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Excess Thermodynamic Properties for the Binary System 
1,3-Dioxolane-Acetonitrile at f = 40 O C  
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Isothermal vapor-liquid equllibrium data P-x ,-y , are 
obtained for the mixture 1,3-dloxolane-acetoniriie at t = 
40 O C  and are correlated by a two-parameter 
Redlkh-Klster equatlon. Also liquid-phase enthalpies of 
mixing H E  are determlned as a function of compositlon 
and the excess functions GE and TSE are calculated 
therefrom. A comparison of the thermodynamic properties 
of this mixture with those of 1,4-dioxane-acetonitrile Is 
then made. 

Introductlon 

Data for the vapor-liquid equilibrium (VLE) and the liquid- 
phase enthalpy of mixing are determined at t = 40 O C  for the 
binary mixture 1,3dioxolane-acetonitrile, with the aim of com- 
paring the thermodynamic properties of this system with those 
of 1,4-dioxane-acetonitriIe ( 7 ) .  

Experimental Section 

Chemlcals Used.  1,3-Dioxolane (dioxolane), Fluka product, 
analytical grade 99 % , was purified following the method de- 
scribed in ref 2. Acetonitrile was a C. Erba (Milan, Italy) 
RPE-ACS 99.9% product. The major impurity, water 0.1 % 
was removed by distillation. The refractive indexes n25D of 
purified products are for dioxolane 1.3985 (literature values 
1.3974 (3) and 1.4000 (4)) and for acetonitrile 1.3418 (literature 
values 1.3416 (5) and 1.3419 (6)). Dioxolane is component 1. 

VLE Me8swements. The VLE data P-xi -y ,  at t = 40 OC 
were obtained by using the equilibrium still manufactured by 
Fritz GmbH (Normag) Hofheim (West Germany). For details of 
the apparatus and check of the equipment, see ref 7 and 8. 
The VLE data are shown in Table I and Figure 1. 

Temperature and pressure were controlled by digital instru- 
ments, allowing an accuracy of 0.1 OC and 1 mbar, respec- 
tively. 

The vapor pressure of pure dioxolane was evaluated by the 
expression 

log P i o  (mmHg) = 8.13821 - 1826.87/T(K) 

fitting our experimental points P,', T with a rms deviation of 0.3 
mmHg between calculated and experimental P i o .  The vapor 
pressure of acetonitrile was taken from ref 7 .  

The mole fractions x , and y , for component 1 in the liquid 
and vapor phases were obtained by using a precision Abbe 
refractometer having an accuracy of 0.0002 refractive unit. 
The refractive index-composition data were correlated by the 
expression 

x i  = N ,  -k N , N ,  a , (N,  - N,)k (1) 
k a0 

where 

N ,  = (n - n , ) / ( n ,  - n2) N ,  = 1 - N ,  (2) 

Table I. P-xl-yl Data for the Mixture Dioxolane 
(1)-Acetonitrile (2), at t = 40 OC 

P, mmHg xi Y1 P, "Hg x1 y1 
171.0 0.000 0.000 195.0 0.462 0.511 
173.3 
174.8 
176.3 
178.5 
181.5 
183.8 
186.4 
189.0 
193.1 

0.035 
0.057 
0.083 
0.115 
0.163 
0.200 
0.255 
0.309 
0.412 

0.049 
0.077 
0.110 
0.150 
0.209 
0.249 
0.309 
0.366 
0.462 

197.3 
199.1 
200.6 
201.8 
202.5 
202.2 
202.3 
202.2 
201.8 

0.520 
0.578 
0.643 
0.716 
0.780 
0.870 
0.935 
0.963 
1.000 

0.562 
0.610 
0.665 
0.728 
0.785 
0.858 
0.928 
0.952 
1.000 

Table 11. Liquid-Phase Enthalpy of Mixing for the Mixture 
Dioxolane (1)-Acetonitrile (2), at t = 40 "C 

21 HE, J.mo1-l x1 HE, J.mo1-l 
0.0230 -4.5 0.6031 -78.9 
0.0590 -14.4 0.6950 -72.7 
0.115 -24.4 0.7532 -66.3 
0.1585 -35.9 0.8201 -56.1 
0.2021 -45.8 0.8603 -46.0 
0.2747 -56.8 0.9023 -36.3 
0.3362 -65.0 0.9486 -19.1 
0.4317 -77.4 0.9610 -15.7 
0.5326 -80.1 

and n ,, n ,  are the refractive indexes of pure components. 
Thus, eq 1 gives the mole fraction x ,  directly from the mea- 
sured refractive index n = n25D. The parapeters ak were 
determined with a least-squares method. The objective function 
to be minimized is 

Nn 

4" = c77, 
k = l  

where the residual 77 is given by the difference between (x , - 
N , ) / N , N ,  and the summation in eq 1 and N,, is the number of 
the refractive index-mole fraction points. With four parameters, 
the maximum deviation between calculated and experimental 
x i  is of the same order as the error on x i  evaluated through 
the approximated formula 

dx, N d N ,  = dn/ (n ,  - n,) = 0.0002/0.0567 = 

obtained by taking the derivative of eq 1 and retaining only the 
first term. 

