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physical contribution arising from free volume effects. 
A new and interesting feature revealed by the experimental 

resuits is the temperature dependence of V E  illustrated in Figure 
1. Systems with strong positive V E  also show a strong positive 
temperature dependence, e.g., 1-propanoVnonane. With in- 
creasing chain length of the alkanol not only V E  but also its 
positive temperature dependence decreases and even changes 
its sign, e.g., in the system lddecanol/nonane at higher mole 
fractions. This behavior indicates that in those mixtures and 
concentration ranges where molecular association of the al- 
kanol molecules plays a dominant role, i.e., in case of small 
alkanols and/or mole fractions, V E  increases with temperature 
as expected from theoretical considerations (73). In cases 
where the physical or the free volume contribution dominates, 
i.e., in mixtures of alkanols with higher chain length and at 
higher mole fractions, V E  decreases with temperature in a 
similar manner as is often observed for alkane/alkane mixtures 
with components of different size. In  systems such as l-de- 
canol/nonane and ldodecanol/nonane both contributions have 
an equally weighted influence on the temperature dependence 
of V E .  While positive V E  values at low alkanol concentrations 
increase with temperature, negative V E  values at higher con- 
centrations decrease so that the S-shaped character of the 
V E ( x )  curve becomes even more significant at higher tem- 
peratures. 

Reglstry No. 1-Hexanol, 11 1-27-3; 1-octanol, 11 1-87-5; ldecanol, 
112-30-1; ldodecanol, 112-53-8; 1-propanol, 71-23-8; nonane, 11 1-84-2. 
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Excess Volumes of Binary 1-AlkanoVHexane Mixtures at 
Temperatures between 283.15 and 323.15 K 

Andreas Heintz, Bernd Schmlttecker, Dleter Wagner, and Riidlger N. Lichtenthaler 
Physikalisch-Chemisches Znstitut, University of Heidelberg, Zm Neuenheimer Feld 253, 06900 Heidelberg, FRG 

Measurements of V E  for binary mlxtures of I-propanol, 
I-butanol, I-hexanoi, 1-octanol, and ldecanoi + hexane 
are reported. The results have been determlned wlth a 
vlbrating tube densitometer. The accuracy to be possibly 
achieved with such an apparatus Is lnvestlgated includlng 
correctlons for evaporatlon losses Into the vapor space 
during the preparation of the mlxtures. 

I ntroductlon 

In  an earlier paper V E  data of 1-alkanol/nonane mixtures 
measured at temperatures between 293.15 and 333.15 K have 
been reported ( I ) .  The series of experiments is continued in 
this work and new experimental results of the excess volume 
V E  of five lalkanol/hexane mixtures at temperatures between 
283.15 and 323.15 K are presented. 

The systematic study of VE of l-alkanol/alkane mixtures is 
of special interest for testing theoretical models which have 
been developed recently (2-6) for describing excess properties 
of mixtures containing associating components. In  the present 
work special emphasis has been given to the study of the 
temperature dependence of V E  in 1-alkanoVhexane mixtures. 

0021-956818611731-0487$01.50/0 

The results make possible a sensitive test for the range of 
applicability of. theoretical models such as the ERAS model 

Experimental Section 

Densities of the pure liquids and liquid mixtures have been 
measured by using a vibrating tube densitometer. This method 
allows one to determine the density of liquid samples to within 
f2  X g ~ m - ~ .  The molar excess volume V E  is obtained 
from densities p1 and p2 of the two pure liquids and from the 
density pM of the mixture at mole fraction x 1  = 1 - x 2  ac- 
cording to the equation 

(2-5). 

X l M I  + x 2 M 2  Ml M2 
- x1- - xp- (1) 

where M ,  and M2 are the molar weights of the two compo- 
nents. 

