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Isothermal Yapor-Liquid Equilibria for the Ternary
System 2-Propanol + Tetrahydrofuran f
l-Chlorobutane ,t 25oC
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Isothemral vapor-liquidequilibria (VLE) formixtures containing 2-pmpanol * tehahy-
drofi¡ran * I-cñIorobutane have been measured using ¿ utodified version of a Boubük-
Benson still at 25" C. A test of thermodynamic consistency, like t*e McDermott*Ellis
methodwas applied to the activitycoefficients- Excess molar Gibbs free energies were
calc¡rlated ov€r tfte vrtire range composition" DifFerent expressions existing in t{re lit-
eratufe wer€ used to predict activity coefficients-

KEY WORDS: Vapor{iquid equilibrfum; binary and bmary systems; excess molar
free energies; activity coefficients.

1. INTRODUCTION

Measurements of vapor-.liquid (VLE) af,e necessary for the interpretation of
distillation pmcesses. This paper reports the results of measurements on VLE for
the 2-propanol (2-PR) (1) + tetr¿hydroñran (TTS) (2) + l-chlorobutane (CIBU)
(3) system at25C.

Experimental daüa for this system have not been previously reported, Some
thermodynamic properties of the corresponding binary mixhres have been
pubüshed(l-:) This work is a continuation of our study on üermodlmarnic prop-
erties of mixtures.

Inthis system, the tlree components are polarandthe first componentpres€nts
association in its pure state. From the experimental VLE data activity coeffi-
cients can be calcr¡late4 as well the excess moiar Gibbs free energies (GE). In
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the literatüre there are different expressions for calculating GE for a ternafy sys-

tem knowing the values for the corresponding binary systems'

Thermidynamic interactions of some chloroalkanes with TT{F have been

stndied by Birb s et al.Ql and by Sharma et al'6j

For actiüty coefrcients, we applied the semiempirical van Laar equation

(modified by carlson and colbum), as well as the wilson, NRTL, and UMQUAC

equations. Finally, we applied the predictive group-contribution method (LINIFAC).

2. f,,XPERIMENTAL

The zubstances have been purified as described Ref. 1. Densities were deter-

minedwith a ügital densimetef AP model45. A thermostatically controlled bath

lconstant to t o.gt K) was used. Calibration was done with air and doubly dis-

tilled water Temperatures were read from calibrated thermomeGrs. The accuracy

in density was * 0'1 kg-*-'.
Equilibrium datawere determinedby using amodiñedversion of the equilib-

¡um stilt ¿esc¡te¿by Boublik and Benson{6) working at 25"C. The pressures were

deteminedusing a Barccel pressure transducer, type 590, and a digital pressure dis-

play and controlier, modet i SOt . The estimated error in pressure was * 0' l5 kPa-

T.frá uoalysit of the liquid and condensed vapof were carried out using Perkin-

Elner sigma 300 gas chromatograph, with a thermal conductivity detector. The

ou¡rent oip6i"a to *" detector was 150 mA. The copper column was 1.8 m long

and was pu"ta with 1.5% Carbowa¡< 20 M over carüopack B 60/80.

The column temperature was 150pC and hydrogen was rsed as the carrier

gas. Calibration analyses were carried outwith 15 samftles of known compsition'

ihr"" o, more injections for each sample were made and an LCI-100 integrator

was used to calculate areas. Mole fractions were obtained with a computation

program. with this metho4 the sample concentrations we¡e accufate to bettef than

0.001 mole fraction.

3. RESULTS AI\D DISCUSSTON

The experimental results for the pure liquids are reported in Table I' together

with literature values for comparison.

Values of the mole fractions in the liquid and the vapor phases, and values

of pressures, activity coefrcien8, aad Gibbs free energies of the mixtures are

summarized in Table II.

