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Excess Volumes of Ternary Mixtures Containing p-Chlorotoluene and 
Octane with 1-Alkanols at 303.15 K 
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New excess volume data for three ternary mixtures containing p-chlorotoluene (1) + 1-pentanol(2) + octane 
(3), p-chlorotoluene (1) + 1-hexanol(2) + octane (3), and p-chlorotoluene (1) + 1-heptanol(2) + octane (3) 
have been measured at 303.15 K. The data were compared with those predicted by a semiempirical relation 
which has been recently proposed and the Redlich-Kister relation. 

Introduction 
Thermodynamic and physical properties of liquid mixtures 

are used in design calculations involving chemical separation, 
fluid flow, and heat transfer. Thermodynamic properties for 
binary systems are extensively reported in the literature, while 
those reported for ternary systems are scarce. Further, data 
for properties of multicomponent mixtures are not reported 
in the literature. The measurement of thermodynamic 
properties of ternary and multicomponent mixtures becomes 
difficult as these involve sophisticated instruments and the 
complex problems associated with the operation of the units. 
Hence, efforts (1-7) have been made over the years to 
formulate empirical and semiempirical equations which 
permit prediction of thermodynamic properties of ternary 
and multicomponent mixtures from the experimental data 
of the constituent binaries. Most of these equations take 
into account mainly pairwise interactions. However, Hwang 
et al. (8) have recently developed a semiempirical equation 
that provides for contribution from both two-body and three- 
body interactions. It has been shown that the expression 
satisfactorily predicts ternary free energies of several aqueous 
organic systems. 

Recently Acree and Naidu (9) extended the relation to 
excess volumes of six ternary mixtures (10-15) and noted 
that the equation gives a satisfactory estimate of the excess 
property. We report here new experimental excess volume 
data for three ternary mixtures, and the data are compared 
with those predicted by the new semiempirical expression (8) 
and also with the Redlich-Kister relation (I). 

Table I. Densities (p) of Pure Components at 303.15 K 
elk cm-? 

component lit. (18,19) present study 

Table 11. Binary Parameters Obtained by the Method of 
Least Squares Using the Redlich-Kister Equation (1) 

p-chlorotoluene (1) + 1-pentanol(2) + 
p-chlorotoluene (1) + 1-pentanol(2) 
p-chlorotoluene (1) + octane (3) 
1-pentanol(2) + octane (3) 
p-chlorotoluene (1) + 1-hexanol(2) + 
p-chlorotoluene (1) + 1-hexanol(2) 
p-chlorotoluene (1) + octane (3) 
1-hexanol(2) + octane (3) 
p-chlorotoluene (1) + 1-heptanol(2) + 
p-chlorotoluene (1) t 1-heptanol(2) 
p-chlorotoluene (1) + octane (3) 
1-heptanol(2) + octane (3) 

octane (3) 

octane (3) 

octane (3) 

-0.0512 
-0.8099 
0.8920 

-0.1956 
-0.8099 
0.4201 

-0.1276 
-0.8099 
0.0750 

0.5996 
-0.0882 
-0.8610 

0.6900 
-0,0882 
-0.9344 

0.7385 
-0,0882 
-0.6990 

-0.4199 
-0,5437 
0.3340 

0.4253 
-0.5437 
0.3454 

-0.1088 
-0,5437 

0.1390 

Table 111. Binary Parameters Obtained by Using the 
Hwang et al. Equation (4) 

p-chlorotoluene (1) + 1-pentanol(2) t 

p-chlorotoluene (1) t 1-pentanol(2) 
p-chlorotoluene (1) + octane (3) 
1-pentanol(2) + octane (3) 
p-chlorotoluene (1) t 1-hexanol(2) + 
p-chlorotoluene (1) + 1-hexanol(2) 
p-chlorotoluene (1) + octane (3) 
1-hexanol(2) + octane (3) 
p-chlorotoluene (1) + 1-heptanol(2) + 
p-chlorotoluene (1) + 1-heptanol(2) 
p-chlorotoluene (1) + octane (3) 
1-heptanol(2) + octane (3) 

octane (3) 

octane (3) 

octane (3) 

0.1139 
-0.6274 
0.7811 

-0.3372 
-0.6274 
0.3050 

-0.0910 
-0.6274 
0.0286 

-0.0063 
-0.8273 
-0.5802 

1.3874 
-0.8273 
-0.6510 

0.7353 
-0.8273 
-0.6478 

-1.3210 
-0.6172 

1.4706 

-0.2542 
-0.6172 

1.5730 

-1.0242 
-0.6172 

1.0176 

p-chlorotoluene 1.065 100 1.065 14O 
1-pentanol 0.807 64 0.807 62 
I-hexanol 0.812 01 0.812 05 
1-heptanol 0.815 74 0.815 72 
octane 0.694 50 0.694 45 

At 298.15 K. 

