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Phase diagrams of mixtures consisting of (cyclohexane + cyclohexanone + dimethyl sulfoxide) and
(cyclohexane + cyclohexanol + dimethyl sulfoxide) were obtained at a temperature of 303.2 K. Nonrandom
two-liquid and UNIQUAC models applied to both ternary systems produced interaction parameters that
were well-correlated with the equilibrium compositions. These parameters enable the prediction of (liquid
+ liquid) equilibrium mixtures with either cyclohexanone or cyclohexanol.

1. Introduction

Cyclohexanone and cyclohexanol are typically synthesized
by the catalytic oxidation of cyclohexane.1 Their main purpose
is as precursors for caprolactam, the monomer for nylon 6, and
adipic acid, the intermediate chemical for nylon 66 and
polyurethane resins.1 The ratio of cyclohexanone to cyclohex-
anol can be controlled by adjusting the production parameters.
A high mass fraction of cyclohexane is preferred for caprolactam
production, while high cyclohexanol mass fraction is preferred
for adipic acid production. Studies of the equilibrium of
(cyclohexane + cyclohexene + water + cyclohexanol) and
(cyclohexane + cyclohexene + water + cyclohexanol +
methanoic acid + cyclohexyl ester) have been reported in the
literature.2,3 However, cyclohexanone and cyclohexanol were
found to act as solvents in most of the (liquid + liquid)
equilibrium data. (Liquid + liquid) equilibrium studies have
been performed using an aqueous solution of methanoic acid,
propionic acid, 2-hydroxypropanoic acid, 3-methylbutanoic acid,
4-oxopentanoic acid, tetrahydrofurfuryl alcohol, and phosphoric
acid with 1-hexanol in the cyclohexanone solvent system.4-10

Systems containing cyclohexanol with an aqueous solution of
1,4-butanediol, 1-propanol, 2-propanol, nitromethane, pyridine,
and 2-ethyl-2-hydroxymethyl-1,3-propandiol have also been
discussed.11-16

In this work, the (liquid + liquid) equilibria of {cyclohexane
+ cyclohexanone + dimethyl sulfoxide (DMSO)} and (cyclo-
hexane + cyclohexanol + DMSO) were studied the mixture.
Tie lines were measured for both ternary mixtures, (cyclohexane
+ cyclohexanone + DMSO) and (cyclohexane + cyclohexanol
+ DMSO). The results of the measurements were correlated
using the nonrandom two-liquid (NRTL) model and the UNI-
QUAC model.17,18

2. Experimental Section

Cyclohexane (suppliers cited mole fraction purity of 0.99),
cyclohexanone (suppliers cited mole fraction purity of 0.99),

cyclohexanol (suppliers cited mole fraction purity of 0.99), DMSO
(suppliers cited mole fraction purity of 0.999), and 1,4-dioxane
(suppliers cited mole fraction purity of 0.995) were obtained
from Sigma-Aldrich Company. All mole fraction purities were
confirmed by gas chromatography to be greater than 0.996 and
were therefore used without further purification. The experi-
mental tie line data were measured using 50 cm3 glass cells,
each equipped with a jacket to circulate water from a Julabo
F30C water bath.19 The jacket temperature was controlled within
( 0.1 K. The ternary mixtures were prepared by weighing with
a Mettler AB304S balance with an uncertainty of ( 0.0001 g.
The estimated uncertainty of the mole fractions was less than
( 10-4. Each mixture was stirred with a magnetic stir bar
vigorously for a time of 1 h and then left to separate into two
phases for at time of at least 6 h. Samples of the upper
cyclohexane-rich phase and lower DMSO-rich phase were
collected by syringe through top and side PTFE/silicone septum
caps, respectively.

