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ABSTRACT

This thesis camprises of two parts.

The first part is ths determination of vapor-liquid
equilibrium data at atmospheric pressure and 55°C for the ternary
systen n-hexane-ethyl alcohol=bensene and for the three possible
binary systems n-hexane-sthyl alcohol, n-hexans-bensens ard ethyl
alcohol=bensene wirich constituted the ternxxy systeme

A modified Gillespie equilibrium still is employed to
conduct the investigatione 7The equilibrium data for the three binary
systems and the ternary system appear to be consistent as shown from
the thermodynamic consistency tests.

The experimental results indicate that two btinary systems,
nanely, n-hexane-etly) alcohol and esthyl alcohol=bensene farm aseotro-
pe at 760 mm. Hge and 55°C. The ternary system deviates considerably
Irom ideal) liquid phase behavior. Howsver, no ternary azeotrope is
found from the experiment.

The second part presents a method for predicting binary
vapor-liquid equilibrium data at various conditions if the equilibrium
data for the system concernsd are available over the complete concen-
tration range at any one isothermal or isobaric cordition. The propo-
sed method is limited to nonasseotropic solutions.




PART I

Vapor=Liquid Equilibrium at Atmospherie
Pressure and at 55°C for Binary and Ternary
Systems Containing n-Hexane, Ethyl Aleohol
and Benzens

1.




INTRODUCTION

vwwmmmummmm
S5°C were deterxined by means of & modified Gillswpie atill for the
mmmwlnm-m-ummmmm.
thres hinaries which constitutad the ternary system,

mmmmmmmmmmdm«
mmmormmm.mm
a streight-ohain satureted paroffin and benssne beiny sn aromatic, and
mmmnmwammmmm-
hole mm-.mmmmmmamu
axpected to show large devistions fram ideal liquid phase beheviows
mmwuwmmmmmmwmm
workers (1, 2, 3, L, 5) should be useful in seeking some sesns of pre-
mmmwwmmmmmnmm
“MWM&““WH&WW“
one basie condition to various desired conditioms. It is also intended
to correlsts the data by the Redlich-Kister equations (6)e




3.

HISTORICAL DISCUSSION

Dae 10 the limitation of the relisdle wapor-liquid equilie
triun data for smlticomponant systems in the pest, may investigators
and research workers in the recent yesrs concentrated their effort in
sesking more data for industrial applications and better understanding
of the physico-chamical relationsiip for theoretical development and
correlation of ternary systemas,

In the design of aseotropic and extrestive distillstion
equipment, reliabls sulticomponsnt vapor-liquid emilitria ars necee-
sary for the estimation of heat requirements, column capacities end
separation efficienciss. It would be most halpful to be edls to pre-
dict equilibrium relationship from properties of the pure cosponents
or, failing this, from a mintsm of experimental data, Sueh informa-
tion would be useful fur the sslsction of a suitable third component
to facilitate the sase of separetion of two closs~boiling or aseotroe
Fic 1liquids by distillation, 7The combination of the knowledge obtained
fron the experiments and the use of expirical and semi-empiricsl
squations for prediction or extension of termary vapor-liquid equili.
brium data to mlti-component systems is desirable,
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THEORETICAL PRINCIPLES

Yapor-liguid Squilitrims

The evaluation of the liquid phase activity coefficlient,
allowing for non-ideal solutions of the vapor and liquid phase, some
investigators (7) proposed the following equation,

For sirplicity, binary system is oonsidered.

P - P)(¥° = Byq) {¥o? SF
u'gﬁmP . Bn"]“v'f\’ w

where y = nols freaction of component in the vapor phase
x = mols frection of componsnt in the liquid phase
P = total pressure
p = vapor pressure of componant
vy® = molal volume of the liquid in the vapor state
By *= second cosfficient in the virial equation of state
R
T
8

= tenpersture of the systom
= interaction paremster

= 2By - -y

_u_-_l’ 2 2
ﬁmzlz (2)

where [(pl - )N - nn):|
Zy = exp. ]
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and is & correction for deviation of the pure vapar from the perfeot
gas 1aw and 23 * exp. (ya? 8 P/RT) whish corrects for doviation frem
the lsws of ideal solutiomn,
mmwmmmummwuwm
cvefficients for the two camponents &re knowne Scheibel (8) hes pre=
mdnmtwmondzlmmMot
reduced temperature (7r), ctitical pressurc (Po) and the difference
Mmrmofmmmmlm(p-ﬂen
the systes. Inmm,tbvnuotzhrwi:WO.BSuLTO.
zguzgnommwnmmhutmlm-mmm
mwuttunu-puzunammunnumv-mmmnw
phase. mmmuguz,wumwwm
unity, depending on the magritude of esche As 22 could not be caloula~
wmm.wmmmmowmu. )¢ 4
ZIMmhqmnddm.meﬂﬂhm
m-mnndmotmlmmmpmmuwmm-
Mumummu-fmme@m

Y] O — (3)
nn




Correlation of lata

The activity coefficlents in binary solutions may be repree
sented ty the following common equations,

(1) Nergules Zquation. The following equations are proposed Yy
Margules (9) and modified by Carlscn amd Colturn (10)e

log vy = 222 [A+2 (M):q:r
= (2 B=r) xp? ¢ 2(AB) ) ()

lun-xf[nanzu-a)q}
= (2 A-8) m? + 2 (B-4) xy2 (6)
visre A, B » constants of Marrulss equation.

(2) van laar Bquations. The followving equations are developed Ly
van Laar (11, 12) and rearrsnged by Carlson and Colturn (10).

- A
log T 5.3)! (1)
(103 -
logra = 2 (8)

B 22
aei D
where A, B » constams of van Laar equation,

(3) Redlish-Kister Bquations. The Redlich-Xister equation (6) is the
moet commonly used squation for relating activity coefficients. The
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authors expanded Soatchard excess fres ensrgy and divided by 2,303 R?
%0 odtain the excess free energy function Qe
For liquid phase,

Q-m‘;ﬁ-nm'a+:¢mn (¢ )]

or in e form of

d
;,-9:; = log (n/v2) (20)

The degree of this funstion is one unit lower thax Q as wall as the
Sunctions,

The following two equations ney &ls0 be obtained conveniently.

log N -ooqg-% (1)
- q-x 9.
log vy Q ndu (12)

Assurdng the usual convention that W =1 at x =1, Q
may be represanted ty an appropriate pover series which satisfies the
thearetical linits that Q = O at x3 = 1 and xp = 1. Redlich and Kister
(6) have related the exvess free emergy of constant tesperature and
pressure to liquid camposition by a series function shown below,

Qe x3 xp [-Dn*cn (x3 =~ xg) +
D2 (xy = x2)% + ......] (at P,T) (23)




8e

where Du,cu,nu = caonstants of Redlich-Kister equation.
Formulation of indtividual activity coefficients is obtained
Yy differentiation of Equatiom 13,

log vy = xg? [Byp + Cyp (3% = x3) +
Dn (:I'Q) (5‘1-“)" oo--o.] (lh)

log vz = 12 g+ 0yg (; - 2xp) +
Dyp (my=xp) (3 - Sxp) + ......] (s)

Subtracting Bquation 15 from Equation 1, ons obtains

g (N/p) = RAxy = Byp (xp = 3y)
+ 02 (G xp = 1) + D)o (g3 )(1-Bmyxp)
+* cev00ee (16)

The selsction of the proper suffix squation depends on the
nmme@mwdthmmmpmidmdtbm
tal data, Where an equation is chesem thet fits the expsrimental data,
the constants will be dfferent for cantitions of comstant temperature
or eonstat pressure. It sheuid also be monticned that the Mergules
squations (Bguations S end 6) are ane of the typical forms of the
Redlich-Kister equstions, Murthermore, the Redlich-Xister equations
do not have to be limited Lo three constants as showm in Equatiovs 1
and 15, Redlich, Kister and Turnquist (13) illustrated the flexitdlity
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of Equation 1) and stated that van Lear equations are such wmore cumber=
mfwmkﬁmﬁﬂnhemmmmwwu,v&thmc
two terans and are abwys entively imsufficlent for solutions which
roquire three or four terms in Bquation 13« It may be stated in gemeral
that Bquations 1L and 1S are adequate for representing activity cosffie
clent curves, The anly question remains is that how asny tarms should be
esployed, Acoording t0 Redlich, Kister and Torngruist (13), only very
scourste messurenents for an extremely isperfect solution requires four
terms, The investigation by Ho, Bostko and In (1h) further supports
s sugrestion (13) that timee-constant Redlich-Xister equation is ade-
quate for repressnting liquid sctivity cosfficimts for nost systess.

