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Abstract
This thesis involves a study of the thermodynamics ofliquid mixtures containing N-methyl-2­
pyrrolidone (NMP) and hydrocarbons or ethers. NMP is a polar liquid which is used in liquid
extraction procedures for the separation of polar and nonpolar hydrocarbons. It was
considered important enough to devote an entire thesis to the properties ofNMP related to its
interactions with simple hydrocarbons and ethers. The thesis consists offour parts:

Part one is devoted to liquid-liquid equilibria. Experimental results at 298.2 K, are presented
for the mixtures: NMP + an aromatic hydrocarbon + an n-alkane. Firstly, the effect increasing
the chain length of the alkane has on the liquid-liquid equilibria was investigated, by studying
mixtures of the type: an n-alkane + toluene + NMP; where the n-alkane refers to n-hexane or
n-nonane or n-tetradecane or n-hexadecane. Secondly, the effect of substitution on the
benzene ring on the equilibria was studied by measuring the liquid-liquid equilibria for the
mixtures: n-hexadecane + an aromatic hydrocarbon + NMP; where the aromatic hydrocarbon
refers to toluene or o-xylene or m-xylene or p-xylene or mesitylene or ethyl benzene. The
chain length of the n-alkane had a significant effect on the liquid-liquid equilibria. Methyl
substitution on the benzene ring had a small effect on the liquid-liquid equilibria.

Part two is devoted to activity coefficients at infinite dilution. Experimental results at 298,15
K, determined using gas-liquid chromatography, are presented for the mixtures: NMP
(solvent) + n-pentane or n-hexane or n-heptane or n-octane or cyclopentane or cyclohexane or
cycloheptane or I-hexene or 1-heptene or l-octene or diethyl ether or diisopropyl ether. The
magnitudes of the infinite dilution activity coefficients had the following order: n-alkanes >
cycloalkanes > l-alkenes > ethers.

Part three is devoted to excess molar enthalpies. Experimental results at 298.15 K are
presented for the mixtures: NMP + an aromatic hydrocarbon. Here, an aromatic hydrocarbon
refers to one ofbenzene or toluene or o-xylene or m-xylene or p-xylene or mesitylene or ethyl
benzene. Isothermal flow microcalorimetry was used to determine the excess molar
enthalpies. Increased methyl substitution on the' benzene ring manifests itself as a reduction in
the association between NMP and the aromatic hydrocarbon.

Part four is devoted to excess molar volumes. Experimental results at 298.15 K are presented
for the mixtures: NMP + an aromatic hydrocarbon. Here, an aromatic hydrocarbon refers to
one of benzene or toluene or o-xylene or m-xylene or p-xylene or mesitylene or ethyl benzene.
Densitometry was used to determine the excess molar volumes. The excess molar volumes
were negative for all the mixtures.
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Chapter 1 : Introduction

Chapter 1
Introduction

This work investigates the thermodynamics ofliquid mixtures containing N-methyl-2­
pyrrolidone (NMP). NMP is a dipolar aprotic solvent that is used for the separation oflow
molecular weight monocyclic aromatic compounds from petroleum feedstock.<1,2,3) NMP is a
heterocyclic molecule (see figure 1.1.).

o

Figure 1.1 Structure ofN-methyl-2­
pyrrolidone,(NMP).

NMP has also been found to be an excellent dissociating solvent suitable for use in
electrochemistry.(4,S,6) NMP has also been used as a dipolar aprotic medium for organic
synthesis, (7) as well as a solvent for the study of aromatic radicals and electron-transfer
reactions using pulse radiolysis,(8) and as a solvent for polymer casting. (9)

NMP is obviously a very important solvent.

On consulting the literature it was found that significant data on NMP was missing. In order
to improve our knowledge of the interactions ofNMP mixtures with hydrocarbons or with
ethers, it was decided to measure some of the more important thermodynamic properties (see
below) ofNMP in these mixtures.

This thesis is divided into four parts:

Part one (chapter two) is devoted to the liquid-liquid equilibria of the mixtures NMP + an
aromatic hydrocarbon + an n-alkane. Firstly, the effect increasing the chain length of the
alkane has on the equilibria was investigated by studying mixtures of the type, an n-alkane +
toluene + NMP, where the n-alkane is n-hexane or n-nonane or n-tetradecane or n­
hexadecane. Very little of these data are already available in the literature, hence this work
contributes to the literature. Secondly, the effect that substitution on the benzene ring has on
the equilibria was studied by measuring the liquid-liquid equilibria for the mixtures n-

1
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hexadecane + an aromatic hydrocarbon + NMP, where the aromatic hydrocarbon refers to
toluene or o-xylene or m-xylene or p-xylene or mesitylene or ethyl benzene. This work
contributes new data to the literature.

Part two (chapter three) is devoted to activity coefficients at infinite dilution for mixtures
containing NMP. Experimental results at 298.15 K were presented for the mixtures: NMP
(solvent) + n-pentane or n-hexane or n-heptane or n-octane or cyclopentane or cyclohexane or
cycloheptane or 1-hexene or 1-heptene or l-octene or diethyl ether or diisopropyl ether. New
data are presented for cyclopentane, cycloheptane, 1-heptene, l-octene, diethyl ether and
diisopropyl ether. The data presented in this work together with existing data gives a picture
of the thermodynamic effect of mixingo Gas-liquid chromatography was used to determine the
activity coefficients at infinite dilution.

Part three (chapter four) is devoted to the study of excess molar enthalpies for the mixtures:
NMP + an aromatic hydrocarbon. An aromatic hydrocarbon refers to benzene or toluene or
o-xylene or m-xylene or p-xylene or mesitylene or ethyl benzene. Isothermal flow
microcalorimetry was used to determine the excess molar enthalpies. New data is presented
for the mixtures: NMP + toluene, NMP + m-xylene, NMP + p-xylene, NMP + mesitylene and
NMP + ethyl benzene. The data presented in this work together with existing data from the
literature show the effect that substitution on the benzenoe ring has on the excess molar
enthalpy.

Part four (chapter five) is devoted to the excess molar volumes for the mixtures: NMP + an
aromatic hydrocarbon. Aromatic hydrocarbon refers to benzene or toluene or o-xylene or m­
xylene or p-xylene or mesitylene or ethyl benzene. Densitometry was used to determine the
excess molar volumes. The measurements obtained here confirm some of the results found in
the literature. The data presented in this work together with the data from the literature show
the effect that substitution on the benzene ring has on the excess molar volume.
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Chapter 2 : liquid-liquid equilibria

Chapter 2
Liquid-liquid eqpilibria

2.1. Introduction

Since the latter part of the last century liquid-liquid extraction has been extensively used in
industry for the separation ofliquid mixturesYO

) The separation of components by liquid­
liquid extraction depends on the distribution of solutes between two liquid phases. A
knowledge ofliquid-liquid equilibria is vital for the design of extraction processes as such data
not only eliminates the need for expensive pilot trials, but also gives an economic indication of
solvent usage that is, the solvent loading capacity.(ll) One such liquid-liquid extraction
solvent is NMP, and it has been used to isolate aromatic hydrocarbons from hydrocarbon
feedstock. (1)

Available literature on liquid-liquid equilibria of mixtures containing an n-alkane + an aromatic
hydrocarbon + NMP only covers the mixtures presented in table 2.1; hence to provide a better
picture for mixtures of this type the mixtures given in table 2.2 were investigated. The results
presented in this work give a clear picture of the effect of methyl substitution on the benzene
ring, on the liquid-liquid equilibria, as well as the effect of increasing the chain length of the n­
alkane, on the liquid-liquid equilibria.

This chapter covers the experimental techniques available in the literature for determining
liquid-liquid equilibria, followed by a brief description of the method and the graphical
representation used in this work. Thereafter the results are presented for the liquid-liquid
equilibria for the mixtures listed in table 2.2, followed by a discussion of the results.

Table 2.1. Available liquid-liquid equilibria data for mixtures of the type: an
n-alkane + an aromatic hydrocarbon + NMP.

n-alkane aromatic hydrocarbon reference

heptane toluene 12

tetradecane toluene 13

heptane benzene 14

tetradecane benzene 13

tetradecane xylene 13

tetradecane ethylbenzene 13

3
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Table 2.2. Systems for which liquid-liquid equilibria are
determined at 298.2 K in this work.

n-hexane + toluene + NMP

n-nonane + toluene + NMP

n-tetradecane + toluene + NMP

n-hexadecane + toluene + NMP

n-hexadecane + o-xylene + NMP

n-hexadecane + m-xylene + NMP

n-hexadecane + p-xylene + NMP

n-hexadecane + mesitylene + NMP

n-hexadecane + ethyl benzene + NMP

2.2. Available techniques for determining liquid-liquid equilibria

Liquid-liquid equilibria can be determined by one of the following experimental techniquesYO)

2.2.1. Cell equilibration:

In this technique the constituents are vigorously stirred and then allowed to separate. (15) Once
the phases are separated, samples are withdrawn from both phases and analysed, generally by
gas chromatography (see figure 2.1). An advantage of this method is that it is direct and
simple. However this method does present some difficulties in that sophisticated apparatus is
required to analyse the phases. The accuracy of the gas chromatography technique is
sometimes questionable as the peak area is often influenced by many factors.

4
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•

B • A

Figure 2.1. Simple cell for liquid-liquid equilibria determination.
(A) Temperature control (B) stirrer (C) septum.

2.2.2 Continuous measurement:

This technique involves the separation of the phases in a centrifuge.(16,17) Provision is made for
the recirculation of the phases and for the online determination of composition. The type of
detector used depends on the system investigated (see figure 2.2). An advantage of this
method is that it does not require as much handling as cell equilibration. This technique does
have a major drawback in that it requires sophisticated equipment and can be costly.

5
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A

F

o

E

o

Figure 2.2. Apparatus for determining continuous liquid-liquid equilibria. (A) stirrer
(B) mixing chamber (C) centrifuge (D) detector (E) heat control (F) feed (G) sampling
point.

2.2.3. Titrimetry:

This technique is based on simple titrations and mass balancesyo,18,19) A third component is
added to a binary mixture of known composition until the onset or disappearance of turbidity.
The advantage of this technique is that it is cheap and requires very simple equipment. A
drawback of this method is that volatile solvents present a problem. It can be overcome by
direct injection of the volatile solvent into the liquid mixture, thus minimising vapour space
and evaporation. Due to this technique being the most economical it was used in this work.
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2.3. Experimental technique used in this work:

The technique used in this work was a modified titration technique described in detail by
Letcher et al. (18) The binodal curve was determined at 298.2 K by adding to a mixture of
known composition, consisting of two components, the third component, using a syringe. The
syringe was weighed before and after the addition, to determine the mass of the third
component. The tie-line compositions were determined by the refractive-index technique
reported by Briggs and Comings(20) and described in detail by Letcher et al. (18) The technique
for determining tie-line compositions involved the determination of a calibration curve which
was obtained by plotting the refractive index (of the solution) versus concentration. This was
carried out during the determination of the binodal curve. This calibration curve was used to
find the concentration of conjugate phases. Mixtures which involved phase separation were
made up and the refractive indices of the conjugate phases were determined. These refractive
indices were used to determine the compositions of the conjugate phases from the calibration
curves. This method was preferred as it did not involve the use expensive equipment such as a
gas-chromatograph.

The precision of the technique is better than 0.01 on a mole fraction basis.

The accuracy of this technique was determined by comparing the liquid-liquid equilibrium data
for the binary mixture n-nonane +NMP determined in this work and data published by
Malanowski et al. (21) The data agreed to within 0.01 mole fraction for this particular set of
data.

The Treybal method was used to determine the plait point or critical point. (22) The Treybal
method involved plotting the following graphs on the same axes:

X
2

x
2- versus ­

Xl X3

and
X X
~ versus -E.
X ll X33

where X 21 is the mole fraction of component 2 in the alkane-rich phase
x JJ is the mole fraction of component 1 in the alkane-rich phase
X 23 is the mole fraction of component 2 in the NMP-rich phase
X33 is the mole fraction of component 3 in the NMP-rich phase

and XI is the mole fraction of component 1 on the binodal curve
X2 is the mole fraction of component 2 on the binodal curve
x] is the mole fraction of component 3 on the binodal curve.

X 21> XII> x 23 and, x]] were determined from tie-line data and xI> X2 and X] were determined from

7
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binodal curve data. The plait point composition was given by the intercept of the two graphs.

Refractive indices were read at 298.2 K using an ABBE refractometer controlled at a
temperature of298.2 K.

2.3.1. Chemicals:

Details of chemicals used in this work are given in table 2.3. NMP was kept under 4A
molecular sieves and all other chemicals were used without any further treatment.

Table 2.3. Details of chemicals: suppliers, refractive indices and purity.

Compound Supplier n25 n25(literatureY23.24) Purity

NMP Sigma 1.468 1.4675 >99 %

n-hexane SAARChem 1.3725 1.3723 99 %

n-nonane FLUKA 1.4052 1.4031 99.8 %

n-tetradecane FLUKA 1.4275 1.4269 >99%

n-hexadecane ACROS 1.4325 1.4325 99%

toluene SAARChem 1.494 1.494 99 %

o-xylene JANSSEN CHIMICA 1.5018 1.5029 99%

rn-xylene Merck 1.4943 1.4946 99%

p-xylene JANSSEN CHlMICA 1.4925 1.4932 >99%

mesitylene Merck 1.4965 1.4968 98%

ethyl benzene ACROS 1.4928 1.4932 99%
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2.3.2. Graphical representation of ternary systems :

The position of a point "0" representing an equilibrium mixture for a ternary liquid system is
shown on an equilateral triangle (25) (see figure 2.3.) for a constant temperature and pressure.
The pure components are represented by the vertices of the triangle and the edges represent
binary mixtures. Ternary points are represented within the triangle. The fixing of temperature
and pressure is a condition of the phase rule.

E
01\1
/ \.

/ \
,(---->..

/ \ / \
/ \ / \

L V -\

F
/\ /\ I\.

/ \ / \ / \.