Quantitative analysis of cyclohexane, cyclohexanone, cy-
clohexanol, and DMSO were performed using a 6890N gas
chromatograph (Agilent Technologies) equipped with a 7863
series automatic injector, a flame ionization detector, and the
HP ChemStation data system. The components were separated
using an AT-1000 capillary column (30 m × 0.53 mm ID ×
1.2 µm film thickness, Alltech). The oven temperature was
maintained at 80 °C for the first 600 s and then increased to
200 °C at a rate of 1/6 °C · s-1. 1,4-Dioxane was used as an
internal standard for quantitative analysis of each chemical.
The response factors of all components were measured under
the same conditions used for the gas chromatography
measurements.

3. Results and Discussion

Experimental tie-line data of (cyclohexane + cyclohex-
anone + DMSO) and (cyclohexane + cyclohexanol +
DMSO) were obtained at T ) 303.2 K and are listed in Tables
1 and 2, respectively. The bimodal curves, shown in Figures
1 and 2, show that (cyclohexane + cyclohexanone + DMSO)
exhibits larger immiscibility than (cyclohexane + cyclohex-
anol + DMSO). The NRTL model and the UNIQUAC model
were fitted to experimental tie-line data. The interaction

* To whom correspondence should be addressed. E-mail: khsong@
korea.ac.kr.
† Korea University.
‡ LG Chem Research Park.

J. Chem. Eng. Data 2010, 55, 1109–1112 1109

10.1021/je900549r  2010 American Chemical Society
Published on Web 09/18/2009



parameter for the NRTL and UNIQUAC models, bij, was
regressed using the commercial simulator (Aspen Plus 2004).
The binary parameters, bij, are (gij - gji)/R in Kelvin, where
R is the universal gas constant and gij is the energy parameter.
The nonrandomness parameter, Rij, for the NRTL model was
fixed to be 0.3 for nonassociated liquids and 0.2 for
immiscible liquids. For {cyclohexane (1) + cyclohexanol (2)
+ DMSO (3)}, the nonrandomness parameter, R12, for the
NRTL model was considered as a decision variable2,3 and
obtained by regression of the experimental data because of
the high tendency of cyclohexanol to self-associate.20,21 The
calculated volume parameter and surface area parameter of
the UNIQUAC model are presented in Table 3. The regressed
NRTL binary parameters and UNIQUAC binary parameters
of both ternary systems are listed in Tables 4 and 5 along
with the root-mean-square deviation (rmsd) values. The rmsd
value is a measure of the agreement between the experimental
data and the calculated values and is defined as follows:
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∑
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i
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(xijk
exp - xijk

calc)2/6M)1/2 (1)

where M is the number of tie lines, xexp is the experimental
mole fraction, xcalc is the calculated mole fraction, and the
subscript i indexes the components, j the phases, and k the
tie lines. The rmsd values for (cyclohexane + cyclohexanone
+ DMSO) were 0.0115 for the NRTL model and 0.0111 for
the UNIQUAC model. The rmsd values for (cyclohexane +
cyclohexanol + DMSO) were 0.0077 for the NRTL model
and 0.0225 for the UNIQUAC model. The correlation
obtained with the NRTL model is better than that obtained
with the UNIQUAC model for (cyclohexane + cyclohexanol
+ DMSO). The reliability of the experimentally measured
tie-line data was assessed by the Othmer-Tobias equation
in Figure 3.22 The linearity of these plots indicates the degree
of consistency of the related data.

Table 1. Experimental (Liquid + Liquid) Equilibrium Data for
Cyclohexane (1) + Cyclohexanone (2) + DMSO (3)

cyclohexane-rich phase
(mole fraction)

DMSO-rich phase
(mole fraction)

x1 x2 x1 x2 KD S

0.9628 0.0244 0.0542 0.0541 2.42 42.9
0.9021 0.0692 0.0807 0.1312 1.90 21.2
0.8450 0.1069 0.1110 0.1834 1.72 13.1
0.7795 0.1468 0.1554 0.2263 1.54 7.7
0.6705 0.2025 0.2129 0.2589 1.28 4.0
0.5632 0.2355 0.2799 0.2751 1.17 2.4
0.5175 0.2475 0.3450 0.2722 1.10 1.6