The üquid-phase activity coefficients were calculated&om experimental data,

taking iato;"oi-t tb" aonideality of the vapor phase by employing the equation

np (nr¡ - r,]te - ei) + ;| ii.r,*(26¡i - ó*) (l)ln¡ = 
";E 
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T¡blel frofertles CUaracterizinql¡reComeonen53!ff

p'i x lo-3 (kg-m-3)

Exp. Lit

Pi (kPu)

Exp. Lit.
Subctanoe

2-ProPanol
TetrahYdrofutan
1-Chlorobutane

0.?813 a.78r264
0.8819 0"8811"
0.8803 0.88095"

5.81
21.60
13.34

5.81ó
2r.d
13.540

"Ref' 7'
üRef' 8.

where
61i :28¡ i -  B¡ i -  Bi  Q. l

P,' is the vapor pres$¡re of pure ltqit-d 
' 

and x¡' yi are the respective mole

fr""ti;;* i*th" tiquie and vapor phas€s of the mixture'

Trblell.Experiment¿lValuesof2.Propano{1)+fetrahydroñrran(2)+1{hlombutaoe(3)
SYskrn at 25"C

1/, P (kPa) cfr. g-mol-l)
x1

0.012
0.026
0.115
0.197
0.213
0.256
0.266
0.295
0.307
0.343
o.343
o,376
0.394
0.446
0.451
0.483
0.50?
0.565
o.598
0,ó18
0.6s5
0.713
o.721
0.754
0.?56
0.860

0.755
8.241
0.469
0.729
0,197
0.@5
0-388
0.590
0.563
0.507
0.16?
0.445
o323
0.343
0.302
0.133
a.265
0.130
0-119
0.208
0.183
0.1éo
0.041
0.1,10
0.073
0.051

0.010
0,043
0_087
0.09s
0.16ó
0-14.t)
0.155
0.148
0.154
0.180
a.212
0.201
0.213
0.219
a.221
a.257
a-244
o.267
0.30?
0.313
0.3ó9
o.347
0.3'f6
0.400
0.3?l
o.47r

0.835
0.305
0.554
0.84r
0.219
0.759
0.,+80
a.735
0.713
0,653
0.r88
0.584
0,420
0.465
0-,f03
0.163
0.390
8.2r2
0.14é
0.340
0.303
03r2
0.059
0.287
0.130
0.123

19.89
15.95
17,35
18.62
16,34
17.45
16.57
17.06
ló.95
16.25
15.95
15.80
15.50
15.33
15.08
v.7a
14.65
14.25
r3.63
13.28
12.39
12.48
12.83
11.52
12.30
10.60

2.826
4.514
2.2s8
1.532
2.177
1.629
1.653
1.461
1.452
1"457
1.68ó
t.443
1.429
r.287
r.2&
1.338
1,205
1.153
1.198
1.15r
1.195
1.039
1.055
1.048
1.034
0.996

1.019
0.938
0.951
0.996
0.8j14
0.953
0.951
0.986
0.997
ü.972
0.834
0.963
0.936
0,96ó
0.935
0.837
1.002
1.030
0.778
1.010
0.954
1.134
0.859
1.099
1.020
1,191

0.987
1,061
1.r 16
t.203
t.n4
1.331
r.308
1.298
1.297
1.354
1.4ól
1.421
1,508
1.719
1.719
1.663
t.762
1.859
1.975
1.985
1.883
2.522
2.ñ7
2.559
2.69s
3.636

59.4
166.6
286.6
235-7
681.6
302.6
513.5
331.8
362.9
397.1
829.4
456.4
583.9
532.9
543.O
774.5
556.1
6't7.2
671,1
516.9
522.6
408.9
598.2
367.2
486.7
2n.8
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The valuw of the virial ccefficients of the pure components and the cross-
virial coeciaF for the binary cysteBs a¡e: Btt : -2-047 x 10-i m3-mol-l;
By2 : -l.28}x 10-3 m3-moFr ; By = -2.112 x 1 0-3 m3-mol-l; B n : -l'507 x

1013 m3-mol-l; Br: : -1.780 x 10-3 m3-mol-l; Bn: -1.629 x l0-3 m3-mol-r.
These ralues wer€ estimafed by the method of Hayden and O'Connell-o)

