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of B# and C, as long as no more than one polar molecule is 
involved in the interaction. Thus, a prlori prediction of B, and 
C, for any of the sour gas systems is poor due to the presence 
of COP, H,S, and, in the last two systems, water. 
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10.0% waterkweet gas virial coefficients are not so well 
predicted possibly due to poor of 8, and c,,, for pure 
Water. These correlations generally predict reasonable Values 
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The solubllltles of naphthalene, acenaphthene, fluorene, 
and phenanthrene have been determlned experimentally in 
five blnary mlxtures and one quaternary mlxture of four 
common organic solvents (benzene, cyclohexane, 
thlophene, and pyrldlne) from 25 'C to the meltlng points 
of the solutes. The results have been correlated by uslng 
the clasdcal equatlon for solld-llquid solublllty and the 
experimental actlvlty coefflclents obtalned have been 
compared to the values predlcted by regular solutlon 
theory, extended regular solutlon theory, Wllson's 
equation, and UNIOUAC, after obtaining binary 
parameters from the 8oIubllHy of each solute In the pure 
solvents. 

I ntroductlon 

With the present trend in the petroleum industry toward 
heavier feedstocks and coalderived liquids, there is a strong 
need for expansion of the small database of thermodynamic 
data on heavier compounds that presently exists. As these 
heavier feedstocks, rich in polynuclear aromatic hydrocarbons 
(PAH's), become more common, there will be a corresponding 
increase in the need for thermodynamic data for design pur- 
poses. Activity coefficient data will be needed as will solubility 
limit data, which are important to ensure that precipitation 6f 
these heavy components, with consequent plugging of lines and 
vessels, does not occur. 

The activity coefficient data, usually obtained from VLE re- 
sults, will have to be obtained by other methods as VLE data 
will be difficult or impossible to obtain for binary mixtures of 
species with such widely disparate vapor pressures. The ob- 
vious source of the necessary data is solid-liquid solubilii re- 
sults. Because of the need for this type of data, there has been 
a renewed interest in investigations such as we report here, 
which have substantially extended the available database (7-7). 
A good discussion of this area through 1984 is available (8). 
In this work, we have extended the studies of Mclaughlln and 
Zainal (7-3) and Choi and Mclaughlln (4) to mixtures of sol- 
vents. This is a continuation of the work presented in Choi et 
ai. (5). 

The calculation of activity coefficients from solid-liquid solu- 
bility data is discussed in the next section. The third section 
presents the activity coefficient models used. The fourth and 
fifth sections present our experimental results and discuss our 
conclusions concerning the appropriate choice of activity 
coefficient models. 

Experlmental Procedures 

The chemicals used in this study were purchased and purified 
by methods discussed in previous papers (4, 5). These 
chemicals (the solutes) are recovered by rotary evaporation of 
the solvents in vacuo and reused. The putitis of the recovered 
materials relative to the original are monkored by melting point 
determinations to ensure that no contamination or degradation 
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Table I. Comparison of the Experimental and Predicted Activity Coefficients of Naphthalene in Five Binary Solvent 
Mixtures 

1,. = 0 4, + 0 Wilson’s eq UNIQUAC 
temp/K x,(exptl) y2(exptl) yz(cdcd) A / %  yz(calcd) A / %  y2(calcd) A / %  yz(calcd) A / %  

303.9 
314.8 
344.4 
336.2 
324.6 

303.7 
315.0 
324.7 
335.4 
344.0 

308.2 
312.9 
319.7 
327.1 
337.9 
347.8 

314.8 
341.3 
347.2 
301.1 
322.2 
330.8 

303.8 
306.7 
317.8 
323.0 
346.0 

0.3433 
0.4476 
0.8424 
0.7142 
0.5520 

0.3421 
0.4525 
0.5619 
0.7054 
0.8382 

0.2880 
0.3593 
0.4430 
0.5486 
0.7202 
0.8998 

0.4083 
0.7832 
0.8984 
0.2763 
0.5047 
0.6189 

0.3561 
0.3822 
0.4911 
0.6737 
0.8696 

1.085 
1.064 
1.021 
1.031 
1.055 

1.084 
1.057 
1.043 
1.028 
1.019 

1.429 
1.271 
1.190 
1.122 
1.056 
1.017 

1.165 
1.036 
1.006 
1.264 
1.103 
1.072 

1.044 
1.040 
1.034 
1.028 
1.017 

70 mol % Benzene and 30 mol % Thiophene 
1.074 -1.0 1.046 -3.6 1.074 
1.046 -1.7 1.029 -3.3 1.057 
1.003 -1.8 1.002 -1.9 1.006 
1.009 -2.1 1.006 -2.4 1.018 
1.027 -2.7 1.017 -3.6 1.041 

70 mol % Benzene and 30 mol % Pyridine 
1.046 -3.5 1.061 -2.1 1.055 
1.028 -2.7 1.037 -1.9 1.050 
1.016 -2.6 1.021 -2.1 1.040 
1.006 -2.1 1.008 -1.9 1.024 
1.002 -1.7 1.002 -1.7 1.009 

70 mol % Cyclohexane and 30 mol % Thiophene 
1.309 -8.4 1.326 -7.2 1.302 
1.232 -3.1 1.245 -2.0 1.236 
1.160 -2.5 1.168 -1.8 1.171 
1.096 -2.3 1,101 -1.9 1.108 
1.032 -2.3 1.034 -2.1 1.039 
1.004 -1.3 1.004 -1.3 1.005 

70 mol % Cyclohexane and 30 mol % Pyridine 
1.148 -1.5 1.166 +0.1 1.145 
1.015 -2.0 1.017 -1.8 1.016 
1.003 -0.3 1.003 -0.3 1.003 
1.256 -0.6 1.289 +2.0 1.238 
1.095 -0.7 1.107 +0.4 1.096 
1.052 -1.9 1.058 -1.3 1.053 

