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Abstract In this study, experimental data of excess molar volumes of {dichloro-
methane (DCM), or trichloromethane (TCM) + n-butylamine (n-BA), or +s-butyl-
amine (s-BA), or +t-butylamine (t-BA), or +diethylamine (DEA), or +triethylamine
(TEA)} mixtures as a function of composition have been used to test the applica-
bility of the extended real associated solution model (ERAS-Model). The values of
the excess molar volume were negative for (DCM + t-BA, or +DEA, or +TEA and
TCM + n-BA, or +s-BA, or +DEA, or +TEA) mixtures and present sigmoid curves
for (DCM + n-BA, or +s-BA) mixtures over the complete mole-fraction range. The
agreement between theoretical and experimental results is discussed in terms of cross-
association between the components present in the mixtures.

Keywords Amines · Chloroalkanes · ERAS-Model · Volumetric properties

1 Introduction

Excess properties, such as excess molar-volume (V E
m ), excess molar enthalpy (HE

m),
and excess molar Gibbs energy (GE

m), have been used to develop and to test solution
models and theories. The excess molar-volume behavior is a result of physical, struc-
tural, and chemical effects. Consequently, the complexity associated with the origin of
V E

m coupled with the relative ease to determine it experimentally with good precision,
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make this function a sensitive tool for testing molecular theories or models of solution
and to extend our understanding about molecular interactions between components.

Following up our thermodynamic study of binary mixtures [1–5], in this study
excess molar volumes of {dichloromethane (DCM) or trichloromethane (TCM) +
n-butylamine (n-BA), or +s-butylamine (s-BA), or +t-butylamine (t-BA), or +dieth-
ylamine (DEA), or +triethylamine (TEA)} mixtures as a function of composition
have been used to test the applicability of the extended real associated solution model
(ERAS-Model) [6,7]. It combines the Kretschmer–Wiebe model of linear successive
association [8] with Flory’s equation of state [9]. Developed originally to describe
excess functions of binary alkane–alkanol mixtures, it has been used to describe excess
properties of other type of systems. However, to the best of our knowledge, the ERAS-
Model has not yet been tested for the mixtures in this study. Thermodynamic properties
of binary mixtures of chloroalkanes with amines have been studied by other authors
[10–21].

2 ERAS-Model

V E
m was correlated by means of the ERAS-Model using the following equations [7]:

V E
ERAS = V E

phys + V E
chem, (1)

with

V E
phys = (

xAV ∗
A + xBV ∗

B

) (
ṼM − �AṼA − �BṼB

)
(2)

and

V E
chem = ṼM

[
xA�v∗

A KA
(
φA1 − φo

A1

) + xB�v∗
B KB

(
φB1 − φo

B1

)

+ xA KAB�v∗
ABφB1 (1 − K AφA1)

VB/VA + (1 − KBφB1)KABφB1

]
. (3)

The value of ṼM is obtained by iterative solution of Flory’s equation of state, which
holds not only for pure components (i =A, B) but also for mixtures (i =M):

P̃i Ṽi

T̃i
= Ṽ 1/3

i

Ṽ 1/3
i − 1

− 1

Ṽi T̃i
(4)

The reduction parameters T ∗
M and P∗

M are obtained using the following equations:

T ∗
M = P∗

M

P∗
A�A/T ∗

A + P∗
B�B/T ∗

B
, (5)

and

P∗
M = P∗

A�A + P∗
B�B − �A�BχAB. (6)
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�B is the surface fraction of the component B in the mixtures, defined as

�B = 1 − �A = (SB/SA)�B

(SB/SA)�B + �A
(7)

and the hard-core volume fractions are defined as

�A = 1 − �B = xAV ∗
A

xAV ∗
A + xBV ∗

B
. (8)

Si values can be estimated using Bondi’s method [22]. χAB in Eq. 6 is the energetic
interaction parameter characterizing the difference of dispersive interactions between
the molecules in the mixture and pure compounds. It is the only adjustable parameter
of the physical contribution for the excess volume.

