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Densities (p), viscosities (n) and refractive indices (|

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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> (.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* 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 cm?®. 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?.

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:

v = At — B/t €h)
where v is the kinematic viscosity, ¢ (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:

n=vp @
where p is the density of the liquid. The precision of the
viscosity to be + 0.0004 mPas. 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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[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.

Table 1
EXPERIMENTAL AND LITERATURE VALUES FOR DENSITIES (p) AND VISCOSITIES (n) AND REFRACTIVE INDICES (nD)
OF THE PURE COMPONENTS

REV.CHIM.(Bucharest)¢ 70¢ No. 4 ¢ 2019

http://www.revistadechimie.ro

Component | 'K ! a7 gom” #/mPas HD
Exp Lit Exp Lit Exp Lit
Crclohexane 0515 07T - T 06E0 - 13756 5
T8 13 07T 077IEINE) VR LT S VTV )| 14238 T T AI3516]
30515 07683 0. 7TRO1[15] U161 UE[I3] {4277 -
Cyclohexandl PIER B 0908 - FTI03 - 11655 -
TR 13 (0461 GOASTATT]TST0841 - L4643 T 46517
30515 00430 00418[18] Lo O N 1 L) A W T :
Cvclohexanone 0315 0363 LB EEE )| T30 I331E[E] 4300 n
TR (0430 0042901 Y0835 T L T0TA[E] 4405 T 4503[1]
TTTR0E S 00300 0.0403[8] {70030 {0043[8) 14182 :
i Density [ gem™
xn Xz Temperature /K
PLER B 10315 0515
00081 01053 70301 00764 Pk
0.1462 0.1740 0.9221 0.0178 0.0139
0.1957 0.2005 0.9139 0.0082 0.0040
02161 02200 0.9096 0.0043 0.0006
02086 03049 0.8934 0.8885 0.8848 Table 2
0.3993 0.3973 0.8796 0.8744 0.8704 EXPERIMENTAL VALUES FOR DENSITIES (p)
04484 04574 0.8700 0.8657 0.8616
0.1079 0.7868 0.9205 0.9260 0.0216 OF THE CYCLOHEXANE (x,) +
0.1501 0.6956 0.9231 0.0176 00135 CYCLOHEXANOL (x,) + CYCLOHEXANONE
0.1994 0.5982 0.9141 09091 0.9052 SYSTEM
02514 0.4950 0.8994 0.8961 0.8926
02082 0.4027 0.8908 0.8866 0.8821
03004 0.1950 0.8780 0.8736 0.8700
0.4455 0.1039 0.8703 0.8644 0.8600
0.8128 0.0022 0.8092 0.8027 0.7983
0.5852 02030 0.8468 0.8411 0.8351
0.6004 0.2018 0.8446 0.8390 0.8346
0.4965 02535 0.8612 0.8560 08522
03000 0.2065 0.8732 0.8606 0.8659
01956 0.4168 0.9111 0.8075 0.0037
0.1002 0.4500 0.9304 0.0254 00211
i Viscosity /mPa s
xn ! x Temperature /K
TS T I0ET5 0315
00081 01053 TI056 T L1608 10403
0.1462 0.1740 26400 | 22019 2.0503
0.1957 0.2005 25076 | 22597 2.0188
02161 0.2200 26400 | 23317 21027
02086 0.3049 20022 | 2579 13532
03003 03973 35716 | 3.0623 2.6505
04484 0.4574 41066 | 35153 29738 Table 3
g.:?;‘i* g;ﬁ{ﬁ 11?31% 193.33414869 1'16[216'131 EXPERIMENTAL VALUES FOR VISCOSITIES () OF THE
13 683 . . 7.643 + +
01994 0.5082 78686 | 6.6811 55135 cvcm%xgg:gx Aﬁgﬁgﬂ?éﬂ OL (x,)
02514 0.4950 S1674 | 43432 3.8057
02082 0.4027 38431 | 32030 2.8744
03004 0.1950 22103 | 19500 1.7397
0.4455 0.1039 17404 | 16233 1.4578
0.8128 0.0022 12732 | 11977 1.0697
05852 0.2030 18010 | 17588 1.5767
0.6004 0.2018 18776 | 1.7033 1.5580
0.4065 0.2535 23603 | 20159 1.8080
03000 0.2065 28013 | 24008 21535
01956 0.4168 44200 | 37218 3.3302
0.1002 0.4500 48115 | 41473 3.5836
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Pefractive index
xn x Temperature /K

