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Table I. Comparison of K',/K', As Calculated by MARFRA 
and SMARME Equations with Those Tabulated by Millero 
( 8 )  at 0 and 25 O C  for Sea Water 

press., M i l le ro  MARFRA or 
bar  (0 "C)" SMARME" 

1 1.00 1.00 
200 1.19 1.19 
400 1.40 1.42 
600 1.63 1.66 
800 1.88 1.91 
1000 2.16 2.20 

Mi l le ro  MARFRA or 
(25 O O b  SMARMEb 
1.00 1.00 
1.15 1.155 
1.33 1.34 
1.51 1.54 
1.72 1.75, 
1.95 1.99 

Average difference = 0.024. 

Marshall and Franck (3) have published a generalized 
equation (MARFRA) for estimating the ion product of water, and 
proposed its applicability up to 1000 OC and 10000 bar. This 
equation has been found to be in good agreement with the 
reported values ( I ,  5, 6). The equation is 

Average difference = 0.024. 

log K,O(MARFRA) = -4.098 - 3.2452 x 103~-' + 
2.2362 X IO6T-* - 3.9840 X 107T-3 + 

(13.937 - 1.2623 X IO3T-' + 8.5641 X IO5T-') log pw (4) 

where pw is the density of pure water. 
I n  order to use eq 2 (SMARME) and eq 4 (MARFRA) for 

estimating the ion product of water in sea water, we substitute 
the density of pure water by the density of sea water. The 
remaining portions of the equations do not change. We use a 
prime for sea water in order to distinguish it from that for pure 
water. Densities of sea water can be taken from UNESCO 
tables (7). 

Results and Dlscusslon 

According to Millero (a), the directly measured experimental 
values of the ion product of water in sea water are not available 
at high pressures. He obtained them by using AV and Ak 
values which are the experimentally determined values of 
volume and compressibility changes. He also listed the values 
of K>/K', at different pressures at 0 and 25 OC. 

In  Table I, we list the values of K>/K', obtained from the 
uses of eq 2 and 4, along with those obtained by Millero (8) at 
both 0 and 25 OC for ready comparison. The values of log K', 
used in these calculations were -14.386 and -13.776 at 0 and 

25 OC, respectively, and at 1 bar pressure. 
An inspection of Table I shows that both SMARME and 

MARFRA yield the same predictions of log K'w. The average 
difference between the calculated values and those obtained 
by Mlllero are 0.02 and 0.007 units for K>/K'' and log KfW, 
respectively. 

The log K', values thus obtained from either equation, when 
differentiated with respect to pressure and temperature, yield 
the change in molar volume (AV*)  and enthalpy (AH"), re- 
spectively, upon ionization. The A V *  thus obtained is -18.07 
cm3 mol-', which agrees dosely with that of Millero (-18.10 cm3 
mol-'). The AH" is 13.63 kcal mol-', which is nearly 0.30 kcal 
mol-' higher than that of pure water. 

Thus, it is clear that by introduction of the density of sea 
water at a given pressure, the equation of Marshall and Franck 
describes some reliably calculated values of the ion product of 
water in sea water. The equation of Sweeton, Mesmer, and 
Baes with an added density relationship based on the Marshall 
and Franck equation also provides these values. 
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Densities of Binary Aqueous Solutions of 306 Inorganic Substances 

P. Novotng' and 0. Sohnel 

Chemopetrol, Research Institute of Inorganic Chemistry, RevoluEnj 86, 400 60 Osd nad Labem, Czechoslovakia 

Constants of equations expresslng the density of blnary 
aqueous solutlons as a functlon of concentratlon, and 
where posslble also of temperature, are glven for 306 
Inorganic substances. The goodness of fit and llmlts of 
the equation valldtty are Indicated for each system. 

Introductlon 

The density of aqueous solutions of inorganic substances and 
its dependence on solution concentratlon and/or temperature 

represents important information for chemical engineering and 
physical chemistry. A comparatively large volume of relevant 
data for a wide variety of systems Is available in the periodical 
literature and the existing monographs. However, the presen- 
tation of density data, even in the recent monographs ( 7 ,  2), 
is not very suitable for direct use as they are given for particular 
concentrations and temperatures, which rarely cover the whole 
interval required. Moreover, different sources present mutually 
inconsistent sets of data for most systems. 

We have, therefore, critically evaluated the existing density 
data for binary aqueous solutions of inorganic substances and 
those regarded as reliable, correlated in a consistent manner. 
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Table I. Constants of Eq 1 Expressing the Density of Aqueous Solutions of 167 Substances as a Function of Solution 
Concentration and Temperature 

substance A X lo-* -B X 10 C X lo3 -D E x 102  -F x 104 3. x 102 t Cmm- ref 
1.727 
1.473 
2.255 
1.785 
3.699 
2.569 
1.878 
2.368 
3.379 
2.738 
1.740 
1.012 
2.696 
1.298 
2.376 
1.637 
3.073 
1.948 
3.706 
1.527 
1.714 
1.693 
1.327 
1.352 
2.051 
1.503 
3.071 
1.291 
1.470 
1.943 
2.589 
2.655 
1.356 
1.992 
2.538 
0.5092 
0.5998 
0.2046 
0.5985 
0.9397 
0.4063 
0.4984 
0.5574 
0.7060 
0.7433 
1.318 
1.793 
1.811 
1.362 
2.839 
0.9057 
1.256 
1.479 
1.358 
0.4971 
0.8222 
0.8620 
2.310 
1.706 
2.441 
0.5364 
1.847 
2.616 
0.6315 
1.001 
0.9981 
1.256 
1.735 
1.223 
3.038 
0.4896 
0.5586 
0.6553 
0.5459 
0.5792 

