIll
benzeue-u-heptaue-sulfolaue-water at 25°C, reported by lIartwig el al. [44), have been
,tudied. These data inelude eleven two-pl,,",e tie-lines and 01le three-ph,",e tie-triangle.
For this HystClII, tbe compOllcnt pairs bCllzcuc-watcr, n-heptallc-sulfolallc, alld n-heptallc-
water are partially miscihle. Previously, lo tlle bcst. of OUf knowledgc, no altclllpt has
beeIl lIIadc to rcprcscnt thc pha.."icbchavior of this systcm.

Thus, the equilibriuIll data of this systeIrls were used to corrdate the interaction
parameters of both the NRTL and UNIQUAC equations. The estimated parameters
for these equations are given in Table IlI. This table a!so gives the pure-component
molccular-structllral paramctcrs of bCIlZCllC,n-heplallc alld water, rcported by S{)rcnscll
an,l Arlt [41]' and those of sulfolane which were estimated uuring ,lata regression. The
root-mean-square deviation value, obtained for the !'InTL amI UNIQUAC equations are.
resl'ectively, of 0.U4 and 1.00% which b very goorl.

Deviatiotls bet.wccll experimental and ealc111ated cOlllpositiollS (cxprcsscd in wdght
fractions) obtained from the UNIQUAC e<¡uation are given in Table IV. On the who"'- the
results shO\\' that thcre exisls <tu cxcellcllt agrecmcnt hetv.;ccn IIlca.':iured ami ealculated
cOllccntrations of thc coexisting p}¡ases.



TABLE JI. Coefficicnts to estirnatc the interaction parumcters of the U::\'IQUAC (Abrarns aud Prausnitz, 1975) equatioll for the systelIl
l-nonanol-nitromcthane-water at 20, 23, and 45.1°C.

o."
:':
e

'"De
'"-,.

...,
,',

"O
Cl~
:;¿,.
::::
ro
<r.

.",.
U>

'",....o
e
e

0.46 (0.50)

0.61 (0.61)

0.4 7(0.48)"

Root-lvleall-
Square Dev.

%a.l'

23

45.1

T(OC)

20

20~45.1-0.8704

2.2348

-0,3486

30.630

336.11

200.26

33.874

340.22

UNIQUAC Parameters, J(

400,07

130,08

415,81

305.12

135.42

q l,]

5,7520 1,2
1.8680 1,3

lAOOO 2,3

1,2

1,3

2,3

1,2

1,3

2,3
1,2

UNIQUAC Molecular-
Structural Parameters

T

6.8263

2.0086

0,9200

Cornponent

l-Nonanol (1)

,,¡tromethane (2)

"'ater (3)

416.08 207,64

354.00 16,250

127.46 380.82

357.08 200.45

430.18 55.875 -1.8683

1,3 137.11 280,01 -0.2088

2,3 470.76 2lfi.14 -2.4070

a Xumber in parentheses is the Root-:\Ieau-Square Dcviation obtaillcd from Eq. (59).
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TAALE 111. Estimateu binary interaction parameters of the :\RTL (Renon ami Prausnitz, 1968) anu U:\IQU AC (Abrams anu Prallsnitz.
1975) equations ror the system bcnzcne-n-heptane-sulfolane-water al 25°C.

Ui\'IQUAC ",loleclllar- UNIQUAC Root-l\lean- l'iRTL Root-~I{'aJl-
Structural Paramctcrs Paramcters, K Squarc Dev. Parameters, J( Square Ikv.

Componcnt r q " J ajj ají %a;c ni} ajj aji %a.r

llenzene (1) 3.1878 2AOOO 1,2 137.93 -190.50 1.00 0.20 473.64 -537.02 0.91

ll-lIeptane (2) 5.1742 4.3960 1,3 -5.2939 7.7393 0.20 410.86 -318.77

Sulfolane (3) 4.2704" 3.5474a 1,4 658.98 116.28 0.20 1804.8 2658.6

Water (4) 0.9200 1.4000 2,3 742.79 45.887 0.20 1469.1 956.72

2,4 963.80 744A7 0.20 899.90 11103

3,4 373.72 -164.90 0.20 8.5326 303.98

a Esümated fraIn data regression.



