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The parameter Z,, advanced by Spencer and Danner for 
the calculation of saturated-llquld densltles through the 
relatlonshlp p = ~P,/(RT~R*l+(l-TnP”), has been found 
to vary wHh temperature over the complete range 
between the trlple polnt and the crltlcal polnt. Thls 
dependence has been accounted for by replacing Z,. by 
the temperature-dependent function a + p(1 - TR), where 
a and p are constants unique to a substance. Data for 62 
substances have been used to develop reiatlonships for cy 

and p which predlct saturated-liquid dermltles for quantum, 
nonpolar, polar, and assoclated polar llqulds with an 
overall average devlatlon of 1.32% (4942 polnts). Nlne 
additlonal polar and nonpolar compounds were employed 
to test the relablUty of thls method. When applied at the 
crltlcal point, thls development deflnes the crltlcal volume 
as Y, = aRT,/P,. Calculated crltlcal volumes ylelded an 
average devlatlon of 2.14% (68 substances), when 
compared to actual values available In the Ilterature. 

The prediction of densities for the saturated-liquid state 
continues to play an important role in the calculation of ther- 
modynamic properties. Watson (1) in 1943 was the first to 
attempt a generalization of the density behavior for the liquid 
state by introducing the w factor through the relationship 

P = (MP,/T,)w (1) 

where w = P,/(Z/?T,). For this development, Watson utilizes 
the PVT behavior of isopentane and presents a graphical rela- 
tionship for this factor against T,  for different parameters of 
P,. Unfortunately, this factor is not a truly generalized function 
of P, and T,  since it can vary by as much as 20% between 
different compounds existing at identical reduced conditions. In 
order to predict density more accurately, Watson suggests the 
use of a single actual density p1 so that the ratio 

P/W = P l / W ,  (2) 

applies. In  eq 2, the factor w1 corresponds to the pressure and 
temperature conditions associated with pl. 

In 1954, R i i l ( 2 )  considered only the saturated-liquid state 
and proposed the generalized relationship 

P R  = 1 + 0.85(1 - TR) + (0.53 + O.2ac)(l - TR)l13 (3) 

where pR is the reduced density and the Riedel factor cy, = (d 
In P,/d In TR)TR=l.oo. Replacement of a, through the relation- 
ship w = 0.2O3(ac - 7.90) + 0.242, given by Sherwood and 
Reid (3), transforms eq 3 to the expression 

pR = 1 + 0.85(1 - T,) + (1.6916 + 0.9846~)(1 - r,)lI3 
(4) 

where the acentric factor w = -log PRITR=0.700 - 1.000. Rie- 
del’s method expressed through eq 3 and 4 is claimed to predict 
reliable density values for both nonpolar and polar substances, 
but fails to accommodate polar associating liquids. To extend 
the method of Riedel to include polar associating liquids, Joffe 
and Zudkevitch (4) replace the factor w in eq 4 with the tem- 
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peraturedependent function, $, to express reduced density as 
follows: 

p, = 1 + 0.85(1 - T,) + (1.6916 + 0.9846$)(1 - TR)l13 

(5) 

For nonpolar compounds, Joffe and Zudkevitch (4) propose that 
$ is temperature independent and can thus be obtained from 
a single actual density value. However, for polar compounds 
$ was proposed to be linearly dependent on temperature, thus 
requiring two experimental densities for its establishment. 

Yen and Woods (5) present another generalized approach 
for the calculation of saturated-liquid densities based on the 
critical compressibility factor. For nonpolar and polar liquids, 
they propose the relationship 

P R  = 1 + A(1 - T,)l13 B(1 - TR)’13 + D(1 - T,)4/3 (6) 

where the coefficients A, 8, and D are polynomials in z,. On 
the basis of 62 pure compounds whose z, values range from 
0.21 to 0.29, Yen and Woods calculate densities using eq 6 and 
compare them with corresponding experimental values to obtain 
an overall average deviation of 2.1 % (693 points). 

The critical compressiblity factor, z,, is also used by Rackett 
(6) as a correlating parameter to define reduced density for 
saturated liquids as 

(7) 

Equation 7 is claimed by Rackett to hold for polar and nonpolar 
substances, but fails for quantum and polar associating liqulds. 
In this context, Rackett suggests that better accuracy could be 
realized if z, were made a free parameter chosen to best 
represent experimental data. 

Spencer and Danner (7) utilize the suggestion of Rackett and 
replace z, by Z,, to define the saturated-liquid density as 

MP c 1 
= RT, ZRA1+(1-rR)*~7 (8) 

In eq 8, Z,, is a constant specific to a substance and is de- 
termined from the linear regression analysis of experimental 
data representing the saturated-liquid state. The form of eq 8 
does not utilize critical density, but requires knowledge of the 
critical temperature and the critical pressure. Spencer and 
Danner (7) present values of Z,, for 1 11 polar and nonpolar 
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Figure 2. Dependence of ZRA upon 1 - TR for water. 

substances. Spencer and Adler (8) update and extend this 
initial study to a total of 165 polar and nonpolar liquids. In  this 
latter study, Spencer and Adler report low deviations for polar 
and nonpolar compounds, but claim higher deviations for polar 
associating liquids. For these substances, either the functional 
form of eq 8 is not proper, or ZRA is not constant. Since the 
functional form of eq 8 is simple, it was thought best to explore 
the possibility that ZRA depends on temperature. 

Dependence of Z,, on Temperature 

Experimental measurements reported in the literature for 62 
substances have been utilized to calculate values of ZRA for 
corresponding values of T,. This approach entailed the in- 
volvement of eq 8 in the form 

(9) 

Figure 1 presents the results for methane based on the avail- 
able experimental density measurements of 10 investigators. 
This figure shows that ZRA for methane is essentially inde- 
pendent of temperature, consistent with the claim of Spencer 
and Danner (7). For water, the available density measurements 
of 10 investigators have been utilized to develop Figure 2. In  
this case, ZRA is neither temperature Independent nor linearly 
dependent on 1 - T,, but shows a complex behavior which is 
accentuated in the vicinity of the critical point. Nonetheless, 
in the present treatment, this behavior was approximated by 
making Z, a linear function of 1 - TR. Figure 3 presents the 
ZRA vs. 1 - T,  behavior for the quantum liquid helium. This 
dependence is essentially linear over the complete temperature 
range, except for the region near the critical point. In  this 
region, the behavior for helium is opposite to that encountered 
for water. As in the case for water, the overall dependence 
of ZRA on 1 - T R  was assumed to be linear. 

The general pattern exhibited in these three figures suggests 
that, without much loss in accuracy, the adjustable parameter 
Z, can be expressed as a linear function of 1 - T, as follows: 

A linear regression analysis was applied to experimental den- 
sities for 62 substances which included nonpolar, polar, quan- 
tum, and polar associating liquids. The results of this analysis 
expressed as parameters a and are presented in Table I. 
These actual parameters give rise to an overall average density 
deviation of 0.32% (4942 points), when compared with actual 
values. The maximum deviation was exhibited by xenon, 
0.97% (67 points). I t  should be noted that the actual values 
of 6 for nonpolar substances are generally lower than the 
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Figure 3. Linear relatlonshlp of ZRA vs. 1 - T,  resulting from ex- 
perimental density values for the quantum liquid, helium. 

corresponding values found for quantum and polar liquids. The 
actual values of a and /3 resulting from this regression analysis 
may now be utilized to structure a method for their prediction 
so that these parameters can be estimated for substances 
other than those included in this study. 

Correlation for Parameter a 

Parameter a represents the value of Z, at the critical point 
and is numerically much larger than the corresponding slope 8. 
Therefore, the accurate establishment of this parameter be- 
comes essential to the prediction of saturated-liquid densitles. 