The sotivity coeffigient for multiconponent systems nay be
wwmedme(&uM
diffioulty. The series for a ternmry aystem is tisn convanientl)y repree
santed Yty

DT Rl TRA Rl R B R
|Orz8 + 1 Cage) # D2 (aywy) +
D3 (xy-ap) ¢ .ooooo‘] (xn)

whare the first thres terws on the rigit-hend side of Fxmatienm 17
mewupmumaummm
regresents ternary effoctey

and, Qpyem e +xlenssylay (29)




10.

Tast of

{3) Consistercy of the tinary system. The thermodynaxio conedstency
of the tinary systems nay be tested bty the methods reccemended Yy lu,
Spimmer and Ho (1S), Redlieh and Kister (6) ant Thijsssn (16)e 1In et
al (1S) propossd that consistency of data can be tested ty visual
methods by using the GAbbe=Duhem equation on a log ¥ vs, x plot at
strategis liquid ecapositions of 000, 0e25, 0d50, 0s75 and 1,00 mols
fraoctions provided that the boiling intsrvals are sxall, ad by direct
tests of P-T-composition data.
Redlioh and Kister (6) derived the relation shown below.
el
og (Nn/rR)dxy = O 419)
=0

By plotting experimental data of log (¥)/v2) againet x) fyom 0,0 to
1.0, the ret ares of the curve is equal to sero. Or, the area above
the abscissa axis is equal to the ares below that axis, Fowswver,
Berington (17) has showe that 2 small correction alwunld be made to Equa~
tion 19 for the Meat of mixing effect.

As the heat of mixing data are not availadle for the systems
investigated, it could not be applisd for test of consistency, However,
the correction is ssall for asentropic zyetems,

The concept of heat of mixing led to variocus new proposals
for data consistency test, %rijssen (16) has shown that for conaistent




data the following relations must be held,

mel =)
N, .. 1
log o 0 V333

ap

dxy (20)

U

x~0 x1=0

wiere A = isobaric and isothermal heat of mixing.

{2) Censistency of the ternery systeme Checking the consistency of
tioary equilitrium data is a well developed proosss, tut there is mo
wvhiolly satisfactary msthed for testing the themmodynssde consistency of
Sernary vepor-liquid data. Several methods (18, 19, 20, 23, 22) based
on the definition of excess free energy have been proposed for testing
of data consistemye

Recantly, 11 and In (23) have proposed grephical and mueri-
cal integration methods fur testing the thermodymamic consistency of
ternary vepor-liguid equilibrium dats, im which the integretion of the
0ibbe-Duhen equation can be perfamed under isothermal and isodbaric
conditiore, Yo date~fitiing procedure is imvalved in the proposed
method, therefore, ths uncertainty as (o whether deviatioms are due to
eperissntal arrors or Lo the imadequacy of the emplayed equation can
be awvdided, The authors have suggested the follodng equation for
integration.




12.

b b
%-Oa-j log vy dx) +| log ¥y axp #

®
J log vydxy (at T, P) (21)
a

where & and b are any two points on the same curve. A direct method
wbmmmmhotthmmm. In performing
mmmm,mmormnmq,lqr,qumt.azm
log v3 againet x; are required. The points have to be in the sequence
froa poimt & to peint b, The evaluation of the integrals of Rquation
awmohmmwmo:ammm. ™This
mwm%hmmwitem&nwludhdmtmutd
mnmmqmnmn,pmmmm-
mental points are reasonedly spaced. Experizental data over the entire
mmmzmrmmuemuwmummmlm
and the thermodynmmic consistency can be tested an cvach of them. In
doing 80, the less reliable region may be casily spotted. If cme of
wmﬂmmumnmmu.motmnmu
mmwwwmmum.mbym.uam.




L.

EXPRRIMUNTAYL DETAILS

Materials and Properties

The chemicale used in this investigation were n-hexans,
othyl aloohol and bensene, They wers not purified further. When these
cowpournds were run separataly through the Vapor-Fractomster, no swall
pesks spposred, This indicated the purity of the chemicals, The purie
ty of ths chemdcals is listed below.

(1) uve-inxare, peNexane (Matheson, Coleman and Ball) had a dedling

point range of 68° to 69°C and was spectro quality solvent grade. The
refractive iniex et 25°C was 1,3722 compared with a literature value

(2h) of 1,37226. The normal bodling point was 68.,51°C compared with a
1iterature valus (2L) of 68,7L°Ce

{2) =®thyl Alcohol. Sthyl aleohol (Canadisn Industrial Alcochels and
Chemicals Ltd,) was sbeclute srade, The refractive index at 25°C was

1.3591 compared with a literature valus (25) of 1, 391k. The normal

boiling was 78.2L°C compared with a litersture value (25) of 73.33°C.
(3) Bensens. Bensers (Matheson, Colesan and Bell) wes spectro qualie
ty reagent, The refrective imdex at 25°C wes 1.4977 compared with a

literature value (25) of 1.49790. The normal boiling paint was 79.95°C
eompared with & litersture value (25) of 80,103,

Description of Lauipment
‘12 Equilibriwm Stills There are six main methods for determination

of vapor-liquid equilibria; recirculation, static, dynamic flow, dew




ke

ad bubble podnt, differertial distillation and contimuous distillatien
mathods,

Details of these methods and the advantages and disadvante~
ges of eash are discussed by Robineon and 04lliland (26), After a
oareful study of the performamee of eash type, a Foudler-Norris still of
0illesrde type (27) waz chosen. Howaver, further modificstions were
recessary to improve the operetion of the still, PFigure 27 shows the
aquilibrive still used for this study. For the sske of clarity, the
insulstion, slectrical windings, and supports were aritted from Pigure
27. The ocapauity of charge of the still was sbout L70 mls, The modifi-
catione had the fallowing features:

(2) In order to odtuin betier msasurement of equilibrium
W,-Mwwgmwmm
as the hot jmetion of the themogouple.

(d) Teflon plug-valves were used imstead of plass stopcocks
for permitting the elimination of all stopcock grease axd any possible
contardnation,

(c) 7o ensure wixing of liquid and vapor condansate in the
receiver, a doubtle~jacketed tube was used instead of sisple tubing.

(4d) The imterval heater is placed at the bottom of the
boilsr instead of at the top, as in the origimal design. This would
eliminste sny poseidle leskage of liquid or forwing of air bubblss
arcund the opoxing.
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2 with St11l. The acoessories were classified

mmmm,m.wmmw.

mtmmwwmmm
inserted into the thermowsl)l of the equilibteium chamber of the stil)

8nd were belisved to be accurste within ¢ 0.05°C, A micro-step poten=
ticmter of type hli2h8 mamufactured by Cambridge Instrument Co. 1a,,

Englund, in conjunction with the accessoriss mentioned below, wvas used
to measure the thermoooupls sonefe. The accessories werc: (a) A 2evolt
battery and & Lvolt battery (lesd aeid typs); (b) i galvanometer, type
L500/sRh) (Tinsley Instrument), and (c) Type 4305 saturated stendard cell
(Tinslsy Instrusent),

For iscbaric operations, pressure in the still wes ssasured
lvumotnmnw'muuademmu%o
mme Fre For isothmrmal operstions, the desired tewperature of 55°C wes
obtained and regulated Yy a Cartestian manestat of Type 7A (28) incorpo-
rated with & vacum pomp and surge reservoir. The pressure was read
from a ¢lase manopetoere
‘22 mrcwmu&uorm. Two main apparatus
were exployed for sampls analysis. They were vapor-frectameter and
refractoneter,

(a) Chromatographs A PerkineElmer Vapor Fractomster was
employed to analyszs samples. 7Two 2-meter, 1/L inch columne packed with
Perkin=tlmer's Type R packing msterial were used to affect the separse
tion of the compomemtse The separating agent or fixed phass in Colusm R




1be

was polyprepylene glycol which was sdxed wvith & new form of diatomae
cecus earth that had been powdered into fine gramles. Ricro-Dippar
amph introducticon systam was used for injecticn of samplese A L and
B, 0~10 mve, Type O Speedomax reeorder was used incorporated with the
Vapor Fractometere

(b) Refractomster: The refractomster used in this work uas
the Abbe refractameter (Bausch and Lamb Opticsl Co.).