T:\BLE IV. Experimental and ralculated pha.."eequilibriulIl compositiolls (expressed in weight fraction units) for the systcm benzene
(l)-71-heptane (2)-sulfolane (.1)-water (4) at 25°C. Aeti\"ity eoeffieients from the U:\IQUAC (Abrams and Prausnitz. 1975) equation.

Overall COflll)osition Lower Pha.,>e Middle Pbase Upper Phase
weight fraction Ex perimental / Caleul"te,! / Error Experimental / Caleu lated / Error Experimental/Calcula t ed / Error

ZI Z2 Z3 Z, Xl X2 X3 X, XI X2 X3 X, XI X2 X3 X,

0.426 0.074 0.474 0.026 0.373 0.035 0.560 0.032 0.604 0.253 0.141 0.002 ...,
'"0.378 0.028 0.562 0.032 0.610 0.251 0.136 0.003 t'1
;e

-0.005 0.007 -0.002 0.000 -0.006 0.002 0.005 -0.001 3:oc0.378 0.122 0.474 0.026 0.289 0.023 0.652 0.036 0.558 0.363 0.077 0.002 -<z
0.301 0.021 0.642 0.036 0.561 0.363 0.074 0.002 >

::=
-0.012 0.002 0.010 0.000 -0.003 0.000 0.003 0.000 Ci~

0304 0.196 0.474 0.026 0.201 0.013 0.745 0.041 0.444 0.521 0.034 0.000 o."
0.212 0.015 0.733 0.041 0.462 0.506 0.031 0.001 3:

e":-0.011 -0.002 0.012 0.000 -0.018 0.015 0.003 -0.001 :J
0.229 0.271 0.474 0.026 0.143 0.010 0.803 0.044 0.339 0.655 0.006 0.000 :i:

>~
0.142 0.011 0.803 0.044 0.351 0.636 0.012 0.001 t'1

£:0.001 -0.001 0.000 0.000 -0.012 0.019 -0.006 -0.001 D
e

0.149 0.351 0.474 0.026 0.082 0.007 0.864 0.047 0.213 0.778 0.009 0.000 O
t'10.083 0.009 0.861 0.047 0.230 0.766 0.004 0.000 D
e

-0.001 -0.002 0.003 0.000 -0.017 0.012 0.005 0.000 £:
0075 0.425 0.474 0.026 0.028 0.004 0.918 0.050 0.108 0.888 0.004 0.000 ~

>
0.038 0.008 0.905 0.049 0.116 0.883 0.001 0.000

-0.010 -0.004 0.013 0.001 -0.008 0.005 0.003 0.000

00...•
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TAIlLE IV. (Continued).
'TJ

'"'"z
Overall composition Lmver Phase :\liddle Phase Upper Phasc >z
weight fractioIl Experimeutal/ Calcu!ated / Error Experimental/ Calculated / Error Experimental / Calclllated / Error "O

ZI Zz Z3 Z, XI Xz X3 x, x! X2 £3 X, XI Xz X3 X,¡ 0
>

0.378 0.122 0.449 0.051 0.227 0.011 0.689 0.081 0.602 0.298 0.098 0.000 '"o
0.238 0.008 0.672 0.082 0.598 0.301 0.098 0.003 F

[JJ
-0.011 0.003 0.017 -0.001 0.004 -0.003 0.000 -0003 >.z

0.014 0.744 0.085 0.492 0.4 71 0.036
o

0.304 0.196 0.449 0.051 0.157 0.000
'"0.170 0.007 0.737 0.086 0.496 0.466 0.036 0001 N

'"-0.013 0.007 0.007 -0.001 -0.00.1 0.005 0.000 -0.001
..,
>

0.006 0.795 0.089 0.358 0.625 0.017
,..