“@ar Substancx?~. Several attempts to relate parameter 
a for nonpolar substances to easily accessible physical prop- 
erties were made. Of these, the most suitable approach re- 
sulted when a was related to the factor s, defined as 

(1 1) 

where TRb = T b / T ,  and Po is the critical pressure in atmo- 
spheres. This factor represents the negattve slope of a stralght 
line joining the critical point and the normal boiling point on a 
In P, vs. 1/T, coordinate system. This method of correlation 
showed that a for nonpolar substances is linearly dependent 
on s as follows: 

LY = 0.3883 - 0.0179s (12) 

In  addition to nonpolar substances, eq 12 also accommodates 
the behavior of the quantum liquids helium, hydrogen, and neon. 

Pdar Suhstames. The presence of an asymmetric charge 
distribution associated with polar liquids requkes that a modi- 
fication be introduced to eq 12 In order to include the contri- 
butions due to this effect. In  this regard, the dipole moment, 

s = T, In Pc/ ( l  - T,,,) 
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p, of the substance has been used to define the reduced dipole 
moment 

e = P,P~/T,~ (13) 

where p is expressed in debye units, P, in atmospheres, and 
T, in K. The introduction of this parameter extends the ap- 
plication of eq 12 to polar compounds through the relationship 

(14) 

Equation 14 satisfactorily predicts values of a for polar sub- 
stances with the exception of water, alcohols, and carboxylic 
acids. For these associating polar liquids that contain a hydroxyl 
group, an extension of eq 14 does not prove adequate and 
therefore the correlation of a for this class of compounds re- 
quires a separate treatment. 

Pdar &"ds Contahlng a Hydroxyl Or-. For com 
pounds containing a hydroxyl group, a is strongly influenced by 
TR,, the reduced normal bolling point. With the additional in- 
troduction of the critical pressure, the prediction of parameter 
a, for this class of compounds, becomes 

= 0.3883 - 0.0179s - 13054oe2.41 

Values for parameter a calculated by using eq 14 and 15 are 
given in Table I for each of the 62 substances included in this 
study. 

Correlatlon for Parameter /3 

Although the slope j3 is not as dominant as the corresponding 
intercept a, it is nonetheless a significant quantity for polar and 
quantum liquids. For this reason, the contribution of this pa- 
rameter should be included for the more exacting prediction of 
saturated-liquid densities. 

Nonpolar Substances. The factor s has been found useful 
in the correlation of parameter j3, but in this case the inclusion 
of the quantum liquids to this category required the introduction 
of the additional parameter 

1 (16) A = pc1/3/(M1/2T5/6 

This parameter is large for helium, hydrogen, and neon, but 
becomes relatively small for all other substances. The com- 
bined contribution of s and A defines /3 as follows: 

/3 = 0.00318s - 0.0211 + 0 . 6 2 5 ~ l l . ~ ~  (17) 

for nonpolar substances. 
Polar Substances. The reduced dipole moment, 8, has 

been employed to extend the application of eq 17 to include 
polar substances. This extension modifies eq 17 as follows: 

/3 = 0.00318s - 0.0211 + 0 . 6 2 5 ~ i l . ~ ~  + 9.74 X 10683.38 
(18) 

Equation 18 accommodates polar liquids, with the exception of 
water, alcohols, and carboxylic acids. For these hydroxyl- 
containing compounds, eq 18 must be modified. 

Polar Compound Contalnhg a Hydroxyl Group. The re- 
duced dipole moment, 8, has proven suitable for extending eq 
17 to accommodate compounds that contain a hydroxyl group. 
For this class of compounds, eq 17 takes the form 

(19) p = 0.00318s - 0.0211 + 0 . 6 2 5 ~ 5  + 5.9080.835 

Values for parameter /3 calculated by using eq 18 and 19 are 
presented in Table I for each of the 62 substances included in 
this study. 
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Table 11. Basic Physical Constants, Density Parameters, and Sources of Data for Substances Used To Test the Method of 
This Study 

av predict e d 
M Tb, K T,, K P,, atm p ,  D s A 1038 T,, B points dev, % ref 

2,2,4-trimethyl- 114.23 372.37 543.96 25.34 0 7.0146 0.0014 0 0.6846 0.2627 0.0013 23 2.55 150, 158 
pentane 

n-decane 

n-dodecane 
dichloromethane 
chloroform 

bromobenzene 
aniline 
naphthalene 
tin tetrachloride 

142.29 447.3 617.7 

170.34 489.47 658.2 
84.93 313.0 510.0 

119.38 334.32 536.35 

157.01 429.21 670.0 
93.13 457.6 699.0 

128.17 491.14 748.4 
260.50 387.3 591.9 

20.76 

18.00 
60.0 
54.0 

44.6 
52.4 
39.98 
37.0 

0 

0 
1.60 
1.01 

1.70 
1.53 
0 
0 

7.9617 0.0011 0 0.7241 0.2458 

8.3847 0.0009 0 0.7496 0.2382 
6.5052 0.0024 0.591 0.6137 0.2697 
6.6010 0.0018 0.192 0.6233 0.2700 

6.7695 0.0012 0.287 0.6406 0.2667 
7.5045 0.0017 0.251 0.6546 0.2537 
7.0416 0.0012 0 0.6563 0.2623 
6.8353 0.0010 0 0.6543 0.2659 

Table 111. Comparison of Actual and Calculated Critical 
Volumes for Nonpolar Substances 

u,, cm3/(g-mol) 
substance actual calcd dev, % 

monoatomic 
helium 57.52 61.24 6.47 
neon 41.74 41.34 0.96 
argon 75.50 75.39 0.15 
krypton 91.18 92.83 1.81 
xenon 119.5 120.6 0.92 

n- hydrogen 64.98 67.15 3.34 
p-hydrogen 64.13 66.96 4.41 
nitrogen 89.50 89.20 0.34 
oxygen 73.37 74.00 0.86 
fluorine 66.22 66.06 0.24 
chlorine 123.7 127.8 3.31 

carbon dioxide 94.04 92.16 2.00 
carbon disulfide 173.0 163.5 5.49 

methane 98.42 100.6 2.21 
ethylene 131.0 132.0 0.76 
ethane 146.0 146.9 0.62 
propylene 182.2 182.7 0.27 
propane 201.8 200.6 0.59 
2-methylpropane 263.0 254.9 3.08 
n-butane 254.9 253.9 0.39 
2-methylbutane 305.7 305.3 0.13 
n-pentane 311.0 310.1 0.29 
n- hexane 369.9 369.0 0.24 
n-heptane 426.4 424.9 0.35 
2,2,4-trimethylpentane 468.2 462.8 1.15 
n-octane 492.4 483.0 1.91 

cyclopropane 162.8 165.7 1.78 
cyclohexane 308.3 306.2 0.68 
methylcyclohexane 367.8 368.4 0.16 

benzene 258.7 258.5 0.08 
toluene 315.6 319.0 1.08 
o-xylene 368.6 367.6 0.27 
m-xylene 376.5 377.7 0.32 
p-xylene 379.2 378.0 0.32 
naphthalene 413.5 402.8 2.59 

carbon tetrachloride 275.9 276.9 0.36 
tin tetrachloride 351.1 349.1 0.57 

diatomic 

triatomic 

aliphatic hydrocarbons 

naphthenes 

aromatics 

miscellaneous 

1.36 (av) 