Table 2. Experimental (Liquid + Liquid) Equilibrium Data for the
Cyclohexane (1) + Cyclohexanol (2) + DMSO (3)

cyclohexane-rich phase
(mole fraction)

DMSO-rich phase
(mole fraction)

x1 x2 x1 x2 KD S

0.9856 0.0024 0.0658 0.0249 10.38 155.4
0.9742 0.0077 0.0838 0.0639 8.30 96.5
0.9667 0.0128 0.1034 0.0998 7.80 72.9
0.9490 0.0217 0.1342 0.1360 6.27 44.3
0.9280 0.0317 0.1671 0.1655 5.22 29.0
0.8961 0.0463 0.2150 0.1919 4.14 17.3
0.8346 0.0728 0.2795 0.2124 2.92 8.7

Figure 1. (Liquid + liquid) equilibrium of cyclohexane (1) + cyclohexanone
(2) + DMSO (3) at T ) 303.2 K: 0, experimental tie-line data; O, NRTL;
∆, UNIQUAC.

Figure 2. (Liquid + liquid) equilibrium of cyclohexane (1) + cyclohexanol
(2) + DMSO (3) at 303.2 K: 0, experimental tie-line data; O, NRTL; ∆,
UNIQUAC.

Table 3. Parameters for the UNIQUAC Equation

compound van der Waals volume, r van der Waals area, q

cyclohexane 4.046 3.24
DMSO 2.827 2.472
cyclohexanone 4.114 3.34
cyclohexanol 4.274 3.284

Table 4. Parameters of the NRTL (bij and rij) and UNIQUAC (bij)
Models for the Cyclohexane (1) + Cyclohexanone (2) + DMSO (3)
at a Temperature of 303.2 K and Their RMSD Values

model bij/K and Rij rmsd

NRTL b12 ) -329.25 b13 ) 1020.63 b23 ) -472.17
b21 ) -19.17 b31 ) 585.90 b32 ) 37.72 0.0115
R12 ) 0.3 R13 ) 0.2 R23 ) 0.3

UNIQUAC b12 ) 8.91 b13 ) -516.18 b23 ) 167.69 0.0111
b21 ) 41.70 b31 ) -93.82 b32 ) -68.05

Table 5. Parameters of the NRTL (bij and rij) and UNIQUAC (bij)
Models for the Cyclohexane (1) + Cyclohexanol (2) + DMSO (3) at
a Temperature of 303.2 K and Their RMSD Values

model bij/K and Rij rmsd

NRTL b12 ) 98.74 b13 ) 1034.09 b23 ) 324.36
b21 ) -53.01 b31 ) 473.06 b32 ) -1163.63 0.0077
R12 ) 5.33 R13 ) 0.2 R23 ) 0.3

UNIQUAC b12 ) -238.50 b13 ) -449.74 b23 ) 354.32 0.0225
b21 ) 175.21 b31 ) -91.61 b32 ) -389.76
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The equilibrium distribution coefficient of cyclohexanone
is the ratio of the concentration of cyclohexanone or
cyclohexanol in the DMSO layer to the concentration in the
cyclohexane layer.

KD ) x23/x21

where x23 and x21 are the mole fractions of cyclohexanone or
cyclohexanol (2) in the DMSO-rich phase (3) and the cyclo-
hexane-rich phase (1), respectively, and are listed in Table 1
and 2.

The relative separation factor or selectivity, S, between two
components, water and solvent, can be described by the ratio
of the two partition ratios as follows.

S ) (x2/x1)3/(x2/x1)1 (2)

where (x2/x1)3 is the mole fraction of cyclohexanone or
cyclohexanol (2) and cyclohexane (1) in the DMSO-rich
phase (3) and (x2/x1)1 is the mole fraction of cyclohexanone
or cyclohexanol (2) and cyclohexane (1) in the cyclohexane-
rich phase (1).