0.229 0.271 0.449 0.051 0.110 0.000

0.113 0.006 0.790 0.090 0.377 0.609 0.013 0.001

-0.003 0.000 0.005 -0.001 -0.019 0.016 0.004 -O.OOl

0.149 0.351 0.449 0.051 0.065 0.004 0.837 0.094 0.226 0.767 0.007 0.000

0.065 0.006 0.834 0.095 0.246 0.750 0.004 0.00l

0.000 -0.002 0.003 -0.001 -0.020 O.[)l 7 0.003 -0.001

0.075 0.425 0.449 0.051 0.025 0.004 0.874 0.097 0.111 0.886 0.003 0.000

0.030 0.005 0.867 0.098 0.124 0.875 O.OOl 0.000

-0.005 -0.001 0.007 -0.001 -0.013 0.011 0.002 0.000

0.426 0.074 0.449 0.051 0.000 0.000 0.659 0.341 0.387 0.037 0.544 0.032 0.625 0.193 0.180 0.002

0.068 0.000 0.594 0.338 0.393 0.027 0.546 0.034 0.618 0.212 0.166 0004

-0.068 0.000 0.065 0.003 -0.006 0.010 -0.002 -0.002 0.007 -0.019 0.014 -0.002
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5,3. LÚ/llid-liqllúl critir:al ]Joints (JJ ferruL7'y ,<;y,<;tems

In order to test tite altility of the NRTL alld UNIQUAC e<¡uatiolls for predietillg plait
points of lIlulticompouent systems together with thc complltational procedure dcvelopcd
ill this work, we have calculated tite liquid-liquid eritical poillts of tltirty-two ternary
systems at 25°C Ity locatillg tite staLle poi lit alollg the stability I¡mit whieh satisfies the
c;,bie form e = ()ill Eq. (53). 111gelleral, the computatiollaI proeedure cOllverged to the
liquid-liquid eritical poillts ill a few iteratiolls w¡thout allY diffieulty. TabIe V pre,ellts
the calculated plait poillt compositiolls (expressed ill mole fractiolls) for the thirty-olle
systelllS of type 1 (see Ref. [45]) tltat were takell from tite collectioll of Sorellsell alld
Arlt [41J, alld olle system, illvestigatec! by Negaltban el al. [46}, exhibitillg a type :1pitase
behavior in \'.:hieh there are (me t.hrcc-ph(u~c tie triangle and threc two-phasc cnvclopcs.

6. CONCLUSIONS

A rigorolls alld com}>lItationally cfficiellt thermodynamic alg;orithm [or ealculatillg lIlul-
tipltase li<¡uid equilibria of multicompouellt mixtures from kllowlI overall eOlllpositioll of
the systelll, at specified telllperature, h'L' beell presellted. 111order to filld the stable
solutioll, this calculation procedure llSPS both thc tallgelll plallc criterion [or stability
test alld a robust approach for calculatillg tite 1I1\1ltipln", liquid equilibria Lased 011the
lIlinimizatioll of tite total Gibbs free eIlcrgy by llsing the stecpcst-d(~scellt IIlcthod at t}¡c
early it('ratiolls alld fillishillg it with the <PliL,i-Newtoll nFeS olle.