0.0043 

0.0056 
-0.0001 

0.0000 

0.0005 
0.0029 
0.0014 
0.0007 

22 2.71 

21 4.63 
54 5.05 
54 3.45 

51 2.15 
19 5.00 
11 1.29 
41 0.21 

296 3.05 (av) 

138, 143, 144, 
224 

138,143,224 

99, 135, 136, 
167,203 

136,137,222 
99,216 
166 

137,202 

167,225-227 

Table IV. Comparison of Actual and Calculated Critical 
Volumes for Polar Substances 

u,, cm3/(g-mol) 
substance actual calcd dev, % 

diatomic5 
carbon monoxide 93.06 90.81 2.42 
hydrogen chloride 81.02 88.95 9.79 

hydrogen sulfide 98.50 96.81 1.72 
nitrous oxide 97.27 97.67 0.41 
sulfur dioxide 122.0 116.3 4.67 

ammonia 72.04 73.48 2.00 
methyl chloride 139.1 135.4 2.66 
chloroform 238.8 220.1 7.83 
ethyl acetate 286.1 290.2 1.43 
diethyl ether 279.7 281.9 0.79 
diethylamine 301.0 291.4 3.19 

253.5 242.0 4.54 pyridine 
aniline 273.9 277.7 1.39 
acetonitrile 173.2 183.9 6.18 
propionitrile 229.5 241.7 5.32 
acetone 208.9 217.2 3.97 
chlorobenzene 308.4 310.5 0.68 
bromobenzene 323.7 328.8 1.58 
dimethyl sulfide 201.1 205.2 2.04 

triatomic5 

miscellaneous 

3.30 (av) 

Table V. Comparison of Actual and Calculated Critical 
Volumes for Substances with a Hydroxyl Group 

u,, cm3/(g-mol) 
substances actual calcd dev, % 

alcohols 
methanol 117.8 120.1 1.95 
ethanol 167.2 166.5 0.42 
2 -prop an o 1 220.4 230.0 4.36 
1-propanol 218.2 216.7 0.69 
2-methyl-1-propanol 272.5 266.3 2.28 
2-butanol 268.6 266.3 0.86 
2-methyl-2-propanol 274.5 271.8 0.98 
1-butanol 274.5 265.2 3.39 
1-pentanol 326.5 314.8 3.58 
1-octanol 489.6 496.2 1.35 

water 57.19 54.76 4.25 
acetic acid 171.1 186.1 8.77 

others 

2.74 (av) 

saturated-liquid densities for nonpolar and polar liquids through 
the relationship 

MPC 1 
Applicatlon of Development and Its Extendon to Other 
Substances P = -  (20) 

The use of predicted values of CY and @ in eq 20 produces 

R T C  [(y + @(I - T,)]1+(1-b)z’7 
Equations 14 and 15 In conjunction with eq 18 and 19 permit 

the establishment of parameters CY and p needed to define 
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Table VI. Comearative Evaluation of Methods for the Prediction of Saturated-Liouid Densities 
Spencer- Joffe- present 

substance points Riedel Yen-Woods Rackett Dannerb Zudkevitch' method 
monoatomics 

helium 
neon 
argon 
krypton 
xenon 

diatomics 
n-hydrogen 
p-hydrogen 
nitrogen 
oxygen 
carbon monoxide 
fluorine 
chlorine 
hydrogen chloride 

polyatomics 
carbon dioxide 
carbon disulfide 
hydrogen sulfide 
nitrous oxide 
sulfur dioxide 
ammonia 
water 

methane 
ethylene 
ethane 
propylene 
propane 
2-methylpropane 
n-butane 
2-methylbutane 
n-pentane 
n-hexane 
n-heptane 
2,2,4-trimethylpentane 
n-octane 
n-decane" 
n-dodecane" 

naphthenes 
cyclopropane 
cyclohexane 
methylcyclohexane 

aromatics 
benzene 
toluene 
o-xylene 
m-xylene 
p-xylene 
naphthalene 

methanol 
ethanol 
2-propanol 
1-propanol 
2-methyl-1-propanol 
2-butanol 
2-methyl-2-propanol 
1-butanol 
1-pentanol 
1-octanol 

miscellaneous 
methyl chloride 
dichloromethane" 
chloroform 
carbon tetrachloride 
ethyl acetate 
diethyl ether 
diethylamine 
pyridine 
aniline 
acetonitrile 
propionitrile 
acetone 
acetic acid 
chlorobenzene 

aliphatic hydrocarbons 

alcohols 

164 
58 

128 
81 
67 

54 
49 

111 
158 
45 

103 
106 
53 

89 
26 
38 
27 
56 

127 
148 

104 
64 
89 
55 

152 
116 
84 
95 
99 
86 

126 
23 
69 
22 
2 1  

25 
95 
59 

202 
125 
103 
105 
83 
11 

102 
78 
45 
74 
48 
53 
19 
95 
63 
63 

50 
54 
54 

137 
64 
77 
18 
28 
19 
47 
32 
78 
51 
73 

7.84 
1.17 
0.84 
0.49 
2.32 

5.26 
4.67 
0.40 
0.64 
1.08 
0.84 
0.72 
2.92 

1.02 
2.62 
1.34 
0.74 
1.10 
3.09 
5.09 

0.96 
0.33 
0.44 
0.54 
0.78 
1.92 
0.47 
1.90 
0.76 
0.54 
1.47 
1.98 
0.49 
2.57 
3.20 

1.10 
0.79 
1.25 

0.63 
0.36 
0.61 
0.30 
0.49 
3.28 

3.82 
7.06 
7.14 
5.19 
5.48 
5.65 
4.51 
4.88 
5.73 
6.62 

2.19 
7.81 
4.35 
0.33 
0.27 
1.27 
2.68 
4.56 
7.18 
7.86 
6.79 
0.70 
3.93 
0.25 

14.93 
1.08 
0.79 
1.04 
1.95 

7.80 
8.14 
0.54 
0.71 
2.85 
0.58 
0.69 
9.74 

1.07 
9.24 
2.10 
0.34 
2.12 
1.36 
3.08 

1.61 
0.77 
0.93 
0.22 
2.48 
5.46 
1.34 
0.48 
0.79 
0.86 
0.41 
0.36 
2.12 
0.70 
1.40 

0.44 
0.82 
0.33 

1.60 
0.43 
0.78 
1.18 
1.40 
6.26 

1.35 
1.68 
1.16 
1.44 
1.31 
0.87 
2.66 
2.46 
1.69 
0.54 

1.07 
10.11 
11.24 
0.55 
0.42 
0.82 
5.93 
8.51 
6.18 
6.94 
5.01 
3.79 
2.45 
0.90 

16.34 
0.65 
0.80 
1.47 
1.78 

8.03 
8.71 
0.42 
1.26 
2.74 
0.37 
1.26 

10.93 

0.85 
8.00 
1.77 
1.23 
1.68 
3.74 
3.24 

2.12 
0.43 
0.36 
0.86 
1.60 
4.73 
0.54 
1.20 
0.27 
0.28 
0.87 
0.79 
1.17 
1.52 
1.71 

0.54 
0.16 
1.02 

0.87 
0.81 
0.30 
0.38 
0.45 
5.40 

9.31 
2.93 
2.52 
1.78 
1.49 
1.84 
2.32 
1.92 
1.07 
0.78 

0.88 
9.38 

10.72 
0.26 
1.44 
1.59 
5.19 
7.58 
8.94 

13.40 
8.36 
8.86 

21.88 
0.29 

3.93 
0.32 
0.49 
2.67 

0.96 

0.41 
0.51 
0.61 
0.37 
0.33 
0.38 

0.96 
0.24 
2.17 
0.62 
1.02 
0.42 

0.32 
0.65 
0.47 
0.54 
0.46 
0.41 
0.38 
0.32 
0.21 
0.35 
0.33 
0.50 
0.43 
0.56 
0.10 