2.858 
3.442 
1.644 

6.816 
4.798 
1.535 
8.322 
5.313 

2.575 

18.85 

28.04 

61.56 
12.66 
2.052 
3.817 
2.355 
2.411 

-0.09302 
1.409 

-0.2613 

1.123 
1.511 
1.535 
1.521 
2.602 
4.340 
3.214 

9.174 
1.001 
0.9711 

-7.891 
21.20 

1.149 
10.35 

1.300 
0.9435 
3.334 
2.176 
1.554 
1.092 
5.606 
2.367 
1.500 
0.8177 

-16.29 

-21.33 

-22.07 
-6.178 

3.401 
17.49 
1.876 
1.322 

-1.819 
2.628 
0.7150 
1.214 
9.970 

21.62 
14.52 
16.79 
1.208 
0.2936 
7.400 

-0.5602 
5.870 

-1.777 
2.125 

-4.609 
1.029 
8.047 
1.020 
2.176 
1.477 
1.156 
3.997 
7.181 

2.138 
2.869 
0 

5.346 
1.387 

-3.400 

3.887 
5.422 
2.359 
1.028 

1.023 
2.510 
1.325 
1.364 

-0.03925 

84.24 

19.68 

10.85 

286.6 
-0.4448 

-99.52 
0.9765 
1.251 
1.837 
1.193 
1.872 
7.308 
2.704 

6.138 
1.376 
1.314 

-9.754 

1.386 
8.291 
1.061 
1.090 
3.190 
2.343 
1.096 
0.1525 
0.2366 
1.676 
2.191 

-0.3053 

-5.559 
1.754 
3.178 
1.425 
1.648 

-2.369 
1.986 
0.6506 
1.374 

-68.82 

-40.35 

-42.70 

18.48 
24.29 
14.71 
13.60 
1.317 

-0.9857 
8.012 
1.991 
7.083 

1.515 
-0.4706 

8.093 
12.71 
0.8214 
1.369 
0.9596 
1.009 
2.914 
5.994 

-17.01 

4.015 
4.298 
6.674 

25.78 
55.22 
3.546 
7.075 

-0.1765 
8.130 

8.300 
9.749 

8.426 
6.035 
6.428 
4.539 
5.591 

8.247 

2.066 
3.113 
3.569 
1.306 
4.299 

9.100 
0.4527 

123.8 

25.46 

102.4 

16.32 

11.67 

39.37 
13.32 
13.60 

63.49 
13.06 
28.20 

7.320 

1.263 
1.227 

-0.05668 
0.08738 
2.798 
5.557 
2.050 
4.903 
5.852 

19.91 

-26.25 

83.17 

-124.1 

6.495 

4.019 
2.519 
7.129 

2.376 
6.223 

16.36 

-60.10 
93.16 
17.18 
58.17 

13.43 
23.51 

3.790 

0.2904 
7.676 
3.911 
3.022 
0 

14.85 
37.05 
2.594 
2.729 
2.323 
4.383 
5.116 

34.81 

7.604 4.963 
11.74 9.798 
0 0 

408.4 1806 
39.07 33.00 
24.33 -2.784 

-84.98 -47.04 
-2.594 84.22 
23.12 16.67 

625.2 424.1 
7.635 7.212 

96.94 3.165 
99.78 86.93 

16.42 11.83 
0.776 -4.225 

6.973 3.648 
4.843 2.609 

-6.808 -5.439 

-2.591 -2.866 
775.1 1579 

-194.3 -973.2 
0 0 
4.181 3.319 
3.856 4.391 
0 0 
8.322 5.842 

17.54 32.15 
15.50 18.21 

83.51 53.81 
-126.0 -376.3 

0 0 
0 0 

-51.82 -54.24 
305.3 22.43 

0 0 
95.20 75.11 

2.160 1.647 
1.269 1.980 
8.249 9.076 
5.792 7.778 
2.478 2.761 
0.9001 -0.1289 
0.3387 -0.5906 
5.698 3.985 
2.766 5.012 
0.6813 -1.321 

-569.1 -839.1 
-111.8 -79.22 

9.481 -4.920 
433.4 257.6 

5.985 4.092 
0 0 

-28.01 -30.26 
8.768 5.385 
0 0 
7.488 7.211 

-92.15 45.09 
405.9 478.8 
86.86 89.26 

177.5 136.3 
3.121 3.399 

-27.84 -42.71 
21.60 31.37 

-11.27 0.2195 
38.06 45.61 

-49.49 -197.7 

-45.37 0 
5.980 4.090 

90.79 75.66 
68.93 209.4 
0 0 
4.447 2.163 
2.364 1.500 
2.343 1.865 

12.67 9.190 
77.97 61.85 

18.7 
29.5 
3.2 

20.0 
10.1 
37.9 
36.1 
20.0 
7.6 
6.0 
4.8 

14.7 
29.0 
18.2 
14.9 
8.9 
7.2 
9.7 

34.3 
11.7 
17.2 
2.1 
5.5 
2.8 
1.8 
4.8 
5.7 

29.1 
11.3 
36.5 

2.5 
2.6 

38.6 
15.4 
3.4 

10.6 
13.5 
5.4 

10.2 
12.9 
14.8 
11.3 
23.7 
7.8 

15.2 
17.4 
8.2 
3.2 
5.6 
6.7 

14.0 
3.5 

25.8 
22.5 
3.6 
8.4 
5.1 
3.0 

48.2 
13.4 
9.4 

17.2 
7.6 

17.2 
13.7 
4.9 
3.6 
3.8 
8.9 
1.0 
5.1 

39.7 
12.2 
7.6 

23.2 
10.0 

0-100 satd 
0-100 satd 

10-40 50 
10-35 38 
0-100 satd 
0-100 satd 
0-100 satd 
0-60 satd 
0-100 satd 
0-70 satd 
0-100 satd 
0-100 satd 

