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Excess Volumes and Viscosities of Binary Mixtures of Aliphatic
Alcohols (C;—C,) with Nitromethane

Chein-Hsiun Tu,* Shu-Lien Lee, and I-Hung Peng

Department of Applied Chemistry, Providence University, Shalu 43301, Taiwan

Densities and viscosities were measured for the binary mixtures of methanol, ethanol, propan-1-ol, propan-
2-ol, butan-2-ol, and 2-methyl-propan-2-ol with nitromethane at temperatures from 293.15 K to 313.15
K and atmospheric pressure. Densities were determined using a vibrating-tube densimeter. Viscosities
were measured with an automatic Ubbelohde capillary viscometer. The estimated uncertainties are less
than 4+0.0001 g-cm~2 for density and +0.7% for viscosity. Excess volumes and viscosity deviations as a
function of mole fraction average were derived, and the computed results were fitted to the Redlich—
Kister equation. Furthermore, McAllister’s three-body-interaction model is used to correlate the binary

kinematic viscosities.

1. Introduction

Nitromethane is an aprotic solvent with high polarity
which is used in a variety of applications. Upon mixing with
alcohols of varying chain lengths, these mixtures might
generate interesting properties due to specific interactions,
hydrogen bond effects, and so forth. On the other hand,
alcohols are the most well-known solvents with protic and
self-associated properties, which are used to study the
hydrophobic effects. Thus, accurate knowledge of their
thermodynamic mixing properties, such as excess volume,
excess enthalpy, and excess Gibbs energy, has great
relevance in theoretical and applied areas of research.

In this study we measure the density and viscosity for
the binary mixtures of methanol, ethanol, propan-1-ol,
propan-2-ol, butan-2-ol, and 2-methyl-propan-2-ol with
nitromethane in the temperature interval 293.15 K to
313.15 K over the entire composition range. The experi-
mental results are used to calculate excess molar volumes
and viscosity deviations from the mole fraction average.
These results are used to qualitatively discuss the nature
of interactions that occur in mixing the components. The
present paper is, therefore, concerned about the study of
the influence of the hydrocarbon chain of the alcohols and
the chemical structure of the nitromethane upon the excess
volumes and viscosity deviations. The excess volumes and
viscosity deviations have been fitted to the Redlich—Kister
equation,! and the coefficients of the Redlich—Kister equa-
tion were determined. An attempt has also been made to
correlate the kinematic viscosities with the McAllister
equation.?2 To the best of our knowledge, data in the
literature were available for the excess volumes of propan-
1-ol and propan-2-ol with nitromethane at 288.15 K, 293.15
K, 298.15K, and 308.15 K and atmospheric pressure.?

2. Experimental Section

The chemicals used were of analytical grade and ob-
tained from Fisher, Tedia, and Merck. All components were
dried over molecular sieves (Aldrich, 0.3 nm). Nitromethane
was distilled through a glass column (23-mm i.d. and 470-
mm length, Teflon mesh packing) under nitrogen. The
other components were used without further purification.
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The purity of all chemicals was checked by gas chroma-
tography. In all cases chemicals with a purity greater than
99.6 mass% were used for the experimental investigations.
The purity of solvents was further ascertained by measur-
ing their densities, viscosities, and refractive indices at
298.15 K (Table 1), which agreed reasonably with the
corresponding literature values.* Refractive indices, np, of
pure chemicals were measured with a digital refractometer
RX-5000 (ATAGO, Tokyo/Japan), with an uncertainty of
+0.00001 units.

All dried liquids were boiled to remove dissolved air.
Solutions of different composition were prepared by mass
in a 50-cm?3 Erlenmeyer flask provided with a joint stopper,
using a Mettler AB204 balance with an uncertainty of £0.1
mg. The uncertainty in the mole fraction is &5 x 107°.
Densities were measured using a DMA-58 vibrating-tube
densimeter (Anton-Paar, Graz/Austria) with a stated un-
certainty of +£0.00002 g-cm~3. The temperature in the
measuring cell was regulated to £0.01 K. The uncertainty
of the density measurements was less than +0.0001 g-cm~3.

The kinematic viscosities were determined with a com-
mercial capillary viscometer of the Ubbelohde type
(SCHOTT-GERATE, Hofheim/Germany). The kinematic
viscosity (v) was then calculated from the following rela-
tionship

v=nlp=K(t — 6) Q)

where t is the flow time, # is the dynamic viscosity, and k
and 6 are respectively the viscometer constant and the
Hagenbach correction. The constants k for several viscom-
eters were provided by the manufacturer and were checked
with both pure water and benzene. The value 6, which is
dependent on the flow time and the size of the capillary,
was taken from the tables supplied by the manufacturer.
The viscometer was kept in a D20KP (LAUDA, Lauda-
Kdénigshofen/Germany) thermostat controlled to £0.01 K
with a proportional-integral-differential regulator. The
accuracy of the flow-time measurement is +0.01 s. Tripli-
cate measurements of flow times were reproducible within
+0.02%. The uncertainty of the viscosity measurement was
less than +0.7%.