The densitometric method for the determination of V E  has 
been widely used during the past years. In  order to obtain 
accurate VE data not only accurate measurements of the 
densities are required but also very exact knowledge of the 
mole fraction is necessary. The principal procedure of the 

VE = 
PU P1 P2 

0 1986 American Chemical Society 
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Flgure 1. Schematic diagram of the vibrating tube apparatus. TH1, 
thermostat for temperature control of the measuring cell (DMA I )  and 
the reference cell (DMA 11). F, flask filled wRh liquid mlxture M. TH2, 
thermostat for temperature control of flask F. V, vapor space volume 
of F. N,, nitrogen supply with needle valve R. The dashed areas 
indicate the thermostated water jackets. 

Table I. Experimental Densities of 1-Alkanols and Hexane 

substance T/K 
1-propanol 283.15 

298.15 
313.15 

1-butanol 283.15 
298.15 
313.15 

1-hexanol 288.15 
298.15 
308.15 
323.15 

1-octanol 283.15 
298.15 
313.15 

1-decanoi 283.15 
298.15 
313.15 

hexane 283.15 
288.15 
298.15 
308.15 
313.15 
323.15 

this work 
0.811 45 
0.799 63 
0.787 46 
0.817 02 
0.805 76 
0.794 22 
0.822 14 
0.815 12 
0.807 93 
0.796 86 
0.831 83 
0.821 59 
0.811 14 
0.83651 
0.826 40 
0.816 11 
0.668 38 
0.663 80 
0.655 08 
0.645 86 
0.641 36 
0.631 82 

lit 
0.8116 (8), 0.81160 (9) 
0.79975 (8), 0.79991 (9) 
0.7875 (8), 0.78775 (9) 
0.8170 (8), 0.81729 (9) 
0.8060 (8), 0.80583 (9) 
0.7946 (8), 0.79412 (9) 
0.8232 (S), 0.82259 (9) 
0.8162 (8), 0.81565 (9) 
0.8092 (€9, 0.80853 (9) 
0.7979 (81, 0.79752 (9) 
0.8327 (8), 0.83305 (9) 
0.8223 (8), 0.82259 (9) 
0.8117 (8), 0.81198 (9) 
0.8365 (8), 0.83616 (9) 
0.8263 (8), 0.82623 (9) 
0.8159 (8), 0.81603 (9) 
0.6683 ( I O ) ,  0.66830 ( I I )  
0.6640 ( I O ) ,  0.66388 ( I I )  
0.6550 ( I O ) ,  0.65490 ( 1 1 )  
0.6459 ( I O ) ,  0.64575 ( 1 1 )  
0.6412 ( I O ) ,  0.64110 ( 1 1 )  
0.6318 ( I O ) ,  0.63169 ( 1 1 )  

densitometric determination of V E  using a vibrating tube has 
been described elsewhere (7). The improved version of the 
apparatus used previously ( 1) is described here in more detail 
including the discussion of precautions and corrections which 
are necessary to obtain correct VE data. 

Two vibrating tubes (DMA I and DMA 11) have been used as 
shown in Figure 1. DMA I 1  is filled with water and serves as 
a reference for counting the time units on which the determi- 
nation of the frequency of DMA I is based. DMA I contains 
the liquid or liquid mixture of unknown density. This reference 
method has the advantage that temperature fluctuations in the 
thermostat THI are compensated as the liquid of THI circulates 
in parallel flows through the water jackets of both cells as 
indicated in Figure 1. The accuracy and reproducibility of the 
measured densities are improved by this device. 

I n  order to obtain absolute values of the density, DMA I has 
to be calibrated with liquids of accurately known densities. 
Water, dry air, hexane, and cyclohexane have been used for 
that purpose. Table I shows the results of the densities for the 
pure I-alkanols and hexane compared with data taken from 
literature (8- 1 1 ) .  

In addition to the accuracy of the measured density an exact 
determination of the mole fraction is necessary since the ex- 
cess volume according to eq 1 is determined as the small 
difference of large numbers and the accuracy of both, the 
density and the mole fraction, affect the accuracy of the re- 
sulting excess volume. 

