is a constant. The equation gives excellent checks for the
three alcohols at 20° and 25° C. (Table I11).

REFRACTIVITY INTERCEPTS

The method of plotting refractivity intercept, np ~ d/2,
vs. the composition of binary solutions, suggested by Kurtz
(8) and presented by Rouleau and Thompson in the
preceding article, was applied to the present data as plotted
in Figure 4.

Once again extremely interesting correlations resulted.
The lines for all three alcohols werc reasonably straight;
the lines for n-propyl alcohol and isopropyl alcohol were
coincident but methyl alcohol gave a line with a dif-
ferent slope.

" e "-PROPYL ALCOHOL
A ISOPROPYL ALCOHOL
1.04 t
R I ® METHYL ALCOHOL {
~
- 1,00
ol [ 4
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«
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Figure 4. Refractivity intercepts for aqueous
alcohol solutions at 25° C.

Table lll. Applicability of Eykman Equation

Value of C;
Compound at 20° C. at 256° C.
n-Propy! alcohol 0.6405 0.6406
Isopropy!l alcohol 0.6425 0.6424
Methyl alcohol 0.5594 0.5593

The results are very encouraging and indicate that this
method of correlation might shed some light on the effect
of molecular structure and association on these physical
properties.
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Vapor-Liquid Equilibrium at Atmospheric

Pressure for the Ternary System,

Methyl Acetate—Chloroform-Benzene

ISAMU NAGATA'

Department of Chemical Engineering, Kyoto University, Kyoto, Japan

VAPOR-LIQUID EQUILIBRIUM data on the ternary
methyl acetate-chloroform-benzene system were deter-
mined because available data indicated that this system
was totally miscible and could be analyzed by density
and refractive index measurements. This investigation also
examined whether the experimental data can be well
correlated by two typical methods existing in the literature,
and whether ternary effects are present, since this system
involves both positive and negative deviations from
Raoult’slaw.

PURITY OF COMPOUNDS

First grade (Japanese industrial standards) chloroform
was fractionated in a glass column packed with McMahon

! Present address, Kanazawa University, Kanazawa, Japan

360

packings, and a heart cut was used for experimental work.
First grade methyl acetate was purified by the procedure
of Hurd and Strong (8). Special grade (Japanese industrial
standards) benzene was purified by fractional crystallization
repeated twice. The physical properties of the purified
materials are compared with the literature values in
Table I.

ANALYTICAL METHOD

The vapor and liquid compositions of the methyl aceta «—
chloroform-benzene mixtures can be easily ‘determined by
density and refractive index measurements. Uncertainty
of =0.0001 in density and refractive index means an
uncertainty of 0.001 in the values of mole fraction of
compositions of components.
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Refractive index measurements were made using a
Shimadzu Pulfrich refractometer with prism thermostated
at 25° = 0.1° C. for monochromatic light of a sodium lamp.
Values were reproducible within +0.0001.

Density determinations were made using 10-ml. pycnom-
eters suspended in a thermostat controlled at 25° + 0.1°C.
and were reproducible within +0.0001.

The binary mixtures were analyzed by a calibration chart
of physical properties vs. compositions made on the known
mixtures once the density or refractive index measurement
was made. The compositions of binary systems determined
by these two measurements did not differ by more than
0.001 mole fraction. The ternary calibration mixtures were
prepared by adding benzene to nine mixtures of chloroform
and methyl acetate of known composition. The densities
and refractive indices of the resulting mixtures were
determined. These properties of the binary and ternary
mixtures are listed in Table II. The properties were
plotted against mole fraction of benzene with compositions
of methyl acetate on a benzene-free basis. By linear
interpolation, smoothed ternary standard calibration data
were obtained for isometric values of properties. These
data were used to construct a ternary calibration chart
as shown in Figure 1.