0.53 
0.15 
0.36 

0.21 
0.24 
0.51 
0.43 
0.32 
0.11 

3.59 
2.39 
2.25 
1.77 

2.25 
0.78 

0.87 
0.14 
0.25 
0.16 
0.30 
0.36 
3.75 

0.34 
2.32 
1.47 
0.52 
2.85 
0.26 

4.43 
0.98 
0.55 
0.52 
1.31 

1.72 
2.35 
0.41 
0.47 
0.34 
0.44 
0.21 
0.53 

0.98 
0.05 
0.59 
0.53 
0.33 
0.33 
1.20 

0.59 
1.59 
0.50 
0.43 
0.86 
0.17 
0.31 
0.67 
0.24 
0.24 
0.26 
0.50 
0.19 
0.45 
0.52 

0.48 
0.19 
0.36 

0.27 
0.25 
0.35 
0.15 
0.16 
0.17 

0.47 
0.20 
0.85 
0.65 
0.72 
0.89 
0.50 
0.67 
0.82 
0.32 

0.79 
0.14 
0.09 
0.21 
0.22 
0.29 
0.36 
0.08 
0.05 
1.15 
0.45 
0.45 
0.25 
0.20 

1.02 
2.21 
0.22 
1.04 
2.65 

1.28 
0.96 
1.06 
0.41 
1.70 
1.15 
3.71 
4.81 

2.80 
2.77 
1.63 
0.77 
6.34 
0.60 
0.99 

1.07 
0.87 
0.58 
0.54 
0.42 
0.87 
0.38 
1.41 
0.50 
0.24 
0.96 
2.55 
1.43 
2.71 
4.63 

2.08 
1.21 
0.70 

0.19 
1.32 
0.29 
1.19 
1.46 
1.29 

0.93 
1.44 
8.61 
1.91 
0.60 
0.42 
2.95 
0.77 
1.98 
4.44 

4.40 
5.05 
3.45 
0.29 
1.64 
0.25 
0.31 
0.42 
5.00 
0.91 
2.66 
0.99 
1.29 
1.25 
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Table VI (Continued) 
Spencer- Joffe- present 

substance points Riedel Yen-Woods Rackett Dannerb ZudkevitchC method 
bromobenzene 51 0.24 0.30 0.79 0.16 0.13 2.15 
dimethyl sulfide 23 0.97 0.91 1.17 0.46 2.49 
tin tetrachloride 41 0.25 1.55 0.87 0.45 0.21 

5238 2.21 (av) 2.37 (av) 2.89 (av) 0.74 (av) 0.62 (av) 1.42 (av) 

aEstimated values of p, .  bBlanks indicate that values of for the Spencer-Danner method were not available. The resulting overall 
average deviation of 0.74% is based on a total of 4602 points. If z, is used in place of ZRA, the deviations become identical with those 
reported under the method of Rackett. Since the quantum liquids helium, hydrogen, and neon are nonpolar, only one known density value 
for ech substance was used in the calculation of saturated-liquid densities by the method of Joffe and Zudkevitch. If two experimental liquid 
density values are used for each of these substances, their deviations decrease to 0.50% for helium, 0.30% for neon, 0.27% for n-hydrogen, 
and 0.44% for p-hydrogen. 

calculated saturated-liquid densities that yield an overall average 
density deviation of 1.32 % (4942 points) for the 62 substances. 
The deviation associated with each substance is given in Table 
I. These deviations show no discrimination between classes 
of compounds; however, somewhat excesslve deviations were 
encountered with 2-propanol, sulfur dioxide, hydrogen chloride, 
I-octanol, methyl chloride, and chlorine. 

Saturated-liquid densities were calculated for nine polar and 
nonpolar substances not included in the development of this 
study. These substances are presented in Table I I along with 
their basic physical constants and corresponding average 
density deviations. The overall average deviation for these 
compounds was found to be 3.05% (296 points) with a max- 
imum of 5.05 % (54 points) encountered with dichloromethane 
and a minimum of 0.21 % (41 points) for tin tetrachloride. 

Remarks Concerning Critical Volumes 

When eq 20 is applied at T ,  = 1.00, the corresponding 
critical density becomes 

P c  = MP,/(aRT,) (21) 

I f  a = z,, then eq 21 defines rigorously the critical density. 
Equation 2 1 applies adequately to normally behaving liquids 
since a is in close proximity to 2 ,  for substances of this type. 
However, for associating liquids and quantum liquids, parameter 
a is not in close proximity to z, and therefore eq 20 will not 
yield reliable critical densities. This disparity becomes apparent 
upon reference to Figure 2 for water and Figure 3 for helium. 
For such substances, eq 20 has been found to apply well be- 
tween the triple point and T R  = 0.98. However, for the cal- 
culation of average deviations associated with such substances, 
this temperature restriction was not considered and therefore 
eq 20 was applied up to T,  = 1.00. 

The combination of eq 21 with eq 12 yields the critical vol- 
ume for nonpolar substances 

V ,  = (RT,/P,X0.3883 - 0.0179s) (22) 

Table I11 presents a comparison of actual critical volumes and 
critical volumes calculated with eq 22 for the nonpolar sub- 
stances included in this study. This comparison shows that the 
overall average deviation for critical volumes is 1.36% (37 
substances). I f  the deviations for the quantum liquids helium 
and the two hydrogens are excluded, this dviation decreases 
to 1.07 % (34 substances). Equation 22 has also been applied 
to a total of 46 additional hydrocarbons not included in Table 
I I I .  These additional compounds include saturated aliphatic 
isomers through the octanes, acetylenes, olefins, 1,3-butadiene, 
naphthenes, and aromatics. For space economy, no table is 
presented for these hydrocarbons; however, the average de- 
viation for their critical volumes was found to be 1.59% (46 
substances) with a maximum of 4.43% encountered with 
2,2,3,34etramethylbutane and a minimum of 0.03 YO for 
ethylbenzene. 

For polar substances, not containing a hydroxyl group, the 
substitution of eq 14 into eq 21 yields the relationship 

v ,  = ( ~ ~ ~ p ~ ~ o . 3 8 8 3  - 0.0179s - 130540e2.41) (23) 

Table I V  presents a comparison between actual critical vol- 
umes and critical volumes calculated with eq 23. The average 
deviation for these polar compounds is 3.30% (19 substances). 
Somewhat excessive deviations were encountered with hydro- 
gen chloride, chloroform, acetonitrile, and propionitrile whose 
values exceed 5 % . 

For substances whose molecular structure contains a hy- 
droxyl group such as water, acetic acid, and the alcohols, eq 
15 can be substituted into eq 21 to define their critical volume 
as follows: 

P ’I 

RTc 5.79 x 10-10 
v ,  = - 0.690TRb - 0.3342 + 

P c0,855 TRb32’75 

Actual and calculated critical volumes are compared in Table 
V for the alcohols, water, and acetic acid with a resulting av- 
erage deviation of 2.74% (12 substances). In this comparison, 
somewhat high deviations were encountered with 2-propanol, 
water, and acetic acid. 

For the 68 substances of this study for which actual critical 
volumes were available, the combined average deviation of 
Tables 111-V is 2.14%. 

