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The differential ebulliometry method was used to measure activity coefficients at infinite dilution for
cyclohexylamine with octane, toluene, ethylbenzene, and aniline in a temperature range from (353 to 403) K.
NRTL and UNIQUAC parameters have been determined with these data and with vapor-liquid equilibrium data
(VLE) from the literature. In this contextP-x-y data were measured for the system cylcohexylamine+ toluene
at (333.15 and 363.15) K. Excess molar volumes were obtained by density measurements of binary mixtures of
cyclohexylamine+ heptane, octane, nonane, decane, undecane, aniline, and water at 303.15 K under atmospheric
pressure. The excess molar volumes were fitted to the Redlich-Kister polynomial equation.

Introduction

Activity coefficients at infinite dilution for cyclohexylamine
+ octane, toluene, ethylbenzene, or aniline and excess molar
volumes of cyclohexylamine+ alkanes (C7-C11), aniline, or
water have been determined. Parameters for the NRTL1 and
UNIQUAC2 Gibbs energy models were determined from VLE
data and the activity coefficients at infinite dilution obtained in
this work. Cyclohexylamine is of special interest because of its
miscibility with polar and apolar substances. Furthermore,
cyclohexylamine appears in the production process of both
cyclamate and aniline and is used as a corrosion inhibitor.

Experimental Section

Chemicals.Heptane was obtained from Fisher Scientific Ltd.,
U.K., with a purity of> 99 %. The following chemicals were
purchased from Acros Organics, Belgium: octane purity
99+ %, nonane purity 99 %, decane purity 99+ %, toluene
purity p.a., ethylbenzene purity 99.8 %, aniline purity p.a., and
cyclohexylamine purity p.a. Undecane is a product of Petrolche-
misches Kombinat, Germany, purity> 98 % and was fraction-
ally distilled twice in a Vigreux column at reduced pressure.
The other substances were used as received since the purities
were higher than 99.5 % as stated below. The purities were
judged by comparing experimental values of refractive index
and density with values reported in the literature; the values
are shown in Table 1. Additionally, the purity was verified by
gas-liquid chromatography. The mass fractions of the sub-
stances were as follows: heptane (99.5 %), octane (99.9 %),
nonane (99.8 %), decane (99.7 %), undecane (99.8 %), toluene
(99.8 %), ethylbenzene (99.8 %), aniline (99.5 %), and cyclo-
hexylamine (99.9 %). Deionized and distilled water was used.

Apparatus and Procedure.The measuring of the activity
coefficients at infinite dilution was carried out by differential
ebulliometry. This method is based on the determination of the
boiling temperature differences at constant pressure as a function
of liquid-phase composition. Twin ebulliometers were used; one
as a reference ebulliometer containing solvent only. The other

ebulliometer contained solvent and solute. The technique
provides the boiling temperature differences between the
ebulliometers. The apparatus has been described earlier and has
already been used to give reliable data of activity coefficients
of infinite dilution3. The equation for obtaining activity coef-
ficients at infinite dilution from the data of boiling temperature
differences was derived by Dohnal and Novotna´4 and is given
by

where

wherePi
sat andVi

L are the pure-component vapor pressure and
liquid molar volumes,Bii and Bij are the second virial coef-
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Table 1. Comparison of the Experimental Refractive Index (nD) and
Density (G) of Pure Liquids with Literature Values

nD F/g‚cm-3

substance T/K exptl lit exptl lit

heptane 298.15 1.3853 1.385521 0.67943 0.679521

octane 298.15 1.3946 1.394421 0.69849 0.698621

nonane 293.15 1.4055 1.405821 0.71913 0.719221

decane 298.15 1.4092 1.409021 0.72655 0.726621

undecane 293.15 1.4162 1.416421 0.74011 0.740221

toluene 293.15 1.4960 1.496121 0.86678 0.866821

ethylbenzene 293.15 1.4960 1.495921

298.15 0.86259 0.862621

aniline 293.15 1.5862 1.586321 1.02172 1.021721

cylcohexylamine 288.15 1.4624 1.462521

303.15 0.85820 0.8577722

water 293.15 1.3336 1.333621 0.99816 0.998221
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ficients,R is the gas constant, andT is the absolute temperature.
For determination of the limiting slope at infinite dilution ((∂T/
∂xi) P