This proccdure cOllplcd to a correlatioll data mcthod, ha.,;;allowcd lo vcrify that
d'L"ical therlllodYllilluic models such as the NRTL or UNIQUAC equatiolls call repre-
sent correctly thc phrl.l;jCbehavior of tcrnary alld quatcrllary systcIIls exhihitillg two-
and three-liquid pha ..'-ie in cquilibrillm. 111 particular, all cxcellellt representatioll of
the liquid "'1uilibriulIl compositiolls was obtailled with both equatiolls for the systems
1-hexalll)l- Ilitrometil(lIle- watcr1 l-IIOIJallOl-lli trOluethaIJe- water, and lH~nz;cne-ll- heptallc-
sulfolall,,-water at, r"speetive1y, 21, 23 alld 25°C. Hellce, we be¡¡eve that our algorithm
ill colljullctioll witlt a more suitabl" therlllody"amic lIlodel (see. e.!I., Hefs. [47-51]), wiH
bc able t o rcprcsellt tllc phas(~ bchavior of cOlllplex syst.ellls suc}¡ as micellar (\',mtcr-
amphiphit<,) or micro"mulsioll (water-oil-alllphiphile) solutiollS, whic:h are of celltral illl-
portaIlc(~ in a broa<i variety of industrial alld biological processes iIldudillg enhallC(~doil
f('co\,pry. detergcIlcy. CIII1IIsioIl. polYlIlcrizatioll, alld catalysis.

Fiually. a proc('<illrc t.o calculate liquid-liqllid critical poillts at Slwcificd tcmperatllrc
alld prcssllrc was devdoped. This algorit.hlll, similar t.o t hal prcscutcd hy HeidelllauIl
alld I<halil [:17JImt in ten liS of the lIlixillg Gihhs ellergy, was suec:essfully used rOl cal-
culat illg IIIC plait ¡>oillt. COIllI)():-;it.iow;of tIJirty-two ternar)' systcms IJ)' using tile NHTL
alld U0:IQUAC ('CPlill.iOIlSas til(' I.h"rIllody"alllic: lIlodels. 011 the whole. for aH spl"lIls
so far :-;tlldif'(L this proC('duH' cOII\'erged in a fp\l,.' itcr'lt.iolls witllout 'lll)' difficlllt.y.



00•••

TABLE V. Estimated plait point compositiotls (expressed in mole fractions) rOl' ternary s.\'stems al 25°C with the :\RTL (llenan ami "'1~
Prausllitz, 1968) and UXI(¡UAC (Abrallls alld Prausllitz, 1975) eqllatiolls'. '"z"UNIQUAC Molecular- UNIQUAC Critical NRTLb Critical z

"Structural Parameters Parameters, I( Composition Parameters, K Compositioll O

System i,j el
r q aij ají fljj ají "'"Glycerol (1) 3.5857 3.0600 1,2 -9.5920 -274.21 0.207 -181.37 -468.95 0.225 '"F

Ethanol (2) 2.1055 1.9720 1,3 300.09 329.12 U.;,22 10396 1425.6 0.508 CfJ",
Tetrachlorolllethane (3) 3.3900 2.9100 2,3 74.791 - 165.69 0.271 545.76 -497.2,¡ 0.268 z

'"Tetrachlorolllethane (1) 3.3900 2.9100 1,2 336.80 -85.423 U.050 703.29 -183.39 0.038 ~
2-Propallol (2) 2.7791 2.5080 1,3 656.78 248.47 0.309 88;'.90 983.89 0.246 ~
\Vater (3) 0.9200 1.4000 2,3 76.98;' 68.463 0.641 -24.1. 79 964.61 U.716 ",
Trichlorolllcthalle (1) 2.8700 2.4100 1,2 -146.5!J 54.545 0.192 -;'25.92 57.819 0.189

Acelic acid (2) 2.2024 2.0720 1,3 659.85 379.05 0.442 769.74 1518.5 0.421

\Vater (3) 0.9200 1.4000 2,3 -121.08 -108.23 0.366 -36,1.9.1 -98.812 0.390

Trichlorolllcthanc (1) 2.8700 2.4100 1,2 417.9,1 -228.61 0.071 1804.1 -880.74 0.055