/ ---1t---~~--7\
/ \ / \ / \

/ \/ \/ \
- - --JI\- - -7'\- --7\

/ \ / \ / \
x3 / \ / \ / \ x2

,(---~--- ---~---~---~
/\ /\ / 0/\. I\. /\

/ \/ \/ \/ \/ \
L __ Y Y___ D

/\ /\ /\ \ /\ /\ I\.
/\/\/\ \/\/\/ \.

*--~k--~--\---X---X---~--~\
/\ /\ /\ \ /\ /\ /\ /\

/ \/ \/ \ \/ \/ \/ \/ \
~--~---~--- ---~---~---~---~--~

/ \ / \ / \ \ / \ / \ / \ / \ /\
/ \ / \ / \ \ / \ / \ / \. / \ / \
~--~---~--- ---¥---~---~---~--~---~
/\ /\ /\ \ /\ /\ /\ /\ /\ /\ \

/ \ / \ / \ \ / \ / \ / \ / \ / \ / \0
C

o
A--------~B Xl

Figure 2.3. Triangular phase diagram depicting a three component mixture.

In figure 2.3 point "0" represents a ternary mixture. The composition of the mixture is
determined by taking the distance between the sides of the triangle and lines drawn through
point "0" parallel to the sides of the triangle.(25) From the example in figure 2.3 the value of
XJ is given by AB and is equal to 0.3. The value ofx2 is given by CD and is equal to 0.4. The
value of X3 is given by EF and is equal to 0.3.
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Ternary liquid-liquid systems have been divided into three types (see figure 2.4) which are
dependent on mutual miscibility of the constituents. (10) In a type I system, one pair of
constituents are partially miscible in each other, whilst in a type 11 system two pairs of
constituents are partially miscible in each other. A type III system is one in which there are
three pairs of partially miscible constituents. In a type III system there exists a point at which
three phases are present and the composition of the phases are represented by the three
vertices of the inner triangle. Application of the phase rule to such a system shows zero
degrees of freedom at constant temperature and pressure; this is called an invariant system. In
this work all mixtures are type I.

(a)
LL.---------_---ll2

3

L-...L-------..L~2 (b)
11

3

I11

Figure 2.4. Types oftemary mixtures.

(a) type I (b) type n (c) type TII.

2
(c)
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2.4. Results:

The composition (in mole fractions) of mixtures on the binodal curve at 298.2 K are given in
table 2.4 and table 2.5.

Compositions of conjugate mixtures at equilibrium are given in table 2.6 and 2.7. Lines on a
phase diagram joining conjugate mixtures at equilibrium are called tie-lines. The composition
of the plait points are given in table 2.8 and 2.9.

Phase diagrams showing the binodal curve, tie-lines and plait points are plotted in figures 2.5
to 2.13. The calibration curves used for the determination of the tie-lines are given in figures
2.14 to 2.22.

The Treybal graphs used for the determination of the plait points of the mixtures are given in
figures 2.23 to 2.31.

The relative solubility of the aromatic compound in the n-alkane and in NMP has been plotted
in figure 2.32 for a variation in the n-alkane chain length, and figure 2.33 for a variation in the
aromatic compound.

Composite curves showing the influence of increasing the chain length of the n-alkane and the
effect of substitution on the benzene ring on the liquid-liquid equilibria are given in figures .
2.34 and 2.35 respectively.

In order to represent the data analytically three methods have been used:

H1avaty equation:(28)

(2.1)

The f3 function:(29)

(2.2)

The log equation:(30)

(2.3)

where

(2.4)
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and

(2.5)

and XJ refers to the mole fraction of the n-alkane, x2 refers to the mole fraction of the aromatic
hydrocarbon and xll

G and x/ are the values of Xl on the binodal curve which cuts the x2 = 0
axis. These equations summarize the binodal curve data and have been discussed in detail by
Letcher and co-workers.(30) The coefficients Ai, Bi and Ci are given in table 2.10 and table
2.11.
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Table 2.4. Compositions of points on the binodal curve at 298.2 K for the mixtures:
hexadecane (1) + aromatic hydrocarbon (2) + NMP (3). Here x3 = 1- x2 - Xl'

Xl X2 Xl X 2 Xl X 2

Toluene m-Xylene Mesitylene

0.012 0.000 0.012 0.000 0.012 0.000

0.022 0.106 0.022 0.082 0.023 0.055

0.053 0.289 0.035 0.168 0.027 0.102

0.107 0.359 0.06 0.251 0.051 0.187

0.324 0.396 0.122 0.316 0.057 0.192

0.391 0.368 0.226 0.354 0.109 0.268

0.394 0.363 0.498 0.31 0.11 0.266

0.437 0.348 0.656 0.205 0.187 0.323

0.531 0.309 0.707 0.171 0.202 0.331

0.534 0.308 0.920 0.000 0.295 0.357

0.607 0.247 0.532 0.304

0.71 0.179 0.728 0.163

0.781 0.120 0.831 0.076

0.920 0.000 0.920 0.000

o-Xylene p-Xylene Ethyl benzene

0.012 0.000 0.012 0.000 0.012 0.000

0.021 0.096 0.021 0.093 0.020 0.097

0.037 0.193 0.038 0.188 0.037 0.192

0.071 0.281 0.073 0.274 0.072 0.279

0.148 0.343 0.156 0.333 0.125 0.327

0.235 0.385 0.268 0.363 0.269 0.365

0.417 0.354 0.420 0.355 0.324 0.370

0.524 0.302 0.543 0.304 0.452 0.335

0.644 0.236 0.662 0.235 0.715 0.203

0.854 0.063 0.732 0.154 0.809 0.105

0.920 0.000 0.920 0.000 0.920 0.000
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Table 2.5. Compositions of points on the binodal curve at 298.2 K for the
mixtures: n-alkane (1) + toluene (2) + NMP (3). Here X 3 = 1- x2 - XI'

x, x2 x/ x2

C6H14 C9H20

0.174 0.000 0.079 0.000

0.237 0.058 0.102 0.104

0.282 0.089 0.220 0.166

0.289 0.097 0.290 0.216

0.387 0.127 0.307 0.208

0.434 0.130 0.464 0.208

0.503 0.130 0.645 0.172

0.707 0.100 0.783 0.109

0.785 0.081 0.920 0.000

0.842 0.041

0.920 0.000

C14HJO C I6HJ4

0.021 0.000 0.012 0.000

0.031 0.098 0.022 0.106

0.052 0.190 0.053 0.289

0.082 0.274 0.107 0.359

0.169 0.333 0.324 0.396

0.299 0.349 0.391 0.368

0.345 0.348 0.394 0.363

0.462 0.310 0.437 0.348

0.593 0.255 0.531 0.309

0.708 0.175 0.534 0.308

0.818 0.095 0.607 0.247

0.920 0.000 0.71 0.179

0.781 0.120

0.920 0.000
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Table 2.6. Compositions of conjugate solutions at 298.2 K for the
mixtures: hexadecane (1) + aromatic hydrocarbon (2) + NMP (3).

x' x' x" x"I 2 I 2

Toluene

0.920 0.000 0.012 0.000

0.635 0.230 0.013 0.050

0.585 0.265 0.015 0.090

0.549 0.290 0.015 0.120

0.540 0.300 0.018 0.150

0.504 0.320 0.021 0.185

0.483 0.335 0.025 0.210

o-xylene

0.920 0.000 0.012 0.000

0.875 0.040 0.014 0.038

0.830 0.075 0.017 0.050

0.788 0.110 0.018 0.080

0.730 0.155 0.024 0.125

0.644 0.220 0.033 0.160

0.598 0.245 0.035 0.170

0485 03]0 0055 0230
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Table 2.6 continued. Compositions of conjugate solutions at 298.2 K
for the mixtures: hexadecane (1) + aromatic hydrocarbon (2) + NMP
(3)

x' x' x" x"I 2 I 2

m-xylene

0.920 0.000 0.012 0.000

0.825 0.080 0.013 0.025

0.787 0.112 0.015 0.055

0.758 0.135 0.015 0.060

0.732 0.155 0.017 0.090

0.657 0.210 0.022 0.120

0.595 0.250 0.032 0.173

0.598 0.245 0.035 0.170

0.485 0.310 0.055 0.230

p-xylene

0.920 0.000 0.012 0.000

0.851 0.065 0.013 0.035

0.797 0.115 0.017 0.075

0.655 0.230 0.021 0.110

0.605 0.270 0.025 0.120

0.589 0.275 0.025 0.135

0.467 0.340 0.033 0.160

0.390 0.360 0.035 0.180
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Table 2.6 continued. Compositions of conjugate solutions at 298.2 K
for the mixtures: hexadecane (1) + aromatic hydrocarbon (2) + NMP (3)

x' x' x" x "I 2 I 2

mesitylene

0.920 0.000 0.012 0.000

0.780 0.120 0.016 0.045

0.738 0.155 0.023 0.070

0.656 0.220 0.032 0.115

0.606 0.260 0.047 0.155

0.610 0.250 0.040 0.150

0.468 0.330 0.054 0.180

0.450 0.340 0.050 0.190

0.330 0.350 0.098 0.255

ethyl benzene

0.920 0.000 0.012 0.000

0.830 0.095 0.021 0.040

0.809 0.113 0.016 0.068

0.783 0.135 0.017 0.095

0.725 0.180 0.023 0.115

0.702 0.200 0.020 0.145

0620 0250 0033 o ]65
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Table 2.7. Compositions of conjugate solutions at 298.2 K for the
mixture n-alkane (1) + toluene (2) + NMP (3)

x' x ' x" x "I 2 I 2

C6H I4

0.919 0.000 0.174 0.000

0.861 0.030 0.209 0.035

0.836 0.045 0.229 0.050

0.834 0.052 0.231 0.058

0.766 0.080 0.318 0.100

0.743 0.085 0.321 0.108

0.719 0.093 0.352 0.117

C9H20

0.931 0.000 0.079 0.000

0.782 0.105 0.136 0.110

0.775 0.110 0.155 0.120

0.755 0.120 0.168 0.135

0.722 0.140 0.185 0.160

0.684 0.153 0.220 0.170

0.620 0.180 0.268 0.205

C14H30

0.931 0.000 0.021 0.000

0.785 0.120 0.023 0.025

0.747 0.145 0.025 0.040

0.703 0.180 0.037 0.066

0.638 0.225 0.033 0.125

0.593 0.260 0.046 0.175

0.438 0.325 0.068 0.245
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Table 2.7 continued. Compositions of conjugate solutions at 298.2 K
for the mixture n-alkane (1) + toluene (2) + NMP (3)

x' x' x" x "I 2 I 2

C16H34

0.920 0.000 0.012 0.000

0.635 0.230 0.013 0.050

0.585 0.265 0.015 0.090

0.549 0.290 0.015 0.120

0.540 0.300 0.018 0.150

0.504 0.320 0.021 0.185

0483 0335 0025 0210
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Table 2.8. Compositions of plait points at 298.2 K for the
mixtures: hexadecane (1) + aromatic hydrocarbon (2) + NMP (3)

0.150

0.200

0.223

0.119

0.193

o ]90

X2

Toluene

0.391

o-xylene

0.360

m-xylene

0.352

p-xylene

0.316

mesitylene

0.324

ethyl benzene

0350

Table 2.9. Compositions of plait points at 298.2 K for the
mixtures: n-alkane (1) + toluene (2) + NMP (3).

Xl

C6H14

0.565

C9H20

0.457

C14H30

0.195

C16H34

o 150

0.125

0.215

0.340

0391
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Table 2.10. Coefficients A, Band C in equations 2.1 to 2.3 respectively for hexadecane(l) +
aromatic hydrocarbon(2) + NMP(3) at 298.2 K.

Aromatic Al A2 A j B I B2 Bj Cl C2 Cj

hydrocarbon

Toluene 0.12 0.04 1.85 1.07 1.79 1.07 1.03 1.63 1.45

o-xylene -0.10 0.02 1.49 0.97 1.54 1.02 0.94 1.42 1.37

m-xylene 0.10 0.07 1.73 1.10 1.75 1.09 1.03 1.51 1.45

p-xylene -0.18 0.00 1.25 0.99 1.58 1.04 0.93 1.41 1.37

mesitylene -0.10 0.10 1.43 1.03 -1.63 1.12 0.99 1.44 1.46

ethyl benzene -0.34 -0.15 0.83 0.89 1.41 0.98 0.86 1.29 1.30

. Table 2.11. Coefficients A, Band C in equations 2.1 to 2.3 respectively for n-alkane(l) +
toluene(2) + NMP(3) at 298.2 K.

n-alkane Al A2 A j BI B2 Bj Cl C2 Cj

n-hexane -0.02 0.65 1.38 1.08 1.01 1.93 1.07 0.96 2.38

n-nonane -0.16 0.35 1.15 0.74 0.71 1.00 0.72 0.67 1.28

n-tetradecane -0.05 0.04 1.42 0.94 1.39 1.02 0.91 1.28 1.36

n-hexadecane 0.12 0.04 1.85 1.07 1.79 1.07 1.03 1.63 1.45
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Figure 2.5. Phase diagram for n-hexane (I) + toluene(2) + N11P (3) at 298.2 K

• o
1
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Figure 2.6. Phase diagram for nonane( 1) + toluene(2) + N11P(3) at 298.2 K
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1

o 0.5
Xl

Figure 2.7. Phase diagram for tetradecane(l) + toluene(2) + NMP(3) at 298.2 K
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o 0.5
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Figure 2.8. Phase diagram for hexadecane( I) + toluene(2) + NMP(3) at 298.2 K
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0.5
Xl

Figure 2.9. Phase diagram for hexadecane(l) + o-xylene(2) + NMP(3) at 298.2 K
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Figure 2.10. Phase diagram for hexadecane( I) + m-xylene(2) + NMP(3) at 298.2 K
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1 o

o O.5 x1

Figure 2.11. Phase diagram for hexadecane(l) + p-xylene(2) + NMP(3) at 298.2 K

1

1

o O.5 x1

Figure 2.12. Phase diagram for hexadecane(l) + mesitylene(2) + NMP(3) at 298.2 K
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1
Xl

