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Densities (p), dynamic viscosities (1), refractive indices (np) and speeds of sound
(u) of binary mixtures of tetrahydrofuran with 1-hexanol, 1-heptanol, 1-octanol,
I-nonanol and 1-decanol over the entire range of mole fraction, at temperatures
298.15, 303.15, 308.15 and 313.15K and atmospheric pressure have been
measured. Excess functions such as excess molar volume (V'F), deviations in
molar refractivity (AR,,), deviations in speed of sound (1), excess isentropic
compressibilities (kF) and viscosity deviations (An) have been calculated and
fitted to the Redlich-Kister-type polynomial equation. The viscosity data were
correlated with semi-empirical equations. The speeds of sound have been analysed
in terms of collision factor theory and free length theory. The behaviour of VE,
AR, and P over the entire range of mole fraction, exhibited positive deviations,
while kE and An showed negative variations.

Keywords: densities; viscosities; speed of sound; refractive indices; excess molar
volume; tetrahydrofuran; l-alkanols

1. Introduction

The knowledge of transport and thermodynamic properties of binary liquid mixtures
containing cyclic ethers are of considerable interest from the viewpoint of academic and
many industrial processes [1-4]. Cyclic ethers are excellent solvents of polymers and are
used in polymer synthesis [5]. Tetrahydrofuran (THF) is often applied for hydroborations,
used to synthesise primary alcohols, as well as for preparation of Grignard reagents, the
most useful and versatile reagents known to the organic chemists; besides it is used
together with alkan-1-ol in production of mixed solvents. Continuing our studies on the
behaviour of ethers with hydrocarbons [6-9], we present here a systematic investigations
involving densities (p), dynamic viscosities (1), speeds of sound (u) and refractive indices
(np) for pure components and binary mixtures of THF + 1-hexanol, or 1-heptanol, or
I-octanol, or 1-nonanol, or 1-decanol over the whole composition range at 298.15, 303.15,
308.15 and 313.15K and atmospheric pressure. From the measured values of the
aforementioned physical properties, the corresponding magnitudes of excess molar
volume (VF), deviations in speed of sound (1), excess isentropic compressibilities (kE),
viscosity deviations (An) and deviations in the molar refractivity (AR,,) were derived.
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The excess properties data were fitted to the Redlich and Kister-type polynomial
equation [10] to calculate the binary coefficients and estimate the SDs between
experimental and predicted data. The dynamic viscosity data were correlated with
equations of the three-body and four-body McAllister [11]. The speeds of sound in the
binary mixtures have been predicted using Schaaffs’ collision factor theory (CFT) [12]
and Jacobson’s intermolecular free length theory (FLT) [13] and compared with the
experimental values. The variations of the excess functions with the molecular size of
I-alkanols at different temperatures were investigated. The refractive index data were
correlated by Lorentz—Lorenz and Gladstone—Dale equations, reported elsewhere [14,15].
Although the physical properties data of the pure components, THF and 1-alkanols, are
available in the literature [6,16-22], to the best of our knowledge no experimental data are
available for these mixtures at the comparable conditions of this study.

2. Experimental section
2.1. Chemicals

The suppliers, purities, densities, dynamic viscosities, speeds of sound and refractive
indices of chemicals used in this study are presented in Table 1.

All chemicals were stored in dark bottles over freshly activated molecular sieve (Union
Carbide type 4A 1/16inch, pellets) to minimise adsorption of moisture. The water content
of the chemicals was checked by a Mettler Toledo DL39-KF coulometer, and it was found
to be <0.0003 mass fraction.

The purity of the solvents was ascertained by comparing the measured densities,
dynamic viscosities and speeds of sound of the pure components at 298.15K with the
available literature, as shown in Table 1. The reported experimental values of p, n and u
conform closely to their corresponding literature values, with an average of the absolute
value of deviation 3.6 x 10 kgm ™, 3.3 x 10 *mPas and 0.26ms ™", respectively.

Table 1. Pure component properties and their comparison with the literature values at
T=298.15K.

Compound Supplier p (kgm™) n (mPas) u(ms™h np

THF Fluka 882.322 0.461 1278.93 1.4053
881.98 [16] 0.467 [16] 1.4049 [17]

1-Hexanol Fluka 815.230 4.593 1304.72 1.4154
815.23 [6] 4.593 [19] 1303.3 [20] 1.4161 [17]
815.22 [18]

1-Heptanol Fluka 818.732 5.944 1327.32 1.4224
818.7 [19] 5.942 [19] 1.4227 [21]

1-Octanol Fluka 821.722 7.661 1347.82 1.4274
821.79 [22] 7.663 [19] 1347.43 [22] 1.4276 [17]
821.81 [18] 7.5981 [6]

1-Nonanol Fluka 824.478 9.715 1365.48 1.4318
824.4 [19] 9.715 [19] 1.4319 [21]

9.6921 [6]
1-Decanol Fluka 826.762 11.825 1380.01 1.4356

826.7 [17] 11.829 [19] 1380.2 [20] 1.4358 [21]
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2.2. Measurements

Each sample mixture was prepared, on mass basis, by mixing the calculated volumes of
liquid components in specially designed glass stoppered bottles. The mass measurements
were carried out using an electronic balance (Mettler AT460) with a stated precision
of £10~*g. Triplicate measurements for mole fractions were averaged, and the uncertainty
was found to be within £2 x 10~%. Three samples were prepared for each system, and their
densities, speeds of sound, viscosities and refractive indices were measured on the
same day.

