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ADSTR :CT

This »sper covers itwe methods for the prediction of liguid-
liguid equilibriws data in ternary sysitemg consisting of two
hydrocarbone and a solvent and forwingy two liquid phases, One
method is that of Pennincrton and Yarwil (11) and the other is
that described by Treybel (16), with some simplifying assumbe
ions by the author. Both nethods were applied to scven ternary
systemg in the oresent study., Five of the gystews investirated
were found to give pood arreement with experimentel results,

The asswmitions made in deriving the equations for the two

methods of nrediction did not hold for the other two systems

and that is why these two systens showed disasrreenent beiween
rredicted and exnerimentel results, As for comparison between

the two methode of prediction, thoy both gave good results, when
apnlicable. The method of Penninston and ‘arwil (11) is recommend-

ed, because it is the simler ol the two methods,.
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THTRODUCTION

In liquid-extraction process evaluation and eguirment de-
sign, the impertance of having accurate liquid-liquid equili-~
brium dats cannot be overemphasized., There is a sreat amount
of data nublished on binary systems but very little on ternary
and other more complex systems., It is, therefore, necesrcary to
either have more experimental wor: done on these complex systems,
which at present is a laborious task, or else find some mesns of
predicting the equilibrium data required from properties of the
substances involved, vhich are readily available in the litera-
ture, Several methods for breéicting equilibrium data have been
published, Most of the published material has been for the pre~
diction of binary data, but some mention is made of ternary

systenms,

Some of the early work done on the prediction of equili-
brium data was by Carlson & Colburn (1). They explained how
vapor-liquid equilibrium data can be evalusted and extended
when they are correlated in terms of activity coefficients,

The equations provosed by van Laar (#), “argules (10), and
Scatchard & Hener {13), which express the activity coefficients

of both components of a binary mixture as functions of the

liquid composition and empiriecal constaﬁts, are capable of [itting

most of the available vsvor liguid data,

Both vapor-liquid and liguid-liguid equilibrium data are

caleulated from the binary van Laar equations & and 7, which



zives a means of finding the activity coefficients of the two
components from empirical constants and the component concentra-
tions, and equation L, which states that the ratio of the con-
centration of a component in the 1i-ht phase to its concentra-
tion in the heavy phrse may be evaluated from the inverse ratio
of the activity coefficients of the same component in the two
phases, Taking eguation ), as an sxamnple, the concentrations

x and y are defined as follows:

1. Vapor-Liguid btquilibrium data
x = mole fraction of the component in the liquid.

v = rnole fraction of the component in the vapor
in equilibrium with x.

2. Liguid-Liquid Equilibrium dats

x = mole fraction of the component in the solvent
phase.

¥y = mole fraction of the component in the hydro-
carbon rhase,

Carlson and Colburn (1) used these eguations for the pre-
diction of binary equilibrium data. They suprested that, when
interpolating for the activity coefficients of a component in
the nresence of two others, a log-welighted averape be usad ine-
gtead of a straight-weirhted aversge., They mentioned briefly a
eraphical method for predicting ternary equilibriun dats, Lut

found that it was not a very satisfesctory method.

Colburn, Schoenborn, and Shilling (3) did some experimental

work on binary equilibrium systems. They used the equations of



Carlson & Colburn (1) to predict the eguilibrium date for one

of these systems, but these did not agree very well with their
experimentsl resulits., The systems they used for their calcula-
tions rave van Laar constants that differed widely and the method
of Carlson & Colburn (1) was derived for systems where the

van Lasr constants are nearly the same,

Treybal (1Y) exvlained how the method of Hildsbrand (7)
is used in predieting the usefulness of solvents in solvent
extraction processes., This nethod is based on the departure
from ideality of the two binary solutions of the distributed
solute and the immiseible solvents, and utilizes the fact that
the activity of the distributed scolute must be the same at
equilibrium in the two immiseible solutions, In his paper, he
investigeted the general reliability of the method end certain
of its modifications when the activity coefficients were calcu-
lated from varor-liquid equilibrium data of the two binsry
solutions, Treybal (15) rave reference to Carlson & Colburn (1)
gnd used their sug;estion for inter:solation of the log of the
activity coefficients when finding the activity coefficients of

a component,

Colburn and Schoenborn (2} considered convenient means of
determining the activity coefficients of, first, each of the
components separately in a possible agent, and second, the
estimation of the mutual effect of the components on their

activity coefficients in the apent. The simrlest method of



accomplishing the first objective is shown to be, in cage of
nartially miscible apents, the aprlication of mutusl solubil-
ity data., The relationship of activity coefficients in ternary
mixtures to binary data is explored and plots of activity co-
efficients of svailable ternary data are provided which give an
indiestion of the trend of values from simple interpolation pro-
cedures. They used mutual solubility data of bisary mixtures to
calculate the van Lazazr constants and then predicted binary eqgui-

librium and ternary equilibrium data,.

Scheibel and Friedland (1l) sugrested a method for the
prediction of vapor-iiquid equilibrium data for non-ideal
ternary systens., They classified the various non-ideal systems
into three distinct classes based on the qualitative deviation
from Rault's law which are observed in the different binary
systems. They used a graphical method for determining the
activity coefficients and then, using Hauli's law corrected for
non-ideal solutions, calculated the vapor in equilibrium with

the liguid., This method involves trial and error calculations.