Comparison with Other Methods 

The ability of other methods to predict saturated-liquid den- 
sities has been examined by using the 62 substances applied 
in the development of this study and the 9 additional compounds 
presented in Table 11. Table V I  presents the results of this 
comparative analysis for all 71 substances based on the 
present method and those of Riedel (2), Yen and Woods (5), 
Rackett (6) ,  Spencer and Danner (7 ) ,  and Joffe and Zudkevitch 
(4). This comparison indicates that the present method is ca- 
pable of predicting saturated-liquid densities for all temperatures 
between the triple point and the critical point, with an overall 
average deviation of 1.42% (5238 points). The methods of 
Spencer-Danner (7) and Joffe-Zudkevitch (4) give rise to the 
lower average deviations of 0.74% (4602 points) and 0.62% 
(5238 points), respectively; however, each of these methods 
requires some knowledge of actual density behavior. 

The earliest method of R i e l  (2) presented in 1954 produced 
an average deviation of 2.21 YO (5238 points) and, were it not 
for the higher deviations encountered with the alcohols and 
other associated liquids, this deviation would be significantly 
lower. This fact is borne out by Joffe and Zudkevitch (4 ) ,  who 
point to this issue as follows: “Although he did not explicitly 
mention that associated liquids do not conform to Riedel’s liquid 
density correlation, it is reasonable to assume from his work 
that he was aware of this fact.” 

The Yen-Woods method (5) produced an average deviation 
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of 2.37% (5238 points). Although their method does not dis- 
criminate against alcohols, this comparison indicates that ex- 
cessive deviations are encountered with their method for di- 
chloromethane (p, = 0.440 g/cm3, estimated), chloroform, 
pyridine, the nitriles, hydrogen chloride, helium, and hydrogen. 

The Rackett method (6) described by eq 7 accommodates 
a variety of polar and nonpolar substances. For the 7 1 liquids, 
the average deviation was 2.89% (5238 points) and, with the 
exception of methanol, this method is capable of predicting 
reliable values for the alcohols. However, with the method of 
Rackett, excessive deviations were encountered with organic 
nitrogen-containing compounds, acetic acid, dichloromethane, 
chloroform, hydrogen chloride, and the quantum liquids helium 
and hydrogen. 

Glossary 

A ,  B, 
M 
P 
PC 
PR 

r 

T C  

T ,  

R 
S 

rb 

TRb 
V 

“C 

2, 
ZRA 

z 

D polynomials in z,, eq 6 
molecular weight 
pressure, atm 
critical pressure, atm 
reduced pressure, P l P, 
gas constant 
characterization factor, T,, In PJ(1 - TRb) 
absolute temperature, K 
normal boiling point, K 
critical temperature, K 
reduced temperature, T l  T,  
reduced normal boiling point, T,IT, 
molar volume, cm3/(g-mol) 
critical volume, cm3(g-mol) 
compressibility factor, PvIRT 
critical compressibility factor, P,v,I(RT,) 
adjustable constant, eq 8 

Greek Letters 

parameters, eq 10 
Riedel factor, (d In PRld In TR)TR=l.OO, eq 3 
reduced dipole moment, pzPC/T:, eq 13 
quantum parameter, Pc1’31(M”2T,5’6), eq 16 
dipole moment, D 
density, g/cm3 
critical density, g/cm3 
reduced density, plp,  

Llterature Cited 

(1) Watson, K. M. Ind. Eng. Chem. 1943, 35, 398. 
(2) Riedel, L. Chem.-Ing.-Tech. 1954. 26,  259. 
(3) Reid, R. C.; Sherwood, T. K. “Ttw Properties of Gases and Liquids”, 

2nd ed.; McGraw-Hill: New York, 1966. 
(4) Joffe, J.; Zudkevitch, D. AIChE Symp. Ser. 1974, No. 70, 22. 
( 5 )  Yen, L. C.; Woods, S. S. AIChE J. 1966, 72, 95. 
(6) Rackett. H. G. J. Chem. Eng. Data 1970, 75, 514. 
(7) Spencer, C. F.; Danner. R. P. J. Chem. Eng. Data 1972, 77, 236. 
(8) Spencer, C. F.; Adler, S.  B. J. ‘Chem. Eng. Data 1978, 23,  82. 
(9) American Petroleum Institute. Selected Values of Physical and 

Thermodynamic Properties of Hydrocarbons and Related 
Compounds”; Carnegle Press: Pittsburgh, PA, 1953. 

(10) Bloomer, 0. T.; Parent. J. D. Insf. Gas Techno/.. Chicago, Res. 
Bull. 1952, No. 77. 

(11) Cardoso. E. J. Chim. Phys. Phys.-Chlm. Biol. 1915, 13, 312. 
(12) Goodwin, R. D.; Prydz, R. J. Res. Natl. Bur. Stand., Sect. A 1972, 

(13) Haynes, W. M.; Hiza, M. J. J. Chem. Thermodyn. 1977. 9 ,  179. 
(14) Jensen, R. H.; Kurata, F. J. Pet. Techno/. 1969, 21, 683. 
(15) McClune, C. R. Crycgenics 1976, 76, 289. 
(16) Pan, W. 6.; Mady, M. H.; Miller, R. C. AIChE J. 1975, 21,  283. 
(17) Rodosevich. J. 8.; Mllier, R. C. AIChE J. 1973, 79, 729. 
(18) Terry, M. J.; Lynch, J. T.; Bunclark, M.; Mansell. K. R.; Staveley, L. 

A. K. J. Chem. Thermodyn. 1969, 7 ,  413. 
(19) Amagat, E. H. Ann. Chlm. Phys. 1893, 29 (e), 505. 
(20) Easton, M. F.; Mitchell, A. G.; WynneJones, W. F. K. Trans. Faracby 

SOC. 1952, 48, 796. 
(21) Hirn, G. A. Ann. Chim. Phys. 1866. 70 (4). 32. 
(22) Kennedy, G. C.; Knight, W. L.; Holser, W. T. Am. J. Sci. 1958, 256, 

590. 

76,  81. 

(23) Keyes, F. G.; Smith, L. 8. Mech. Eng. 1931, 53, 132. 
(24) Mendelejeff, D. Lleblgs Ann. Chem. 1881, 779, 1. 
(25) Osborne, N. S.; Stimson, H. F.; Glnnlngs, D. C. J. Res. Natl. Bur. 

Stand. (US.) 1937, 18, 389. 
(26) Ramsay, W.; Young, S. Phllos. Trans. R .  SOC. London, Ser. A 

1892, 183, 108. 
(27) Smith, L. B.; Keyes, F. G. Proc. Am. Acad. Arts Sci. 1934, 69,  

285. 
(28) Waterston, J. J. Phllos. Mag. 1861. 21 (4), 401. 
(29) Edwards, M. H. Can. J. Phys. 1958, 36, 884. 
(30) Edwards, M. H.; Woodbury. W. C. Can. J. fhys. 1961, 39,  1833. 
(31) Edwards, M. H.; Woodbury, W. C. Phys. Rev. A 1963, 729, 1911. 
(32) El Hadl, 2. E. H. A.; Duriew, M.; van DIN. H. Fhyslce 1989, 41, 289. 
(33) Keesom, W. H. “Hellum”; E l s e v k  Amsterdam, 1942; p 207. 
(34) Kerf, E. C. J. Chem. Phys. 1957. 26, 511. 
(35) McCarty, R. D. NBS Tech. Note ( U . S . )  1972, No. 622. 
(36) Roach, P. R. Fhys. Rev. 1968, 770, 213. 
(37) Gibbons, R. M. CryogenICs 1969, 9 ,  251. 
(38) &dun, C. Crycgenlcs 1966, 6, 27. 
(39) Kamerllngh Onnes, H.; Crommelln, C. A. Commun. Phys. Lab. Univ. 

Leiden 1915. No. 147d. 
(40) Mathlas, E.; Crommelln, C. A.; Kamerlingh Onnes, H. Commun. 