The densities and viscosities of the binary mixtures
formed by methanol, ethanol, propan-1-ol, propan-2-ol,
butan-2-ol, and 2-methyl-propan-2-ol with nitromethane
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Table 1. Comparison of Measured Densities, Viscosities,
and Refractive Indices of Pure Components with
Literature Values at 298.15 K

Table 3. Experimental Densities (p), Dynamic Viscosities
(1), and Excess Molar Volumes (VE) for Ethanol (1) +
Nitromethane (2)

plg-cm—3 n/mPa-s Np

X1 P U VE X1 P U VE

compound thiswork lit.  thiswork lit. thiswork lit.

g-cm~3 mPa-s cm3-mol~! g-cm~3 mPa-s cms3-mol~!

nitromethane 1.1309 1.13128 0.615 0.614 1.38960 1.3924
methanol 0.7866 0.78637 0.549 0.5513 1.326 85 1.326 52
ethanol 0.7853 0.78493 1.077 1.0826 1.359 48 1.359 41
propan-1-ol 0.7996 0.79960 1.950 1.9430 1.38317 1.38370
propan-2-ol 0.7812 0.78126 2.068 2.0436 1.37517 1.3752

butan-2-ol 0.8025 0.80241 3.046 2.998 1.39512 1.395 30
2-methyl- 0.7809 0.7812 4372 4.438 1.38486 1.3852
propan-2-ol

Table 2. Experimental Densities (p), Dynamic Viscosities
(1), and Excess Molar Volumes (VE) for Methanol (1) +
Nitromethane (2)

X1 p U VE X1 p U VE

g-cm~3 mPa-s cm3-mol~! g-cm~3 mPa-s cm3-mol~!

293.15 K 293.15 K

0.0000 1.1375 0.646 0.0000 0.5500 0.9751 0.524 —0.1754
0.0503 1.1245 0.617 —0.0126 0.6001 0.9574 0.524 —0.1783
0.1004 1.1115 0.596 —0.0393 0.6500 0.9392 0.525 —0.1787
0.1500 1.0980 0.575 —0.0522 0.7000 0.9204 0.526 —0.1776
0.2003 1.0842 0.561 —0.0800 0.7501 0.9009 0.530 —0.1730
0.2501 1.0699 0.552 —0.0922 0.8000 0.8806 0.538 —0.1539
0.3000 1.0552 0.542 —0.1089 0.8501 0.8596 0.545 —0.1351
0.3502 1.0402 0.536 —0.1312 0.9000 0.8376 0.553 —0.0918
0.4000 1.0247 0.531 —0.1439 0.9500 0.8152 0.566 —0.0653
0.4501 1.0087 0.527 —0.1582 1.0000 0.7913 0.586 0.0000
0.5000 0.9923 0.525 —0.1736

303.15 K 303.15 K

0.0000 1.1239 0.581 0.0000 0.5500 0.9632 0.459 —0.1622
0.0503 1.1109 0.551 —0.0070 0.6001 0.9457 0.459 —0.1653
0.1004 1.0980 0.528 —0.0294 0.6500 0.9278 0.458 —0.1687
0.1500 1.0846 0.511 —0.0413 0.7000 0.9092 0.461 —0.1682
0.2003 1.0709 0.498 —0.0647 0.7501 0.8900 0.463 —0.1651
0.2501 1.0568 0.489 —0.0769 0.8000 0.8700 0.468 —0.1490
0.3000 1.0423 0.479 —0.0945 0.8501 0.8493 0.474 —0.1317
0.3502 1.0274 0.474 —0.1126 0.9000 0.8274 0.482 —0.0851
0.4000 1.0122 0.469 —0.1303 0.9500 0.8054 0.491 —0.0654
0.4501 0.9962 0.464 —0.1398 1.0000 0.7819 0.511 0.0000
0.5000 0.9801 0.461 —0.1584

313.15K 313.15K

0.0000 1.1103 0.522 0.0000 0.5500 0.9510 0.406 —0.1419
0.0503 1.0972 0.493 0.0041 0.6001 0.9338 0.405 —0.1480
0.1004 1.0843 0.473 —0.0139 0.6500 0.9161 0.405 —0.1520
0.1500 1.0711 0.458 —0.0235 0.7000 0.8978 0.406 —0.1523
0.2003 1.0574 0.445 —0.0426 0.7501 0.8788 0.409 —0.1521
0.2501 1.0435 0.435 —0.0579 0.8000 0.8591 0.412 —0.1371
0.3000 1.0291 0.427 —0.0686 0.8501 0.8387 0.417 —0.1227
0.3502 1.0144 0.421 —0.0899 0.9000 0.8172 0.423 —0.0793
0.4000 0.9993 0.416 —0.1063 0.9500 0.7955 0.432 —0.0612
0.4501 0.9837 0.412 —0.1197 1.0000 0.7723 0.448 0.0000
0.5000 0.9677 0.408 —0.1368

were measured at temperatures from 293.15 K to 313.15
K and atmospheric pressure. A set of 19 compositions was
prepared with an increment of 0.05 mole fractions for each
system. An average of at least two measurements was
taken for each composition.