7.

xperimevtal Provedure
1) of nelexane-bensens-snd etiyl alcohol-bensene.
(a) Flaning of mperiment:

In order to cbtuin reasonabls compoaition rangs of
vepor-liquid equilibrium data with reduced experizent for a system,
predetermined compositions were desired hefore starting each mm. The
Proocedure was carried out by adding a known amount of one componant to
another,

(b) Determination of vapor-liquid equilibrium datas

(1) Charging the assembtly:

Before starting the experimeunt, the charging
of the stil) was necessary. The reboiler, liquid ssmple chambur and
vapor condensate chaber were charged with sclution to the aprropriate
1svels, The heater in the reboller should always be fully issersed in
liquid bofore starting of heatinge Flectricsl tape was wond svenly
cutside the rebollers 7The hest imput to the heater and elsatrical tape
was controlled separstely by powerstat,

(11) Arrangsment of spparatus:

Yor stmcapheric cpersiion, & drying tube
£illed with silica gel was placed on the top of the vapor comienser line
to prevant moisture from getiing into the system. Por iscthermal cpere=
tion, a vacuun system was conmscted to tlw vapor condenser line. When
vaowm wes in operation, the apperatus was arranged im the fellowing
RAIDSTr: VacUMR pump connected to & surge tank, from t!w surge tank to




as,

the upper arm of the Cartesisn mamcetat, the lower arm of the mancetat
commected to ancther surge tank to ensure ohdming effuct, fram it to a
Mm,mwummmdzomamz.mmw
directed to another Jumy Joint from wiich one wvay comnected to the pae
nometer ind the other way to the vente The vert line wes closed when
vacuum wes in operation,
(111) Tepsrsture measurensntd:

Tegerature ves msasared ty weans of a sioro~
Step potentiometer of Combridge Instrumert 0o, Lde in conjunchion with
oopper constantan tharmooeuples, The thermoocuples ware calitrated in
nmmwownmammw.
The reference junctions were bheld at C°C The uncertainty of calibra-
Sion was 0,02°C, The calitration curve 'is shown $in Pignre 28 amt
1isted in Table 10, The thermooouples were placed in the thermowell 4n
which same silicone ol) 70k of Now Cornming Silicones 1tde was provided
to ensure fast respecse of the thermoocuples to tempersture. Bafore
taideg sy reading, the potenticmeter was standardissd with stanierd
onlle

(dv) Duration of yunms

The still wes allowed to cperste for gproxie
 mately 3 hours befare saples wers drewm, Constent stil) tempereture
was also a2 . criterion for equilibtrium state. Prior to samplirg, pre~
lixinary sesples were taken to flush the lines, Seypls receivers were
pmmmmum-mmmm




-

1%,

Same solution was vaet for the deterrdnation of vrporelicuid amuilibrt iy
data at iscbarie und isothersal contitions, New donsred solution wan
than prepared accordingly,

(¢) Apalrtical methods

In a care vhare a mu:fficient ierence in the
refractive index of the twe components: axdsted, snalysis of tie rixturegs
¥as xade wit) ap Abre refractameter, Since the refractive inder diffe=
rence botveen pure nelexsne and pure bersens 18 (41256 and betwoer pure

sthamol and ure henzene te 0e1334, the carpositions car be meas reo: to

better than + Gol of 1 mole %, liowever, the refractive iniex difference
betwens: Dure nehexuane and mire ethanol is Te0132, the sennitivity of
deterriniri’ t'e composition of that syotem 18 ruch reduosd, It wzs to.erce

Tore coneluded that refractive inlex rethol wan erployet to avaln e

systame of nehcnane<bensene and otitrl alcolhiol=bensone, fas ol yoruto. b
amthod vas emplored to unalyze the binary svyater of n~haxano-etliancl e
Prior to the determination of the camposition of
the mixture ¥ romns of the Abhe refractoreter, a calibration for the
refrective index-composition of the syeter urrler studied vas carried out
by oheervation of the refrsctive indices of known camonition of mixtire,
The knovn comrosition of the rdxture was deterrined analjtioally by
vaisidn: aamples inmividually 442 an aralytical balarces. The refractive
indices vere orserved at 25°C, Table 11 showe the comroaition-refrective

intices of the calitratifon and Pirure 29 15 the calidbratian Plut ior the




20,

SySUm nehexane-bonsere. Table 17 shows Lle composition-refrective
ipdiers of the eadibraiion and Pirure 3G 46 Yo vaiitretion jlot for
the 5~,'ntan ethyl alcohol-bensens,

The unknown ssmplcs were analysed in the sae
namner by reans of the refreactive index method, The refractometer vas
kept &t 25°C by runrdng throurh water which was rerulated by conetant
terperature device, Prior to mny determination, the refractometer

should bo standardized by a test pleeo with contact liquid ltramonaph-
thalene provided with the inetrument,

2) Ternary aoxl the tam of nehcexans-et
(a) Planning of experiments:

The planrin: of experiment for binary systen: of
n=hexane-ethancl was exactly the same n- that deseridbed previously for
the otier tvo binaries, For the ternar- gratem, & procedure similar to
that of Severns et al (2%) was follownd for tseins termery waroreliquid
eqilibrim date wiich would reduce &pprreciadbly the mumber of experie
rents required to investirste & system adequately, Severns et al (29)
proposed thirteen strateric compositions to Ye irnvestipated, The
athor extended the oririnal 13 compooitions to L3 compositions to eover
& much complete coneenmtration of the ternary eyatene In order to
obtain the planmned concentretion as close as possible, & metho? to
prepare tha desired concemtration was necesaarry, It was exrried out by
adding a known snount of one cosponent to the mixture,

(b) bDeterminationa vapor-licuid equilibriim A5ta,

The vapor~liquid equilitbrium ata were obtalned




using the same aprisatus sad experiwentel tectrdcue o» for ihe binaries
deseribed wevicuslye
(o) Avalysiesl msthods

The taroazy cystes: and the binery system of n-
hexane-atiyl alochel were anslysed by mears of gas ohronsiegrephe

e isstrussnt wsad for the technigue of gas ghrome-
Sogreph was a Perkin-¥lwer Yapor-Froactameter, Wodel 15u-Ce Sefare a
conplete analysis of & sawple could be carried out satisfartarily, inee
troment concitions must be determined which weuld allow complote separe=
ticn of all cosponents, with a muimm securasy and speed of mewpuressnt,
Therefore, varicus opereting coniitions were smployed by Smjscting the
samples, Finally, \be gpsratiry veriables were choson ss follows, Two
m:mwmwmmuumw
¢lyool packing wvas uoed to separete the three cosgementse The fracto-
meter vag cpersited &t 100°C, 25 paiy column pressure ant a dridge voltage
of 8 volts, ndsr thess ecenditions and a Melimm flow rate of 152 c.co
por rimte, ane complste amalynie of & smple of the tamaes aystam was
sbout 15 wimutes, The peaks were well spnced and ecowpletely owperated,
Opeveting conditices for s chramatoprophic arelysis are Bsted in
Tables 9o The retention time for the three components in ahe column was
in the fallowirg arder, starting Irom shortest: nehexare, ethanol and
bensenw, The peak awa of each component wes rerorded in & recorder
snd was measured itk 2 planimeter,




Calibration of the fractomster was found to be
necessary to convert pesak area frections to mole fractions becmse the
pesk areas amt mcle fractions of the cospononts are not directly pro=
portionale, Mserous known sasyies of bYinary system of nehexane-ethanol
and ternary system were separeted for calitration purpose. Tho cslitmee
tion method was similar to that of kagmer and teber (3G)e Tuble 13 and
Figure 31 show the calitration of the Mnary systen of nehexans-sthanole
From Pigare 31, the following relation is obtaineds

(00 mole fraction

vy 3 = 1.,5625
(e iexane) "ee

Table Ui and Flenrws 32, 33 and 3 show tie calibration of the ternary
gystene From FMigure 32, the followinx relation is obtsined:

(B2 e frestion

Bthanol = L6687
Comaara) *

Prom Pigure 33, ths following relsation is cbtaineds
(m mle fraction

Densense
(n-illxm

- 1,2085

) area

From Figure )i, the follewing relation ir odtained:

(m) nole frection

Mi
(n-lluan-“

= 1,8000

These canstants and the fact that the sum of the mols fragtions of any
saxmple must be one ware used to caloulate the compositions.




3.

™he expertmental vepor-licuid equilivrium data for the
binary systems are presented from Tabls 1 to Table 6, and from Mgwe
1 to Figure 13, The data af t'w ternary systus are presemted in
Tabls 7 and Tabld 8, ant from Figure 19 te Pigure 26,
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Fig. 1 Temparature vs. samposition disgrem for n-hemans(l)e
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Fig. 5. Logaritimic activity coefficienmts vs. camposition
for n-hexans(1)-ethyl alochol(2) system at 55°C.
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Fig. 8, logaritimic activity coefficlents vs. composition
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CORRELATI(N OF RPSULYS

It i» inmtendad to correlate the vapor-lirmid equéilibriun data
of the tormary system at S5°C yy the method sugrested by Redlich and
Kister (6).