70 mol % Thiophene and 30 mol % Pyridine 
1.004 -3.8 1.022 -2.1 1.005 
1.004 -3.5 1.019 -2.0 1.009 
1.002 -3.1 1.012 -2.1 1.016 
1.001 -2.6 1.004 -2.3 1.014 
1.000 -1.7 1.001 -1.6 1.004 

-1.0 
-0.7 
-1.5 
-1.2 
-1.4 

-2.6 
-0.6 
-0.2 
-0.4 
-1.0 

-8.9 
-2.8 
-1.6 
-1.3 
-1.6 
-1.2 

-1.7 
-1.9 
-0.3 
-2.1 
-0.6 
-1.7 

-3.7 
-3.0 
-1.7 
-1.3 
-1.6 

1.058 
1.049 
1.006 
1.018 
1.037 

1.081 
1.066 
1.048 
1.025 
1.008 

1.305 
1.234 
1.166 
1.102 
1.036 
1.004 

1.136 
1.015 
1.003 
1.226 
1.089 
1.039 

1.003 
1.010 
1.024 
1.020 
1.005 

-2.5 
-1.4 
-1.5 
-1.3 
-1.7 

-0.2 
+0.9 
+0.5 
-0.3 
-1.1 

-8.6 
-2.9 
-2.0 
-1.8 
-1.9 
-1.3 

-2.5 
-2.1 
-0.3 
-3.0 
-1.2 
-2.1 

-3.8 
-2.8 
-0.9 
-0.7 
-1.2 

is occurring. All of the solvents are Aldrich Gold Label quality 
and are used on a “once through” basis as purchased. 

The experimental procedures used are essentially the same 
as those described in previous pubtications ( 7-5). Thls consists 
of determining the temperature at which the last trace of a 
known quantity of the solid solute disappears while being slowly 
heated in a known quantity of solvent. The temperature ob- 
tained represents the liquidus line at that composition. The 
whole liquidus curve can be obtained by running samples at 
various compositions. This technique is fast and has proven 
to be very reliable. 

The errors in composition are quite small with this method 
as both components are weighed out to 0.00001 g. I f  an 
accuracy of 0.002 g is assumed (quite conservatively) the 
largest expected error in sdute mole fraction ls f0.0003 which 
is much less than 1 % of the lowest values reported. The error 
in temperature measurement is less than 0.1 O C  based on the 
accuracy of our thermometers. I t  should be noted, however, 
that the largest source of error in our measurement is human 
error in visually determining the end pdnt. Though it Is dlfflcult 
to assign error bars to human error, we are confident that the 
end points can be determined to less than 0.3 O C  all of the time 
and are usually much closer than that. 

These errors have a minimal effect on the calculated activity 
coefficlents, much less than the effect of possible errors in the 
literature values of the thermodynamic properties used. For 
these reasons, and because many of the samples have been 
repeated multiple times wlth a high degree of reproducibility, we 
have a high level of confidence in the data listed and in the 
experimental activity coefficients calculated. 

Theory 

The classical theory of solid-liquid equiUbrium is well estab- 
lished and excellent discussions are avallable in many textbooks 
(8 ,9 ) .  By equating the fugacity of the pure solid to the fugacity 
of the solid in solution and making use of the applicable ther- 
modynamic cycle, the following equation can be obtained for 
the solubility of a solute in a solvent or mixture of solvents 

where Ah]‘, AC,,, and y, are the molar enthalpy of fusion of 
the solute at its triple point, the difference between its solid and 
liquid heat capacities at the triple point, and the liquid-phase 
activity coefficient, respectively. The triple point temperature 
has been replaced in eq 1 by the melting point, a simplification 
that introduces a negligible error. The last term in eq 1, A, 
represents the effect on the solubility of a solid-solid lambda 
phase transltion in the solute (70). I t  is zero if the temperature 
is above the transition temperature but for temperatures below 
the lambda transition it is given by 

Ah; Asp 
A = - -  - - 

RT R 

where Asp and Ah: are the entropy and enthalpy changes of 
the lambda transition, respectively. 
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Table 11. Comparison of the Experimental and Predicted Activity Coefficients of Acenaphthene in Five Binary Solvent 
Mixtures 

1,j = 0 1, # 0 Wilson's eq U N I Q U A C 
temp/K xz(exptl) y,(exptl) yz(calcd) A / %  yz(calcd) A / %  y2(calcd) A / %  y,(calcd) A / %  

70 mol % Benzene and 3 mol % Thiophene 
301.5 
309.2 
317.9 
325.7 
335.2 
344.9 
355.6 

311.1 
349.6 
322.9 
331.8 
333.6 
340.3 

304.1 
310.2 
316.0 
321.5 
327.8 
333.5 
340.6 
348.0 
356.3 

304.5 
310.3 
319.2 
326.8 

311.5 
322.2 
331.2 
335.9 
341.6 
350.4 

0.2007 
0.2514 
0.3189 
0.3959 
0.5039 
0.6414 
0.8148 

0.2524 
0.7182 
0.3545 
0.4570 
0.4786 
0.5775 

0.1511 
0.1885 
0.2332 
0.2820 
0.3519 
0.4311 
0.5381 
0.6654 
0.8193 

0.1702 
0.2079 
0.2810 
0.3602 

0.2825 
0.3619 
0.4572 
0.5195 
0.5956 
0.7258 

1.130 
1.106 
1.087 
1.057 
1.034 
1.005 
0.989 

1.158 
0.992 
1.105 
1.058 
1.051 
1.012 

1.610 
1.514 
1.418 
1.343 
1.250 
1.163 
1.092 
1.035 
0.997 

1.444 
1.377 
1.274 
1.193 

1.046 
1.064 
1.041 
1.019 
1.006 
0.999 

1.123 -0.6 1.103 -2.4 1.096 
1.098 -0.7 1.083 -2.1 1.080 
1.073 -1.3 1.062 -2.3 1.061 
1.052 -0.5 1.044 -1.3 1.045 
1.030 -0.4 1.026 -0.8 1.028 
1.014 +0.8 1.011 +0.6 1.013 
1.003 +1.4 1.003 +1.4 1.003 