Figure 2.13. Phase diagram for hexadecane(l) + ethyl benzene(2) + NMP(3) at 298.2 K
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n-hexane + toluene + NMP
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Figure 2.14. Calibration curve for n-hexane + toluene +NMP at 298.2 K
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Figure 2.15. Calibration curve for nonane + toluene +NMP at 298.2 K
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Figure 2.16. Calibration curve for tetradecane + toluene + NMP at 298.2 K
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Figure 2.17. Calibration curve for hexadecane + toluene + NMP at 298.2 K
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Figure 2.18. Calibration curve for hexadecane + a-xylene + NMP at 298.2 K
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Figure 2.19. Calibration curve for hexadecane + m-xylene +NMP at 298.2 K
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Figure 2.20. Calibration curve for hexadecane + p-xylene + NMP at 298.2 K
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Figure 2.21. Calibration curve for hexadecane + mesitylene +NMP at 298.2 K
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Figure 2.22. Calibration curve for hexadecane + ethyl benzene + NMP at 298.2 K
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Figure 2.23. Treybal plot for n-hexane+toluene+NMP at 298.2 K
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Figure 2.24. Treybal plot for nonane+ toluene+NMP at 298.2 K
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Figure 2.25. Treybal plot for tetradecane+toluene+NMP at 298.2 K
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Figure 2.26. Treybal plot for hexadecane+toluene+NMP at 298.2 K

33



Chapter 2 : liquid-liquid equilibria

2----.------=-----------------------,

1.5 --l-----~--------------------____j
(t)

~
C\I
X

"0
; 1 --l--------~-_______;,L---------------____1
('I)
('I)

~ .
('I)
C\I

x 0.5 ---+-----7"~---------=::~=_____--------____I

o 1 234
x21/x11 and x2/x1

5 6

Figure 2.27. Treybal plot for hexadecane+o-xylene+NMP at 298.2 K
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Figure 2.28. Treybal plot for hexadecane+m-xylene+NMP at 298.2 K
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Figure 2.29. Treybal plot for hexadecane+p-xylene+NMP at 298.2 K
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Figure 2.30. Treybal plot for hexadecane+mesitylene+NMP at 298.2 K
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Figure 2.31. Treybal plot for hexadecane+ethyl benzene+NMP at 298.2 K
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Figure 2.32. Relative solubilities for the mixtures: n-alkane + toluene + NMP at
298.2 K. • = n-hexane, += n-nonane, • = n-tetradecane,X = n-hexadecane. x/ =

mole fraction of toluene in the alkane rich phase and x2 " = mole fraction of toluene in
the NMP rich phase.
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Figure 2.33. Relative solubilities for the mixtures: hexadecane + aromatic
hydrocarbon + NMP at 298.2 K. • = toluene, += o-xylene, • = m-xylene, • = p­
xylene, ... = mesitylene and. = ethyl benzene. x/ = the mole fraction of the aromatic
compound in the hexadecane rich phase and x/' = the mole fraction of the aromatic
compound in the NMP rich phase.
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Figure 2.34. Composite plot for the mixtures: alkane (I) + toluene (2) + NMP (3) at 298.2 K.
Key: A = n-hexane, += n-nonane, • = n-tetradecane, X =n-hexadecane.
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Figure 2.35. Composite plot for the mixtures: hexadecane (I) + aromatic hydrocarbon (2) + NMP (3) at
298.2 K. Key: X = toluene, += o-xylene, • = m-xylene, *=p-xylene , A = mesitylene, • = ethyl benzene.
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Figure 2.36. Migration of the plait point with change in n-alkane chain length.
Key:. = n-hexane, • = n-nonane, += n-tetradecane, ... = n-hexadecane.
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Figure 2.37. Position of plait point for the mixtures: n-hexadecane(l) + an aromatic
hydrocarbon(2) +NMP(3). • = toluene, += o-xylene, • = m-xylene, ... = p-xylene,
*= mesitylene, • = ethyl benzene.

40



Chapter 2 : liquid-liquid equilibria

2.5. Discussion

All the data were measured at a temperature of298.2 K and a pressure of 1 atmosphere.

2.5.1. Previous work:

2.5.1.1. n-heptane + benzene + NMP:
Fabries et al. (14) have presented data for the mixture: n-heptane (1) + benzene (2) + NMP (3)
at 298.2 K. This data is plotted in figure 2.38. The slope of the tie-lines show that benzene is
more soluble in NMP than in n-heptane. The work has a reported precision of 0.01, which
appears to be excellent.

2.5.1.2. n-heptane + toluene + NMP:
The data for the mixture: n-heptane(I) + toluene(2) + NMP(3) at 298.2 K as presented by
Ferreira et al. (12) is plotted in figure 2.39. The slope of the tie-lines show that toluene is more
soluble in NMP than in n-heptane. The precision of this work is reported to be 0.01, which
appears to be excellent.

2.5.1.3. n-tetradecane + benzene + NMP:
Data for the mixture: n-tetradecane(I) + benzene(2) + NMP(3) presented by Al-Zayied et
al. (13) (see figure 2.40) consists of only four tie-lines. This data is considered to be of poor
quality as the slopes of the tie-lines are inconsistent.

2.5.1.4. n-tetradecane + toluene + NMP:
Data has been presented by Al-Zayied et al. (13) for the mixture: n-tetradecane(1) + toluene(2)
+ NMP(3) at 298.2 K which is compared to the data from this work in figure 2.41. As can be
seen the literature data is meagre and consists of only three tie-lines. This data is in poor
agreement with the data presented here, with a maximum difference on the order of 0.18 mole
fraction. This data is considered to be of poor quality, due to the unusual shape of the binodal
curve. The shape of this binodal curve is inconsistent with the shapes of the binodal curves
presented by Fabries et al. (14) and Ferreira et al. (12) for systems of the same type.

2.5.1.5. n-tetradecane + xylene + NMP:
Al-Zayied et al. (13) have presented data for the mixture: n-tetradecane(1) + xylene(2) +
NMP(3) at 298.2 K which is plotted in figure 2.42. The data is very limited and consists of
only two tie-lines. This data cannot be compared to our work as the xylene used by Al-Zayied
et al. (13) is presumably a mixture of o-xylene, m-xylene and p-xylene and in this work o-xylene,
m-xylene and p-xylene have been treated separately.

2.5.1.6. n-tetradecane + ethyl benzene + NMP:
Al-Zayied et al. (13) have also presented data for the mixture: n-tetradecane + ethyl benzene +
NMP which consists of data for only three tie-lines. This data is plotted in figure 2.43. The
binodal curve has an unusual shape hence, this data is considered to be of poor quality. The
shape of this binodal curve is inconsistent with the shapes of the binodal curves presented by
Fabries et aly4) and Ferreira et al.(12) for systems of the same type.
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2.5.2. This work:

The aim of this work is to obtain a better overall picture of the tie-lines and binodal curves for
the ternary mixtures: an n-alkane + an aromatic hydrocarbon + NMP. This information is not
available in the literature (see section 2.5.1). The work reported in this thesis gives a complete
set ofbinodal curves and tie-lines and allows a discussion of (a) (see section 2.5.2.1) the effect
that the alkane chain length has on the liquid-liquid equilibria of mixtures of the type, n-alkane
+ toluene + NMP where the n-alkane was one of n-hexane or n-nonane or n-tetradecane or n-,
hexadecane, and (b) (see section 2.5.2.2) the effect that substitution on the benzene ring has
on the liquid-liquid equilibria of mixtures of the type, n-hexadecane + an aromatic
hydrocarbon + NMP, where an aromatic hydrocarbon is one of toluene or o-xylene or m­
xylene or p-xylene or mesitylene or ethyl benzene.

2.5.2.1. n-Alkane + toluene + NMP:

The increase in chain length of the n-alkane (see figure 2.34) causes an increase in the area
defining the two-phase region. This is expected as an increase in chain length (from C6 to C16)

increases the hydrophobic nature of the n-alkane and, thus, reduces the solubility of the
nonpolar n-alkane in the polar NMP.

The value ofxJ decreases at X2 = 0 (from 0.174 for n-hexane to 0.020 for n-hexadecane) for
high NMP concentrations, when the chain length of the n-alkane increases (from C6 to C16).

This is expected as an increase in chain length (from C6 to C16) of the n-alkane results in an
increase in the hydrophobic nature of the n-alkane which manifests itself as a reduction of the
interaction between the hydrophobic n-alkane and the polar NMP. The value ofxJ remains
fixed (0.92 ± 0.01) at x2 = 0 for low NMP concentrations when the chain length of the n­
alkane increases (from C6 to C16). This is expected, because at low NMP concentrations the
interactions between NMP and the n-alkane are minimal, hence, any reduction in the
interaction between NMP and the n-alkane, due to an increase in hydrophobic nature of the n­
alkane, with an increase chain length will not have a significant effect on the liquid-liquid
equilibria. The two points discussed in this paragraph is confirmed by data reported in the
literature for binary mixtures of the type an n-alkane + NMP. (21)

The slopes of the tie-lines in figure 2.5 and figure 2.6 and the relative solubility plot shown in
figure 2.32 indicate that toluene is more soluble in NMP than it is in n-hexane and n-nonane.
The slopes of the tie-lines in figure 2.7 and figure 2.8 and the relative solubility plot shown in
figure 2.32 show that toluene is more soluble in n-tetradecane and n-hexadecane than it is in
NMP.

The migration ofthe plait point with a change in n-alkane chain length is shown in figure 2.36.
An increase in the chain length of the n-alkane causes the plait point to migrate from the
alkane-rich region to the NMP-rich region.

The data predicted from this work for the mixture n-heptane + toluene + NMP compares well
with the data reported by Ferreira et al. (12) (see figure 2.39). The data for the mixture: n-
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heptane + toluene was predicted by interpolation from data for the mixtures: n-hexane +
toluene + NMP and n-nonane + toluene + NMP. There is a minor discrepancy in the
composition of the binary mixture n-heptane + NMP. The data presented in this work is
believed to be correct, as repeated analysis of this mixture were carried out and the results
presented here are consistent with binary data.(21)

2.5.2.2. Hexadecane + aromatic hydrocarbon + NMP:

The influence of methyl substitution on the benzene ring (see figure 2.35) on the liquid-liquid
equilibria for mixtures of the type n-hexadecane + an aromatic hydrocarbon + NMP is very
small, however the area of the two phase region is greatest for toluene and is smallest for
mesitylene. The small decrease in the two phase area is expected as an increase in methyl
substitution on the benzene ring increases the steric bulk of the molecule and this would
reduce the interaction between the aromatic hydrocarbon and the n-alkane as well as the
interaction between the aromatic hydrocarbon and NMP. The reduced association between
NMP and the aromatic hydrocarbon is consistent with the excess molar enthalpy data and
excess molar volume data presented later. The excess molar enthalpy and excess molar
volume results are accounted for by taking into account a reduced association between NMP
and the aromatic hydrocarbon.

The general order for the area under the curve defining the two phase region is:

toluene> o-xylene > p-xylene '" m-xylene'" ethyl benzene> mesitylene.

The position of the plait point is random within a small area as can be seen in figure 2.37. This
indicates that methyl substitution on the benzene ring does not have as major an effect on the
liquid-liquid equilibria as an increase in the chain length of the n-alkane has.

The slope of the tie-lines (see figures 2.8 to 2.13) for mixtures ofthe type n-hexadecane + an
aromatic hydrocarbon + NMP and the relative solubility plot in figure 2.33 do not show any
specific pattern with regards to solubility. This implies that methyl substitution does not have
a major affect on the relative solubility of the aromatic hydrocarbon in the n-alkane or in
NMP.
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Figure 2.38. Phase diagram for n-heptane (1) + benzene (2) + NMP (3) at 298.2 K.
Determined from literature data presented by Fabries et al(l4)
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Figure 2.39. Phase diagram for n-heptane(l) + toluene (2) +NMP (3) at 298.2 K.
Key: • = Ferreira et al. (12), X = predicted from this work.
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Figure 2.40. Phase diagram for tetradecane (1) + benzene (2) +NMP at 298.2 K based on the work by Al­
Zayied et al. (13)
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Figure 2.41. Phase diagram for tetradecane(1) + toluene (2) + NMP (3) at 298.2 K.
Key: • = this work, • =AI-Zayied et al. (13)
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Figure 2.42. Phase diagram for n-tetradecane(l) + xylene (2) + NMP(3) at 298.2 K based on the work
by AI-Zayied et al. (13)
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Figure 2.43. Phase diagram for n-tetradecane (1) + ethyl benzene (2) + NMP (3) at 298.2 K based on the
work by AI-Zayied et al. (I 3)
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Chapter 3
Infinite dilution activity coefficients

3.1. Introduction

This chapter is devoted to the activity coefficients at infinite dilution (r~) ofmixtures in which
N-methyl-2-pyrrolidone (NMP) is the solvent. This work was carried out in order to better
understand the interaction ofNMP with compounds such as n-alkanes, cycloalkanes, 1­
alkenes and ethers. The results found in the literature (see table 3.1) for the mixtures
investigated here are not consistent which is the motivation for this work. Another reason for
this work was to extend the literature data to include data for the solutes: cyclopentane,
cycloheptane, I-heptene, I-octene, diethyl ether and diisopropyl ether.

The activity coefficient, y, describes the deviation of a real solution from the limiting-law
behaviour ofRaoult's law and is defined by the following equationy6)

(3.1)

where f.1A is the chemical potential of A,
.u; is the chemical potential of A in the standard state,
XA is the mole fraction of A and
yA is the activity coefficient of A.

The standard state in this case is pure liquid A which implies that the ideal solution obeys
Raoult's Law. The activity coefficient at xA = 0 is termed the activity coefficient at infinite
dilution, r; (see figure 3.1). The convention used here is: rA ~ 1 as xA ~ 1.