Propanoic acid (2) 2.8768 2.6120 1,3 1243.3 257.67 0316 19.13.3 2207.7 0.234

\Vater (3) 0.9200 1.4000 2,3 176.22 -20.420 0.613 476.94 73.994 0.712

Trichloromcthanc (1) 2.8700 2.4100 1.2 276.43 -42.811 0022 955.1 I -362.40 0.018

2-Propallol (2) 2.7791 2.5080 1,3 629.70 284.71 0.249 868.79 1297.7 0.210

Water (3) 0.9200 1.4000 2,3 -0.1489 169.40 0.729 -3;,,¡Jl2 1132.2 0.772

F\"fural (1) 3.1680 2.4840 1,2 -333.21 -,180.97 0.232 74;'.20 -517.04 0.176

Forlllic acid (2) 1.5280 1.5320 1,3 110.78 190.59 0.116 22.522 1209.4 0.112

\Vater (3) 0.9200 1.4000 2,3 -627.56 136.29 0.652 -10.682 -492.26 0.712



TABLE V. (Continned).

U:-iIQUAC ~Iolecular- Ui\IQUAC Critical i\RTLb Critical
Structural Parameters Paramctcrs, J( Composition Parameters, I< Composition

SystPIIl r q i, j ai} ají ai} aj!
Water (1) 0.0200 1.4000 1,2 -177.22 -187.79 0.150 1020.1 -814.90 0.170
~lethanol (2) 1.431I 1..1320 1,3 429.01 638.14 0.461 1790.4 944.01 0.471
1,2-Dichloroethane (3) 2.9308 2.5280 2,3 -66.033 307.47 0.389 512.05 -18.927 0.360 ...,
~lethanol (1) 1.431I IA320 1,2 -16.965 -64.745 0.4 I 7 169.39 -580.60 0.420 ~

3::Acetir acid, ~Iet hyl ester (2) 2.8042 2.5760 1,3 12.535 625.79 0.044 385.68 467.08 0.088 o
t:Cyclohexane (3) 4.0464 3.2400 2.3 -4.7990 -10.666 0.539 -234.39 -218.92 0.492 -<z1-:\itropropane (1) >3.3573 2.9480 1,2 757.36 - 183.64 0.107 836.34 -159.44 0.102 ;:::

~Iethanol (2) 1.431I 1.4320 1,3 499.46 296.51 0.419 598.47 2472.6 0.396 n-.r.
\Yater (3)

0.502 o0.9200 1,4000 2,3 -43.494 182.09 0.473 761,22 -69.326 '"Cyclohexane (1) .1.0464 3.2400 1,2 -59.532 -130.17 0.466 -447.04 -336.27 0.473 ~
e

Tetrahydrofnran (2) 2.9415 2.7200 1,3 618.50 13.935 0.047 4.15.78 396.55 0.059 ::..,
~Iethanol (3) 1.431I 1,4320 2,3 -159.85 8.7418 0.487 -748.38 427.75 0.469 :I:

>V>l-Bntanol (1) 3.4543 3.0520 1,2 320.76 - 199.90 0.133 703.82 -178.09 0.106 '"'"~Iethanol (2) 1,431I 1.4320 1,3 -68.151 396.99 0.1I6 -344.40 1756.8 0.108 ;O
eWater (3) 0.0200 1.4000 2,3 -81,520 -319.75 0.751 45.740 -147.43 0.785 t:

'"Phenol (I) a.5517 2.6800 1,2 -270.21 -80.219 0.120 -42.444 -33.676 0.078 D
e~Iethanol (2) l..l31I 1,4a20 1,3 -257.86 566.90 0.073 -567.84 1884.0 0.078

Water (3) 0.0200 1..1000 2,3 -235.52 129.16 0.808 55.212 44.631 0.844 '":;:~Iethanol (1) 1,431I 1,3200 1,2 -8.3649 -72.360 0.429 a22.69 -921,90 0.419
flenzoic acid (2) .1.a230 3.3440 1,3 12.256 678.14 0.068 373.25 5a9.45 0.069
Cyclohexane (a) 4.0464 3.2400 2.a -46.742 -7.8853 0.50a -619.13 -362.7.S 0.512

00

'"
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TABLE V. (Continned).

