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Densities, Viscosities and Refractive Indices of Ternary
System Cyclohexane + Cyclohexanol + Cyclohexanone at
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Densities (ρ), viscosities (η) and refractive indices (nD) of the ternary system cyclohexane + cyclohexanol
+ cyclohexanone were measured at 293.15, 298.15 and 298.15 K and atmospheric pressure, over the
whole composition range. The experimental values of densities and viscosities were correlated with
temperature using a linear equation and Guzman equation respectively. Viscosity results were fitted with
Grunberg-Nissan equation and Heric-Brewer equation. Different refractive index mixing rules (Arago-Biot,
Dale-Glastone, Newton and Lorentz-Lorenz) were studied for this ternary system. The functions of activation
of viscous flow were also calculated and their variations with compositions have been discussed.
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Thermophysical properties of multi-component liquid
mixtures are essential for process designing as well as for
understanding structural and packing changes of
molecules in mixtures. The design and operation of
processes that involve non-electrolyte mixtures require
knowledge of rigorous models or experimental data to
represent the non-ideality of mixtures [1].

Density, viscosity and refractive index are the
physicochemical properties which provide important
information, useful for different problems in chemical
engineering in order to develop industrial processes, as well
as for database applications and model formulations [2].
The correct values of liquid density are important because
they are involved in the equations of heat, mass and
momentum transfer [3].

Cyclohexane is widely used as a solvent, polar additive,
dilution initiator, structure regulator and active additive in
the synthesis of copolymer, resins and rubber [4].

Cyclohexanol finds applications as an intermediate
substance in the production of nylon and plasticizers. It
acts as a stabilizer in soap and detergent making and as a
solvent in paint and textile industries [5].

Cyclic and linear alcohols are associated through the
hydrogen bond in the pure state as well as in mixtures. The
degree of association in alkanols containing cyclic alkyl
group is very low due to steric factors [6].

Cyclic ketones are important intermediates in the
synthesis of many organic compounds important for the
chemical, pharmaceutical, and cosmetic industries [7-9].

Cyclohexanone can be used as raw material in the
production of cycloalkanes, caprolactam and the
monomers used for the synthesis of Nylon 6 and 66 [10,11].

This paper reports densities, viscosities and refractive
indices of ternary mixtures of cyclohexane + cyclohexanol
+ cyclohexanone as function of composition at 293.15,
298.15 and 303.15 K and atmospheric pressure. A literature
survey has shown that the thermophysical properties for
the ternary system studied have not been reported.

Experimental part
The chemicals cyclohexane (mole fraction purity >

0.997) was supplied by Merck, cyclohexanol (mole fraction
purity > 0.998) and cyclohexanone (mole fraction purity
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> 0.98) were obtained from Chemical Company. The purity
was verified by chromatographic analysis. The mole
fractions were determined by weighing with a precision of
± 10-4 g. The experimental error in mole fraction is
estimated to be ± 0.0001.

The densities of the pure components and of the ternary
solutions are measuring using a calibrated glass
pycnometer having a bulb volume of 10 cm3. The
pycnometer filled with a liquid was kept in a
thermostatically bath (maintained constant to ± 0.05 K)
for 15 min to achieve thermal equilibrium [12]. The
estimated uncertainty for density was ± 0.0003 g cm-3.

Viscosities were determined with an Ubbelohde
kinematic viscometer [13] that was kept in a vertical
position in a thermostatically bath (U 10 constant to ±
0.05 K).

The kinetic viscosity was calculated using the relation:
                                                             (1)

where ν is the kinematic viscosity, t (s) is its flow time in
the viscometer, and A and B are characteristic constants
of the used viscometer. The constants A and B were
determined by using bidistilled water and benzene as the
calibrating liquids. Accuracy of time measurement is ±
0.01s.

The dynamic viscosity was determined from the
equation:

                                     (2)

where ρ  is the density of the liquid. The precision of the
viscosity to be ± 0.0004 mPa s. The refractive indices of
pure liquids and their ternary mixtures were measured using
a thermostatted Abbe refractometer. Calibration of the
instruments was done by measuring the refractive indices
of double-distilled water and toluene at known
temperature. The values of refractive index were obtained
using sodium D light.