-roe>
A

r

o

Figure 3.1. Typical graph of r versus XA
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Table 3.1. Available literature data for the activity coefficients at infinite dilution at
298.15 K for the solutes investigated in this work where NMP is the solvent.

00

Literature TechniqueSolute Y13
reference

n-pentane 13.80 31 GLCI

n-hexane 12.90 32 GLCI
23.00 33 GLCI
14.77 34 GLCN
14.30 35 GLCI
20.96 36 GLCI
13.57 37 DILU
12.50 38 GLCN
13.00 39 GLCN
13.47 40 DILU

n-heptane 19.10 14 GLCN
28.00 33 GLCI
26.72 36 GLCI
15.10 32 GLCI
18.54 34 GLCR
16.30 41 DILU

n-octane 33.60 36 GLCI
17.60 32 GLCI
20.95 42 STAT

cyclohexane 9.09 34 GLCR
8.80 35 GLCI
13.44 36 GLCI
8.50 32 GLCI
11.88 43 GLCN
11.00 33 GLCI

I-hexene 6.70 39 GLCN

Y;; is the activity coefficient at infinite dilution of compound 1 in compound 3.

KEY: GLCN = Gas liquid chromatography without a specification ofgas phase correction.
GLCI = Gas liquid chromatography without gas phase correction.
GLCR = Gas liquid chromatography with gas phase correction.
DILU = Dilution techniques.
STAT = Static method.
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Activity coefficients at infinite dilution, y=, are theoretically and practically important. (44) From
the solute point of view infinite dilution represents the state of maximum nonideality because
at this concentration the solute molecule is surrounded by a maximum number of solvent
molecules. (44) The infinitely dilute state is important in the development of mixing theories
because at this concentration solute-solute interactions can be ignored. (45)

Activity coefficients are vital in the calculation of vapour-liquid equilibria(46) which are
important to the proper design of separation processes. (11) Activity coefficients at infinite
dilution for the solute and the solvent, together with equations for the excess Gibbs functions,
derived from mixing theories can be used to predict equilibria over complete composition
ranges, even though experimental data points for y may be limited. Schreiber and Eckert have
shown; that if accurate values of y= ofthe solute and solvent are known, then it is possible to
predict vapour-liquid equilibria over entire composition ranges with good accuracy.(47) The
value ofknowing the phase equilibria is that they allow for the calculation of separation
factors which indicate the lowest amount of solvent that could be used and the suitability of
the solvent for a particular separation.(48) Phase equilibria are also important in determining
the efficiencies of separation processes. (48)

In this chapter a list of the available experimental techniques are given together with a list of
the more popular methods for predicting y~ from theory. This is followed by a summary of the
gas-liquid chromatography method and details of the experimental procedure used here. In
this work, y= for the mixtures given in table 3.2 are determined at 298.15 K. The data
presented here not only extend the available literature data, but also improve on the existing
data, by taking into account gas phase imperfections.
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Table 3.2. Systems for which activity coefficients at infinite dilution are determined in
this work.

stationary phase solute

NMP n-pentane

NMP n-hexane

NMP n-heptane

NMP n-octane

NMP c-pentane

NMP c-hexane

NMP c-heptane

NMP I-hexene

NMP I-heptene

NMP l-octene

NMP diethyl ether

NMP diisopropyl ether
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3.2. Experimental techniques for the determination of infinite
dilution activity coefficients:

There are various techniques for the experimental determination of activity coefficients at
infinite dilution. These are listed below. The techniques are described in detail in the
references.

i. Gas-liquid chromatography, (49)
ii. Differential ebulliometry, (50)

iii. Dew-point method, (51)
iv. Headspace chromatography, (52)
v. Differential pressure, (53)
vi. Gas stripping(54) and
vii. Inverse solubility.(49)

The two preferred techniques are gas-liquid chromatography which is described in detail by
Letcher(49) and ebulliometry described in detail by Eckert and coworkers. (55) These two
techniques complement each other as gas-liquid chromatography works well for low volatility
solvents and ebulliometry works well with volatile solvents.(ll)

3.3. Theoretical prediction of infinite dilution activity coefficients
using models:

Three of the most popular models used to predict infinite dilution activity coefficients are
listed below:

3.3.1. Modified separation of cohesive energy density (MOSCED)
This method based on the regular solution theory was proposed by Thomas and Eckert(56) for
the calculation of inftnite dilution activity coefficients from pure component parameters only.
A comprehensive review of this method is given by Malanowski and Anderko(45) as well as by
Reid and Prausnitz. (48)

A summary of the equation used in this model is given below:

<X> v. [
Iny . == -' (A.-Ay +

I RT J I

q~q~ (-r--r)2
) I J ,

Wj

(et. - et) (p. - P) ]
+ J I J I +d

~. 12
'j

(3.2)

where i and) represent the two liquids (that is the solute and solvent),
Vi is liquid molar volume at 20°C of i,
A is the dispersion parameter,
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q is the induction parameter,
r is the polar parameter,
a is the acidity parameter,
p is the basicity parameter,
'1/ is the parameter that accounts for the difference in polarity between i and j and
~ is the parameter that accounts for the degree of hydrogen bonding..

These parameters: a, p, r, A, '1/, ~, q and v are given in reference 48 and d/2 is the Flory­
Huggins combinatorial term which accounts for the difference in size and is calculated using
the following equation:

(3.3)

where aa is a parameter available in the literature. (48)

The parameters a, P, r, '1/, ~ and aa are temperature dependent.

3.3.2. Analytical solution of groups (ASOG)
Deal and Wilson(57, 58) proposed this method following the work ofRedlich, Derr, Pierotti and
Papadopoulous.(59,60) The basic idea is that there are fewer functional groups than there are
compounds hence parameters determined for functional groups allowed the calculation of
activity coefficients for any mixture. A molecule is analysed for all the functional groups and
each functional group contributes to the infinite dilution activity coefficient. A detailed
account of ASOG is given by Malanowski and Anderko(45) as well as Reid and Prausnitz. (48)

The functional equation is given below:

S G
InY i = In Y . + In y .

1 1
(3.4)

where Sand G designate size and group respectively.

The size activity, y~, depends only on the number of groups of a particular size in the various
molecules that consfitute the mixture.

here IR i =

S
In y. = 1 - JR + In JR

1 I I (3.5)
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where Si = size fraction of component i in the mixture.

y~ is the group activity and describes the contribution made by functional groups.
I

3.3.3. Universal quasi-chemical functional group activity coefficient (UNIFAC)
UNIFAC is another functional group contribution method developed by Fredenslund et at. (61)

It is based on the UNIQUAC model proposed by Abrams and Prausnitz.(62) Of the three
models listed in this thesis UNIFAC is the preferred one as it is more universal and various
modifications have been made to improve accuracy for vapour-liquid equilibria and liquid­
liquid equilibria. (63,64,65,66) The UNIFAC approach is the most widely used method today for
the simulation of phase equilibria. (45)

The functional equation for this model is:

C R
In Yj = In y. + In Y.

1 1
(3.6)

where In Y~ (the combinatorial term) and In Y~ (the residual term) are defined as follows:

and

where

and

C <l>j z 8 q.
In y. = In - + - q In _I + Q, -!.. ~ x) Q).

1 X 2' <I>
, I x j

(3.7)

(3.8)

(3.9)

cI>; = z = 10
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Where Xi = mole fraction of component i, 8; is the area fraction, (/Ji is the segment fraction
which is similar to the volume fraction, r i is the molecular van der Waals volume, qi is the
molecular surface area and 'fij are adjustable parameters.

3.4. Experimental:

3.4.1. Gas-liquid chromatography:

Gas-liquid chromatography, described in detail by Letcher,(49) was used in this work to
determine the activity coefficients at infinite dilution.

The idea of using gas-liquid chromatography to determine activity coefficients was proposed
by Martin and Synge in 1941.(67) The result of their work was the following relationship
between the retention volume, VR , the partition coefficient, K, the gas holdup volume, VG, and
the solvent volume, VJ .a

(3.10)

Work by Martin and lames (68) in 1952 and later by Martin (69) in 1956 led Porter et al. (70) in

1956 to relate the activity coefficient at infinite dilution, yOO, to the net retention volume, VN by
the following equation:

(3.11)

(3.12)

where nJ = the number of moles of the solvent,
m= the solute vapour pressure,
T = the temperature of the experiment and

y;; = the activity coefficient at infinite dilution of compound 1 in compound 3

according to the format is used in the literature. (49)

The net retention volume is related to the outlet flow rate, Uo> by the following equation:

2
VN = J 3 Uo(tr -to)

a In this work subscripts 1, 2 and 3 represent the solute, carrier gas and the solvent
respectively.
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where Uo = the outlet flow rate,
t r = the retention time of solute and
tG = time taken for an unretained gas to pass through the column.

J~ is the correction factor proposed by Martin and James(68) resulting from the pressure
drop along the column and is given below:

3[(P/p)2 -1]

2[(P/p)3 -1]

where Pi = the inlet pressure and
Po = the outlet pressure.

(3.13)

Work by Everett and Stoddard(71) taking into account solute-vapour and solute-carrier gas
imperfections and later work by Cruickshank et al. (72) accounting for solubility of the carrier

. gas in the stationary liquid resulted in the equation below:

+
(2B12-V~)~PO

RT (3.14)

where BJI is the virial coefficient for the solute, BJ2 is the mixed virial coefficient, V7 is the
molar volume of component 1 at infinite dilution and V~ is the molar volume of the pure
solute. This is the equation used to determine the activity coefficients at infinite dilution in this
work.

3.4.2. Experimental Details:

Calculation of the activity coefficients at infinite dilution from equation 3.14 requires the
experimental determination of the following values:

1. The retention time of air which represents the time an unretained gas takes to pass
through the column, tG ,

11. the outlet pressure, Po, which is equal to atmospheric pressure,
lll. the number of moles of solvent, n3,

IV. the flow rate,Uo ,

v. the inlet pressure, Pi ,and
VI. the solute retention time, tr .

3.4.2.1. Apparatus:

The experimental details of the apparatus is shown in figure 3.2.
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Figure 3.2. Apparatus for the detennination of '('. a. Helium cylinder, b. Precision pressure control, c. mercury
manometer, d. Tronac temperature controller, e. Hewlett-Packard quartz thennometer, f. stirrer, g. sample
injection port, h. Thennal conductivity detector, i. Gow-mac bridge,j. plotter, k. soap film flow meter,
I. globe (heating element), ill. thennometer probe, n. Column containing the solvent and celite.

3.4.2.2. Determination of the inlet pressure, Pi:

The inlet pressure is determined by use of the mercury manometer. The total inlet pressure is
equal to the difference in height of the mercury levels plus the atmospheric pressure, Po, which
is accurate to within 0.05 mmHg.

3.4.2.3. Determination of the flow rate, Uo:

The flow rate is determined by use of the soap film flow meter which is accurate to within
0.01 cm3 s -1.
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3.4.2.4. Determination of the retention times, tG and tr :

The retention time determined from a chromatogram is accurate to 0.1 s over a period of40 to
600 seconds. A typical chromatogram is shown below in figure 3.3. Here the unretained gas
is air. The retention time is determined at the intersection of the tangents to the sides of the
peak. (49)

Solute injection
t,.

==Unretained gas

time

Figure 3.3. Typical chromatogram showing the detector response versus time.
to = time taken for an unretained gas (air) to pass through the column, t,. =retention time of the solute.

3.4.2.5. Determination of n3 :

The determination of the number of moles of the solvent, n3, requires high accuracy and
extreme caution. The solvent was carefully weighed and added to celite, which was also
carefully weighed. Diethyl ether was added to distribute the solvent evenly over the celite.
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The diethyl ether was removed using a rotary evaporator and the celite-solvent mixture was
reweighed to ensure that all the ether was removed. The amount of celite-solvent mixture
added to the column was carefully determined. From this the value ofn3 was determined to
within 0.001 moles.

3.4.2.6. Chemicals:

The chemicals used in this work and their respective suppliers are shown in table 3.3. NMP
was dried using 4A molecular sieves.

Table 3.3. List of chemical and suppliers.

Chemical Supplier Purity

N-methyl-2-pyrrolidone Sigma >99%

n-pentane SAARChem 99%

n-hexane SAARChem 99%

n-heptane SAARChem 99%

n-octane EGA-Chemie 99%

c-pentane MERCK 99%

c-hexane SAARChem 99%

c-heptane SAARChem 99%

I-hexene JANSSEN 99%

I-heptene Sigma >99%

l-octene Riedel-de-Haen 98%

Diethyl ether ACE 99%

diisopropyl ether ACROS >99%
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3.5. Results:

The y 13 results were calculated using equation 3.14 where the molar volume at infinite
dilution, v~, was approximated to the molar volume of the pure solute, v~. There was no
loss of accuracy. Actual experimental data are given in appendix A.

The virial coefficients, B11> were calculated using the equation developed by McGlashan and
Potter: (73)

B (T ) (T ) 2 (T ) 4.5;1 = 0.43 - 0.886 ; - 0.694 ; - 0.0375 (n-I) ;
e

(3.15)

where Tcis the critical temperature, n is the number of carbon atoms and Vc is the critical
molar volume. Equation 3.15 was also used for the determination of the mixed virial
coefficient where the value of Tc, Vc and n are determined as follows, based on the mixing
rules ofHudson and McCoubrey(74).

and

where

and

1 I- -
Te,12 =128(Te,11' Te,22) 2 (le, ll' Ie,22) 2 Ve,ll Ve,22 / le, 12

V = (V 1/3 + V 1/3 ) 3 / 8
e,12 ~ c,l1 c,22

(3.16)

(3.17)

(3.18)

(3.19)

Where n j is equal to the numbers of carbon atoms for the organic compounds and is 1.0 for
helium. I is the ionization energy.
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The vapour pressures which were used in equation 3.14 were calculated using the Antoine
equation:

B
loglO pO = A - --

C + t
(3.20)

where A,B and C are obtained from the literature (see table 3.5), and t is the temperature in
degrees celsius.

Ionization energies, critical volumes, critical temperatures and n are given in table 3.4.
Antoine constants and vapour pressures at 298.15 K are given in table 3.5.