0-70 satd 
0-100 satd 
0-100 satd 
0-100 satd 
0-100 satd 
0-25 satd 
0-100 satd 
5-40 satd 
0-100 45 
0-100 satd 
0-70 70 
0-100 satd 
0-100 satd 
0-100 satd 
0-100 satd 

10-45 satd 
0-100 satd 

0-100 40 

0-100 40 
0-100 50 

10-50 satd 
10-60 satd 

0-100 satd 
0-100 40 

0-70 60 
0-80 36 
0-50 60 
0-70 66 
0-100 0-50 
0-100 51-100 
0-80 95 
0-100 0-70 
0-100 71-90 
0-100 91-100 
5-50 satd 
0-50 satd 

0-80 satd 
0-100 satd 
0-100 satd 
0-80 satd 
0-100 satd 
0-100 satd 
0-100 satd 

10-90 satd 

0-100 satd 
0-100 satd 

0-100 satd 
0-100 satd 
0-70 satd 
0-100 satd 
0-60 satd 
0-100 satd 
0-100 satd 
0-100 satd 

0-100 34 
0-90 satd 
0-100 satd 
0-100 satd 
0-100 satd 
0-100 satd 

0-80 10 

10-70 13 

0-60 45 

10-70 9 

27-31 
5-7 
32 
6. 7 
6, 33, 34 
5, 6, 22 
6 
5, 6 
5 
5-7, 22 
5 
5, 6, 22 
5, 6, 22 
5,35-38 
5. 39 
5, 6, 22 
5, 6, 22 
6, 40-42 
6, 22 
43, 5, 6, 22, 41 
5 ,  6, 22 
5 
5, 6 
44,45 
5 
5, 6, 46 
5 ,  7 
47-53 
5, 6 
5. 6, 22 
18 
18 
5, 54 
5, 6 
18 
5, 22, 55 
5, 56 
57 
58 
5, 6, 19, 45 
<5, 59 

- 
1 

*5. 59, 60 

5-7, 22 
5, 7 ,  22 
61 
6. 22, 41 
5, 6 
5, 22 
6, 62 
5, 6. 22 
5 
5 .  22, 64, 67 
5, 7 
61, 65 
5, 6, 35 
5-7, 66 
5, 6, 44, 45, 91 
5, 6, 61, 41, 64 
5, 6, 55, 67 
5, 6, 22 
5, 55, 68 
5-7 
5, 6 
5, 6, 22 
5, 22, 41 
61 
5 
6, 55 
5, 6, 22 
22, 69, 70 
6, 55, 67 
5. 6, 71, 89 
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Table I (Continued) 
substance A X -B X 10 C X lo3 -D E x 102  -F x 104 5, x i o 2  t cmn* ref 

N H C 10 
NH4Fe(S04)2 
NH4H2P04 
NHIHSO, 
N H J  

NaTart" 
NaCl 
NaClO, 
NaClO, 
Na2C03 
NaOx" 
NazCr04 
Na2Cr207 
NaF 
NaForm" 
NaH2P04 
NazHP04 

NaHS04 
NaI 
N ~ I O ~  
NaKTartn 
NaMnOI 
N a M o 0 
NaN3 
NaNOz 
NaNO, 
NaOH 
Na3P04 

Na2S 
NaSCN 
Na2S03 
Na2S04 

Na2W04 

NiCl2 
Ni(N03h 
NiS04 

PrC13 
RbBr 
RbF 
RbCl 
RbI 

Na5P307 

NaqP207 

N2S203 

NdC13 

Pb(NO3)z 

RbNO3 
RbzS04 

2.319 
0.6032 
0.2446 
0.6957 
0.9992 
0.4303 
0.3016 
1.008 
1.585 
3.224 
0.8099 
1.694 
2.357 
1.190 
1.437 
1.022 
1.551 

-0.0688 
2.111 
0.2328 
0.6697 
0.2061 
0.6375 
2.483 
0.7666 
0.7754 
0.963 
0.3614 
2.917 
0.8878 
2.577 
0.8362 
1.231 
0.4364 
1.466 
0.4485 
0.7725 
0.8462 
1.241 
1.178 
1.541 
2.029 
0.4940 
0.4520 
0.7649 
1.255 
3.505 
1.022 
1.196 
1.785 
1.490 
1.096 
1.923 
0.4116 
0.5142 
0.6298 
0.4916 
1.473 
3.030 
0.8653 
0.4840 
1.651 
1.412 
1.409 
2.554 
2.446 
1.187 
1.527 
1.772 
2.649 
2.399 
1.303 
0.9859 
0.9251 
1.665 
1.044 