Phys . Lab. Unlv. LeMen 1923, No. 1626. 
(41) streett, w. B. J. chem. Thermodyn. i973.5,313. 
(42) Alburquerque, 0. M. N.; Calado, J. C. G.; Nunes da Ponte, M.; Palav- 

ra, A. M. F. Cryopnlcs 1960, 20,  601. 
(43) Baly, E. C. C.; Donnan, F. G. J. Chem. SOC. 1902, 87, 907. 
(44) Goklman, K.; Scrase, N. G. Physlca 1969, 45, 1. 
(45) Haynes, W. M. Cryogenics 1978, 18, 621. 
(46) Mathlas, E.; Kamerllngh Onnes, H.; Crommelin, C. A. Commun. 

Phys. Lab. Unlv. Leiden 1912, No. 737a. 
(47) Mlchels, A.; Levelt, J. M.; De Graff, W. Physlca 1958, 24, 659. 
(48) Saji, Y.; Kobayashi, S. Cryogenlcs 1964, 4 ,  138. 
(49) Sorokin, V. A.; Blagoi, Y. U. Tennodin. Termokhlm. Konstaniy 1970, 

97. 
(50) Streett, W. B.; Staveley, L. A. K. J. Chem. Phys. 1969, 50, 2302. 
(51) Van Itterbeek, A.; Verbeke, 0. physlce 1960, 26 ,  931. 
(52) Fuks, S.; Bellemans, A. Physlce 1966. 32,  594. 
(53) Gladun, C.; Menzel, F. Cryogenlcs 1970, 70, 210. 
(54) Mathlas, E.; Crommelln, C. A.; Meihulzen, J. J. Physlca 1937, 4 ,  

1200. 
(55) Theeuwes, F.; Bearman, R. J. J. Chem. Thermodyn. 1970, 2 ,  179. 
(56) Calado, J. C. G.; Staveley, L. A. K. Trans. Faraday SOC. 1971, 67,  

289. 
(57) Leadbetter, A. J.; Thomas, H. E. Trans. Faraday Soc. 1965, 67,  10. 
(58) Patterson, H. S.; Crlpps. R. S.; Whytlaw4ray, R. Roc. R .  Soc. Lon- 

don, Ser. A 1912, 86, 579. 
(59) Theeuwes, F.; Bearman, A. J. J. Chem. Thermodyn. 1970, 2 ,  507. 
(60) Dewar, J. Proc. R .  Soc. London 1904, 73, 251. 
(61) Heuse, W. Z. Phys. Chem., Abt. A 1930, 747, 282. 
(62) Kamerllngh Onnes, H.; Crommelln, C. A. Commun, Phys , Lab. Univ. 

Leiden 1913, No. 737a. 
(63) Mathlas, E.; Crommelin, C. A.; Kamerlingh Onnes, H. Commun. 

Phys. Lab. Unlv. Leiden 1921, No. 154b. 
(64) Scott, R. B.; Brlckwedde, F. G. J. Res. Natl. Bur. Stand. ( U S . )  

1937, 19, 237. 
(65) Roder, H. M.; Diller, D. E.; Weber, L. A.; Gaodwln, R. D. Cryogenics 

1963, 3, 16. 
(66) Goldman, K.; Scrase, N. G. Physica 1969, 44, 555. 
(67) Haynes, W. M.; Hiza, M. J.; Frederick, N. V. Rev. Scl. Instrum. 

1976, 47, 1237. 
(68) Streett, W. B.; Staveley. L. A. K. Adv. Cryog. Eng. 1968, 73, 363. 
(69) Van Itterbeek, A.; De Bock, A,; Verhaegen, L. Physics 1949, 15, 

624. 
(70) Weber, L. A. J. Chem. Thermcdyn. 1970, 2 ,  839. 
(71) Kanda, E. Bull. Chem. SOC. Jpn. 1937, 72, 473. 
(72) Mathias. E.; Kamerlingh Onnes, H. Commun. Wys. Lab, Univ, Leid- 

en 1911, No. 177. 
(73) Pentermann, W.; Wagner, W. J. Chem. Thermodyn. 1978, IO, 

1161. 
(74) Van Itterbeek, A,; Verbeke, 0. Cryogenics 1960, I, 77. 
(75) Weber, L. A. J. Res. Natl. Bur. Stand., Sect. A 1970, 74, 93. 
(76) Mathlas, E.; Crommelln, C. A.; Bijleveld, W. J.; Grigg, Ph. P. Com- 

mun. Phys. Lab. Unlv. Leiden 1932, No. 2276. 
(77) Ehrerum, G. W., Jr.; Doescher, R. N. J. Chem. Phys. 1952, 20,  

1834. 
(78) Jarry, R. L.; Miller, H. C. J. Am. Chem. Soc. 1956, 78,  1552. 
(79) Rydz, R.; Straty, G. C. NBS Tech. Note (US.) 1970, No. 392. 
(80) White, D.; Hu, J.-H.; Johnston, H. L. J. Am. Chem. Soc. 1954, 76, 

2584. 
(81) Johnson, F. M. G.; McIntosh, D. J. Am. Chem. SOC. 1909, 37,  

1138. 
(82) Knietsch, R. Lleblgs Ann. Chem. 1890, 259, 100. 
(83) Lange, A. 2. Angew. Chem. 1900, 73, 683. 
(84) Pellaton, M. J. Chlm. Phys. Phys.-Chim. Blol. 1915, 13, 426. 
(85) Calado. J. C. G.; Gray, C. G.; Gubbins, K. E.; Palavra, A. M. F.; 

Soares, V. A. M.; Staveley, L. A. K.; Twu, C.-H. J. Chem. Soc., 
Faraday Trans. 7 1978. 893. 

(86) Rupert, F. F. J. Am. Chem. Soc. 1909. 37, 851. 
(87) Steele, 8. D.; McIntosh, D.; Archibald, E. H. Phllos. Trans. R .  SOC. 

London 1906, 205, 99. 
(88) Thomas, W. Prog. Int. Res. Thermodyn. Trans. Prop. Pap. Symp. 

Thermophys. Prop., Znd, 1962. 1962, 166. 
(89) Amagat, E. H. C .  R .  &&I. Seances Acad. Scl. 1892. 114, 1093. 
(90) Behn, U. Ann. Phys. (Leipzlg) 1900, 3 (4), 733. 



Journal of Chemical and Engineering Data, Vol. 30, No. 1, 1985 11 1 

(91) Jenkin, C. F. Proc. R. SOC. London, Ser. A 1021, 98,  170. 
(92) Lowry, H. H.; Erlckson, W. R. J .  Am. Chem. SOC. 1027, 49, 2729. 
(93) Michels, A.; Blalsse, 6.; Michels, C. Proc. R. SOC. London 1937, 

160, 358. 
(94) Plank, R.; Kuprlanoff, J. 2. Tech. Phys. 1920, 70, 93. 
(95) Korber, F. Ann. Phys. (Le/pz@) 1912, 37(4), 1014. 
(96) Loiseleur, H.; Merlin, J.C.; Piris, R. A. J .  Chim. Phys. Phys.-Chim. 

Biol. 1987, 64, 634. 
(97) SeRz, W.; Atterthum, H.; Lechner, G. Ann. Phys. (Leipzig) 1918, 49, 

85. 
(98) Timmermans, J. Buii. SOC. Chim. Beg. 1923, 32, 299. 
(99) Tyrer, D. J .  Chem. SOC. 1014, 105, 2534. 