Permington and Yarwil (11) used solubility data of binary
systens for predicting ternary equilibrium dats in sysiems con-
sigting of two hydrocarbons and a solvent. They used the
van Laar equations for binary systems to calculate the activity
coefficients. The activity coefficients in the ternary system
were calculzted from tiose of the binary systems with the aid

of the following simplifying assuantionss



(1) the activity coefficient of each hyidrcearbon
in the ternary is obtained from the corres-—
nonding hydrocarbon-solvent binary at the
solvent concentration in the binary which the

solvent possesses in the terrary system,

(2) the activity coefficient of the solvent in the
ternary is taken as the molal aversage of the
activity coefficients of the solvent in the two
binary hydrocarbon-solvent svstems at the same
solvent concentrations.

helr paper was analyzed in detall in the oresent study. £
sample caleculation showing their method of ealeulztion is
included in this report and Table VIII compares the equili-
brium data of seven gystens usingy their wmethod of caleulation,

the method used by the author, and actual experinental resulls,

Treybal (16) summarizes the vork done on the prediction of
both binary and ternary equilibrium data, He gives an equation
for caleculating the activity coefficilents for ternary systems in
terns of the van Laar constants for the three components sresent
in the system, The constants are defined in terms of the binary

svstems only,

Treybal (156) points out that none of the methods of pre-
diction is capable of a high order of accuracy; nevertheless,

they are useful., In trying to find a solvent to use in a given



system, the "selectivity" of the solvent is very important,

The selectivity of B for C is defined as followss—

ﬁ = x ,;':’Z AR

Yor Fan

where the concentrations are those in the eguilibrium layers.
For a satisfactory process,/g must exceed unitys therefore,

if the eguilibrium concentrations for a given system can be pre-
dicted with some degree of accuracy, the selectivity of the
solvent can be determined, This will indicate whether the sol-
vent chogen will provide a successful extraction process. If
tiris shows that the solvent is not a good oney, it can be
eliminated from any more consideration and a new one tried,

Once a good solvent is found, experimental equilibrium data

can be found so that accurate data will be used in the caleu~-

letions thereafter,

Therefore, both of the tethods for the prediction of
equilibrium dsta discussed in this revort are very useful
tools. They eliminate the necessity of doing a pgreat deal of

e i ey . . : . .
xperimental work, which is very tedious and tive consuming.



PROCEDUL
i

The present investirstion weas undertaken to deteormine to
what extent the assumptions of Penninpton and “arwil (11) were
eonsistent with a thermodynamic aprroach based on the ternary
van Larr equations, It was aseumed in the prescnt study that
the ternary van Lasr constants would apely to the systems
treated by Pennington and "erwil (11). Tt was furtner assumed
that the two hydrocarbons of the ternary form an idezl and
symmetrical binary systen., This makes the van Lasr constants
for the two hydrocarbons essentially equal to zero and their

ratio equal to one,

As in the method of Penninston and Yarwil (11) the only
data used in the present worl to nredict ternary equilibrium
data was the solubility data of the binary systesms. The
nrocedure involves a {rial and error caleulation and is
described in the sample ealeulabions on parze 18, The derivation
of the equations used by Pennington and HMarwil (11) and those

used by the suthor follows.



DERIVATION OF 80271088 BNPLOYLD IN PRES T STUDY

Treybal (16) points out that deviations from ideslity of
real liguid solutions manifests 1tself by departure of the
various charscteristics such ag partial pressure, furacity, and
activity, from the gimple linear relationships that hold for
ideal golutions, Of particular interest for this renort is

the activity coefficient V.

Permington and Marwil (11) note that, when two immiscible
phagses are in egquilibrium, the activity of a given component
is the sane in both phases, or

a = a N
Lv Ah (1)

The activity coefficient moy be defined as the ratio of s
component's activity to its mole fraction in the phase con-

sidered, or

a
-vkv = AV (2)
yﬁv
and
a b
Vi o= 22 (3)
Ah

1f equations 2 and 3 are combined with equation 1, the follow-

ing equilibrium relationshin is obtained:

Yin . i W)
Vv Xpn



Therefore, the ratio of the concentration of a compoient in

the hydrecarbon phase to its concentration in the solvent

phage may be evaluated from the inverse ratio of the activity

coefficients of the same component in the two phases,

Fron

Gibbs! (5) concent of chemical potential, equation L can be

proved to be ripgorous and applies regardless of the nunber

of components nresent.

fnother relation involving the activity coefficient is

the Gibbs-Duhem equation

| 9ln7y

l;‘axgb I, o - _'_XB
galnw(' xA
ax, Ty p

=

(5)

The van Laar {(9) ecuations may be shown to be one of many possi-
i

hle solutions of the Gibuhs~Duhen equation,

log v A = A}‘sB
' + (A N g
[T+ A )¢
A%
log Vp

_ i N
- 2
D‘ * (A%Axﬂ/ ﬁia"ﬁyﬁ) ]

The congtants, A*B

(1)

and Av;’ are calculated from the following
T

(@

ecuationst
X’r’%
2 - 108  ~—gp—
AR T Al
1 1
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and -~

x
log A3
x X X
LN ) M
X X X
4 x .
SR 2 A )
}kB % x -
) log A
XLA + X, 3 (.X_&A XA}K XM
*on i A i xy
A2 33 X3 [k 1 of BA
o

*

Penninston and YMarwil (11) emcloyed egiations L,6,7,0 and 7
in correlating binary syetens {rom mutuel solubility data.

