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Viscosities for the binary mixtures of isomeric butanols or isomeric chlorobutanes with 2-methyltetra-
hydrofuran were determined at the temperatures 298.15 K and 313.15 K; the viscosities of the mixture
of 2-methyl-2-chloropropane with 2-methyltetrahydrofuran were measured only at 298.15 K. The viscosity
data were correlated by the McAllister equation. Viscosity deviations for the mixtures containing isomeric
butanols are negative over the whole composition range. On the other hand, for the mixtures involving
isomeric chlorobutanes, viscosity deviations are slightly negative, except for that for 1-chlorobutane; in
this case viscosity deviations present an inversion of sign.

1. Introduction

Viscosity data of liquid mixtures are of great interest
from both practical and theoretical points of view. Follow-
ing our systematic study1-8 on viscosity of liquid mixtures
containing isomeric butanols or isomeric chlorobutanes, we
present in this paper viscosity measurements of binary
mixtures containing isomeric butanols or isomeric chlo-
robutanes and 2-methyltetrahydrofuran at 298.15 K and
313.15 K, except those for 2-chloro-2-methylpropane are
measured only at 298.15 K due to its low normal boiling
temperature. Viscosity data have been used to calculate
the viscosity deviations. As far as we know there are no
viscosity measurements on these systems.

2. Experimental Section
Materials. The liquids used were 1-butanol (>99.8 mol

%), 2-methyl-1-propanol, 2-methyl-2-propanol, and 1-chloro-
butane (>99.5 mol %), and 2-butanol, 2-chlorobutane,
2-methyl-2-chloropropane, and 2-methyltetrahydrofuran
(>99 mol %) obtained from Aldrich, and 2-methyl-1-
chloropropane (>99 mol %) provided by Fluka. All the
substances were used without further purification, al-
though before measurement butanols were dried over
activated molecular sieve type 0.3 nm from Merck.

Methods. Kinematic viscosities, ν, were determined
using an Ubbelohde viscosimeter with a Schott-Geräte
automatic measuring unit model AVS-440. The tempera-
ture was kept constant within (0.01 K by means of a
Schott-Geräte thermostat. The viscosimeter was calibrated
with deionized doubly distilled water. The uncertainty of
flow time measurements was (0.01 s, and the correspond-
ing uncertainty in the kinematic viscosity was (1 × 10-4

mm2‚s-1. Kinetic energy corrections were applied to the
experimental data.

Densities, F, required for converting kinematic viscosities
to absolute viscosities (η ) Fν), were measured using an
Anton Paar DMA-58 vibrating tube densimeter in which
temperature is controlled automatically within (0.01 K.
The apparatus was calibrated with deionized twice distilled
water and dry air. The precision of density measurements

is (5 × 10-6 g‚cm-3, and the accuracy of these measure-
ments after proper calibration is (10-5 g‚cm-3.

The mixtures were prepared using a Mettler H20T
balance. The maximum estimated error in the mole frac-
tions is (1 × 10-4.

The pure compound properties (densities and absolute
viscosities) at 298.15 K are shown together with literature
data9-12 in Table 1.

3. Results and Discussion

The kinematic, ν, and absolute, η, viscosities together
with the densities, F, for the binary mixtures are given in
Table 2.

The kinematic viscosities were correlated by using the
McAllister equation:13

where ν refers to the kinematic viscosity of the mixture, ν1

and ν2 are the kinematic viscosities of components 1 and
2, M1 and M2 are the molecular masses of the components,
and ν12 and ν21 are adjustable parameters characteristic
of the system.

* To whom correspondence should be addressed. E-mail: celadi@
posta.unizar.es.

Table 1. Densities and Viscosities of Pure Compounds at
298.15 K and Comparison with Literature Data

F/g‚cm-3 η/mPa‚s

compound exptl lit. exptl lit.