UNIQUAC Molecular- UNIQUAC Critical KRTLb Critical "1
t'l

Structural Parameters Parameters, ]( Composition Pararneters, K CompositioIl '"2
System i,j

»
r q aij aji aij Uji 2

O

Cyclohexane (1) 4.0464 3.2400 1,2 -11.799 -24.202 0.375 -647.20 -376.15 0.391 o

Kaphthalene (2) 4.9808 3.4400 1,3 753.28 -8.1030 0.073 659.4 7 300.44 0.071
O»
'"Methanol (3) 1.4311 1.4320 2,3 36.338 110.15 0.552 -681.65 725.01 0.538 ()

~'

Methanol (1) 1.4311 1.4320 1,2 103.66 -179.61 0.520 873.57 -1245.0 0.470 [J:l»,
Diphenylarnine (2) 6.5760 4.6360 1,3 14.019 704.77 0.034 379.39 578.07 0.044 "ºCyclohexane (3) 4.0464 3.2400 2,3 -108.50 -75.541 0.446 -987.32 -856.11 0.486 t'l

N

Water (1) 0.9200 1.4000 1,2 -1.4582 -112.24 0.285 319.11 -280.94 0.280 t'l...,

2-Propanol (2) 2.7791 2.5080 1,3 335.30 702.78 0.406 1877.8 708.87 0.402 »,
Tetrachloroethene (3) 3.8879 3.4000 2,3 -85.104 205.12 0.309 -100.12 328.53 0.318

n-lIeptane (1) 5.1742 4.3960 1,2 -77.340 119.27 0.279 -82.539 -170.79 0.279

Benzene (2) 3.1878 2.4000 1,3 632.92 29.945 0.282 557.12 689.63 0.278

Acetonitrile (3) 1.8701 1.7240 2,3 18.087 72.756 0.439 -239.57 215.35 0.443

Water (1) 0.9200 1.4000 1,2 -!G.853 -58.866 0319 503.62 -531.48 0.364

Acetic acid (2) 2.2024 2.0720 1,3 642.80 702.87 0.389 1878.8 1023.2 0.387

1,2-Dichloroethane (3) 2.9308 2.5280 2,3 -!G6.46 399.33 0.292 -62.672 80.132 0.248

1,2-Ethanediol (1) 2.4088 2.2480 1,2 87.971 -391.53 0.482 324.88 -838.73 0.470

Acetic acid (2) 2.2024 2.0720 1,3 72.350 295.47 0.069 462.97 431.49 0.073

Acetic acid, Ethyl es ter (3) 3.4786 3.1160 2,3 -303.67 -123.43 0.449 -464.49 -39664 0.453

1-Butanol (1) 3.4543 3.0520 1,2 155.34 -211.40 0.123 192.64 -412.70 0.102

Acetic acid (2) 2.2024 2.0720 1,3 -30.037 311.03 0.090 -330.50 1601.7 0.085

Water (3) 0.9200 1.4000 2,3 -30.340 -170.32 0.787 -114.89 -182.85 0.813



TAIlL~ Y. (Contilllled).

U:\IQUAC ~Ioleclllar- U;';IQUAC Critical :\RTL1' Critical
Structural Paramctcrs Paramct.ers, 1\" Compositioll Parametcrs, /{ Composition

Systent r q " J ajj aji ajj aji

Dielhyl elher (1) 3.3949 3.0160 1,2 -212.ül 26.11.1 0.175 955.63 -679.82 0.145
Acelic acid (2) 2.2024 2.0720 1.3 493.70 127.55 0.199 374.70 l1G8.1 0.189
\Vater (3) 0.9200 !AOOO 2,3 -254.66 129.86 0.626 65.933 -58.806 0.6GG ....,
Fmfllral (I) :1.1G80 2.4840 1,2 342.99 -361,92 0.217 514.6:1 -757.65 0.144 ~