Treybal (16) cives the following equations for nonideal ternary

mixtures: (15)
2 A 2 4G 5 \
z A — R Ao ( m) + %y /m)(w) A+A; -y
Cal & 7 CR\ A B3 A ce o A
 ton ox 7 o BT U

log "YC - -

~

The expressions for Io, 7V yrid"Yfz are obtuined bs rotating the
subseripts throushout the equation., The coustants are defined
in termg of the binary system only:

App = Limit of 1log ¥, as Xp e 0, ¥y -m 1

S Binary A-B

; N
R 1_/ )

>
i

= Limit of log 'YB as Xy 0y X

R
H

Lid g &3 -
Liit of loz YA as X,—= O, xc «—v-lz

Binary A-0 ( (11)

==
i1

Limit of loc vy, as x{;—» Oy X, »}J
; B

Ch C
‘g,m = Lirit of loo '7’P ag X ~» 0, xC — ]
[ W) 3 oF i
Z.ﬁj.'ﬁary el
A =

cp * Limit of lor) as X, o, x4 —=1



105\6 =

Fonl (18) has snown that these equations are limited to those
cases where
A

G AfxC Al" A

As can be seen from the eguations, the ternary data can be

nredicied from informsation on the binery systems alone,

To golve for the activity coefficient of the solvent C,
it is assumed in the vresent study that hydrocarbens & and B

form a syster that is ideal and symmetrical. Therefore,

Yp = f= 0 (13)
and
;ﬁﬁ =1 (1h)
A
also
o o »
AYC AAC

Substituting eguations 13, 14 and 15, in eguation 10 and re-

arran-ing terums ?iV@s’g (16)
, Ao . ( Asc)z
A . ( ——————
G, x%) CA(E"") + G exgpdiep | 1
CA Gﬁ
A pd
AC |
+ ————
x+ lapx)

C. CA

11
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A X +x | x, & FX_A
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. L Y
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] £
L T

Letiin: x

B

gr WX ,= 1£+ ¥, o= ) X A drvading nunerstor and

2

B A\F
N e .
genomninstor xy( «V) TAIYeEs

.‘rﬁl’ o
Y <
2 ox i +xh )
- B RV w
oY, = , (12
C {
xv' + ﬁ ~
TETT
AL

. SRR 5 st CR (1)

x xe, P T3
Y, e bRV S teeY (17s)
C xg + X +x

. L . _ s - s o .
wiere Y is the activity coefficient of U in AC binary at mole
fraction xC and Y ig the activity coellicient of € 4n 10 binery

&t mole froetion X .

fpration 1Y phows thot when solving for the ectivity coefliciont
of the solvent, the loy molal sverice should be ueed and not a

streisht melel soverases as in the notood of Pennincton ard derwil (1i).
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To solve for the activity coeffrcient of one of the hydro-

the same conditions holding as when solving for tine activity

coefiicient, of the solvent, the following eguations result:
, p 2 A
- £ CA - A
¢ AC(&. >”‘C"M “C ‘Cl
g ACﬁ z
+ X+ i
[XA ' %
“AC
Lebtting x x1+ X =1 -x and dividing numerator and de-
£, & ) (v
A Z
nominator by ( Igﬁ givest
AC
~ A i -
e £ClA
x A +x dsied —
¢ "¢ mE [ AC T D }
logy = -4 (21)
A A
fC

If the second term in the numerator of eguation 21, is
omitted, an spproximation which can be justified in many cases,

there resulits the equation:

x? 4
log' ¥V = c___AC (21e)
AT . ]
AC
A
ot T
CA

From this eguation, we may deduce the assumntion used by
Pennington and erwil (11), that the activity coefficient of
a hydrocarbon in g tarnary with another hydrocarbon and =2

golvent may be taken as the value which the activity coofficient



1L

of the hydrocarbon would hove in Ythe .inary hydrocsrbon-

solvent system at iLhe sare solvent concentration as in the tornary.

®hen solving for the activity coefficient of the solvent in
the terméry, the author used eqnuaiion 15, which rave the log
molal average of the activity coefficients of the solvent in the
two binary hydrocarbone-solvent gystems at the ssue solvent con-
centration, whereas in the method of Pennington and Harwil (11),
the molsl average of the activity coefficients of the solvent
in the two binary hydrocarbon-solvent systems at the same
solvent concentration was calculsted., When solving for the
activity coefficients of'the hydrocarbong in the ternary, the
author used equati-n 21, whereas Pennington snd ifsrwil (11)
used a procedure which was shown above to be equivalent to

employing eguetion Zla,

The calculated results of systers I throuch VII, using the
author's method, are shown in Table VILI, The calculated re-
sults of System I, using the method of Pennington and Marwil (11),
was reproduced from their vaper and is shown in Table VIII,