Redlich-Kisterts free enerzy function for the ternary system
is represanted ty the following equation,

%‘%*%*Qn‘unxs[cnso
D) (x2 - x3) ¢ Dp (xy=x1) ¢ Dy (xy-ap)
.:I (22)
Wwre Q23 = x) log ¥3 + Xy log v, +x3 Jog vy (23)

In Equations 22 amd 23, 3}, x2 and Xy &re experimentally deterxdned
liquid compoaitions end log ¥), 1og ¥y and log Y3 are their correspon-
ding 11quid phase activity costficiemtss Q1 Q23 and Q) can be
evalusted as follows

Qg = 3y %[ Byy + 22 (myxp) + D32 (eyea)? & oud] C21)

023 * x2 X3 _—nz’ + 023 (W) + %J (xm)z + il (25)

Qn‘*au[i'nﬂn (xya) + Dy (x3=23)? + oa0](26)

Byy, Gy and Dyo are cotained irom the log (Y3/vp) vs. x3 plot at
characteristic liguid coapositions in the tinary oystem of 1 and 2,
B3, Og3 and Doy are evaluated from the log (Yp/vy) vse xp plot in the
tnary systew of 2 and 3¢ Byy, O3 and Dy are obtained from the




Ghe

log (v3/Y1) va. x3 plot in the binary system of 3 and 1, All binary
constants are listed in Tabls 15.

G - 92 - 63 - 0
x) xR x3

= C123 + I(xp-x3) +
Da(xywxy) + N30mwx2)  (27)
Hetice, sets of equations simdlar to Equation 27 may be ottuined from
different experimsntal rumse

In this case, tworty-one reliadble experimental rune ware
chosen for the calculation of the ternary canstunts, The lsast square
prograssding on sn IMM 650 was esployed for tie ovaluation of the ter-
nary constants. Tshle 16 presents 21 equstions for the IFM 650
profrawdng. . |

The constanta cbtained from the TEM 650 prorrsesdng are as
follows:

= 1.270L051

=10160L252
® «0,78328600
o «1,33931C5

a.?»?g
.

The IR proprecdng also provided ths values of ths tearm
Q23 (oaled) - Q12 - Q23 -GN
nHn
tornary constants is checksd ly calculating the term Qyp3(caled.).
The camparison of experimental s caleulzted Q)23 is jresented in
Tablo 17,

from which the relishility of the




SAVMPLE CATCETATION

(1) Caloulation of mole fraction ratios for calfbration,
Talce Table 1k, run 1 as example,
(a) Mole fraction ealeulation:
From exporiment, a sanpls has the following
coupopition by weighinge
n=haxane(l) = 1,3868 pns,
ethanol(2) = 3,005L gmse
bensens(3) = 52793 pase
Therefore,

Fole fraction of n=haxme (x3) = ul/nl

MM ¢ Rl ¢ Wy

vhere N = goleculsr welight
W e aotual weight

. 1,3868/866172
R 1.3855/86,172 ¢ 3.%/“.0& + 542793/782108

e 0,108
. 3, 068

¥ ® 03060/86.372 + 3.005u/h5.060 + S.2793/73.108
. 00381

- 2793/18.100
3 " 13868/86.172 + 3.006L/6e068 & 5e2793/782100

= 0.,h538

e




(b) Mmle frection ratio caloulation

Mole frection of ethanol _ Ou.L38)
Yole fraction of banwene  OokS3s = 0965k

Mols freetion of densens _o.usg.b %80
Mole fraction of n-twocome G,1081 o

Mole fraction of ethapol
Yols frection of netexmne ~ O = boos27

(2) Calemlation of mols fractions of urknown,

Take Table 7, run 27 of liquid smsple as &xmplee

(a) Evaluation of mole frection ratio from area ratio,

Prom experiment one cbtained the area ratics as
follows,
For Ethanol/Bensers ratioc
Area ratio = [487
From Figure 32,

Yole fraction retio
area ratio

Therefare, Xa/x3 = LL667 x LhiST7
= 658
For Bensens/n~Rexane retio
Ares retio = 00,2962
Fron Figure 3)

&Mﬂﬁﬁo - 1,2088

area mtio

® 1.h667

Tharefors, x3/x; = 12085 x 0.2962
® 0,3580
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area ratio * LBoo
Therefore Xp/X) = 18000 x 13292
. 2,392

(b) Evaluation of mole frection
Sice X3 ¢x24+x3 = 1
and  x3/xy * 0.3580; xo/x3 = 2.392L
therefore x3 + 2.3%2L xy + G358 X3 =)

n C SEd T M

0,2666 + (0,2686)(24352L) ¢+ x3 = 1
Therelore

Xy = 0,0956
Cansequently

X3 = 0.6378

(3) Evalnation of liquid phase sotivity coefficients,
Talce Table 7, run 27 as cxwploe
8ince -n—’-
Ry

arnd n °* S66e5 mmelige




In the stms manner,
at py = 3L6e5 mme lige
v = L.L196
ard st p3 = 3871 mm. Hye
B = 2506

() Detersdnation of bimery Redlich-Kister constants.
Take the determination of Bp3, O3y Dog &t 55°C &5 exmmple.
Pron Pigure 15, the following characteristic points are obtained.

xp 05 0e70k1 047887 08536
log Y2/73 ~0e061 «0e316 <Oz ~0ub8d

The method proposed by Redlich and Kister (6) 1s emplayed and the
following relations are obtainsd.
(a) 05 033 = 0,08
Cyy = =0.122

(D) =0,7071 Bgy =~ 0e25 C23 = <~OubSl
~0.70T1 Byy = (0e25)(=00122) = =Oub1
By = 0695

(6) =0.5773 (Byy = 043333 Dgy) « =0k
« 0.STT3 (0s6951 = 043333 DIigy) = =Oels
Dzs - O.M




(8) «0uli082 (Boy = 06667 Da3) = =0,326
=0s1:002 (046951 « 0eGE6T Npy) ® 0,316

(5) Evalustion of eauaticons in Table 17.

Take run 2 at 55°C as example,

o Qm-:au';::r%'cm*(xz-q)m*

(x3 =x3) Py + (x3 - x2) D3

Q23 = 3 log vy + xp 10g 73 + x3 Loe Ty
® 0a7382 x 00135 + 0,0256 x 21,0871 + 0.2363 x 0,1329
= 0,0692
Q2 == xp| B2 + Oy (y=xxp) + Dy, (trxz)z]
® (067382)(0,0256) Lo.9s'n + (=0,056) _
(07382 = 0ucR56) > (002873) (047302 = Oucese)’ |
= 0,019 N
%3 = % x3 [ B3 + Cg3 (xgxy) + Dy hz"s)z_,
= (0,0256)(02363) [ 04651 # (=0e222)
(0e0256 = 0s2363) + (~0e0ML5)(0s0256 = o.zsea)’]
= 0.00L3

e




Q3 =233 [’31 +Cy (x,-xl) - Dyy (xm)ail
= (022363)(067332) | 0e222kb + (0,0356)
(Ce2353 = TeT332) + (Se0UU37)( 06303 = 0.7382)2]
® 0,0355

Q123 = %2 ~ Q3 =~ Gy
nxnx

0 = 001! = Oy -
Oe (0.0256) (042363

= 2,2088

(6) Consistency Test
Take runs 12, 17, 25, 30 and 2k at 55°C as example,
The followiny tadle is obtained frcm experimental data,

T0e
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DISCUSSION

The reliability of ths experimental results is discussed as
followes
(1) nelexane-tthanol System

The net area of the log Y1/¥p v#. x3 plot for this aystem is
nearly sero at 760 mm.Rg. a» shown &n Figure 3 and 0,012 at 55°C as
shown in Mgure 6, However, the HWnary Redlich-Kister constants
evaluated from ths plot fit the experimental data reasonadly well as
iNlustrated in Figure 6, Thus it is conclinded that the experimental
datz are consistent,
(2) neRexnne-Ssnuene System

The difference in area in the log v3/¥y vee X3 plot for this
system 48 0,003 at 760 sm.lige &8 shown in Figure 9 and GeC09 at 55°C
as shown in Figure 12, Te birary Redlich-Kister constants of this
systam fit thse experimsntal dats very well, Thus it is claimed that
the data are consistent,
(3) Ethancl-Bensens System

The net area in the log Y2/Y) vse Xxp plot iz 0,0003 at 760
ume Hge a8 shown in Pigure 15 and 0,0016 at S5°C as shown in Figure
18, The HMnary Redlich-Kister constarts of this system also fit the
exporimental data well as illustreted in Figure 18, Thus it may be
concluded that the data are thermodynmdoally omwistente
(4) ™he Ternary System

The conslistency of the data for the ternury smystem is checked

[ NN
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by the method of I ard In (23). Figure 35 shows the testing of the
data at 760 mm,Hg. It appears that the quality of the data is better
in the middle region of the triangular plot. The deviation for runs
36, 37 and 38 i3 9.36%. However, if point 39 is included, the devia-
tion increases to 26,45% from 9.36%. Hence the point 39 is singled
out for consistency test. In conclusion, the data of the ternary
systen at 760 mm, Hge pight be considered consistent.

