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EXCESS VOLUME OF TERNARY
WATER + DIACETONE ALCOHOL
+ 2-PROPANOL AS A FUNCTION
OF PRESSURE, TEMPERATURE
AND COMPOSITION

C. BONED**, M. MOHA-OUCHANE® and J. JOSE®

2 Laboratoire Haute Pression, Faculté des Sciences, Avenue de
I'Université, 64000, Pau, France,;
® Laboratoire de Chimie Analytique 1 (LICAS), Université Claude
Bernard, Lyon 1, 69622 Villeurbanne Cedex, France

( Received 8 October 1998)

The excess volume ¥ of the ternary water 4 diacetone alcohol (or DAA) + 2-propanol
and of the three binaries water + DAA, water + 2-propanol and DAA + 2-propanol was
evaluated from experimental density data (2772 values) as a function of the pressure P
(between 0.1 MPa and 65 MPa), the temperature 7 (303.15K,323.15K and 343.15K)
and the composition. Various representative models are discussed. It is possible to ac-
count for the values of the density with an average absolute deviation of about 0.06% in
the experimental P-T domain.

Keywords: Density; excess volume; water; alcohol; ternary mixtures

INTRODUCTION

Whereas there is a very significant volume of data describing
variations of excess volume V% of binary systems at atmospheric pres-
sure, according to the temperature, composition and chemical nature of
the components, studies on the influence of the pressure are less com-
mon. Some data relating to binary systems can be found in the literature

*Corresponding author.
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but with regard to the ternary systems there are practically no experi-
mental values. We chose the ternary system water + 2-propanol +
diacetone alcohol (or DAA,or 4-hydroxy-4-methyl-2-pen- tanone)
as the interactions between water and each alcohol are particularly
important.

EXPERIMENTAL TECHNIQUES

Values of p between 0.1 MPa and 65 MPa are measured using an Anton
Paar DMAG60 + DMA 601 resonance densitometer with an additional
512P cell. Details of the calibration have been described by Lagourette
et al. [1] and water is used as calibration substance (we used the values
given by Kell and Whalley [2]). Error on temperature T'is +0.05K. The
error on pressure P is estimated to be +0.05MPa (except at P =
0.1 MPa). The error on p is less than 0.1 kg/m® (except at P = 0.1 MPa
where it is estimated to be below 0.03 kg/m®) which corresponds to the
estimate made by Papaioannou et al. [3] with identical apparatus (with
the 512 cell limited to 40 MPa, instead of the more recent 512P cell
limited to 70 MPa). The water (H,O, molecular weight A = 18.015
g/mole) is distilled water. The DAA used is commercially available
(C¢H120,: Interchim, purity > 99%, molecular weight M = 116.16
g/mole) and the 2-propanol used is also commercially available (C3HgO:
Sigma-Aldrich, purity > 99.5%, molecular weight M = 60.1 g/mole).
The mixtures were prepared by weighing at atmospheric pressure and
ambient temperature so as to obtain the molar fractions x; = 0.1, 0.2,
0.3,0.4,0.5,0.6,0.7,0.8 and 0.9 (with E?:] x;=1).

EXPERIMENTAL RESULTS

Measurements of p were taken at 303.15K,323.15K and 343.15K,
and within the pressure range from atmospheric pressure 0.1 MPa to
65 MPa by step of 5MPa. The values are indicated in Table I [4]. There
are 2772 experimental determinations. 42 values of p for each pure
substance (126 values at all for the 3 pure substances including the 42
values for water which is the substance used for the calibration), 378
experimental values of p have been obtained for each of the 3 binary
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TABLE 1 Variations of density p versus temperature, pressure and composition (x, =
1—x, - x4) x,: water molar fraction, x;; DAA molar fraction, x,: 2-propanol molar

fraction

303.15K 323.15K 343.15K

P(MPa) x, xa plkg/n’) p(kgim®) plkgim®) x,

303.15K 323.15K 343.15K

plkg/m?®) p(kg/m®) p (kg/m®)

0.7 90230 884.02 865.68
0.7 905.79 887.95 870.21
0.7 909.21 891.74 87445
0.7 912.54 89546 878.50
0.7 915.75 899.05 882.42

0.1 0 1 929.11 91076 892.38
5 0 1 93275 91472 896.80
10 0 1 93613 91849 901.07
15 0 1 93945 92218 905.20
20 0 1 94262 92569 909.10
25 0 1 94573 929.17 912.86
30 0 1 94870 93247 916.44
35 0 1 951.65 93559 919.78
40 1 1 95453 938.68 923.10
45 0 1 95722 941.65 926.29
50 0 1 95989 94449 929.45
55 0 1 962,55 94731 93244
60 0 1 96502 95005 935.35
65 0 1 967.36 952.67 938.24
0.1 0 09 919.88 901.52 882.96
5 0 09 92358 90548 887.32
10 0 09 927.07 909.36 891.70
15 0 09 93043 91267 895.89
20 0 09 93356 91655 899.78
25 0 09 93671 920.03 903.60
30 0 09 93974 923.39 907.12
35 0 09 94269 92650 910.62
40 0 09 94556 929.54 913.99
45 0 0.9 94831 932.56 917.28
50 0 09 95098 93550 920.34
55 0 09 95363 93837 923.38
60 0 09 956.16 941.06 926.34
65 0 09 95855 943.68 929.28
0.1 0 0.8 90968 891.25 87252
5 0 0.8 91337 89532 877.09
10 0 0.8 91687 899.19 88141
15 0 0.8 92028 902.94 885.65
20 0 0.8 92351 90649 889.65
25 0 0.8 92672 910.14 89347
30 0 0.8 929.69 91343 897.10
35 0 0.8 93269 916.54 900.65
40 0 0.8 93557 919.69 904.02
45 0 0.8 93837 92276 907.26
50 0 0.8 94103 925.60 91047
55 0 0.8 94374 92841 913.51
60 0 0.8 946.21 931.26 916.42
65 0 0.8 948.71 93393 919.41
0.1 0 0.7 89856 879.90 860.95

0

0

0

0

0

COCOOOCOCOOCOOOOOOOOOOOOLCOOO0OLOOLOOOOCOOOOOCLOOOOOCOOODOODOOOCC

872.74
876.53
880.23
883.75
887.14
890.45
893.57
896.68
899.60
902.50
905.28
907.98
910.60
913.05
857.70
861.54
865.29
868.92
872.30
875.67
878.84
882.00
884.98
887.93
890.65
893.45
896.08
898.63
840.74
844.75
843.61
852.28
855.83
859.24
862.47
865.63
868.71
871.66
874.43
877.23
879.91
882.45
821.89
826.05
829.96
833.85
837.39
840.85

853.86
858.19
862.36
866.23
870.05
873.69
877.19
880.46
883.76
886.92
889.88
892.93
895.75
898.41
838.89
843.29
847.69
851.53
855.35
859.09
862.70
865.97
869.32
872.55
875.65
878.51
881.42
884.23
822.11
826.65
831.00
835.11
839.03
842.88
846.54
849.91
853.26
856.43
859.58
862.61
865.50
868.27
803.39
808.03
812.54
816.75
820.72
824.73

834.69
839.52
844.27
848.71
852.92
856.95
860.73
864.38
867.91
871.35
874.57
877.81
880.88
883.87
819.52
824.46
829.31
833.86
838.23
842.25
846.19
849.89
853.47
856.97
860.28
863.47
866.54
869.63
802.53
807.79
812.79
817.45
821.87
826.10
829.98
833.85
837.42
840.97
844.39
847.63
850.75
853.84
783.72
789.13
794.24
799.11
803.63
807.91
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TABLE 1 (Continued)

