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a b s t r a c t

Excess heat capacities, ðCE
PÞijk of {1-methylpyrrolidin-2-one (i) + benzene (j) + o- or m- or p-chlorotoluene

(k)} and CE
P of their sub-binary {1-methylpyrrolidin-2-one (i) + benzene (j)}; {benzene (i) + m- or p-chlo-

rotoluene (j)} mixtures have been determined using their measured heat capacities data at T = (293.15,
298.15, 303.15) K and 0.1 MPa using micro differential scanning calorimeter. The results are discussed
in terms of Graph (which deals with the topology of the constituent molecules) theory. The results sug-
gest that CE

P and ðCE
PÞijk values commuted by Graph theory compare well with experimental values.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The design and operation of chemical reactors, pumps, heat
transfer equipment such as refrigeration systems and the indus-
trial equipment requires knowledge of heat capacities of liquids
used in the various processes [1,2]. The heat capacity data of liquid
mixtures are required for the collection of heat balances around
the absorber regenerators, and heat exchangers used in gas treat-
ing industries [3]. The heat capacities data of liquids mixtures
can also provide information whether they can be used as heat
transfer fluids for large scale solar energy collectors to be used
for electric power generator or not. Furthermore, change in
enthalpy, entropy and Gibb’s free energy at any temperature can
be calculated from results obtained at various temperatures [4].
1-Methylpyrrolidin-2-one, e-caprolactam is a stable, dipolar apro-
tic, and powerful solvent. Such properties of liquids are important
in chemical reactions where an inert medium is needed [5].
1-Methylpyrrolidin-2-one is used in pharmaceutical and medicinal
fields for improving the transdermal flux of both hydrophilic and
hydrophobic drugs [6]; in petroleum industry to increase the selec-
tivity and solvent power for extracting aromatic hydrocarbon [7]. It
is also used as absorbents of sour gases from crude natural gas [8].
Benzene is widely used in chemical and petroleum industry [9].
Chlorotoluenes are important chemical intermediates and are used

for the production of pesticides, pharmaceutical and dyes [10,11].
The increasing use of 1-methylpyrrolidin-2-one, benzene and chlo-
rotoluenes in industries has greatly increased the need for the
extensive information on thermodynamic properties of liquid mix-
tures containing the said components. The present study is in con-
tinuous of our systematic studies [12–15] on thermodynamic
properties of liquid mixtures containing cyclic amides as one of
the component. A survey of literature has indicated that heat
capacities data of {1-methylpyrrolidin-2-one (i) + benzene (j) + o-
or m- or p-chlorotoluene (k)} mixtures are not available in the lit-
erature. The Graph theory has recently been utilized to predict CE

P

of binary mixtures. It was of interest to see how theory describes
the CE

P of ternary mixtures.

2. Experimental

1-Methylpyrrolidin-2-one (NMP) (mass fraction: 0.99), benzene
(mass fraction: 0.99), o-chlorotoluene (mass fraction: 0.98), m-
chlorotoluene (mass fraction: 0.98), p-chlorotoluene (mass frac-
tion: 0.99) were purified by standard methods [16–18]. The source
of liquids, their purification methods and final purity are reported
in table 1. The densities, q and speeds of sound, u values of the pure
liquids were measured using a density and sound analyzer appara-
tus (Anton Paar DSA 5000) in the manner as described elsewhere
[19,20]. The uncertainties in the density and speed of sound mea-
surements are ±0.5 kg �m�3 and 0.1 m � s�1 respectively. Further,
uncertainty in the temperature measurement (DSA-5000) is
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T = ±0.01 K. The investigated liquids, namely, o- or m- or p-chloro-
toluene with same physical properties [12] were used in the cur-
rent study. Further, q and u values for 1-methylpyrrolidin-2-one
and benzene at T = (293.15, 298.15, and 303.15) K along with their
literature values [21–23,8,24–28] are presented in table 2.

The molar heat capacities of the studied pure liquids and their
mixtures were measured by high sensitivity differential scanning
calorimeter Micro DSC (Model – lDSC 7 Evo) manufactured by
SETARAM instrumentation, France in the manner described else-
where [13]. The calibration of equipment was done by Joule effect
method which in turn was controlled by SETARAM software. The
calibration was checked by measuring heat of fusion of naphtha-
lene (148.18 J � g�1) comparable to 148.7 J � g�1 [29]. For a scanning
sequence initial (15 �C) and final temperature (45 �C) were sup-
plied along with heating rate of 0.4 K �min�1. The liquid or liquid
mixture under investigation was taken in standard batch cell
(made up of Hastelloy C276) of capacity 1 ml. The mole fraction
of each liquid mixture was made by measuring masses of the com-
ponents of mixtures in air tight glass bottles using an electric bal-
ance Mettler AX-205 Delta Range with an uncertainty of ±10�5 g.
The uncertainty in mole fraction is 1 � 10�4. The uncertainty in
measuring heat capacity is ±0.3%. The uncertainty in the tempera-
ture measurement (DSC) is ±0.02 K. The molar heat capacities of 1-
methylpyrrolidin-2-one and benzene are recorded in table 2,
where they are compared with literature values [30,31].