(100) Kay, W. B.; Rambosek, G. M. Ind. Eng. Chem. 1053, 45, 221. 
(101) Reamer, H. H.; Sage, B. H.; Lacey, W. N. Ind. Eng. Chem. 1050, 

42, 140. 
(102) Cook, D. Trans. Faraday SOC. 1953, 49, 716. 
(103) Couch, E. J.; Kobe, K. A. J. Chem. Eng. Data 1981, 6 ,  229. 
(104) Cardoso, E.; Sorrentino, E. J. Chim. Phys. Phys.-Chim. Blol. 1027, 

24, 77. 
(105) D'Andreeff, E. Ann. Chim. Phys. 1859, 56(3), 317. 
(106) Lange, A. 2. Angew. Chem. 1890, 72, 275. 
(107) Cragoe, C. S.; Harper, D. R. Bur. Stand. Sci. Pap. 1921, 77, 287. 
(108) Date, K. Rev. Phys. Chem. Jpn. 1073. 43, 1. 
(109) Date, K. Rev. Phys. Chem. Jpn. 1973, 43, 17. 
(110) Keyes, F. G. Refrig. Eng. 1014, 1 ,  9. 
(1 1 1) Calado, J. C. G.; Soares, V. A. M. J. Chem . Soc ., Faraday Trans. 7 

1977, 1271. 
(1 12) Douslin, D. R.; Harrison, R. H. J .  Chem. Thermodyn. 1978, 8 ,  301. 
(113) Maass, 0.; Wright, C. H. J. Am. Chem. SOC. 1021, 43, 1098. 
(1 14) Mathlas, E.; Crommelin, C. A.; Garfit Watts, H. Commun. Phys. Lab. 

Univ. LeMen 1927, No. 789a. 
(115) Menes, F.; Dijrfmuller, T.; Bigelelsen, J. J. Chem. Phys. 1970, 53, 

2869. 
(118) Chui, C.; CanfleM, F. D. Trans. Faraday Soc. 1971, 67, 2933. 
(1 17) Douslin, D. R.; Harrison, R. H. J .  Chem. Thermodyn . 1973, 5 ,  49 1. 
(118) Kahre, L. C. J .  Chem. Eng. Data 1073, 18, 267. 
(119) Farrington. P. S.; Sage, 8. H. Ind .  Eng. Chem. 1040, 47, 1734. 
(120) Technlcai Commlltee, Natural Gas Association of America. Ind. 

Eng. Chem. 1042, 34, 1240. 
(121) Morecroft, D. W. J .  Inst. Pet. 1058, 44, 433. 
(122) Pall, D. B.; Maass. 0. Can. J .  Res., Sect. B 1938, 74, 96. 
(123) Deschner, W. W.; Brown, G. G. Ind. Eng. Chem. 1040, 32, 836. 
(124) Reamer, H. H.; Sage, B. H.; Lacey, W. N. Ind. Eng. Chem. 1040, 

41, 482. 
(125) Sage, B. H.; Schaafsma, J. G.; Lacey, W. N. Ind. Eng. Chem. 1934, 

26, 1218. 
(126) Thomas, R. H. P.; Harrison, R. H. J .  Chem. Eng. Data 1082, 27,  1. 
(127) Beattle, J. A.; Edwards, D. G.; Marple, S., Jr. J .  Chem. Phys. 1049, 

17, 576. 
(128) Coffin, C. C.; Maass, 0. J. Am. Chem. SOC. 1028, 50,  1427. 
(129) Orrit, J. E.; Laupretre, J. M. Adv. Cryog. Eng. 1078, 23, 573. 
(130) Sliwinski, P. 2. Phys. Chem. 1080, 63, 263. 
(131) Wackher, R. C.; Llnn, C. 6.; Grosse, A. V. Ind. Eng. Chem. 1945, 

37, 464. 
(132) Kay, W. B. Ind. Eng. Chem. 1040, 32, 358. 
(133) Sage, B. H.; Webster, D. C.; Lacey, W. N. Ind. Eng. Chem. 1037, 

29,  1188. 
(134) Gelst, J. M.; Cannon, M. R. Ind. Eng. Chem., Anal. Ed. 1048, 78, 

611. 
(135) Timmermans, J. Sci. Roc. R. Dublin SOC. 1912. 73, 310. 
(136) Timmermans, J.; Martin, F. J. Chim. Phys. Phys.-Chim. Bbl. 1028, 

2 3 ,  747. 
(137) Young, S. Sci. Proc. R .  Dublin SOC. 1010, 72, 374. 
(138) Dornte. R.  W.; Smyth, C. P. J. Am. Chem. SOC. 1930, 52,  3548. 
(139) Sage, B. H.; Lacey, W. N. Ind. Eng. Chem. 1942, 34, 730. 
(140) Young, S. J. Chem. SOC. 1897, 77, 446. 
(141) Findenegg, G. H. Monatsh. Chem. 1970. 707, 1081. 
(142) Forziati. A. F.; Glasgow, A. R., Jr.; Willingham, C. 6.; Rosslnl, F. D. J .  

Res. Natl. Bur. Stand. (U. S.)  1948, 36, 129. 
(143) Quayle, 0. R.; Day, R. A.; Brown, G. M. J .  Am. Chem. SOC. 1044, 

66, 938. 
(144) SheDard. A. F.; Henne. A. L.; Midalev, T.. Jr. J. Am. Chem. SOC. - .  

1031, 53,  1948. 
(145) Stewart, D. E.; Sage, B. H.; Lacey, W. N. Ind. Eng. Chem. 1054, 

46 2529 . - , - - - -. 
(146) Thomas, G. L.; Young, S. J. Chem. SOC. 1895, 67, 1071. 
(147) Brooks, D. 6.; Howard, F. L.; Crafton, H. C., Jr. J .  Res. Natl. Bur. 

Stand. (US.) 1940, 24, 33. 
(148) Christopher, P. M.; Laukhuf, W. L. S.; Plank, C. A. J .  Chem. Eng. 

Data 1978, 27,  443. 
(149) Kay, W. B. Ind. Eng. Chem. 1938, 30, 459. 
(150) McMicking, J. H.; Kay, W. B., paper for presentation at a session on 

new data for chemical Engineering during the 30th Midyear Meeting 
of the American Petroleum InstRute's Division of Refining, Montreal, 
Quebec, Canada, 1965, Preprint No. 18-65. 

(151) Nichols, W. B.; Reamer, H. H.; Sage, B. H. Ind. Eng. Chem. 1955, 
47, 2219. 

(152) Smyth, C. P.; Stoops, W. N. J .  Am. Chem. SOC. 1028, 50,  1883. 
(153) Young, S. J .  Chem. SOC. 1808, 73, 875. 
(154) Lin, D. C.-K.; Sllberberg, H.; McKetta, J. J. J .  Chem. Eng. Data 