The characteristic parameters V ∗
i and P∗

i are obtained from experimental data of the
molar volume Vi , the thermal expansion coefficient αi , and the isothermal compress-
ibility κi of the pure liquids using the following equations:

V ∗
i = Vi

[
1 + (

αi − α∗
i

)
T

1 + 4/3
(
αi − α∗

i

)
T

]3

(9)

and

P∗
i = (

αi − α∗
i

)
T Ṽ 2

i

(
κi − α∗

i T
�v∗

i

�h∗
i

)−1

. (10)

φi1 and φo
i1 (i =A, B) are the volume fractions of the monomeric species in the

mixture and pure components, respectively.

�A = φA1

(1 − KAφA1)
2

(
1 + VA KABφB1

VB (1 − KBφB1)

)
(11)

�B = φB1

(1 − KBφB1)
2

(
1 + KABφA1

(1 − KAφA1)

)
, (12)

with φi1 equal to φo
i1 if �i = 1.

The cross-association parameters χAB, KAB, and �v∗
AB were adjusted to excess

volume data by using a least-squares fit.

3 Results and Discussion

Figures 1, 2, 3, 4, 5, 6, 7, 8, and 9 show the composition dependence of V E
m for

the systems. The V E
m curves for (DCM + n-BA, or +s-BA) mixtures is a sigmoid

curve with a contraction at a high concentration of the amine (Figs. 1, 2). The same
behavior in the literature [12,14] explains this tendency by the fact that butylam-
ines are hydrogen-bonded-associated liquids [23] and the addition of dichloromethane
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Fig. 1 Values of V E
m as a

function of the mole fraction of
DCM at 25 ◦C for the system
(DCM + n-BA). (©)

experimental [1], (—)
ERAS-Model, (- - -) physical
contribution, (– –) chemical
contribution

Fig. 2 Values of V E
m as a

function of the mole fraction of
DCM at 25 ◦C for the system
(DCM + s-BA). (©)

experimental [1], (—)
ERAS-Model, (- - -) physical
contribution, (– –) chemical
contribution
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Fig. 3 Values of V E
m as a

function of the mole fraction of
DCM at 25 ◦C for the system
(DCM + t-BA). (©)

experimental [1], (—)
ERAS-Model, (- - -) physical
contribution, (– –) chemical
contribution

Fig. 4 Values of V E
m as a

function of the mole fraction of
DCM at 25 ◦C for the system
(DCM + DEA). (©)

experimental [1], (—)
ERAS-Model, (- - -) physical
contribution, (– –) chemical
contribution
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Fig. 5 Values of V E
m as a

function of the mole fraction of
DCM at 25 ◦C for the system
(DCM + TEA). (©)

experimental [1], (—)
ERAS-Model, (- - -) physical
contribution, (– –) chemical
contribution

Fig. 6 Values of V E
m as a

function of the mole fraction of
TCM at 25 ◦C for the system
(TCM + n-BA). (©)

experimental [2], (—)
ERAS-Model, (- - -) physical
contribution, (– –) chemical
contribution
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Fig. 7 Values of V E
m as a

function of the mole fraction of
TCM at 25 ◦C for the system
(TCM + s-BA). (©)

experimental [2], (—)
ERAS-Model, (- –) physical
contribution, (– –) chemical
contribution

Fig. 8 Values of V E
m as a

function of the mole fraction of
TCM at 25 ◦C for the system
(TCM + DEA). (©)

experimental [2], (—)
ERAS-Model, (- - -) physical
contribution, (– –) chemical
contribution
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Fig. 9 Values of V E
m as a

function of the mole fraction of
TCM at 25 ◦C for the system
(TCM + TEA). (©)

experimental [2], (—)
ERAS-Model, (- - -) physical
contribution, (– –) chemical
contribution

produces a rupture of the hydrogen bond of butylamines causing a volume expansion.
At higher concentration of amines, it is possible that complex association by hydro-
gen bonds is formed between monomers of amines and molecules of dichloromethane,
causing a volume contraction. For the remaining systems, V E

m is negative over the entire
composition range (Figs. 3, 4, 5, 6, 7, 8, 9). Spectroscopic evidence in the literature
indicates the possibility of two types of interactions present in the system studied (1)
hydrogen bonding between the C–H hydrogen of the chloroalkanes with the n-donor
atom of amines [24–28] and (2) charge transfer complex between the π -electrons of
chlorine atoms with the lone pair in amines [29–36]. In this way, we believe that the
negative V E

m values for the mixtures are a consequence of the presence of interactions
between the chloroalkanes and amines, attributed to the formation of complexes by
charge transfer and hydrogen bonding, simultaneously. Moreover, there is a consider-
able difference between the molar volume of the compounds [1,2], and this fact can
also help to explain the negative V E

m values by considering the interstitial accommo-
dation of the chloroalkane molecules into clusters of the amines. This possibility has
been considered by other authors [15,37].