1-butanol 0.805 56 0.8060a 2.5720 2.5710a

2-butanol 0.802 25 0.8026a 2.9960 2.998a

2-methyl-1-propanol 0.797 72 0.7978a 3.3890 3.333a

2-methyl-2-propanol 0.780 68 0.7812a 4.3660 4.438a

1-chlorobutane 0.880 69 0.88095a 0.4212 0.427c

2-chlorobutane 0.867 37 0.8671b 0.3935
2-methyl-1-chloropropane 0.870 89 0.8719b 0.4285 0.431c

2-methyl-2-chloropropane 0.835 67 0.8362b 0.4727
2-methyltetrahydrofuran 0.849 27 0.84882d 0.4750 0.4573d

a Reference 9. b Reference 10. c Reference 11. d Reference 12.

ln ν ) x1
3 ln ν1 + 3x1

2x2 ln ν12 + 3x1x2
2 ln ν21 +

x2
3 ln ν2 - ln[x1+ x2M2/M1] + 3x1

2x2 ln[(2 +

M2/M1)/3] + 3x1x2
2 ln[(1 + 2M2/M1)/3] + x2

3 ln(M2/M1)
(1)
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The estimated parameters of the McAllister equation and
the corresponding standard deviations for all the systems
are shown in Table 3. As can be seen in this table, the
equation of McAllister correlates very well the viscosity
data; the poorest correlation is presented for the mixture
2-methyl-2-propanol with 2-methyltetrahydrofuran.

Viscosity deviations can be calculated from our measure-
ments according to the following equation:

These viscosity deviations are graphically represented in
Figures 1-4. The values of viscosity deviations have been
fitted to a Redlich-Kister equation:

where Ai are adjustable parameters, obtained by the least-
squares method. The values of these parameters are

Table 2. Experimental Kinematic Viscosities, ν, Densities, G, and Absolute Viscosities, η, for the Studied Mixtures

x1 ν/mm2‚s F/g‚cm-3 η/mPa‚s x1 ν/mm2‚s F/g‚cm-3 η/mPa‚s

1-Butanol (1) + 2-Methyltetrahydrofuran (2) at 298.15 K 1-Chlorobutane (1) + 2-Methyltetrahydrofuran (2) at 298.15 K
0.0000 0.5593 0.849 28 0.4750 0.6036 1.2082 0.825 28 0.9971 0.0000 0.5593 0.849 28 0.4750 0.5976 0.5095 0.869 09 0.4428
0.0488 0.5913 0.847 62 0.5012 0.7034 1.4661 0.820 68 1.2032 0.0494 0.5556 0.850 97 0.4728 0.6993 0.5012 0.872 11 0.4371
0.1039 0.6216 0.845 56 0.5256 0.8042 1.8409 0.815 80 1.5018 0.1008 0.5516 0.852 97 0.4705 0.7993 0.4932 0.874 90 0.4315
0.2050 0.6927 0.841 78 0.5831 0.9060 2.4024 0.810 56 1.9473 0.2030 0.5432 0.856 41 0.4652 0.8988 0.4853 0.878 01 0.4261
0.3006 0.7699 0.838 03 0.6452 0.9582 2.7999 0.807 81 2.2618 0.3004 0.5348 0.859 76 0.4598 0.9483 0.4819 0.879 23 0.4237
0.4051 0.8806 0.833 86 0.7343 1.0000 3.1928 0.805 56 2.5720 0.3963 0.5267 0.862 73 0.4544 1.0000 0.4783 0.880 62 0.4212
0.5099 1.0508 0.829 37 0.8715 0.4969 0.5181 0.865 86 0.4486