3. Results and Discussion

The experimental densities, viscosities, and excess vol-
umes for all of the binary mixtures are given in Tables 2—7.
The molar excess volumes, VE, have been calculated from
density data according to the equation

VE= My + %,My)7p = (XM /py + X,M,/p;)  (2)
where p is the density of the mixture and xi, p1, M1, X2, p2,
and M, are the mole fractions, densities, and molecular
weights of pure components 1 and 2, respectively. The
deviation of the viscosity from the mole fraction average,
An, is given by

A =11 — (X111 X517, 3

where 7, 171, and 7, are the dynamic viscosity of the mixture

293.15 K 293.15 K

0.0000 1.1375 0.646 0.0000 0.5500 0.9394 0.695 —0.0158
0.0501 1.1179 0.625 0.0374 0.6000 0.9223 0.720 —0.0205
0.1001 1.0989 0.609 0.0547 0.6500 0.9055 0.750 —0.0322
0.1500 1.0803 0.602 0.0636 0.7000 0.8889 0.785 —0.0464
0.2000 1.0620 0.601 0.0620 0.7500 0.8722 0.825 —0.0502
0.2501 1.0439 0.604 0.0583 0.8000 0.8556 0.872 —0.0525
0.3001 1.0261 0.612 0.0502 0.8500 0.8391 0.936 —0.0505
0.3502 1.0083 0.622 0.0414 0.9000 0.8227 1.006 —0.0439
0.4008 0.9905 0.636 0.0354 0.9500 0.8062 1.086 —0.0210
0.4501 0.9734 0.653 0.0231 1.0000 0.7898 1.185 0.0000
0.5001 0.9565 0.672 —0.0073

303.15K 303.15K

0.0000 1.1239 0.581 0.0000 0.5500 0.9280 0.594 0.0300
0.0501 1.1045 0.553 0.0441 0.6000 0.9111 0.612 0.0270
0.1001 1.0857 0.538 0.0636 0.6500 0.8955 0.633 0.0140
0.1500 1.0674 0.530 0.0758 0.7000 0.8781 0.665 0.0054
0.2000 1.0492 0.527 0.0831 0.7500 0.8620 0.698 —0.0174
0.2501 1.0313 0.527 0.0835 0.8000 0.8457 0.732 —0.0239
0.3001 1.0136 0.531 0.0793 0.8500 0.8295 0.782 —0.0292
0.3502 0.9961 0.538 0.0716 0.9000 0.8134 0.835 —0.0277
0.4008 0.9786 0.547 0.0637 0.9500 0.7973 0.901 —0.0181
0.4501 0.9616 0.561 0.0594 1.0000 0.7812 0.994 0.0000
0.5001 0.9447 0.577 0.0464

313.15K 313.15K

0.0000 1.1103 0.522 0.0000 0.5500 0.9164 0.516 0.0867
0.0501 1.0909 0.501 0.0551 0.6000 0.8999 0.531 0.0828
0.1001 1.0723 0.486 0.0873 0.6500 0.8836 0.547 0.0697
0.1500 1.0549 0.477 0.1038 0.7000 0.8674 0.569 0.0567
0.2000 1.0360 0.472 0.1216 0.7500 0.8514 0.595 0.0390
0.2501 1.0184 0.471 0.1238 0.8000 0.8355 0.625 0.0303
0.3001 1.0009 0.472 0.1266 0.8500 0.8197 0.662 0.0130
0.3502 0.9836 0.476 0.1207 0.9000 0.8040 0.705 —0.0017
0.4008 0.9663 0.482 0.1177 0.9500 0.7883 0.759 —0.0040
0.4501 0.9496 0.491 0.1129 1.0000 0.7726 0.824 0.0000
0.5001 0.9329 0.502 0.1004

Table 4. Experimental Densities (p), Dynamic Viscosities
(1), and Excess Molar Volumes (VE) for Propan-1-ol (1) +
Nitromethane (2)

X1 p 7 VE X1 p 7 VE
g-cm~3 mPa-s cm3-mol~! g-cm~3 mPa-s cms3-mol~!