BENZENE

Va

v/ \'
& 1o /X ONIK 7\
SQ\Q/ P A?/A/' \>° o‘:\p
g WA VA %

METHYL ACETATE CHLOROFORM

Figure 1. Lines of constant density and refractive
index for the ternary system

APPARATUS

The experimental determination of vapor-liquid equi-
libria was carried out in a Colburn vapor-recirculating still
like that of Griswold and Buford (6). Equilibrium tempera-
tures were measured by a copper-constantan thermocouple
which was calibrated against a standard thermometer and
connected with a Yokogawa P-7 potentiometer. The pre-
cision of temperature measurements was within =+ 0.05° C.
Since barometric pressure changed slightly, observed boiling
temperatures were corrected to normal boiling points by
the following equation (15).

t, + 0.000 12(¢, + 273.2)(760 - P)
corrected temperature, ° C.

observed temperature, ° C.
barometric pressure, mm. of mercury

W
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The activity coefficients of component i, v, were cal-
culated by the equation

Y = 'thlPL (1)

where 7 is the total pressure equal to 760 mm. of mercury.
P is the vapor pressure of pure component i as the tempera-
ture of the system. The vapor pressure data for benzene
were calculated using the Antoine equation given by
Lange (I11).

10810P . 1g= 6.90565 — 1211.033/ (¢ ° C. + 220.790)

The vapor pressure data for chloroform and methyl acetate
were taken from the compilation of Timmermans (18).

Binary Systems. The correct form of the Gibbs-Duhem
equation for isobaric binary systems was derived by Ibl
and Dodge (9) to be

€2)

X1

dinvy, dny: _  aH <_d_7;>
dx, P rdn RT*® dx, /,

where AH is the integral heat of mixing per mole. Hence,
the usual area condition was modified by Chao (3) to be

1 1
R T P
The value of a is not zero for systems showing a wide
boiling point range and considerable heat of solution.
However, in an azeotropic system a tends to vanish, since
the sign of the slope (d7/dx:), changes as the composition
goes through the azeotropic point.

At constant pressure the excess free energy may be

expressed as the same functional form of equation originally
developed by Redlich and Kister (4).

GF= RTxxo[B+ C{xy = x%2) + D(xy — x2)2 + ... (4)

Since the experimental evaluation of (AH/RT?(dT/dx,),
is difficult, Chao (3) included the effect of (AH/RT?
(dT/dx:), in the empirical equation for the ratio of
activity coefficients as a series function of compositions.
He proposed the following modified Redlich and Kister
equation, allowing the requirements of Equation 3

Invyi/v2=a+ blx: — x1)
+ c(6x1x: = 1) + d{x: — x1) (1 = 8x,%2) + ... (5)

Combination of Equations 4 and 5 gives the activity
coefficients of the individual components. Thus,

Inv,=xx: [B+ Clx, - x2) + D(x; = x)%+ ... ]
+ xsla+b(xs ~x1) +c(Bxyx, — 1)

+d(x1—11)(1—8x112)+...J (6a)

In Yo = xlxz[B + C(xl - xz) + D(x1 - XQ)Z + ... ]
- Il[a + b(xy — x1) + c(Bx1x2 — 1)
+d(x = x)(1 - 8xixs) +... | (6b)
The coefficients a, b, ¢, d, B, C, and D, if terms above d
and D are neglected, must satisfy the following relation,

because the value of (AH/RT? (dT/dx.), becomes zero at
the limiting concentrations (x;, — 1 and x. — 1) (14).

{—a+(B—b)—(C—c)+(D—d)=0 o

~a-B-bH-(C-c)-(D-d)=0

As shown in Table III, the component binary systems
involve a, b, ¢, B, and C. So Equation 7 is solved as
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Table I. Physical Properties of Pure Compounds Used

Boiling Point, ¢ C. Density, 25/4 Refractive Index, /25
Compound Exptl. Lit. Exptl. Lit. Exptl. Lit.
Methyl acetate 56.8 56.8(2) 0.9273 0.9273(18) 1.3589
1.3615(p/20) 1.3614(2)
Chloroform 61.2 61.26(10) 1.4802 1.4787(10) 1,4433 1.4430(10)
61.152(18) 1.4807(1) 1.4433(1)
Benzene 80.1 80.1(4) 0.8739 0.8736(4) 1.4979
0.8738(18} 1.4980(4)

