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The data of density and viscosity for binary mixtures of N-methylpiperazine (NMP) with methylcyclohexane
(MCH) or n-heptane have been measured from T ) 298.15 K to T ) 313.15 K at atmospheric pressure.
Excess volume, Vm

E, for the binary mixtures are then calculated. Positive values of Vm
E are observed over

the entire composition range, and the maximum value is 0.622 cm3 ·mol-1 at 313.15 K. The excess results
are discussed in terms of the changes of molecular interactions in the mixtures, and the data of Vm

E are
fitted against the composition with the Redlich-Kister type equation. The viscosities have also been correlated
with several semiempirical equations. These physical property data and calculations provide valuable
information on the development and application of piperazine derivatives.

Introduction

N-Methylpiperazine (NMP), C5H12N2, one of the derivatives
of piperazine, is an important intermediate in pharmacentical
chemistry and useful material of some synthetic dyes, polymers,
and surfactants.1,2 The unique molecular structure determines

its biological activity, and NMP can serve as a biochemical
model compound. It can also bond with metal surfaces through
its ring nitrogen atoms to effectively inhibit metal corrosion.
Accurate physical and thermodynamic properties of NMP and
its mixtures with alkanes are very useful for development of
alkyl piperazines and their applications in chemical industry.

In the present work, densities and viscosities at several
temperatures for two binary systems, NMP + methylcyclohex-
ane (MCH) and NMP + n-heptane, are measured as fundamental
data for the chemical design and optimization process. The
excess molar volume of the binary mixtures are calculated to
provide important information on the molecular interactions.3

Experimental Section

Materials. NMP with a claimed mass fraction better than
0.998 and MCH with a mass fraction better than 0.980 were
obtained from Sinopharm Chemical Reagent Co. Ltd. n-Heptane
with a mass fraction better than 0.990 was provided by the
Second Chemical Reagent Co., Yi Xing, China. The sample
purities were analyzed by a Hewlett-Packard 6890/5973 gas
chromatography/mass spectrometer (GC/MS). Each sample was
degassed in an ultrasonic oscillator before its experimental use.
The physical properties of these pure liquids are compared in
Table 1, where F is the density in g · cm-3 and η is the viscosity
in mPa · s. Reasonable agreements are exhibited between the
measured and the reference values.1,4–10 The binary mixtures
of NMP + MCH and NMP + n-heptane were prepared by

directly weighing the constituent components, using a Mettler
Toledo AL204 balance with a precision of 0.0001 g. The
uncertainty of mole fraction was estimated to be ( 1 · 10-4.

Density and Viscosity Measurement. The densities, F, of pure
components and their binary mixtures were measured by a
density meter (DMA 5000M) thermostatted by an autocontrol-
ling temperature device with a precision of 0.001 K. The
densimeter was calibrated with freshly twice-distilled water. The
uncertainty of the density measurements was ( 5 ·10-6 g · cm-3,
corresponding to the uncertainty of ( 1 ·10-3 cm3 ·mol-1 for
the excess volume, Vm

E.
The dynamic viscosity η is calculated from the measured

density F and the kinematic viscosity ν:

η ) Fν (1)

The kinematic viscosities were determined using an Ubbe-
lohde viscometer. The viscometer was filled with 20 cm3

solution and was submerged into a thermostatic bath with a
resolution of 0.01 K. The flow time was measured with a
stopwatch to an accuracy of 0.01 s. The viscometer was
calibrated with twice-distilled water. Each viscosity value of
the fluid was reported by averaging over three consecutive runs.
The flow time was reproducible to be ( 0.2 s, and the
uncertainty of viscosity was within ( 0.008 mPa · s.
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Table 1. Physical Properties of Pure Liquids

T F/g · cm-3 η/mPa · s

compound K exptl lit. exptl lit.

NMP 298.15 0.89928 0.89980a 1.856 1.841b

303.15 0.89490 0.89454a 1.544
308.15 0.89050 1.370
313.15 0.88607 1.250

MCH 298.15 0.76500 0.76496c 0.719 0.685d

303.15 0.76067 0.76065c 0.655 0.637c

308.15 0.75631 0.7563d 0.616 0.600d

313.15 0.75194 0.75193c 0.573 0.568e

n-heptane 298.15 0.67972 0.6797f 0.404 0.396h

303.15 0.67546 0.67547f 0.383 0.375f

308.15 0.67117 0.67119g 0.363 0.356f

313.15 0.66684 0.66686g 0.342 0.336g

a Ref 1. b Ref 4. c Ref 5. d Ref 6. e Ref 7. f Ref 8. g Ref 9. h Ref 10.