∞) experimental ebulliometric data are used. The liquid
phase is assumed as ideal. The relative volatility (Rij

∞) limits
the differential ebulliometry method:

Since the difference between the gravimetrically determined
overall composition and the equilibrium liquid composition has
to be corrected as shown by Dohnal and Novotna´,

4 only systems
with an Rij

∞ between 0.2 and 8 can be measured.
The pressure was measured using a pressure transducer

(Druck Ltd., RTP 301), and the boiling temperature was
measured with a Pt-100 resistance thermometer (Automatic
Systems Laboratories Ltd., F250MkII). The experimental un-
certainties of these devices are as follows:σ(P) ) 0.06 kPa,
σ(T) ) 0.03 K whereas the boiling temperature difference is
stable within( 0.002 K, andσ(x) ) 0.0001 taking into account
the loadings of the ebulliometers and the accuracy of weighing.
The experimental uncertainties of this work are less than 6 %
for the activity coefficients at infinite dilution.

The samples for determination of the excess molar volumes
were gravimetrically prepared, and the density was measured
with a vibrating tube densimeter (DMA 58, Anton Paar,
Austria). The accuracy of the densimeter isσ(F) ) 0.00002
g‚cm-3 where σ(T) ) 0.01 K and σ(x) ) 0.0002. The
uncertainty forV E is σ(V E) ) 0.015 cm3‚mol-1 for the systems
of this work.

Results and Discussions

Activity coefficients at infinite dilution (γ∞) were measured
for cyclohexylamine in octane, toluene, ethylbenzene, and
aniline. Furthermore, the activity coefficients at infinite dilution
of octane, toluene, and ethylbenzene in cyclohexylamine were
determined. All measured activity coefficients at infinite dilution
are less than two. The activity coefficients at infinite dilution
of cyclohexylamine in octane, toluene, and ethylbenzene
decrease with increasing temperature as does theγ∞ values for
octane, toluene, and ethylbenzene in cyclohexylamine. These
positive deviations from Raoult’s law become smaller with
increasing temperature. Octane provides the largestγ∞ values
with cyclohexylamine as a solvent as well as a solute. The
mixture of cyclohexylamine+ aniline shows converse temper-
ature dependence. Theγ∞ values increase with increasing
temperature. This can be explained with the break down of
H-bonds between cyclohexylamine and aniline at higher tem-
peratures. The reason theγ∞ values of aniline in cyclohexyl-
amine were not measured is that the relative volatility is not
between 0.2 and 8. Pividal and Sandler5 have reportedγ∞ values
for cyclohexylamine+ octane. Theγ∞ value of cyclohexylamine
matches well (Figure 1) with those of this work; however, the
γ∞ values of octane do not (Figure 2). The trend of the data is
opposite as compared to this work. In the work of Pividal and
Sandler,5 the γ∞ values for cyclohexylamine in octane are
smaller than those for octane in cyclohexylamine. For this, the
γ∞ values predicted by NRTL and UNIQUAC based only on
VLE data from ref 6 were calculated. Both models validated
the trend of our work. In addition, the system cyclohexylamine
+ heptane in the work of Pividal and Sandler5 was determined,
which also shows a trend ofγ∞ values similar to those of
cyclohexylamine+ octane in our work. These confirmed the
γ∞ values of octane in cyclohexylamine of our measurements.

The activity coefficients at infinite dilution of this work were
fitted simultaneously with VLE data from the literature.
Parameters of eq 3 for the NRTL and UNIQUAC models were
determined using the objective function (Q) of Renon7 (eq 4):

whereCij ) uij - ujj for UNIQUAC and Cij ) gij - gjj for
NRTL:

Figure 1. Experimental activity coefficients at infinite dilution of this work
and correlations of UNIQUAC with parameter fit to these activity
coefficients at infinite dilution and VLE data6,9,10 for the systems cyclo-
hexylamine + octane, toluene, ethylbenzene, or aniline. Experimental
results: cyclohexylamine (1)+ 0, octane (2) taken from ref 5;+ 9, octane
(2) this work;+ 4, toluene (2);+ 2, ethylbenzene (2);+ ], aniline (2).
Lines are UNIQUAC results.