293.15 K 293.15 K

0.0000 1.1375 0.646 0.0000 0.5501 0.9245 0.949  0.2001
0.0501 1.1132 0.636 0.0732 0.6001 0.9092 1.010 0.1906
0.1001 1.0903 0.633 0.1247 0.6500 0.8945 1.081  0.1820
0.1501 1.0687 0.640 0.1575 0.7000 0.8802 1.162 0.1664
0.2000 1.0480 0.656 0.1825 0.7500 0.8666 1.260  0.1400
0.2500 1.0282 0.681  0.2043 0.8000 0.8531 1.375 0.1258
0.3001 1.0092 0.713 0.2102 0.8500 0.8402 1.519  0.0980
0.3501 0.9909 0.753 0.2183 0.9000 0.8279 1.693  0.0565
0.4001 0.9733 0.795 0.2226 0.9500 0.8159 1.911  0.0158
0.4500 0.9565 0.843 0.2212 1.0000 0.8039 2.186  0.0000
0.5000 0.9402 0.892 0.2108

303.15 K 303.15 K

0.0000 1.1239 0.581 0.0000 0.5501 0.9137 0.785 0.2616
0.0501 1.0999 0.565 0.0832 0.6001 0.8989 0.832  0.2447
0.1001 1.0772 0.560 0.1447 0.6500 0.8844 0.886 0.2374
0.1501 1.0558 0.563 0.1872 0.7000 0.8704 0.950 0.2158
0.2000 1.0354 0.574 0.2195 0.7500 0.8570 1.023  0.1877
0.2500 1.0158 0.591 0.2486 0.8000 0.8440 1.112  0.1602
0.3001 0.9971 0.612 0.2590 0.8500 0.8313 1.218 0.1312
0.3501 0.9791 0.639 0.2734 0.9000 0.8190 1.349  0.1000
0.4001 0.9618 0.670 0.2775 0.9500 0.8074 1.510 0.0374
0.4500 0.9452 0.704 0.2800 1.0000 0.7959 1.721  0.0000
0.5000 0.9292 0.740 0.2720

313.15K 313.15K

0.0000 1.1103 0.522 0.0000 0.5501 0.9029 0.661 0.3067
0.0501 1.0864 0.508 0.0947 0.6001 0.8883 0.697  0.2870
0.1001 1.0640 0.501 0.1673 0.6500 0.8741 0.739  0.2768
0.1501 1.0428 0.502 0.2151 0.7000 0.8605 0.789  0.2487
0.2000 1.0227 0.508 0.2559 0.7500 0.8473 0.845 0.2137
0.2500 1.0033 0.519 0.2883 0.8000 0.8345 0.912  0.1835
0.3001 0.9849 0.534 0.3040 0.8500 0.8221 0.993  0.1483
0.3501 0.9672 0.553 0.3192 0.9000 0.8099 1.094 0.1235
0.4001 0.9502 0.576 0.3258 0.9500 0.7986 1.214  0.0542
0.4500 0.9338 0.600 0.3285 1.0000 0.7874 1.370  0.0000
0.5000 0.9181 0.629  0.3225

and the dynamic viscosities of pure components 1 and 2,
respectively. The excess molar volumes and deviations in
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Table 5. Experimental Densities (p), Dynamic Viscosities
(1), and Excess Molar Volumes (VE) for Propan-2-ol (1) +
Nitromethane (2)

Table 7. Experimental Densities (p), Dynamic Viscosities
(1), and Excess Molar Volumes (VE) for
2-Methyl-propan-2-ol (1) + Nitromethane (2)

X1 p U VE X1 p U VE

X1 P U VE X1 P U VE

g-cm~3 mPa-s cm3-mol—! g-cm~3 mPa-s cm3-mol—!

g-cm~3 mPa-s cm3-mol~! g-cm~3 mPa-s cms3-mol~!

293.15 K 293.15K

0.0000 1.1375 0.646 0.0000 0.5500 0.9111 0.868 0.1824
0.0502 1.1112 0.629 0.0808 0.6000 0.8951 0.927 0.1698
0.1001 1.0869 0.624 0.1221 0.6500 0.8798 1.000 0.1492
0.1501 1.0636 0.623 0.1601 0.7000 0.8650 1.082 0.1248
0.2003 1.0416 0.633 0.1778 0.7500 0.8505 1.182 0.1135
0.2500 1.0206 0.649 0.1982 0.8000 0.8367 1.326 0.0863
0.3000 1.0005 0.672 0.1988 0.8500 0.8232 1.485 0.0637
0.3500 0.9812 0.701  0.2033 0.9000 0.8103 1.698 0.0281
0.4001 0.9627 0.731 0.1986 0.9500 0.7977 1.988 —0.0057
0.4501 0.9447 0.772 0.2023 1.0000 0.7851 2.426 0.0000
0.5000 0.9258 0.817  0.1944

303.15 K 303.15 K

0.0000 1.1239 0.581 0.0000 0.5500 0.8998 0.716 0.2616
0.0502 1.0979 0.561 0.0882 0.6000 0.8841 0.758 0.2467
0.1001 1.0737 0.552 0.1446 0.6500 0.8691 0.811 0.2234
0.1501 1.0507 0.550 0.1876 0.7000 0.8546 0.867 0.1951
0.2003 1.0289 0.554 0.2113 0.7500 0.8403 0.937 0.1819
0.2500 1.0079 0.564 0.2491 0.8000 0.8269 1.044 0.1426
0.3000 0.9881 0.579 0.2578 0.8500 0.8136 1.154 0.1184
0.3500 0.9690 0.597 0.2694 0.9000 0.8010 1.302 0.0687
0.4001 0.9507 0.616 0.2658 0.9500 0.7888 1.503 0.0175
0.4501 0.9330 0.647 0.2762 1.0000 0.7766 1.796 0.0000
0.5000 0.9161 0.679  0.2707