Exact values of the mole fractions are obtained in the fol- 
lowing way. The two liquid components 1 and 2 are weighed 
into a flask F whose temperature is set and controlled at 25 OC 
by the thermostat TH2 (see Figure 1). After vapor liquid 
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Flgure 2. Experimental deviations AVE for 1-hexanoVhexane to data 
of ref 72. 0, + uncorrected and corrected data, respectively, for 
a vapor space volume V = 17 cm3. A, A uncorrected and corrected 
data, respectively, for a vapor space volume V = 67 om3. Dashed 
lines indicate the experimental error limit (*0.003 cm3 mol-'). 

equilibrium has been established the liquid mixture is filled into 
the vibrating tube of cell DMA I by exerting a slight overpres- 
sure of N, on the liquid in flask F. The total amounts of com- 
ponents 1 and 2 in F expressed by the mole numbers n ,  and 
n 2  differ from the mole numbers n and n,' in the liquid phase 
because small amounts of component 1 and 2 have been 
evaporated into the vapor space V of the flask. n and n *' 
can be calculated from n , and n 2  if Plo and P:, the vapor 
pressures of the components at 25 OC, the vapor space vol- 
ume V, and the activity coefficients y1 and y2 are known. For 
component I it follows with satisfactory accuracy 

n , ' =  n ,  ( 1 -- ::::) 
A corresponding equation holds for component 2. x ,  = 1 - 
x , = n ' / ( n  ' 4- n ,') is the correct mole fraction of the liquid 
mixture filled into DMA I .  Neglecting the correction for the mole 
fraction can lead to erroneous excess volumes if the vapor 
space V is large enough and at least one of the components 
has a considerable vapor pressure. I f  these quantlties are 
small the corrections may be neglected as has been the mse 
for the lalkanol/nonane systems studied in the previous paper 
of this series ( 1 ). In  the case of I-alkanoVhexane, however, 
the experimental conditions require accounting for these cor- 
rections since hexane has a distinctly higher vapor pressure 
than nonane at 25 OC. 

Successive measurements have been performed using re- 
peatedly the same sample of liquid mixture in the flask. After 
each run the vapor space volume V increased. Although one 
run requires only about 8 mL of the liquid sample, the total 
increase of V is remarkable after several runs and corrections 
for the changes of liquid composition due to evaporation are 
necessary. Calculations according to eq 2 can only be made 
if the vapor liquid equilibrium has been reestablished after each 
measurement during a series of successive measurements with 
the same liquid sample. 

As an example Figure 2 illustrates the influence of neglecting 
the vapor space corrections on VE for the system l-hexanol- 
/hexane at 298.15 K. Treszczanowicz and Benson's results 
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Fkuro 3. Exwrimental results of V E  for 1-DroDanol/hexane (C3) and 
l&nd/heiane (C8) represented by eq 3 with‘paramsters frck Table 
111: - 283.15 K; - - -  298.15 K; ... 313.15 K. 

of V E  for this system (72) can be regarded as the most reliable 
data available in the literature and therefore have been used 
here for comparison. The deviation of corrected and uncor- 
rected data obtained for this system by the method described 
above clearly show the necessity of vapor space corrections. 
The calculations have been performed assuming a total volume 
of 100 cm3 for the flask and different vapor space volumes V. 
Two examples are demonstrated. They show the influence of 
vapor space corrections assuming V = 17 cm3 and V = 67 
cm3. The resuits clearly show that only the corrected vE values 
obtained by the vibrating tube method agree with Treszcza- 
nowicz and Benson’s data within the experimental error limits 
of both sets of data, with the exception of a few measurement 
points. 

All chemicals (Mer&) used in the experiments were dried and 
degassed before use. The purity stated by the supplier was in 
all cases better than 99 % . This was confirmed by chromato- 
graphic analysis and by the good agreement of the densities 
with literature data (see Table I). 

