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Viscosities for the binary mixtures of tetrahydrofuran, tetrahydropyran, 1,3-dioxolane or 1,4-dioxane with
1-chloropentane or 1-chlorohexane have been determined at 283.15, 298.15 and 313.15 K, except for the
mixtures containing 1,4-dioxane whose measurements were carried out only at 298.15 and 313.15K.
Kinematic viscosities have been correlated by the McAllister equation. Viscosity deviations have been

calculated from viscosity data for all the mixtures and results have been fitted with the Redlich-Kister
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of the Asfour method.

equation. Experimental values of kinematic viscosity have been compared to values predicted by means

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The knowledge of viscosity is an essential requirement in the
design of different industrial processes due to their importance in
heat and mass transfer calculations. Moreover, since this property
seems to be determined by several factors such as the size and shape
of the molecules and the intermolecular interactions, important
theoretical information on the structure and interactions of liquids
can be obtained from experimental data of viscosity. For these rea-
sons, a great effort has been made to obtain data of this transport
property in order to characterize different mixtures.

During the last years, our research group has studied ther-
modynamic and transport properties of binary liquid mixtures
containing a cyclic ether and isomeric chlorobutanes [1-5]. In order
to extend and complete this work to other chloroalkanes [6,7],
in this paper we report dynamic viscosities of mixtures contain-
ing some cyclic ethers such as tetrahydrofuran, tetrahydropyran,
1,3-dioxolane, and 1,4-dioxane and several chloroalkanes such as
1-chloropentane, and 1-chlorohexane at temperatures of 283.15,
298.15,and 313.15 K, except for the mixtures formed by 1,4-dioxane,
whose measurements were carried out only at 298.15 and 313.15K.
Kinematic viscosities have been correlated using the McAllister
equation [8] and viscosity deviations have been fitted by means of
the Redlich-Kister equation. After the revision of literature, we have
found just a previous reference of viscosities of the binary mixture
1,4-dioxane + 1-chorohexane at 303.15K [9].
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These mixtures have a great interest since new donor-acceptor
type interactions can be formed between the unlike molecules due
to the presence of the ether and the halogen groups in the stud-
ied compounds. Moreover, polar interactions in pure chemicals
are supposed to be debilitated during the process mixture. Viscos-
ity deviations from linearity provide important information about
these effects that can take place in the process mixture. For this
reason, the analysis of the obtained results can be interpreted in
terms of resultant behaviour of the studied binary mixtures.

Because of experimental data of this transport property are
not always available and taking into account their practical and
theoretical importance, several methods have been proposed to
predict viscosities of liquid mixtures [10-13], being experimen-
tal data essential to the development of new accurate predictive
models. The Asfour method [10,11] predicts the McAllister viscos-
ity model parameters from pure component properties for binary
liquid systems. In this work we have compared our experimental
values with those estimated by the Asfour method in order to eval-
uate the suitability of this model in the prediction of kinematic
viscosities.

2. Experimental

The used compounds tetrahydrofuran (99.5%), 1,3-dioxolane
(99%), 1-chloropentane (99%), and 1-chlorohexane (99%), were
obtained from Aldrich, while tetrahydropyran (99%), was supplied
by Across, and 1,4-dioxane (>99.5%) was obtained from Fluka. No
additional purification has been carried out.

Kinematic viscosities, v, were determined using an Ubbelohde
viscosimeter with a Schoot-Gerdte automatic measuring unit model
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AVS-440, being the measuring range of 0.5-3 mm? s~!. The temper-
ature was kept constant within +0.01 Kby means of a Schoot-Gerdte
thermostat. The temperature in the bath was controlled using a
thermometer model F25 with a PT100 probe calibrated according
to ITS-90 from Automatic Systems Laboratories. The viscosimeter
was calibrated with deionised doubly distilled water. At least four
time flow measurements were performed for each composition and
temperature, and the results were averaged. Kinetic energy correc-
tions were applied to the experimental data. The uncertainty of
the time flow measurements was +0.01s, and the corresponding
uncertainty in the kinematic viscosity was +1 x 10~4 mm?2 s~1.

Densities, p, required for calculate dynamic viscosities from
kinematic viscosities (1= p x v), were measured using an Anton
Paar DMA-58 vibrating tube densimeter in which temperature is
internally controlled at +0.01 K by means of a Peltier device cal-
ibrated according to ITS-90. The apparatus was calibrated with
deionised doubly distilled water and dry air. The uncertainty of the
density measurements was +1 x 107> gcm 3.

The viscosity and density values of the pure components appear
together with their corresponding literature values at 298.15K in
Table 1.