The effectiveness of cyclohexanone or cyclohexanol
extraction is given by its relative separation factor, which is
an indication of the ability of the solvent to separate
cyclohexanone or cyclohexanol from cyclohexane. If this
value is 1, no separation has occurred. An effective separation
is accomplished when the separation factor is significantly

different from unity. Figure 4 clearly shows that DMSO is
able to separate cyclohexanol from cyclohexane better than
cyclohexanone from cyclohexane. Besides having such a high
separation factor, the highest possible KD value should be
attained to minimize the needed solvent flow rate. This is
because the factor KDS/W, where S/W is the mass flow ratio
of solvent to that of water, should be greater than 1. As listed
in the Tables 1 and 2, the distribution coefficients are high
enough for effective extraction.

4. Conclusion

The (liquid + liquid) equilibrium data for (cyclohexane
+ cyclohexanone + DMSO) and (cyclohexane + cyclohex-
anol + DMSO) were obtained at T ) 303.2 K. The tie-line
correlation data was fitted using the NRTL and UNIQUAC
models, and the parameters for both models were calculated
for (cyclohexane + cyclohexanone + DMSO) and (cyclo-
hexane + cyclohexanol + DMSO). The relative separation
factor diagram indicated that the mixtures containing cyclo-
hexanol were higher than those with cyclohexanone.

Literature Cited

(1) Schuchardt, U.; Cardoso, D.; Sercheli, R. Cyclohexane Oxidation
Continues to be a Challenge. Appl. Catal., A 2001, 211, 1–17.

(2) Steyer, F.; Sundmacher, K. VLE and LLE Data for the System
Cyclohexane + Cyclohexene + Water + Cyclohexanol. J. Chem.
Eng. Data 2004, 49, 1675–1681.

(3) Steyer, F.; Sundmacher, K. VLE and LLE Data Set for the System
Cyclohexane + Cyclohexene + Water + Cyclohexanol + Formic
Acid + Formic Acid Cyclohexyl Ester. J. Chem. Eng. Data 2005,
50, 1277–1282.

(4) Ratkovics, F.; Palagyi-Fenyes, B.; Hajos-Szikszay, E.; Dallos, A.
(Liquid-liquid) Equilibria of (Ethanoic acid + an Alkanol or a
Ketone or an Ester or an Aromatic Hydrocarbon + Water) at the
Temperature 293.15 K. J. Chem. Thermodyn. 1991, 23, 859–865.

(5) Cehreli, S.; Tatli, B.; Bagman, P. (Liquid + Liquid) Equilibria of
(Water + Propionic Acid + Cyclohexanone) at Several Temper-
atures. J. Chem. Thermodyn. 2005, 37, 1288–1293.

(6) Semeniuk, B.; Kasprzycka-Guttman, T.; Wilczura, H. Liquid-Liquid
Equilibrium Data for the Lactic Acid-Water-Cyclohexanone System
at 25 °C. Hung. J. Ind. Chem. 1992, 20, 149–153.

(7) Senol, A. Liquid-Liquid Extraction of Isovaleric Acid Using
Alamine 308/ Diluent and Conventional Solvent Systems: Effect
of Diluent and Acid Structure. SolVent Ext. Ion Exch. 2003, 21,
853–879.

(8) Senol, A. Phase Equilibria for Ternary Liquid Systems of (Water
+ Levulinic Acid + Cyclic Solvent) at T ) 298.2 K: Thermody-
namic modeling. J. Chem. Thermodyn. 2005, 37, 1104–1110.

(9) Senol, A.; Sayar, A. A. Liquid-Liquid Equilibria of Some Water
+ Tetrahydrofurfuryl Alcohol + Solvent Ternaries at 293.2 ( 0.1
K and 101.3 ( 0.8 kPa. Fluid Phase Equilib. 1995, 106, 169–183.

(10) Marco, J. M.; Galan, M. I.; Costa, J. Liquid-Liquid Equilibria for
the Quaternary System Water -Phosphoric Acid - 1-Hexanol -
Cyclohexanone at 25 °C. J. Chem. Eng. Data 1988, 33, 211–214.