The temperature of the test liquids between the prism
of refractometer during the measurements was
maintained to an accuracy of ±0.05 K by circulating water
through the jacket around the prism from a controlled
thermostatic bath and the temperature was measured with
an digital thermometer connected with the prism jacket
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Table 2
EXPERIMENTAL VALUES FOR DENSITIES (ρ)

OF THE CYCLOHEXANE (x1) +
CYCLOHEXANOL (x2) + CYCLOHEXANONE

SYSTEM

Table 3
EXPERIMENTAL VALUES FOR VISCOSITIES (η) OF THE

CYCLOHEXANE (x1) + CYCLOHEXANOL (x2) +
CYCLOHEXANONE SYSTEM

Table 1
EXPERIMENTAL AND LITERATURE VALUES FOR DENSITIES (ρ) AND VISCOSITIES (η) AND REFRACTIVE INDICES (nD)

OF THE PURE COMPONENTS

[14]. The error in refractive indices measurements was
less than 0.0002 units. Each measurement was repeated
at least three times and the results were averaged.

Results and discussions
The measured densities, viscosities and refractive

indices of the pure components are presented in table 1.
Cyclohexane densities values reported in the literature

differ than our values with a maximum 0.1%. For
cyclohexanol, densities values published in the literature
differ from our experimental data with a maximum 0.11%

and for cyclohexanone values differ with maximum 0.04%.
Viscosity values reported in the literature differ than our
data with a maximum 0.95% for cyclohexane, with
maximum 2.8% for cyclohexanol and for cyclohexanone
with maximum 1.2%.

The differences between measured and literature data
of refractive indices are less than 0.02% for cyclohexane,
less than 0.01% for cyclohexanol and maximum 0.05% for
cyclohexanone. The densities, viscosities and refractive
indices of the ternary mixtures of cyclohexane +
cyclohexanol + cyclohexanone are reported in tables 2-4.
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Table 4
EXPERIMENTAL VALUES FOR REFRACTIVE INDICES (nD)
OF THE CYCLOHEXANE (x1) + CYCLOHEXANOL (x2) +

CYCLOHEXANONE SYSTEM

Table 5
PARAMETERS FOR DENSITY DATA, STANDARD

DEVIATION AND CORRELATION SQUARE
COEFFICIENT FOR

 CYCLOHEXANE (x1) – CYCLOHEXANOL
(x2) - CYCLOHEXANONE

Densities of the pure components and ternary mixtures
were correlated with temperature using the relation [22]:

                   (3)

Viscosities of the pure compounds and ternary solutions
were correlated with temperature using the equation [22]:

                                                                      (4)

where ηo and  are the adjustable parameters.
The adjustable parameters of these equations were

estimated using the experimental data and a nonlinear
regression analysis employing the Levenberg-Marquardt
algorithm [23]. Tables 5 and 6 shows the fitting parameters
along with the correlation square coefficient (r2) and
standard deviation (σ) calculated with equation:

                                                  (5)

where X is the value of the analysed property, m is the
number of data points and n is the number of estimated
parameters.

The values of the standard deviation (σ) and the
correlation square coefficient (r2) indicate that the equations
tested are able to correlate good the experimental values
of the densities and viscosities.

Viscosity data modeling
The viscosity correlation equations used for binary

mixtures have been extended to ternary systems by
introducing ternary adjustable parameters. The correlating
ability of the Grunberg-Nissan equations with three binary
parameters and respectively four parameters (three binary
and one ternary) and also of the Heric-Brewer equation
was tested in this work.
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Table 6
PARAMETERS FOR VISCOSITY DATA,

STANDARD DEVIATION AND
CORRELATION SQUARE

COEFFICIENT FOR  CYCLOHEXANE
(x1) -CYCLOHEXANOL (x2) -

CYCLOHEXANONE

     (8)

Table 7
PARAMETERS FOR EQUATIONS OF

GRUNBERG-NISSAN AND HERIC-BREWER
AND STANDARD DEVIATIONS AT DIFFERENT

TEMPERATURE

The Grunberg-Nissan equation [24] with three binary parameters is:
                              (6)

The Grunberg-Nissan equation [24] with four parameters is:
                                     (7)

The Heric-Brewer equation [25] for ternary system is:

In the equations 6-8 η, and η1,  η2,  η3 are the dynamic
viscosities of the liquid mixtures and of the pure
components 1, 2 and 3,  x1, x2, x3 are the mole fractions, M1,
M2 and M3 are the molecular masses, T  is the temperature;
d12, d13, d23, α 12, α 21, α 13, α 31, α 23, α 32 are the binary
parameters and  d123, α123  are the ternary parameters. These
coefficients were estimated using the experimental
viscosity data and a non-linear regression analysis
employing the Levenberg-Marquardt algorithm [23].

Table 7 shows the parameters calculated and the
standard deviations (σ) calculated using the equation 5,
where Xexp is the experimental viscosity, Xcalc is the
calculated viscosity and n is the number of adjustable
parameters. Figure 1 shows experimental and calculated
values (equations 6-8) of viscosities at 298.15 K.