2-Butanol (1) + 2-Methyltetrahydrofuran (2) at 298.15 K 2-Chlorobutane (1) + 2-Methyltetrahydrofuran (2) at 298.15 K
0.0000 0.5593 0.849 28 0.4750 0.6018 1.1120 0.820 77 0.9127 0.0000 0.5593 0.849 28 0.4750 0.5396 0.4963 0.860 37 0.4270
0.0437 0.5664 0.847 10 0.4798 0.6999 1.3928 0.816 27 1.1369 0.0350 0.5552 0.850 14 0.4720 0.6970 0.4806 0.863 09 0.4148
0.0915 0.6070 0.844 81 0.5128 0.8077 1.8597 0.811 31 1.5088 0.0835 0.5494 0.851 29 0.4677 0.7970 0.4714 0.864 45 0.4075
0.1968 0.6452 0.839 74 0.5418 0.8708 2.2624 0.808 35 1.8288 0.1742 0.5382 0.853 40 0.4593 0.8975 0.4628 0.866 03 0.4008
0.3024 0.7162 0.834 82 0.5979 0.9361 2.8980 0.805 28 2.3337 0.2553 0.5286 0.854 90 0.4519 0.9487 0.4582 0.866 65 0.3971
0.3993 0.8061 0.830 17 0.6692 1.0000 3.7345 0.802 25 2.9960 0.3568 0.5165 0.857 12 0.4427 1.0000 0.4537 0.867 31 0.3935
0.5051 0.9497 0.825 31 0.7838 0.4555 0.5055 0.858 75 0.4341

2-Methyl-1-propanol (1) + 2-Methyltetrahydrofuran (2) at 298.15 K 2-Methyl-1-chloropropane (1) + 2-Methyltetrahydrofuran (2) at 298.15 K
0.0000 0.5593 0.849 28 0.4750 0.5992 1.2569 0.820 51 1.0313 0.0000 0.5593 0.849 28 0.4750 0.6006 0.5146 0.863 58 0.4444
0.0397 0.5850 0.847 52 0.4958 0.7013 1.5836 0.815 04 1.2907 0.0484 0.5556 0.850 43 0.4725 0.7031 0.5082 0.865 60 0.4399
0.0951 0.6173 0.844 97 0.5216 0.7995 2.0619 0.809 54 1.6692 0.0999 0.5516 0.852 07 0.4700 0.8026 0.5026 0.867 49 0.4360
0.1999 0.6872 0.840 08 0.5773 0.9048 2.9259 0.803 45 2.3508 0.1962 0.5441 0.854 44 0.4649 0.9059 0.4970 0.869 22 0.4320
0.3008 0.7773 0.835 46 0.6494 0.9557 3.5460 0.800 39 2.8382 0.3105 0.5354 0.857 30 0.4590 0.9506 0.4946 0.870 20 0.4304
0.3982 0.8961 0.830 71 0.7444 1.0000 4.2484 0.797 71 3.3890 0.4006 0.5286 0.859 25 0.4542 1.0000 0.4920 0.870 93 0.4285
0.4988 1.0403 0.825 72 0.8590 0.4775 0.5230 0.860 99 0.4503

2-Methyl-2-propanol (1) + 2-Methyltetrahydrofuran (2) at 298.15 K 2-Methyl-2-chloropropane (1) + 2-Methyltetrahydrofuran (2) at 298.15 K
0.0000 0.5593 0.849 28 0.4750 0.5918 1.2469 0.808 40 1.0080 0.0000 0.5593 0.849 28 0.4750 0.5888 0.5554 0.843 72 0.4686
0.0380 0.5808 0.846 42 0.4916 0.6972 1.6660 0.801 38 1.3351 0.0481 0.5586 0.849 09 0.4743 0.7000 0.5571 0.842 04 0.4691
0.0906 0.6072 0.842 39 0.5115 0.7952 2.1969 0.795 17 1.7469 0.0972 0.5575 0.848 97 0.4733 0.7912 0.5590 0.840 61 0.4699
0.1910 0.6720 0.835 27 0.5613 0.8989 3.3357 0.788 08 2.6288 0.1960 0.5554 0.848 40 0.4712 0.8945 0.5615 0.838 65 0.4709
0.3192 0.7785 0.826 46 0.6434 0.9532 4.3728 0.784 19 3.4291 0.2907 0.5545 0.847 61 0.4700 0.9474 0.5634 0.837 24 0.4717
0.3935 0.8656 0.821 40 0.7110 1.0000 5.5926 0.780 67 4.3660 0.3874 0.5539 0.846 54 0.4689 1.0000 0.5656 0.835 75 0.4727
0.4981 1.0312 0.814 49 0.8399 0.4878 0.5543 0.845 21 0.4685