Table Il. Data for Analysis of the System Methyl Acetate—Chloroform—Benzene

Methyl Refractive Methyl Refractive
Acetate Benzene Density Index Acetate Benzene Density Index
0.923 0.077 0.9218 1.3698 0.267 0.588 0.9675 1.4538
0.872 0.128 0.9181 1.3769 0.201 0.690 0.9429 1.4647
0.798 0.202 0.9131 1.3879 0.133 0.795 0.9198 1.4760
0.714 0.286 0.9081 1.3997 0.051 0.921 0.8913 1.4896
0.647 0.353 0.9041 1.4094 0,550 0 11753 1 3964
0.547 0.453 0.8986 1.4236
0.504 0.084 1.1465 1.4052
0.448 0.552 0.8920 1.4372
0.483 0.122 1.1329 1.4091
0.343 0.657 0.8881 1.4517
0.418 0.240 1.0952 1.4216
0.298 0.702 0.8861 1.4578 T oo
0.190 0.810 0.8814 1.4723 : : 1.0519 1.4355
0.287 0.478 1.0205 1.4461
0 0.832 0.9669 1.4891 0.233 0.576 0.9915 1.4560
0 0.770 1.0016 1.4857 0.171 0.689 0.9586 1.4677
0 0.679 1.0538 1.4806 0.125 0.773 0.9352 1.4758
0 0.572 11164 1.4748 0.065 0.882 0.9057 1.4867
0 0.480 1.1719 1.4696
0 0.366 1.2419 1.4636 0.460 0 1.2256 1.4042
0 0.267 1.3040 1.4581 0.424 0.078 1.1949 1.4116
0 0.165 1.3695 1.4525 0.378 0.179 1.1554 1.4215
0 0.083 1.4240 1.4481 0.331 0.280 1.1173 1.4312
0.283 0.384 1.0797 1.4409
0.898 0 0.9826 1.3674 0.238 0.483 1.0453 1.4503
0.827 0.078 0.9729 1.3779
0.197 0.572 1.0133 1.4587
0.752 0.192 0.9583 1.3933
0.144 0.688 0.9744 1.4694
0.644 0.283 0.9473 1.4054
0.102 0.778 0.9445 1.4779
0.554 0.383 0.9358 1.4188 oos i 90T e
0.478 0.468 0.9262 1.4302 : ' : 4885
0.380 0.577 0.9148 1.4442 0.352 0 1.2855 1.4136
0.283 0.685 0.9035 1.4581 0.324 0.079 1.2489 1.4204
0.175 0.805 0.8918 1.4735 0.284 0.193 1.1976 1.4301
0.068 0.925 0.8810 1.4886 0.249 0.292 1.1538 1.4387
. 0.220 0.376 1.1183 1.4460
0.803 0 1.0355 1.3752 0.188 0.466 1.0804 1.4537
0.753 0.062 1.0240 1.3828
0.151 0.572 1.0367 1.4626
0.658 0.180 1.0019 1.3981
0.114 0.675 0.9964 1.4714
0.582 0.275 0.9851 1.4099
~ 0.079 0.774 0.9579 1.4795
0:508 0.367 0.9693 1.4211 o0m Oo0s O ooer e
0.416 0.483 0.9503 1.4357 - : . :
0.333 0.586 0.9344 1.4482
0.253 0.685 0.9191 1.4603 0.233 0 1.3518 1.4237
0.216 0.075 1.3119 1.4296
0.175 0.783 0.9046 1.4721 0190 0.154 1954r 14578
0.058 0.927 0.8842 1.4895 : : : :
0.169 0.275 1.2076 1.4447
0.754 0 1.0629 1.3792 0.133 0.431 1.1307 1.4564
0.680 0.098 1.0423 1.3906 0.123 0.473 1.1107 1.4595
0.586 0.188 1.0223 1.4022 0.086 0.630 1.0368 1.4712
0.549 0.271 1.0054 1.4123 0.072 0.691 10091 1.4756
0.466 0.382 0.9834 1.4256 0.046 0.802 0.9591 1.4838
0.395 0.476 0.9650 1.4372 0.022 0.907 0.9137 1.4917
0.320 0.575 0.9468 1.4489 0121 0 L4140 14333
0.240 0.681 0.9274 1.4615
0.110 0.086 1.3629 1.4389
0.157 0.792 0.9084 1.4715 60 o015 1o Tiieo
0.076 0.899 0.8903 1.4867 : : : .
0.087 0.277 1.2510 1.4515
0.648 0 1.1209 1.3878 0.077 0.366 1.2014 1.4572
0.582 0.102 1.0925 1.3994 0.063 0.478 1.1398 1.4644
0.533 0.178 1.0714 1.4080 0.051 0.576 1.0867 1.4708
0.460 0.291 1.0412 1.4210 0.038 0.689 1.0286 1.4780
0.402 0.380 1.0184 1.4307 0.027 0.775 0.9843 1.4837
0.341 0.474 0.9947 1.4412 0.012 0.905 0.9265 1.4920