Figure 2. Experimental activity coefficients at infinite dilution of this work
and correlations of UNIQUAC with parameter fit to these activity
coefficients at infinite dilution and VLE data6,9,10 for the systems cyclo-
hexylamine + octane, toluene, or ethylbenzene. Experimental results:
cyclohexylamine (1)+ 0, octane (2) taken from ref 5;+ 9, octane (2) this
work; + 4, toluene (2);+ 2, ethylbenzene (2). Lines are UNIQUAC results.
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where the summation is made over all data pointsi, P is the
pressure,y is the equilibrium vapor phase mole fraction,γ∞ is
the activity coefficient at infinite dilution, andΠi is a weighting
factor. During the modeling of the binary data, theγ∞ values
are weighted higher (usingΠi of eq 4) as compared with the
VLE data, so that the ratio ofγ∞ values and VLE data points is
unity. Temperature-dependent parameters were used only if the
results could be improved significantly. We recently have
published VLE data6 for the systems cyclohexylamine+ octane
and + aniline. In this work, isothermal VLE data for cyclo-
hexylamine+ toluene were measured at (333.15 and 363.15)
K with the equipment described in ref 6 and are presented in
Figure 3 and Table 2. Checked by the method of Van Ness,8

the data are thermodynamically consistent. Additionally, VLE
data for the system cyclohexylamine+ aniline9,10 were found
in the literature and were included in the fit. An isobaric VLE
data set was found for cyclohexylamine+ toluene of Zlacky et
al.,11 but these data do not pass the consistency test of Van Ness8

and were not considered. The parameters and the results forγ∞

measurements are given in Tables 3 and 4. Since the correlated
results of NRTL and UNIQUAC are very similar only the
UNIQUAC results are presented in Figures 1 and 2. All the
deviations between experimental and correlated VLE data are
small. The greater deviations of the calculatedγ∞ values are
caused by the experimental uncertainities of theγ∞ measure-
ments. Parameters for the system cyclohexylamine+ ethylben-
zene are given in Table 4; those are based on theγ∞ values of
this work only and therefore are limited in their applicability.
Since there is no other thermodynamical information available
for this system in the literature, this can be a first approach for
chemical engineers.

Table 5 lists experimental values of densities and calculated
excess molar volumes (V E) of cyclohexylamine+ alkanes (C7-
C11), aniline, or water at 303.15 K. TheV E values were
calculated using the pure substances densities (Fi), the densities

of the mixture (F), the mole fraction (xi), and the molar mass
(Mi):

TheV E values are shown in Figure 4. The excess molar volumes
for cyclohexylamine with all the alkanes are positive over the
whole mole fraction range and increase with the number of
C-atoms of the alkanes. The maximum ofV E in the system
with heptane is at a mole fraction of cyclohexylamine at about
0.4 and is slightly shifted to higher mole fractions for the other
alkanes according to their increasing chain length. Opposing
effects as pointed out by Treszczanowicz and Benson12 can
explain theV E values of this work. Physical interactions and
breaking of H-bonds of cyclohexylamine contribute to this
positive term ofV E. Similar results with a shift of the maximum
in systems of associating components+ alkanes were found
by Villa et al.13 in systems of amines+ alkanes and by Kaur et
al.14 in systems of cyclohexanol+ alkanes. Raju et al.15 also

Table 2. Isothermal Vapor-Liquid Equilibrium Data for
Cyclohexylamine (1)+ Toluene (2)

333.15 K 363.15 K

P/kPa x2 y2 P/kPa x2 y2

7.51 0.000 0.000 25.59 0.000 0.000
8.78 0.095 0.243 28.53 0.081 0.154

10.71 0.251 0.486 31.66 0.185 0.362
11.43 0.305 0.567 33.58 0.242 0.437
12.27 0.374 0.639 35.48 0.301 0.507
13.16 0.457 0.708 37.47 0.370 0.582
13.99 0.535 0.739 39.89 0.449 0.645
14.94 0.623 0.815 41.97 0.522 0.703
16.76 0.799 0.895 44.29 0.603 0.766
18.56 1.000 1.000 47.42 0.718 0.833