Experimental results were correlated by means of the ERAS-Model. Pure compo-
nent quantities used in the calculation are given in Table 1. In all the systems studied
here, the chloroalkanes were assumed to be inert components without self associ-
ation (KA = 0), but cross association between a chloroalkane and an amine was
possible (KAB �= 0). Since it was not possible to find in the literature experimen-
tal results of excess molar enthalpies (HE

m) for the systems studied here, the ERAS
parameter �v∗

AB, KAB, and χAB were adjusted to the experimental V E
m data. The

adjustable parameters for all the binary mixtures are listed in Table 2. For all the sys-
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Table 2 ERAS-Model
parameters adjustable to
experimental VE

m data at 25 ◦C
and p = 0.1 MPa

System K AB �v∗
AB (cm3·mol−1) χAB (J ·cm−3)

DCM + n-BTA 0.01 −1.1 −40.9

DCM + s-BTA 0.01 −1.1 −32.6

DCM + t-BTA 0.09 −1.9 −80.1

DCM + DEA 0.02 −1.8 −49.2

DCM + TEA 0.01 −1.1 −57.1

TCM + n-BTA 0.01 −1.1 −55.9

TCM +s-BTA 0.01 −1.2 −43.6

TCM + DEA 0.01 −1.2 −75.6

TCM + TEA 0.09 −3.8 −87.4

tems studied �v∗
AB and KAB have values smaller than the amines. Although these

adjustable parameters present small values, they have an important contribution in
chemical terms. This possibility has been considered by other authors [12]. These
authors have found for (di-n-butylamine + dichloromethane, or +trichloromethane,
or +tetrachloromethane) mixtures the following values, respectively, �v∗

AB =
−7.2 cm3·mol−1, KAB = 0.02, and χAB = −18.9 J ·cm−3; �v∗

AB = −1.7 cm3·mol−1,
KAB = 0.09, and χAB = −54.5 J·cm −3; �v∗

AB = −3.1 cm3·mol −1, KAB = 0.04, and
χAB = − 85.6 J·cm−3. The results of both studies show the model is able to take into
account the cross association between the chloroalkanes and amines due to hydro-
gen bonding. Excluding the �v∗

AB and KAB values, the model fails to describe the
experimental data.

Figures 1, 2, 3, 4, 5, 6, 7, 8, and 9 compare the experimental results with values
calculated from ERAS-Model. The dotted lines represent the physical contribution,
and the dashed lines represent the chemical contribution. In the light of the model,
both contributions (physical and chemical) are important to represent the experimen-
tal results. However, for the (DCM + TEA and TCM + TEA) systems the chemical
term seems to not contribute to predict the experimental data. For the (DCM + DEA
and TCM + n-BA, or +s-BA, or DEA) mixtures, the ERAS-Model predicts quite
well the experimental results. For the (TCM + TEA) systems the ERAS-Model pre-
dicts accurately the experimental results for a mole fraction of TCM less than 0.5.
At xA > 0.5, the model overestimates the experimental V E

m curve. For the (DCM +
DEA, or +TEA) systems, the model is able to predict qualitatively the experimental
results, but the asymmetry of the experimental results seems to affect the V E

m predic-
tion curves. The model qualitatively predicts the S-shaped composition dependence of
V E

m for (DCM + n-BA, or +s-BA) mixtures. Nevertheless, for (DCM + n-BA) systems
the model underestimates the experimental results, and the correlation fails to predict
the V E

m data. A comparison of the systems in this study shows that the (DCM + n-BA)
presents the worst V E

m predictions with symmetry, size, and shape of the ERAS-Model
in disagreement with the experimental data.
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