Densities and speeds of sound were measured at temperature intervals between 298.15
and 313.15K using a tube vibrating densimeter and sound analyser, Anton-Paar DSA
5000. The details of measurements and calibration of the instrument were described in our
earlier work [23]. For all mixtures and pure components, a triplicate of measurements was
performed and the results were averaged. Respectively, the absolute values of deviations
in measured p and u were 3 x 10 kgm™ and 0.12ms~', while the uncertainties were
within +6 x 10 kgm > and +0.13ms"".

Dynamic viscosity, 7, measurements of all pure components and their binary
mixtures were determined using a digital Anton Paar Stabinger Viscometer (model
SVM 3000/G2). This instrument is made up of two measuring cells, one designed for
measuring density of the samples based on the relation between oscillation period and
density, while the other is used for dynamic viscosity measurements and consists of a tube
filled with sample liquid rotating at a constant speed w;. A hollow measuring rotor
(titanium rotor) of low density swims in this tube and is centred in a heavier sample liquid
by buoyancy forces. The measuring gap is formed between the tube and the rotor.
The rotor is guided axially by a built-in permanent magnet. The rotating magnetic field
delivers the speed signal and induces eddy currents in the surrounding copper casing.
The rotor speed w> adopts an equilibrium between the viscosity-dependent driving torque,
which is proportional to the speed difference between the outer tube and the inner rotor,
and the retarding torque caused by eddy currents, which is proportional to the inner rotor
speed.

The unambiguous measurement for the dynamic viscosity is calculated by the
instrument according to the following expression:

n = kawy i (1)

wp — w2

where k is the mean adjustment coefficient of the instrument. By the aid of built-in
program and four certified standard samples supplied by the manufacturer, SHL109,
SHM109, SCHI100 and SHHI110, of dynamic viscosities 3.058, 32.62, 99.51 and
1131 mPas, respectively at 293.15 K, the whole instrument measuring ranges were adjusted
automatically. After completing the instrument adjustment, the calibration of the instr-
ument was achieved by a triplicate measurement of the reference samples at the interested
temperatures with reproducibility +0.35% of the measuring range. The estimated
uncertainty in dynamic viscosity measurements was within £3 x 10" *mPas with 95%
confidence interval of all measurements. The temperature control of the cells was achieved
by a solid-state thermostat and two integrated Pt-100 measuring sensors of temperature
reproducibility of £1072K.

Refractive indices were measured for the sodium D-line at temperatures 293.15 and
303.15K, using a thermostatic digital refractometer (ABBE Mark II Model No. 10481,
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Cambridge Instruments Inc. USA) with a precision of 10~*. The details of measurement
and calibration of the instrument are reported in our previous work [8], and the
uncertainty in refractive indices was estimated to be better than +1.3 x 10™%.

3. Results and discussion

The excess molar volume (F'*) was calculated using the following equation:

2
1 1
VE = x-M»( - ) 2)
; o Pm  Pi
where x, M and p are mole fraction, molar mass and density, respectively. The subscripts i
and m represent the pure components and the mixture, respectively.
The excess isentropic compressibility (kF) was obtained from the relation

KE = kg — K19, A)

where kg is the calculated isentropic compressibility (=1/u?p) and k4 is the isentropic
compressibility for an ideal mixture of the components, and is estimated using the
following relation [22]:

K=Yk + v () e - T ) (2 ¢,a;>)2 />xc, @
where ¢; is the volume fraction of i in the mixture stated in terms of the unmixed
components, 7'is the temperature, and k¢, V7, o and C} ; are, respectively, the isentropic
compressibility, molar volume, isobaric expansion coefficient and molar isobaric heat
capacity for pure component i. The values of C}; were taken from the DIPPR database
[17] and are listed in Table 2.

The experimental data on density (p) for each of the pure liquids in the working
temperature range, were fitted to the following equation [24]:

T i—1
p:ZAi<E—273.15> , (5)

i=1

where the coefficients 4; are given in Table 3. The values of «f, defined as of = y=1x

(dV/dT)p=—p' (dp/dT),, were calculated at each temperature using coefficients of
Equation (5), and are shown in Table 4.