The calculated results of Systems II through VII, as caleulated
by the author, using the method of Penninston and farwil (11),

are also shown in Table VIII,



DISCUECTON AND COVCL STON

The method of predicting ternsry equilibrium data of
Pennington and Merwil (11) and that used by the author rave
very consisteqt resulis - the author's wethod usunlly showing
gligshtly otter results. Teble VII, which indicates the
avers e devistion of predicted results from experimental re-
sulte shows this,

Table V1L, Average Deviation of Predicted Values of Mole
Frections from Experimental Values

Hydrocarbon  Hydrocarbon Solvent in  Solvent in
in Hydro- in Jydrocorbon Solvent
carbon “hase Solvent “hase Vhase hase
B Aelle o0, A.d
Hethod of
Pennington & Marwil (11) 0,01, 0.011 0,028 0,021
Author's ¥ethod 0,012 0.009 _ 0,021 0,020

For cystems where these two methods of predietion are apulic-
able, the nethod of ¥e-nington and Marwil (11) rave suffic-

iently sccurate results,

As mentioned, either of these procedures should only be
used where the assu'ptions used in deriving the equations are
known to be valid. 4£s5 can be gecn from the results civen in
Table VITI, systems I through V show good arreement between
vredicted and experinental equilibrium data. In system VI,
fair agreement is shown belween the vredicted data, as found

using the author's method, with ex~eri~ental equilibrium data,
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but Door s reeqent using the ~ethod of Peaninston and farvil (11).
In gystem VII, poor a2sreesent ig shovm with both of the nethods of
nrediction end exrerimental equilibrium data. In gystene VI and
ViI, the prediction of ihe distribution, =g pointed out by
Pennington and ¥arwil {11), on & solvent free basis i fairly

rood, bubt the solvent concentration in the hydrocarbon phase is

not correct.

In the derivation of the equations, one of the aesunotions
made was that hydrocarvons A and B form a system that is ideal
and symmetrical, Baged on this assumntion, eguation 15 resulted,
Upon substituting the van Las=r constenis from Table IX for systems
VI and VII in equation 15, it is found that equation 15 does not
nold, This hclps to explsin why poor asreement wss found for
these systems, particularly system VII., In the case of systems

I through V equation 15 was found to be approximately valid.

The weakness of Loth methods sppears to be in the fact that
if the solvent concentration is assumed btoo smell in the hydro-
rbon phase in step 1, then the sctivity coefficients of the
solvent in that phase will come out too high in the last step
and the calculated solvent concentration in the last sten will

come out too low, tending to apree with the assused value, which

was also too low.

In conclusion it may be stated that where the two methods of
vrediction are soplicable, Fenainston and Yarwils{1ll) methed is

vreferable to the author's, being the simpler of the two,



although sli htly less accurate.
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SANPLE CALCUL TTUNS

Methed of Ps fnnin;:ten and Marwil (11) n~-heptane, cyclcohexane ry
2
furfuoral fﬁystem

Let us assume that it is desired to estinate the furfural
content of the hydrocarbon phsse and the composition of the
solvent phase when the hydrocarbon phase has a conposition of
0,7940 mole fraction n-heptane and 0,2000 mole fraction cyclo-
Trial-and-error solution

hexane on a solvent~free basis,

follouws:

Step 1. The concentretion of furfural in each of the two
ternary phases is estimated by assuming that it will be the
weizhted averape of the furfursl conceniration in the binary
systems, For the first trial caleulation, the solvent-free
composition of the hydrocarbon phase is used to estimate the
furfural concentration in both phases. The egtimated furfural
concentrations are confirmed or rejected by subsejuent calcu-
lationg, 7The initial estimation of the furfural concentration

in both phases is shown in Table I,

Tavle I. Egtimeted Furfural Concentrations

Hydrocarbon Phase

Soly. at 86%,,

Yole nole fract. Partizl
Componant Fract., furfural Soly.
n-tleptane 20,7940 0,059 0.0458
Cyclo~
hexane 00,2060 0,065 0.,0134L
1.0000 03,0602

Solvent Phase

SOlyo at 860?".’

mole fract., Partial
furfural Soly.
0.936 0.7L32

0,846 041743

0.9175



Step 2, Determine the activity coefficients for normal
heptane and cyclohexane abt the furifursl concentrations estimatbed
in step 1. The binary van Lasr equotions 6 and 7 are used.
From the activity coefficients oblained in this manuer, the
ratio of the activity coefficient in the solvent phase to the
activity coefficient in the hydrocarbon phase for n~heptane
and cyvelohexane was calevlated, These ratios were used to
estimate the composition of n-heptane and cyclohexane in the

solvent phase, The caliculations are shown in Table IT,

Splvent FPhase Hydrocarbon Phage
n-fHeptane Cyclohexane n-Hentane Crclohexsne
Apy T 1365 1.358 1.365 1.358
£.p T 1330 1.023 1.33L 1.023
x, = 0,0825 0.0825 09398 0.9398
Xp = 0.9175 0.9178 0.0602 0.0602

Table 11, Eestimation of Distr:bution in Solvent Phasge

Hole f:g_ fgtd. dydrocarbon Conen.
Component Fract. h Yy Yy in Solvent Phase
n~hertane C.7940 13.48 1,013 13,31 (0.7940)(0,9L00) /13,31 =
20,0561
Cyclohexcone 0.2060 7.£0 1,016 7.68 (0.2060)(0.,9400)/ 7.69 =
0.025¢2
0,0C13

Step 3. Check the [urfural concentration in the solvent
phase calenlsted in step 2, arainst the value used in step 1,

to obtain the activity coefficients for the soclvent phase.