Activity coefficients at infinite dilution at 298.15 K are shown in table 3.6.

Table 3.4. Ionization energies (75), critical volumes (23), critical temperatures(23) and
n at 298.15 K.

solute ionization critical critical n
energy volume in temperature
in eV cm3/mol inK

n-pentane 10.35 313.0 469.69 5

n-hexane 10.13 370.0 507.50 6

n-heptane 9.97 426.4 540.30 7

n-octane 9.82 480.0 568.83 8

c-pentane 10.56 260.0 511.61 5

c-hexane 9.89 309.7 553.50 6

c-heptane 9.97 359.0 359.00 7

I-hexene 9.48 353.6 353.60 6

I-heptene 9.44 412.6 412.60 7

l-octene 9.43 471.5 471.50 8

diethyl ether 9.51 280.0 466.70 4

diisopropyl ether 9.27 386.0 500.00 6

helium 54.42 57.0 5.19 1
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Table 3.5. Constants (23) for the Antoine equation and Vapour pressures at 298.15 K

Solute A B C units Vapour Vapour
pressure (for the pressure

units see the in Pa
preceding column)

n-pentane 6.85296 1064.84 232.012 mmHg 512.6337 68345.54

n-hexane 6.87601 1171.17 224.408 mmHg 151.4295 20188.93

n-heptane 6.89677 1264.90 216..544 mmHg 45.7133 6094.61

n-octane 6.91868 1351.99 209.155 mmHg 13.9563 1860.68

c-pentane 6.92094 1142.20 233.463 mmHg 317.4964 42329.37

c-hexane 6.83917 1200.31 222.504 mmHg 97.6138 13014.10

c-heptane 6.83840 1322.22 215.297 mmHg 2.6750 2889.76

1-hexene 3.98260 1148.62 225.340 Bar 0.2479 24794.77

I-heptene 4.02677 1258.34 219.300 Bar 0.0752 7515.74

l-octene 4.05985 1355.46 213.050 Bar 0.0232 2321.86

diethyl ether 6.05115 1062.41 228.183 kPa 71.6045 71604.47

diisopropyl ether 5.97678 1143.07 219.340 kPa 19.8872 19887.19·
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Table 3.6. Results obtained in this work for activity coefficients at
infinite dilution at 298.15 K where NMP is the solvent

Solute 00

Y13

n-pentane 14.0

n-hexane 15.4

n-heptane 18.1

n-octane 19.2

c-pentane 6.5

c-hexane 8.1

c-heptane 9.1

I-hexene 6.8

I-heptene 8.2

l-octene 13.5

diethyl ether 3.3

diisopropyl ether 5.3

25
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n
5 6 7 8

Figure 3.4. Graph of activity coefficient at infmite dilution versus the number of carbon atoms.
Key: • = n-alkane, ... = cycloalkane, += I-alkene.
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3.6. Discussion:

3.6.1. Previous work:

3.6.1.1. n-Alkanes + NMP:

The literature values for y ~3 for the n-alkanes in NMP are given in table 3.1 and plotted in
figure 3.5. The y~3 values range from 11.80 for n-pentane to 33.60 for n-octane. y;;
increases as the carbon-chain length of the alkane increases. This indicates that as the carbon­
chain length of the n-alkane increases then the deviation from ideality of the mixture increases.
Unfortunately, the literature presents a large range of y;; values for a particular n-alkane as
can be seen in figure 3.5. A range of precision for y ~3 of 0.02 to 0.05 was reported in the
literature.

35
_36

30 -
40

-39-25 -
_41

20 -
_ 36

_48

t
l4

~300 34

Y13
34 41 -15 - 1
35 -39
37 -~I 40
39
32
38
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5-

0 I I I I

4 5 6 7 8 9
n

Figure 3.5.
00

Plot of y13 versus n for the n-alkanes. Key: *= this work, • = literature.
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3.6.1.2. Cycloalkanes + NMP:

The only y 00 values for these systems available in the literature are for cyclohexane which
range fromIS.50 to 13.44. The available data is plotted in figure 3.6. A range of precision for
y ~3 of 0.02 to 0.05 was reported in the literature.

25 ---,---------------------------,

20 -

15 -
36

00 •
Y13

.43

.31

10 - 34

*t~

*5-

94

o----J------.---1------c1r-------,I-------,I--------j

567 8
n

Figure 3.6. Plot of versus n for the cycloalkanes. Key :* = this work, • = literature.

3.6.1.3. l-Alkenes + NMP:

The yi'; for the 1-alkenes in NMP is limited to a single data point presented for 1-hexene.(39)

Ayi'; value equal to 6.70 was determined using gas-liquid chromatography. However, no
gas-phase correction was quoted in this work. A precision equal to 0.01 was reported in the
literature.
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3.6.2. This work:

The y 00 results obtained in this work for the solutes in NMP are given in table 3.6. The
precisMn of this work is estimated to be 0.1.

3.6.2.1. n-Alkanes:

The activity coefficients at infinite dilution for the n-alkanes in NMP at 298.15 K range from
14.0 for n-pentane to 19.2 for n-octane. y ~3 for the n-alkanes in NMP increases with an
increase in the carbon-chain length of the n-alkane (see figure 3.4). The increase in Y~3 as the
carbon-chain length of the n-alkane increases indicates that the deviation from ideality for
mixtures of this type increases as the carbon-chain length of the n-alkane increases. This is
consistent with the data presented in chapter two on the liquid-liquid equilibria for mixtures of
the type: an n-alkane + toluene + NMP, where an increase in the area defining the two phase
region with an increase in carbon-chain length was observed. An increase in the area defining
the two phase region indicates a greater deviation from ideality. The data presented here lie
within the range ofvalues reported in the literature (see figure 3.5).

3.6.2.2. Cycloalkanes:

New y;; data is presented in table 3.6 for cyclopentane and cycloheptane in NMP. This data
is plotted in figure 3.4. The cycloalkanes have lower activity coefficients than the
corresponding n-alkanes ranging from 6.5 for cyclopentane to 9.1 for cycloheptane. As in the
case of the n-alkanes y;; increases with an increase in the carbon-chain length. The increase
in y~3 with an increase in carbon carbon-chain length is greater for the n-alkanes than it is for
the cycloalkanes as can be seen from the slopes in figure 3.4. The high y~3 values for the n­
alkanes and the cycloalkanes is reflected in the fact that the n-alkanes and cycloalkanes do not
mix with NMP at finite concentrations. y;; for cyclohexane in NMP obtained in this work is
in good agreement with the data presented by Vernier et al. (35), Kikic et al. (34) and Park et
al.(42) (see figure 3.6).

3.6.2.3. l-Alkenes:

New y ~3 data is presented for I-heptene and I-octene in table 3.6. The data is plotted in
figure 3.4. The value of y~/or the I-alkenes in NMP range from 6.8 for I-hexene to 13.5 for
I-octene and as with the n-alkanes and the cycloalkanes y;3 increases with an increase in the
carbon carbon-chain length. The values of y;; for a given I-alkene are lower than those for
the corresponding n-alkane and cycloalkane. This is probably due to the presence of the 1t­

electrons on the I-alkene, which interact with the polar NMP and result in an association
between the polar NMP and the I-alkene. The y;; data presented here for I-hexene in NMP
is within 0.1 of the value presented by Masalsccky et al. (39)

3.6.2.4. Ethers:

There are no y;; data available in the literature, for ethers in NMP, hence the data presented
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here is new. The ethers have low Y;3 values 3.3 for diethylether and 5.3 for diisopropyl ether.
The Y;3 values for the ethers are lower than the Y;3 values for the n-alkanes, the cycloalkanes
or the l-alkenes. This indicates that mixtures ofNMP and the ethers behave more ideally than
mixtures ofNMP and n-alkanes or cycloalkanes or l-alkenes. The low y ~3 is reflected in the
fact that NMP is soluble in these ethers over the whole composition range. This is probably
due to the oxygen atom with two lone pairs which would result in an interaction between the
ether and polar NMP molecule.
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Chapter 4
Excess molar enthalpies of mixing

4.1. Introduction

In this chapter the basic principles of calorimetry are given together with a listing of the
techniques available for the determination of excess molar enthalpies of mixing. This is
followed by a brief description of the work carried out and the results obtained in this work.

Of all the mixtures discussed in this thesis only those of the type NMP + an aromatic
hydrocarbon (where the aromatic hydrocarbon refers to benzene or toluene or o-xylene or m­
xylene or p-xylene or mesitylene or ethyl benzene) are miscible over the whole composition
range hence, only these mixtures have been used to determine the excess molar enthalpy of
mixing (HE). The only available data for mixtures of the above type are presented by Gustin
and Reno;Z(76) for the mixture NMP + benzene and by Shcherbina et al. (77) for the mixture
NMP + o-xylene. New data is presented for toluene, rn-xylene, p-xylene, mesitylene and ethyl
benzene.

Any reaction, physical or chemical, is accompanied by a net production or absorption of heat.
In the case of mixing, the heat produced or absorbed is called the enthalpy of mixing, LJ.H mix'

Prausnitz(78) defines an excess function as follows: "Excess functions are thermodynamic
properties of solutions which are in excess of those of an ideal (or ideal dilute) solution at the
same conditions of temperature, pressure and composition." Because the enthalpy change of
mixing for an ideal liquid mixture is zero, the excess molar enthalpy is the enthalpy of mixing.

(4.1)

H'; is related to the excess molar Gibbs function, G'; ,by the Gibbs-Helmholtz equation:

(4.2)

The determination ofH; from the variation of G Ewith temperature is not practical because
of magnification of the errors inherent in the meas~rement of G E, However the equation can
be used to test the reliability of G E data. m

m
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4.1.1. Calorimetry:

Excess molar enthalpies are measured using calorimeters. There are three basic types of

calorimetry namely:
a. Adiabatic calorimetry(79)
b. Isothermal Displacement Calorimetry(80)
c. Flow Calorimetry (81, 82, 83, 84, 85, 86)

The most recent review of calorimetry is by Marsh and 0' Hare(79) which covers calorimetry
up to 1995. Brief reviews of the above techniques are given by Govender(87) and by Mercer­
Chalmers.(88) Calorimetry of solutions and mixtures has been comprehensively reviewed by
McGlashan(89) who covered work up to 1961. Shorter reviews by Marsh, (90,91,92) Becker, (93)

and again by McGlashan (94) are also available.

The most important aspects of accurate enthalpy measurement relate to (a) minimizing the
vapour space,(95, 96) (b) maintaining excellent temperature sensing and control(79) and (c)
achieving good mixing. (79)

4.2. Experimental:

Flow microcalorimetry (79,97,98) was used in this work, and all determinations were carried out
at 298.15 K. As it was easier and less time consuming than the other techniques.

4.2.1. Apparatus:

In this work a thermometric 2277 thermal activity monitor (99) was used to determine the
excess molar enthalpies. The thermometric 2277 thermal activity monitor is described in
greater detail by Govender. (87) The principle behind this technique is that when two
components are mixed together isothermally, the heat required to maintain an isothermal
condition is regarded as the heat of mixing. When heat is added, the enthalpy is positive. To
add heat, a known current is passed through a heater of known resistance which allows
calculation of the heat (see figure 4.1. for a simple diagram of the apparatus). When heat is
given offby the mixing process (a negative enthalpy) a calibration is required. The calibration
involves determining the amount of heat which must be added to the system to produce the
same positive, heating effect as the mixing process. This process is no longer isothermal.
Mixing of the two liquids takes place in a gold mixing cell designed to ensure proper mixing.
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Pure fluid 2 at
temperature T

\1/
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Figure 4.1. Schematic diagram of an isothennal flow calorimeter.

The system is equipped with two Eldex variable-speed piston pumps which allows control of
the liquid flow rates in the range of 0.05 to 3 cm3 min-I

.

The thermal activity monitor uses the principle of heat leakage or heat flow where heat
produced in a vessel flows away to establish equilibrium between the vessel and its
surroundings. The two components are allowed to come together and mix in a 22 carat gold
mixing cell (see figure 4.2.). The mixing cell is sandwiched between two PeItier thermopile
sensors which are in contact with a metal heat sink (see figure 4.3.). This results in the flow of
heat to or from the mixing cell through the PeItier elements. The PeItier elements respond to
any temperature gradient, down to one millionth of a degree Kelvin. These sensors act as
detectors that convert the heat energy to a voltage signal that is proportional to the heat flow.
Results are presented as energy per unit time (that is, in watts).

The calorimeter is calibrated by passing a known current through precision heaters of known
resistance while the liquid3 is flowing through both tubes. These heaters are in intimate
contact with the mixing cell and closely simulate the actual reaction. This ensures an accurate
calibration of the detectors.

3The liquid is a mixture of the two solvents.
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Figure 4.2. Flow measuring cell which allows mixing of the two components.

sample vessel

heat sink

~---------
Thermopile

heat sink

Figure 4.3. Representation of the heat flow system used in the Thermometric 2277 thermal activity monitor.
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4.2.2. Experimental procedure:

Each experimental run consists of two steps: first, a calibration and second, the actual
determination of the excess molar enthalpy.

4.2.2.1. Calibration:

The calibration not only sets the detectors for correct output, but also accounts for frictional
effects. A calibration is specific to each flow rate. Once the flow rates are set, a mixture of
the solvents is pumped through both inlet lines until a steady output reading is obtained. This
reading corresponds to a reading ofzero. The instrument is adjusted until a reading of zero is
obtained.

The next step in the procedure is to apply a known, steady current through the calibration
heater until a steady reading is obtained. Given the following relationship between the heat
flow per unit time; that is, power, P, and the current injected, I, one is able to calibrate the
instrument:

(4.3.)

where R is the resistance of the calibration heater, which is known.

4.2.2.2. Determination:

Both the components are pumped through the system and, as soon as the output stabilizes, the
reading (P), in watts, is recorded. The molar flow rate is determined by accurately weighing
the solvents before and after the determination. The entire run is timed to within I second
over a period of about 15 minutes.