The mixtures were prepared using a Sartorious semi-micro
balance CP225-D with an uncertainty of £10> g. The maximum
estimated error in the mole fraction is +1 x 1074,

3. Results and discussion

Kinematic, v, and dynamic viscosities, n, for the liquid
binary mixtures at the studied temperature are collected in
Supplementary Material.

The kinematic viscosity data were correlated by using the McAl-
lister [8] equation:

In v =x3Invy +3x3x; In vy +3x1X3 In vy + X3 Invy
—In[x1 + XM /M1] +3x2x; In[(2 + My /My)/3]
+3x1x3 In[(1 +2M>/M7)/3] +x3 In(M> /M) (1)

where v refers to the kinematic viscosity of the mixture, v; and
v, are the kinematic viscosities of components 1 and 2, M; and
M, are their corresponding molecular masses and v, and v, are
adjustable parameters characteristic of the system.

The estimated parameters of McAllister equation and the
corresponding mean relative square deviation (MRSD) between
experimental and correlated values are shown in Table 2. At the
light of the MRSD values, being in all cases less than 0.2%, we can

Table 1
Densities, p, and viscosities, n, of pure compounds at 298.15 K and comparison with
literature data.

Compound p(gem3) 7 (mPas)
Exp. Lit. Exp. Lit.

Tetrahydrofuran 0.88195 0.8825? 0.4631 0.4562
Tetrahydropyran 0.87881 0.87916" 0.7997 0.764¢
1,3-Dioxolane 1.05862 1.058664 0.5882 0.531¢
1,4-Dioxane 1.02787 1.02797f 1.1807 1.1818
1-Chloropentane 0.87700 0.87712 0.5507 0.5461f
1-Chlorohexane 0.87356 0.87354h 0.6943 0.7173

3 Ref. [14].

b Ref. [15].

¢ Ref.[19].

d Ref. [16].

¢ Ref. [20].

f Ref. [17].

& Ref. [21].

h Ref. [18].

I Ref. [22].

conclude that McAllister equation correlates with good quality the
kinematic viscosity data.

Viscosity deviations, An, have been calculated from experimen-
tal values by means the following equation:

An=mn—(x1m +Xx212) (2)

The calculated values of viscosity deviations are reported in the
Supplementary Material and they are represented in Figs. 1 to 4.

Experimental values of viscosity deviations have been fitted to
a Redlich-Kister equation:

i=n

Ap=x(1-x)) A(2x - 1) (3)

i=0

where A; are adjustable parameters obtained by the least-squares
method. Their values are given together with standard deviations,
o, in Table 3.

Viscosity deviation values are negative for the studied binary
mixtures in whole composition range at all the temperatures,
excepting for mixtures containing tetrahydrofuran. In this case the
behaviour is quite different since viscosity deviations in absolute
values are bigger when mixture is formed by 1-chlorohexane while
for the other mixtures, containing tetrahydropyran, 1,3-dioxolane,
or 1,4-dioxane and 1-chloropentane, viscosity deviations are big-
ger. If we compare these experimental data with previous results
for the mixtures cyclic ether+1-chlorobutane [1-3], we can see
a systematic variation of viscosity deviations with the length of
the alkyl chain of the chloroalkane. That is, when the length of
the chloroalkane increases, viscosity deviations in absolute value
increase when mixtures are constituted by tetrahydrofuran, while
deviations decrease for the mixtures formed by tetrahydropyran,
1,3-dioxolane, and 1,4-dioxane. For a given halogenated compound,
it is noticeable that viscosity deviations in absolute value for
1,4-dioxane mixtures are larger than those for the rest of the stud-
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Fig. 1. Viscosity deviations, An, of mixtures tetrahydrofuran (1)+ 1-chloropentane
(2) at 283.15K (m), 298.15K (®), and 313.15K (a) or 1-chlorohexane (2) at 283.15K
(0),298.15K (O), and 313.15K (A).
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Parameters of the McAllister equation and the Asfour method with their corresponding mean relative square deviation, MRSD.