The data of the ternary system at 55°C are also tested by
the same method, FMigure 37 shows the testing. It appears that the
data are consistent throughout most of the concentration range of the
ternary system, because the deviations are low. However, the data in
the region of very high concentration of any camponent are less con-
gistent, It is due to the fact that the accuracy of analysis is less
reliable when ons component is in much higher concentration than others.
In conclusicn, the data at 55°C are considered to be consistent.

It is interesting to mention that no ternary aseotrope is
found directly fran the experiment. However, an aseotropic ridge (31)
joiming the two binary aseotropes, namely, n-hexane-ethanol and etha=-
nol-benzene was observed, Filgures 36 and 38 illustrate the vapor-
1iquid equilitrium relationshdp at 760 mm. Hge and 55°C, respectivelye.
It is obviocus that most of the vapor campositions tend to converge
along a path which comnects the aseotrope of the two tdnariss,




ke

The evaluated binary Redlich-Kister constants fit the

carrespording binary data well,
fit the ternary system well,

The caleculated ternary constants also

| SO
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CONCINOION

The conclusion of this investipstion may be outlined as
followse
(1) The wodified Gillespie equilibrium still provides quite
reliabtle vaporelicuid equilibrium datee
(2) The technicue of analysis for the tinary and ternary
gysten proves to be adecusate.
(3) The HMinary Redlich~Kister constants at 55°C are evalus-
ted as followss
(a) neitaxans(l)=Ethanol(2) System
Blz = 0.9532
Ci2 = 0o (56
Dip = 0.,1893
(b) Ethanol(2)-Besrmsne(3) System
B3 = OCe695)
Gy = =0,122
Dyy = ~Oe0US
(c) n~Hexsne(1)-Bensarm(3) System
Byy = 0.213h6
Cyy = 0,0356
Dyy = 0,00037
(L) The termary Wedlich-Kister comstants at 55°C caloulated
from IBM 650 are as followss

(N



Cy23 * 1.2704051
Dy = -1.1604252
Dp = =0.78328600
D3 = -1.3393105

T6e

(5) Methods of extension of the ternary equilibrium data

are also desirable.
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Mme )
. Operating Comditions for Oss Chramatograpidc Amlysis

Chromatograph: Pariin-Elmer Model 15L-C
Column dimensionss Two 2-meter x 1/ inch

Colusn pacidngss Perkin=Klmer Type R Colurm
Polypropylens glycol (Ugoy LB=550-X)

Carrier gass Felium, flow rate 152 eo/mine.
Tenpersture: 100 0.

Pressures 25 psig.

Saxple sises Periin-Zimer micro~dipper Hoe 3, 0s005 mle

Recoxdars L. and No O=10 mv, Type O Spesdomex Recorders
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TARIE 10

Calibration of Tempersturs - Absclute Mllivolts
For the Corper Constanten Thermocoupls

*Ce Absalute Millivolts

04000
24053
2,88
2,932
30384
3.8hk

Eseg2g¥o




4.4
4.0
36
32
28

24

2.0

8l. -

i |

{

1

50 60

Fig. 26, Calibration curve of copper constantan thermocouple

70 80
Temperature °C |

90
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TANIE 1)

Calibration of Composition ~ Refrective Index
For the System nejlexane-PDensens

Mols Frection Mefrective Index
of n=bhexans &t 25°.

Man
1
2 0.02h0 14928
3 0e112) 14770
h OIS 11590
S Ce2218 1570
6 03932 , 1eli3k0
? 0eS059 L1196
8 0.4L389 1.k220
9 0.6832 1.3996
10 0e7072 143960
n 009968 13810
12 0,15 13790
13 140000 13722




3.

150

148
| A6+
%) "
KN), 144
c:? N
o 142F
©
£ L
o -
Z 140}
S
BQZ) -
- 1.38F
i N
|.36 L ] 1 2 2 2 1

00 02 04 06 08 10
Mole Fraction of n - Hexane

Fig. 29, Calibration curve of composition-refractive index
for the system n-hexane-bensene

-
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calibration of Composition - Refrective Index

rwmmmzmm-mm

Nole Praction

Refrective Imxiex

Run of Ethmol at 25°C.
b § 040000 1.L977
? 0.0362 14903
3 041031 11069
h 0s1285 1.4853
H 0e2419 1707
6 003539 11598
L { 0uki?731 y WAL
8 05996 1.k277
9 066216 1.h2L5

10 Os6k0h 1.h220

n 07579 1al035

12 0.8259 143920

13 0.3985 1,3768

p i1 O N 13691

15 069596 1.3652

16 140000 1357

Blie




Refractive Index, ny , 23°C

.36} P

L. i 1 1 1 1 | | 1

00 0.2 04 Q6 0.8 1O
Mole Fraction of Ethanol

Fige 30. Oalibraticn curve of camposition-refrective index
for the system ethyl alcohol-bensens




TABLS 13

Calithration of Mole Fraction Rfatio wve. Area Radlo
For the Syntes of n-~llexans-Ethyl Alaochol

Mole Praction Ratio Avea Ratio
Ethanol Pthanol
n=Hexare neHaxane

1,538 0.966
6322 3,990
6310 3,743
7821 Loki73
1.0k 0678
1436 0888
2,276 1569
3.333 2,006
04252 Ce1P6
keSS 2,118
Se73 3333
1,084 0.662
23,876 SN
11,690 6,890
8.710 S«386
$.369 3.238
S.91 3.509
2,556 1,667
2,373 P
7.880 Lo958

54078

.50k

86e
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Calitration of Mole Fraction Ratio vs. Area Ratio
for the Yystem of netixane«rthyl Aloohol-Bansens

ZADLE b

88e

Mols Frastion Eatiec

Area Ratio

Ethanol  Bensere Ethanol Ethanol Henzope Rthanol

Dantsers neliexans  DeHexane Benaene neHaxane De-HEXANRe
04965  Le2980  Lo0527 006884 3317 2,325
2,9682 he?hi80  1k.0932 19770 3.966 T.812
097121 7.853 T 102 07025 6221 holi33
2,k540 13199 3.2918 167399 1e2h9 2,173
3537 1,528 52543 2.1275 1.200 2,97
11198 2,5389 2,28} 048140 1.686 1373
2,0288 Oe5h?2 21,0999 15092 Ouli348 0e656
0eT2TT 09353 0s5713 0e5139 Ce8Lials Oal22
1.9252 0.2666 0.5133 1.333% Ce2329 o311
Ce3426 h.aohy 1.L063 042528 2,890 C.730
Se20LS 1.2352 6032hS 3.735h Oe9Th2 3.639

15,7880  1.3826 21,8280 10,727 1,060 11373
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rARIE 1S

RodlisheXister Constante for the Rnury Systems
of ‘nellexans~Rthanol, n=Hexane-Bansens and Rthanol-Densens at 55°%C.

Bystex. n-fiesue(l)-Rthancl(2)

Bp = Ca9532
C1p = <-0.056
Dlg"oom3

System  Ethancl(2)-Bensens(3)
By = 06951
Coy = =~0a122
D2y = =d,000kS

Systen n-fiexane(1)-Bensens(3)
Byy = 0.22146
C31 = 0.0356
D3y = 0e00037




TARLE 16

Equations for Selving the Tornary Constants

41n the RedlicheXKister Fguation

93

x) X2 x3

Bmn €123 + (wpex3) D) ¢ (x3.a3) D & (my-xg) D3 = Q123°612-Q230n

5533333&?3335555«&0\»»

C123 = Ce2107 D} = GaSOR0 12 + 047126 D3
0123-&&965D1*Go03ﬁbg#0.h57303
Oyp3 = 00862 Dy = 0s39LO0 D2 + O.hB22 Dy
G323 = 01789 Dy ~ 042903 D + Guki652 Dy
Cyey = CelOSL Dy + O40uBh Dy + 0.3530 Dy
C1p3 = OeGl23 Dy = 03357 D2 + Ou3L30 Dy
€125 ~ 03212 M) & 0.0617 Dy + 042625 Dy
C1ay ~ Geh873 Dy + 0.2729 Dy ¢ GuZ3hk Dy
Cy23 + C.00R3 Dy = 0.1909 D + 01886 Dy
0123 = Cs204h Dy + 0.0311 Dp + 041733 Dy
€323 + Ce221k D) = 00595 D2 = Gel61? D3
0123 + OeOlLL Dy + 0,0056 D2 = 0.1000 M
0123 =~ Owhi302 Dy + 0.L626 Dp = 0s032L D3
Cl23 ~ 0e6570 Dy + 0.6726 Dg = Ce0L6 Dy
Cygy + 0a270h Dy ¢ 0e0281 D2 = 02985 Ty
omoo.cswngoo.:ooona-o.zSOBDg
0123 = OeLiRhO D) + 0eS509 Dg = 0.1269 D3
0123 + 00350 D) + 0a308L Dg = Ce3l3h D3
omoo.sﬂsonxoo.uzéna-t).%&n)
0123 ¢ 0e1113 Dy ¢ 043565 Dp = O.hSTS Dy
0123 ¢ 0u1199 Dy ¢ OLhCST Dy ~ OuSZSO Dy