303.15K 323.15K 343.15K 303.15K 323.15K 343.15K
P(MPa) x, xq p(kg/m’) plkg/m’) p(kg/m’) x,, xa p(kg/nr) p(kgin?) p(kg/m’)

30 0 0.7 91883 90240 886.10 0 0.2 844.14 82839 811.96
35 0 0.7 921.83 90561 889.60 0 0.2 84740 831.81 815.82
40 0 0.7 92470 908.81 893.07 0 0.2 850.53 83527 819.55
45 0 0.7 92755 91194 89642 0 0.2 85348 838.60 823.20
50 0 0.7 930.27 91488 899.58 0 0.2 856.35 841.74 826.57
55 0 0.7 93287 917.75 902.67 0 0.2 859.21 84476 829.86
60 0 0.7 93550 920.54 90568 0 0.2 861.88 847.65 833.08
65 0 0.7 93794 92321 908.79 O 0.2 864.53 85047 836.22
0.1 0 0.6 886.02 867.53 84835 0 0.1 800.66 782.19 762.56
5 0 0.6 88998 87176 853.19 0 0.1 80503 787.05 768.13
10 0 0.6 B893.63 87579 85783 0 0.1 809.15 791.77 773.45
15 0 0.6 89699 879.60 86212 0 0.1 813.04 796.14 778.42
20 0 0.6 90038 88340 86633 0 0.1 816.69 800.21 783.15
25 0 0.6 90359 887.04 87030 0 0.1 82026 804.27 787.54
30 0 0.6 906.71 89044 87404 0 0.1 82370 80798 791.74
35 0 0.6 909.77 89371 87764 0 0.1 82701 811.56 795.65
40 0 0.6 91264 89685 88105 o0 0.1 830.19 81501 799.37
45 0 0.6 91554 90003 88445 0 0.1 83319 818.34 803.08
50 0 0.6 91826 903.03 887.72 0 0.1 836.11 821.53 806.55
55 0 0.6 92097 90595 890.75 0 0.1 83897 824.60 809.89
60 0 0.6 923.59 908.74 89382 0 0.1 841.69 827.60 813.15
65 0 0.6 92604 91146 89692 0 0.1 844.29 83047 816.30
0.1 0 0 77641 75832 73863 0.1 0.5 88592 867.31 848.03
5 0 0 78089 76339 74440 0.1 0.5 889.66 871.49 852.70
10 0 0 78512 768.10 75004 0.1 0.5 893.25 87541 857.18
15 0 0 78916 77268 75522 0.1 0.5 896.61 879.25 861.52
20 0 0 79296 77691 76005 0.1 0.5 899.89 882.86 865.57
25 0 0 79658 781.02 76459 0.1 0.5 903.04 886.44 869.44
30 0 0 800.07 78494 76890 0.1 0.5 906.12 889.79 873.17
35 0 0 80349 78346 77291 0.1 0.5 909.11 893.01 876.66
40 0 0 80667 79202 776.74 0.1 0.5 91198 896.15 880.08
45 0 0 80977 79545 78049 0.1 0.5 914.83 899.22 883.48
50 0 0 81275 798.69 784.06 0.1 0.5 91744 902.05 886.64
55 0 0 81565 80181 78751 0.1 0.5 920.09 90497 889.72
60 0 O 81837 80486 790.72 0.1 0.5 922.55 907.71 892.68
65 0 O 821.07 807.73 79396 0.1 0.5 925.05 91037 895.67
0.1 0.1 0.9 933.75 91538 89671 0.1 04 87045 851.75 83231
5 0.1 0.9 937.23 919.13 901.02 0.1 04 87429 856.03 837.20
10 0.1 0.9 940.61 922.84 90524 0.1 04 87789 860.11 841.78
15 0.1 09 943.76 92643 909.21 0.1 0.4 88135 864.00 846.12
20 0.1 0.9 946.89 920.88 913.00 0.1 04 884.68 867.61 850.33
25 0.1 0.9 949.88 93320 916.66 0.1 04 88794 87130 854.24
30 0.1 0.9 95285 93639 920.13 0.1 0.4 89096 874.75 858.03
35 0.1 0.9 95575 93945 92352 0.1 0.4 89406 878.02 861.62
40 0.1 0.9 95846 94244 92684 0.1 04 89688 881.16 865.09
45 0.1 0.9 961.16 94546 92997 0.1 0.4 899.78 88433 868.49
50 0.1 0.9 96378 948.30 933.03 0.1 0.4 902.50 887.32 871.70
55 0.1 0.9 966.37 951.01 936.02 0.1 04 90520 890.24 §874.89
60 0.1 09 968.79 953.76 938.88 0.1 0.4 907.71 893.01 877.81
65 0.1 09 971.13 95638 941.71 0.1 04 91020 895.73 880.72
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303.15K 323.15K 343.15K

plkg/n) pkgim’) p(kg/m’) x,,

303.15K 323.15K 343.15K

p (kg/nm’) p(kg/m®) p (kg|m’)