1-Butanol (1) + 2-Methyltetrahydrofuran (2) at 313.15 K 1-Chlorobutane (1) + 2-Methyltetrahydrofuran (2) at 313.15 K
0.0000 0.4916 0.834 01 0.4100 0.6036 0.9695 0.812 07 0.7873 0.0000 0.4916 0.834 01 0.4100 0.5976 0.4489 0.852 75 0.3828
0.0488 0.5106 0.832 35 0.4250 0.7034 1.1555 0.807 96 0.9336 0.0494 0.4881 0.835 48 0.4078 0.6993 0.4414 0.855 69 0.3777
0.1039 0.5345 0.830 50 0.4439 0.8042 1.3925 0.803 45 1.1188 0.1008 0.4846 0.837 19 0.4057 0.7993 0.4342 0.858 36 0.3727
0.2050 0.5881 0.827 07 0.4864 0.9060 1.7561 0.798 76 1.4027 0.2030 0.4778 0.840 52 0.4016 0.8988 0.4275 0.861 05 0.3681
0.3006 0.6515 0.823 64 0.5366 0.9582 1.9934 0.796 23 1.5872 0.3004 0.4710 0.843 74 0.3974 0.9483 0.4242 0.862 56 0.3659
0.4051 0.7339 0.820 00 0.6018 1.0000 2.2249 0.794 19 1.7670 0.3963 0.4639 0.846 73 0.3928 1.0000 0.4209 0.863 86 0.3636
0.5099 0.8412 0.815 98 0.6864 0.4969 0.4564 0.849 69 0.3878

2-Butanol (1) + 2-Methyltetrahydrofuran (2) at 313.15 K 2-Chlorobutane (1) + 2-Methyltetrahydrofuran (2) at 313.15 K
0.0000 0.4916 0.834 01 0.4100 0.6018 0.8777 0.806 88 0.7082 0.0000 0.4916 0.834 01 0.4100 0.5396 0.4382 0.843 91 0.3698
0.0437 0.4909 0.831 74 0.4083 0.6999 1.0525 0.802 66 0.8448 0.0350 0.4880 0.834 84 0.4074 0.6970 0.4236 0.846 32 0.3585
0.0915 0.5061 0.829 48 0.4198 0.8077 1.3404 0.797 97 1.0696 0.0835 0.4828 0.835 54 0.4034 0.7970 0.4145 0.847 77 0.3514
0.1968 0.5543 0.824 64 0.4571 0.8708 1.5651 0.795 28 1.2447 0.1742 0.4736 0.837 42 0.3966 0.8975 0.4056 0.848 87 0.3443
0.3024 0.6045 0.820 02 0.4957 0.9361 1.8563 0.792 38 1.4709 0.2553 0.4655 0.839 10 0.3906 0.9487 0.4011 0.849 41 0.3407
0.3993 0.6705 0.815 81 0.5470 1.0000 2.2383 0.789 44 1.7670 0.3568 0.4556 0.840 87 0.3831 1.0000 0.3966 0.850 23 0.3372
0.5051 0.7712 0.811 20 0.6256 0.4555 0.4463 0.842 26 0.3759

2-Methyl-1-propanol (1) + 2-Methyltetrahydrofuran (2) at 313.15 K 2-Methyl-1-chloropropane (1) + 2-Methyltetrahydrofuran (2) at 313.15 K
0.0000 0.4916 0.834 01 0.4100 0.5992 0.9964 0.807 01 0.8041 0.0000 0.4916 0.834 01 0.4100 0.6006 0.4521 0.846 94 0.3829
0.0397 0.5064 0.832 15 0.4214 0.7013 1.2155 0.801 97 0.9748 0.0484 0.4884 0.834 97 0.4078 0.7031 0.4460 0.848 88 0.3786
0.0951 0.5312 0.829 82 0.4408 0.7995 1.5132 0.796 99 1.2060 0.0999 0.4848 0.836 22 0.4054 0.8026 0.4401 0.850 49 0.3743
0.1999 0.5877 0.825 25 0.4850 0.9048 2.0220 0.791 39 1.6002 0.1962 0.4781 0.838 53 0.4009 0.9059 0.4341 0.852 11 0.3699
0.3008 0.6543 0.820 88 0.5371 0.9557 2.3621 0.788 49 1.8625 0.3105 0.4705 0.841 23 0.3958 0.9506 0.4316 0.852 87 0.3681
0.3982 0.7473 0.816 54 0.6102 1.0000 2.7383 0.785 89 2.1520 0.4006 0.4646 0.843 09 0.3917 1.0000 0.4287 0.853 51 0.3659
0.4988 0.8466 0.811 84 0.6873 0.4775 0.4598 0.844 50 0.3883