0.8064 
0.00444 
0.5505 
3.280 
1.486 
1.242 

-0.4827 
1.058 
1.676 

1.887 
3.138 
3.178 
1.440 
6.531 

-4.966 
1.258 
0.1989 

2.948 
0.3180 
1.577 
5.744 
2.470 
3.191 
2.064 

-0.8591 
1.446 

2.258 

1.872 
2.778 
0.6740 
3.657 
0.9634 
3.607 
3.788 
6.213 
5.450 
3.173 

2.985 
0 

51.20 

-3.694 

18.18 

19.73 

13.15 

-5.207 
-7.321 
3.627 
3.093 
2.120 

2.323 
0.4598 
6.168 
1.560 
3.362 
2.382 
0.9064 

9.731 
0.4961 
2.752 

4.535 
3.063 

-2.885 
1.140 

-5.607 

10.80 

-13.06 

22.90 

-12.09 
2.278 

-9.459 
1.066 
1.609 
1.589 
1.051 
0.8912 

1.110 
0.2329 
0.8671 
2.913 
1.304 
1.002 

-0.6976 
1.329 
1.987 

2.315 
1.278 
2.723 
0.1877 
5.263 

15.01 

-13.07 
-0.5341 

-5.642 

-0.05828 

0.09711 

2.644 

1.553 

1.462 
2.382 
2.135 

-3.218 
1.009 

2.241 

1.353 
1.726 
0.6482 
2.732 
0.6136 
4.286 
3.966 
6.124 
5.997 
3.623 

3.365 

13.22 

18.07 

12.12 

10.16 

-1.950 
-6.142 
-5.656 

2.354 
3.084 
1.396 

29.84 
1.944 

-3.979 
5.791 
1.025 
4.079 
1.520 
0.6308 

5.524 

1.735 

3.766 
2.082 

-2.066 
1.211 

-5.650 

-10.43 

-40.69 

22.80 

-46.48 
0.2337 

-6.758 
1.180 
1.190 
1.940 
0.3060 

-0.7021 

13.20 
0.6188 
0.7927 
3.409 
0.5602 
1.389 
2.786 

7.343 

6.029 
9.611 
6.551 
8.257 

23.28 
3.659 

13.64 
-0.1843 
15.42 
4.013 

13.05 
2.556 
2.497 

10.07 

64.78 

39.48 
13.39 
11.05 
-0.4009 

1.898 
125.4 

192.1 
13.43 

2.847 
5.168 
2.113 

2.712 
4.040 
3.025 

7.073 

15.98 

18.36 

15.53 
22.81 
4.752 
2.761 

-1.086 
-2.343 
53.23 
9.324 
2.502 

-10.59 
13.45 
5.206 

1.188 
3.242 
4.138 
4.907 

-21.30 

-11.76 
113.8 

9.759 
3.530 

45.90 
17.51 
16.05 

14.57 
1.756 

2.635 
4.919 

22.04 
-19.60 

14.40 
2.820 
3.972 
3.330 
2.708 

0 

1.169 

3.721 
2.096 

-4.538 
0 
5.026 

338.5 
7.449 
8.639 

-2.448 

12.42 

12.35 

39.11 
-7.177 

-16.31 
6.703 

-0.4392 
-34.35 

11.01 
0.7378 
5.670 

10.09 
14.73 
23.41 
7.436 

2.918 

8.457 

4.791 
12.05 
-0.9843 
15.10 
1.009 

10.16 
9.968 

31.78 
45.83 
13.08 
59.66 
16.22 

-19.70 

378.4 

517.9 

0 
-26.60 
-52.46 

1.838 
0 
5.095 

4.364 
-7.927 

-18.29 
47.48 

2.594 
7.155 
6.626 
1.633 

111.3 
203.8 
-3.120 

7.631 
177.1 
21.11 
12.45 

-26.65 
0 

-37.42 
-67.71 

6.476 

0 
2.544 
4.153 
2.809 

-139.3 

-3.551 

0 

1.761 

3.197 
1.810 

0 
5.966 

179.2 
8.305 
0 
9.773 

-16.99 
27.83 

-47.74 

-1.773 

12.88 

-5.916 

-3.531 
0.01126 

-42.53 

-12.31 
10.79 

5.082 

0 

7.135 

1.870 

7.462 

3.413 
7.415 
0 

0 

46.34 

15.34 

-30.20 

362.5 

365.6 

10.76 

12.59 
11.13 
36.72 
77.51 
15.21 
45.67 
18.72 
-3.695 

-24.97 
-41.66 

1.210 
0 
3.346 

170.5 
2.506 

61.06 
42.86 

1.536 
9.671 
4.208 
1.041 

-86.91 
119.1 
-5.370 

5.247 
176.2 
17.73 
8.138 

-21.07 
0 

-34.53 
-233.5 

-5.069 
-91.02 

0 
0 
4.878 
0 

-12.94 
1.294 1.640 0.7562 -0.1728 2.592 

2.324 6.489 8.260 17.22 37.98 47.91 

2.1 
17.6 
9.2 
5.9 
5.1 
9.5 
8.1 
3.9 

11.6 
6.4 

15.7 
2.4 
4.7 
6.2 

26.3 
25.9 
19.3 
12.7 
6.5 
6.7 
2.3 
3.9 

10.0 
2.9 

15.5 
3.1 

21.8 
10.6 
6.1 
6.3 

11.4 
5.0 
4.9 
4.9 
4.0 
4.2 

10.1 
19.1 
16.8 
3.6 

22.4 
22.2 
6.1 
3.8 

51.8 
14.5 
6.1 
3.5 
3.9 

11.8 
4.2 
8.7 
7.1 
4.2 

11.2 
7.4 