70 mol % Benzene and 30 mol % Pyridine 
1.058 -8.6 1.137 -1.8 1.131 
1.005 +1.2 1.011 +1.9 1.014 
1.037 -6.1 1.087 -1.6 1.090 
1.D23 -3.3 1.054 -0.4 1.060 
1.021 -2.9 1.048 -0.3 1.054 
1.012 0.0 1.028 +1.6 1.034 

70 mol % Cyclohexane and 30 mol % Thiophene 
1.532 -4.8 1.702 +5.7 1.559 
1.451 -4.2 1.591 +5.0 1.470 
1.372 -3.3 1.483 +4.6 1.384 
1.302 -4.0 1.389 +3.5 1.309 
1.223 -2.2 1.285 +2.8 1.226 
1.155 -0.7 1.197 +2.9 1.156 
1.091 -0.1 1.115 +2.1 1.090 
1.042 +0.7 1.053 +1.8 1.042 
1.011 +1.4 1.014 +1.6 1.011 

70 mol % Cyclohexane and 30 mol 70 Pyridine 
1.373 -5.0 1.602 +10.9 1.419 
1.318 -4.3 1.508 +9.5 1.350 
1.234 -3.1 1.367 +7.3 1.249 
1.167 -2.2 1.258 +5.5 1.173 

70 mol % Thiophene and 30 mol % Pyridine 
1.005 -3.9 1.061 +1.4 1.041 
1.003 -5.7 1.042 -2.1 1.036 
1.002 -3.8 1.027 -1.4 1.028 
1.002 -1.8 1.019 0.0 1.023 
1.001 -0.5 1.012 +0.6 1.017 
1.000 +0.1 1.005 +0.6 1.008 

I f  the activity coefficient in eq 1 is unity (an ideal solution), 
the equation for the ideal solubility of a solute in a solvent 
remains. I t  is the deviations of actual solubilities from the ideal 
values due to liquid-phase nonidealities that are of interest. 

While it may appear that eq 1, when combined with a suit- 
able expression for the activity coefficient, makes solid-liquid 
solubility a closed subject, the reality is less simple. Equation 
1 is only applicable in theory when the solute and solvents are 
completely immiscible in the solid phase. This is usually the 
case though there can be exceptions (77) .  I t  is only applicable 
in practice when the necessary calorimetric data are available. 
The number of compounds for which the necessary data exit? 
is very limited. We have chosen to study four PAH's for which 
the required data exist. They are naphthalene, acenaphthene, 
fluorene, and phenanthrene. These compounds, while not as 
varied as we would have liked, are all commonly found in heavy 
feedstocks and coal liquids. 

The next section presents the models we used to predict the 
activity coefficients for comparison with the experimental values 
found from eq 1. 

Solution Models Considered 
4 

The following equations have been chosen to correlate the 
experimental activity coefficients: regular solution theory ( 72), 
Wilson's equation ( 13), and the UNIQUAC equation (74 ) .  Each 
of these equations is ,discussed briefly below. 

-3.0 
-2.4 
-2.4 
-1.1 
-0.6 
+0.8 
+1.4 

-2.3 
+2.2 
-1.4 
+0.1 
+0.3 
+2.1 

-3.2 
-2.9 
-2.4 
-2.5 
-2.0 
-0.6 
-0.2 
+0.6 
+1.4 

-1.7 
-1.9 
-1.9 
-1.7 

-0.5 
-2.7 
-1.3 
+0.4 
+1.0 
+0.9 

1.078 
1.068 
1.057 
1.045 
1.030 
1.016 
1.004 

1.153 
1.014 
1.101 
1.065 
1.059 
1.035 

1.490 
1.422 
1.351 
1.287 
1.213 
1.149 
1.087 
1.040 
1.010 

1.341 
1.292 
1.215 
1.153 

1.041 
1.036 
1.038 
1.023 
1.017 
1.008 

-4.6 
-3.3 
-2.7 
-1.1 
-0.4 
+LO 
+1.4 

-0.4 
+2.2 
-0.3 
+0.6 
+0.7 
+2.3 

-7.4 
-6.1 
-4.7 
-4.2 
-3.0 
-1.2 
-0.5 
+0.5 
+1.3 

-7.2 
-6.2 
-4.6 
-3.4 

-0.5 
-2.7 
-1.3 
+0.4 
+1.0 
+0.9 

Regular Solutlon Theory. Regular solution theory, as for- 
mulated by Scatchard and Hildebrand (72), gives the following 
equation for the liquid-phase activity coefficient of the solute (2) 
in a multicomponent mixture 

R T I ~  y2 = - 8)* (3) 

where 

8 = D/S/ 
/ 

(4) 

v,' and SI are the molar volume and solubility parameter of 
component i ,  respectively. The solubiltty parameter is defined 
by 

6, = ( . ) ' *  
where Au," is the internal energy change for component i upon 
going from the liquid to the ideal gas state. 