Results and Dlscussion 

The experimental results of VE are listed in Table I1  for each 
binary lalkanol/hexane system at the temperatures indicated. 
The error limits of the mole fraction x 1  of 1-alkanol, of the 

Figure 4. Experimental results of VE for 1-butanol/hexane (C4) and 
1decanoVhexane (C10) represented by eq 3 with parameters from 
Table 111: - 283.15 K; - - -  298.15 K; 313.15 K. 

density p,  and of the excess volume V E  are f5 X lo-‘, f 2  X 
g ~ m - ~ ,  and f0.003 cm3 mol-‘, respectively. In order to 

represent the experimental V E  data by suitable f i lng equations 
Pad6 approximants have been used. Each set of V E  data in 
Table I 1  is represented by 

n 

i = 1  
C A , ( 2 x 1  - I)” 

VE = xl( l  - x , )  m (3) 
1 + CB,(2x1 - 1,’ 

/= 1 

where A, and B, are parameters obtained by a nonlinear 
least-squares fitting procedure. The parameters A, and Bj and 
the standard deviation u are listed in Table I11 for each system 
at the different temperatures indicated. The results for all 1- 
alkanol/hexane systems are presented graphically in Figures 
3-5. The V E  curves are calculated by using eq 3 with pa- 
rameters from Table 111. 

The most striking feature of these results is the temperature 
dependence of VE. While VE increases with temperature for 
systems with positive VE, decreasing VE values are observed 
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Table 11. Experimental Excess Volumes VE of (xl) 1-Alkanol + (1 - x,) Hexane Mixtures 
T / K  X1 VE/(cm3 mol-') Xl VE/(cm3 mol-') X l  VE/(cm3 mol-') 

283.15 

298.15 

313.15 

283.15 

298.15 

313.15 

288.15 

298.15 

308.15 

323.15 

283.15 

298.15 

0.050 68 
0.102 02 
0.202 05 
0.288 55 
0.408 85 
0.050 68 
0.10201 
0.202 02 
0.288 50 
0.408 77 
0.050 68 
0.102 01 
0.202 03 
0.288 53 
0.408 80 

0.020 84 
0.061 75 
0.098 21 
0.151 05 
0.200 83 
0.251 14 
0.020 84 
0.061 74 
0.098 19 
0.151 02 
0.200 79 
0.251 08 
0.020 84 
0.061 74 
0.098 20 
0.151 04 
0.200 81 
0.251 11 

0.008 43 
0.025 84 
0.050 15 
0.075 88 
0.101 72 
0.151 29 
0.008 43 
0.025 83 
0.050 14 
0.075 86 
0.101 68 
0.151 23 
0.008 43 
0.025 83 
0.050 14 
0.075 87 
0.101 70 
0.151 25 
0.008 43 
0.025 84 
0.050 15 
0.075 88 
0.101 71 
0.151 27 

0.008 54 
0.020 78 
0.035 27 
0.049 85 
0.065 64 
0.080 23 
0.008 53 
0.020 77 
0.035 26 
0.049 84 
0.065 62 
0.080 20 

+0.0913 
+0.1332 
+0.1750 
+O. 1806 
+0.1637 
+0.1295 
+0.1811 
+0.2304 
+0.2368 
+0.2115 
+0.1878 
+0.2542 
+0.3157 
+0.322'7 
+0.2872 

+0.0447 
+ 0.0 7 2 9 
+0.0884 
+0.1007 
+0.1066 
+0.1023 
+0.0662 
+0.1032 
+0.1231 
+0.1344 
+0.1422 
+0.1360 
+0.0973 
+0.1523 
+0.1751 
+0.1911 
+0.1953 
+0.1856 

+0.0186 
+0.0217 
+0.0146 
+0.0030 
-0.0091 
-0.0335 
+0.0264 
+0.0331 
+ 0.0 2 2 5 
+0.0125 

-0.0323 
+0.0307 
+0.0471 
+0.0403 
+ 0.0 2 3 9 
+0.0090 
-0.0281 
+0.0347 
+0.0743 
+0.0752 
+ 0.0 5 9 3 
+0.0334 

-0.0025 

-0.0071 

+0.0107 
+0.0003 
-0.0163 
-0.0340 
-0.0529 
-0.0701 
+0.0159 
+0.0072 
-0.0120 
-0.0335 
-0.0574 
-0.0783 