2-Methyl-2-propanol (1) + 2-Methyltetrahydrofuran (2) at 313.15 K
0.0000 0.4916 0.834 01 0.4100 0.5918 0.9492 0.793 51 0.7532
0.0380 0.5036 0.831 02 0.4185 0.6972 1.1675 0.786 72 0.9185
0.0906 0.5271 0.826 98 0.4359 0.7952 1.4695 0.780 27 1.1466
0.1910 0.5726 0.819 77 0.4694 0.8989 1.9695 0.773 14 1.5227
0.3192 0.6489 0.811 22 0.5264 0.9532 2.3493 0.769 08 1.8068
0.3935 0.7058 0.806 46 0.5692 1.0000 2.7387 0.765 33 2.0960
0.4981 0.8153 0.799 58 0.6519

∆η ) η - (x1η1 + x2η2) (2)

∆η ) x1(1 - x1) ∑
i)0

i)p-1

Ai(2x1 - 1)i (3)
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collected in Table 4 together with the standard deviations,
σ:

where n is the number of experimental data points and p
is the number of adjustable parameters.

Viscosity deviations for the mixtures containing isomeric
butanols present negative values at both the temperatures
298.15 K and 313.15 K. ∆η becomes less negative following
the sequence 2-methyl-2-propanol < 2-methyl-1-propanol
< 2-butanol < 1-butanol. The minimum ∆η values for all
the mixtures appear in the alcohol-rich region, around x1

) 0.7. A comparison of viscosity behavior with temperature

indicates that ∆η values decrease in absolute value with
temperature; this effect is more remarkable for the mixture
containing 2-methyl-2-propanol.

With respect to the mixtures containing isomeric chloro-
butanes, it could be pointed out that ∆η values are very
small. Viscosity deviations for the mixture 1-chlorobutane
+ 2-methyltetrahydrofuran display sigmoid curves, and
there is an inversion of sign from positive to negative values
at x1 ) 0.6 at 298.15 K and at x1 ) 0.7 at 313.15 K. For the

Figure 1. Viscosity deviations, ∆η, of an isomeric butanol +
2-methyltetrahydrofuran mixture at 298.15 K as a function of mole
fraction of isomeric butanol: (0) 1-butanol; (9) 2-butanol; (b)
2-methyl-1-propanol; (O) 2-methyl-2-propanol; (s) Redlich-Kister
equation.

Table 3. Parameters and Standard Deviations for the
McAllister Equation

T ) 298.15 K T ) 313.15 K

ν12 ν21 σ ν12 ν21 σ

1-Butanol + 2-Methyltetrahydrofuran
1.0995 0.7868 0.0070 0.9178 0.6454 0.0036

2-Butanol + 2-Methyltetrahydrofuran
0.9084 0.7122 0.0103 0.8141 0.5693 0.0072

2-Methyl-1-propanol + 2-Methyltetrahydrofuran
1.0431 0.8021 0.0054 0.8817 0.6628 0.0055

2-Methyl-2-propanol + 2-Methyltetrahydrofuran
0.9221 0.7958 0.0273 0.8458 0.6276 0.0053

1-Chlorobutane + 2-Methyltetrahydrofuran
0.5019 0.5350 0.0001 0.4428 0.4709 0.0002

2-Chlorobutane + 2-Methyltetrahydrofuran
0.4815 0.5194 0.0003 0.4269 0.4579 0.0001

2-Methyl-1-chloropropane + 2-Methyltetrahydrofuran
0.5082 0.5337 0.0002 0.4480 0.4688 0.0001