13.3 
6.5 
4.4 

10.5 
4.7 

18.1 
4.8 
5.5 

16.9 
3.0 

23.2 
17.2 
32.7 
28.3 
3.0 
3.7 
2.6 
4.3 

14.7 
21.8 
5.8 

0-100 
0-80 
0-100 
0-100 
0-100 
0-100 
0-100 
0-100 
0-100 
0-40 
0-100 
0-100 
0-100 
0-80 
0-100 
0-70 
0-100 
0-75 
0-100 
0-100 
0-100 
0-100 
0-50 
0-100 
0-100 
0-100 

0-100 

0-100 
0-100 
0-100 
0-100 
0-100 
0-100 
0-100 
0-90 
0-100 
0-100 
0-100 
0-100 
0-100 
0-70 
0-60 
0-100 
0-100 

0-50 
0-100 
0-60 
0-80 
0-40 

15-100 
0-100 
0-80 
0-100 
0-100 
0-100 
0-100 
0-100 
0-70 
0-100 
0-100 
0-100 
0-100 
0-100 
0-100 

0-100 
0-100 
0-100 
0-80 
0-70 
0-100 
0-80 
0-100 
0-100 

10-60 

10-80 

20-80 

10-50 

satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
30 
satd 
satd 
satd 
40 
satd 
40 
satd 
satd 
satd 
satd 
satd 
50 
50 
satd 
7 
satd 
satd 
satd 
satd 
satd 
32 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
12 
22 
satd 
satd 
satd 
26 
satd 
30 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
satd 
55 
satd 
satd 
satd 
satd 

72 
5, 6, 22 
5, 6 
6, 73 
5 
5, 6, 74 
5, 7, 75, 76 
5, 6 
5, 6, 22 
5, 6 
5, 6, 22, 89 
41 
5, 6, 22 
5, 6, 22, 18 
5, 22, 77-79 
5, 54, 80 
5, 55, 81 
5, 59 
6, 19, 41 
5, 41 
5, 41 
5, 22 
5, 6 
19 
22, 55, 68, 62, 82 
5 
5, 85 
83, 84 
55, 85, 86 
5, 6, 22 
5, 22, 55 
5, 6 
5, 22 
5, 6 
5, 6 
5 
5-7, 22 
5, 6, 87 
5, 6, 22 
5, 7 
5, 6, 66, 88 
6, 66 
5, 7,89-92 
5-7 
62, 93, 94 
7, 41, 93 
85 
5 
5, 6 
5, 7, 22, 95 
5 
96 
5, 41 
5 
5-7,97 
5, 6, 22 
5, 98-100 
5, 41 
5, 7, 41 
5-7 
6, 87 
5-7,41 
5, 6, 22, 89 
6, 41 
5, 6, 41 
72 
5-7, 22,101 
5, 6, 43 
5-7,22 
5-7,102 
72 
5 
45 
5 
5 
5 
5 
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Table I (Continued) 
I 

substance A X -B X 10 C X lo3 -D E x io2 -F x 104 s, x 102  t e,, ref 
SmCI? 2.501 1.309 1.351 13.99 0 0 3.5 0-100 satd 18 
SrBr, 
Sr(Br03)., 
Sr(Ac),* 
drCi, 
SrI, 
SrJN03), 
TINO? 
Tl,SO, 
U02(N03)2 
uo2so, 
TbCl3 
ZnBr, 
ZnC1, 
Znl, 
%n(NO,), 
%nSO, 

2.200 
2.853 

-1.134 
1.536 
3.012 
1.800 
2.470 
5.062 
3.182 
3.189 
2.737 
1.990 
1.211 
2.762 
1.687 
1.758 

2.770 
-2.778 

4.157 
6.103 
4.794 

15.82 
-4.033 

-236.4 

0.6041 

1.041 
2.767 
3.632 
3.293 
5.047 
3.895 

-21.21 

2.119 
0.2361 

3.586 
3.874 
3.631 

-521.3 

13.66 
-6.553 

2.092 

1.352 
1.040 
1.954 
1.959 
4.492 
3.402 

-36.17 

8.825 
5.434 

-82.93 
14.63 
11.72 
12.14 
-3.533 

-5.374 
13.28 
13.88 

195.3 

9.900 
8.380 

10.82 
13.56 
15.83 

7.717 
-24.18 

23.11 
28.70 
18.35 
58.72 

-78.83 
-16.83 

-215.6 
0 
7.184 

9.385 

-780.2 

12.00 

28.31 
19.79 

4.571 
-11.06 

18.94 
17.04 
14.25 
67.73 

-1426 

-126.7 

-337.6 
-1.337 

0 
1.730 
6.587 
6.576 

26.11 
16.43 

7.8 
10.9 
2.5 
8.1 
5.1 
4.8 

17.1 
4.7 

18.2 
40.6 
2.8 

20.9 
24.3 
20.8 
8.3 
8.0 

0-100 
0-100 

0-100 
0-100 
0-100 
0-100 
0-100 
0- 100 

0-100 
0-100 
0-100 
0-100 
0-80 
0-100 

20-35 

10-95 

satd 
satd 
26 
satd 
satd 
satd 
satd 
satd 
satd 
36 
50 
satd 
satd 
satd 
50 
satd 

*5, 6, 22 
5, 22 
.5, 6 
5, 6, 22 
5. 6 
5, 6 
5, 6, 103 
5 
104, 105 
6 
18 
5 ,  6 
6-7 
5, 22 
5, 6, 85, 106 
5, 6. 22 

“Ac = acetate, Form = formate, Ox = oxalate. Tart = tartrate; e,,% in wt 9’0 or up to a saturated solution (satd). 