J. Chem. Eng. Data 2010, 55, 2914–29162914

10.1021/je900969u  2010 American Chemical Society
Published on Web 02/12/2010



Results and Discussion

Density and Viscosity Data. The experimental density and
viscosity at several temperatures for the binary mixtures are
given in Table 2. The excess volume, Vm

E, is calculated from
eq 2.

Vm
E )

M1x1 + M2x2

F
- (M1x1

F1
+

M2x2

F2
) (2)

where Mi, xi, and Fi are the molecular weight, the mole fraction,
and the density of the pure component i, respectively. F is the
density of the binary mixture.

The excess volume as a function of composition is fitted to
the Redlich-Kister type equation11

Vm
E ) x1x2 ∑

i)1

k

Ai(x1 - x2)
i-1 (3)

where Ai are the polynomial coefficients. The standard deviation,
σ, of the correlation is defined as

σ ) [ ∑ (Y - Ycal)
2/(n - k)]1/2 (4)

where n is the number of data points, k is the number of
parameters, Y is the experimental value, and Ycal is the calculated
value. The regression results of excess volume are given in Table
3, in which the σ values are less than 0.013 cm3 ·mol-1.

The excess volume, Vm
E, against the mole fraction for the

investigated binary mixtures at different temperatures is shown
in Figure 1. It is observed that the Vm

E values are positive for
both binary systems over the entire composition range. NMP
molecules are self-associated through hydrogen bonds resulting
from the ring nitrogen atoms. When each of the two nonpolar
components is mixed with NMP, the induction forces between
two different molecules are formed, and the hydrogen bonds
among NMP molecules are weakened. Because the induction
force between the permanent dipole and the induced dipole is
a type of van der Waals force, also known as a Debye force,
the energy of the molecular hydrogen bond should be much
greater than that of the induction force, and positive Vm

E of the
binary mixtures can be observed. Both NMP and MCH are
cyclic molecules, while n-heptane is a chain alkane. Thus, the
n-heptane molecule might enter the space of a NMP molecule.
This means that the distance between n-heptane and NMP
molecules at the equilibrium state becomes shorter, while the
cyclic MCH molecule hinders the molecular packing between
the two components.12 As a result, the Vm

E values of NMP +
MCH are larger than those of NMP + n-heptane at the same
composition and temperature.

Viscosity Correlation. Viscosity data and viscosity models
for pure liquids and their mixtures are useful for practical and
theoretical purposes.4,13–15 Four typical semiempirical equations
are employed to correlate the experimental viscosities in this
work. The Kendall-Monroe equation4 without adjustable
parameters is expressed as

η ) (x1η1
1/3 + x2η2

1/3)3 (5)

The single-parameter equations of Hind,16 Grunberg-
Nissan,17 and the double-parameter McAllister18 are expressed
as eqs 7, 8, and 9, respectively.

Table 2. Density G and Viscosity η of NMP + MCH and NMP +
n-Heptane Binary Mixtures at Several Temperatures

F η F η

xNMP g · cm-3 mPa · s xNMP g · cm-3 mPa · s

NMP + MCH NMP + n-heptane
298.15 K 298.15 K

0.0000 0.76500 0.719 0.0000 0.67972 0.404
0.0988 0.77501 0.716 0.1006 0.69586 0.429
0.1972 0.78584 0.751 0.2012 0.71324 0.466
0.2970 0.79752 0.801 0.3006 0.73162 0.511
0.3964 0.81157 0.867 0.4014 0.75150 0.571
0.4953 0.82293 0.945 0.5007 0.77243 0.648
0.5948 0.83659 1.057 0.5996 0.79438 0.756
0.6952 0.85068 1.190 0.7000 0.81802 0.905
0.7969 0.86590 1.362 0.7979 0.84273 1.094
0.8977 0.88136 1.585 0.9036 0.87101 1.474
1.0000 0.89928 1.856 1.0000 0.89928 1.856

303.15 K 303.15 K
0.0000 0.76067 0.655 0.0000 0.67546 0.383
0.0988 0.77065 0.676 0.1006 0.69157 0.395
0.1972 0.78144 0.698 0.2012 0.70891 0.438
0.2970 0.79312 0.730 0.3006 0.72727 0.481
0.3964 0.80563 0.776 0.4014 0.74713 0.533
0.4953 0.81851 0.840 0.5007 0.76804 0.599
0.5948 0.83217 0.918 0.5996 0.78999 0.699
0.6952 0.84626 1.022 0.7000 0.81361 0.815
0.7969 0.86149 1.164 0.7979 0.83832 0.995
0.8977 0.87696 1.326 0.9036 0.86662 1.234
1.0000 0.89490 1.544 1.0000 0.89490 1.544