2-Methyl-2-chloropropane + 2-Methyltetrahydrofuran
0.5527 0.5512 0.0003

σ ) [∑
i)1

i)n

(∆ηexptl - ∆ηcal)2/(n - p)]1/2 (4)

Figure 2. Viscosity deviations, ∆η, of an isomeric butanol +
2-methyltetrahydrofuran mixture at 313.15 K as a function of mole
fraction of isomeric butanol: (0) 1-butanol; (9) 2-butanol; (b)
2-methyl-1-propanol; (O) 2-methyl-2-propanol; (s) Redlich-Kister
equation.

Figure 3. Viscosity deviations, ∆η, of an isomeric chlorobutane
+ 2-methyltetrahydrofuran mixture at 298.15 K as a function of
mole fraction of isomeric chlorobutane: (0) 1-chlorobutane; (9)
2-chlorobutane; (b) 2-methyl-1-chloropropane; (O) 2-methyl-2-
chloropropane; (s) Redlich-Kister equation.
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rest of the isomeric chlorobutanes, ∆η values are negative
over the whole composition range. At 298.15 K, ∆η de-
creases in the sequence 1-chlorobutane > 2-methyl-1-
chloropropane > 2-chlorobutane > 2-methyl-2-chloropro-
pane; at 313.15 K, the sequence is 1-chlorobutane >
2-methyl-1-chloropropane > 2-chlorobutane. On the other
hand, the ∆η change, in absolute value, with temperature
is small.

For the mixtures containing isomeric butanols, the
values are clearly negative, and it is known that the
viscosity behavior depends, among other factors, on the
strength of the interactions between like and unlike
molecules. So, in this case, we could conclude that the
interaction between the oxygen atom of the ether and the
hydroxyl group of the butanols is not enough to compensate
the weakening of dipole-dipole interactions in the 2-me-
thyltetrahydrofuran and the breaking of hydrogen bonds
in the butanols. The less negative ∆η values are presented

by the mixture 1-butanol + 2-methyltetrahydrofuran, and
the more negative ones, by the mixture 2-methyl-2-pro-
panol + 2-methyltetrahydrofuran; this fact indicates that
the ∆η values for these mixtures are closely related with
the associated structure of the considered butanol.

For the mixtures containing isomeric chlorobutanes, the
weakening of the dipole-dipole interactions in the pure
compounds after the mixing process is outweighed by the
Cl-O interaction, leading to small viscosity deviations.
Comparing the results for both kinds of mixtures and
taking into account previous works,1-8 we can conclude that
the viscosimetric behavior is less influenced by the size and
shape of the mixing compounds than by the existence of
strong interactions between the compounds.
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2-chlorobutane -0.0159 -0.0040 0.0086 0.0011 0.0001
2-methyl-1-chloropropane -0.0103 -0.0054 0.0046 0.0033 0.0000
2-methyl-2-chloropropane -0.0214 0.0030 0.0034 -0.0085 0.0001

+ 2-metyhltetrahydrofuran

T ) 313.15 K
1-butanol -1.6343 -0.8839 -0.4977 -0.2221 0.0029
2-butanol -1.8851 -1.1487 -0.6454 -0.0264 0.0047
2-methyl-1-propanol -2.3506 -1.5163 -1.0264 -0.4519 0.0037
2-methyl-2-propanol -2.3962 -1.5373 -0.9166 -0.3774 0.0026
1-chlorobutane 0.0037 -0.0082 -0.0038 0.0064 0.0000
2-chlorobutane -0.0036 0.0004 -0.0018 0.0007 0.0001
2-methyl-1-chloropropane -0.0025 0.0002 0.0011 0.0009 0.0000

+ 2-metyhltetrahydrofuran

Figure 4. Viscosity deviations, ∆η, of an isomeric chlorobutane
+ 2-methyltetrahydrofuran mixture at 313.15 K as a function of
mole fraction of isomeric chlorobutane: (0) 1-chlorobutane; (9)
2-chlorobutane; (b) 2-methyl-1-chloropropane; (s) Redlich-Kister
equation.
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