The theory assumes that the excess entropy of mixing is 
zero. I t  can predict only positive deviations from Raoult's law 
due to the use of the geometric mean approximation for unlike 
interaction energies in its derivation. 
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306.5 
311.6 
316.1 
324.8 
331.5 
338.7 
347.8 
356.5 

313.4 
325.2 
334.3 
342.6 
351.8 
359.2 

301.9 
309.2 
316.5 
323.3 
330.7 
340.3 
351.6 

325.6 
338.2 
328.5 
345.7 
355.4 

308.3 
309.7 
327.7 
344.4 
351.0 
351.1 

0.2479 
0.2888 
0.3223 
0.4024 
0.4710 
0.5455 
0.6550 
0.7673 

0.2983 
0.3993 
0.5014 
0.5968 
0.7033 
0.8075 

0.1168 
0.1558 
0.2096 
0.2759 
0.3731 
0.5165 
0.7007 

0.3442 
0.5036 
0.3830 
0.6059 
0.7267 

0.3038 
0.3136 
0.4599 
0.6296 
0.7157 
0.7157 

1.236 
1.181 
1.161 
1.108 
1.081 
1.071 
1.044 
1.022 

1.189 
1.127 
1.073 
1.055 
1.037 
1.014 

2.375 
2.082 
1.801 
1.570 
1.343 
1.165 
1.037 

1.318 
1.150 
1.255 
1.100 
1.061 

1.049 
1.046 
1.028 
1.035 
1.007 
1.007 

Table 111. Comparison of the Experimental and Predicted Activity Coefficients of Phenanthrene in Five Binary Solvent 
Mixtures 

l,, = 0 4, # 0 Wilson's eq UNIQUAC 
temp/K x2(exptl) ydexptl) rdcalcd) A / %  yz(calcd) A / %  y,(calcd) A / %  yz(calcd) A / %  

70 mol % Benzene and 30 mol % Thiophene 
1.285 +4.0 1.204 -2.6 1.205 
1.233 +4.4 1.168 -1.2 1.178 
1.197 +3.0 1.142 -1.7 1.157 
1.131 +2.0 1.096 -1.2 1.116 
1.092 +1.0 1.067 -1.3 1.087 
1.062 -1.0 1.044 -2.5 1.061 
1.030 -1.4 1.022 -2.1 1.033 
1.01 2 -1.0 1.009 -1.3 1.014 

70 mol % Benzene and 30 mol % Pyridine 
1.158 -2.6 1.159 -2.5 1.139 
1.096 -2.8 1.096 -2.7 1.106 
1.056 -1.6 1.056 -1.6 1.074 
1.032 -2.2 1.032 -2.2 1.049 
1.015 -2.1 1.015 -2.1 1.026 
1.006 -0.8 1.006 -0.8 1.011 

2.557 +7.7 2.617 +10.2 2.184 
2.239 +7.6 2.285 +9.7 1.985 
1.927 +7.0 1.958 +8.7 1.772 
1.660 +5.7 1.681 +7.0 1.575 
1.405 +4.6 1.417 +5.5 1.373 
1.190 +2.1 1.195 +2.5 1.187 
1.057 +2.0 1.059 +2.1 1.061 

70 mol % Cyclohexane and 30 mol % Pyridine 
1.383 +4.9 1.418 +7.5 1.313 
1.169 +1.6 1.183 +2.9 1.148 
1.317 +4.9 1.344 +7.1 1.263 
1.093 -0.7 1.100 0.0 1.084 
1.038 -2.1 1.041 -1.8 1.037 

70 mol % Thioohene and 30 mol '70 Pyridine 

70 mol 70 Cyclohexane and 30 mol % Thiophene 

1.065 +1.5 1.029 
1.062 +1.5 1.030 
1.029 +0.1 1.034 
1.011 -2.3 1.021 
1.006 -0.1 1.014 
1.006 -0.1 1.014 

1.046 -0.: 
1.044 -0.2 
1.021 -0.7 
1.008 -2.6 
1.004 -0.3 
1.004 -0.3 

The solubility parameters (eq 6) are usually evaluated at 25 
OC. Choi and McLaughlin (4) have shown that a more con- 
venient (and equally correct) temperature is the melting point 
of the solid. They call this choice of temperature for the sol- 
ubility parameters the floating datum point method. WK resutts 
indicated that the average error for the solubility at tempera- 
tures from 25 OC to the solute melting point was lower when 
the parameters were evaluated at the melting point. They 
concluded that this happened because of the inherent difficulty 
of trying to evaluate 6, for the subcooled liquid solute at 25 OC. 

Regular solution theory can be extended in a number of ways 
to be more widely applicable. The most common extension 
(72) is the addition of an adjustable parameter to eq 3, which 
becomes 

(7) 

is a parameter that is obtained by fitting data at a single 
solubility point and represents the deviation of the unlike pair 
interaction from the geometric mean approximation. Another 
obvious extension is obtained by using eq 3 and allowing the 
solubility parameters to be functions of temperature. The 

-2.5 
-0.3 
-0.4 
+0.6 
+0.6 
-0.9 
-1.0 
-0.8 

-4.2 
-1.9 
+0.1 
-0.6 
-1.0 
-0.3 

-8.1 
-4.7 
-1.6 
+0.3 
+2.3 
+1.8 
+2.3 

-0.3 
-0.2 
+0.7 
-1.4 
-2.3 

-1.9 
-1.5 
+0.6 
-1.3 
+0.7 
+0.7 

1.207 
1.180 
1.159 
1.116 
1.086 
1.060 
1.032 
1.013 

1.195 
1.124 
1.075 
1.044 
1.021 
1.008 

2.202 
1.967 
1.727 
1.519 
1.149 
1.044 
1.051 

1.257 
1.115 
1.213 
1.063 
1.026 

1.028 
1.033 
1.058 
1.036 
1.022 
1.022 

-2.3 
-0.1 
-0.3 
+0.6 
+0.5 
-1.0 
-1.1 
-0.8 

+0.5 
-0.3 
+0.2 
-1.0 
-1.5 
-0.5 

-7.3 
-5.5 
-4.1 
-3.3 
-1.8 
-0.7 
+1.4 

-4.6 
-3.0 
-3.3 
-3.4 
-3.3 

-2.0 
-1.2 
+2.9 
+0.7 
+1.5 
+1.5 

values of 6, for the solvent are calcuiated at various tempera- 
tures and fitted to a polynomial. The value of 6, for the solute 
is calcuiated at its melting point but its value at 25 OC is de- 
termined by fltting the solubHlty results at 25 OC. These values 
are also fitted to a polynomial. Equation 3 is then used with 
these temperaturedependent parameters. 