The molar flow rate (F) is calculated as follows:

(4.4)

where nJ and n2 are the number of moles of components 1 and 2 respectively and t is equal to
the time in seconds.
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The excess molar enthalpy at a particular mole fraction is calculated using the following
relationshipb and is accurate to within 2 J mol-I.

HE = P
m F

(4.5)

The mole fractions are easily calculated from the numbers of moles, n/ and n2 which are
determined by weighing the solvents before and after the determination. The mole fractions
are accurate -to within 0.001.

4.2.3. Chemicals:

The chemicals used, the suppliers and purity are listed in table 4.1.

Table 4.1. Details of chemicals: purity and suppliers.

Compound Supplier Purity

NMP Sigma >99 %

toluene SAARChem 99 %

o-xylene JANSSEN CHIMICA 99%

m-xylene Merck 99%

p-xylene JANSSEN CHIMICA >99%

mesitylene Merck 98%

ethyl benzene ACROS 99%

All chemicals were used without further purification. NMP was kept under molecular sieves;
as it is hygroscopic.

b P is given in watts. 1 W = 1 J S·l . F is given in mol S-l and henceHE is in units
of J mol-I. m
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4.3. Results:

The raw data used for the calculations of the mole fractions and HE are given in Appendix B.
The excess molar enthalpies for the mixtures NMP(I) + an aromat~ hydrocarbon(2) over the
entire composition range are given in table 4.2 and are plotted against composition in figure
4.4. The composition is expressed in mole fraction NMP, Xl.

The Redlich-Kister smoothing function{lOO) was fitted to the HE data:
m

E n
H m = xCI-x)L Ar(1-2x) r

r=O

by the method of unweighted least squares. The coefficientsA r given in table 4.3. were
determined using the commercial STATGRAPHICS package.

(4.6)
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Table 4.2. Excess molar enthalpies for mixtures of the type NMP (1) + an aromatic
hydrocarbon(2) at 298.15 K.

Xl HE Xl HE Xl HE Xl HE
m m m m

Benzene Toluene a-xylene m-xylene

0.210 -365.11 0.216 -184.25 0.226 -41.21 0.211 50.25

0.223 -387.13 0.298 -262.09 0.234 -40.76 0.217 50.02

0.312 -469.03 0.353 -299.46 0.391 -90.28 0.234 47.50

0.415 -533.00 0.435 -320.28 0.415 -90.68 0.253 49.08

0.452 -540.53 0.522 -315.53 0.446 -102.76 0.254 45.22

0.469 -544.12 0.534 -311.11 0.497 -111.49 0.324 36.11

0.484 -546.40 0.610 -287.09 0.553 -120.44 0.354 32.68

0.514 -540.11 0.656 -272.25 0.561 -121.60 0.408 25.90

0.658 -471.37 0.739 -234.59 0.621 -120.16 0.466 9.53

0.693 -443.05 0.692 -121.88 0.621 -1.77

0.761 -358.65 0.720 -121.92 0.710 -5.95

0.844 -237.25 0.828 -98.19 0.740 -8.92

0.767 -8.47

0.790 -9.14

0.828 -10.74
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Table 4.2. continued: Excess molar enthalpies for mixtures of the
type NMP (1) + an aromatic hydrocarbon (2) at 298.15 K.

Xl HE Xl HE Xl HE
m m m

p-xylene mesitylene ethyl benzene

0.256 -8.42 0.200 237.15 0.157 -19.30

0.258 -8.36 0.325 319.10 0.291 -39.33

0.377 -39.22 0.414 336.77 0.398 -60.57

0.393 -44.60 0.484 336.44 0.462 -69.82

0.402 -41.60 0.526 327.14 0.511 -70.97

0.447 -54.85 0.537 327.43 0.522 -70.48

0.482 -57.76 0.559 319.47 0.551 -70.87

0.515 -61.93 0.583 314.29 0.560 -70.55

0.539 -64.17 0.621 302.23 0.595 -70.38

0.586 -67.53 0.652 291.84 0.611 -69.31

0.605 -68.79 0.687 278.66 0.660 -64.82

0.639 -65.94 0.748 245.52 0.725 -56.44

0.680 -69.12 0.887 128.24 0.791 -46.82

0.686 -66.71 0.881 -24.73

0.706 -65.65

0.725 -63.13

0.826 -47.64

0.882 -38.30
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Table 4.3. Coefficients A r and the standard deviation, 0, for mixtures
of the type NMP (1) + an aromatic hydrocarbon (2) at 298.15 K.

Aromatic Aa AJ A2 A3 a
hydrocarbon

benzene -2178.36 -90.25 319.91 -489.55 2.67

toluene -1279.15 -302.95 295.79 1437.12 1.61

o-xylene -446.88 325.90 43.64 171.35 2.38

m-xylene 38.33 250.81 255.90 182.29 2.03

p-xylene -243.34 244.62 253.30 173.30 1.53

mesitylene 1334.33 302.20 249.11 -549.12 1.66

ethyl benzene -278.91 106.45 178.50 -39.04 1.63

10.80.6
Xl (NMP)

0.40.2o

400 -,----------------------------,

200 ---t-------T---------------------=~------l

-400 ---t------~----------__/__--------1

-600 ---t------,-------,-----,----r------~

Figure 4.4. Composite plot of excess molar enthalpy versus Xl at 298.15 K for the mixture NMP (l) + an aromatic
hydrocar?on (2). Where:. =benzene, A =toluene, +=o-xylene, • =m-xylene, )( =p-xylene,*=mesltylene, • = ethyl benzene.

76



Chapter 4 : Excess molar enthalpies ofmixing

4.4. Discussion:

4.4.1. Previous work:

Excess enthalpy data for only two systems of the type NMP + an aromatic hydrocarbon are
available in the literature: (a) NMP + benzene reported by Gustin and Renon (76) and (b) NMP
+o-xylene reported by Shcherbina et at. (77)

The HE data reported by Gustin and Renon (76) for the mixture NMP + benzene is plotted in
figure .4.5. The data shows that HE is exothermic over the entire composition range. The
data reported by Gustin and Renon'76) is in reasonably good agreement with data of this work
(within 37 J mot l in the worst case).

The data reported by Shcherbina et at. (77) shows that H~ for the mixture NMP + o-xylene is
endothermic for low concentrations ofNMP and is endothermic at higher concentrations of
NMP. The meagre data which consists of only four data points was not in agreement with the
data produced in this work (see figure 4.6).
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f O.....=----'''c---------------:oli

~
t -60 -t-----=oc--\---------.r'---J--I
e
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\ /
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~ ,,/

.." ,,~."" .~
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0.200

;§.
i-JOO

S
~ -400
.!!

E.600

E
Uj ·600

-160+----------------1

0.80.4 0.6
'1 (NjlPJ

0.2

-200+---,----,---,-----,----1
o

0.80.4 0.6
y/(NMPJ

0.2o
-800

Figure 4.5. Comparison of literature data versus data
from this work for the mixture NMP (I) + benzene (2) at
298.15 K.
Key: • = this work,'" = Gustin and Renon.(76)

Figure 4.6. Comparison ofliterature data versus data
from this work for the mixture NMP + o-xylene at
298.15 K.
Key:. = this work,'" = Shcherbina et al. (77)
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4.4.2. This work:

This work presents new data for mixtures of the type NMP + an aromatic hydrocarbon where
the aromatic hydrocarbon is toluene or m-xylene or p-xylene or mesitylene or et~l benzene.
The new data describes the effect that substitution on the benzene ring has on H for them
mixtures.

The data presented in this work show that HE is reasonably exothermic for benzene (H E.m m,~n

~ -546 J mot!) and toluene (H E. ~ -320 J mot!) and is reasonably endothermic for
m,~n

mesitylene (H E ~ 336 J mot!). HE for o-xylene (H E. '" -121 J mot!), p-xylene
m,lll3X m m,~

(H E. ~ -70 J mot!) and ethyl benzene (H E. '" -71 J mot! ) are mildly exothermic
m,mm m,~n

while HE for the mixture NMP + m-xylene ranges from mildly endothermic at low
m

concentrations ofNMP to mildly exothermic for high concentrations ofNMP.

The enthalpy of mixing can be considered to be a result of three main effects: (a) the
dissociation ofNMP on mixing, which is an endothermic effect (b) the dissociation of the
aromatic moiety on mixing, which is also an endothermic effect and (c) the association of
NMP with the polarizable aromatic compound, which is an exothermic effect.

Of all the results presented here (see figure 4.4) the exothermic effect is greatest for the
mixture NMP + benzene. This exothermic effect is no doubt due to the association mentioned
in the previous paragraph. This association appears not to be as strong for the substituted
aromatics. This is probably due to steric hindrance of the substituted groups(see figure 4.7).
For the mixture NMP + mesitylene, the endothermic effect outweighs the exothermic effect.
This is, no doubt, due to the increased steric effect caused by increased methyl substitution on
the benzene moiety (see figure 4.7) resulting in a decreased association ofNMP with
mesitylene. H;' for the mixtures xylene + NMP (where xylene refers to o-xylene or m-xylene
or p-xylene) is between the H;' for the mixtures NMP + benzene and NMP + mesitylene.
This is to be expected if the above idea regarding association is correct.

benzene

<etCH,
CH,

a-xylene

(Q)-cn,
toluene

CH,
m-xylene

CH,-@--CH,

p-xylene

ethyl benzene CH,
mesitylene

Figure 4.7. Structures of the aromatic compounds used in this
work.
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Chapter 5
Excess molar volumes of mixing

5.1. Introduction:

In this chapter, a brief definition of the excess molar volume, v;, ,is given together with a
concise summary of the available techniques used in measuring vE . This is followed by the
results and a discussion on the vE results obtained for the mixtu~s, N-methyl-2-pyrrolidone
(NMP) + an aromatic hydrocarb~, where the aromatic hydrocarbon is one of benzene or
toluene or o-xylene or m-xylene or p-xylene or mesitylene or ethyl benzene.

v E measurements on the mixtures (NMP + an aromatic hydrocarbon) at 298.15 K have been
ca~ried out by Al-Mashhadani et al. (101) using densitometry and by Liu et al. (102) using
dilatometry, where an aromatic hydrocarbon refers to benzene or toluene or o-xylene or
m-xylene or p-xylene or ethyl benzene or mesitylene. Kanbour et al. (103) have also measured
the v E for mixtures ofNMP and an aromatic hydrocarbon where the aromatic hydrocarbons
were benzene or toluene. The work presented here, was carried out to test the reliability of
the method used here, and to compare the work done here with the precision dilatometric
work done by Liu et al. (102) and the work done by Al-Mashhadani et al. (101)

The excess molar volume is defined by the following equation:(26)

E 0 0
V m = V(miXfUre) - [xA V A + (l-xA) V Bl (5.1)

where
and
and

Vmixture is the actual volume per mole of mixture
v~ is the molar volume of pure A and V~is the molar volume of pure B,
xA IS the mole fraction of component A.

v;, is also related to the excess Gibbs function by the following relationship:

V E = (aGE)
m ap x,T

(5.2)

This equation (5.2) is useful in relating vE to other thermodynamic functions but will not be
discussed in this work. m

v E
is a function of many properties which include (a) the packing of the dissimilar molecules

(which includes steric factors), (b) the relative sizes of the molecules of the components and
(d) the interactions between the different species. It is impossible to single out anyone of
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these factors from v E data.m

5.2. Techniques for the determination of excess molar volumes:

Excess molar volumes can be determined from density measurements or from direct
dilatometric measurements. Comprehensive reviews of these techniques have been published
by Battino,(104) Letcher,(105) Handa and Benson (106) and Stokes and Marsh. (107,91,92)

In dilatometric determinations the change in volume is measured directly on mixing the two
components. The most sophisticated direct volume measuring equipment was designed by
McGlashan and Kumaran.(I08) For detailed reviews of this technique refer to Govender (87)
and Mercer-Chalmers (88). The precision of this technique is better than 0.003 cm 3 mol-I.

Density measurements can be performed by pycnometry (109, IIO, IIl) which has a precision
between 0.01 and 0.02 cm 3 mol-I or by using densitometers.(II2) In this work a mechanical
oscillating densitometer was used. The precision is of the order of 0.005 to 0.01 cm 3 mol-I.
This method was used as it is simple and is cheaper.

5.2.1. Temperature control:

Density measurements are extremely sensitive to temperature changes as can be seen by the
following error analysis:

Molar volume, V, is defined as:

M
V= -

P

where M is the molar mass and p is the density.

The error, dV, can be determined by differentiation of this equation:

dV = d(M/p).dM + d(M/p).d
dM d P. P

.. dV = ~.dM + M. d(l/p) .dp
P dp

Assuming that the changes are finite, equation 5.5 becomes:

(5.3)

(5.4)

(5.5)
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(5.6)

where L1V /is the error in V resulting from an error in the molar mass ofL1M and an error in
density of L1p. Assuming that the molar masses are well known liM = O. The resultant
equation for the change in volume is: P

(5.7)

The negative sign in equation 5.7 is eliminated as the error is given by the magnitude of this
equation. (113)

From equation 5.1 it can be seen that the vE is made up of two terms; that is, the volume ofm
the ideal solution and the volume of the mixture hence the error is doubled. Therefore the
error in v E

, LlV, is:m

MAY '" 2 x t1 VI = 2 x - . t1p
p2 (5.8)

In the following calculation, the error in L1 V is calculated for an error in density, p, resulting
solely from a temperature change. For the simple calculation below, the density and the molar
masses are averaged for the ideal solution and the mixture of benzene + NMP:

pavg = pbenzene + pNMP (5.9)

(5.10)

Based on the following densities(23) of benzene at different temperatures, L1p can be calculated
for an error in temperature of 1 °C

pJ.5 = 0.87901 g cm -3

riD = 0.87370 g cm -3

Thus an error in temperature of 1 °C will result in an error in p of 0.00106 g cm-3, through
linear interpolation. (ie. t1p = 0.00106 g cm-3).
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PNMP = 1.0259

Therefore

Pavg = (0.8737 + 1.0259)/2 = 0.9498 g cm-3

Mavg = (78.11 + 99.13)/2 = 88.62 g mol-1

Therefore LlV per 1 °e IS:

Ll V ~ 2 x 88.62 x 0.00106 = 0.2083
(0.9498)2

Therefore an error in temperature ofO.01°e will result in an error in the volume of 0.002 cm3
.