313.15K 313.15K

0.0000 1.1103 0.522  0.0000 0.5500 0.8883 0.601 0.3429
0.0502 1.0844 0.504 0.1014 0.6000 0.8729 0.639 0.3261
0.1001 1.0604 0.494 0.1659 0.6500 0.8581 0.673 0.3020
0.1501 1.0374 0.490 0.2293 0.7000 0.8438 0.710 0.2723
0.2003 1.0158 0.491 0.2620 0.7500 0.8299 0.764 0.2535
0.2500 0.9952 0.496 0.2964 0.8000 0.8166 0.837 0.2088
0.3000 0.9755 0.507 0.3164 0.8500 0.8037 0.917 0.1740
0.3500 0.9566 0.518 0.3361 0.9000 0.7914 1.023 0.1088
0.4001 0.9385 0.535 0.3426 0.9500 0.7796 1.159 0.0415
0.4501 0.9210 0.552  0.3527 1.0000 0.7678 1.362 0.0000
0.5000 0.9043 0.574  0.3499

Table 6. Experimental Densities (p), Dynamic Viscosities
(1), and Excess Molar Volumes (VE) for Butan-2-ol (1) +
Nitromethane (2)

X1 P n VE X1 P n VE
g-cm~3 mPa-s cm3-mol! g-cm~3 mPa-s cm3-mol!

293.15 K 293.15 K

0.0000 1.1375 0.646 0.0000 0.5502 0.9080 1.081  0.4500
0.0500 1.1076 0.631 0.1248 0.6000 0.8940 1.169 0.4518
0.1000 1.0840 0.639 0.1874 0.6499 0.8809 1.275 0.4304
0.1500 1.0558 0.650 0.2772 0.7000 0.8685 1.400  0.3905
0.2002 1.0326 0.676 0.3316 0.7500 0.8567 1.547  0.3606
0.2500 1.0187 0.707 0.3910 0.8000 0.8457 1.742  0.3005
0.3000 0.9911 0.751 0.4173 0.8500 0.8352 1.995 0.2324
0.3500 0.9723 0.805 0.4397 0.9001 0.8252 2.341  0.1587
0.4000 0.9547 0.864 0.4587 0.9500 0.8157 2.845 0.0717
0.4500 0.9382 0.931 0.4621 1.0000 0.8066 3.647  0.0000
0.5000 0.9170 0.995 0.4704

303.15 K 303.15 K

0.0000 1.1239 0.581 0.0000 0.5502 0.8972 0.854 0.5376
0.0500 1.0946 0.562 0.1278 0.6000 0.8835 0.916  0.5319
0.1000 1.0677 0.564 0.2318 0.6499 0.8706 0.991  0.5132
0.1500 1.0429 0.571 0.3189 0.7000 0.8585 1.079  0.4691
0.2002 1.0199 0.584 0.3905 0.7500 0.8469 1.187 0.4336
0.2500 0.9987 0.605 0.4447 0.8000 0.8361 1.316  0.3699
0.3000 0.9789 0.633 0.4883 0.8500 0.8259 1.500 0.2957
0.3500 0.9604 0.666 0.5243 0.9001 0.8162 1.703  0.2012
0.4000 0.9431 0.705 0.5429 0.9500 0.8070 2.020  0.1022
0.4500 0.9270 0.751 0.5438 1.0000 0.7845 2.469  0.0000
0.5000 0.9115 0.798  0.5543

313.15K 313.15K

0.0000 1.1103 0.522 0.0000 0.5502 0.8861 0.700 0.6279
0.0500 1.0812 0.508 0.1409 0.6000 0.8727 0.743 0.6194
0.1000 1.0545 0.504 0.2573 0.6499 0.8601 0.796 0.5924
0.1500 1.0300 0.506 0.3563 0.7000 0.8481 0.857 0.5541
0.2002 1.0073 0.515 0.4336 0.7500 0.8369 0.933  0.5059
0.2500 0.9863 0.528 0.5003 0.8000 0.8263 1.030 0.4372
0.3000 0.9667 0.546  0.5542 0.8500 0.8163 1.140 0.3522
0.3500 0.9484 0.574 0.5974 0.9001 0.8069 1.283  0.2461
0.4000 0.9313 0.595 0.6196 0.9500 0.7980 1.477  0.1303
0.4500 0.9154 0.625 0.6279 1.0000 0.7666 1.734  0.0000
0.5000 0.9003 0.659 0.6378