By differernce, the furfural mole frazction is 0,7137, which com-
pares favorably with 09175 estimated in step 1. Therefore, a
second aprroximation of the furfural concentration in the sol-

vent phase is not necessary.

Step e Check the furfursl concentration in the hydro-
carbon phese estimated in step 1, uging the activity coefficients
of furiural in n<heptane a2nd furfursl in c¢yclohexane., The
activity coefficiente are evslua «d at the estivabed furfural
concentration in the bhydrocarbon phase from ster 1, and the
eeleulated furfursl concentrstion in the solvent nhase from
step 3. The activity coefficient of furfurel in each of the
ternary pheses ig estinated by assuming that it will he the
welrhted average of the furfural activity coefflicients in the

binary system, The calculstions are shown in Table IIIX,

Solvent Phase Hydrocarbon Phage
n-tleptane Cyclohexane n-Heptane Cyclohexane
A, T .33k 1.023 1.33k .00
A, = 1,365 1,358 1365 1.3%8
¥ 0= 09187 0.9187 G.06CC 0.,0602

x = 0,0813 0.0513 0.7398 0.9390
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Table TII. Estimaied Furfor 1 fctivity Coefficients
in Egquilibriun Phases

Hydrocarbon Plase Solvent "hase
0.0602 Hole Frac, Furfural 0,%187 Yole Fract., Furfural
Solvente- Partial Solvent- Prriial
free activity free - activity
Coroonent Compn. Yy coeff, Compn. h coeff,
n-Heptane 0,7340 16.0 12.70 0.6900 1.030 0,711

Cyclo-
hexane D, 2060 1.2 2493 0.3100 1,020 0,316
1.0000 ;83 Toooos 0 1ILOET

The ratio of the asctivity coefficient of furfursl in the
hydrocarbon thage to the act vity coefficient of fwrflural in
the solvent pase 15'15.63/1.02? = 15,22, Then the calenlated
furfural concentral in the hydrocarbon phase is equal to the
furfurel concentration in the solvent rhase divided by the
inverse rotio of the setivity coefficients, or 0.9107/15,22 =
0.060L. The calculated concentration of 0.080L provides a
satisfactory check with the concentration of 0;0602 estimated
in step 13 therefore, a second trial calculetion is aot rec-
eseary, The results are shown in Table TV,

Table IV, Corparison of Cslculated and perimental
Fqiilibrium Data

Composition, HMole Fraction

Exverirentel Letinated
Hydrocarbon Solvent Hydrocarbon Solvent
Component Phase Phage Fhese Phage
n-Hertane 0 ThS 0,050 0.7h6 0,056
Cyclohexane 0104 0.020 0,194 0,025
Furfural 0,061 0.930 0,060 0.919

T.000 1,000 1.000 1,000



Author'ts Yethod

Step 1, Same ag step 1, in method of Pennin ton and

Marwil (11).

Sten 2, Detorwine the activity coefficients for nor~al
hertane and cyclohexane 2t the furfural concentrations estimated
in step 1. This was done using equation 21, Since equation 21
requires values of the mole fractions of the hydrocarbon in the
solvent phase, the values from Table 1I were used as trial values.
From the activity coefficients obtained in this manner, the ratio
of the setivity coefficient in the solvent phase to the actavity
coefficient in the hydrocsrbon phimse for n~heptane and cyclo=-
hexane was calculated, Thase ratios were used to estinete the

composition of n~heptane and cyclohexane in the golvent phase.

The ecalculationg are shown in Tabtle i1,

Solvent Phase Hydrocarbon Phase

n-Hentane Gyeclohexane n~Hentane Cyclohexane
Yho= . ? ? ?
=0.917% 02175 0.05602 0.,0602
=0.0252 {from 0.05561 (from 0.1936 0.74562
Table TI) Table II)
=0,0561 (from 0,052 {from 0,7hL62 0.1936
Table II) Table II)
=1,33} 1.023 1,334 1,023
. =1.365 1.358 1.365 1.358
=0,0825 0.0825 0.9398 0.9398
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Table V, Istimation of Distribution in Solvent Thsse

b

Activity Coeflicient

r
Mole v 4 T}l_ Estd Hydroc rbon Conen.
Comonent Fract. h Yy Yy in Solvent Phase
0.0558
Cyclohexsne  ,20950 7,36  0.960  7.51 (0.2060)(0.9400)/ 7.51 =
' 0,e58
0.081

Since the crlculated hydroc rbon mole fractions check ap roxe—

imately the assumed v:lueg, reec-lculation is nol necessary.

Sten 3., Checlk the furfural concentration in the solvent
phase calculated in step 4, against the value used in step 1, to
obtain the activily coefficients for the solvent phase. y
difference, the furfural mole fraction is 0.918L, which comares
favorably with 0,9175, estimated in step 1, Thercfore, a second
apnroxination of the furfura} concentration in the solvent phase

is not necessary.