Thus, if the temperature is controlled only to within 0.01 °e and there is no other error (for
example, in Xl) then the error in LlV would be 0.002 cm-3 motl. To ensure that temperature is
not an important factor in the final error in v; (that is, less than 0.002 cm-3 motl) the
temperature must be controlled to better than 0.01 °e and preferably to better than 0.005 qc.

5.3. Experimental:

5.3.1. Apparatus:

In this work an Anton Paar vibrating-tube densitometer3 model DMA 601 was used to
determine the densities. The density is determined by measuring the period of oscillation of a
hollow tube that contains the sample. This period is related to the density by the following
equation: (88)

p = A +Br:2 (5.11)

where P is the density,
A and B are constants specific to the instrument and operating temperatures and
r is the period of oscillation.

The constants are obtained by determining the period for two compounds of known density.
In this work air, and pure water were used to calibrate the instrument.

A schematic layout of the apparatus is given in figure 5.1.

3 For a description of mechanical oscillating densitometers refer to Govender(87) and
Mercer-Chalmers. (88)
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5.3.1.1. Temperature control:

The Anton Paar DMA 601 densitometer has an integral temperature control associated with it
which controls the temperature to within 0.001 QC. To ensure that the temperature control was
efficient, the temperature was measured using a Hewlett-Packard quartz thermometer (see
figure 5.1). The Hewlett-Packard quartz thermometer is capable of detecting the temperature
to within 0.0001 QC. Polystyrene balls placed in the waterbath prevented temperature
fluctuations due to evaporation.

d

e I 0.123548003

IJ_.=~DD

••

f
c

• •o 0

•• 0

Figure 5.1. Schematic layout of the experimental apparatus. a. Hewlett-Packard thennometer, b. cooling unit,
c. temperature control unit with heater and stirrer, d. external cell (contains oscillating u-tube),
e. period meter, f. quartz temperature probe, g. water inlet pipe, h. outlet pipe.

a

DD ==
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5.3.2. Chemicals:

The chemicals used in this work and their purities are given in table 5.1 together with the
experimental density and the literature value of the density.

Table 5.1. Details of chemicals: suppliers, purity and density, p, at 298.15 K.

Compound Supplier Purity p25 p25 Reference
(literature)

NMP Sigma >99% 1.0278 1.0259 24

benzene I SAARchem 99% 0.8735 0.8737 23

toluene SAARChem 99% 0.8628 0.8622 23

o-xylene JANSSEN CHIMICA 99% 0.8747 0.8759 23

m-xylene Merck 99% 0.8598 0.8601 23

p-xylene JANSSEN CHIMICA >99% 0.8569 0.8566 23

mesitylene Merck 98% 0.8616 0.8611 23

ethyl benzene ACROS 99% 0.8625 0.8625 23
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5.4. Results:

The excess molar volumes of mixing for mixtures of the type NMP + an aromatic hydrocarbon
at 298.15 K are shown in table 5.2. and are plotted in figure 5.2. The Redlich-Kister equation
(5.12.) was fitted to the experimental results by the method of unweighted least squares:(lOO)

k
vE = x (I-x) 1: Ar (1-2xr
m '01=

The parameters Ao, AI> A2 and A3 together with the standard deviation, 0, which were
determined using the commercial computer package STATGRAPIllCS are given in table 5.3.
The Excess molar volume and excess molar enthalpy show the same functional dependance on
x.

Table 5.2. Excess molar volumes at 298.15 K for the mixtures NMP (1) + an aromatic
hydrocarbon (2).

Xl vE
Xl vE

Xl vE
Xl V E

m m m m

cm3 mol- ' cm3 mol-I cm3 mol-I cm3 mol-1

benzene toluene o-xylene m-xylene

0.022 -0.0929 0.053 -0.1457 0.023 -0.0617 0.022 -0.0661

0.035 -0.1396 0.084 -0.2470 0.050 -0.1392 0.113 -0.2964

0.068 -0.2590 0.141 -0.4147 0.094 -0.2283 0.208 -0.4821

0.129 -0.4400 0.175 -0.5027 0.110 -0.2757 0.335 -0.6317

0.157 -0.5084 0.309 -0.7325 0.194 -0.4166 0.443 -0.6911

0.273 -0.7073 0.469 -0.8439 0.207 -0.4370 0.458 -0.6939

0.539 -0.7937 0.601 -0.7845 0.335 -0.5898 0.511 -0.6978

0.699 -0.6583 0.739 -0.6259 0.343 -0.6006 0.617 -0.6526

0.855 -0.3722 0.874 -0.3821 0.503 -0.6482 0.727 -0.5372

0.922 -0.2175 0.927 -0.2569 0.758 -0.5109 0.768 -0.5002

0.962 -0.1347 0.973 -0.1318 0.862 -0.3561 0.873 -0.3311

0.983 -0.0754 0.890 -0.3055 0.925 -0.2418

0.940 -0.2009 0.983 -0.0473

0.968 -0.1268

85



Chapter 5 : Excess molar volumes ofmixing

Table 5.2. continued. Excess molar volumes at 298.15 K for the
mixtures NMP (1) + an aromatic hydrocarbon (2).

Xl vE
Xl vE

Xl VE
m VI VI

cm3 mole- l cm3 mole-I cm3 mole-l

p-xylene mesitylene ethyl benzene

0.023 -0.0789 0.033 -0.0599 0.061 -0.1894

0.108 -0.3254 0.101 -0.1646 0.105 -0.3030

0.205 -0.5329 0.227 -0.3000 0.224 -0.5540

0.330 -0.7033 0.373 -0.3985 0.373 -0.7012

0.428 -0.7683 0.458 -0.4172 0.533 -0.7419

0.503 -0.7929 0.509 -0.4265 0.645 -0.6765

0.600 -0.7642 0.537 -0.4160 0.900 -0.3314

0.679 -0.6790 0.644 -0.3942 0.951 -0.1978

0.764 -0.5769 0.671 -0.3791 0.972 -0.1316

0.866 -0.3914 0.706 -0.3633 0.981 -0.0973

0.933 -0.1926 0.790 -0.3028

0.979 -0.0842 0.879 -0.2127

0.940 -0.1305

0.986 -0.0347
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Table 5.3. Coefficients A r and the standard deviations, 0, for the mixtures
NMP (1) + an aromatic hydrocarbon (2) at 298.15 K.

Aromatic Ao A j A2 A3 a
hydrocarbon

benzene -3.2321 -0.5326 -0.5019 -0.0088 0.0119

toluene -3.3356 -0.5201 -0.1980 1.2007 0.0132

o-xylene -2.5800 -0.0690 -0.6059 0.5878 0.0094

m-xylene -2.7647 -0.2854 -0.3846 0.6443 0.0105

p-xylene -3.1454 -0.0298 -0.2941 -0.0277 0.0105

mesitylene -1.6788 -0.0244 -0.3695 0.3272 0.0048

ethyl benzene -2.9379 -0.1985 -0.9246 0.8802 0.0123

0-.--------------------------

-0.2 -+-~~~-----------------<:.....,;

-0.4 1-~~~--~--=::::;j~~::::::=~~-_____:11

VE
m

-0. 6 -+---------''''''~~IIo:::_------~~~----__1

-0. 8 -r-------~~-==Ao--=~L..--------__1

-1 -r----,----.,-------------,-----,---------J

10.80.60.40.2o
Xl

Figure 5.2. Excess molar volume (cm3mol -1) at 298.15 K for the mixture
NMP(l) + aromatic hydrocarbon (2).
Key: • = benzene, A = toluene, + = o-xylene, • = m-xylene, X = p-xylene,*= mesitylene, • = ethyl benzene.
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5.5. Discussion:

5.5.1. Previous work:

High precision dilatometric work carried out by Liu et at. (102) (see figure 5.3) shows that v E is
m

negative over the complete mole fraction range for mixtures of the type NMP + an aromatic
hydrocarbon, where the aromatic hydrocarbon is benzene or toluene or o-xylene or m-xylene
or p-xylene or ethyl benzene. The curves shown in figure 5.3 are symmetrical and smooth.
Their work shows that the sequence of excess molar volumes in terms of their absolute values
at Xl = 0.5 is : toluene> p -xylene> benzene> m-xylene> o-xylene ~ ethyl benzene.
Dilatometry does have a drawback in that errors tend to be accumulative and results can
appear to have high precision (smooth curves).

o~------------------------------

-0.2

-0.4 -t---~~~------------------"lIIJ-)(---------1

V E
m

-0.6 -t-----~~~~':'tc_=-------_,_AIl~!"_....,)(t-----____I

-0.8 -t--------~oo;;;;:;_---___.;;,AC----------___J

-1 -t-----~---__,----__,____----,___---_I

o 0.2 0.4 Xl 0.6 0.8 1

Figure 5.3. Excess molar volume (cm 3mole -1) at 298.15 K for the mixture NMP (1) +
aromatic hydrocarbon (2). this work was done by Liu et al. (102)

Key: • = Benzene, A = toluene, + = o-xylene, • = m-xylene, • = p-xylene ,_ = ethyl
benzene.
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Al-Mashhadani et al. (101) have measured vE for the mixtures NMP + an aromatic hydrocarbon
111

at 298.15 K where an aromatic hydrocarbon refers to benzene or toluene or o-xylene or m-
xylene or p-xylene or mesitylene or ethyl benzene using densitometry. Their work is presented
in figure 5.4. This shows that the sequence of excess molar volumes in terms of their absolute
values at Xl = 0.5 is : toluene> p -xylene> benzene ~ rn-xylene ~ o-xylene ~ ethyl benzene>
mesitylene. The data presented by Liu et al. (102) appears to be better as the standard deviation
ofthe work by Liu et al. (102) is better than 0.005 and the standard deviation of the work by Al­
Mashhadani et al. (101) is only better than 0.02.

10.80.60.2o

-0. 2 --+----&-\+-~~--------------_____,,,;ns:______IfI.X____I

0---------------------------.

-0. 8 --r--------~~--_____:;~--------______j

-1 --t--------r----,------,-----r--------I

-0.4 -+----\~~-------=:::;I!;====J;:::::=----___}I!!!!L-~~'----_____1

V
E

rn

-0. 6 --r-------:~~~~~L--_____:;~~"--__7"7=____----______j

Figure 5.4. Excess molar volumes at 298.15 K for the mixture NMP (1) + an aromatic
hydrocarbon reported by Al-Mashhadani et al. (101)

Key: • = benzene, .. = toluene, + = o-xylene, • = rn-xylene, • = p-xylene,*= mesitylene, • = ethyl benzene.
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5.5.2. This work:

The excess molar volumes determined in this work are all negative over the entire composition
range and relate well to the measurements made by Liu et al. (102) (see figures 5.5. to 5.10.)
with the exception of the mixture NMP + ethyl benzene. Data reported by Liu et al. (102) has a
better (lower) standard deviation than the data presented here.

Al-Mashhadani et al. (101) have determined vE for the systems investigated in this work by
m

densitometry. The data from their work is compared to the data from this work in figures
5.11 through figure 5.17. The standard deviation from their work is poorer (higher) than that
reported here.

The negative excess molar volume could be as a result of packing and association between the
polar NMP and the polarizable aromatic compound.

Mesitylene shows the smallest negative excess molar volume and toluene the largest negative
excess molar volume.

The sequence of aromatic hydrocarbons in terms of the magnitude of v E at XI = 0.5 is:
m

toluene> benzene "'p-xylene > ethyl benzene> m-xylene> o-xylene > mesitylene.

Increased methyl substitution on the benzene moiety results in a decrease in the magnitude of
v E

. This effect could be due to packing (which includes the steric effects of increased methyl
substitution) or due to inductive effects of methyl substitution. It is impossible to separate
these effects. Benzene's behaviour is contrary to this pattern.

The association between NMP and the aromatic hydrocarbons that accounts for the negative
enthalpic effect seen in chapter four also accounts for the dimunition (negative effect) in the
molar excess volume results presented here.
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Figure 5.5. Comparison of the results of this work with
literature data for NMP(l) +Benzene(2).
• = this work, ~ = Liu et al. (102)

Figure 5.6. Comparison of the results of this work with
literature data for NMP(l) + toluene(2).
• = this work, ~ = Liu et al. (102)
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Figure 5.7. Comparison of the results of this work with
literature data for NMP(I) + o-xylene(2).
• = this work, ~ = Liu et al. (102)

Figure 5.8. Comparison of the results of this work with
literature data by for NMP(l) +m-xylene(2) .
• =this work, ... = Liu et al. (102)
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Figure 5.9. Comparison of the results of this work with
literature data for NMP( I) + p-xylene(2).
• = this work, ~ = Liu et al. (102)

Figure 5.10. Comparison of the results of this work with
literature data for NMP( I) + NMP(2).
• = this work, ... = Liu et al. (102)
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Figure 5.11. Comparison of the results of this work
with the literature for the mixture NMP Cl) +
benzene(2).
Key: • = this work ... =AI-Mashhadani et al. (101)

Figure 5.12. Comparison of the results of this work with
the literature for the mixture NMP(l) + toluene(2).
Key: • = this work, ... =Al-Mashhadani et alyol)
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Figure 5.13. Comparison of the results of this work with
the literature for the mixture NMP (I) + o-xylene(2).
Key: • =this work, ... =AI-Mashhadani et al. (101)

Figure 5.14. Comparison of the results of this work with
the literature for the mixture NMP Cl) + p-xylene(2).
Key:. = this work,'" = Al-Mashhadani et al.(IOI)
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Figure 5.15. Comparison of the results of this work with
the literature for the mixture NMP (I) + (2).
Key: • = this work, ... =AI-Mashhadani et al. (101)

Figure 5.16. Comparison of the results of this work with
the literature for the mixture NMP Cl) + mesitylene(2).
Key: • = this work, ... = Al-Mashhadani et al. (101)
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Figure 5.17. Comparison of the results of this work with
the literature for the mixture NMP (l) + ethyl
benzene(2).
Key: • =this work, • =Al-Mashhadani et al.(lol)
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Chapter 6
Conclusion

The conclusions of this work are summarized below.