P(MPa) x, x4 Xy

0.1 0.1 0.8 923.54 90489 88643 0.1 0.3 85298 83424 814.61
5 0.1 0.8 927.07 908.80 890.79 0.1 0.3 856.88 838.68 819.60
10 0.1 0.8 93040 91262 89495 0.1 0.3 860.63 84287 824.39
15 0.1 0.8 933.71 91620 899.03 0.1 0.3 864.20 846.76 828.89
20 0.1 0.8 936.72 91971 902.87 0.1 0.3 867.53 850.58 833.26
25 0.1 0.8 939.88 923.08 906.52 0.1 0.3 870.84 854.26 837.22
30 0.1 0.8 94280 926.32 910.10 0.1 0.3 874.01 857.82 841.06
35 0.1 0.8 94564 929.33 91349 0.1 0.3 877.12 861.08 844.71
40 0.1 0.8 94846 93237 91675 0.1 0.3 880.09 864.33 848.28
45 0.1 0.8 951.15 93539 91999 0.1 0.3 88293 867.50 851.78
50 0.1 0.8 95377 93823 923.05 0.1 0.3 88570 87049 855.04
55 0.1 0.8 956.37 94099 926.04 0.1 0.3 88835 87346 858.17
60 0.1 0.8 95884 943.68 928.89 0.1 0.3 892.11 876.19 861.29
65 0.1 0.8 961.12 94624 931.78 0.1 0.3 89346 878.96 864.44
0.1 0.1 0.7 912.19 89359 87485 0.1 0.2 833.51 814.64 794.88
5 0.1 0.7 91583 897.66 879.31 0.1 0.2 837.51 819.07 800.13
10 0.1 0.7 919.27 90142 883.74 0.1 0.2 84132 82342 805.08
15 0.1 0.7 92252 905.05 887.82 0.1 0.2 84494 827.58 809.74
20 0.1 0.7 92570 908.56 891.77 0.1 0.2 84843 831.39 814.10
25 0.1 0.7 92879 91209 895.53 0.1 0.2 851.79 83518 818.22
30 0.1 0.7 931.76 91534 898.99 0.1 0.2 854.96 838.84 82216
35 0.1 0.7 93471 91850 90244 0.1 0.2 858.11 84211 82596
40 0.1 0.7 93753 921.59 90580 0.1 0.2 861.14 84546 829.59
45 0.1 0.7 940.28 92461 909.04 0.1 0.2 864.04 848.68 833.14
50 0.1 0.7 94289 92745 91204 0.1 0.2 866.75 851.77 836.34
55 0.1 0.7 94549 930.21 91508 0.1 0.2 869.66 854.79 839.74
60 0.1 0.7 948.01 93295 918.10 0.1 0.2 87220 857.64 842.61
65 0.1 0.7 95045 93559 920.74 0.1 0.2 87477 860.43 845.57
0.1 0.1 0.6 899.81 881.04 861.97 0.1 0.1 811.08 79246 772.52
5 0.1 0.6 903.50 88522 866.54 0.1 0.1 81529 797.22 777.98
10 0.1 0.6 906.88 889.14 871.02 0.1 0.1 81931 801.66 783.20
15 0.1 0.6 91030 892.83 875.15 0.1 0.1 823.03 805.87 787.96
20 0.1 0.6 913.47 89638 879.15 0.1 0.1 826.57 809.79 792.53
25 0.1 0.6 916.62 899.92 88296 0.1 0.1 830.09 813.74 796.75
30 0.1 0.6 919.65 90327 886.59 0.1 0.1 833.37 81740 800.79
35 0.1 0.6 922.59 906.43 890.09 0.1 0.1 836.52 820.87 804.65
40 0.1 0.6 92541 909.52 89345 0.1 0.1 839.60 824.27 808.38
45 0.1 0.6 92815 912.59 896.80 0.1 0.1 842.60 82749 811.98
50 0.1 0.6 930.87 91548 89991 0.1 0.1 84547 830.63 81534
55 0.1 0.6 93347 91824 90299 0.1 0.1 848.27 833.60 818.57
60 0.1 0.6 93599 921.03 90595 0.1 0.1 850.88 836.54 821.74
65 0.1 0.6 938.38 923.70 90895 0.1 0.1 85348 839.36 826.12
0.1 0.1 0 78558 76691 746.75 0.2 0.4 884.61 86590 846.41
5 0.1 0 789.89 771.87 75253 0.2 0.4 88824 870.02 851.03
10 0.1 0 79407 77653 757.89 0.2 04 891.73 873.83 85540
15 0.1 0 79795 78095 76297 0.2 04 89508 877.57 859.85
20 0.1 0 80165 78507 767.64 02 0.4 89825 881.12 863.63
25 0.1 0 80527 789.02 772.13 0.2 04 901.30 884.60 867.38
30 0.1 0 80849 792.78 77627 0.2 04 904.32 887.89 870.95
35 0.1 0 811.85 79641 780.18 0.2 0.4 907.26 891.00 874.50
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TABLE I (Continued)

303.15K 323.15K 343.15K

xa plkgim) p(kgim’) p(kgim’) x,

303.15K 323.15K 343.15K

xa plkg/m’) p(kg/m’) p (kg/m”)

P(MPa) x,
40 0.1
45 0.1
50 0.1
55 0.1
60 0.1
65 0.1
0.1 0.2
5 0.2
10 0.2
15 0.2
20 0.2
25 0.2
30 0.2
35 0.2
40 0.2
45 0.2
50 0.2
55 0.2
60 0.2
65 0.2
0.1 0.2
5 0.2
10 0.2
15 0.2
20 0.2
25 0.2
30 0.2
35 0.2
40 0.2
45 0.2
50 0.2
55 0.2
60 0.2
65 0.2
0.1 0.2
5 0.2
10 0.2
15 0.2
20 0.2
25 0.2
30 0.2
35 0.2
40 0.2
45 0.2
50 0.2
55 0.2
60 0.2
65 0.2
0.1 0.2
5 0.2

0 81498

0 818.03

0 820.95

0 823.80

0 826.52

0 829.12
0.8 938.06
08 941.49
0.8 94471
0.8 947.86
0.8 950.87
0.8 953.82
0.8 956.63
0.8 959.41
0.8 962.13
0.8 96499
0.8 967.22
0.8 969.82
0.8 972.18
0.8 974.53
0.7 926.87
0.7 930.34
0.7 933.68
0.7 936.77
0.7 939.78
0.7 942.78
0.7 945.64
0.7 948.54
0.7 951.19
0.7 953.83
0.7 956.39
0.7 958.94
0.7 96135
0.7 963.73
0.6 914.16
0.6 917.79
0.6 921.07
0.6 92427
0.6 927.28
0.6 930.38
0.6 933.24
0.6 936.08
0.6 938.73
0.6 941.48
0.6 944.04
0.6 946.53
0.6 948.99
0.6 951.35
0.5 900.36
0.5 903.99

799.75
803.13
806.27
809.39
812.33
815.20
919.78
923.59
927.14
930.62
933.91
937.23
940.37
943.26
946.25
949.11
951.84
954.55
957.14
959.81
908.37
912.11
915.77
919.30
922.64
925.96
929.15
932.10
935.09
937.95
940.73
943.44
946.13
948.61
895.87
899.78
903.32
906.96
910.35
913.72
917.02
919.92
923.01
925.86
928.70
931.46
934.09
936.68
881.80
885.76

783.96
787.60
791.07
794.41
797.62
800.87
901.15
905.41
909.46
913.39
917.07
920.61
924.03
927.26
930.42
933.55
936.56
939.49
942.35
945.24
889.67
893.93
898.09
902.01
905.69
909.34
912.75
916.04
919.30
922.43
925.44
928.37
931.28
933.95
876.90
881.20
885.36
889.44
893.17
896.88
900.35
903.63
906.89
910.13
913.07
916.11
919.02
921.74
862.79
867.19

0.2

0.4

(==}

910.07
912.76
915.43
918.02
920.54
923.03
866.69
870.37
873.91
877.32
880.60
883.69
886.71
889.70
892.51
895.31
898.02
900.72
903.13
905.63
846.29
850.18
853.83
857.29
860.56
863.81
866.88
869.93
872.85
875.69
878.40
881.15
883.72
886.19
822.81
826.75
830.56
834.12
837.50
840.85
843.97
847.07
850.04
852.93
855.70
858.34
860.95
863.44
794.91
799.17

894.08
897.15
900.04
902.85
905.53
908.25
848.11
852.28
856.31
860.10
863.65
867.28
870.62
873.73
876.87
879.93
882.87
885.73
888.47
891.13
827.53
831.96
835.98
839.93
843.75
847.32
850.88
853.98
857.22
860.29
863.33
866.24
868.98
871.67
804.31
808.74
812.97
817.02
820.83
824.51
828.06
831.43
834.67
837.78
840.88
843.73
846.57
849.39
775.98
780.78

877.86
881.15
884.25
887.29
890.24
893.29
828.43
833.26
837.73
842.01
845.95
849.97
853.65
857.19
860.60
863.94
867.10
870.18
873.24
876.18
807.55
812.59
817.22
821.66
825.92
829.99
833.66
837.36
840.88
844.32
847.53
850.82
853.65
856.56
784.05
789.13
794.03
798.57
802.93
807.05
810.93
814.58
818.14
821.69
824.95
828.08
831.13
834.28
755.73
761.30
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303.15K 323.15K 343.15K

303.15K 323.15K 343.15K

plkgim®) plkgim®) p(kgim®) x,, x4 p(kgim’) p(kg/m’) p (kg/m’)