1-Propanol/Hexane 
0.503 31 
0.602 45 
0.702 25 
0.801 18 
0.85041 
0.503 21 
0.602 36 
0.702 15 
0.801 08 
0.850 34 
0.503 26 
0.602 41 
0.702 20 
0.801 13 
0.850 37 

1-Butanol/Hexane 
0.301 40 
0.400 62 
0.500 62 
0.550 15 
0.601 42 
0.651 39 
0.301 34 
0.400 53 
0.500 51 
0.550 04 
0.601 30 
0.651 28 
0.301 37 
0.400 57 
0.500 56 
0.55009 
0.601 35 
0.651 34 

1-Hexanol/Hexane 
0.20001 
0.301 22 
0.351 72 
0.400 04 
0.500 40 
0.551 22 
0.199 93 
0.301 12 
0.351 60 
0.399 90 
0.500 23 
0.551 03 
0.199 96 
0.301 15 
0.351 63 
0.399 94 
0.500 28 
0.551 08 
0.199 98 
0.301 19 
0.351 67 
0.399 99 
0.500 33 
0.551 13 

1-Octanol/Hexane 
0.102 63 
0.150 41 
0.202 58 
0.303 09 
0.403 75 
0.502 69 
0.102 60 
0.150 37 
0.202 52 
0.30301 
0.403 65 
0.502 57 

+0.1421 
+0.1148 
+0.0849 
+0.0577 
+0.0431 
+0.1785 
+0.1374 
+0.0964 
+0.0589 
+0.0416 
+0.2417 
+0.1805 
+0.1221 
+0.0688 
+0.0457 

+0.0937 
+0.0620 
+0.0245 
+0.0072 
-0.0085 
-0.0218 
+0.1282 
+0.0919 
+0.0431 
+0.0184 
-0.0014 

+0.1761 
+0.1331 
+0.0752 
+0.0427 
+0.0147 
-0.0103 

-0.0218 

-0.0600 
-0.1124 
-0.1370 
-0.1630 
-0.2044 
-0.2161 
-0.0628 
-0.1242 

-0.1792 
-0.1528 

-0.2236 
-0.2372 
-0.0637 
-0.1348 
-0.1697 
-0.1987 
-0.2476 
-0.2628 
-0.0609 
-0.1485 
-0.1891 
-0.227 2 

-0.2973 
-0.2821 

-0.0989 
-0.1479 
-0.2008 
-0.2779 
-0.3320 
-0.3589 
-0.1110 
-0.1783 
-0.2413 
-0.3382 
-0.4016 
-0.4309 

0.900 55 
0.925 14 
0.950 20 
0.974 55 

0.900 49 
0.925 09 
0.950 16 
0.974 53 

0,900 52 
0.925 12 
0.950 18 
0.974 54 

0.699 60 
0.751 53 
0.799 03 
0.849 50 
0.90041 
0.949 89 
0.699 48 
0.751 43 
0.79893 
0.84942 
0.900 33 
0.949 85 
0.699 53 
0.751 48 
0.798 98 
0.849 46 
0.900 37 
0.949 87 

0.600 08 
0.700 20 
0.797 48 
0.898 60 
0.948 97 

0.599 91 
0.700 03 
0.749 60 
0.797 33 
0.898 50 
0.948 91 
0.599 97 
0.700 09 
0.749 66 
0.797 40 
0.898 54 
0.948 93 
0.600 02 
0.700 15 
0.749 70 
0.797 44 
0.898 57 
0.948 95 

0.602 44 
0.702 35 
0.801 82 
0.851 03 
0.902 08 
0.94977 
0.602 33 
0.702 22 
0.801 71 
0.850 92 
0.902 01 
0.949 72 