PLENE 0813 30513
0.0081 0.1033 14513 14498 1.4485
0.1462 0.1740 1.4500 1.4436 1.4473
0.1957 0.2005 1.4494 1.4432 1.4470
0.2161 0.2200 1.4490 14478 1.4464
0.2086 0.3049 1.4485 14470 1. 4460
0.3943 03973 1.4480 1.4452 1.4452
04484 04574 1.4458 1.4446 1.4436
0.107% 0.7868 1.4595 1.4383 1.4368
0.1501 0.6936 14578 1.4363 1.4332
0.1994 0.5982 14551 1.4540 1.4325
02514 0.49350 14533 1.4518 1.4502
02082 0.4027 1.4495 1.4434 1.4470
0.3004 0.1930 1.4450 1.4444 1.4426
0.44335 0.103% 1.4408 1.4384 1.4382
0.8128 0.0922 1.4347 1.4334 1.4320
0.5832 0.2030 1.4400 1.4387 14372
0.6004 0.2018 1.4394 1.4381 1.4368
0.4063 0.2535 1.4427 1.4418 1.4402
0.3000 0.2963 1.4458 1.4443 1.4430
0.1936 0.4168 14532 1.4520 1.4502
0.1002 0.4509 14548 1.4336 1.4322

Table 4
EXPERIMENTAL VALUES FOR REFRACTIVE INDICES (n,)
OF THE CYCLOHEXANE (x,) + CYCLOHEXANOL (x,) +
CYCLOHEXANONE SYSTEM

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

p=ag+a,T
Viscosities of the pure compounds and ternary solutions
were correlated with temperature using the equation [22]:

Eg

n = ngekT

©)

4)

where n_and E,, 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 (r?) and
standard deviation (o) calculated with equation:

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 (o) and the
correlation square coefficient (/) 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.

1/2
o= Fl:.raxp'-’fcak']z] / (5)
m-n

X1 X1 an ITF 10*g 7 g em™ =

i ] 10357 = 376 15045

) 1 11785 7y 163 00087

] ] 11330 %4 000 10000
00981 T 0105y 11071 30 108 10557
01462 | 0.1740 1.1624 22 163 0.9984
0.1957 | 02005 12038 89 £.12 0.9848
02161 | 02200 1.1731 9.0 6.53 0.9791
02086 | 03049 1.1453 26 490 0.0871
03993 | 03973 1.1491 02 4.00 0.0887 Table 5
g-ﬁﬁ‘* 04374+ 11162 -84 0.82 0.9996 PARAMETERS FOR DENSITY DATA, STANDARD

1079 | 0.7%6% 11523 76 2.44 0.9958

01501 | 06956 12012 05 530 00876 DEVIATION AND CORRELATION SQUARE
0.1994 | 05082 1.1748 29 4489 0.9800 COEFFICIENT FOR
02514 | 04950 1.0087 68 0.82 0.9554 CYCLOHEXANE (x,) - CYCLOHEXANOL
02082 | 04027 1.1458 27 122 0.9962 (x,) - CYCLOHEXANONE
03904 | 0.1050 1.1123 20 326 0.0034
04455 | 0.1039 11719 103 £.12 0.9260
08128 | 0.0022 11283 109 2.57 0.9756
05852 | 02030 1.1268 116 163 0.9962
06004 | 02018 11375 -10.0 490 0.9904
04965 | 02333 1.1248 9.0 5.71 0.9840
03990 | 02065 1.0002 74 0.00 1.0000
0.1956 | 04168 1.1280 74 0.82 0.0005
01002 | 04509 ¢ 120201 83 .86 0.9962
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x X1 1% 10 L Tk molT 7/ mPas I