The temary data reported in Table II were found to be themrodynamically
consistent, as tested by the McDermott-Elis(t0) method. Follorring Tamir and
Wisniak 0l) two experimental points ae consideredthermodynamically consistent
ifthe follorring condition is fi¡lfrlled:

D<D*o

r

P : f(*i" * x¡6)(ln¡6 - lnx*)
i:t

(3)

(4)

(s)

"'¡fo¿*,k={)

(6)

(7)

(8)

D.a*: Ét"*'ui* * i, * *. *]*
+ z f0o zru - ln r")ax + fftr * t*l#

j: r i:l

The uncertainties in the measrnem€nts were A¡ : 0-001 and A P : 0. I 5 kPa
Knowing the activity coefficients, it is possible to calculate the excess mola¡

Gibbs free energies by the exp'ression

Gurz3 : ,Rrf  x ih¡
i:t

Figure I shows the lines of GÉ ofthe th¡ee binary systems. The excess fimction
ofthe binary system can be reprcseirted by the explession

Gf= -t¡f

The least-squares metbod (usiag the Marquardt{12)} algorithm was used to

detemine the vahres ofthe coefrcients. In each case, ¿ was varied and the minimum

number of coefrcients needed to represent the rEsults was found by examining the

minor sbadard deviation of lhe estimate

' 
: I¡ (Gl* - Gh)z l@",p - ü]'

The values adapted for the coefficien6 and standard dwiations of the fit are

indicated in Table III.
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.I¡bIe gL Coeñcient o¡ for Eq. (7) and staoila¡d Devi*ioas for Binary systerrs at 25"C

Systems o (J-mol-r)

If interactions in a temary system 1 + i + ft are assumed to be dependent on

the pairwise interactions of the constihrsnts i + i, i + É, and i + &' itshould be

p**ltt" to evaluate éxcess properties of temary mixhrre of nonelectrolytes from

ih" co.,"spooding functims ofthe binary syse*s. All tlree binary systems shows

p*iri"",.lutoo o] GE wiü large values for the 2-PR(1) + CIBU(3) system and

small values for the THF(2) + CIBU(3) system'
From the different expressions existing in the litsfatureto predict Gibbs frec

energies of a temary .yri* from the binary sy1t9.rns{13-rs) we applied those

intrúucing fitting pammeters, like that of Cihdk4tt6l who ploposes the following

exprcssion

GEtzz: éo+ Glr* G?¡ +¡r¡zxt(A * Bq * Cxzl (9)

2-PR(I) +',fHF(z)
2-PR{1) + C1BU(3)
TTrF(2) + CIBU(3)

r02a.6 49'l.l 3'16.9
,!059.8 -2220.6 459'5

1s6.8 -15.6 282.8

183.3 -637.6 a-02s
1024-9 1357.8 4.22
102.r -91.8 0-67

THF(¿I + Gt Bu (3)

Fig. 1. Éxcess molar Gibbs free energies for the binary systerns
at25"C.
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THF{21 O,5 Cl 8u{3}

Fig2.Lines of conshlt exces$ molar Gibbs free energies (J-mol-l) for 2-propanol(!) I
t€trahydroñ¡rar (2) * l-chlo¡obt¡t¿ne (3) system at 25"C.

where A, B, and C are fitting parameters calculated from expcriment¿l data. The

parametcrs obt¿ined for the sxce.ss Gibbs f¡sc €ncrgy aÍc A= -i234.7, B:
4255.4, and C : *505.1 with the root-mean-square deviatioú defined as

sr: II 
(G"'* - o3^o)'.1"'

L""0J
(10)

Figure 2 shows the lines of constant GE,r..
Diflerent equations exist in the literature to rqnesent activity coefficients for

temary systems, as indicated by Prausnitz et al.{r7) The van Laar equation for a
temary system is

lny1 : xlneqtr.21¡tt n)z + x?¡'tt(A:r/Arr)2 * x24It21Itr /ArzAr¡

-l-Arz * Ar: - Arz(A n/Azr)/@t * x2At21/lrr-*-r3,¡\3¡/A¡3)2 (11)