Sten L. Cheek the furfural concentration in the hydro-
carbon phase estimated in step 1, using the azctivity co-
efficionte of furfural in n-heptens and furfural in cyclohexane,
The activity coefficients are evaluated at tne esti-ated furfural
concentration in the hvdrocarbon phase from gtep 1, and the csl-
culated furfurzl concentration in the solvent phase from ster 3.

Thig woe done using eqatin 18,



liydrocarbon Phose Solvent YThasge

”YC = ? ?

X, = Q7162 0.0556
Xy = 0,1936 0.0258

X, = 0.0502 0.918L
X, = 0,9398 0.06516
AAC = 1,334 1.33L

Aoy = 1.365 | 1.365
By = 1,358 1.358

The egtimated furfural activity coefficient in the Lydro-
carbon phase is 15.98 and in the solvent phase 1,020, Then

the ealeulated furfural concentration in the h drocarbon

rhase is egual to the furfural concentration in the solvent
vhase divided by the inverse ratio of the activity coefficients,
or (0.918&)(1.050)/15.88 = 0,0590, The calculated concentra-
tion of 0.0590 provides & satisfactory check with the concen—
tration of 0,0602 estimated in step l; therefore, a second
trial caleulation is not necessary. The results are shown

<

in Table VI,



Teble VI, Comrarison of C:leulated and Experi-ental
aquilibrium Data

Composition, Mole Frection

txperinental Estimated

Hydrocarbon Solvent  Hydrocarbon  Solvent

Component Phase Phage Phase Phase
n-Hertane 0. 745 0.050 0.Th7 0,056
Cyclohexane 019k 0.020 0,194 0,026

1.000 1.000 1.000 1,000
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T:3Ly VIIT

Izmerimental and Egiimated Equilibrium Concentrations in

the following systems.

System I - n=Heptane ~ Cyclohexane - Furfural at G6OF

Case Yo,
1 2 3

Exmerimental iqudlibriuvm Coneentrations, Hole Fraction (11).

ydrocarbon Phase

n-Heptane 0.7h5 0,190 0.180
Cyclohexane 0,194 9,150 0.761
Purfural 0,061 0.060 0.059

1,006 2 1,000 0 1,000

Solvent Phase

n-Heptane 0,050 0,038 0,016
Cyclohexane 0,020 | 0,060 0.114
Furfural 0.930 0,902 0,870

Tjooo 1006 2 1,000

Estimated Bquilibrium Concentrations, Mole Fraction &

Hydrocarbon Phsse

n—-}iﬁptane 0. ?}46 Oohgo 0.179
Cyclohexane 0.194L 0.1449 0.757
Furfural 0,060 0,061 0,06l

1.000 1,000 1,000

Solvent Phase

n-Heptane 0,056 0.0hZ 0,018
Cyclohexane 0,025 0.06L 0.120
Furfural 0,919 0,894 0,662

1.500 1,000 1.000



T'BLE VIII {(cont.)

System T - n-Heptane-Cyclohexane-Furfural at 86°F (cont.)

Case SO,
1 z 3

. . . - T
Csbimated Lguilibrium Concentrations, Mole Fraction

Hydroesrbon Thase

n~lsptane D747 0.L91 0.180
Cyclohexane 0.194 . 0.L450  0.761
Furfural 0,059 0,059 0.059

1.000 1,660 1.000

Solvent Phase

a~Heptane 0.056 0.0L1 0.016
Cyclohexane 0.026 0.063 0,109
Furfural 0.918 0,896 G.CT5

1.000 1.000 1.000

. o o
System IT - Iso-octane-n-Hexane~Furf{ural at 86F
ixperimental Equilibrium Conceniration, Mole Fraction (11)

Hydrocarbon Phase

Iso-Octane 0,790 0.19% 0.194
n-Hexane 0,119 O il Qe Th
Furfural 0,061 0,061 0,057

1,000 1,000 1.000

Solvent Phase

Iso-Getane 0,040 0.027 0,011
n-flexsne 0.012 0,036 0,060
Furfural 0,948 0.937 G.929

1.000 1.000 1.000



TLOLE VITI  {cont.)

System II - Iso-octane - n-Hexane - Furfural st 86°F (cout.)

Case Yo,
1 2 3
Zetimated Equilibrium Concentrations, iole Fraction &
Hydrocarbon Phase
Iso-Octane e 790 090 0.189
n-Hexane 0.1h9 0.140 0.728
Furfural 0,061 0.070 0,083
1.000 1,000 1.000
Solvent Phase _
Iso-ictane 0.046 0,031 0,013
n~§‘xane 0.012 0.036 0.06L
Furfural 0.9h2 0.733 0.923
1.600 1.000 1.0060

Egtimated tquilihrium Concentrations, "ole Fraction o

Hydrocsrbon Phase

Iso-lctane 0.788 0.L3¢8 0.138
n-Hexane 0,149 0,489 0.727
Furfural 0,063 0.073 0,085

1,566 1.050 1.000

Solvent Phase

Igo~Octane 0.0L1 0.028 0.011
‘n-Hexane 0.012 0.03¢ 0,068
Furfural 0,947 0.93h 0.921

1.000 1,000 1.000



Tast, VITI (eont.)