+0.0285 
f0.0209 
+0.0145 
+0.0071 

+0.0263 
+0.0182 
+0.0114 
+0.0053 

+0.0260 
+0.0175 
+0.0112 
+0.0050 

-0.0323 
-0.0387 
-0.0407 

-0.0309 
-0.0187 
-0.0343 
-0.0458 
-0.0479 
-0.0473 
-0.0379 
-0.0242 
-0.0312 
-0.0470 
-0.0539 
-0.0544 
-0.0459 
-0.0293 

-0.0378 

-0.2267 
-0.2237 

-0.1118 
-0.0600 

-0.1859 

-0.2486 
-0.2452 
-0.2303 
-0.2058 
-0.1237 

-0.2750 
-0.2700 
-0.2520 
-0.2267 
-0.1374 
-0.0747 
-0.3144 
-0.3080 
-0.2872 
-0.2590 
-0.1577 
-0.084 1 

-0,0678 

-0.3588 
-0.3216 
-0.2480 
-0.1982 
-0.1386 
-0.0749 
-0.4264 
-0.3809 
-0.2939 
-0.2350 
-0.1631 
-0.0899 
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Table I1 (Continued) 
T/K X l  P/ (cm3 mol-') X l  P / ( c m 3  mol-') X1 vE/ (cm3 mol-') 

313.15 0.008 54 +0.0220 0.102 61 -0.1219 0.602 38 -0.5121 

0.035 26 -0.0004 0.202 55 -0.2883 0.801 77 -0.3485 
0.049 84 -0.0246 0.303 04 -0.4112 0.850 97 -0.2785 
0.065 63 -0.0533 0.403 70 -0.4877 0.902 05 -0.1949 
0.080 22 -0.0798 0.502 63 -0.5235 0.949 75 -0.1048 

0.020 77 +0.0194 0.150 39 -0.2036 0.702 28 -0.4546 

283.15 0.002 90 
0.008 82 
0.013 86 
0.025 32 
0.050 76 

298.15 0.002 90 
0.008 82 
0.013 85 
0.025 31 
0.050 75 

313.15 0.002 90 
0.008 82 
0.013 85 
0.025 31 
0.050 75 

+0.0032 
-0.0016 
-0.0078 
-0.0315 
-0.0796 
+0.0035 
+0.0027 
-0.0043 
-0.0302 
-0.0904 
+0.0014 
+0.0017 
-0.0024 

-0.1026 
-0.0294 

1-Decanolj Hexane 
0.100 76 
0.202 17 
0.300 62 
0.400 75 
0.500 96 
0.100 73 
0.202 11 
0.300 53 
0.400 62 
0.500 82 
0.100 74 
0.202 13 
0.300 57 
0.400 68 
0.500 88 

-0.1730 

-0.4117 
-0.4610 
-0.4734 
-0.2077 
-0.3978 
-0.5144 
-0.5766 
-0.5867 
-0.2462 

-0.3202 

-0.4847 
-0.6354 
-0.7118 
-0.7214 

0.600 79 
0.703 37 
0.801 54 
0.872 35 
0.949 89 
0.600 62 
0.703 22 
0.801 42 
0.872 26 
0.949 85 
0.600 70 
0.703 29 
0.801 48 
0.872 31 
0.949 87 

-0.4447 
-0.3812 
-0.2831 

-0.0797 
-0.5498 
-0.4664 
-0.3475 
-0.2364 
-0.0996 
-0.6736 
-0.5685 
-0.4217 
-0.2866 
-0.1211 

-0.1921 

Table 111. Values of the Parameters Ai and B ,  according to Eq 3 and Standard Deviation u for 1-Alkanol/Hexane Mixtures 
at the Temperatures Indicated 

A'/ Ad ' 4 3 1  Ad ./ 
(cm3 mol-') alkanol T/K (cm3 mol-') (cm3 mol-') (cm3 mol-') (cm3 mol-') (cm3 mol-') B1 

1-propanol 283.15 0.573 122 -0.012 573 -0.145 174 0.172030 0.910 686 0.0010 
1-propanol 
1-propanol 
1-butanol 
1-butanol 

1 - hexanol 
1-hexanol 
1-hexanol 
1-hexanol 
1-octanol 
1-octanol 
1-octanol 
1-decanol 
1-decanol 
1-decanol 