I t  should be noted that addition of I i 2  allows prediction of 
either positive or negative deviations from Raoult's law while 
the extension to temperaturedependent solubility parameters 
still only predicts positive deviations. This Is not a serious lim- 
itation for the types of systems we are investigating as it has 
been demonstrated that they generally exhibit posrthre deviations 
from Raoult's law. Based on our gnalysis, there are approxi- 
mately equal fits to the data using either extension so only the 
more common I,, extensbn has been used in the data analysis. 

WAkOn's EqusNOn. Wllson's equation (73) is an entropic 
equation that utilizes the concept of local compositions in the 
liquid phase to predict the nonideality. The activity coefficient 
of the solute is given by 

where 
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Table IV. Comparison of the Experimental and Predicted Activity Coefficients of Fluorene in Five Binary Solvent Mixtures 

temp/K d e x p t l )  ydexptl) yz(calcd) A/ % rz(calcd) A/ % yz(calcd) A/ % yz(calcd] A/ % 
I ,  = 0 1, # 0 Wilson's eq UNIQUAC 

303.0 
310.7 
317.4 
325.4 
331.9 
339.3 
347.5 
354.0 

308.7 
326.0 
333.1 
351.6 
359.8 

300.5 
308.6 
316.0 
322.7 
331.1 
338.7 
345.2 
354.0 

325.8 
333.4 
335.8 
343.0 
347.1 

308.0 
322.5 
330.3 
335.2 
340.3 
343.0 

0.1578 
0.1940 
0.2316 
0.2839 
0.3332 
0.3959 
0.4793 
0.5530 

0.1845 
0.2736 
0.3394 
0.5031 
0.6042 

0.0828 
0.1108 
0.1429 
0.1792 
0.2378 
0.3073 
0.3824 
0.5005 

0.2261 
0.2836 
0.3088 
0.3898 
0.4314 

0.1913 
0.2731 
0.3285 
0.3644 
0.4123 
0.4378 

1.168 
1.150 
1.130 
1.105 
1.084 
1.065 
1.035 
1.016 

1.156 
1.163 
1.094 
1.067 
1.035 

2.087 
1.914 
1.772 
1.648 
1.494 
1.355 
1.241 
1.122 

1.401 
1.318 
1.270 
1.167 
1.142 

1.094 
1.078 
1.064 
1.063 
1.044 
1.039 

70 mol % Benzene and 30 mol % Thiophene 
1.218 +4.3 1.154 -1.2 1.142 
1.184 +2.9 1.130 -1.8 1.132 
1.154 +2.2 1.110 -1.8 1.122 
1.121 +1.4 1.086 -1.7 1.108 
1.096 +1.1 1.069 -1.4 1.095 
1.071 +0.6 1.051 -1.3 1.079 
1.047 +1.1 1.034 -0.2 1.060 
1.031 t1.5 1.022 +0.7 1.044 

70 mol % Benzene and 30 mol % Pyridine 
1.122 -2.9 1.187 +2.7 1.141 
1.981 -7.1 1.123 -3.5 1.110 
1.060 -3.1 1.091 -0.3 1.092 
1.027 -3.8 1.040 -2.6 1.051 
1.015 -1.9 1.022 -1.2 1.032 

70 mol % Cyclohexane and 30 mol % Thiophene 
1.973 -5.5 2.424 +16.1 1.772 
1.835 -4.1 2.205 +15.2 1.698 
1.709 -3.6 2.009 +13.4 1.620 
1.594 -3.3 1.836 +11.4 1.541 
1.453 -2.7 1.626 +8.9 1.434 
1.330 -1.9 1.449 +7.0 1.331 
1.233 -0.6 1.313 +5.9 1.243 
1.130 +0.7 1.172 +4.4 1.143 

70 mol % Cyclohexane and 30 mol % Pyridine 
1.373 -2.0 1.608 +14.8 1.382 
1.288 -2.2 1.462 +10.9 1.292 
1.258 -1.0 1.410 +11.0 1.260 
1.178 +1.0 1.279 +9.6 1.178 
1.146 +0.4 1.227 +7.5 1.145 

70% mol % Thiophene and 30 mol % Pyridine 
1.019 -6.9 1.047 -4.3 0.941 
1.013 -6.0 1.032 -4.3 0.980 

1.008 -5.2 1.021 -4.0 1.006 
1.007 -3.5 1.016 -2.7 1.014 
1.006 -3.2 1.014 -2.4 1.017 

1.010 -5.1 1.025 -3.7 0.998 

-2.3 
-1.5 
-0.7 
+0.3 
+1.0 
+1.3 
+2.4 
+2.8 

-1.3 
-4.6 
-0.2 
-1.5 
-0.3 

-15.1 
-11.3 
-8.6 
-6.5 
-4.0 
-1.8 
+0.2 
+1.9 

-1.4 
-2.0 
-0.8 
+1.0 
+0.3 

-14.0 
-9.1 
-6.2 
-5.4 
-2.9 
-2.2 

1.123 
1.114 
1.105 
1.092 
1.080 
1.065 
1.048 
1.035 

1.207 
1.149 
1.117 
1.057 
1.034 

1.745 
1.673 
1.594 
1.513 
1.403 
1.300 
1.215 
1.122 

1.314 
1.243 
1.217 
1.149 
1.121 

0.927 
0.985 
1.008 
1.018 
1.026 
1.029 

Table V. Solubility Parameters and Molar Liquid Volumes of Solids and Liquids at the Melting Points of Solids 