Table 11. Constants of Eq 3 Expressing the Density of Aqueous Solutions of 139 Substances as a Function of Solution 
Concentration at a Constant Temperature 

substance t ,  “C G x lo-’ -H X lo-’ em*-, wt % s, x 102 ref 
18 
20 
0 

15 
25 
17.5 
25 
18 
80 
25 
25 
15 
18 
25 
17.5 
15 
25 
30 
0 

18 
2 <5 
15 
18 
20 
25 
18 
50.5 
25 
25 
18 
20 
25 
25 
25 
25 
18 
15.5 
15 
15 
20 
18 
17.5 
25 
25 
15 
25 
25 
0 

20 
0 

25 
17 
14 
”5 

1.217 
2.086 
1.144 
9.642 
1.183 
1.786 
2.621 
1.888 
1.536 
1.807 
0.5861 
3.105 
0.8092 
0.9893 
0.8711 
1.582 
1.720 
2.029 
2.604 
2.240 
2.305 
3.256 
1.939 
1.179 
1.183 
1.787 
1.304 
1.303 
2.112 
1.888 
2.137 
3.708 
11.795 
2.465 
3.639 
1.894 
1.137 
3.272 
1.429 
1.470 
1.896 
3.34 1 
3.743 
3.684 
9.112 
9.298 
0.7942 
1.420 
0.1081 
1,565 
1.486 
1.688 
1.101 
1.1 11 

0.1421 
1.128 
1.278 
0.5767 
0.8182 
0.8983 
0.8486 
1.044 
1.077 
0.4414 
0.5002 

-0.07855 
0.1028 
0.8743 
0.9909 

1.047 
0.9380 
3.758 
0.6579 
1.105 
2.256 
0.4898 
0.4724 
0.5939 
0.7321 
0.0887 
0.0900 
0.8487 
0.8423 
1.365 
1.283 
1.442 
1.272 
1.495 
0.4664 
0.4805 
3.151 
0.5318 
0.8229 
0.7949 

r1.9327 

21.82 
29.68 

1.442 
0.0675 
0.1830 
0.5619 
0.4853 
0.09743 
0 7194 
0.3374 
0.04977 
0.003379 
0 4238 

62 
22 
30 
3 1 
31 
40 
60 
22 
38 
58 
30 
22 
30 
28 
25 
64 
37 
5 4 
32 
40 
44 
24 
30 
20 
34 
40 
75 
1 7  
44 
30 
58 
67 
68 
48 
67 
35 
37 
50 
44 
45 
25 
60 
15 
67 
70 
14 
44 
57 
44 
27 
14 
32 
35 
97 

50.0 
13.7 
4.0 
1.1 
2.8 

29.9 
0.6 
2.1 

42.9 
12.3 
12.6 
20.0 
0.6 
2.1 
2.3 
4.2 
5.4 
5.6 
2.7 
1.3 

10.2 
2.5 
0.4 
0.9 
0.9 
0.8 

22.6 
1.5 
1.6 
0.9 

14.1 
0.9 
2.2 
2.5 
4.1 
1.5 
7.8 
0.8 
1.5 
0.9 
1.4 

25.1 
18.3 
4.3 
4.7 
1.2 

17.4 
5.5 

28.8 
4.7 
3.9 
2.8 
5.6 

46.6 

5 
6 
6 
6 
8 
6 
6 
5 
6 
6 
5, 9 
6 
5 
5. 6, 10 
6 
5 

11 
6 
5 
5 
6 
6 
1 

12,  63 

1 

14 
15 
16 

6 
17 
1” 
18 
1; 
5 

6 
3. 6 

> 

> 

3 

19 

17 
I 

7 

6 
6 

19 
6 

19 
19 
19 
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Table I1 (Continued) 
substance t ,  "C G x lo+ -H X lo-' c-, wt % s, x 102 ref 

HdClOd, ~. - 
H ~ I ,  
Ho(C104)3 
InBr, 
InCl, 

KAc" 

KCitr" 

K2CdI4 

KOx" 

KCN 
KCNO 

KFe(S04h 
KForm" 

KHS 
K2MoO4 
K3P04 
K2S 

K2CS3 

K2HPO4 

K2S03 
K2S207 
K2Se04 

K2Si03 

La(C10413 
La(N03), 
LiAc" 
LiC103 
LiCNS 
LizCr04 
Li2Cr207 

LiForm" 
LiIOs 

K2W04 

LUCl3 
LU(C104)3 
Mg(Ac)z' 

Mg(C103)z 
MgCrO, 
MnBrz 
Mn(Ac)2a 
Mn(N03h 
NH4Br 

(NH4)zC03 
(NH4)zCrA 

NH4Fe(S04h 
NH4F 

NH4Form" 