1970, 75, 483. 
(155) Chavanne, G.; Van Risseghem, H. Bull. SOC. Chim. Be@. 1022, 31, 

a7 

Reamer, H. H.; Sage, B. H. J .  Chem. Eng. Data 1057, 2 ,  9. 
Rotinjanz, L.; Nagornow. N. 2. Phys. Chem., Abt. A 1934, 769, 20. 
Simon, M. Bull. SOC. Chim. Be@. 1057, 66. 375. 
Francis, A. W. Ind. Eng. Chem. 1957, 49, 1779 
Campbell, A. N.; Chatterjee, R. M. Can. J .  Chem. 1088, 46, 575. 
Cohen, E.; Buij, J. S. 2. Phys. Chem., Abt. 8 1037, 35, 270. 
Glanville, J. W.; Sage, B. H. Ind .  Eng. Chem. 1040, 41, 1272. 
Hales, J. L.; Townsend, R. J .  Chem. Thermodyn. 1072, 4 ,  763. 
Morgan, S. 0.; Lowry, H. H. J. Phys. Chem. 1030, 34, 2385. 
Nyvlt, J.; Erdos, E. CoUect. Czech. Chem. Commun. 1961, 26, 500. 
Patterson, T. S. J .  Chem. SOC. 1002. 81, 1097. 
Shralber, L. S.; Pechenyuk, N. G. Russ. J .  Phys. Chem. (Engl. 
Transl.) 1985, 39, 219. 
Skaates, J. M.; Kay, W. 8. Chem. Eng. Sci. 1984, 79, 431. 
Tugarev. I. A.; Avdus, 2. I.; Nozdrev, V. F. Russ. J .  Phys. Chem. 
(Engl. Transi.) 1975, 49, 732. 
Hirsch, R. F. von Ann. Phys. Chem. (Lelpzlg) 1800, 69. 456. 
Tonomura. T.; Uehara, K. Bull. Chem. SOC. Jpn. 1031, 6 ,  256. 
Hell, L. M. Phys. Rev. 1032, 39, 686. 
Hust. J. G.; Schramm, R. E. J .  Chem. Eng. Data 1078, 27, 7. 
Perkln, H. J. Chem. Soc. 1808, 69,  1025. 
White, J. D.; Rose, F. W., Jr. J .  Res. Natl. Bur. Stand. (U .S . )  1932, 
9 ,  711. 
Timmermans, J.; HennauR-Roland, M. J .  Chlm. Phys . Phys .-Chim. 
Bbl. 1030, 27,  401. 
Dlaz-Peiia, M.; Tardajos, G. J. Chem. Thermodyn. 1070, 7 7 ,  441. 
Hales, J. L.; Ellender, J. H. J .  Chem. Thennodyn. 1078, 8 ,  1177. 
Kay, W. 6.; Donham. W. E. Chem. Eng. Sci. 1055, 4 ,  1. 
Llley, P. E. Chem. Eng. 1982, 89,  59. 
Ortega, J. J .  Chem. Eng. Data 1982, 2 7 ,  312. 
Vogel, A. I .  J .  Chem. SOC. 1948, 1614. 
Yergovich, T. W.; Swift, 0. W.; Kurata, F. J .  Chem. Eng. Data 1971, 
16, 222. 
Ramsay, W.; Young, S. Phibs. Trans. R .  SOC. London 1888, 177, 
123. 
Schroedsr, M. R.; Poling. B. E.; Manley, D. B. J. Chem. Eng. Data 
1882, 27,  256. 
Ambrose, D.; Townsend, R. J .  Chem. SOC. 1983, 3614. 
Tonomura, T.; Uehara, K. Bull. Chem. SOC. Jpn. 1931, 6 ,  118. 
Ramsay. W.; Young, S. Phibs. Trans. R .  SOC. London, Ser. A 
1880. 780, 137. 
Costello, J. M.; Bowden, S. T. Recl. Trav. Chlm. Pays-6as 1958, 
77, 36. 
Dannhauser, W.; Bahe, L. W. J .  Chem. Phys. 1984, 40, 3058. 
Efremov, Yu. V. Russ. J .  Phys. Chem. (Engl. Trans.) 1968, 40, 
867. 
Thomas, L. H.; Meatyard, R. J .  Chem. Soc. 1983, 1986. 
Centnerszwer, M. 2. Phys. Chem ., Stoechbm. Verwandlschaftsl. 
1004, 49. 199. 
Hsu, C. C.; McKetta, J. J. J .  Chem. Eng. Data 1084, 9 ,  45. 
Kumagai. A.; Iwasaki. H. J. Chem. Eng. Data 1978, 23, 193. 
Vlncent, C.; Delechanal Ann. Chlm. Phys. 1870, 76 (9, 427. 
Campbell, A. N.; Chatterjee, R. M. Can. J .  Chem. 1989, 47, 3893. 
Pesce, G.; Mlemann, P. 2. Elektrochem. 1034, 40, 1. 
Pugachevich, P. P.; Nlsel'son, L. A.; Sokolova, T. D.; Anurov, N. S. 
Russ. J .  Inorg. Chem. (Engl. Transl.) 1983, 8 (4). 404. 
Thorpe, T. E. J. Chem. Soc., Trans. 1880, 37, 141. 
Young, S. J .  Chem. Soc., Trans. 1801, 59,  911. 
Abraham, T.; Bery, V.; Kudchadker, A. P. J .  Chem. Eng. Data 1071, 
76. 355. 
Wade, J.; Merrlman, R. W. J .  Chem. SOC. 1912, 101, 2437. 
Taylor, R. S.; Smith, L. B. J. Am. Chem. Soc. 1922, 44, 2450. 
Costello, J. M.; Bowden, S. T. Red. Trav. Chim. Pays-Bas 1950, 
78, 391. 
Swift, E., Jr. J. Am. Chem. SOC. 1942, 64, 115. 
Muller, R.; Brennels, H. 2. Elektrochem. 1932, 38, 451. 
Ewert, M. Bull. SOC. Chim. Be@. 1037, 46, 90. 
Francesconi, A. 2.; Franck, E. U.; Lentz, H. Ber. Bunsenges Phys. 
Chem. 1975, 79, 897. 
Ter-Gazarlan, G. J .  Chim. Phys. Phys.-Chim. Biol. 1008, 4 ,  140. 
Daragan, B. Bull. SOC. Chim. Be@. 1035, 44, 597. 
Merckx, R.; Verhulst, J.; Bruylants, P. Bull. SOC. Chim. Be@. 1933, 
42, 177. 
Bramley, A. J. Chem. SOC. 1918, 709, 434. 
Herz. W.; Neukirch, E. 2. Phys. Chem. Stoechlom. Venvandts- 
cham/. 1023, 104.433. 
Prlce, T. W. J .  Chem. SOC. 1010, 175, 1118. 
Terent'eva, A. A.; Krumgal'z, B. S.; Gerzhberg, Y. 1. J .  Appl. Chem. 
USSR (Engl. Transl.) 1973, 46. 1213. 
BousfieM, W. R.; Lowry, T. M. J .  Chem. SOC. 1011, 99, 1432. 
Drelsbach. R. R.; Martin, R. A. Ind. Eng. Chem. 1940, 47, 2875. 
Nayar, S.; Kudchadker, A. P. J .  Chem. Eng. Data 1073, 18, 358. 
Berthoud, A,; Brum, R. J .  Chim. Phys. Phys.-Chim. Bioi. 1924. 27, 

Vogel, A. I .  J .  Chem. SOC. 1048, 133. 
Grifflng, V.; Cargyle. M. A.; Corvese, L.; Eby, D. J .  Phys. Chem. 
1954, 58,  1054. 
Sugawara, S. J .  Soc. Mech. Eng. Tokyo 1034, 37, 711. 
Tlmmermans, J.; Hennautt-Roland, M. J ,  Chlm. Phys . Phys &him. 
Bloi. 1032, 29,  529. 

143. 

-. . 
(156) Jelinek, R. M.; Leopold, H. Monatsh. Chem. 1078, 709, 387. 
(157) Massart. L. Bull. Soc. Chlm. Belg. 1938, 45, 76. 
(158) Prengle, H. W., Jr.: Fetton, E. G.; Pike, M. A., Jr. J .  Chem. Eng. 

Data 1087, 72. 19. 

Received for review December 23, 1983. Accepted June 22, 1984. We are 
grateful to the Exxon Educatlon Foundation for the Exxon Teaching Feliow- 
ship granted to S.W.C. 