'l'he expressions for 1¿ ffid ys are of exactly the same form as that for ¡.
To obtain th, the subscripts in Eq. (1 1) are changed by replacing I with 2, 2 with
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T¡blc IV. Constants of van Laa¡, Wilson, NRIL, and UNIQUAC Equations

Systems

F4uations 2-pR(l) +'rr{F(2) 2-PR(l) + C!BU(3) THr(2) + CAU(3)

vanLaat

\Vilson

NRTL

UNIQUAC

hn:O'ü92
Lzt :0.2952
Ao: A3116
Azr : 1.4825

tn: -0.65ti9
rzr : 1.4438
s*-*8.424
n:3.2491
tl t  :3.124
r¡2: 1.5007
rn :0.4907

1!r: :2.8634
r\31 : 1.1604

^13 
:0.0333

tvt:o-7232
ttz = -0.4592

41 : 2-9O69
a¡: :0.396

rz :2.9415
qz 

- 2.72tJ
t¡3: 1.5262
41 : o.2390

A4 :0.78él
A¡z :0.0?91
A¡ = 0.9666
432 = 0.9566
t:g 

- 
0.@40

r:z - -0.0151
as:12.63

13 - 3.7153
qt - 1.192

¡z¡ :0.9895
¡:z : 0.9884

3, and 3 wiü 1. To obtain 14, replace I with 3, 2 with 1, and 3 with 2. All the
pamrncters in Eq. (11) may be obtained from binary dat¿- Table IV shows these
consurnLs.

F'or a solution ofrn components, ihe activity coeflicients of any component f
in Wilson's eqüation is:

ln1q: -hf  x3A¡ + 1 -
j=l 5(*^*/p,,,r0)

: fp,,s,o,f fic*,] * *b,",|H"",]

(l 2)

For each possible binary pair in the multicomponent sysiem, two parameters
are needed and the oonstants are listed in Tablc IV.

For a sclution of la componcnts, th€ NRTL equation is:

lnyi

"[',- (8",*'/8"*')] (13)

where

G¡j 
- exp( -a¡z¡)

The const¿nts used me listed in lable lV.
The UNIQUAC m<¡del for a ternary system gives:

(14)
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Tible V. Average Dwiations for the 2-Pm¡mnol(l){ Tetahytlrofuian (2) l
l-Chlonobutare {3) at 25"C

Equations op (kPa) úyr 6y2 oyl

vsn I¡a¡
Wilson
NRTL
LINIQUAC
UNIFAC

0.8r?
0.0és
0.067
r.022
2.,218

0.031
0.026
0.036
0.032
0.032

0.017 o.tn'I
0.017 0.021
0.026 0.031
0.017 0.029
0.0¡7 0.029

ln14 : tn(dil¡:) + {z llhilrr(fi/dJ + t' - {$,/x}.tr,t - q niqt,,
j=r j-l

m I  l^  - l

I si - q¡}] | ,,q" /le*",i| tlsl
j=rL I  u: t  I

This equatiwr rcquires only prne component and binary parameters and the
c$$$iirrrl.s ars sunraflz,exl in 'fable lV wh,:re, for conw:nience only, z is takcn
as 10.

These equation are semiempirical and notpredietive. We applied the UNII'ACI
method, which is a predietive grmlp-contrihr¡fi¡n mefhrxl usert by Frredc-nslünd
et al.ltÜ ancl Gr¡¡ehlinEet al.(cl and gives:

by, = luy,"+hyf (16)

where yf is fhe eombinatorial term and y,É is the residual lerm. The constants usexl
are in thc referc¡ce.s mcntioned above.

The valuss P ancl y wsrc {:o¡nFutcd witft the fotlovring or¡uation:

Pcor : rrlr Pi *x2y2P) **3¡aPf

-/i cor : xi¡4Pi / P*1

over the compfete concentration range, where f]" are tfre corrected vapor pressures
of the conrponents following E{t" {1).

Table V piivcs lhe alreragr;r de¡¡iaiieu by applying all these e4uations.
i:qrniitn { 1 2} gives snralle¡ devialirns wmpared wi¡h the aler¡ge úev iatir:ns

from the cl-hcr cquations.
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