(11) Ghanadzadeh, A.; Ghanadzadeh, H.; Bahrpaima, K. Experimental
and Theoretical Study of the Phase Equilibria in Ternary Aqueous
Mixtures of 1,4-Butanediol with Alcohols at 298.2 K. J. Chem.
Eng. Data 2009, 54, 1009–1014.

(12) Ozmen, D.; Cehreli, S. Phase Equilibria of Water + 1-Propanol +
Solvent (n-Amyl acetate, Cyclohexanol, and Cyclohexyl Acetate)
at T ) 298.2K. Fluid Phase Equilib. 2007, 253, 61–66.

(13) Sayar, A. A. Liquid-Liquid Equilibria of Some Water + 2-Propanol
+ Solvent Ternaries. J. Chem. Eng. Data 1991, 36, 61–65.

(14) Erofeeva, L. F.; Yunnikova, N. V. Equilibrium of Liquid Phases
in the Nitromethane-Cyclohexanol-Water System. Sb. Nauchn. Tr.
Kuzbasskii Politekh. Inst. 1971, 26, 1–6.

(15) Scher, J.; Rogers, D. W. Ternary Phase Diagrams for Systems
Pyridine, Water and Some C6 Hydrocarbons. J. Chem. Eng. Data
1972, 17, 226–230.

(16) Castaneda, J. M.; Lozano, F. J.; Trejo, S. Ternary Equilibrium for
the System Water/Cyclohexanol/2-Ethyl-2-(hydroxymethyl)-1,3-
propandiol. J. Chem. Eng. Data 1981, 26, 133–135.

(17) Renon, H.; Prausnitz, J. M. Local Compositions in Thermodynamic
Excess Function for Liquid Mixture. AIChE J. 1968, 14, 135–144.

Figure 3. Othermer-Tobias plot: 0, solid line, (cyclohexane + cyclohex-
anone + DMSO (R2 ) 0.99)); O, dotted line, cyclohexane + cyclohexanol
+ DMSO (R2 ) 0.96).

Figure 4. Relative separation for the mixtures studied at T ) 303.2 K: O,
cyclohexane + cyclohexanone + DMSO; b, cyclohexane + cyclohexanol
+ DMSO.

Journal of Chemical & Engineering Data, Vol. 55, No. 3, 2010 1111



(18) Abrams, D. S.; Prausnitz, J. M. Statistical Thermodynamics of
Liquid Mixtures: A New Expression for the Excess Gibbs Energy
of Partly or Completely Miscible System. AIChE J. 1975, 21, 116–
128.

(19) Choe, J.; Lee, H.; Kim, I.-W.; Hong, S. H.; Song, K. H. Liquid-
Liquid Equilibria for the Ternary Systems (Water + 3-Methyl-2-
cyclopentenone with Ethyl Acetate or Methyl tert-Butyl Ether) at
293.2 K. J. Chem. Eng. Data 2005, 50, 2028–2030.

(20) Trejo, L. M.; Perez-Casas, S.; Costas, M.; Patterson, D. Self-Association
of Cyclohexanols in Inert Solvents: Apparent Heat Capacities of Cyclo-
hexanol and Substituted Cyclohexanols in n-Heptane and n-Decane.
J. Chem. Soc., Faraday Trans. 1991, 87, 1739–1743.

(21) Demirel, Y. Fundamental Thermodynamic Surfaces for Alkanol-
Alkane Binary Mixtures by NRTL Model. Fluid Phase Equilib.
1995, 106, 27–45.

(22) Othmer, D. F.; Tobias, P. E. Tie-line Correlation. Ind. Eng. Chem.
1942, 34, 693–700.

Received for review June 30, 2009. Accepted September 7, 2009. This
work has been supported by a Korea University grant.

JE900549R

1112 Journal of Chemical & Engineering Data, Vol. 55, No. 3, 2010