P(MPa) x, x4

10 0.2 0.5 90737 88947 871.56 02 0 803.13 78528 76645
I 0.2 0.5 910.57 89310 87564 02 0 80690 789.54 771.37
20 0.2 0.5 913.74 896.60 879.59 02 0 81039 793.51 775.93
25 0.2 0.5 91679 900.03 88329 02 0 81390 79740 780.15
30 0.2 0.5 919.75 90327 886.81 02 0 817.18 801.00 784.19
35 0.2 0.5 922,65 90632 890.20 0.2 0 820.38 80447 788.05
40 0.2 0.5 92541 909.36 893.51 02 0 823.51 807.81 791.77
45 0.2 0.5 92810 91226 89674 02 0 82640 811.14 79531
50 0.2 0.5 93071 915.15 899.85 0.2 0 829.27 814.22 798.67
55 0.2 0.5 93331 91797 90283 0.2 0 83201 817.29 801.96
60 0.2 0.5 93572 92065 90574 02 0 83468 820.13 805.12
65 0.2 0.5 938.11 92327 908.62 0.2 0 837.22 823.00 808.26
0.1 0.3 0.7 94336 92522 90646 0.3 02 86049 841.72 821.95
5 0.3 0.7 94673 92887 910.66 03 0.2 864.17 845.78 826.62
10 0.3 0.7 94990 93231 91461 03 0.2 86771 849.70 831.30
15 0.3 0.7 952.83 935.62 918.37 0.3 02 871.06 85348 83543
20 0.3 0.7 95579 93886 921.89 0.3 0.2 87423 857.03 839.42
25 03 0.7 958.63 94213 92539 0.3 0.2 87737 860.61 843.22
30 03 0.7 96144 94510 928.70 0.3 0.2 880.33 863.84 846.89
35 0.3 0.7 964.17 94795 931.82 03 0.2 88327 867.00 850.38
40 03 0.7 966.67 950.88 93492 03 0.2 886.03 870.14 853.79
45 0.3 0.7 969.20 953.69 938.00 0.3 0.2 888.77 873.09 857.08
50 03 0.7 971.71 956.36 940.85 0.3 0.2 891.37 876.03 860.18
55 03 0.7 974.14 95897 94373 03 0.2 89402 878.78 863.26
60 03 0.7 976.51 961.50 94648 0.3 0.2 89648 881.52 866.16
65 0.3 0.7 97885 96401 94926 03 0.2 89892 884.18 869.15
0.1 03 0.6 93047 912.01 893.14 0.3 0.1 836.12 817.24 797.30
5 03 0.6 93384 91565 897.17 0.3 0.1 839.96 821.57 802.29
10 03 0.6 93695 919.14 901.17 0.3 0.1 84355 82569 806.97
15 03 0.6 93999 92251 90493 03 0.1 847.06 829.53 8I1.35
20 03 0.6 94295 92580 908.56 0.3 0.1 850.33 833.23 81550
25 03 0.6 94578 929.06 912.10 0.3 0.1 853.53 836.81 819.46
30 03 0.6 94859 932.15 91547 0.3 0.1 856.59 840.25 823.18
35 03 0.6 951.32 93499 918.64 0.3 0.1 859.64 84346 826.72
40 03 0.6 95398 93792 921.80 0.3 0.1 862.50 846.65 830.29
45 0.3 0.6 956.56 940.72 92488 0.3 0. 86529 849.71 833.62
50 03 0.6 959.07 94345 927.72 0.3 0.1 868.00 852.69 836.77
55 0.3 0.6 961.51 946.11 930.65 0.3 0.1 870.69 85555 839.96
60 0.3 0.6 963.81 948.69 93339 03 0.1 873.15 85823 842.96
65 03 0.6 966.21 951.20 936.18 0.3 0.1 87564 861.00 845.95
0.1 03 0.5 916.72 89820 879.12 0.3 0 80592 787.00 766.76
5 03 0.5 920.14 90195 88321 03 0 80997 791.59 772.11
10 03 0.5 92336 90555 88737 03 0 813.72 79593 777.06
15 03 0.5 92650 909.02 891.23 03 0 81744 79998 781.76
20 03 0.5 92946 91226 89496 0.3 0 82087 803.84 786.06
25 03 0.5 93240 91552 898.50 03 0 824.17 807.62 790.23
30 0.3 0.5 93526 91871 90192 03 0 82734 8l11.12 794.11
35 03 0.5 93799 921.71 905.15 03 0 83043 81443 797.86
40 0.3 0.5 940.65 92459 90835 03 0 83345 817.72 80147
45 0.3 0.5 94328 92744 91143 0.3 0 836.34 82094 80491
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303.15K 323.15K 343.15K

303.15K 323.15K 343.15K

P(MPa) x, x4 plkg/m’) plkg/m’) plkgim’) x» xa_p(kg/mr’) p(kg/m’) plkgim’)
50 0.3 0.5 945.73 930.17 91443 03 0 839.05 82375 808.16
55 03 0.5 94822 93288 91736 03 0 84174 82677 81140
60 03 0.5 950.63 93546 92021 03 0 84430 829.55 81445
65 03 0.5 95297 938.02 92294 03 0 84695 83226 81748
0.1 03 04 90041 881.69 86230 04 0.6 94943 93094 912.15
5 03 0.4 903.88 88554 B867.01 04 0.6 95263 93447 916.08
10 03 04 907.16 889.14 870.86 04 0.6 95564 937.70 919.82
15 03 04 91035 89277 87483 04 0.6 958.57 94096 923.41
20 03 04 91336 896.06 878.56 04 0.6 961.32 944.03 926.88
25 03 04 91635 89943 88221 04 0.6 964.04 947.14 930.21
30 03 04 919.21 902.61 88572 0.4 0.6 966.69 950.06 933.36
35 03 04 92199 90556 889.00 0.4 0.6 969.31 95285 936.43
40 03 0.4 92481 908.54 89221 04 0.6 97192 95557 939.43
45 03 04 92739 91145 89534 04 0.6 97440 958.37 94235
50 03 04 92995 91423 89839 04 0.6 976.80 960.94 945.19
55 03 04 93243 91688 901.37 04 0.6 979.18 96349 947.96
60 03 04 93479 91951 90417 04 0.6 98143 96597 950.66
65 03 04 937.18 92212 907.16 04 0.6 983.61 968.37 953.39
0.1 03 03 88199 86324 84349 04 0.5 93522 91663 897.69
3 03 0.3 885.51 867.04 848.00 0.4 0.5 93843 92022 901.62
10 0.3 0.3 888.89 87085 85237 04 0.5 94149 923.60 905.51
15 03 03 892.14 87448 85650 0.4 0.5 94442 926.86 909.16
20 03 0.3 89520 87792 86033 04 0.5 94727 930.04 912.62
25 0.3 0.3 89830 881.34 86408 04 0.5 95004 933.20 916.06
30 03 03 901.21 884.63 B867.60 04 0.5 952.80 936.17 919.31
35 03 03 90404 887.68 87093 04 0.5 95542 93896 92244
40 03 0.3 906.80 890.77 87429 0.4 0.5 95797 941.73 92543
45 03 03 909.54 89367 87752 0.4 0.5 960.50 94448 928.40
50 03 03 912.10 89650 880.57 0.4 0.5 962.85 947.10 931.24
35 03 03 91502 89921 88355 0.4 0.5 96528 949.65 934.06
60 03 03 91742 90184 88651 04 0.5 967.53 952.12 936.76
65 03 03 919.81 90439 889.39 04 0.5 969.76 954.58 939.49
0.1 04 04 91847 900.00 881.18 0.5 0.5 95620 937.79 918.98
5 04 04 921.78 903.53 88516 0.5 0.5 959.19 941.00 922.70
10 04 04 92494 90697 889.21 0.5 0.5 962.04 944.12 926.27
15 04 04 92798 91038 89291 0.5 05 964.75 947.27 929.71
20 04 04 930.88 913.61 89648 0.5 0.5 96744 950.24 933.06
25 04 04 933.82 91688 900.02 0.5 0.5 970.11 953,18 936.18
30 04 0.4 93657 91996 90333 0.5 0.5 972.65 956.05 939.22
35 04 0.4 93936 92285 90655 0.5 0.5 97522 958.68 942.19
40 04 04 94207 92573 909.65 0.5 0.5 977.66 961.34 945.07
45 04 04 94465 92858 91262 0.5 0.5 980.03 96393 947.88
50 04 04 947.15 93126 91568 0.5 0.5 98232 96645 950.57
55 04 0.4 949.64 93391 91850 0.5 0.5 984.65 968.94 953.28
60 04 04 95206 93649 921.24 0.5 0.5 98680 971.36 955.93
65 04 0.4 95440 939.00 92402 0.5 0.5 98892 973.60 958.49
0.1 04 0.3 899.92 88120 861.76 0.5 0.4 939.59 921.14 902.18
5 04 03 903.28 88495 86595 0.5 0.4 94263 92451 90595
10 04 0.3 90645 88849 870.00 0.5 0.4 94558 927.74 909.63
15 04 03 909.53 89196 87391 0.5 0.4 94835 930.83 913.06
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p(kg/n’) p(kgim’) p(kg/n?) x,