2.2888
1.7838
Oe8360
11275
013
0.85185
1.,2078
1.L973
0e 7920
Ce90k6
046799
CeT250
1eh272
11226
Ow80Th
CeT2CK

142666
1.00kk
2.3%52
12091
S04
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Prediction of Binary Vapor-liguid Equilidrium Data




Although mmerous experimentally determined vapor-liquid
squilibrium data are availsble in the literature (32, 33), methods
which perxit extersion of these values are still desired, Therc e
many methods proposed for extsnding amd predicting purposes (10, 3,
35, 35, 37, 38, 39)e In ordar to extend data to various temperature
and pressure conditions, most of the available methods gmrerally
require data obtained at two or more conditions (isothermal and/or
isobaric) as primary information, Ths methods developed from the
Oibbs=Duhen equation that imvolve the conversion of equilibrium data
to activity coefficients and its subsequent recomwersion to equiliteium
compositions miffer from laboriocus calculstiors, The algedbraic methods
using equations wihich relate direetly vapor-liquid equililsium campo-
sitions are sirple to use, btut suffer from the drawback of not provie
ding beiling points or total presswres for the iscbaric and isothermal
confitions resprotivelye It seems desirsble to develop an extrapola-
tion mmthod which would provide complete equilibrium values {tempere~
ture~equilibriux compositions for isodaric conditions amd total
pressure-equilidrium campositions for isothermal comditions) at wvarious
conditions, using mirisum experimental valoes as primsry information
and yet i3 simple to use, YThis investipation proposes an espirical
nethod wideh pormits the prediction of cosplete binary vaporeliquid
equilibriun values umier various conditions, isothermal and isobario,
if the eguilidtrimm dsta for the aystem concerned are available over
the camplete comoentration range at any one isothermal or isodbarie
condition,
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FROPOSHD MEITHE)

For a binmry solution which deviates from the Racmltis law,
the relationsidps between the equilibrium coampositions may be expressad
-4

PR*nnmn (28)
Przex 2p: (29)
and Pexy Wy P1+X Y2 P (30)

at lov pressures, At Mgh pressures and if the vapor phase comys the
lawvis-Randall idessl-sclution rule over the cosplete eoncentration
reange, all the pressure teres of Equations 28 t0 30 may bes replaced bty
mimmmmpwo:mmw.

1f the Yiquid selution i85 an ideal one, tie quantities y) and
2 are equal to wnity, and

* = r—-:—& 1
x L= P (31)
o e - (;—i-%-’;!?) o) (32)

Therefore, for systems wiich have ideal liquid solutioe and ideal vapar
phase over the renge of conditiors interested, the evaluation of L~y
and P-;mwy for iscdaric and isothermal coniiticne, respectively, may be
obtained by using Rquations 51 and 32 in a simpls nanner,




P
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In this investigation, pseude mole fractions, x3' amd 4!
aro defined Yy using the right-hand sides of Bquatiorw 31 and 32 rege
pectivaly, for non-idsal liquid solutions, For & glven Pebt«x-y measue
rement, the pseundo mole fractions may bte svalnated using the experimsn-
tally Deasured veluss Ly mesne of Fquations 11 and 32, It is assumed
that thess oaloulated valuss are oonstant, corresponding to the experi-
mertal x and y valuss, In other words, the relationshipe between x and
x' ard y and y* are amsvmed t0 de constant, indepordient of variations
in tempereture aad pressures These relationsiips caloulated frem the
basie information are used for predicting equilibyriun data at other
coanditions, The proposed wethod is limited to noo-asectyrorico solutions,

If the basic information availadle is a set of isobaric data
(t-x-y at P}) and if one §is interested in predicting eguilibrium data
at anothar total pressurs, Py, the prediction may be cmrried cut as
followsy

(1) Using the besic information, celculate %' and yy' &t
regular intervals (for exmspls, Oul mole frestion) of x; and yy by
means of Equstions 31 and 32,

(2) Caloulste 33° an? yy° &t Py betwwen the bedlirg points
of the pure camponents at Pge This may procesd in the follodng manner:

(a) Select a temporature
(b) Evaluate the vapor pressures of the pure
oonponatits at this temperature,




:IO)JQ

(e) Oaloulate x3' and yy' using Bquaticos 31 and
32, in which all the preecure terms (Pp, p} snd pp) &re now known
quantitiss,
(d) Plot texy' amd teyy's
(3) Evaluste t-x) and t-yy from the X3! and 7y' values
obtained in step 1 and from the plot t-x)'~yy? obtained in step 2. ™e
mummﬂmumtu-mmmmnmm-
tion Ppe There is no trisle-and-error procedure ivalved,
1£ the basie infarmatior available is a set of iscbaric data
mmmmmnmuammxmnmmunm
wing procedure muy be followeds
(1) cnmlshn'myl'agmwm“m
{2) Caloulate total pressure valucs at the iscthermal condi-
tion in queetion uging the following expressionss
Pexy (;y ~-pP2) *P2 (33)

Py Pp
m-{F-r2) 7 (%)

Pe

The x3° ﬁn‘vﬂmM”lehn&ﬁwm
110 theoe expressions. Since the values x3' and y)* of step 1 are
obtatned at regular intervals of mols freatioms, the total pressures
mmmnmnmuzmnmm
mmnmummumcmmmmmw
Wmmmmmwmnymu
regular intervals at the same isothermal condition, A plot of Py-7)
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mmmmummmmmummwm

Should the basie information availabls be a set of equilibrium
data obteined at an isothermal condition, the same procedure &8 presens
w.bonwh-plqdmmmmhﬂmnlmam
conditions.

mmmmnummmmctoqunm
values at more than oms corditian, further predictions may be oarried
Muungthoum'antmplﬁuﬁ.m)umnmm
mmwmmammmeormmoz.
mmumuuwwnmmw
is constant, A linsar relationsiip is obtained relating the vapor
mwmmwmttymmudmnﬁm
substance on & loge-log plote OF

logp = .'mew. ()

mmwpmmumndwmmummumS

m,mmmmmnnmmwwnmem-
um,wmpwwumww.mwmmm

wuman«wmaufmnammw

mtummmwmwmmwuebmmnm
aufmphtomu-mrcmedﬁn. A yepdotting of

mwmmw-mqunmmnmw:c
4gothmmal conditions desirede

i
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TESTING THE PRCICSED METHOD

The proposed method has been tasted for eitht non-aseotropic
aystess measused st nirstesn different experimsmal conditions. The
predicted results are sswmarised in Todle 18, It may te asen from e
table that for the mystems metiylcyolodwzane-toluene and 2,2,L-trime-
thylpertars=tolusne, only t~x valuss are predicted. 7Tids is duwe to
the fact that the selscted basic information for the system rothyleye
clohaxare-toluens provides only reliable t-x data (15) ami for the
syntas 2,2,Li-trimetlylpentane-tolnens the selacte! dasic information
does not include the te=y valuss, The devistions are svaluatsd &t Ol
mole fraction intervels in x snd y with the exception of the systan
2,2,i-trirothylpentane=toluens, where the selacted basic information
providass the bolling point dsta only &t Oe2 liguid mole frection
intervals,

The maxizum axd the average deviations in btodling point
predictions are 1,9°C anxd Goki’C, respectively. The naximm and the
averare deviations in total pressure predictions are lob smeHge and
OeS Mt lige, respectivaly, Although the agrecsent between the caleu-
lated and the experimental totsl pressure values ssems o bo bettar
then the agreament botwesn the caleulated and the experimental bodling
Mvm,mmuwumwnnumw
%0 the difference in uality of the experimental data, In gersrel,
all the predisted values nsy be oonsidered to bte in gooi agresasnt
vith the exparimsntal valueas
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The proposed nathod has aloo been tested for the fullowing
azseotropic systems methanol-tensane, etianol-tolusrs, acaicnes-ehlorce
form, henwsre-cyclotexans, and etlanclwater, The caleulsted dedling
pouint and tetal pressure values deviate conmidersbly from the experisens |
tal data, It 45 therefore sumrested that the proposed metiod be |
1imited Lo noomassctropic oystose
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SAMPLE CAICULATI ONS

The prediction of vapor-licuid equilibrium data far the
mwhmnmm.mwampwu
the calculetione The peeudo-mole fractions Xyt and y3* ars calculated
fron ths oxperimental eaquilibrium data at 760 mn.ligs. Fer exaxple, at
q-mjo,mbumwmt-nhha‘cn?{ﬂm.ng. At tids
teperature,

P "= 129) e Hee

and

pa = LUSe5 rme Hge
Therefore

%' = G311
sinilarly, at

73 * 0Oed0

t = 127.35%

Py = 1666 mm. Ree

Po = ST mme Rge
and

yl' = 0e3382

The calculated xy* mn-nm.tmmmmmmm
1isted in Table 19.