Experimental Procedure 
All the chemicals used were of analytical grade. 1-Pentanol 

(Fluka), 1-hexanol (BDH), 1-heptanol (S.D. Fine Chemicals), 

* To whom correspondence should be addressed. 

and octane (S. D. Fine Chemicals) were purified by the 
methods described by Riddick and Bunger (16). p-Chloro- 
toluene (Fluka) was purified by the method described by 
Vogel (17). 1-Pentanol (Fluka) and 1-hexanol (BDH) were 
dried over Drierite and fractionally distilled. 1-Heptanol (S.D. 
Fine Chemicals) was fractionated. Octane (S.D. Fine Chem- 
icals) was purified by drying it over sodium wire for 1 day. 
It was then refluxed for 4 h and finally fractionally distilled. 
p-Chlorotoluene (Fluka) was washed successively with an 
aqueous 10 5% solution of sodium hydroxide, concentrated 
sulfuric acid, and water. It was dried with anhydrous calcium 
chloride, decanted, and distilled. The purities of the samples 
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Table IV. Experimental and Predicted Excess Molar Volumes for the Ternary Mixtures pChlorotoluene (1) + 1-Alkanol(2) 
+ Octane (3) at 303.16 K 

VE(123) AF(123) 

x1 x2 exp Redlich-Kister Hwang et al. Redlich-Kistef Hwang et al.6 

0.2442 
0.1189 
0.2252 
0.1718 
0.2389 
0.2089 
0.1666 
0.1526 
0.1345 
0.1012 

0.1620 
0.2067 
0.1289 
0.1776 
0.1332 
0.1523 
0.1970 
0.1437 
0.1339 
0.1226 

0.2054 
0.2026 
0.1953 
0.1259 
0.2014 
0.1686 
0.1940 
0.2325 
0.1104 
0.1012 

0.1359 
0.2463 
0.3445 
0.3813 
0.3944 
0.4895 
0.5524 
0.6713 
0.7548 
0.8478 

0.1873 
0.1664 
0.2586 
0.3047 
0.3438 
0.4493 
0.5883 
0.6619 
0.7192 
0.7408 

0.1289 
0.2450 
0.2771 
0.3897 
0.4773 
0.4884 
0.5440 
0.6123 
0.7716 
0.8109 

0.069 
0.159 
0.075 
0.092 
0.014 

-0.052 
-0.044 
-0.111 
-0.105 
-0.079 

0.007 
0.020 
0.024 
0.039 
0.034 
0.016 

-0,149 
-0.060 
-0.044 
-0.036 

-0.075 
-0.036 
-0.024 
-0.012 
-0.036 
-0.037 
-0,058 
-0.085 
-0.086 
-0,082 

p-Chlorotoluene (1) + 1-Pentanol(2) + Octane (3) 
-0.012 -0.020 
0.127 0.124 
0.055 0.069 
0.086 0.097 
0.040 0.063 
0.033 0.066 
0.037 0.071 

-0.006 0.026 
-0.032 -0.011 
-0.049 -0.044 

p-Chlorotoluene (1) + 1-Hexanol(2) + Octane (3) 
-0.091 -0.005 
-0.110 -0.041 
-0.050 0.031 
-0.041 -0.005 
-0.010 0.025 
0.029 -0.003 
0.031 -0.047 
0.061 -0.040 
0.053 -0.046 
0.056 -0.046 

p-Chlorotoluene (1) + 1-Heptanol(2) + Octane (3) 
-0.081 -0.086 
-0.062 -0.062 
-0.059 -0.056 
-0.041 -0.030 
-0.090 -0.062 
-0.082 -0.060 
-0.099 -0.015 
-0.110 -0.079 
-0.096 -0.148 
-0.091 -0.080 