-3.8 
-3.1 
-2.2 
-1.2 
-0.4 
0.0 

+1.3 
+1.9 

+4.4 
-1.2 
+2.1 
-0.9 
-0.1 

-16.4 
-12.6 
-10.1 
-8.2 
-6.1 
-4.0 
-2.1 
0.0 

-6.2 
-5.7 
-4.2 
-1.6 
-1.8 

-15.3 
-8.7 
-5.3 
-4.2 
-1.7 
-1.0 

solids Dvridine thiobhene benzene cvclohexane ." -, - - 

62/104 x v ~ / l O d  x &/lo4 x v,'/io4 x a1 / io4  x v , ' / W  x 6,/104 x v,'/i0-6 x 6,'/i@ x v?/io-S x 
T,/K (J/m3)'12 (m3/mol) (J/m3)1/2 (m3/mol) (J/m3)'12 (m3/mol) (J/m3)'l2 (m3/mol) (J/m3)lIZ (m3/mol) 

biphenyl 342.6 1.9304' 155.16b 2.0259 84.87b 1.8759' 83.78d 1.7274 94.57k 1.5473 114.82k 
naphthalene 352.8 1.966P 130.86' 1.9938' 85.86b 1.8426' 84.87d 1.6957, 95.96k 1.5203 116.8gk 
phenanthrene 372.8 1.9772' 168.05f 1.9377' 87.31b 1.7759' 87.14d 1.6283 98.63k 1.4501, 120.23k 
fluorene 387.6 1.850W 163.7oh 1.8841' 89.36b 1.7259' 88.96d 1.5817, 1O0.4Ok 1.44111 122.33k 
acenaphthene 366.5 1.8930s 149.80' 1.95190 87.1gb 1.7974' 86.38d 1.6607, 97.64k 1.4845' 118.54k 

' Enthalpy of vaporization was evaluated by using the Clausius-Clapeyron equation with the Antoine equation constants given by Reid et 
al. (17). bTimmermans (18). 'Enthalpy of vaporization data from Advances in Chemistry Series, Vol. 15/22 (19). dInternational Critical 
Tables, Vol. 3 (20). ' Weast et al. (21),'Reid et al. (In, and Dean (22). 'International Critical Tables (20). Extrapolated by using eq 12-3.2 
of Reid et al. (17). 8Antoine equation constants given by Dean (22). hMcLaughlin and Ubbelohde (23). 'Lange and Forker (24). JHeat of 
vaporization data from Figures 7B1.11 and 7B1.18 in API Data Book (25). kFigures 16-12, NGPSA Engineering Data Book (26). 

Unlike regular solution theory, Wilson's equation can predict 
positive or negative deviations from Raoult's law. It also gives 
an explicit form of the temperature dependence of the activity 
coefficient, which is very important in solubility studies. The 
problem with Wilson's equation is that it requires fitting of 
solubility results in the pure solvent at a minimum of two dif- 
ferent temperatures to obtain values for the binary interaction 
parameters (Au). 

UNIOUAC (Universal Quad-Chemkal Equatkn ). The UN- 
IQUAC equation (74)  is very similar to Wilson's equation in form 
and underlying theory. It differs in two ways. The first is that 
it uses two pure component parameters, r, and q,, that are 
calculated from the van der Waals' areas and volumes ( 74, 75) 
instead of molar volumes which are used in Wilson's equation. 
This is intended to allow more differentiation based on molecular 
shape. The other difference is that UNIQUAC has also been 
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Table VI. Values of the Binary Parameterp 112, and the Cross Parameter, I , , ,  Needed for the Extended Regular Solution 
Theory 

A. Binary Parameter, l , ,  
solvent (1) 

solute (2) benzene cyclohexane pyridine thiophene 
naphthalene -1.9183 X 2.4006 X 4.0199 X loT3 2.60127 X 
phenanthrene -4.390 X 3.3468 X 3.8341 X -1.9394 X 
fluorene -1.9541 X 1.320 X lo-, 6.7489 X -1.48616 X 
acenaphthalene -4.991 X 8.8279 X 1.030 X lo-* 5.5429 X 

B. Cross Parameter, l , ,  
solvent system 

benzene (1)/ benzene (1)/ cyclohexane (1) / cyclohexane (1) / thiophene (1)/ 
solute (2) thiophene (3) pyridine (3) thiophene (3) pyridine (3) pyridine (3) 

naphthalene 0.003 268 -0.008 325 0.010 370 0.011 53 -0.000 601 

fluorene 0.003 546 -0.010 109 0.011 490 0.01095 -0.000 866 
acenaphthene 0.003 785 -0.009 138 0.011 570 0.012 33 -0.000 716 

phenanthrene 0.003 298 -0.010 127 0.009 978 0.008 70 -0.001 034 

These values were obtained by fitting the lowest mole fraction solubility data point in the pure solvent to the equation. 

Table VII. Values of Wilson’s Parameters, Xlz and Xzl (J/(g 
mol)), and UNIQUAC Parameters, A12 and A , ,  (J/(g mol)), 
Calculated by Fitting the Solubility Data for Each 
Solid/Sinde Solvent System 

solvent (1) 
cyclo- 

solute (2) benzene hexane thiophene pyridine 
naphthalene A,, 2399.67 1071.91 2673.43 2788.92 

A,, -1601.94 2077.97 2204.14 2078.35 
A12 -1083.38 1094.35 -1100.12 -1218.80 
A,, 1646.35 -321.74 1564.39 1736.60 

,421 -375.44 3733.33 -1675.53 -871.06 
Ai, -643.30 1501.35 -793.21 128.30 

fluorene A12 1196.53 1271.66 2861.72 1576.45 
A,, -308.22 3467.43 -2503.65 -955.66 
A,, -513.50 1993.37 -1038.67 -741.22 
A21 948.72 -880.65 1557.86 1073.33 

phenanthrene A,, 1642.88 2074.96 2103.55 1272.75 

A,, 1297.45 -411.44 1341.32 16.83 

acenaphthene A,,  474.90 930.13 1082.25 1350.07 
h,, 380.51 2656.81 -924.23 311.44 
A12 -96.82 1659.12 -741.72 -393.32 
A,, 355.06 -795.42 1070.99 704.42 

formulated as a group contribution method called UNIFAC. 
Using UNIFAC, no fitting of data for the parameters is neces- 
sary, as long as the necessary group parameters exist. UNI- 
QUAC is given, for a multicomponent system, by 

where 

Table VIII. Values of the Solvent-Solvent Cross 
Parameters Obtained from Literature VLE Data (15) 

svstem 
UNIQUAC/ J/ 

benzene (1)-pyridine (3) A13 = -696.3793 

benzene (1)-thiophene (3) A13 = -807.1058 
A,, = 1116.9375 

cyclohexane (1)-pyridine (3) A13 = 2601.3891 

cyclohexane (1)-thiophene A13 = 990.5763 

solvent pair (g mol) 