313.15 K 313.15 K
0.0000 0.75194 0.573 0.0000 0.66684 0.342
0.0988 0.76189 0.582 0.1006 0.68290 0.360
0.1972 0.77264 0.604 0.2012 0.70020 0.389
0.2970 0.78426 0.634 0.3006 0.71849 0.424
0.3964 0.79674 0.674 0.4014 0.73830 0.467
0.4953 0.80959 0.725 0.5007 0.75918 0.527
0.5948 0.82326 0.791 0.5996 0.78110 0.603
0.6952 0.83734 0.868 0.7000 0.80471 0.691
0.7969 0.85258 0.970 0.7979 0.82943 0.826
0.8977 0.86808 1.087 0.9036 0.85775 1.024
1.0000 0.88607 1.250 1.0000 0.88607 1.250

Figure 1. Plots of excess molar volume, Vm
E, against mole fraction xNMP

for NMP + MCH (a) and NMP + n-heptane (b) binary mixtures at several
temperatures: b, 298.15 K; 2, 303.15 K; 1, 313.15 K.

Table 3. Parameters of the Redlich-Kister Type Equation and
Standard Deviations σ of Vm

E (cm3 ·mol-1) Correlations for NMP +
MCH and NMP + n-Heptane Binary Mixtures

T/K A1 A2 A3 A4 A5 σ

NMP + MCH
298.15 2.26259 -0.72310 0.51850 1.34989 1.34783 0.012
303.15 2.31251 -0.75296 0.54686 1.38315 1.33888 0.012
313.15 2.41383 -0.76696 0.51308 1.43264 1.38374 0.013

NMP + n-Heptane
298.15 1.34445 -0.68791 0.59081 0.50052 0.47158 0.008
303.15 1.36258 -0.71290 0.64400 0.53013 0.40154 0.008
313.15 1.39183 -0.72414 0.59318 0.53976 0.48412 0.009

Journal of Chemical & Engineering Data, Vol. 55, No. 8, 2010 2915



η ) x1
2η1 + x2

2η2 + 2x1x2A12 (6)

ln η ) x1 ln η1 + x2 ln η2 + x1x2A12 (7)

ln η ) x1
3 ln η1 + x2

3 ln η2 + 3x1
2x2 ln A12 +

3x1x2
2 ln A21 - ln[x1 + x2M2/M1] + 3x1

2x2 ln[2 +

(M2/M1)/3] + 3x1x2
2 ln[1 + (2M2/M1)/3] + x2

3 ln[M2/M1]
(8)

where A12 and A21 are interaction parameters.
The correlation parameters along with the average percentage

deviation (Dev)

Dev ) 1
n ∑

i)1

n |ηcalcd,i - ηexptl,i|

ηexptl,i
· 100 % (9)

and the standard deviation (σ) for the binary mixtures of NMP
+ MCH and NMP + n-heptane are listed in Table 4. The Hind
and McAllister equations give comparatively similar deviations.
The Kendall-Monroe equation gives large prediction deviations,
which is not appropriate for these investigated binary mixtures.
The Grunberg-Nissan equation gives relatively satisfactory
results.

Conclusions

Densities and viscosities of the binary systems of NMP +
MCH and NMP + n-heptane have been measured at several
temperatures over the entire composition range. Excess volumes,
Vm

E, for the binary mixtures have been calculated, and positive
values of Vm

E are observed. These deviation results can be
explained in terms of the changes of molecular shapes and
interactions. The deviation functions fitted with the Redlich-
Kister type equation and the viscosities correlated with semiem-
pirical equations are performed with valuable information.
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Table 4. Correlation Deviations and Adjustable Parameters of Semi-empirical Viscosity Equations for NMP + MCH and NMP + n-Heptane
Binary Mixtures at (298.15, 303.15, and 313.15) K

NMP + MCH NMP + n-heptane

equation 298.15 303.15 313.15 298.15 303.15 313.15

Kendall-Monroe Dev/% 15.6 13.3 11.4 27.2 22.5 19.5
σ/mPa · s 0.178 0.139 0.100 0.237 0.175 0.132

Grunberg-Nissan A12 -0.7602 -0.6692 -0.6051 -1.1971 -0.9901 -0.8926
Dev/% 0.99 0.28 0.28 1.42 0.75 0.67
σ/mPa · s 0.012 0.024 0.003 0.016 0.006 0.005

Hind et al. A12 0.5822 0.5807 0.5380 0.1250 0.2258 0.2358
Dev/% 2.00 2.23 3.97 9.06 6.06 11.12
σ/mPa · s 0.025 0.024 0.029 0.078 0.051 0.058

McAllister A12 0.6545 1.0390 0.4450 0.3354 0.3991 0.2985
A21 0.2837 0.0443 0.2244 0.2576 0.2406 0.2048
Dev/% 6.24 8.96 6.81 1.96 5.19 2.76
σ/mPa · s 0.085 0.098 0.064 0.021 0.067 0.025
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