303.15K 323.15K 343.15K

pkg/n) p(kg/m’) p (kg/m)

P(MPa) x, x4 Xq

20 04 03 91249 89519 87764 0.5 04 951.09 93396 916.42
25 04 0.3 91542 898.50 881.07 0.5 04 953.82 93690 919.69
30 0.4 0.3 918.17 901.58 884.53 0.5 04 956.41 939.77 922.84
35 04 0.3 921.01 90442 887.76 0.5 0.4 95898 94245 92580
40 04 0.3 92366 90740 890.91 0.5 04 961.42 94522 928.74
45 04 03 926.19 910.20 894.04 0.5 0.4 963.89 947.86 931.66
50 04 0.3 92864 91287 89693 0.5 0.4 966.29 95042 934.34
55 0.4 03 931.07 91552 899.80 0.5 04 968.51 95292 937.16
60 04 0.3 93348 91815 902.65 0.5 04 970.76 95539 939.69
65 04 03 93576 920.60 90543 0.5 04 972.88 957.85 942.36
0.1 04 0.2 876.87 858.09 83847 0.5 0.3 920.21 901.68 882.58
5 04 0.2 88034 86194 84282 0.5 0.3 92330 905.16 886.45
10 04 0.2 88366 86569 847.07 0.5 0.3 92625 90849 890.18
15 04 0.2 88680 869.21 851.09 05 0.3 929.18 911.69 893.77
20 04 0.2 88981 87255 854.87 0.5 0.3 93197 91481 897.29
25 04 0.2 89279 87586 858.51 0.5 0.3 934.75 91791 900.62
30 04 0.2 89565 879.04 86197 0.5 0.3 93734 920.83 903.81
35 04 0.2 89848 882.03 86525 0.5 0.3 93996 923.62 906.82
40 04 0.2 901.13 88501 86845 0.5 0.3 942.50 92633 909.81
45 04 0.2 903.76 887.86 871.68 0.5 0.3 94498 929.02 912.78
50 04 0.2 90626 890.69 874.67 0.5 0.3 94737 931.58 91562
55 04 0.2 908.85 89334 877.60 0.5 0.3 949.70 934.13 918.33
60 04 02 911.20 89597 88044 0.5 0.3 95195 936.60 920.97
65 04 0.2 913.54 89847 883.22 0.5 0.3 954.12 939.00 923.64
0.1 04 0.1 850.53 83191 812.18 0.5 0.2 89671 878.06 858.68
5 04 0.1 854.16 83586 816.69 0.5 0.2 89990 881.69 862.76
10 04 0.1 857.64 83972 821.10 0.5 0.2 903.01 885.12 866.70
15 04 0.1 860.88 84345 82533 0.5 0.2 90593 888.37 87034
20 04 0.1 864.04 84694 829.26 0.5 0.2 908.83 891.60 873.90
25 04 0.1 867.08 850.41 833.01 0.5 02 911.60 89476 877.34
30 04 0.1 870.09 853.70 836.57 0.5 0.2 914.30 897.78 880.64
35 0.4 0.1 87292 856.69 840.00 0.5 0.2 917.03 900.61 883.75
40 04 0.1 875.73 859.77 84331 0.5 0.2 919.57 903.43 886.90
45 04 0.1 87841 86273 846.59 0.5 0.2 922.09 906.12 889.87
50 04 0.1 881.02 86561 849.58 0.5 0.2 924.54 908.73 892.65
55 04 0.1 88355 868.36 852.61 0.5 02 92692 911.28 895.57
60 04 0.1 88601 87098 85556 0.5 0.2 92922 913.85 898.31
65 04 0.1 88839 87353 85838 0.5 02 93144 91625 901.09
0.1 0.4 0 818.57 799.87 77990 0.5 0.1 868.87 850.34 830.75
5 0.4 0 82241 804.09 784.77 0.5 0.1 87222 854.13 834.99
10 04 0 826.10 808.21 789.50 0.5 0.1 87549 857.72 839.13
15 04 0 82961 81220 793.88 0.5 0.1 878.63 861.13 843.04
20 04 0 83288 81585 798.08 0.5 0.1 881.58 R64.46 846.76
25 0.4 0 83601 81942 80193 0.5 0.1 88445 R67.72 850.24
30 04 0 839.08 82286 80570 0.5 0.1 887.31 870.84 853.70
35 04 0 84212 826.07 80934 0.5 0.1 890.03 873.78 856.92
40 04 0 84503 829.20 81269 0.5 0.1 892.62 876.65 860.06
45 04 0 847.82 83231 816.08 0.5 0.1 89525 879.50 863.19
50 04 0 85047 83518 819.23 0.5 0.1 897.70 88222 866.13
55 04 0 853.06 838.04 82241 0.5 0.1 900.23 884.81 868.94
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P(MPa) x, xg plkg/m’) p(kg/m’) p(kgim’) x, xa p(kg/m’) p(kg/m’) p(kg/m’)
60 04 0 85556 84071 82535 0.5 0.1 90247 887.38 871.78
65 04 0 85800 84342 82833 0.5 0.1 904.86 889.88 874.56
0.1 05 0 83395 81545 79579 0.6 O 85260 834.57 815.42
5 0.5 0 837.51 81940 800.18 0.6 O 85601 83830 819.55
10 05 0 84099 82320 80459 0.6 O 85921 841.84 823.58
15 05 0 84418 82687 80876 0.6 0 86229 84524 827.49
20 05 0 84739 83036 81280 0.6 O 865.19 84846 831.10
25 0.5 0 85032 83383 81644 06 0 868.00 851.66 834.58
30 0.5 0 85333 83695 81994 06 0 87086 854.78 837.82
35 05 0 85616 840.10 82332 0.6 0 873.58 857.61 841.03
40 05 0 85891 843.13 82667 0.6 0 87622 860.48 844.12
45 0.5 0 861.53 84608 82990 0.6 0 878.68 86321 847.18
50 05 0 864.13 84890 83283 06 0 88113 86588 850.01
55 05 0 86672 851.59 83585 0.6 0 883.6]1 86847 852.82
60 05 0 8907 85411 83875 0.6 O 88590 87098 855.56
65 05 0 87150 85677 84157 0.6 0 883.18 873.43 85827
0.1 0.6 0.4 96336 94525 92646 0.7 03 97250 95473 936.39
5 0.6 0.4 96630 94830 929.86 0.7 0.3 97521 957.56 939.57
10 0.6 0.4 96898 951.26 93332 0.7 0.3 97779 960.35 942.76
15 0.6 0.4 971.64 95419 93649 0.7 0.3 98029 963.13 945.77
20 0.6 0.4 97422 95705 939.63 0.7 0.3 982.60 96582 948.69
25 0.6 04 97673 95994 94264 0.7 0.3 98505 968.44 951.49
30 0.6 0.4 979.05 962.54 94552 0.7 0.3 987.32 971.04 954.21
35 0.6 0.4 981.57 96511 94843 07 0.3 989.67 973.34 956.90
40 0.6 0.4 98390 967.67 95115 0.7 0.3 99190 97579 959.46
45 0.6 0.4 98622 97020 953.97 0.7 0.3 99405 978.16 962.06