i 0 SERY 1% 0005 00033

0 1 205 307 1.517 08783

0 ] (R 141 D03 05593
0-098T 0.1053 68 1331 o0 00598
0.1452 0.1740 103 19.1 0.027 09918
0.1957 02003 11.7 128 0.021 0.0943
02161 0.2200 226 172 0.020 0.0040 Table 6
0.2084 0.3049 77 15.6 0.024 0.9926 PARAMETERS FOR VISCOSITY DATA,
0.3993 03973 416 221 0.003 0.8800 STANDARD DEVIATION AND
044584 04574 246 2537 0024 0.5981 CORRELATION SQUARE
0.1078 0.7868 0.083 334 0.129 05983 | COEFFICIENT FOR CYCLOHEXANE
0.1501 0.6956 0.43 303 0.013 0.9998 (x.) -CYCLOHEXANOL (x,) -
0.1994 0.5982 1.86 26.0 0.092 0.0938 1 2
02514 0.4050 432 120 0.061 00021 CYCLOHEXANONE
0.2982 0.4027 552 213 0.017 0.0087
0.3904 0.1930 15.3 17.7 0.003 0.59596
0.4455 0.1039 281 129 0.027 0.9646
0.8128 0.0922 726 12.6 0.026 0.9343
0.5852 02030 833 132 0.028 09678
0.6004 02018 63.7 138 0.004 0.9994
0.4965 02333 539 200 0.037 0.9827
0.3000 0.2063 2.74 107 0.033 0.0206
0.1956 0.4168 743 211 0.090 09728
0.1002 0.4309 .41 217 0.004 0.999%

The Grunberg-Nissan equation [24] with three binary parameters is:
Inn = x;inn; + x.Inn, + xglnng + xyx.d15 + x3x3d55 + x0x3d05 (6)
The Grunberg-Nissan equation [24] with four parameters is:

@

Iny = wylnm, — vyl + 5 gy + vy ¥ady, + 0y ¥ad g + ¥oxgfyy + 1 X% )5

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

Inn = x;lnny + x.lnn, + x3lnns + oy InM; + x,InM, + x5lnM,

—In(x;M; + x;M; + x3M3) + x;x5 (a5 + az; (x; — x3)]

®

+oayxgfays +oagy (g — x3)] + xaxz[@as + @za (2 — x3)] + x3x0 230525

In the equations 6-8 n, and n,, n,, n,are the dynamic
viscosities of the liquid mixtures and of the pure
components 1,2and 3, x,, X,, x, are the mole fractions, M,
M,and M, are the molecular masses, T is the temperature;
d, dg O, o, o, d, a,d, a,are the binary
parametersandd,,,, ., 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 (o) calculated using the equation 5,
where X__is the experimental viscosity, X__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.

Equation Parameters and Temperature | £
7 (mPas) 315 | 2RI 30513
Grunberg Nissan with B TI380 | 23517 | 13006
three parameters s 0.1997 04358 04902
G-N (D) drs 26336 | -29466 | -2.8043
g 0.029 0.036 0.042
Grunberg-INissan with dha 23721 23135 -2 6800 Table 7
four parameters a3 -0.0387 0.2254 0.0925 PARAMETERS FOR EQUATIONS OF
GNQ@) s 28463 | -3.1476 -3.1574 GRUNBERG-NISSAN AND HERIC-BREWER
dizs 23617 | 24213 42903 AND STANDARD DEVIATIONS AT DIFFERENT
g 0.027 0.033 0.037
o TIWE [ 1535 | 23786 TEMPERATURE
an 28717 | 15984 23572
an 03400 | -0.2671 -0.4457
Heric-Brewer a1 28334 | 09158 | -14429
(H-B) ax 29333 | 29248 | 28443
12 35486 | 00957 0.6828
as 32183 | 23528 40364
s 0.020 0.024 0.024
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Caloulnted wise ogity ¢ mPa g

4 #f'f
2 Bﬁq
0 /}
0 2 4 8 Y 10 12 14 18 18

Exparimental viscosity / mPas
Fig. 1. Calculated viscosity ( G-N (1),
¢ G-N (2), AH-B) versus experimental viscosity (continuous line)
at 298.15 K

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):