System T (K) McAllister equation Asfour method
V12 V21 MRSD % V12 V21 MRSD %
Tetrahydrofuran+
283.15 0.6811 0.7059 0.06 0.6157 0.6550 4.67
1-Chloropentane 298.15 0.5843 0.6070 0.05 0.5308 0.5634 4.54
313.15 0.5038 0.5267 0.03 0.4626 0.4887 4.29
283.15 0.7954 0.8739 0.07 0.7334 0.8505 3.70
1-Chlorohexane 298.15 0.6761 0.7380 0.06 0.6274 0.7204 3.42
313.15 0.5799 0.6329 0.04 0.5442 0.6190 3.11
Tetrahydropyran+
283.15 0.8781 0.8046 0.10 0.8501 0.7375 3.85
1-Chloropentane 298.15 0.7382 0.6818 0.12 0.7032 0.6291 3.85
313.15 0.6319 0.5852 0.08 0.5923 0.5299 4.63
283.15 1.0016 0.9896 0.15 0.9495 0.8980 3.94
1-Chlorohexane 298.15 0.8329 0.8234 0.08 0.7794 0.7507 412
313.15 0.7054 0.6978 0.08 0.6534 0.6294 4.64
1,3-Dioxolane+
283.15 0.6732 0.6927 0.06 0.6346 0.6591 2.88
1-Chloropentane 298.15 0.5716 0.5937 0.06 0.5417 0.5641 2.81
313.15 0.4917 0.5111 0.04 0.4667 0.4866 2.74
283.15 0.7866 0.8578 0.03 0.7504 0.8497 2.59
1-Chlorohexane 298.15 0.6670 0.7235 0.06 0.6357 0.7162 2.51
313.15 0.5735 0.6178 0.07 0.5451 0.6119 2.47
1,4-Dioxane+
1~Chloropentan 298.15 0.7558 0.6888 0.01 0.8220 0.6721 3.51
oropentane 313.15 0.7047 0.5892 0.05 0.6750 0.5659 419
1-Chloroh 298.15 0.8486 0.8384 0.20 0.8932 0.7900 144
--hlorohexane 313.15 0.7107 0.7059 0.18 0.7301 0.6590 157
Table 3
Parameters, A;, and standard deviations, o, for the Redlich-Kister equation.
Compound T (K) Ao A Ay As o
Tetrahydrofuran+
283.15 0.0439 0.0116 0.0043 0.0082 0.0003
1-Chloropentane 298.15 0.0336 0.0067 0.0036 0.0065 0.0002
313.15 0.0234 0.0038 —0.0019 —0.0064 0.0002
283.15 0.0956 0.0154 —0.0016 —-0.0098 0.0002
1-Chlorohexane 298.15 0.0790 0.0143 —0.0007 —0.0075 0.0002
313.15 0.0637 0.0092 —0.0088 —0.0088 0.0002
Tetrahydropyran+
283.15 —0.2511 —0.1079 —0.0480 —0.0099 0.0002
1-Chloropentane 298.15 -0.1711 —0.0691 —0.0406 —-0.0126 0.0003
313.15 —0.1181 —0.0431 —0.0206 —0.0095 0.0002
283.15 -0.1214 —0.0819 —0.0493 0.0110 0.0002
1-Chlorohexane 298.15 —0.0798 —0.0447 -0.0235 —-0.0118 0.0002
313.15 —0.0522 —0.0298 -0.0170 —0.0058 0.0002
1,3-Dioxolane+
283.15 —0.1047 -0.0170 —0.0119 0.0121 0.0004
1-Chloropentane 298.15 —0.0907 -0.0179 —0.0119 0.0048 0.0004
313.15 —0.0810 -0.0185 —-0.0037 0.0094 0.0002
283.15 —0.0395 0.0055 —0.0062 —0.0032 0.0002
1-Chlorohexane 298.15 —0.0300 0.0021 —0.0001 0.0025 0.0002
313.15 —0.0233 0.0030 0.0033 0.0011 0.0002
1,4-Dioxane+
ST 298.15 —0.6516 ~0.3093 —0.1157 —0.0450 0.0002
oropentane 313.15 ~0.3713 ~0.0956 —0.0187 ~0.0018 0.0003
1-Chloroh 298.15 —-0.5267 —0.2361 —0.1024 -0.1276 0.0011
--hlorohexane 313.15 —0.3722 —0.1616 —0.0583 —0.0807 0.0011
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Fig. 2. Viscosity deviations, An, of mixtures tetrahydropyran (1)+ 1-chloropentane
(2) at 283.15K (m), 298.15K (®), and 313.15K (a) or 1-chlorohexane (2) at 283.15K
(0),298.15K (O), and 313.15K (A).

ied systems. The maximum viscosity deviation in absolute value
in mixtures tetrahydrofuran+1-chlorohexane, 1,3-dioxolane+1-
chloropentane, and 1,3-dioxolane +1-chlorohexane appears near
the equimolecular composition. On the other hand, the rest of sys-
tems are slightly shifted toward rich compositions in cyclic ether.
The effect of temperature in viscosity deviations is similar in all the
systems; the property in absolute value increases somewhat when
temperature decreases.