A31 = 721.3042 

A31 = -674.9525 

(31 

Wilson’s 
eq/J/(gmoU 

Xi3 = -2463.6339 
A31 = 4403.5136 
Xi3  = 1325.7378 
A31 = -697.8559 
A13 = 990.3960 
A31 = 3654.2786 
A,, = 681.7246 

I., 

A31 = -221.9814 

A31 = -2059.2314 

A31 = 1234.9231 

A31 = 4215.6577 
thiophene (1)-pyridine (3) A13 = 3430.9850 h13 = 2133.3131 

The significance of the parameters is explained in the original 
reference (73). 

Blnary Solvent Mlxtures 

Experimental solubilities have been determined from ambient 
condffions to the melting points of the solutes for the following 
systems: Solutes naphthalene, acenaphthene, fluorene, and 
phenanthrene in solvents 70% benzene/30% pyridine, 70 % 
benzene130 % thiophene, 70 % cyclohexane130 % pyridine, 
70 % cyclohexane/30 % thiophene, and 70 % thiophene130 % 
pyridine. 

The choice of solvents to study was based on the desire to 
produce data of use in the design of coal liquefaction plants. 
The criterion for useful solvents is a high solvation ability which 
translates to systems that are quite close to ideal. This choice 
can therefore make discrimination of the most appropriate 
activity coefficient model very difficult and possibly favors the 
simpler forms (like regular solution). The alternative is to 
choose solvents that are very poor solvents because they form 
very nonideal solutions with the solvents. These results would 
offer a more discriminating test of the equations. The data 
itself, however, would be of less value for design purposes so 
we have not taken this approach. 

The solubility results are presented h Tables I-IV, along with 
the activity coefficients calculated from eq 1. The activity 
coefficients predicted by the models discussed in the last sec- 
tion are also presented, along with the percent deviation of 
those values from the experimentally determined values. The 
percent deviations are defined as 

A = [(rcalaj - ~ e x p t l ) / ~ e x p t l l  X 100.0 L rFi 
i 
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Table IX. Comparison of the Experimental and Calculated Activity Coefficients for the Four Parent Hydrocarbons in a 
Mixture of 25% Benzene, 25% Cyclohexane, 25% Thiophene, and 25% Pyridine 

1, = 0 1, # 0 Wilson’s eq UNIQUAC 

temp/K xz(exptl) yz(expt1) yz(calcd) A/ % y ,(calcd) A/ % yz(calcd) A/ % y,(calcd) A /  % 

305.8 
312.0 
320.9 
328.9 
337.4 
346.9 
355.6 

303.5 
312.8 
321.9 
329.4 
338.1 
347.7 
353.4 

307.7 
315.4 
326.6 
329.4 
338.1 

303.8 
311.9 
322.4 
329.2 
338.3 
346.8 
354.1 

0.2214 
0.2662 
0.3415 
0.4238 
0.5270 
0.6649 
0.8101 

0.2392 
0.3053 
0.3840 
0.4575 
0.5550 
0.6777 
0.7533 

0.3860 
0.4655 
0.5956 
0.6262 
0.7574 

0.1559 
0.1958 
0.2551 
0.3039 
0.3779 
0.4613 
0.5410 

1.149 
1.123 
1.093 
1.065 
1.039 
1.012 
0.994 

1.201 
1.146 
1.097 
1.068 
1.041 
1.008 
0.992 

1.053 
1.036 
1.023 
1.029 
1.008 

1.206 
1.173 
1.150 
1.122 
1.093 
1.061 
1.040 

1.109 
1.090 
1.065 
1.045 
1.027 
1.012 
1.003 

1.293 
1.212 
1.144 
1.098 
1.057 
1.025 
1.014 

1.078 
1.054 
1.027 
1.023 
1.009 

1.207 
1.172 
1.131 
1.105 
1.075 
1.050 
1.032 

Acenaphthene 
-3.5 1.172 
-2.9 1.141 
-2.5 1.101 
-1.9 1.069 
-1.2 1.041 
0.0 1.018 

+0.9 1.005 

Phenanthrene 
+7.7 1.276 
+5.8 1.200 
+4.3 1.136 
+2.9 1.093 
+1.6 1.054 
+1.8 1.024 
+2.2 1.013 