NH4HFp 

NH4OCl 

NH4SCN 

(NH4)zM004 

(NH4)2SiF, 
Na3As04 
NaBenz" 
NaC102 
Na4Fe(CN), 
NaHzAs04 
NazHAs04 
Na2HP03 

NaHSO, 
NazSeOl 
Na2Si03 
NazSn03 

NiBr, 
Nd(C104)3 

25 
25 
25 
18 
25 
18 
18 
25 
18 
25 
18 
25 
20 
15 
15 
15 
21 
18 
18 
15 
25 
18 
15 
15 
15 
20 
20 
15 
25 
18 
18 
25 
18 
18 
18 
30 
18 
18 
25 
25 
15 
25 
18 
18 
18 
20 
18 
18 
25 
15 
12 
23 
18 
15 
15 
25 
25 
20 
17 
25 
18 
25 
20 
17 
25 
20 
20 
25 
14 
15 
25 
15 
15 
18 
20 
25 
18 
25 

1.343 
2.598 
3.762 
1.862 
1.700 
5.360 
0.5156 
0.5101 
2.127 
2.126 
1.293 
1.266 
0.3637 
0.5085 
1.293 
2.483 
0.5249 
1.541 
0.4499 
1.665 
1.116 
0.9401 
1.331 
1.989 
1.845 
1.829 
1.439 
2.787 
3.497 
2.960 
0.2587 
0.5583 
0.2576 
1.144 
1.603 
1.454 
0.2901 
1.626 
2.744 
3.904 
0.5508 
0.8617 
1.476 
1.421 
1.807 
0.8827 
1.411 
0.5528 
0.5498 
0.3652 
1.392 
1.439 
0.2144 
2.380 
0.1951 
0.1910 
0.2510 
1.076 
0.3186 
0.3242 
0.1792 
0.1634 
0.7899 
2.331 
0.6117 
0.5140 
2.218 
1.320 
1.674 
0.9160 
0.8916 
1.254 
1.730 
1.383 
1.873 
3.601 
1.999 
1.947 

6.388 
1.305 
1.433 
0.4001 
0.3083 
1.281 
0.3510 
0.3385 
2.274 
2.354 
1.438 
1.120 
0.3068 
0.3484 
1.221 
1.358 
0.3987 
1.528 
0.3408 
0.8992 
1.839 
0.8344 
1.019 
2.471 
1.489 
1.267 
1.304 
0.9494 
1.814 
2.020 
0.08703 
0.07032 
0.09595 
0.9888 
0.6688 
0.3448 
0.2367 
0.7212 
1.377 
1.482 
0.3506 
0.8502 
1.149 
1.180 
0.4588 
0.3699 
0.7527 
0.1046 
0.1038 
0.3932 
0.2687 
0.5519 
0.3659 
3.764 
0.2015 
0.1940 
0.4214 
1.567 
0.1755 
0.2846 
0.06591 
0.02594 
0.1992 
2.714 
0.4306 
0.05241 
1.493 
0.8006 
0.2870 
0.9022 
0.8060 
2.492 
1.432 
1.416 
1.721 
1.839 
0.5654 
0.3823 

81 
50 
68 
32 
30 
45 
60 
60 
34 
60 
21 
14 
35 
34 
68 
20 
28 
27 
50 
16 
23 
45 
26 
22 
14 
50 
28 
18 
67 
32 
24 
75 
18 
22 
20 
60 
27 
44 
53 
68 
50 
43 
56 
48 
32 
30 
55 
34 
40 
40 
20 
26 
14 
40 
55 
55 
30 
30 
40 
22 
28 
58 
17 
12 
36 
33 
15 
14 
18 
60 
60 
38 
14 
26 
20 
67 
30 
44 

16.5 
1.4 
2.2 
1.8 
9.6 
1.6 
3.8 
3.8 
0.9 
2.2 
7.5 
0.7 
7.5 
1.7 

18.7 
1.9 
9.5 
7.4 
1.9 
0.9 

12.2 
8.4 
2.2 
1.3 
0.3 
0.6 
2.7 
0.4 
3.3 
1.1 
0.3 
7.5 
0.3 
0.4 
0.7 
4.0 
4.1 

13.4 
2.2 
2.6 
8.0 
8.7 
7.4 
1.8 
0.8 
2.9 
5.4 
1.1 
0.9 
6.1 
0.5 

11.8 
2.6 

10.1 
3.6 
2.7 

21.3 
8.2 
2.8 
2.7 
0.4 
5.4 
0.6 
0.9 
0.7 

14.2 
1.0 
0.8 
8.0 

12.7 
21.0 
12.5 
0.8 
3.0 
2.4 
4.1 
1.1 
2.2 

6 
20 
17 
5 

21 
5 
5, 22 

5 

5, 6 

5, 59 
5 
6 
5 
6 
6 
5 
5 

23 
19 

5 
5 
5 

19 
5 

17 
5 
5 
5, 6 
5 
5 
5, 6 

5, 6 
5 

20 
17 
5, 7 

5 
6 

19 
5 
5 
7 

19 
5, 7 

5, 6 
19 
5 

24 
6 
6, 25 

5 

6 
5 
5 
7 

63 
5 
6 
6 

19 
6 

19 
19 
17 
5 

26 
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Table I1 (Continued) 
substance t ,  "C G x -H X lo-' c,, wt % s, x 102 ref 