50 0.6 0.4 988.46 97261 95643 0.7 0.3 996.12 98046 964.53
55 0.6 0.4 990.62 97494 959.04 0.7 0.3 998.18 982.69 966.92
60 0.6 0.4 99260 97725 961.58 0.7 0.3 100022 984.84 969.24
65 0.6 0.4 99473 979.44 96409 0.7 0.3 100223 987.03 971.70
0.1 0.6 0.3 94473 92642 90744 0.7 0.2 94828 93338 911.99
5 0.6 0.3 947.60 92952 91099 0.7 0.2 95099 933.44 91522
10 0.6 0.3 95039 93258 91450 0.7 0.2 953.62 936.34 918.46
15 0.6 0.3 953.10 93562 917.83 0.7 02 956.17 939.11 921.63
20 0.6 0.3 95574 93848 921.02 07 0.2 958.64 941.80 924.60
25 0.6 0.3 95824 941.37 92409 0.7 0.2 961.03 944.52 927.56
30 0.6 0.3 96078 94407 927.12 0.7 0.2 96341 947.12 930.27
35 0.6 0.3 96324 946.64 92992 07 02 96576 949.58 933.01
40 0.6 0.3 965.63 94936 93275 0.7 02 968.03 952.08 935.68
45 0.6 0.3 967.88 951.84 93556 0.7 0.2 970.18 954.50 938.38
50 0.6 03 970.18 95429 938.13 0.7 02 97236 956.85 940.90
55 0.6 0.3 97239 95668 94074 0.7 0.2 974.53 959.18 943.40
60 0.6 03 974.54 95899 94322 0.7 02 97651 961.39 945.77
65 0.6 0.3 97660 961.34 94573 0.7 0.2 978.58 963.63 948.17
0.1 0.6 02 92038 90212 883.12 08 O 909.52 89272 875.01
5 0.6 02 92336 90543 88678 08 0 91212 89550 878.23
10 0.6 0.2 92620 908.54 89040 08 0 91474 89832 881.41
15 0.6 02 92902 911.63 89383 08 0 91723 901.09 884.4]
20 0.6 0.2 931.65 91459 897.13 0.8 0 919.64 903.77 887.38
25 0.6 02 93431 917.59 90035 08 O 92197 90644 890.11
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303.15K 323.15K 343.15K 303.15K 323.15K 343.15K
P(MPa) x, x4 plkgim’) plkgim’) plkgim’) x. xa plkg/m’) plkgim) p(kgim’)
30 0.6 0.2 936.84 92039 90338 0.8 0 92434 908,92 §92.82
35 06 0.2 939.36 923.07 90634 08 0 92663 911.27 89545
40 0.6 0.2 941.79 92573 909.22 08 0 92879 91371 §97.89
45 0.6 0.2 94410 92826 912.02 08 0 93099 916.02 90048
50 0.6 0.2 94639 93077 91470 08 0 933.06 91820 902.89
55 0.6 0.2 948.66 93320 91741 08 0 93516 92047 90532
60 0.6 0.2 950.85 93556 91994 08 0 937.19 922.61 907.53
65 0.6 0.2 95297 93791 92250 08 0 939.15 92474 909.87
0.1 0.6 0.1 89071 872.52 85327 0.7 0.1 918.08 900.27 881.50
5 06 0.1 89391 87604 85719 0.7 0.1 920.85 903.36 884.99
10 0.6 0.1 89690 879.21 861.02 0.7 0.1 923.63 906.37 888.45
15 0.6 0.1 899.83 88246 864.55 0.7 0.1 92623 90924 891.61
20 0.6 0.1 902.56 88547 86795 0.7 0.1 92875 912.04 894.80
25 0.6 0.1 90522 88856 871.22 0.7 0.1 93131 914.87 897.75
30 0.6 0.1 907.86 89142 87441 0.7 0.1 933.68 91746 900.67
35 0.6 0.1 910.53 89426 87747 0.7 0.1 936.13 920.08 903.47
40 0.6 0.1 913.02 897.02 830.41 0.7 0.1 93846 922.63 906.18
45 0.6 0.1 91543 899.65 88337 0.7 0.1 940.71 92505 908.83
50 06 0.1 91783 90221 886.15 0.7 0.1 94295 92745 911.39
55 0.6 0.1 920.15 90470 888.86 0.7 0.1 945.t1 929.77 913.89
60 0.6 0.1 92239 907.16 891.54 0.7 0.1 947.19 932.08 916.42
65 0.6 0.1 92451 909.50 894.16 0.7 0.1 949.26 93426 918.98
0.1 0.8 0.2 98267 96568 94795 0.7 0 87736 859.50 840.95
5 0.8 0.2 98517 96835 950.80 0.7 0 88034 862.86 844.60
10 0.8 0.2 987.53 970.87 953.62 0.7 0 883.28 866.02 848.2]
15 0.8 0.2 989.81 97343 95652 0.7 0 886.15 869.10 851.69
20 0.8 0.2 99196 97586 959.17 0.7 0 888.77 872.06 855.03
25 0.8 0.2 994.19 97831 961.75 07 0 89143 87510 858.19
30 0.8 0.2 99635 980.58 96425 0.7 0 894.01 877.84 86122
35 0.8 0.2 99849 98278 966.73 0.7 0 896.52 880.51 864.11
40 0.8 0.2 1000.61 98501 969.03 0.7 0 89895 88322 866.99
45 0.8 0.2 1002.59 987.28 97146 07 0 90136 88574 869.84
50 0.8 0.2 1004.61 989.41 973.71 0.7 0 903.64 88825 87246
55 0.8 0.2 1006.56 991.42 97594 0.7 0 90596 890.68 875.21
60 0.8 0.2 1008.49 99352 97821 0.7 0 908.09 893.03 877.68
65 0.8 0.2 101035 99554 98045 0.7 0 91026 89548 880.24
0.1 0.8 0.1 951.88 93491 91708 1 0 99565 988.04 977.77
5 0.8 0.1 95433 937.68 92009 1 0 997.82 990.16 979.92
10 0.8 0.1 956.79 94026 923.01 1 0 1000.01 99231 982.09
15 0.8 0.1 959.17 94286 92596 1 0 1002.19 99443 984.23
20 0.8 0.1 96143 94534 92867 1 0 1004.34 996.53 986.35
25 0.8 0.1 96371 94785 93135 1 0 100646 998.61 988.44
30 0.8 0.1 96592 95022 93390 1 0 1008.57 1000.67 990.51
35 0.8 0.1 968.05 95252 93643 1 0 1010.65 1002.70 992.56
40 0.8 0.1 97022 95480 93894 1 0 1012.72 1004.72 994.58
45 0.8 0.1 97226 957.12 94142 1 0 101476 1006.71 996.59
50 0.8 0.1 97428 95931 94372 1 0 1016.78 1008.69 998.57
55 0.8 0.1 97633 96142 94606 1 0 1018.79 1010.64 1000.53
60 0.8 0.1 97826 963.57 94832 1 0 1020.77 1012.58 1002.47
65 0.8 0.1 980.11 96564 95062 1 0 1022.74 1014.49 1004.40
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TABLE1 (Continued)
303.15K 323.15K 343.15K