viscosity were represented mathematically by the Redlich—
Kister equation

298.15 K2 298.15 K2

0.0000 1.1309 0.615 0.0000 0.5500 0.8866 1.072  0.4758
0.0500 1.0990 0.609 0.1145 0.6001 0.8717 1.154 0.4874
0.1002 1.0701 0.611 0.1870 0.6499 0.8579 1.219 0.4691
0.1502 1.0431 0.642 0.2771 0.7000 0.8450 1.361  0.4406
0.2000 1.0186 0.644 0.3290 0.7500 0.8327 1.557 0.4013
0.2499 0.9955 0.674 0.3935 0.8000 0.8211 1.776  0.3536
0.3000 0.9742 0.749 0.4279 0.8500 0.8099 2.079 0.3173
0.3503 0.9542 0.793 0.4542 0.8999 0.7996 2.510 0.2294
0.4000 0.9357 0.870 0.4694 0.9500 0.7901 3.194  0.1107
0.4501 0.9183 0.894 0.4782 1.0000 0.7809 4.372  0.0000
0.5001 0.9020 0.972 0.4787

303.15 K 303.15 K

0.0000 1.1239 0.581 0.0000 0.5500 0.8806 0.886  0.4800
0.0500 1.0923 0.569 0.1078 0.6001 0.8658 0.962  0.4874
0.1002 1.0634 0.567 0.1872 0.6499 0.8522 1.057 0.4718
0.1502 1.0366 0.573 0.2721 0.7000 0.8392 1.174  0.4461
0.2000 1.0119 0.587 0.3441 0.7500 0.8270 1.320  0.4062
0.2499 0.9892 0.609 0.3907 0.8000 0.8155 1.491  0.3516
0.3000 0.9679 0.638 0.4280 0.8500 0.8045 1.720  0.3052
0.3503 0.9481 0.672 0.4587 0.8999 0.7943 2.050 0.2182
0.4000 0.9297 0.714 0.4694 0.9500 0.7847 2.527  0.1011
0.4501 0.9123 0.761 0.4797 1.0000 0.7755 3.347  0.0000
0.5001 0.8959 0.819 0.4816

313.15K 313.15K

0.0000 1.1103 0.522 0.0000 0.5500 0.8689 0.717  0.5087
0.0500 1.0789 0.511 0.1110 0.6001 0.8544 0.811 0.5161
0.1002 1.0501 0.506 0.2020 0.6499 0.8409 0.829  0.4990
0.1502 1.0236 0.508 0.2846 0.7000 0.8280 0.885  0.4750
0.2000 0.9991 0.517 0.3565 0.7500 0.8160 0.966  0.4295
0.2499 0.9765 0.531 0.4123 0.8000 0.8047 1.106 0.3701
0.3000 0.9553 0.549 0.4559 0.8500 0.7937 1.244  0.3230
0.3503 0.9357 0.573 0.4873 0.8999 0.7837 1.442 0.2312
0.4000 0.9175 0.601 0.4974 0.9500 0.7742 1.697 0.1151
0.4501 0.9003 0.633 0.5064 1.0000 0.7651 2.089  0.0000
0.5001 0.8841 0.671 0.5118

a2 Normal freezing point of 2-methyl-propan-2-ol is 298.15 K.

3
YE=x,(1 - x)y a(2x; — 1)' (4)

where YE is VE or Ay, x; is the mole fractions of alcohol,
and a; are the coefficients. The values of coefficients a; were
determined by a multiple regression analysis based on the
least-squares method and were summarized along with the
standard deviations between the experimental and fitted
values of the respective functions in Table 8. The corre-
sponding standard deviation was defined by

0= [E(stpt - Y(I:Ealc)zl(m - 4)]1/2 (5)

where m is the number of experimental points.

In the system studied, excess molar volume increases
with increase in temperature for all of the mixtures. The
experimental VE values are graphically represented as a
function of alcohol mole fractions for 303.15 K in Figure 1.
It is observed that the VE values generally increase with
increasing size of the alcohol molecules. Over the whole
composition range, the values of VE for the binary mixtures
of propan-1-ol, propan-2-ol, butan-2-ol, and 2-methyl-
propan-2-ol with nitromethane are positive but the values
of VE for the methanol + nitromethane mixtures are
negative. For mixtures of ethanol with nitromethane,
negative values of VE are only observed at higher concen-
trations of alcohol in the mixture and a sigmoid shape is
observed for the system. Comparison of our excess volumes
with the data of Cerdeirifia et al.® for propan-1-ol and
propan-2-ol with nitromethane at 293.15 K is shown in
Figure 2. Interpolation of their values to x; = 0.5 gives
results that are 0.0044 cm3-mol~! lower than ours for
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Table 8. Coefficients of the Redlich—Kister Equation
and Standard Deviations for VE and Ap

YE/unit T/IK agx 102 a;x 102 a,x 102 azx 102 o

Methanol (1) + Nitromethane (2)
VE/cm3-mol~1 293.15 —67.287 36.404 —12.453 14.396 0.004
303.15 —61.360 40.649 —11.243 14.248 0.005
313.15 —52.932 45.776 —7.022 13.247 0.004
An/mPa-s 293.15 —36.306 —5.435 -—15.527 0.573 0.001
303.15 —33.595 —4.471 -—17.408 —2.727 0.001
313.15 —30.363 —4.603 —15.056 —2.990 0.001