At P » 100 mt, Hge, the bolling poimts of the pure caxpopents
are L11.77°C and 7hell"C for haptans e etlplbensens, respectively.
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mmmmm,q'mn-mmm. Por
exanple, &t ¢ = 66,0°C,

Py = 281.6 mie Fge

P2 = 72,06 mn, Reg,

' = 07

n' = 03856

mcmumu'mn'vmammtmuehmwprmmu
shovn L: Apurs 39, mt&mnmmfmmwpumnMn.
m.cmmmawmq-mnommunmmmv,m
walusted, For exserls, at X' = 0371, t = 57,7%, tiis i3 the
boiling polit of xy = Gu30 at 100 m, lip. Stxtlarly, st y! = 0,3362,
t = 6742°C, tids 15 the bolling point carresponding to yy © 0u3C. The
t-xmawvnm.mmmmummpmuw
vith the experirental valuee (2) in Pipure Lo, In thia figure, the
Mcbedtqqmm!wtm.mmltmu.m.mm
mamwwuththmﬂnnmm
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CONCLUTI OR

An empirical method 1s proposed vhich peroits the prediction
of binary vaporeliquid emilibriwn data under various ecorclitions (tex-y
values &t isobarie conditions and Pexwy values st icothermal conditions)
if coudlibrium dals for the system cancermed are svalluble over the
conplale concemtration range atl any ome condition, isotlicrzal or ischae
rice The proposed method is simple to use snd loos hot invalve any
trial-and-error procedures It is, however, lirdted to nun-aseotropde
binary soluiicnse The proposad method ':ap heon tested with edght sys~
tess st ninestewen experimental comditions, Good arecaats are obtained
in all casen,
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TABLE 19

Pasudo Mole Fraction Values Calculated for System
Heptas-ethylbansens from the Experimental

Pquilideium Data &t 760 mme Hgge

n ' N n'

Oe) 021388 Oel 0.1173
0e2 0.2602 0s2 0s2262
%3 O0eJT1 03 0e3382
Osh 0.L728 Qels OoLliSS
05 0e5651 Oe5 05579
06 046532 0eb 0e6621
Oe? 047387 Oe? 0e 759k
Ou8 08255 0e8 048184
0e9 0s913L Oe9 0e9293

1lk.
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' Fige 39. Caloulated t-x'-y' values for the system heptans-
etlyl bensens at 100 mm. Hge
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Prediction of Binary Vapor-liquid Equilibrium Data

JAMES C. K. HO and BENJAMIN C.-Y. LU
Department of Chemical Engineering, University of Ottawa,

Ottawa, Ontarlo, Canada

This handy method gives temperatures or
pressures, as well as equilibrium data

AL'mouou numerous experimentally
determined vapor-liquid equilibrium
data arc available in the literature,
methods which permit extension of
these values arc still desired. In order
to extend data to various temperature
and pressurc conditions, most of the
available methods generally require
data obtained at two or more conditions
—isothermal and/or isobaric—as pri-

information. The methods de-
veloped from the Gibbs-Duhem equation
that involve the conversion of equilibrium
data to activity coefficients and its sub-
sequent reconversion to equilibrium com-
positions suffer from laborious calcula-
tions. The algebraic mecthods using
equations which relate directly vapor-
liquid equilibrium compositions arc
simple to use, but suffer from the draw-
back of not providing boiling points or
total pressures for the isobaric and iso-
thermal conditions, respectively. Itsecems
desirable to develop an extrapolation
method which would provide complete
equilibrium values (temperature-equi-
librium compositions for isobaric con-
ditions and total pressurc-equilibrium
compositions for isothermal conditions)
at various conditions, using minimum

experimental values as primary infor-
mation and yet is simple to use. This
investigation proposes an empirical
method which permits the prediction of
complete binary vapor-liquid equi-
librium values under various conditions,
isothermal and isobaric, if the equi-
librium data for the system concerned
are available over the complete con-
centration range at any onc isothermal
or isobaric condition.

Proposed Method

For a binary solution which deviates
from the Raoult’s law, the relationships
between the equilibrium compositions
may be expressed by

™ = 517 (&)
Ty: ™ XayaP: 2)
* = xyyipr -+ Xryap2 (3)

at low pressures. At high pressures and
if the vapor phasc obeys the Lewis-
Randall ideal-solution rule over the
complete concentration range, all the
pressure terms of Equations 1 to 3 may
be replaced by fugacities evaluated from
the properties of the pure components.

Whm you need

What you can do

pressure conditions

) Calculate pressure and com
conditions -

Where procedure applies
P Nonazeotropic systems only.

) Equilibrium data for the system over the complete com-
position range at any one isothermal or isobaric condition

) Caiculate temperature and composition at various total

position at various temperature

If the liquid solution is an ideal one,
the quantities ¥, and y; are equal to
unity, and

n° r = p (4)

-ﬁl—P:

o m (X =0 (P
» (Pl - ﬁ:) (') 5
Therefore, for systems which have idcal
liquid solution and ideal vapor phasc
over the range of conditions interested,
the evaluation of ¢-x-y and wx-x-y for
isobaric and isothcrmal conditions, re-
spectively, may be obtained by using
Equations 4 and 5 in a simple manner.
In this investigation, pscudo mole
fractions, x,’ and y,’ are defined by
using the right-hand sides of Equations
4 and 5, respectively, for nonideal
liquid solutions. For a given =x-f-x-y
measurement, the pscudo mole frac-
tions may be evaluated using the ex-
perimentally measured values by means
of Equations 4 and 5. It is assumed
that these calculated values are constant,
corresponding to the experimental x and
y values. In other words, the relation-
ships between x and x’, and y and '
are assumed to be constant, independent
of variations in temperature and pres-
sure. These relationships calculated
from the basic information are used
for predicting cquilibrium data at other
conditions. The proposed method is
limited to nonazeotropic solutions.

Applying the Method

@ If the basic information available is
a set of isobaric data (f-x-y at x;), and
if onc is interested in predicting equi-
libriuin data at another total pressure,
w3, the prediction may be carried out
as follows:

A. Using the basic information. cal-
culate x’ and y,’ at re¥ular intervals
(for example, 0.1 mole fraction) of x
and y, by means of Equations 4 and 5.

B.” Calculate x;’ and yi’ at xs between
the boiling points of the pure com-
ponents at 7. This may proceed in
the following manner:

Select a temperature.
Evaluate the vapor pressures of the
. pure components at this temperature.
Calculate x,” and y,’ using Equations
4 and 5, in which all the pressure
. terms—wy, p1, and py—arc now
known’ quantities. Plot ¢ — v’ and
t—n.

?
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C. Evaluate ¢t — x; and ¢ — y, from
the x,’ and y\’ values obtained ‘in step
4 and from the plot ¢ — x;* — y,’ ob.
tained in step B. The resulted t — x; -
> plot gives the equilibrium data de-
sired at the condition ;. There is no
trial-and-error procedure involved.

® If the basic information available
is a set of isobaric data but equilibrium
data at an isothermal condition is de-
sired, the following procedure may be
followed:

4. Calculate x,’ and y,* at regular
intervals as before.

B. Calculate total pressure values
at the isothermal condition in question
using the following expressions:

*x = xi' (py ~ p3) + p2 (6)

1t

= (0 — P’ O
The x,’ and y,’ values obtained from
step A may be substituted directly into
these expressions. Since the values
x1' and y,’ of step 4 are obtained at
regular intervals of mole fractions, the
total pressures obtained from Equation
6 would correspond to x values at regu-
lar intervals at the isothermal condition
concerned and, similarly, the total pres-
sure obtained from Equation 7 would cor-
respond to y values at regular intervals
at the same isothermal condition. A
plot of x-xi-y1 would provide the com-
plete equilibrium values at the desired
temperature.

r =

® Should the basic information avail-
able be a set of equilibrium data ob-
tained at an isothermal condition, the
same procedure as presented above
may be employed for predicting equi-
librium values at other conditions.

In the event it is desirable to predict
equilibrium values at more than one
condition, further predictions may be
carried out using Othmer’s reference

plot (4, 5) as an alternate procedure.
Othmer assumed that the ratio of the
latent heat of vaporization of a pure
component to that of a reference sub-
stance at the same temperature is con-
stant, A linear relationship is obtained
relating the vapor pressure of the pure
component and the vapor pressure of
the reference substance on a log-log
plot. Or

logp = a + b log prt. (8)

This relationship may also be applied
to solutions of fixed compositions. Thus,
from the basic information and the values
predicted at one condition, two reference
plots may be constructed, the t-x and
x-x values may be obtained directly
from a reference plot concerning the
liquid compositions and the t-y and -y
values may be obtained directly from a
reference plot concerning the vapor
compositions. A replotting of t-x-y or
x-x-y would provide the equilibrium
values at the isobaric or isothermal con-
ditions desired.