Table Ill. Constants Used in Expressing Activity Coefficients

System a;; bi; Cij B;; Ci
Methyl acetate(1)-chloroform(2) 0 -0.2735 0.0409 -0.2735 0.0409
Chloroform(2)-benzene(3) 0 -0.0955 0.0143 -0.0955 0.0143
Benzene(3)-methyl acetate(1) 0.0308 0.1245 0.0183 0.1245 -0.0125
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{o=? ®)

C=c-a

In the actual numerical calculation logarithms were based
on 10.

The vapor-liquid equilibrium data for the methyl
acetate-chloroform system forming a maximum boiling
azeotrope were reported by Bushmakin and Kish (2) in
1957. The present data obtained here are in close agree-
ment with theirs. The chloroform-benzene system was
determined by Reinders and de Minjer (17) in 1940. The
x-y data agree well with their data, but the boiling point
data are slightly lower than their data (a maximum
deviation of 0.5°C.). This system shows small negative
deviations from ideality. The end values of activity
coefficients used are the same as those determined by
Edwards, Hashmall, Gilmont, and Othmer (5).

The data on the methyl acetate-benzene system are not
reported in the existing literature. This system indicates
positive deviations from ideal solution.

The experimental data are listed in Tables IV, V, and
VI for the three binaries.

Ternary System. An extension of Equation 2 to the ternary
system under isobaric conditions gives

AH

xidln y: + x.dln v> + x3dln ys = — BT a7 9)

The excess free energy Gf» for the ternary system is
expressed as follows,

Gy = GE + GE + G5 + RTxxox3[B + Ci(x: — 1)
+ C2(x.3 - xl) + Cg(x1 - XQ) + ... ] (10)

where the first three terms on the right side represent
contributions by the individual binaries, and the last term
represents ternary effects. Equation 4 gives G®’s for binaries.

Standard procedures for deriving thermodynamic rela-
tions allow one to obtain expressions of activity coefficients
and their ratios. The difficulties with the (AH/RT? x
(3T /dx), term are circumvented by modifying the con-
stants as done with the binary system (4). The author
suggests the following equation

Inviive = ap — bt —x2) + C12[2x1x2 = (x, - xz)z] +...
+ X:z{ by — by — Cze(zx-z - x%) + Cat(xz— 2x1) - b((xl - x-z)
—cxi(2x = x) + xe(r — x2)] = co[m 22 — x1}]

} (11)

+ x3(x1 — xﬂ} + Ca[2X1X2 - {(x; — XQ)2 ] +...

This equation including a;» term on the right side is
different from that in the original article by Chao and

Table V. Experimental Vapor-Liquid Equilibrium Data
for Methyl Acetate(l)-Benzene(3)

Mole Fraction of Activity Coeff.

Temp., Methyl Acetate Methyl
°C. Liquid Vapor acetate Benzene
57.9 0.895 0.933 1.006 1.335
58.4 0.863 0.914 1.004 1.290
60.1 0.735 0.832 1.013 1.226
61.8 0.620 0.749 1.022 1.203
63.8 0.505 0.665 1.043 1.151
66.8 0.362 0.545 1.084 1.095
67.5 0.338 0.528 1.095 1.069
71.0 0.212 0.387 1.147 1.039
71.8 0.189 0.356 1.155 1.033
73.5 0.139 0.282 1.181 1.026
75.9 0.076 0.175 1.244 1.018
76.9 0.055 0.133 1.267 1.025

Table VI. Experimental Vapor-Liquid Equilibrium Data
for Chloroform{(2)-Benzene(3)

Mole Fraction of

Table IV. Experimental Vapor-liquid Equilibrium Data
for Methyl Acetate(l}-Chloroform(2)

Mole Fraction of Activity Coeff.