Ethanol (1) + Nitromethane (2)
VE/cm3-mol-1 293.15 0.671 54.674 8.941 17.884 0.004
303.15 18.516 40.859 1.718 38.014 0.003
313.15 40.727 35.117 13.435 37.783 0.003
AnlmPa-s 293.15 —97.693 25.504 —37.795 0.735 0.001
303.15 —84.247 17.771 —41.377 7.988 0.002
313.15 —68.319 13.280 —26.699 3.726 0.006

Propan-1-ol (1) + Nitromethane (2)
VE/cm3-mol~1 293.15 85.190 22.734 26.614 33.703 0.005
303.15 108.420 26.430 32.952 14.181 0.004
313.15 126.995 35.581 35.618 2.584 0.005
An/mPa-s 293.15 —209.387 92.828 —112.489 40.102 0.001
303.15 —163.224 65.926 —83.967 29.952 0.001
313.15 —126.531 47.629 —59.294 19.858 0.001

Propan-2-ol (1) + Nitromethane (2)
VE/cm3-mol~1 293.15 76.889 30.655 14.774 57.856 0.006
303.15 107.308 24.564 17.038 43.524 0.006
313.15 138.876 15.857 25.596 39.859 0.006
An/mPa-s 293.15 —285.287 156.123 —192.612 131.683 0.010
303.15 —202.519 102.056 —128.097 78.581 0.006
313.15 —145.279 66.991 —87.044 51.509 0.005

Butan-2-ol (1) + Nitromethane (2)
VE/cm3-mol~t 293.15 187.976  5.992 24975 37.682 0.008
303.15 221.831 4.886 38.827 21.286 0.006
313.15 255.825  2.886 44.140 12.050 0.004
An/mPa-s 293.15 —452.198 277.508 —402.529 316.870 0.021
303.15 —288.034 161.129 —208.707 138.230 0.010
313.15 -186.063 94.347 —108.134 55.387 0.004

2-Methylpropan-2-ol (1) + Nitromethane (2)

VE/cm3-mol~t 298.15  194.772 —6.467 64.528 —20.074 0.009
303.15 196.591 -9.328 55.527 —4.738 0.008
313.15 208.243 —9.585 57.337 —9.874 0.008
An/mPa-s 298.15 —594.570 428.248 —627.330 515.880 0.041
303.15 —449.653 279.597 —394.684 352.457 0.028
313.15 —251.259 148.635 —177.410 117.325 0.008

0.00 0.20 0.40 0.60 0.80 1.00
X

Figure 1. Excess volume variation with mole fraction for alkanol
(1) + nitromethane (2) at 303.15 K: (a) methanol, (O) ethanol,
(©) propan-1-ol, (O) propan-2-ol, (x) butan-2-ol, (x) 2-methyl-
propan-2-ol, (—) Redlich—Kister equation.

mixtures with propan-1-ol and 0.0133 cm?3-mol~* higher
than ours for mixtures with propan-2-ol.

In the present investigation, alcohols are strongly self-
associated through hydrogen bonding, with degrees of
association depending on such variables as chain length,
the position of the OH group, temperature, and dilution
by other substances. Nitromethane has a fairly high dipole
moment (3.56 x 1073 C-m), but there is little evidence that
its molecules are strongly associated in their pure liquid
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Figure 2. Comparison of our excess volume with literature data
at 293.15 K. Propan-1-ol (1) + nitromethane (2): () present work;
(©) Cerdeirifia et al. Propan-2-ol (1) + nitromethane (2): (®)
present work; (O) Cerdeirifia et al., 1999.
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Figure 3. Viscosity-deviation variation with mole fraction for
alkanol (1) + nitromethane (2) at 303.15 K: (a) methanol; (O)
ethanol; (®) propan-1-ol; (O) propan-2-ol; (x) butan-2-ol; (x)
2-methyl-propan-2-ol; (—) Redlich—Kister equation.

state.> Although a theoretical study on nitromethane
indicates that C—H---O hydrogen bonding can occur in
liquid nitromethane,® it can be expected that this interac-
tion would be weaker, probably negligible, than that in
alkanols. Some authors’—° explain both composition and
temperature dependence of excess volumes of alkanol +
polar mixtures as a balance between positive contributions
(hydrogen bond rupture and dispersive interactions be-
tween unlike molecules) and negative contributions (dipole—
dipole interactions and geometrical fitting between com-
ponents). In addition, the dilution of dipoles affects VE
considerably and Marsh showed the evidence of this effect
for nitromethane + and nitroethane + each of several
nonpolar liquids.1©