Testing The Proposed Method

The proposed method has been tested
for cight nonazeotropic  systems
measured at nineteen different experi-
mental conditions. The predicted re-
sults are summarized in Table I, which
shows that for the systems methylcyclo-
hexane-toluene and 2,2,4-trimethylpen-
tane-toluene, only ¢-x values are pre-
dicted. This is due to the fact that the
selected basic information for the system
methylcyclohexane-toluene provides only
reliable ¢-x data (9) and for the system
2,2 4-trimethylpentane-toluene the se-
lected basic information does not include
the ¢y values. The derivations are
evaluated at 0.1 mole fraction intervals
in x and y with the exception of the

system  2,2,4-trimethylpentane-toluene,
where the selected basic information
provides the boiling point data only at
0.2 liquid mole fraction interval.

The maximum and the average devia-
tions in boiling point predictions are
1.9° C. and 0.4° C,, respectively. The
maximum and the average deviations
in total pressure predictions are 1.4
and 0.5 mm. of Hg, respectively, Al-
though the agreement between the
calculated and the experimental total
pressure values scems to be better than
the agreement between the calculated
and the experimental boiling point
values, the difference in agreement may
very well be contributed to the difference
in quality of the experimental data. In
general, all the predicted values may be
considered to be in good agreement with
the experimental values.

The proposed method has also been

tested for the following azeotropic
systems: methanol-benzene, ethanol-
toluene, acetone-chloroform, benzene-

cyclohexane, and ethanol-water. The
calculated boiling point and total pres-
sure values deviate considerable from
the experimental data. It is therefore
suggested that the proposed method be
limited to nonazeotropic systems.

Sample Calculations

The prediction of vapor-liquid equi-
librium data for the system heptane-
cthylbenzene at 100 mm. of Hg il-
lustrates the procedure of the calcula-
tion. The pseudo-mole fractions x,’ and
1’ are calculated from the experimental
equilibrium data at 760 mm. of Hg.
For example, at x, = 0.30, the boiling
point ¢ = 117.48° C. at 760 mm. of
Hg. At this temperature.

21 = 1293 mm. Hg

Table . Comparison of Experimental and Calculated Values
Deviations
Liquid Phase Vapor Phase

System Basic Information Conditions Predicted Max. Av. Max. Av.
Carbon tetrachloride-benzene w-a-y at 70° C. (8) =-x-y at 40° C, (8) 1.3 mm. Hg 0.8 1.4 1.1
Carbon tetrachloride-cyclohexane x-y at 70° C. (7) »-z-y at 40° C. () -0.3 mm. Hg 0.1 —-0.2 0.1
Heptane-ethylbenzene t-z-y &t 760 mm. (3) t-z-y at 100 mm. (3) 0.6° C. 0.3 -0.3 0.2
) t-z-y at 300 mm. (9) -0.%°C. 0.2 -0.7 0.3
Hezxane-toluene t-z-y at 760 mm. (3) $-z-y at 150 mm. (S) 1.9°C. 0.6 -0.3 0.1
t-z-y at 300 mm. (S) 1.1° C. 0.4 0.2 0.2

Methyicyclohexane-toluene t-z-y at 760 mm. (G) t-z-y at 400 mm. (10) —-0.7°C. 0.4

4-z-y at 200 mm. (10) 0.9°C. 0.5
Naphthslene-n-tetradecane t-z-y at 760 mm. (2) $-z-y at 400 mm, (#) —1.0°C. 0.6 -1.0 0.7
t-z-y at 200 mm. (2) 0.8°C. 0.3 1.2 0.7
t-z-y at 100 mm. (2) -1.0°C. 0.6 1.8 0.8
t-z-y at S0 mm. (8) —-0.8°C. 0.5 1.8 0.7
t-z-y at 20 mm, (#) 0.8°C. 0.3 1.3 0.7
t-z-y at 10 mm. (2) 1.8°C, 0.6 1.8 1.1
n-Octane-ethylbenzene t->-y at 760 mm. (11) t-z-y at 500 mm. (11) 0.2°C. 0.1 0.3 0.1
t-z-p at 200 mm, (11) 0.6° C. 0.2 0.4 0.2
t-z-y at 50 mm. (11) -0.8°C. 0.3 ~0.8 0.3

2,2,4-Trimethylpentane-toluene ta-y at 760 mm, (1) t-2-y at 4.06 atm. (1) 0.3° C. 0.2

t-z-y at 2,02 atm. (1) 0.6°C. 0.6

VOL. 53, NO. 5 o MAY 1961

385



1o

40 " A i

O 0! 02 03 04 Q5 06 07 Q8 09 0

80
F7° [
-
60
Liquid
50 L
® Experimental
= Calculated
. a0 . X

o

Pseudo Mole Fraction of Heptane

Figure 1.
tane-ethylbenzene at 100 mm. of Hg

and

p: = 445.5 mm. of Hg
Therefore

x,’ = 0.3711
Similarly, at

y1 = 0.30

¢t = 127.35° C.

e 30 . at Ty
and

]|' - 0.3382

The calculated x;’ and y;’ values at
0.1 mole fraction intervals are listed in
Table II.

At » = 100 mm. of Hg, the boiling
points of the pure components are 41.77°
C. and 74.11° C. for heptane and
cthylbenzene, respectively.  Between
these two temperatures, x,’ and y,’ are

Table Il. Pseudo Mole Fraction Values

Are Calculated for System Heptane-

Ethylbenzene from the Experimental
Equilibrium Data ot 760 Mm. Hg

£ =’ »n w
0.1 0.1388 0.1 0.1173
0.2 0.2602 0.2 0.2262
0.3 0.3711 0.3 0.3382
0.4 0.4728 0.4 0.4485
0.5 0.5651 0.5 0.58579
0.6 0.6832 0.6 0.6621
0.7 0.7387 0.7 0.7594
0.8 0.8255 0.8 0.8484
0.9 0.9134 0.9 0.9293

Calcvlated t-x’-y’ values for the system hep-

a2 Q4 Qs o8 10

Mole Fraction of Heptane

Figure 2. Predicted vapor-liquid equilibrium curve and

data (3) for the system heptane-ethylbenzene

evaluated. For cxam’plc, at ¢t = 66.0°
C,

£1 = 261.6 mm. of Hg
p2 = 72.06 mm. of Hg
x)’ = 0.1474

yi’ = 0.3856

The calculated x;’ and y,’ values are
plotted with the temperature as shown
in Figure 1. From this figure the boiling
points at 100 mm. of Hg corresponding
to the x;’ and y,’ values as listed in
Table II are evaluated. For example.
at x,’ = 03711, ¢t = 57.0° C,, this is
the boiling point of x; = 0.30 at 100
mm. of Hg. Similarly at y,’ = 0.3382,
t = 67.2° C,, this is the boiling point
corresponding to y; = 0.30. The ft-x
and ¢y values obtained in this manner
are plotted and compared with the ex-
perimental values (3) in Figure 2. In
this figure, the predicted t-x-y values for
the same system at 300 mm. of Hg are also
presented and compared with the ex-
perimental values.
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Nomenclature

t = boiling temperature
p = vapor pressurc

= = total pressure

x = liquid mole fraction
y = vapor mole fraction

v = liquid activity cocfficients

Superscript

° = jdeal conditions
! = pseudo condition

Subscript

1 = component 1
2 = component 2
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HOMRNCLATURE

oonstants of Marpules equation
constants of van loar equation

sy two points on the same curve in a triangular
plot (Part I of Thesis)

ocostants of Othmerte reforence plot (Part II of
Thesis)

sscond coefficient in the virial equation of state
oocefficimta sssooiated with intarection parmeter
as defined Yty Eguation 1

constants of Redlich=Kister equations in hinary
systens '

e constamte of Redlich-Xister equations in ternwy
aystens

axponset

ischaric ani Ssothernal heat of sixing
coemon logaritime

total restize

oritionl pressure

YEpOT pressure

(0%/2,303 RT) » exvess free awergy function
¢ae oonstant

2 By2 = Bjy = By * interscticn parmmeter
sheolxte temperature
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Tr @ retuced tesperature

. *  tempsrature
7° = molal volume of the liquid in the vapor state

x = mole fraction of componsent in ligquid phase
y ® mole frection of compovent in vapor phase

| (py~P) (V;° - )
21 - «aPe -n; nl h-

2 - eXDa Z%g’.

4 = lquid phase activity coefficienmt

l v gumponent 1

2 s component 2

3 = component 3

12 = campoments 1 and 2
23 = components 2 and 3
31 = components 3 end 1
123 @« gompenente 1, 2 and 3

= 4deal oomiition (Part IX of Thesis)
) * pssudo condition (Part II of Theeis)
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