Naphthalene 
+2.4 1.073 
+1.7 1.051 
+0.5 1.026 
-0.6 1.021 
+0.1 1.008 

+0.1 
-0.1 
-1.6 
-1.5 
-1.7 
-1.1 
-0.8 

Fluorene 
1.290 
1.240 
1.182 
1.145 
1.103 
1.068 
1.044 

+2.0 
+1.6 
+0.8 
+0.4 
+0.2 
+0.6 
+1.1 

+6.3 
+4.7 
+3.5 
+2.4 
+1.3 
+1.6 
+2.1 

+2.0 
+1.5 
+0.3 
-0.7 
0.0 

+6.9 
+5.7 
+2.8 
+2.1 
+0.9 
+0.6 
+0.4 

1.136 
1.116 
1.087 
1.063 
1.039 
1.018 
1.005 

1.199 
1.166 
1.130 
1.100 
1.066 
1.033 
1.019 

1.062 
1.052 
1.034 
1.030 
1.015 

1.122 
1.117 
1.107 
1.097 
1.080 
1.062 
1.046 

-1.2 
-0.6 
-0.5 
-0.2 
0.0 

+0.6 
+1.1 

-0.1 
+1.8 
+3.0 
+3.0 
+2.4 
+2.6 
+2.7 

+0.9 
+1.5 
+1.2 
+o. 1 
+0.7 

-7.0 
-4.8 
-3.8 
-2.2 
-1.1 
+0.1 
+0.5 

1.126 
1.112 
1.089 
1.067 
1.044 
1.022 
1.007 

1.210 
1.169 
1.127 
1.094 
1.060 
1.029 
1.016 

1.074 
1.061 
1.039 
1.034 
1.016 

1.129 
1.125 
1.114 
1.103 
1.084 
1.064 
1.046 

-2.0 
-1.0 
-0.3 
+0.2 
+0.5 
+LO 
+1.2 

+0.8 
+2.0 
+2.7 
+2.4 
+1.8 
+2.1 
+2.4 

+2.1 
+2.4 
+1.6 
+0.5 
+0.8 

-6.4 
-4.1 
-3.1 
-1.7 
-0.8 
+0.3 
+0.6 

The values of the necessary constants are presented in Ta- 
bles V-VIII .  The constants that required data fitting (/12, A 12, 

A *,, A,,, A2,) were obtained by fitting the solubility results for 
the solutes in the pure solvents from previously published data 
(7-5). The parameters for the solvent-solvent pairs (A 13, A,,, 
A,,, A13, /,3) were obtained from the literature (76). For I,,, 
the VLE data was regressed to give the best fit. We have not 
presented the values for r, and q, needed in UNIQUAC as they 
are easily calculated, knowing only the structure of the com- 
pounds ( 74). 

Examination of Tables I-IV reveals that none of the four 
acthrity coefficient equations give deviations greater than 16.4% 
for the systems studied and the average deviations are much 
smaller than this. The average deviation for each of the 
equations based on all the data presented are regular solution 
theory, 2.6%; extended regular solution theory, 3.4%; Wllson’s 
equation, 2.1 %; and UNIQUAC, 2.7%. These results show 
that Wilson’s equation is slightly superior to regular solution 
theory for predicting the solubility in these solvent mixtures. This 
is to be expected since it contains two adjustable parameters 
while regular solution theory contains no adjustable parameters. 
The decision as to which equation to use should be based on 
the availability of pure solvent solubility data. I f  there are 
solubility data available (at least two temperatures are required), 
we recommend using Wilson’s equation. I f  no pure solvent 
solubility data are available (or limited or unreliable data), then 
regular solution theory can be used with reasonable confidence. 

Considering that it also has two adjustable parameters, we 
were somewhat surprised by the poor showing of UNIQUAC. 
This is possibly a consequence of the nearly ideal activity 
coefficients being predicted (it may have a high “noise” level) 
or it might imply that molar volumes are a better correlating 
parameter for these systems than the UNIQUAC r, and q,. 

Quaternary Solvent Mlxture 

Based on the success of these activity coefficient expres- 
sions to predict the solubilities of these solutes in binary solvent 
mixtures, it is appropriate to test them on a more complex 
mixture, containing all four of the solvents (in equimolar 
amounts) that have been studied. The results, presented in 
Table IX ,  have again been correlated by using the same four 
equations. The average deviations for each are regular solution 
theory, 2.0%; extended regular solution, 2.0%; Wilson’s 
equation, 1.7 % ; and UNIQUAC, 1.7 % . Our conclusion is that 
the advantage gained by fitting parameters to the data, which 
is substantial for the solubilities in the pure solvents (5) be- 
comes negligible as the number of components in the solvent 
mixture increases. While we still recommend using Wilson’s 
equation if the pure solubility data exists, regular solution theory 
appears to be a very good alternative. Obviously, the results 
presented are not an exhaustive test of this conclusion but we 
feel they are a good indication of what can be expected when 
dealing with mixtures of good (nearly ideal) solvents. 

Summary 

The solubilities of four polynuclear aromatic hydrocarbons in 
mixtures of four organic solvents have been determined from 
ambient conditions to the solute melting point. These results 
have been used to determine the activity coefficient of the 
solute in the liquid solution. The results have been correlated 
by using four common activity coefficient expressions with the 
necessary binary parameters obtained by regression of the 
solubility data for the solutes in the pure solvents. The sol- 
vent-solvent parameters were obtained from literature VLE 
data. 
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The results show that all the models give reasonable pre- 0, deflned by eq 16 
711 defined by ea 14 dictions but that Wilson's ecfuation is best overall. 

Glossary 

A, 
A% 

0 4  
Go 
Ah,' 

Ah? 

1, 
'1 

Pi =' 
P 

9, 
ri 
R 
Asi P 

T 
Tnl 
Au," 

A vi 

vi ' 
xi 

UNIQUAC binary parameter, J/(g mol) 
heat capacity of liquid i or heat capacity of s o l i  i 

measured at the melting point of i ,  J/(g mol K) 
defined by eq 8 
defined by eq 11 
enthalpy of fusion of i measured at the melting point 

of i ,  J/(g mol) 
enthalpy change of a solid-soli phase transition for 

component i, J/(g mol) 
defined by eq 13 
extended regular solution model binary parameter 
pressure, N/m2 
vapor pressure of i, N/m2 
pure component parameter in UNIQUAC 
pure component parameter In UNIQUAC 
gas constant, J/(g mol K) 
entropy change of a solid-solid phase transition of 

i ,  J/(g mol K) 
temperature, K 
melting-point temperature, K 
internal energy of i in changing from a liquid to an 

ideal gas 
molar volume of liquid i or molar volume of solid i ,  

m3/(g mol) 
molar volume of liquid i ,  m3/(g mol) 
mole fraction of i 

Greek Letters 

A 
4 solubility parameter of i 
8 defined by eq 4 
Y i  activity coefficient of i 
h defined by eq 2 
h, 
ai 

(y2(exptl) - y2(calcd))/y2(exptl) X 100 

Wilson's eq binary parameter, J/(g mol) 
volume fraction of component i 

ei defined by eq 15 
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