P(MPa)  x, xa___plkg/r’) pleg/m’) plkgim’)
0.1 0.9 0.1 99335  979.15  963.15
5 0.9 0.1 996.01 981.43 965.63
10 0.9 0.1 998.04  983.63  968.01
15 0.9 0.1 1000.16  985.81 970.59
20 0.9 0.1 1002.20  988.02 97292
25 0.9 0.1 1004.11 990.21 975.23
30 0.9 0.1 1006.10  992.32  977.41
35 0.9 0.1 1008.08  994.29  979.61
40 0.9 0.1 1009.98 996.31 981.75
45 0.9 0.1 1011.85  998.36  983.86
50 09 0.1 1013.66  1000.33  986.06
55 0.9 0.1 1015.55 1002.17  988.07
60 0.9 0.1 1017.32  1004.05  990.12
65 0.9 0.1 1019.01 100597  992.15
0.1 0.9 0 950.74  936.05  920.55
5 0.9 0 952.90 93839  923.08
10 0.9 0 955.04  940.69  925.56
15 0.9 0 957.15  943.03 928.08
20 0.9 0 959.13  945.23  930.51
25 0.9 0 96120 94747  932.82
30 0.9 0 963.19  949.51 935.10
35 0.9 0 965.16  951.54  937.35
40 0.9 0 967.05  953.55  939.54
45 0.9 0 968.98  955.65 94175
50 09 0 970.78  957.67  943.83
55 09 0 972.67  959.57  945.90
60 0.9 0 97443 96144  948.00
65 0.9 0 976.11 963.35  950.07

mixtures (1134 values at all for the 3 binary mixtures) and 1512 values
for the ternary mixture, described by 36 compositions which cover the
ternary diagram. The excess volume V% is then calculated using the
relation:

3
Z x;M;
L a— &)
Z x;iVi+ VE
i=1
M= ZL,x,M,- is the equivalent molar mass of the mixture and V; =
M,/p; is the molar volume of component (i).
As regards the density p the behavior is usual: p is observed to de-
crease with 7, increase with P, and is monotonous with the composi-
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tion x;. Figure 1 represents the variations of p as a function of the
molar fraction of water x,, at 7= 323.15K for different values of
pressure P, in the case of the binary water + DAA. The variations of p
ac- cording to x,, are not linear. Figure 2 represents the variations of
the excess volume ¥ in the same conditions. There is a very marked
effect. Figures 3 and 4 represent the variations of V% for the other two
systems. The effect is less marked for the binary water + 2-propanol
and even less marked for the binary DAA + 2-propanol. It reflects
decreasing attractive interactions. For the 3 binaries V% is negative,
whatever the pressure, the temperature and the composition. At
a given composition and temperature set |V%| decreases when the
pressure increases. At a given composition and pressure set |V de-
creases when the temperature increases. It is important to stress here
that the significance of the minimum of the excess volume V£ needs to be
interpreted with care. This quantity is relative to 1 mole of the mixture.
From another point of view pV%/M is relative to the unit volume of
the mixture. Figure 5 displays the variations of ¥Z and pV%/M for the
binary water + DAA, at T= 323.15K and P = 40 MPa, as a function

1020

1000

980

960

LI SRR ARLEN SLAR A A BN S0 B A B

Density (kg/m3)

920

900
0.0 02 04 06 [¢X:)

Xw

N STETE S EE NN SRR B

FIGURE 1 Binary Water+ DAA. Variations of density p versus molar fraction of
water x,, at T = 323.15K for different pressures (M :0.1 MPa, () :20 MPa, A :40 MPa,
& 160 MPa).
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FIGURE 2 Binary Water + DAA. Variations of excess volume VE versus molar frac-
tion of water x, at T=323,15K for different pressures (M:0.1 MPa, O:20MPa,
A :40MPa, O : 60 MPa).

of the molar fraction of water x,,. There is a notable difference on the
position of the two minima. Let us state here that for the 3 binaries the
contraction p¥£/M is maximum at P = 1 MPa and T = 303.15K. One
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FIGURE 3 Binary Water+2-Propanol. Variations of excess volume ¥Z versus molar
fraction of water x,, at 7= 323.15K for different pressures (@ :0.1 MPa, ():20MPa,
A :40MPa, & 60 MPa).

obtains 3.06% for the binary water + DAA at x,, = 0.8, 3.08% for the
binary water + 2-propanol at x,, = 0.8 and 0.25% for the binary 2-
propanol + DAA at x, = 0.6. The maximum value of p|VE/M is
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FIGURE 4 Binary 2-Propanol + DAA. Variations of excess volume V£ versus molar
fraction of 2-propanol x, at T = 323.15 K for different pressures (M : 0.1 MPa, O : 20 MPa,
A :40MPa, & : 60 MPa).

practically the same for the 2 binaries with water, whereas the
maximum of |V%| is more marked for binary water + DAA than for
binary water + 2-propanol (see Figs. 2 and 3). Which one of both
quantities is really characteristic of the maximum effect of the
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FIGURE 5 Binary Water + DAA. Variations of V£ and pV%/M versus molar fraction
of water x,, at T=323.15K and P = 40 MPa (O : V% is relative to 1 mole, @ : pVZ/M is
relative to 1 unit volume).

intermolecular interactions? From the excess volume point of view
(a contraction effect in our case) p¥ /M probably seems more signifi-
cant. Figure 6 shows the variations of p¥*/M according to the water
content x,, at P = 40MPa for the binary system water + DAA, at
various temperatures.

With regard to the ternary, Figure 7 represents the surface V*
(Xw, X4 Xp) in the ternary diagram, at 7 = 323.15K and P = 40 MPa.
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FIGURE 6 Binary water + DAA., Variations of pVE/M versus the molar ratio of water
x,, at P = 40 MPa for different temperatures (A : 70°C, B : 50°C, ¢ :30°C).

Figure 8 corresponds to the isoviscosity lines under the same con-
ditions. Finally, Figure 9 represents surface V%(P, T') with x,, = 0.3,
x4= 0.3 and x, = 0.4. As for the binaries, one notices that |V%| de-
creases if the pressure P increases or if the temperature T increases
(see also Figs. 2 and 6 relative to the binary water + DAA).
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FIGURE 7 Surface V&(x,, x,, Xp) in the ternary diagram (P = 40MPa, T = 323.15K).
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FIGURE 8 Iso-VF lines in the ternary diagram (P = 40 MPa, T = 323.15K).
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FIGURE 9 Surface V5(P, T) at x,, = 0.3, x;= 0.3, x, = 0.4.