1-butanol 

298.15 
313.15 
283.15 
298.15 
313.15 
288.15 
298.15 
308.15 
323.15 
283.15 
298.15 
313.15 
283.15 
298.15 
313.15 

0.720 477 
0.970412 
0.102 410 
0.172835 
0.298 281 

-0.812 877 
-0.894 288 
-0.989 910 
-1.137 019 
-1.437 985 
-1.726 177 
-2.095 948 
-1.891 058 
-2.349 391 
-2.890 307 

-0.103 642 

-0.631 084 
-0.765 655 
-0.917 967 

-0.192 442 

-1.471 873 
-1.600683 
-1.747 562 
-1.971 785 
-1.706 463 
-1.964 283 
-2.255 809 
-1.699 210 
-2.004 074 
-2.372 641 

V E / C M 3 M O L - '  

0. I 

-0.353 468 

-0.482 965 
-0.662 987 
-0.927 073 

-0.608 630 
-0.626 135 
-0.531 761 

-0.605 063 

-0.575 044 

-0.216 850 
-0.172 586 

0.142617 
0.319 713 
0.472 238 

X l  

-"1 -0.4 

Figure 5. Experimental results of VE for l-hexanol/hexane represented 
by eq 3 with parameters from Table 111: - 288.15 K; - - -  298.15 
K; 308.15 K; -.-.-. 323.15 K. 

0.202 300 
0.185 239 
0.193034 
0.157 787 
0.114912 
0.187 028 
0.123691 
0.096 577 

0.147 326 
0.086 194 

0.072 540 
-0.086 946 
-0.125 706 

0.954 735 
0.964 288 
0.998 968 
0.992 698 

0.157 561 0.965009 
0.192 553 0.979 966 
0.148 913 0.980 596 
0.158 290 0.968 358 

0.958 232 
0.158 579 0.985 570 
0.119029 0.979827 

0.967 738 
0.158 368 0.980 702 

0.978 890 
0.962 066 

0.0009 
0.0009 
0.0008 
0.0018 
0.0013 
0.0010 
0.0011 
0.0010 
0.0038 
0.0010 
0.0009 
0.0015 
0.0011 
0.0013 
0.0014 

for systems or concentration ranges where VE is negative. This 
behavior has already been observed in 1-alkanoVnonane mix- 
tures ( 7 )  and appears to be even more significant in l-alka- 
nolihexane systems. 

The V E  curves of the 1-butanoVhexane and l-hexanolihex- 
ane systems shown in Figures 4 and 5 suggest the existence 
of a crossover point where the VE curves at different tem- 
peratures intersect indicating an inversion of their temperature 
dependence. Since there exist only small positive values of VE 
in the diluted region of 1-alkanol this point of temperature in- 
version is not so clearly revealed in case of l-octanoVhexane 
and 1decanoVhexane. Its existence, however, is suggested 
from the behavior of the 1-butanol and 1-hexanol systems. 

More recently attempts have been made to interpret the 
general behavior of V E  in 1-alkanoValkane systems theoreti- 
cally. The first theoretical approach developed for mixtures 
containing a self-associating compound is the ERAS model (2, 
3). This model combines an association model for chainlike 
molecules with the free volume theory of Flory and his collab- 
orators ( 73, 74). Another theoretical approach recently pub- 
lished is the model by Treszczanowicz and Benson (6). The 
ERAS model is able to predict VE qualitatively in the correct 
manner provided experimental H E  data have been used for 
adjusting the binary parameter in the ERAS model. Theoretical 
results of VE calculated by this method have already been 
published in literature for alkanol/alkane systems including 1- 
alkanol/hexane systems (3-5). 
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Speed of Sound in and Isothermal Compressibility and Isobaric 
Expansiwity of Pure Liquids at 298.15 K 

G. Tardajos, M. Diaz PeAa, A. Lainez, and E. Alcart' 

Departamento de Qdmica Fkica, Facultad de Ciencias Qdmicas, Universidad Complutense, 28040 Madrid, Spain 

The speed of sound u ,  the Isothermal compressiblNty K T ,  

and the lsobarlc expanslvlty a have been determined at 
298.15 K tor several hydrocarbons contalnlng 5, 6, 10, 
and 12 carbon atoms. Values of the lsentroplc 
compredbillty K~ were also calculated from the speed of 
sound experlmental results. 