'"Aeetic acid (2) 0.102
;::2.2024 2.0720 1,:1 149.81 110.29 0.111 28.810 1248.6

\\'aler (3) 0.9200 1.4000 2,:1 -127.49 -419.8:1 0.67:l -250.83 -502.50 0.754 ~
Z

1-lllltallol, :I-~lethyl (1) O.OM :-,1.l279 3.5880 1,2 38,I.G2 -318.92 O.IO;¡ GlO.35 -GOLlO ;::
Acetic acid (2) 2.2024 2.0720 1,3 182.33 249.91 0.177 27.313 1807.9 0.160

(i~
\Vater (3) 0.9200 0.75G o1.4000 2.3 17.453 -317.31 0.719 -GG.424 - -69.290 '",-\Vater (1) 0.9200 1,4000 1,2 -26G.09 -129.95 0.212 -88,738 -325.8G 0.224 e
Acetie acid (2) 2.2024 2.0720 1,3 596.58 703.31 0.496 1804.8 924.96 0.503 ~..,
Ilenzene (3) :1.1878 2.4000 2,3 -69.72G 0.082.1 0.291 188.14 -154.94 0.273 :-~Acetaldehyde, Diacetate (I) 5.1542 4.5320 1,2 -129.4G 109.27 0.117 357.15 -377.74 0.09G ~
Acetic acid (2) 2.2024 2.0720 1,3 351,69 36.746 0.186 -75.473 158G.2 0.179 D

e
\Vater (3) 11.9200 1,4000 2,3 -125.10 125.00 0.697 -2.1213 190.88 0.725 "t'12-Pentanone, 4-~lethyl (1) 4.5959 3.9520 1,2 -225.65 -13.128 0.118 696.81 -565.15 0.091 D

e
Acetic acid (2) 2.2024 2.0720 1,3 437.77 107.98 0.212 228.70 1827.0 0.204

'"\Valer (3) 0.9200 1,4000 2,3 -278.01 128.06 0.670 -11.779 44.146 11.705 '":;;
Acetic acid, Isohntyl ester (1 )4.8266 4.1920 1,2 -114.20 3.1591 0.116 356.30 -319.24 0.093
Acctic acid (2) 2.2024 2.0720 1.3 494.86 124.58 0.285 350.10 2408.7 0.266
\Vater (3) 0.9200 1,4000 2,3 -227.48 118.70 0.599 -204.91 318.66 0.641

DO...•



System r q ¡,j aij aji

Water (1) 0.9200 1.4000 1,2 -132.62 198.68 0.180

Acetlc acid (2) 2.2024 2.0720 l,3 -101.73 1033.9 0.395

Aniline, N,l\'-Dimethyl (3) 5.1094 3.9200 2,3 -30.321 225.39 0.425

I-Rutanol (1) 3.4543 3.0520 1,2 190.76 -243.34 0.114

Ethanol (2) 2.1055 1.9720 1,3 -23.464 308.83 0.093

Water (3) 0.9200 1.4000 2,3 -16.989 -199,.14 0.793

Water (1) 0.9200 1.4000 1.2 266.93 -266.09 0.226

Ethanol (2) 2.1055 1.9720 1,3 249.80 807.82 0.394

Renzene (3) 3.1878 2.4000 2,3 -73.352 256.10 0.380

Water (1) 0.9200 1.4000 1,2 -62.614 8.0261 0.097

Ethanol (2) 2.1055 1.9720 1,3 210.18 692.86 0.446

2-Chlorotoluene (3) 4.5477 3.4120 2,3 -96.017 381.84 0.457

Water (Ir 0.9200 1..1000 1.2 255.88 -35.103 0.256

2-Rutyloxyethanol (2) 4.4697 5.7979 1,3 205.89 4660.3 0.328

n-Decane (3)' 7.1974 6.1060 2,3 684.93 -357.76 0.416

• UNIQUAC ami NlrfL ¡¡arameters taken from the collection of Sorensen and Arlt [411

b ;';onramdomness parameter, O:ij = Ojí = 0.2 for all calculations
, Ul\'IQUAC ¡¡arameters taken from GarcÍa-Sánchez et ni. [29J

UNIQUAC ~Iolecular-
Structural Parameters

TAIlLE V. (Continued).