DISCUSSION

At atmospheric pressure there is a very large number of studies
relating to the excess volume of binary mixtures according to com-
position and temperature. There are far fewer studies relating to
ternary mixtures. One can refer for example to articles [5—9). In all the
cases the excess volume of the binary mixture is represented by a
Redlich-Kister polynomial equation:

m
VE=x5 ) Al - 2x;)° )
k=0

Numerical analysis of our results showed that it was enough for
each P, T set to develop Eq. (2) with only 3 4, parameters in order
to have a good representation of V,f A higher degree order of the
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Redlich-Kister polynomial equation does not improve the restitution
of the excess volume of the binaries. It is then necessary to represent
the excess volume V35, of the ternary mixture. In a recent work at at-
mospheric pressure, Oswald and Platel [7] discussed 5 different meth-
ods for the calculation of the excess volume VE; of a ternary from the
excess volumes Vif of the binaries and the molar fractions x; of the
pure substances (the interested reader may find the development of
these 5 methods in references [4] and [7]). These methods are noted:
RK [10], TS [11], KO [12], RAST [13] and LARK [14]. Knowing 4,
for each binary (i) + (j) and each P, T set then the 5 models were tested
with the ternary and density p was calculated with Eq. (1). In order to
characterize the performances the following quantities were defined:

dev, (i) = 100<1 — an]cgg ) AAD, = absolute average deviation
exp

1 ,
=B ?;1 abs(dev,(i))
Dmax, = MAX(abs(dev,(i)))

Bias, = ]%Z dev,(i) where Nb is the number of data.

i=1

Table II relates to the 3 binaries and ternary mixtures whereas Table
111 relates only to the ternary. Let us mention here that if the mixture
is assumed to be ideal (i.e., VE = 0), then AAD, = 1.03%, Dmax, =
3.05% and Bias, = 1.03% are obtained considering all the mixtures
(binaries and ternary). For the ternary system only AAD, = 1.09%,
Dmax, = 3.05% and Bias, = 1.09%. Tables II and III show that RK
and KO models give the best results. Model RK [10] generalizes a
relation suggested by Redlich and Kister for the representation of
some thermodynamic properties of mixtures. It is expressed as:

Vi =Vh+ V5 + Vg (3)
where V&, VE, VE are excess volume calculated using Eq. (2) with the

values x; of ternary (x;+ x; = 1 — x; where x; is the molar fraction of
the third component). Model KO [12] generalizes an equation relating
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TABLE II Results obtained with 5 different models (3 binaries and ternary :2646 ex-
perimental data)

RK TS KO RAST LARK
AAD % 491 22.46 5.08 16.75 35.31
AAD,% 0.05 0.25 0.05 0.19 0.36
Dmax,% 0.42 1.49 0.42 1.25 1.66
Bias,% 0.04 0.25 -0.03 0.18 0.35

TABLE III Results obtained with 5 different models (only the ternary :1512 experi-
mental data)

RK TS Ko RAST LARK
AADy% 5.31 36.03 5.62 26.03 58.53
AAD,% 0.06 0.42 0.07 0.31 0.61
Dmax,% 0.36 1.49 0.37 1.25 1.66
Bias,% 0.05 0.42 —-0.06 0.31 0.61

to the excess enthalpy and its expression is:

VEs = (01 + x2)2VE + (%1 + x3)°VE + (%2 + x3)°VE (4)

where V,f refers to the binary (i) + () and is calculated starting from
Eq. (2) using X =1— xj‘.’ = x;/x; + x;. Our results confirm those of
Oswald and Platel [7] at atmospheric pressure. The introduction of the
pressure parameter does not seem to deteriorate the ability of these
equations to evaluate V= Let us note here that for the RK model
AAD, = 0.06% (Eq. (3) and Tab. III) which corresponds to an error
of about +0.6kg/m>® over the whole experimental P, T range domain,
whereas experimental uncertainty is about =+0.1kg/m>. In Tables II
and III the maximum value for AAD is not indicated, since, in the
vicinity of the pure substances, ¥Z tends to 0, especially for binary
DAA + 2-propanol which is far from associative. Under these condi-
tions the deviation from the calculated value can be important but it is
not significant. On the other hand, AAD, is significant for the density
never tends to 0.

The previous results are satisfactory but it is necessary as a
preliminary step to determine from each binary the values of the 3
coefficients 4o, A; and A4, of Eq. (2) for each P, T set. The numerical
analysis shows that these coefficients vary with P and T. Even if
one limits oneself to the representation of the associated surfaces by
planes, there are 3 coefficients per plan, therefore 9 per binary and 27
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for the 3 binary ones. Moreover, as 4;(P, T) surfaces are not planes
there is a deterioration of the results compared to Tables II and III.
Therefore we propose a total representation of the mixtures (the 3
binary ones and the ternary) which does not use the polynomial
Redlich-Kister Eq. (2). We used the following expression:

_ A1XwXd + AyXwXp + A3XdXp + AaXpXpXd

1+agVT +agP) (5
1 +asxy +asxq + arx, ( 8 asP) (3

VE

which involves only 9 parameters to describe the whole system in our
P, T range. The results are indicated in Table IV. It will be noticed that
for the binary DAA + 2-propanol, which is not very associative,
AADyg presents a maximum but that AAD, and Dmax, are smaller.
This is because VZ is small for this binary. By comparison with
TableIIl relating to the ternary, one notes that values of AAD,
(approximately 0.05%) and AAD g (approximately 5%) are practi-
cally identical, but that Dmax, is only 0.27% with Eq. (5) instead of
0.36% with the RK model. The interest of Eq. (5) is that it requires a
smaller number of coefficients compared to the other methods. Com-
parable results can be obtained with (1 +agT+agP) or (1+as/T+
agP) instead of (1 + agy/T + agP) (with however coefficients a; to ag
different).

Finally we use Eq. (5) with only the binary terms characteristic of
the presence of water i.e., the very strong interactions water + DAA
and water + 2-propanol. The binary DAA + 2-propanol is assumed to
be ideal, compared to the binary with water. Writing:

_ @M XywXq + D XwXp

E
ve= 1 +azx, (6)

AADy=28.1%, AAD,=0.17%, Dmax,=1.40% and Bias,=0.06%
are obtained, which is a considerable improvement compared to the

TABLE IV Results obtained using the Eq. (5) with 9 parameters (W : water, 2-Pr: 2-
propanol)

W+ 2-Pr W+ DAA  2-Pr+DAA 3 Binaries Ternary

AADy % 10.39 5.81 23.46 13.21 4.8
AAD, % 0.14 0.07 0.02 0.075 0.05
Dmax,% 0.82 0.30 0.09 0.82 0.27

Bias,% 0.08 0.00 0.01 0.03 —0.00
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case where the 3 binaries and the ternary are assumed to be ideal
(1.03%, 3.05% and 1.03% for density) insofar as there are only 3
parameters to represent all the 2646 experimental values (the binary
DAA + 2-propanol which is represented by 378 values being almost
ideal). Finally while introducing into Eq.(6) the corrective term
(1 4 a4\/T + asP) one passes to a relationship with 5 coefficients for
which AADyg=22.5%,AAD,=0.09%, Dmax, = 0.93% and Bias, =
0.03% which is a very satisfactory result.
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