Table 2. The values of critical temperature and heat capacity of the pure components at 7=
298.15-313.15K.

€3, (Jmol ™' K™

T. (K) T=298.15K T=303.15K T=308.15K T=313.15K

THF 540.15 123.97 125.68 126.62 127.98
1-Hexanol 610.40 241.64 246.52 251.47 256.48
1-Heptanol 632.60 278.24 284.37 289.83 295.35
1-Octanol 652.50 308.39 313.60 320.12 325.98
1-Nonanol 670.70 337.33 342.40 348.18 354.40

1-Decanol 687.30 373.10 380.40 385.40 391.50
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The deviations of the measured speeds of sound from their values in an ideal mixture
were calculated from the following equations [25]:

uP = u—u'd, (6)

= V(w7 ™

where 4, Vid k4 x; and M; are, respectively, the calculated speed of sound, molar
volume, isentropic compressibility of the ideal solution, mole fraction and molar mass of
the pure component.

Deviations in dynamic viscosity (An) were calculated using the following relation:

2
— > G, ®)
i=1

where x and 5 are mole fraction and dynamic viscosity of component i, respectively.
The subscripts are as defined in Equation (2).
Molar refraction deviations (AR,,) were calculated through the following relation:

ARy, =

D NiMind 1 S Mindy, — ©)

Pm ”D+2 Pi nD1+2

i

where x, M, p, np are mole fraction, molar mass, density and refractive index, respectively.
The subscripts i and m represent pure components and mixture, respectively.

Table 3. Coefficients of Equation (5) of the pure components at 7=298.15-313.15K.

A] Az A3
THF 909.312 —0.068 —0.001
1-Hexanol 832.437 —0.634 —0.001
1-Heptanol 834.285 -0.572 —0.002
1-Octanol 829.864 —0.045 —0.011
1-Nonanol 840.208 —0.594 —0.001
1-Decanol 848.499 —0.969 0.004

Table 4. Isobaric expansion coefficients of pure components at 7=298.15-313.15K.

o (kK™Y
T=298.15K T=303.15K T=308.15K T=313.15K
THF 1.241 1.255 1.269 1.283
1-Hexanol 0.862 0.883 0.904 0.925
1-Heptanol 0.823 0.852 0.881 0.910
1-Octanol 0.826 0.845 0.865 0.884
1-Nonanol 0.810 0.839 0.853 0.875

1-Decanol 0.821 0.830 0.838 0.847
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Values of VE, An, kf, uP and AR,, have been fitted by the method of least squares to
a Redlich—Kister polynomial-type equation [10],

n
Y =x1x2 Zaj—l(xl —x)/ 1, (10)
=

where Y refers to the property, and x; and x, are the mole fractions of pure components 1
and 2, respectively. a;_; are the polynomial coefficients, and n is their number.
The correlated results in each case are shown in Table 5, in which the tabulated SD o,
was defined as:

I:Z (Yexp - Ycal)z] " (1 1)
7= (N—n) :

where N is the number of data points and 7 is the number of the coefficients. Yc, and Yy,
denote the experimental and calculated values of Y, respectively.

The excess molar volume (VF) for the binary mixtures at 298.15 K is shown in Figure 1.
All the five systems exhibit a positive deviation, with an increasing in the deviation with
the molecular size of 1-alkanols from hexanol to decanol. This may indicate that when the
mixtures are created the excess free volume increases with increasing chain length of
l1-alkanols owing to the decrease in their polarisability [26].

Figure 2 shows the equimolar excess molar volumes ¥ ¥(x; =0.5), of THF + l-alkanols
mixtures, against number of carbon atoms of I-alkanols (n). The results show that the
deviation of V¥ increases with the increase of chain length of 1-alkanols, and so it does
with the increase in temperature.

The comparison of V* (x;=0.5) values for the binary mixtures of aromatic ether,
(anisole +1-hexanol, or 1-heptanol, or 1-octanol) studied by Weng [27] with corresponding
values for the binary mixtures of the cyclic ether (THF + 1-hexanol, or 1-heptanol or
I-octanol) in the present work at 303.15 and 313 K, shows a similar trend of behaviour for
both studies.

The values of Ay, ARy, u°, kE, and their representations by Equation (10) are plotted
against x; in Figures 3-6.

The deviations of the speed of sound (#) and molar refraction deviation (AR,,) at
298.15K over the whole composition range for all the mixtures, are positive and show
a systematic trend with the size of the Il-alkanols in the sequence: 1-decanol >
I-nonanol > 1-octanol > 1-heptanol > I-hexanol. While the deviations in viscosity An
and the excess isentropic compressibilities (kF), respectively displayed in Figures 3 and 6,
are negative and exhibit a systematic trend with the size of the 1-alkanols. The k£ and AR,
data of the five binary mixtures shows a maximum in the following order: 1-decanol >
I-nonanol > 1-octanol > 1-heptanol > 1-hexanol.