Np = Npi1@y + Npags + npss ©
Dale - Glastone (D-G):

ng —1= (ﬂm - 1]951 + (nnz - 1]¢'2 + (”ns - 1]¢‘3

(10)
Newton (Nw) :
np—1=(nj; — Dy +(nf; — 1), + (npz — )¢5
1)
Lorentz - Lorenz (L-L):
np-1 _ (nh, nhy=1 nhy—1
np42 (nbl )qb‘ (n‘5=+z)¢3 + (,;b#:)‘if’s (12)

where n,, n,, n,, n,,are the refractive indices of the
solution, o component 1,2 and 3 respectively, and @, @
and ¢, are the volume fractions for component 1, 2 and 3
respectlvely

Calculated refractive index

1.430 1435 1.440 1.445 1.450 1.456 1.460

Experimental rafractive indsx
Fig. 2. Calculated refractive index ( A-B, ¢ D-G, A Nw, ® L-L)
versus experimental refractive index (continuous line) at 298.15 K.

Table 8
VALUES OF STANDARD DEVIATION OF MIXING RULES
A-B, D-G, NW, L-L
o 1i?
Tempv.;:r{atm‘e." Equation
AB T DG Nw L.L
20315 o3y T 033 JEE) g1
20815 i o) 220 8.72
30315 T T TET 70

Table 5 shows the standard deviation values calculated
with the equation 5, where X__is the experimental
refractive index and X is the calCulated refractive index.
Figure 2 shows experlmental 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.

1 11 A K mel? ARF] ATET
0315 10815 0315 Kmol! | JmolK?!

i ] 130 13755 331 DL 1008

0 1 23.78 23.67 2356 3023 21.99

0 0 1488 14.93 14.97 12.26 207
0.0981 0.1053 15.88 15.90 15.93 1459 542
0.1462 0.1740 16.13 16.11 16.08 17.63 5.00
0.1957 | 02003 16.11 16.10 16.09 17.02 3.07 Taple9
02161 0.2200 16.12 16.19 1620 15.63 187 VALUES OF AG*, AH", AS
0.2985 0.3049 16.46 16.50 16.35 14.07 817 FOR CYCLOHEXANE (x,) +
0.3993 0.3973 19.46 10.44 1042 20.47 3.46 CYCLOHEXANOL (x,) +
0.4484 0.4574 17.41 1732 17.24 2242 17.08 CYCLOHEXANONE SYSTEM
0.1079 0.7868 20,78 20.56 20.33 33.97 45.00
0.1501 0.6856 19.75 1959 1944 28.90 31.20
0.1994 05982 12.96 18.75 12.65 24 83 20.38
02514 0.4950 1726 17.80 17.73 21 51 12.44
01,2082 0.4027 1717 17.12 17.07 20.01 9.70
0.3904 0.1850 15.85 15.84 15.84 16.34 165
0.4455 0.1039 1531 15.38 15.44 11.30 1367
0.8128 0.0922 14.77 14.83 14.90 10.84 -13.38
0.5852 0.2030 15.59 15.67 15.74 11.35 -14.46
0.6004 0.2018 15.57 15.63 15.69 11.99 1219
01,4965 0.2533 16.06 16.02 15.08 12.16 718
01,3999 0.2863 16.45 16.42 16.39 12.12 582
0.1956 04168 17.42 1738 1735 19.55 727
0.1002 0.4509 1758 1754 1749 2027 516
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Thermodynamic functions of activation
The energies of activation of viscous flow were
calculated with equation:

n =" e (5r) )

AG*" = AH® — TAS* (14)
where:
and n 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,
AG*, AH* and AS* are the molar Gibbs energy, enthalpy
and entropy of activation of viscous flow.

The plots of In(nV/hN) vs 1/T are linear in the
temperature range 293.15 to 303.15 K and the values of
AH? and AS* were obtained by the corresponding slopes
and the intercepts. The values of AG* 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 AG* and AH* 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
AS* values are obtained for solutions concentrated in
cyclohexanol and become negative with decreasing its
concentration in solution. These positive values of AS* 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 AH# and AG*
are positive at all of the temperatures and in the whole

REV.CHIM.(Bucharest)¢ 70¢ No. 4 ¢ 2019
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concentration range. The values of AS *are positive for
cyclohexanol and solutions concentrated in cyclohexanol
and negative for cyclohexane, cyclohexanone and
solutions diluted in alcohol.
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