Temp., Methyl Acetate Methyl
°C. Liquid Vapor acetate Chloroform
58.1 0.920 0.953 0.992 0.650
59.2 0.851 0.907 0.983 0.665
60.3 0.782 0.854 0.971 0.688
61.4 0.706 0.791 0.961 0.705
62.4 0.640 0.719 0.932 0.750
63.2 0.563 0.631 0.905 0.790
63.7 0.532 0.592 0.884 0.803
64.2 0.463 0.502 0.847 0.840
64.7 0.406 0.425 0.804 0.864
64.7 0.335 0.327 0.750 0.903
64.6 0.263 0.236 0.692 0.925
64.2 0.224 0.191 0.666 0.944
63.7 0.171 0.130 0.604 0.967
63.5 0.159 0.117 0.599 0.971
62.2 0.064 0.040 0.532 0.992
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Temp Chloroform Activity Coefficients
°C. Liquid Vapor Chloroform Benzene
62.6 0.934 0.968 0.990 0.861
64.1 0.853 0.922 0.983 0.893
65.4 0.783 0.875 0.976 0.927
67.0 0.700 0.814 0.965 0.945
68.3 0.637 0.762 0.952 0.957
69.7 0.570 0.702 0.938 0.966
70.8 0.517 0.652 0.928 0.968
71.6 0.467 0.601 0.924 0.980
72,2 0.443 0.570 0.909 0.991
73.3 0.388 0.508 0.894 0.996
4.4 0.333 0.443 0.879 0.999
74.7 0.318 0.429 0.883 0.992
75.7 0.266 0.361 0.870 0.983
76.2 0.229 0.316 0.864 0.997
76.9 0.193 0.270 0.857 0.999
717.9 0.133 0.190 0.851 1.000
78.4 0.116 0.167 0.844 0.993
79.0 0.068 0.100 0.847 0.999
79.2 0.060 0.089 0.849 0.997
Hougen (4). This comes from thermodynamic principle

that the ternary equations must be consistent with
component binary equations. At zero value of x; Equation
11 reduces to Equation 5. The similar expressions for
In v2/4; and In v;/v: are obtained by cyclic permutation
of the subscripts in the order of 1, 2, 3, 1. Combining
these equations for the ratio of activity coefficients and
Equation 10 gives expression of activity coefficients of the
individual components, thus

In Yi = QpXs — QuXs + (G?zz/RT) + [xg(xg + x‘:) - xlxg]

[bl'l + Clz(X1 - XQ) + ... ] - 2x2x3[bgq + Cw(Xz - Xq) + .

)+ [xaxa (s + x0) — 28,

-]

+ [(x§ - x1) (%2 + x3) + xle][bﬂ + oenlxs — X)) + .. ]
+ [t + x3) + 0123 (Lo + . .. ]
)

(en + ...) + [“2;xi(x + x3) + ;mxxallen + ..
+ [ (e + 23) (s = X1%a) = Xo (X323 — 212) ] [0 + €1 (22 = x3)

+exs—x) +es(x—x2) + ... ] + xxxs[(x + x)

(01 —202+Cq) _x2(2C1"Cj—C‘1) +] (12)

Similarly Inv: and Invy; are obtained by cyclic advancement
of the subscripts.

The ternary vapor-liquid equilibrium data could be
predicted from the binary constants only by neglecting
the ternary constants in the modified Redlich and Kister
equations. The ternary vapor-liquid equilibrium data are
listed in Table VII and compared with calculated values.
The average deviation between observed and calculated
vapor compositions is 0.005, 0.006, and 0.007 for methyl
acetate, chloroform, and benzene, respectively. The average
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difference between experimental and calculated tempera-
tures is 0.4° C.

Algebraic Method. Another method which correlates the
vapor-liquid equilibria of binary systems and can predict
ternary vapor-liquid equilibria from binary data treats
algebraic equations. Such as algebraic equation is expressed
for binary systems as follows (12, 16).