The values of the deviations in viscosity calculated from
eq 3 are presented in Figure 3. There is a clear trend in
An values for all of the mixtures. The An values, which
generally decrease with increasing size of the alcohol
molecules, are negative. According to McAllister, the three-
body-interaction model for the kinematic viscosity of liquid
mixtures is defined as
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Table 9. Parameters of McAllister’s
Three-Body-Interaction Model and Standard Deviations
for Kinematic Viscosities of Alkanol (1) + Nitromethane
(2) Mixtures

0/1076 0/1078
T/K V12 Vo1 ma2-s~1 V12 Vo1 ma2-s~1

methanol propan-2-ol
293.15 0.52994 0.47208 0.004 0.86937 0.63898 0.032
303.15 0.46834 0.41924 0.005 0.73647 0.53949 0.023
313.15 0.41702 0.37890 0.004 0.62331 0.49052 0.016
ethanol butan-2-ol
293.15 0.75760 0.53044 0.008 1.06931 0.75355 0.078
303.15 0.64431 0.46188 0.010 0.88135 0.62107 0.046
313.15 0.55800 0.42233 0.006 0.74101 0.54217 0.028
propan-1-ol 2-methyl-propan-2-ol
293.15 1.09551 0.64340 0.024 0.902 692 0.822 322 0.1002
303.15 0.90645 0.55174 0.018 0.84724 0.64951 0.070
313.15 0.75546 0.49825 0.011 0.74875 0.55771 0.035

a For temperature at 298.15 K.

Inv=x21Inv, + 3% In v, + 33N v, +x°Inwv,
— In(X;+ %,M,/M,) + 3%,%, In [(2 + M,/M,)/3] +
3x,%,° In [(1 + 2M,/M,)/3] + x,° In(M,/M,) (6)

where v;, and v,; are the model parameters, v is the
kinematic viscosity of the mixture, and Xy, v1, My, Xz, v2,
and M, are the mole fractions, kinematic viscosities, and
molecular weights of pure components 1 and 2, respec-
tively. Kinematic viscosities of the present study were fitted
to the McAllister equation. Table 9 records the calculated
results, which include McAllister’'s parameters and stan-
dard deviations. It is observed that McAllister's model
correlates the mixture kinematic viscosity to a significant
degree of accuracy for all of the systems, as evidenced by
small standard deviations.

Literature Cited

(1) Redlich, O.; Kister, A. T. Thermodynamics of Nonelectrolyte
Solutions. Algebraic Representation of Thermodynamic Properties
and the Classification of Solutions. Ind. Eng. Chem. 1948, 40,
345—348.

McAllister, R. A. The Viscosity of Liquid Mixtures. AIChE J. 1960,
6, 427—431.

Cerdeirifa, C. A.; Tovar, C. A.; Troncoso, J.; Carballo, E.; Romani,
L. Excess Volumes and Excess Heat Capacities of Nitromethane
+ (1-Propanol or 2-Propanol). Fluid Phase Equilib. 1999, 157, 93—
102.

(4) Riddick, A.; Bunger, W. B.; Sakano, T. K. Organic Solvents,
Physical Properties and Method of Purification, 4th ed.; Wiley-
Interscience: New York, 1986.

Marsh, K. N.; French, H. T.; Rogers, H. P. Excess Gibbs Free
Energy for Cyclohexane + Nitromethane, + Nitroethane, 1-Ni-
tropropane, and +2-Nitropropane at 318.15 K. J. Chem. Ther-
modyn. 1979, 11, 897—903.

(6) Seminario, J. M.; Concha, M. C.; Politzer, P. A Density Functional/
Molecular Dynamics Study of the Structure of Liquid Ni-
tromethane. J. Chem. Phys. 1995, 102, 8281—8282.

(7) Dewan, R. K.; Mehta, S. K. Excess Volumes of n-Octanol +

Acetonitrile, + Butyronitrile, + Nitromethane, and + Nitroet-

hane. J. Chem. Thermodyn. 1986, 18, 101—106

Rodriguez, V.; Artigas, H.; Lafuente, C.; Royo, F. M.; Urieta, J.

S. Excess Volumes of (1,2-Dichloroethane or 1,2-Dibromoethane

+ Butan-1-ol or Butan-2-ol or 2-Methylpropan-1-ol or 2-methyl-

propan-2-ol) at the Temperatures 298.15 K and 313.15 K. J.

Chem. Thermodyn. 1994, 26, 1173—1178.

(9) Aminabhavi, T. M.; Aralaguppi, M. |.; Harogoppad, S. B.; Bal-

undgi, R. H. Densities, Viscosities, Refractive Indices, and Speed
of Sound for Methyl Acetoactate + Aliphatic Alcohols (C;—Cg). J.
Chem. Eng. Data 1993, 38, 31—39.

(10) Marsh, K. N. Excess Enthalpies and Excess Volumes of Ni-
tromethane +, and Nitroethane + Each of Several Nonpolar
Liquids. J. Chem. Thermodyn. 1985, 17, 29—42.

@

—

3

~

G

~

It

~

Received for review July 12, 2000. Accepted October 25, 2000.
JE0002080