Calorknetric Measurements. The liquid-phase enthalpies of 
mixing (excess molar enthalpies) HE for the mixture di- 
oxolane-acetonitrile at t = 40 OC were measured by a flow 
microcalorimeter Model 2 107, LKB-Produkter AB (Bromme, 
Sweden), which is described in ref 9). Details on the calibration 
of the equipment and the accuracy of the measurements are 
also reported (70). Table I 1  and Figure 2 show values of HE 
as a function of the mole fraction of dioxolane. Densities of 
pure components, which are necessary to obtain fluxes in the 

3.5 x 10-3 (3) 
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Figure 1. VLE data for the mixture dioxolane (1)-acetonttrile (2) at t 
= 40 O C .  Pin mmHg. 

I 0.5 1 
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Flgure 2. LiquMphase enthalpy of mixing HE (Jmoi-') for the mixture 
dioxolane (1)-acetonitrile (2), as a function of the mole fraction of 
dloxdane, at t = 40 'C: (0) experimental points; (-) calculated wlth 
eq 10. 

calorimetric measurements, were taken from ref 7 and 70. 

Correlatlon of VLE and HE Data 

The thermodynamic consistency of the VLE data was 
checked by the area test 

nl 

(4) 

where the activity coefficients y1 and y2 are evaluated from 
the experimental data of Table I through the formula 

yk = fJyk/Pk0'X, k = 1, 2 

where PO' is the corrected vapor pressure of pure component 
( 7  I ) ,  taking into account the nonideality of the vapor phase. 
Figure 3 shows the In (y1/y2) vs x1  plot. The estlmated error 
AI on I was obtained from knowledge of the uncertainties in 
xl, y l ,  P ,  T by the variance analysis given in ref 72. We have 
Z = -0.027 f 0.10. 

An uncertainty in x 2.5 times the value obtained from eq 3 
would be necessary to have a AI comparable with I and 
agreement with eq 4. This situation was met with other mix- 
tures ( 73, 74) and was attributed to possible associations be- 
tween the components. Owing to the lack of any information 
on the species really present in the mixture considered here, 
we did not try to apply the procedure of ref 73 to correct the 
acthrity coefficients of components dioxolane and acetonitrile. 

X I  
0.5 

Flgure 3. Plot of Z = In (y,/y2) vs x1  for the mixture dloxolane 
(1)-acetonitrile (2). 

Figure 4. GE/RTplot for the mixture dioxolane (1)-acetonitrile (2), as 
a function of the mole fraction of dioxolane, at t = 40 O C :  (0) ex- 
perimental points; (-) calculated w b  the two-parameter RedlWIster 
expression, eq 6. 

The VLE data of Table I were correlated by a two-parameter 
Redlich-Kister expression 

In y1 = x t [ C  + D(3x,  - x,) ]  

In y2 = X , ~ [ C  + ~ ( x ,  - 3x2) ]  

The parameters C and D were calculated by using a least- 
squares method, to minimize the objective function 

k l l  

with 

(7) 

where NG is the number of the VLE experimental points, the 
yem's and the yea% being given by eq 5 and 6, respectively. 

An increased number of parameters in eq 6 leaves practi- 
cally unchanged the minimum of q5 G, whereas the parameters 
exceeding C and D are close to zero with estimated standard 
errors larger than the values of parameters. The fair correlation 
of VLE data by eq 6 is reflected by the small values of the 
mean deviations ws 

which are 0.007 and 0.029, respectively, for dioxolane and 
acetonitrile. 

The molar excess free energy divided by RT 

G E / R T  = x 1  In y1 + x 2  in y2 (9) 

is shown in Figure 4, where experimental and calculated values 
are compared. 