0.081 
0.032 
0.020 
0.006 

-0.026 
-0.085 
-0.081 
-0.105 
-0.073 
-0,030 

0.098 
0.130 
0.074 
0.080 
0.044 

-0,013 
-0.180 
-0,121 
-0.097 
-0.092 

0.006 
0.026 
0.035 
0.029 
0.054 
0.045 
0.041 
0.025 
0.010 
0.009 

0.089 
0.035 
0.006 

-0.005 
-0.049 
-0,014 
-0,115 
-0.137 
-0.094 
-0,035 

0.002 
0.061 

-0.007 
0.044 
0.009 
0.013 

-0,102 
-0.020 

0.002 
0.010 

0.011 
0.026 
0.032 
0.018 
0.026 
0.023 

-0.043 
-0,006 
0.062 

-0.002 

were checked by comparing the measured densities of the 
components with those reported in the literature (18,19). 
Densities of pure liquids were measured with a bicapillary 
pycnometer which offered an accuracy of fO.OOO 02 g cm-3. 
The measured densities and the literature data are presented 
in Table I. 

Excess volumes for ternary systems were measured with a 
three-limbed dilatometer described by Naidu and Naidu (20). 
The mixing cell contains three limbs of different capacities 
connected through a W tube. Mercury was taken at the 
bottom of the bulbs of the dilatometer to separate the three 
components. One of the bulbs was fitted with a capillary (i.e. 
1.0 mm), and the other two bulbs were fitted with ground- 
glass stoppers. Four dilatometers of the aforementioned types 
were used to cover the entire range of composition. All the 
measurements were made at  constant temperature employing 
a thermostat that could be maintained to fO.O1 K. The 
measured VE values were accurate to f0.003 cm3 mol-'. 

Results and Discussion 

The dependence of VE on composition may be expressed 
by an empirical equation proposed by Redlich-Kister (1) as 
follows: 

(1) 
where XI and x2 denote the mole fractions of components 1 
and 2 and UO, al, and a2 are constants. The equation, when 
extended to a ternary mixture, takes the form 

vE = x l x z [ a ,  + a,(x, - x,) + a,(x, - xJ21 

vE(123) = ~ 1 ~ 2 ~ 3 [ ~ 0  + C Z ~ X ~ ( X ~  - ~ 3 )  + a$x,2(~2 - ~ 3 1 ~ 1  (2) 

Hwang et al. (8) developed the relation 

where AE(12) = GE(12) represents an excess thermodynamic 
property. x1 and x2 denote the mole fractions of components 
1 and 2. ao, al, and a2 are the constants for binary mixtures 
taking into account two-body and three-body interactions. 
Acree and Naidu (9) adopted the equation for excess volume 
in the following form: 

(4) 
They also extended the predictive approach to ternary VE 

vE(12) = xlx2[ao + alx13 + a$;] 

and employed the equation 

P(123) = v (12) + vl(Wx13 + v (WX 3 
1 2( 0 2 2 ) +  

x 1 x 3( v 0 (13) + v 1 (13)x13 + V,"3'X,3) + x$3(v,'23' + 
,223) 3; + V,'23)x,3) (5 )  

to predict the ternary VE data from the basis of constituent 
binaries. The predicted data were compared with experi- 
mental results of six ternary mixtures, and it was concluded 
that the new predictive expression gives a good estimate of 
ternary VE. 

We analyze here new experimental VE data for three ternary 
mixtures in light of the aforementioned equation. Further- 
more, the binary parameters for these ternary mixtures were 
collected from the literature (21-23) using the Redlich-Kister 
relation, and these are listed in Table 11. The V coefficients 
in eq 5 were computed from the smoothed binary experimental 
mole fraction x1 = 0.2,0.5, and 0.8 data and are given in Table 
111. 
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Experimental ternary excess volume data for three ternary 
systems are given in Table IV. Furthermore, the VE data 
predicted by the equations proposed by Redlich-Kister and 
Hwang et al. are included in columns 4 and 5 of Table IV. The 
differences between experimental and predicted data are given 
in columns 6 and 7 of Table IV. 

An examination of the results included in Table TV show 
that the Hwang et al. equation gives a rough estimate of VE 
in all three mixtures. However, the predictive capability of 
the relation is comparable to that of the Redlich-Kister 
relation. 
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