Introduction 

The isothermal compressibility K T  = -V-'(dV/dp)r and the 
isobaric expansitivity a = V-'(aV/dT), together with the molar 
volume V are thermodynamic properties used in recent theories 
of liquids to calculate the characteristic parameters P', V ' ,  
and T "  of pure substances. Currently, Letcher and Baxter ( 7 )  
are studying the Flory theory of mixtures including the sub- 
stances we measure in this paper, so experimental data of K~ 

and a are indispensable. In  this work we report results of K T ,  

a, and u for several substances containing six carbon atoms 
and for others including aromatic and nonaromatic rings. 

Experhnentai Section 

The solvents 1-hexene and lhexyne from Fluka and cyclo- 
hexene, cyclopentane, and cyclohexylbenzene from Aldrich 

were distilled and dried. Bicyclohexyl (EGA Chemic), 1,3- 
cyclohexadiene (Aldrich), 1 ,Ccyclohexadiene (Aldrich), and 
tetralin (BDH) were used without further purification. Their 
purities, determined by gas liquid chromatography, were 98 % 
for cyclohexylbenzene and 1 ,Ccyclohexadiene and better than 
99% for the other. Experimental densities at 298.15 K were 
determined with a Paar densimeter and are reported in Table 
I .  

The experimental methods used in measuring K T  and a (direct 
piezometric technique), including the piezometer filling, and in 
measuring u (pulse-echo-overlap method) have been described 
elsewhere (2-6). Values of Kr and a are obtained with a 
precision better than 0.2% while the precision of u is better 
than 0.1 mas-'. 

Results and Discussion 

Measurements of isothermal compressibility K T ,  and isobaric 
expansivity a at 298.15 K were run twice. Table I reports 
average values of those thermodynamic magnitudes for several 
hydrocarbons containing 5, 6, 10, and 12 carbon atoms. The 
speed of sound u has been determined by action of waves of 
2.25 MHz on the same substances, and the results obtained are 
also reported in Table I. I n  that table are values for the same 

T a b l e  I. E x p e r i m e n t a l  R e s u l t s  of Pure L i q u i d s  at 298.15 K 
substance Pa .Tb 1 0 3 ~ ~  Ud KSe 

n-hexane 655.04 1669' 1.381' 1076.78' 1316.68 
1-hexene 669.01 1689 (1711)g 1.414 1066.06 (1065)"' 1315.24 
1-hexyne 729.29 1404 1.371 1132.35 (1140)"' 1069.40 
cyclopentane 737.36 1332 (1331)h 1.351 (1.347)h 1200.89 940.40 
cyclohexane 773.87 1120' 1.215h 1253.86' 821.93 
cyclohexene 805.88 1036 (1041)8 1.177 1274.44 (1278)" 764.00 
1,3-cyclohexadiene 841.60 962 (1012)g 1.142 1279.03 726.33 
l,4-cyclohexadiene 851.03 944 (917)g 1.141 1326.40 667.89 
benzene 873.69 966' 1.21@ 1299.40' 677.78 
bicyclohexyl 882.73 674 0.819 (0.784)k 1441.51 545.17 
cyclohexylbenzene 938.97 627 0.818 (0.753)k 1458.11 (1457)"' 500.92 
te t ra l in  964.55 607 0.824 (0.745)k 1469.29 (1466)'" 480.24 

In kg.m-3. In TPa-I. In K-I. In m8-I. e In TPa-'. 'Reference 4. BReference 8. Reference 7. 'Reference 9. J Reference 10. 
kReference 1. 'Reference 6. '"Reference 11. The  other values have been measured in this work. 
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