System 111 ~ n-Hexane-ethylcyelopentane-Aniline at 77°F

Case .

1 2 3
Experimnental fguilibrium Concentrations, Uole Fraction h

Hydrocarbon Phase

n"}iE?xane Oo ?36 0.)_&80 Oo 136
Methyleyclopentane 0.187 0.430 0. 74l
Aniline 0.077 0,090 0,120

1.000 1.000 1,000

Solvent ihase

n~llexane 0,073 0,050 0.028
i“ethyleyeclonentane 0,022 0,080 0.1kl
1.000 1.000 1,000

Estimated Equilibriun Concentrations, Mole Fraction @

Hydrocarbon Thase

n-Hexane 0.736 D477 0,136
Hathyleyclopentane 0.187 ° 0.h29 0. 7Lk
Anmiline 0,077 U,092 0.120

1.000 7.000 1.600

Solvent Phase

n-Hexane 0,078 0.063 0.024
¥ethyleyclopentane 0.035 0,092 0.196
Aniline 0.887 0,845 0.780

1.000 1.0600 1.000
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TARLE VIIT (econb.)

System TIT - n-Hexane-’cthyleyclopentanc-iniline at 77°F (cont.)

Case Yo,

1 2 3
b

Estimated Sguilibrium Concentrations, Hole Fraction

Hydrocarbon Phase

n-texane 0.735 0,479 0.136
Yethyleycloventane 0,187 Colie? 0716
Aniline 0.077 0,092 0,118

1,000 1.000 1,000

Solvent Phase

n-lexane 0.077 0.062 0,023
Methylcyclopentane 0.034 0,095 U196
Aniline 0,889 0,8L3 0.781

1.000 1.000 1.000

. . - o,
System IV -~ Heptane~(Cyclonexane-Aniline at 77 ¥
Experimental Fquilibrium Concentrations, Mole Fraction (8)

Hydrocarbon Phase

n-Heptane 0.227 0,40 0,706
Cyclohexane | 0.6L9 0.457 0.210
Aniline 0,124 0,103 0.08L

1.000 1366 1550

Solvent Fhase

n~Hentane 0,031 0,0L6 0,056
Cyclohexone 0,139 0,068 0.017
Aniline 0,830 0,686 0.927

1,000 1,000 1.000



TrALE VITI  (cont.)

Systen TV - Hevtane-Cyclohezsne~Aniline at 77°F (cont.)

Case No,

1 2 3

tstivated Fquilibrium Concentrations, Hole Fraction @

Hydrocarbon “hase

n~Hentane 0,227 0.1h0 0.705
Cyclohexane 0,650 0457 0.210
Aniline 0,123 0.103 0,085

1,030 1.000 1,006

Solvent Phase

n~Heptane 0.038 0,055 0,062
Cyclohexane 0,180 0,108 0.041
Aniline 0.762 0.837 0.897

1.000 1.000 1.000

Estimated Fquilibrium Concentrations, Mole Fraction b

Hydrocarbon Phase

n~Heptane 0,230 0.Lh1 0,706
Cyclohexane 0,655 0,159 0,210
fniline . 0,115 0,100 0,084

1.000 1,000 1,000

Solvent Phase

n-Heptane 0,035 0.052 0.060
Cyclohexane 0,179 0,106 0,026
Aniline 3,736 Q.842 0,71

1.000 1,000 1,500



TABLE VINI {cont.)

System V - n-Heptane-fiethylcyclohexane-Aniline at 77°F

Case Ho,

1 2 3
Ixperimental fguilibrium Concentrations, Yole Fraction (17)

Hydrocarbon Nhase

n-ileptane 0.825 097 0.157
"ethyleyelohexane 0.093 0,111 0,73k
Anmiline 0.082 0,092 0,109

1.000 1,000 1,000

Solvent Phase

n-Heptane 3.056 0.038 0,013
Yethyleyclohexane ’ 0.008 0.057 0.125
Aniline 0.936 0.205  0.862

1.000 1.000 1.000

Tstimated Equilibrium Concentrations, Hole Fraction @

Hydrocarbon Phase

n~H-ptane 0.829 0.L97 0.156
Yethyleyclohexane 0,094 0.h12 0.731
Aniline 0,077 0,071 0.113

1,000 1.000 1,000

Solvent Phase

n-Heptane 0.056 0,042 0,017
Hethyleyclohexane 0,012 0.059 0.125
Aniline 0,932 0,899 0.858




i

Lad

TABLE VIIT (cont.)
, . , . o O ,
System UV - n-Heptane-Yicthylcyclohexane-Aniline at 77 F (cont.)