The two-parameter Wilson expression was also considered 
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Table 111. Results of the Least-Squares Analysis for the 
Mixture Dioxolane-Acetonitrile at t = 40 'C" 

C = 0.213 F 0.006 
D = 0.033 LF 0.001 

= -0.371790 
a, = -0.085699 

= -0.101128 
U S  = -0.070404 

bo = -318.0 F 1.8 
b,  = -61.6 F 5.6 
b2 = -9.2 LF 5.1 
b, = -42.0 F 9.9 

UG = 0.0014 u,, = 0.0026 "H = 1.0 

a C and D are the parameters in the Redlich-Kister expression 6, 
correlating VLE data; ak ( k  = 0, 1, 2, 3) and bk ( k  = 0, 1, 2, 3) are 
the parameters in the expressions 1 and 10, correlating refractive 
index-composition and HE data, respectively. Uncertainties are 
the estimated standard errors, uG, u,,, and U H  are the rms devia- 
tions in the least-squares procedure leading to the parameters C, 
D, ah, and bk, defined by u = (dmin/(N - Np))0.5 with &,in the min- 
imum of the objective function; 4, N ,  and Np are the number of 
experimental points and of adjustable parameters. 

for correlating the VLE data but larger values of I # I G  and 
were obtained. 

pression 
The HE's data were correlated by the Redlich-Kister ex- 

and the parameters bk were obtained by the least-squares 
procedure used in ref 70. Four parameters allow eq 10 to fit 
experimental data with a rms deviation uH close to 1 J mol-'. 
Figure 2 compares the experimental HE's and those calculated 
by eq 10. 

Table I I I shows all calculated parameters, together with the 
rms deviations between calculated and experimental values. 

Figure 5 shows the calculated excess functions GE, HE and 
TSE = HE - GE. 

Conclusions 

In  spite of the fact that dioxane and dioxolane have very 
similar molecular structures, both being cyclic (with 6 and 5 
members, respectively) saturated, and inclusive of two in-cycle 
ethereal groups, the thermodynamic properties of their binary 
mixtures with the same compound, acetonitrile, are quite dif- 
ferent and can be summarized as follows. 

1. The binary system acetonitrile-dioxane does not give an 
azeotrope whereas the acetonitrile-dioxolane shows one, al- 
though not marked. 

2. The liquid-phase enthalpy of mixing HE of dioxane-ace- 
tonltrile shows a sign inversion as a function of the composition. 
Instead, the HE's of dioxolane-acetonitrile are always negative 
with a minimum whose absolute value is about twice the 
maximum value of the acetonitrile-dioxane mixture. The graph 
of HE vs composition for the dioxane-acetonitrile mixture is 
similar to that for dioxane-water, but with lower values of HE 
since the energies corresponding to the water-water hydrogen 
bonds are larger than the mainly electrostatic interaction en- 
ergies between acetonitrile molecules. However, the latter 
prevail over dioxane-dioxane and dioxane-acetonitrile interac- 
tion energies, on account of the unusually large dipole moment 
(3.4 D) of acetonitrile (75). 

The calorimetric behavior of the mixture dioxolane-aceto- 
nitrile (not showing the sign inversion in H E  displayed by di- 
oxolane-water) may be accounted for on the basis of interac- 
tions stronger than the mixture acetonitrile-dioxane and of 
electrostatic nature. In  fact, the symmetric molecule of diox- 
ane has no appreciable dipole moment, while dioxolane has a 
dipole moment of 1.47 D (76). Furthermore, in the latter the 
carbon atom in position 2, neighbor to two oxygen atoms, 
should have a fractional positive charge larger than that of the 
carbon atoms of dioxane, where such a situation cannot occur. 
As a consequence, when dioxolane and acetonitrile are mixed, 
the energy adsorbed in breaking acetonitrile-acetonitrile bonds 
is lower than the energy released in the formation of aceto- 
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Flgure 5. Excess functions (Jsmol-') for the mixture dioxolane (1)- 
acetonitrile (2) at f = 40 "C. 

nitrile-dioxolane bonds and the HE's are always negative. 
3. Though the activity coefficients of the components in both 

mixtures show positive deviations from Raoult law, the GE's of 
dioxane-acetonitrile are about twice the values for dioxolane- 
acetonitrile, owing to the relative larger y's of dioxane. 