Yi_ % X+ X0

v X <x,bu +x‘cu> (13

The boiling points of the binary systems, T'., are cal-

culated according to the equation recently proposed by the
author (13).

To=Tiyi+ Ty + Toulys + vir) (14)

where a;;, b, ¢y, and T, are constants determined from
experimental data and given in Table VIII in which the
value of T2 is not equal to the one listed in the previous
article (13), because the present boiling point data for
the chloroform-benzene system are a little lower than those
of Reinders and de Minjer (17), ¥’s are variables defined
by the following equations

Vi=yie X/ (0 + xia,) (15)
Vo= yie X (6 + x,85) (16)
Vo= e b (b + 560) an
Yio= e 2/ (b + xic) (18)

If a ternary system does not deviate too much from the
condition,
bipebyby =1 (19)

the vapor compositions of the system are obtainable from
binary constants using the equation recommended by Lu,
Li, and Ting (12).

Yiiyelys = (bBI/bIQ)l s X1 (X1 + Xo@12 + x;cm/lm)
(blz/bza)l 8 Iz(JCE + X3Qx + szm/bLz)
(b%/bil)l ¢ X3(X3 + X183 + X200/ bos) (20)

Analogous equations were empirically proposed by Hala
(7). Equation 20 is more flexible for practical use than
Hala’s equation, because the former may satisfy the
restriction of Equation 19 approximately, but the latter
must fulfil it strictly. The boiling points of the system,
T, are calculated by using Equation 20 in the same manner
as those of the binary systems.

To=Tiyu+ Toyn + Toyn + Tio(yie + yo1)
+ Toy(ym + y3) + Tu(yis + ya) (21)
where yi; is given by the equation,
Y= yYixy/ (X + X212 + X303/ b)) 22)

and the other y’s are defined similarly.

For the present ternary system bi- bay- by = 1,259, so the
above equations are applicable. Calculated values of vapor
compositions and boiling points are also given in Table VII.
Average deviation of the calculated from the observed
vapor compositions is 0.006 for methyl acetate, 0.008 for

Table VIII. Primary Information Used for Prediction of
Ternary Vapor-Liquid Equilibria
(biz.bz.bs = 1.259)
System aj; b cy Ty
Methyl acetate(I)-chloroform(2) 0.255 0.534 0.497 348.1

Chloroform(2)-benzene(3) 0.960 0.653 0.500  347.1

Benzene(3)-methyl acetate(I) 2.271 3.610 2.744 338.7
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chloroform, and 0.008 for benzene. The average deviation
of the calculated boiling temperatures from the experi-
mental values is 0.2° C.

Conclusions. The two correlation methods give com-
able results on the predicted vapor compositions. The
analytical equations expressing In 4 involve a lengthy
trial and error method for the prediction of boiling
temperatures and vapor compositions, but the algebraic
method allows one to handle such problems in a straight
forward manner, without involving trial calculations. The
ternary predicted boiling temperatures by the latter agree
better with the experimental data than those obtained by
the trial error method. Apparently further investigations
will be needed for making a inclusive comparison of their
merits. No ternary azeotrope was found.
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NOMENCLATURE
Qiz, Q23, A3y
bli’ b237 b(il
Ci, €3, €1 = constants defined by Equations 13 to 22
a,b,cd,
B,C,D = modified Redlich-kister binary constants defined
by Equations 4 to 8
B,C, C, Cs
b,c1, ¢, ¢35 = modified Redlich-Kister ternary constants defined

by Equations 10 to 12

Gf = excess free energy per mole of solution
AH = integral heat of mixing per mole of solution
P = Dbarometric pressure, mm. of mercury
P, = vapor pressure of component i, mm. of mercury
R = gascontants
t. = corrected temperature, ° C.
t, = observed temperature,°C.
T = boiling temperature, ° K.
Ty, Ts, Tz = constants defined by Equations 14 and 21
x. = mole fraction of liquid phase of component ¢
y: = mole fraction of vapor phase of component :
v: = activity coefficient of component i
r = total pressure, mm. of mercury
Subscripts
1,2,3,i,j = components
m = mixture
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