Case ¥o,
1 2 3

L}

. (i . . D
Zotimsted Fquilibrium Concentrations, iMole Fraction

Hydrocarbon Chase

n-dentane 5.830 0197 0,157
Hethyleyclohexane 0.094 0.112 0.735
Aniline 0.076 0.071 0,108

1,000 1.000  1.000

Solvent Thase

n-lieptane 0.068 0.0h1 0,016
Yethyleyclohexzne 0,011 0,059 D.124
Aniline 0.921 0,200 0,860
1.000 1.000 1.000

System VI ~ n-levtane-Yethyleyclohexane-Furfural et 140°F

ixperimental Fguilibrium Concentrations, Mole Fraction (6)
2

Hydrocarbon Phase

n-Heptane 0.215 032 0.63h
Methyleyclohexane 0.613 Oenll 0,212
Furfural 0,172 0.16h  0.15L

1,000 1.000 1.000

Solvent Thase

n-Heptane 0.036 0,06l 0.084
“ethylevclohexane 0,139 0.0%0 0,038
Furfural 0.825 0.856  0.878

———— svapi————
1,0

1.G00 000 1.000



3L
TABLE VIIT (cont.)

System VI - n-Heptane-iethycleyclohexane~Furfural at 1LO°F (cont.)

Case Yo,
1 2 3

istimated hquilibrium Concentraticns, Mole Fraction 2

Hydrocarbon Thase

n-Hertane (4239 0,150 G,701
Yethyleyclohexane 0,579 0.Lli9 Q06235
Farfural 0,082 0,071 0,06l

1,000 1.500 1,000

S0lvent Phase

¥othycleyelohexane 0,159 0,097 0.048
Furfural 0,502 0.83h4 0.5
1.000 1.655 1,000

Estimated Equilibrium Concentrations, Mole raction b

Hydrocarbon Phase

n-Heptane 0,207 0.h043 0.5679
Methyleyclohexane 0,530 0.L1h 0.227
Furfural 0,203 041443 0,094

1,530 1,000 1.000

Solvent Phase

n-Heptane 0.CL0 0,070 0.091
itethyleyclohexsne N.15h 0.092 0.0l
Furfural 0,806 0,838 0,585

1,800 1,000 000



TiBLE VIITI {(cont,)

System VII - n-Heotane-lethylcyclohexane-Methylearbitol at 1L0°F

Case HNo.

1 2 3
Txperimental Equilibrium Concentrations, Mole Fraction (6)

Hydrocarbon These

Hethyleyclohexane U668 0,439 0.232
Hethylcarbitol Q.104 0,096 0.00L
1.000 1,000 1.000

Solvent Phase

n-Heptane 0.040 0,070 0.097
Hethytyclohexane 0.15L 0,086 0.0Lk
Hethylearbitol 0,806 0,8l 0,859

1,000 1,000 1,060

Egtimated ¥ uilibrium Concentrations, Mole Fraction &

Hydrocarbon Phase

n-flertane 04253 0,509 0.736
¥ethyleyclohexane 0,742 0,182 04250
Hethylearbitol 0,005 0,009 0,01}

1.000 1.000 1.0C0

Solvent Phase

n~Heptane 0,041 0,07k 0,078
HMethylcyclohexane 0.194 0,122 0,062
Yethylcarbitol 04,765 0.50k 0.8L0

1.000 1,000 1,000



TASLLE VIIT (cont.)

System VII - n-leptene~lethylceyclohex: ne~iethyleerbitel at

dstimated Equilibrium Concentrations, ¥ole Fraction

Hydrocarbon Phzge

Yethyleyclohexane

Hethylearbitol

Solvent Phase
n-Hegtane
Yethyleyclohexane

Methylcarbitol

a

tstimated results using method of Pennington & Harwil

tetimated results using author's method

36

140°F (cont.)

Case Yo,

1 2 3
0.253 0.510 0.737
0.7L3 0.L83 0,251
0,00k 0,007 0,012
1,000 1,500 1.000
0,039 0.076 0,097
0,192 0,117 0,058
0,769 0,807 0,045
1,000 1.000 1,000



T28LE IX - van Laur Activity Coefficient Constants

FPurfural with
n-Hexane (11)2
n-Heptane (11)2
Tso-octane (11)2
Cyclohexane (11)2
n-Hentane (6)b
Yethyleyclohexane (é)b
Aniline with
n-texane (11)*

n-Heptane (11)2

Yethyleyclosentane (11)2

Cyclohexane (11)?

ﬁethylcyclehexéne (11)?
Hethylcarbitol with

n-Heptane (6)°

¥ethylcyclohexane (6)D

‘&?EA
1.239
1.334
1446
1.023
1.082

0.829

1.248
1.371
0,918
0.061
1.041

1.043
0,667

As given in reference indicated,

As calculated from data as indicated by reference,

it

1.116
1.365
1.371
1.358
1.775
2.657

1.309
1,284
1.089
1,117
1.140

2,208

2.72L

86
36
86
140
1.0

77
77
77
77
77

140
140



A=
s =
no=
c =

In =
log =
x =
y =
8 =
Y =
d =

Subscripts:
A ]
B =
¢ =

A =
h =
v =

~ry

HUMEHCLATURE

constant in van Lasr eguetion,
limit of log Yas x->»o0,.

component of a solution.
activity.

conponent of a sulution,
component of a solution,
natural lorarithm.
common logarithn

mole fraction in solvent phass or in solution,
if only one phase is present,

mole fraction in hydrocarbon paase.
selectivity.
activity coefficient,

vartial differential operator,

component A,

component B,

component C.

component A in a B-rich solution, etc,
pertains to solvent phase,

pertains to hydrocarbon phsase.
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