Ni(ClO,), 18 1.844 0.7610 30 1.3 5 
Pb(Ac)z" 14 2.403 0.7703 25 1.5 6 
PriClOJ, 25 3.564 1.867 67 4.1 17 
Rb2Tarta 20 2.123 1.138 64 7.2 6 
RbOH 18 0.9807 0.4443 28 2.1 5 
Sm(C104)3 25 3.652 1.670 67 5.0 17 
SnC1, 15 1.434 0.3705 70 11.8 5 
SnC1, 15 1.963 0.5578 70 10.4 5 

Sr2Fe(CN)G 3.509 3.566 20 1.1 5 
TbC1, 25 2.519 1.238 48 0.8 20 
Tb(ClOJ3 25 3.677 1.328 67 2.1 17 
ThC1, 18 8.556 1.766 28 1.5 .5 
Th(N03)d 15 4.175 1.181 18 1.0 5 
T1F 18 2.176 0.7726 30 3.3 5 
TlOH 15 2.105 0.5925 26 22.4 6 
TmCl, 25 2.664 1.345 51 2.2 20 
Tm(C1OI), 25 3.822 1.443 68 1.8 17 
IJ02C12 25 2.962 0.5491 57 0.7 6 
COpF2 25 2.812 0.5722 61 2.1 6 
YC'I? 0 1.887 1.539 41 1.0 20 

Yb(ClOJ3 25 3.912 1.638 68 2.4 17 
Zn(BrO& 18 2.792 1.041 35 1.9 5 
Zn(Ac)2a 23.5 1.396 2.398 22 0.4 6 
Zn(C103)2 18 1.814 0.4548 65 5.9 5 

Sr(C103)2 18 2.044 0.9238 36 3.0 5. 6 
Sr(C104)2 25 2.192 0.9658 60 6.0 6 

25 1.827 1.285 43 1.3 

"Ac = acetate, Form = formate, Ox = oxalate, Tart = tartrate, Citr = citrate, Benz = benzoate 

The resulting "best" estimates of densities for every system 
treated have been tabulated in ref 3 for solution concentration, 
and where possible also temperature, increasing in specific 
increments. The present paper summarizes the constants of 
the correlation expression for 306 inorganic substances. 

Processlng of Experimental Data 

The density of aqueous solutions as a function of their tem- 
perature and concentration can be expressed as (3) 

p = pw i- Ac 4- Bct + Cct2 + Dc3I2 i- .€c3/*t i- Fc3l2t2 
(1) 

where A through F are adjustable constants, c is the solute 
concentration in mol~dm-~, t is the temperature in OC, and p is 
the density of solution in kg.m-3. Equation 1, which is theo- 
retically substantiated (see ref 3), can be used for evaluating 
the densities of ternary aqueous solutions, if  the constants of 
the respective binary solutions are known ( 4 ) .  

The density of water, pw, is calculated according to the em- 
pirical equation 

pw = 999.65 + 2.0438 X 10-'t - 6.174 X 10-2t3/2 (2) 

which results from the correlation of the appropriate data given 
in ref 5. 

The density of aqueous solutions as a function of concen- 
tration at constant temperature can be expressed as (3) 

p = pw + Gc + Hc3" (3) 

The goodness of fit of eq 1 and 3 to experimental data is 

(4) 

where pew and pCaw represent the experimental and calculated 
value of the solution density, respectively, p is the average 
density, and N and i are the number of experimental data and 
the number of the correlation equation constants, respectively. 

where G and H are adjustable constants. 

given by the relative standard deviation 

sr = 1OO(C(Pexpt - ~ c a ! c d ) ~ / ( ~  - j ) ) -"' /P 

Results 

The constants of eq 1 for binary aqueous solutions of 167 
substances, the relative standard deviation, the ranges of tem- 
perature in OC and concentration in wt % at which the corre- 
lation is applicable, and the references to the source of used 
experimental data are given in Table I .  

For several systems the number of density values calculated 
from eq 1 devlatlng from the respective experimental data by 
more than 1 kg.m3 dM not exceed 5 %  of the total number of 
experimental data. In this case, the constant in eq 1 of the 
least statistical significance was dropped and the correlation 
was repeated. This procedure was continued until omitting the 
next constant increased the number of deviating points above 
5% of their total number. 

The constants of eq 3 are given in Table I 1  for 139 sub- 
stances. The relative standard deviation, the temperature at 
w h i  the correlation hob, the concentration limit of its validity, 
and the reference to the source of experimental data are also 
indicated. 
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Table I. Densities p ( g * ~ m - ~ )  of Pure Diols The excess molar volumes of binary mixtures of water 
and 1 ,2-butanedlol, 1,3-butanedloI, 1,Cbutanedlol, P 
1,3-propanedIol, and 1,5-pentanedIol have been diol T = 293.15 K T = 303.15 K T = 313.15 K 
determined at 293.15, 303.15, and 313.15 K. 1,2-Bu(OH)* 1.003 47 0.995 44 0.987 87 

1,3-Bu(OH)2 1.005 79 0.999 04 0.992 39 
1 , ~ - B u ( O H ) ~  1.016 22 1.010 11 1.004 15 

Introduction 1,3-Pr(OH), 1.053 70 1.047 44 1.041 10 
1,5-Per1(OH)~ 0.992 79 0.986 73 0.981 25 

surements of the 6 carried out for binary mixtures of the 
strongly self-associated hydroxylic compounds: diols + water. 

In  a previous paper ( 1 )  we reported the excess molar vol- 
umes 1", measured in binary mixtures of dipolar compounds 
with nonpolar solvents. Here we report the results of mea- 
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