UNIQUAC
Parameters, K

Critical
CompositioIl

00
00

"TI
el
Z

l\'RTLh
>

Critical z
Parametcrs, K Composition

t:lo
aji aji

O
>

-212.84 0.146 '"631.71 Q.
>

950.38 811.06 0.392 ,
Ul>.

50.658 409.82 0.462 z

270.88 -450.93 0.097 º'"N
-311.68 1579.4 0.088 '"-l
-35.903 -180.00 0.815 >

t"

376.33 -441. 74 0.264

2797.7 98699 0.397

87.744 118.04 0.339

347.43 -222.42 0.081

1488.9 822.47 0.509

317.40 20.1.12 0.410
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ApPENDIX A: TIIEHMODYNAMIC FUNCTIONS FOR TIIE NRTL EQUATlON FOH

AN N-COMPONEN'!' SYSTEM

Tij # TJi, 0ij = (}ji: Paramcters c!laracterizing tite interactiolls betwecll lIlo1ecules i alld
j (Tii = Tjj = O).

Tij = llij/T, i,j = 1, ... ,N:

i,j = l~"'lJV;

(60)

(61)

N

Si=L~I:jgjjl i=l, ... ,N;
j=1

N

Ci=¿XjTjj9jil i=l, ... ,N;
j=I

(62)

(63)

N
l Ci '" Xk rhk ( Ck)nri = Yf + L- -5- Tik - -5 '

t k= 1 k k
i = 1, ... ,N; (61)

(
2Ck )-- - Tik - T]k 1.'h

i,j = I, .... N: (65)

((i(i )i,j,k= I, ... ,N.

()N = rOi Y.ki (2C.i _' _ .) rJij Ykj (2Cj _ .. .) flik Yjk (2Ck )
¿,]k 52 5 T], Tb + 52 5. T,] - Tk] +-52 -5 - Tik - Tjk

1 1 •...) J k k-

v
+ :1 -\- XI Ya fljl flkl ( + 3CI)

L- 5" T,l T]I + Tkl - S '
l=l l l
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ApPENDIX B: TllEIlMODYNAMIC FUNCTIONS FOIl THE UNIQUAC EQUATION
FOIl AN N-COMPONENT SYSTEM

7'í, (ji: Paramctcrs dmracterizillg lhe volume :lIld surfacc arca of compOllcut i; Tij :j:. 7ji:
paramcters charactcriz.illg lhe intcractions bct\vecll lIlo1cculcs i and j (7i¡ = Tjj = 1);
z = 10: coordinatioIl IItllllber.

T¡j = exp(-a¡]/T),

N

r = L xi1'i,
i=1

N

fJ = L XiCJi,
i=1

i,j=I, ... ,N: (67)

(68)

(69)

1>¡ =x¡r¡fr, i= l, ... ,N;

N

S¡=¿OjTj¡, i=l, ... ,N;
j=l

I",¡ = 1_ 1>,+ 1"(1),) + (~) <J¡ [1>, -In (1),) _ 1]
Xl Xl 2 Ol O,

(V)
J OjTij+ <J¡ 1 - 1" Sj - ¿T '
}=1 J

(70)

(71)

(72)

i= I, ... ,N: (73)

()N ( )-'•..ij = XiXj

i,j=I, ... N: (74)

¡.j.k = l. .... N.
(75)
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