With increasing temperature the values of k¥ increases, while uP values decrease with
the same dependencies and systematic variation. The curves are not presented to avoid
overcrowding.

The speeds of sound have been estimated for the present binary mixtures at 298.15K,
using the CFT and the FLT. The experimental data of speed of sound at equimolar
compositions in all binary mixtures at 298.15K are compared with the corresponding
theoretical values of speed of sound wugpt and ucpr in Table 6. The values of SDs o,
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Figure 1. Excess molar volumes (V'F) for the binary mixtures: <, THF + hexanol; [, +heptanol;
A, +octanol; O, +nonanol; +, +decanol at 298.15K; solid line (Redlich—Kister).
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Figure 2. Equimolar excess molar volume (VF), against the number of carbon atoms n of 1-alkanols
for binary mixtures of THF (1)+ l-alkanol (2) at: <, 298.15K; [, 303.15K; A, 308.15K;
x, 313.15K.

for each individual mixture are also included in Table 6. The analysis of standard
percentage deviations of ucpr and upp t reveals that their values are in the range from 0.06
to 1.04 and from 2.24 to 3.40, with average values of 0.42 and 2.93, respectively. These
values show that the CFT of Schaaffs is more appropriate for prediction of sound speed
data for presently investigated mixtures.
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Figure 3. Viscosity deviation An, for the binary mixtures at 298.15 K. Symbols are the same as those
given in Figure 1.
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Figure 4. Molar refraction deviation AR, for the binary mixtures at 298.15K. Symbols are the
same as those given in Figure 1. Solid lines correspond to R, calculated by Lorentz—Lorsnz
equation.

The results obtained for viscosity of binary mixtures were used to test the semi-
empirical relations of the three-body and the four-body McAllister as reported in our
previous work [7]. The correlation parameters and SDs for the proposed equations are
shown in Table 7. The average SDs show that these relations predict viscosities adequately
for the systems under study. The best correlation method giving, relatively, lowest SD is
found to be the McAllister four-body equation, with SD (o) range from 0.0014 to 0.0079.

The experimental refractive index data (speyp,) of THF 4 1-alkanol binary mixtures
at temperature range from 298.15 to 313.15K were compared with the corresponding
calculated values (npea) using the Lorentz—Lorenz and Gladstone—Dale equations with
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Figure 5. Deviation of the speeds of sound up from their ideal values for the binary mixtures:

at 298.15K. Symbols are the same as those given in Figure 1. Solid line (Redlich—Kister).
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Figure 6. Deviation in isentropic compressibility k£ vs. mole fraction of THF at 298.15 K. Symbols
are the same as those given in Figure 1. Solid line (Redlich—Kister).

Table 6. Comparison of speeds of sound estimated from the CFT and FLT with those observed
experimentally for the binary mixtures at 298.15K.

Uexp (M s ucrr (ms™") o (%) upp (ms™) o (%)
THF (1) + 1-hexanol 1287.02 1286.60 0.06 1331.76 3.40
THF (1) + 1-heptanol 1300.53 1298.27 0.07 1335.43 2.82
THF (1) + l-octanol 1312.05 1316.72 0.09 1354.03 2.24
THF (1) + I-nonanol 1330.22 1333.59 1.04 1350.83 3.15
THF (1) + I-decanol 1346.85 1342.50 0.86 1361.80 3.05
Average standard 0.42 2.93

percentage deviation
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average deviations of 18 x 107>, 26 x 107>, 19 x 107>, 24 x 107> and 28 x 107>, 33 x 1072,
29 x 107>, 37 x 107> at 298.15, 303.15, 308.15 and 313.15K, respectively. The mixing rule
proposed by Lorentz—Lorenz equation is more suitable for prediction of our data.

4. Conclusions

In this work, we have measured the liquid densities, viscosities, refractive indices and
speeds of sound of THF + l-hexanol, or 1-heptanol, or l-octanol, or 1-nonanol, or
I-decanol binary mixtures at temperatures between 298.15 and 313.15K. Excess molar
volume, deviation in speed of sound, excess molar isentropic compressibility, deviations in
the molar refractivity and viscosity deviation for binary mixtures have been calculated and
fitted to a Redlich—Kister equation. The excess molar volume, deviation in speed of sound
and molar refraction deviation showed a positive behaviour, while the excess isentropic
compressibility and the deviation in viscosity exhibited negative behaviour for the systems
under investigation. Examination of the standard percentage deviation between the
experimental and the theoretical values of speed of sound showed a better prediction using
the CFT. The four-body McAllister equation provided more adequate representation of
viscosities data than other semi-empirical relation tested for the present binary mixtures.
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