3. Results

The molar heat capacities, Cp and (CP)ijk of {NMP (i) + benzene
(j)}; {benzene (i) + o- or m- or p-chlorotoluene (j)} binary and
{NMP (i) + benzene (j) + o- or m- or p-chlorotoluene (k)} ternary
mixtures measured over entire mole fraction range at
T = (293.15, 298.15, 303.15) K are listed in tables 3 and 4 respec-
tively. Excess heat capacities, CE

P and ðCE
PÞijk data of the studied bin-

ary and ternary mixtures were calculated from relations

CE
P ¼ CP �

Xj

i¼i

xiðCPÞi; ð1Þ

ðCE
PÞijk ¼ ðCPÞijk �

Xk

i¼i

xiðCPÞi; ð2Þ

where xi (i = i � k), (Cp)i (i = i � k) are the mole fraction and molar
heat capacity of pure component respectively. The CE

P and ðCE
PÞijk

data of {NMP (i) + benzene (j)}; {benzene (i) + o- or m- or
p-chlorotoluene (j)} binary and {NMP (i) + benzene (j) + o- or
m- or p-chlorotoluene (k)} ternary mixtures at the studied temper-
atures (recorded in tables 3 and 4 respectively) were fitted to
Redlich–Kister equations [32] to observe the composition
dependence

CE
P ¼ xixj Cð0ÞP þ Cð1ÞP ð2xi � 1Þ þ Cð2ÞP ð2xi � 1Þ2

h i
; ð3Þ

ðCE
PÞijk ¼ xixj

X2

n¼0

ðCPÞðnÞij ðxi � xjÞn
" #

þ xjxk

X2

n¼0

ðCPÞðnÞjk ðxj � xkÞn
" #

þ xkxi

X2

n¼0

ðCPÞðnÞik ðxk � xiÞn
" #

þ xixjxk

X2

n¼0

ðCPÞðnÞijk ðxj � xkÞnxn
i

" #
; ð4Þ

where ðCPÞðnÞij (n = 0 to 2) etc. and ðCPÞðnÞijk (n = 0 to 2) are adjustable
parameters of binaries (i + j), (j + k), (i + k) and (i + j + k) ternary mix-
tures. These parameters were determined by fitting CE

P and ðCE
PÞijk

data to equations (3) and (4) using least-squares method. The bin-
ary adjustable parameters for {NMP (i) + o- or m- or p-chlorotoluene
(j)}; {benzene (i) + o-chlorotoluene (j)} were taken from literature
[12,33]. The calculated values of ðCPÞðnÞij and ðCPÞðnÞijk parameters along
with their standard deviations, rðCE

PÞ and rðCE
PÞijk defined by

rðCE
PÞ ¼

X
CE

P

� �
fexptlg

� CE
P

� �
fcalc: equation ð3Þg

� �2�
ðm� nÞ

" #0:5

; ð5Þ

r ðCE
PÞijk

� �
¼

X
ðCE

PÞijkfexptlg � ðC
E
PÞijkfcalc: equation ð4Þg

� �2
�
ðm� nÞ

� �0:5

;

ð6Þ

TABLE 1
Details of chemical source, purification method, final purity and analysis method.

Chemical name Source Purification method Final purity Analysis method

1-Methyl pyrrolidin-2-one Fluka Vacuum distillation 0.99 GCa

Benzene Fluka Fractional distillation 0.99 GC
o-Chlorotoluene Fluka Fractional distillation 0.98 GC
m-Chlorotoluene Fluka Fractional distillation 0.98 GC
p-Chlorotoluene Fluka Fractional distillation 0.99 GC

a GC = gas chromatography.

TABLE 2
Comparison of densities, q, speeds of sound, u, and molar heat capacities, CP of pure component (i) with their literature values at T/K = 293.15, 298.15, 303.15 and p = 0.1 MPa.

Liquids T/K q/(kg �m�3) u/(m � s�1) CP/J � K�1 �mol�1)

(Exptl.) (Lit.) (Exptl.) (Lit.) (Exptl.) (Lit.)

1-Methyl pyrrolidin-2-one 293.15 1033.3 1033.23[21] 1565.6 1565.50[23] 165.44
298.15 1028.3 1028.23[21] 1546.1 1546.06[8] 166.22 166.1[24]
303.15 1023.5 1023.47[22] 1527.3 1527.21[23] 166.92

Benzene 293.15 878.89 879.00[24] 1322.6 1323.30[27] 133.58 133.63[30]
298.15 873.54 873.56[25] 1299.4 1299.2 [28] 1299.73[27] 135.28 135.76[31]
303.15 868.20 868.21[26] 1276.2 1276.37[27] 136.58 136.62[30]

The standard uncertainty in density u(q) = ±0.5 kg �m�3; the standard uncertainty in speed of sound u(u) = 0.1 m � s�1; the standard uncertainty in heat capacity,
u(Cp) = ±0.3%; the standard uncertainty in temperature (DSA) u(T) = ±0.01 K; the standard uncertainty in temperature (DSC) u(T) = ±0.02 K; the standard uncertainty in
pressure u(p) = ±100 Pa.
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