Glossary 

parameters in the empirical expression correlating 
refractive index-composition data, eq 1 

parameters in the Redlich-Kister expression corre- 
lating the HE's, eq 10 

parameters in the Redlich-Kister expression corre- 
lating VLE data, eq 6 

excess molar free energy 
excess molar enthalpy (liquid-phase enthalpy of 

integral in the area test, eq 4 

number of experimental points 

mixing) 

(n - n M n 1  - n2) 

number of adjustable parameters 
= n25D, refractive index at t = 25 O C  with Na lamp 
refractive index of pure components 
pressure 
"corrected" vapor pressure of pure component 
gas constant 
excess molar entropy 
absolute temperature, K 
temperature, O C  

mole fraction of dioxolane in the liquld or in the vapor 

activity coefficient 
mean deviation between calculated and experimen- 

estimated error on I 
objective functions in the least-squares method 

rms deviation, defined as (4 ,,,,,,/(N - Np))O.', with N 
the number of experimental points N,, NG, N H  

phases 

tal y 

refer to refractive index-composition, VLE, and HE 
data, respectively 
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Registry No. 1,3-Dioxolane, 646-06-0; acetonitrile, 75-05-8. 
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Solubility of Aromatic Hydrocarbons in Water and Sodium Chloride 
Solutions of Different Ionic Strengths: Benzene and Toluene 

Dean F. Keeley," Melanle A. Hoffpaulr, and John R. Merlwether 
Departments of Chemistry and Physics, and The A cadiana Research Laboratory, University of South western Louisiana, 
La fayette, Louisiana 70504 

The solubllltles of benzene and toluene In aqueous sodlum 
chlorlds solutlons havlng lonlc strengths ranglng from 0 to 
5.00 have been determlned at 25.00 OC. The solubllltles 
were determlned by headspace analysls uslng a multlple 
lnjectlon Interrupted flow (MI IF) technlque. The values 
for the Henry's law constants and partltlon coefflclents for 
benzene and toluene In the solutlons studled are also 
given. The actlvlty coefflclents of benzene and toluene In 
the solutions studied can be calculated from the solublllty 
data. 

Determining solubilities of substances with appreciable vapor 
pressures can be complicated by the partition of such sub- 
stances between the solvent and free gas space present above 
the solvent. A modification of the headspace analysis technique 
developed by Massaldi and King ( 7 )  was selected as the method 
used for this study because of its ease of execution and be- 
cause solute partition is not a problem since headspace 
methods make use of partition. 

Theory 

Volatile solutes tend to obey Henry's law 

p = kx (1) 

The Henry's law constant is dependent upon the solute, solvent, 
and temperature but is independent of x over the range for 
which the law holds. Since conformity with Henry's law in- 
creases as x - 0, substances of limited solubilities tend to 
obey it over their solubility range. 

When a sample from above a solution of a volatile solute, 
which obeys Henry's law, is analyzed by gas chromatography 
(GC) the peak area of the solute is directly proportional to its 
mole fractions in both the vapor and solution through the rela- 
tionship 

(2) 

The total number of moles of solute in the system is given 

(3) 

A = Cy = Cx/K,  

by 
n s  = n, + n y  

Table I. Symbols Employed" 
P 
x ,  Y 

k Henry's law constant 
A,, A, integrated GC peak area o f  vapor f rom above solut ion 

samples and f rom vapor-only samples, respectively 
par t i t ion  coefficient ( = x / y )  2 GC correlation constant 

nx, n,, n, moles o f  substance in the solution, vapor, and system, 
respectively 

u,, uy, u, liquid volume o f  substance in the  solution, vapor, and 
system, respectively 

S solubi l i ty in any un i ts  
Y act iv i ty  coefficient 
/1 ionic strength 

par t ia l  pressure o f  substance in the vapor 
mole fract ion o f  substance in the solut ion and vapor, 

respectively 

Zeroed quanti t ies refer t o  system as wel l  as solvent saturation. 

I f  n: and n: can be determined then n: can be computed. 
The method of Massaldi and King was modified, in part, in the 
way n: was determined. Table I defines the terms used in the 
determinations. 

Experimental Sectlon 

Instfumentatlon. Measurements were made using a 
headspace attachment constructed specifically for a Varian 
Model 3700 gas chromatograph (2). 

Mateflals . Benzene and toluene (Baker Instra-Analyzed 
grade) were analyzed by gas chromatography and were 99.97 
and 99.83 % pure, respectively. Sodium chloride (Baker Ana- 
lyzed Reagent grade) was dried at 110 OC prior to use. The 
deionized water used had a conductivity of < (ohm cm)-' 
at 20 OC. 

Sample Preparatlon . Samples were prepared in 125-mL 
septum bottles (Wheaton "400" clear glass), which have a mean 
volume of 160.10 f 0.87 mL at room temperature. Two types 
of samples were used: one contained 50.00 mL of water or 
aqueous NaCl solution plus the hydrocarbon of interest, added 
from a microliter syringe (Hamilton Model 700 RN); the other 
contained only hydrocarbon vapor. A small 6.4 mm by 22.2 
mm Pyrex glass coated magnetic stirring bar with a mean 
volume of 0.70 mL (Bel-Art Products) was present in the liquid 
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