As can be seen in figure 1 the values calculated with the
Heric-Brewer equation are closer to the bisector of the
diagram which shows that this equation can be used with
good results for the correlation of viscosity.
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Fig. 1. Calculated viscosity (  G-N (1),
◊ G-N (2), !H-B) versus experimental viscosity (continuous line)

at 298.15 K
Fig. 2. Calculated refractive index (  A-B, ◊  D-G, ∆ Nw, •  L-L)

versus experimental refractive index (continuous line) at 298.15 K.

Table 9
VALUES OF ∆G#, ∆H#, ∆S#

FOR CYCLOHEXANE (x1) +
CYCLOHEXANOL (x2) +

CYCLOHEXANONE SYSTEM

Table 8
VALUES OF STANDARD DEVIATION OF MIXING RULES

A-B, D-G, NW, L-L

Modeling refractive index data
The refractive indices were compared with the

predicted results from the mixing rules proposed by Arago-
Biot, Dale-Glastone, Newton and Lorentz-Lorenz [26-30]:

Arago - Biot (A-B):

(9)

Dale - Glastone (D-G):

(10)
Newton (Nw) :

(11)
Lorentz - Lorenz (L-L):

 (12)

where nD, nD1, nD2, nD3 are the refractive indices of the
solution, of component 1, 2 and 3 respectively, and φ1,  φ2
and φ3  are the volume fractions for component 1, 2 and 3
respectively.

Table 5 shows the standard deviation values calculated
with the equation 5, where Xexp is the experimental
refractive index and Xcalc is the calculated refractive index.
Figure 2 shows experimental and calculated values
(equations 9-12) of refractive indices at 298.15 K.

From the data presented in table 8, it can be noticed
that the Lorentz-Lorenz equation shows the lowest values
of the standard deviation for 293.15 and 303.15 K. For
298.15 K the Arago-Biot, Dale-Glastone and Lorentz-Lorenz
equations have the same standard deviation value. These
results show the Lorentz-Lorenz is the best equation to
estimate the refractive index of this ternary system.
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Thermodynamic functions of activation
The energies of activation of viscous flow were

calculated with equation:

                                                        (13)

                                                  (14)
where:
and η  is viscosity of a liquid mixtures, h is Planck‘s
constant, N  is Avogadro‘s number, V  is the molar volume
of the solution, R  is general gas constant, T  is temperature,
∆G#, ∆H# and ∆S# are the molar Gibbs energy, enthalpy
and entropy of activation of viscous flow.

The plots of ln(ηV/hN) vs 1/T are linear in the
temperature range 293.15 to 303.15 K and the values of
∆H# and ∆S# were obtained by the corresponding slopes
and the intercepts. The values of ∆G# were calculated with
equation 14. The values of thermodynamic functions of
activation of viscous flow as a function of composition are
presented in table 9.

The values of ∆G# and ∆H# are positive for the ternary
system of cyclohexane + cyclohexanol + cyclohexanone
suggesting specific interactions, like H-bonding, between
solution components. These values increase with the
cyclohexanol concentration of solution at temperature
constant. The values of the activation entropy of viscous
flow are positive for cyclohexanol and negative for
cyclohexane and cyclohexanone showing that overall
molecular order due to activated complex formation
increase for non-associating component and decrease in
case of alcohol due the breaking of H-bonds. The positive
∆S# values are obtained for solutions concentrated in
cyclohexanol and become negative with decreasing its
concentration in solution. These positive values of ∆S# for
cyclohexanol and for the solutions concentrated in alcohol
show a less overall molecular order due to activated
complex formation for viscous flow.

Conclusions
The densities, viscosities and refractive indices of ternary

mixtures of cyclohexane + cyclohexanol + cyclo-
hexanone were measured experimentally at three
temperatures (293.15, 298.15 and 303.15 K) over the entire
composition range. The density and viscosity of the
solutions studied in this paper can be correctly estimated
at different temperatures using a linear equations and
Guzman equation respectively.

Grunberg-Nissan with three parameters and four
parameters and Heric-Brewer models have been used to
calculate viscosity coefficients and these were compared
with experimental data for the ternary mixtures. The results
of these correlations indicate that Heric-Brewer model is
the best to describe viscosities of the ternary mixtures.
Four mixing rules were tested to estimate the refractive
index and these results were compared with the
experimental values. The best results were obtained using
the Lorentz-Lorenz equation. The energies of activation of
viscous flow were calculated. The values of ∆H # and ∆G #
are positive at all of the temperatures and in the whole

concentration range. The values of ∆S # are positive for
cyclohexanol and solutions concentrated in cyclohexanol
and negative for cyclohexane, cyclohexanone and
solutions diluted in alcohol.
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