Results can be analysed taking into account energetic factors
which take place during the mixture process. As we have mentioned
before, the most important effects in these kind of mixtures are
in one hand, the weakness or the breaking of interactions in pure
compounds due to the presence of the other component and on
the other hand, the formation of new interactions between unlike
molecules. The smaller values of deviations for tetrahydrofuran,
tetrahydropyran, and 1,3-dioxolane mixtures seem to be a con-
sequence of counterbalance of both opposite effects. That is, the
disrupt of interactions in pure compounds are compensated by new
donor-acceptor ether-haloalkane interactions. On the other hand,
negative values for 1,4-dioxane suggest that polar interactions of
compounds are weakened in the process mixture, predominating
over the new interactions between the oxygen atom of the ether
and the chlorine atom of the halogenated compound.

4. Asfour method

McAllister equation [8], which is based on Eyring’s absolute rate
theory, is considered as one of the best available correlative method
for the dependence of kinematic viscosity on composition [11].
As we have mentioned before, the model contains two adjustable
parameters, V1 and v,q, which are determinate by fitting exper-
imental kinematic viscosity-composition data to the Eq. (1). The
presence of such parameters makes that this model can be consid-
erate only as a correlation method. The Asfour method [10,11] was
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Fig. 3. Viscosity deviations, An, of mixtures 1,3-dioxolane (1) + 1-chloropentane (2)
at 283.15K (m), 298.15K (@), and 313.15K (a) or 1-chlorohexane (2) at 283.15K (O0),
298.15K (0O), and 313.15K (A).

proposed with the aim of using McAllister equation as a predictive
model. It is based on the effective carbon number for estimating
the McAllister model interaction parameters from pure component
and molecular properties for liquid binary mixtures, making possi-
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Fig. 4. Viscosity deviations, An, of mixtures 1,4-dioxane (1)+1-chloropentane (2)
at 298.15K (@), and 313.15K (a) or 1-chlorohexane (2) at 298.15K (O), and 313.15K
(2).
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Table 4
Experimental kinematic viscosities at 308.15K and effective carbon number, N, for
pure compounds.

Compound v (mm?s) N

Tetrahydrofuran 0.4749 4.66
Tetrahydropyran 0.8197 6.78
1,3-Dioxolane 0.5045 4.89
1,4-Dioxane 0.9884 7.51
1-Chloropentane 0.5626 7.09
1-Chlorohexane 0.7095 8.29

ble to predict the dependence of viscosity on composition over the
entire composition range. In order to evaluate the suitability of this
method, in this work experimental data have been compared with
viscosity prediction values for the studied binary mixtures.

The effective carbon number, N, is an intrinsic property of each
compound which can be calculated from the kinematic viscosity
of the pure components at the temperature of 308.15K using the
following equation:

In v=-1.943 +0.193N (4)

Asfour and coworkers [23] reported that this equation tends to
overpredict the effective carbon number of cyclic compounds, so
better estimations are obtained for this type of chemicals multi-
plying by 0.75 the calculated value using Eq. (4). The kinematic
viscosity at 308.15 K and the effective carbon number values for the
studied compounds taking into account these considerations are
collected in Table 4.

Then, the McAllister model interaction parameters can be cal-
culated, for regular solutions, by means of these expressions:

2
Ll/} —0.8735 + 0.0715% (5)
(vavp) (N2Ng)
Ve 1/3
VBa = VAB(i) (6)

Kinematic viscosity can be estimated once the values of the
parameters have been obtained. In order to evaluate the agreement
between experimental and estimated values, the mean relative
square deviation (MRSD) expressed in % have been calculated using
the following equation:

1/2

m 2
_ 1 Vi,exp — Vi,Asfour
MRSD = 100 EE () (7)

Vi,ex
i=1 &P

where m is the number of experimental data.

The McAllister model parameters which we have obtained for
correlating experimental kinematic viscosity for each of the binary
mixtures at the studied temperatures and the parameters esti-
mated by means of the Asfour method are gathered together with
MRSD in Table 2. The overall MRSD average is 3.45% which is com-
parable to results obtained for other mixtures using this method

[2,24]. The better agreement between experimental and estimated
values have been obtained for 1,4-dioxane+ 1-chlorohexane and
1,3-dioxolane + 1-chlorohexane mixtures while the greatest differ-
ences have been found for systems containing tetrahydrofuran and
tetrahydropyran. In general, there are slight differences for each
system in function of temperature.
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