49.63 0.798 0.885
52.41 0.903 0.943
54.49 1.000 1.000

Table 3. Experimental and NRTL/UNIQUAC Activity Coefficients
at Infinite Dilution

component 1+
component 2 T/K γ1,exptl

∞ γ1,NRTL
∞ γ1,UNIQUAC

∞ γ2,exptl
∞ γ2,NRTL

∞ γ2,UNIQUAC
∞

cyclohexylamine
(1) + octane (2)

353.15 1.61 1.79 1.78 1.36 1.59 1.59
373.15 1.50 1.58 1.58 1.29 1.38 1.38
393.15 1.42 1.38 1.40 1.20 1.21 1.20

cyclohexylamine
(1) + toluene (2)

353.15 1.19 1.21 1.20 1.14 1.15 1.15
373.15 1.12 1.14 1.16 1.13 1.12 1.11
393.15 1.06 1.06 1.06

cyclohexylamine
(1) + ethyl-
benzene (2)

353.15 1.13 1.10 1.10 1.18 1.18 1.14
373.15 1.09 1.10 1.10 1.16 1.16 1.14
393.15 1.06 1.10 1.11 1.13 1.13 1.15

cyclohexylamine
(1) + aniline (2)

383.15 0.84 0.80 0.79
393.15 0.94 0.95 0.98
403.15 1.03 1.10 1.16

Table 4. Fitted Parameters toγ∞ and VLE Data (Eqs 3 and 4) for
NRTL and UNIQUAC; Used Data Sets for the Fitting and
Deviations

systemcyclohexylamine
(1) + octane (2) aniline (2) toluene (2) ethylbenzene (2)

data ref 6 ref 6, 9, 10 this work this work
(only γ∞ values)

NRTL (R ) 0.47)
C12

C /K 283.02 -19.95 -62.63 -166.08

C21
C /K 46.18 -324.27 130.69 -100.31

C12
T -3.29 -1.87

C21
T 1.75 5.72

∆P/%a 0.87 1.13 0.47
∆yb 0.0091 0.0064 0.0120
∆γ∞/%a 7.45 4.04 2.86 1.81

UNIQUAC
C12

C /K -5.75 5.15 -13.45 117.33

C21
C /K 78.52 -143.07 28.74 92.84

C12
T -1.36 -1.67

C21
T 1.42 3.43

∆P/%a 0.89 1.07 0.48
∆yb 0.0090 0.0066 0.0121
∆γ∞/%a 6.77 7.88 2.94 2.38

a ∆Z ) 100/np∑((Zcalcld - Zexptl)/Zexptl), wherenp is the number of data
points andZ representsP or γ1

∞. b∆y ) 1/np∑(|ycalcld - yexptl|).

Figure 3. P-x-y data for cyclohexylamine (1)+ toluene (2): 9, 0, b,
O, experimental data, this work. Lines are the collective fitting of
experimental VLE andγ∞ data with UNIQUAC.
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presentedV E of cyclohexylamine+ alkanes (C6-C9) at 303.15
K. A comparison with the results of this work shows that the
V E curve of cyclohexylamine+ heptane agree excellent. For
octane, theV E values of Raju et al.15 show a deviation of
maximum 0.02 cm3‚mol-1. However, the results with nonane
deviate with maximum 0.09 cm3‚mol-1 as shown in Figure 4.
The V E curves of our work show a systematical trend which
the nonane curve of Raju et al.15 does not follow. The negative
V E over the entire range of composition in mixtures of
cyclohexylamine+ aniline or+ water indicates the presence
of strong specific interaction. Zhang et al.16 presented excess
properties of methyldiethanolamine and has been used the model
of Lumry et al.17 to interpret the negativeV E values. In the
explanation of Zhang et al.16 (at high mole fraction of water or
amine), the components occupy “holes” in the open structure
of the respective other component caused by hydrogen bonds

that are highly oriented intermolecular forces. In the middle of
the concentration range, the amine eliminates the strong
hydrogen bonds between the water molecules, and water+
amine interactions are replaced by amine+ amine interactions.
These occurring “holes” in hydrogen bonding cluster are
described by Nishi et al.18 or Speedy.19 The Redlich-Kister
polynomial equation20 (eq 6) was used for fitting theV E values:

The coefficients (Ai) obtained by using the least-squares
regression method and the standard deviations are listed in Table
6.
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Figure 4. Excess molar volumes (V E) for cyclohexylamine systems at
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