• The liquid-liquid equilibrium data presented here support the results presented by
Ferreira et al. (12) for the mixture n-heptane + toluene + NMP at 298.2 K.

• New liquid-liquid equilibria data are presented for the mixtures given below at 298.2 K
and 1 atmosphere pressure:

n-hexane + toluene + NMP
n-nonane +toluene + NMP
n-hexadecane + toluene + NMP
n-hexadecane + o-xylene + NMP
n-hexadecane + m-xylene + NMP
n-hexadecane + p-xylene + NMP
n-hexadecane + mesitylene + NMP
n-hexadecane + ethyl benzene + NMP.

• From the liquid-liquid equilibria work presented here, the phase equilibria for the
mixtures n-alkanes + an aromatic hydrocarbon + NMP at a temperature of298.2 K
and a pressure of 1 atmosphere show a strong dependance on the chain length of the n­
alkane (see figure 6.1a) and a very weak dependance on methyl substitution of the
aromatic hydrocarbon (see figure 6.1b). An increase in the chain length of the n-alkane
from C6 (hexane) to C16 (hexadecane) results in an increase in the area defining the two
phase region(see figure 6.1a).

0.5

Figure 6.1 a. Dependance of the area defining the
two-phase region on n-alkane chain length.

0.5

Figw-e 6.1 b. Dependance of the area defming
the two-phase region on the type of aromatic
hydrocarbon.
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• The slopes of the tie-lines on equilibrium phase diagrams for mixtures of the type an n­
alkane + an aromatic hydrocarbon + NMP show that the aromatic compound is more
soluble in NMP than in the alkane when the chain length of the alkane is short (C6 to
C9), (see figure 6.2a) and the aromatic compound is more soluble in the n-alkane than
in NMP when the chain length of the n-alkane is long (C14 to C16), (see figure 6.2b).
This could have an important bearing on the liquid-liquid-extraction of aromatic
hydrocarbons from mixtures containing n-alkanes and aromatic hydrocarbons using
NMP. More work should be done to further investigate this property. Because of the
importance of the slopes of the tie-lines, it would be important to investigate the effect
of temperature and pressure on these slopes.

Figure 6.2a. Slope oftie­
lines for n-hexane +
toluene + NMP.

Figure 6.2b. Slope oftie­
lines for hexadecane +
toluene +NMP.

• The tie-line results indicate that it is probably viable to separate the individual n­
alkanes from each other in mixtures containing n-alkanes and aromatic hydrocarbons
using solvent extraction, but it is not possible to separate the aromatics from each
other using this process.
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Chapter 6 : Conclusion

• The y 1""3 results presented for the n-alkanes or cycloalkanes in NMP supports the
work by Muller et al. (33), Kikic et al. (34) and Surovy et al. (41).

• New y 1""3 results are presented for cyclopentane or cyclooctane or 1-heptene or 1­
octene Of diethyl ether or diisopropyl ether in NMP at 298.15 K. These results can be
used to predict the phase equilibria for mixtures containing NMP and these solutes.
This has not been attempted here but should form the basis of further work.

• The y ;3 results presented here show a monotonic increase with carbon number for the
n-alkanes or cycloalkanes or 1-alkenes in NMP at 298.15 K. This can be seen in figure
6.3.

25

20

15
00

Y13
10

5

0

1 2 3 4 5 6 7 8
n

Figure 6.3. Plot of y;; versus carbon chain length.
Key: • = n-alkanes, ~ = cycloalkanes, + = l-alkenes.

• H;' results presented here for the mixture NMP + benzene supports the HE results
presented by Gustin and Renon(77) for the same mixture. m

• New H; results are presented for the mixtures NMP + toluene or m-xylene or p­
xylene or mesitylene or ethyl benzene at 298.15 K.
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• The HE results presented here for the mixtures NMP + an aromatic hydrocarbon
m .

(where an aromatIc hydrocarbon refers to benzene or toluene or o-xylene or m-xylene
or p-xylene or mesitylene or ethyl benzene) show the effect that methyl substitution on
the benzene ring has on the HE. The more methyl groups on the benzene moiety the
less negative is HE , implying~ reduction in the association between NMP and the

m
aromatic hydrocarbon. This diminished association between NMP and the aromatic
hydrocarbon could be due to steric effects which result from an increase in methyl
substitution on the benzene moiety.

• The v E results presented here for the mixtures NMP + an aromatic hydrocarbon
m .

(where an aromatIc hydrocarbon refers to benzene or toluene or o-xylene or m-xylene
or p-xylene or mesitylene or ethyl benzene) is in very good agreement with the
dilatometric work carried out by Liu et al. (103) and in reasonably good agreement with
the densitometric work carried out by Mashhadani et al. (102).

• vE results presented here for the mixtures NMP + an aromatic hydrocarbon ( wherem
an aromatic hydrocarbon refers to benzene or toluene or o-xylene or m-xylene or p-
xylene or mesitylene or ethyl benzene) show the effect that methyl substitution on the
benzene moiety has on v E . The more methyl groups on the benzene moiety, the less
negative is the vE implyi'::g a reduction in association between NMP and the aromatic
hydrocarbon. Thi~ reduced association between NMP and the aromatic hydrocarbon
could be due to the steric effects which result from an increase in methyl substitution
on the benzene moiety or to inductive effects of the methyl groups.

• The HE and v E results presented here for mixtures NMP + an aromatic hydrocarbonm m
(where an aromatic hydrocarbon refers to benzene or toluene or o-xylene or m-xylene
or p-xylene or mesitylene or ethyl benzene) could be used to test mixing theories, such
as UNIFAC, ERAS, NRTL. This has not been attempted here but could form the
basis of further work.
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Appendix A

Table A. Experimental data for the calculation of Y;"3 of the solutes in NMP (3)
at 298.15 K. '

Solute tG tR n3 V o Pi Po

S s moles cm3 S·l mmHg mmHg

n-pentane 18.53 37.52 0.0049 0.719 760.83 751.50

n-hexane 18.39 79.34 0.0049 0.670 766.05 761.00

n-heptane 18.39 187.81 0.0049 0.670 766.05 761.00

n-octane 17.96 494.41 0.0049 0.743 757.28 752.10

cycloopentane 17.96 80.88 0.0049 0.739 764.48 759.30

cyclohexane 17.96 179.52 0.0049 0.740 764.48 759.30

cycloheptane 17.96 657.98 0.0049 0.742 764.48 759.30

1-hexene 17.64 117.98 0.0049 0.768 755.83 745.79

1-heptene 17.96 292.36 0.0049 0.743 764.48 759.30

l-octene 17.64 765.28 0.0049 0.771 765.28 755.51

diethyl ether 17.64 88.80 0.0049 0.773 755.25 744.91

diisopropyl ether 17.64 179.05 0.0049 0.773 755.24 744.91
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Table B1. Experimental data for the mixture NMP(1) + benzene(2) at 298.15 K.

Mass of Mass of Time Power Flow rate Xl HE
m

NMP benzene

g g s N\W 10-4 mol S-l J mol-l

3.9494 11.6779 982 70.4 1.93 0.210 -365.11

6.3055 17.3580 1216 91.0 2.35 0.223 -387.13

3.9336 6.8489 804 74.3 1.58 0.312 -469.03

14.3368 15.9084 2726 68.1 1.28 0.415 -533.00

9.6576 9.2296 1047 111.3 2.06 0.452 -540.53

9.9327 8.8553 1007 115.4 2.12 0.469 -544.12

7.8258 6.5792 755 118.1 2.16 0.484 -546.40

19.2742 14.3513 1634 125.0 2.31 0.514 -540.11

9.8465 4.0308 775 91.8 1.95 0.658 -471.37

13.6226 4.7547 902 97.4 0.22 0.693 -443.05

18.5654 4.5828 999 88.3 2.46 0.761 -358.65

24.1545 3.5242 1310 52.3 0.22 0.844 -237.25
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Table B2. Experimental data for the mixture NMP(I) + toluene(2) at 298.15 K.

Mass of Mass of Time Power Flow rate Xl HE
m

NMP toluene

g g s W 10-4 mol S-l J mol-l

5.5101 18.6188 2064 23.0 1.25 0.216 -184.25

7.9388 17.3548 1320 53.3 2.03 0.298 -262.09

7.1392 12.1410 1158 52.7 1.76 0.353 -299.46

6.9645 8.4239 1263 41.0 1.28 0.435 -320.28

9.1774 7.7956 886 63.1 0.02 0.522 -315.53

16.6310 13.4708 2951 33.1 1.06 0.534 -311.11

14.0296 8.3243 922 72.2 2.51 0.610 -287.09

18.1089 8.8137 1001 75.7 2.78 0.656 -272.25

13.4719 4.4156 1295 33.3 1.42 0.739 -234.59
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Table B3. Experimental data for the mixture NMP(I) + o-xylene(2) at 298.15 K.

Mass of Mass of Time Power Flow rate Xl HE
m

NMP a-xylene

g g s W 10-4 mol S·l J mol-l

6.3186 23.2013 1175 9.9 0.24 0.226 -41.21

5.8502 20.5504 1040 9.9 2.43 0.234 -40.76

5.7704 9.6307 1102 12.2 1.35 0.391 -90.28

9.5659 14.4435 933 22.6 2.49 0.415 -90.68

10.7905 14.3395 1085 23.1 2.25 0.446 -102.76

10.7402 11.6387 1052 23.1 2.07 0.497 -111.49

10.6696 9.2273 1037 22.6 1.88 0.553 -120.44

7.3750 6.1754 707 22.8 1.87 0.561 -121.60

15.7689 10.2981 1554 19.8 1.65 0.621 -120.16

15.4784 7.3953 860 32.0 2.63 0.692 -121.88

15.0278 6.2502 729 35.2 2.89 0.720 -121.92

15.9982 3.5501 1568 12.2 1.24 0.828 -98.19
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Table B4. Experimental data for the mixture NMP(l) + m-xylene(2) at 298.15 K.

Mass of Mass of Time Power Flow rate XI HE
In

NMP m-xylene

g g s W 10-4 mol S-I J mol- I

4.3275 17.3419 889 -11.7 2.33 0.211 50.25

4.0283 15.5542 900 -10.4 2.08 0.217 50.02

4.0638 14.2482 1095 -7.6 0.16 0.234 47.50 .

3.6215 11.4258 1335 -5.3 1.08 0.253 49.08

4.0600 12.7905 839 -8.7 1.92 0.254 45.22

6.6147 14.7585 1218 -6.1 1.69 0.324 36.11

5.6535 11.0579 1013 -5.2 1.59 0.354 32.68

4.7275 7.3341 840 -3.6 1.39 0.408 25.90

5.5770 6.8552 1151 -1.0 1.05 0.466 9.53

9.7544 6.3714 936 0.3 1.69 0.621 -1.77

14.1300 6.1761 918 1.3 2.19 0.710 -5.95

17.6924 6.6703 978 2.2 2.47 0.740 -8.92

16.6344 5.4080 806 2.3 2.71 0.767 -8.47

21.8511 6.1873 943 2.7 2.96 0.790 -9.14

15.0945 3.3615 1520 1.3 1.21 0.828 -10.74

109



AppendixB

Table B5. Experimental data for the mixture NMP(I) + p-xylene(2) at 298.15 K.

Mass of Mass of Time Power Flow rate Xl
HE

m
NMP p-xylene

g g S W 10-4 mol S-l J mol-l

5.3990 16.7475 1987 0.9 1.07 0.256 -8.42

4.0993 12.6491 1490 0.9 1.08 0.258 -8.36

6.4090 11.3580 660 10.2 0.26 0.377 -39.22

6.5513 10.8345 721 10.4 2.33 0.393 -44.60

9.4772 15.1288 1801 5.5 1.32 0.402 -41.60

7.7117 10.2066 795 12.0 2.19 0.447 -54.85

6.9123 7.9557 733 11.4 1.97 0.482 -57.76

7.1315 7.1984 911 9.5 1.53 0.515 -61.93

7.3013 6.6836 769 11.4 1.78 0.539 -64.17

9.1378 6.9156 878 12.1 1.79 0.586 -67.53

8.7252 6.0961 935 10.7 1.56 0.605 -68.79

10.3083 6.2394 795 13.5 2.05 0.639 -65.94

10.0138 5.0499 650 15.8 2.29 0.680 -69.12

8.1153 3.9836 905 8.8 1.32 0.686 -66.71

9.8865 4.4155 549 16.9 2.57 0.706 -65.65

12.3640 5.0217 600 18.1 2.87 0.725 -63.13

13.6785 3.0822 1396 5.7 0.12 0.826 -47.64

24.4400 3.4883 1551 6.9 0.18 0.882 -38.30

110



AppendixB

Table B6. Experimental data for the mixture NMP(I) + mesitylene(2) at 298.15 K.

Mass of Mass of Time Power Flow rate Xl HE
m

NMP mesitylene

g g s W 10-4 mol S·l J mol-l

4.5141 21.8378 1628 -33.1 0.14 0.200 237.15

5.7041 14.3488 1107 -51.0 0.16 0.325 319.10

7.1534 12.2624 918 -63.9 0.19 0.414 336.77

8.1574 10.5447 789 -72.5 2.15 0.484 336.44

12.4367 13.5682 790 -98.7 3.02 0.526 327.14

9.1750 9.5544 714 -78.9 2.41 0.537 327.43

11.4042 10.9180 722 -91.1 2.85 0.559 319.47

11.0974 9.6186 720 -83.8 2.67 0.583 314.29

11.9614 8.8225 662 -88.6 2.93 0.621 302.23

17.2590 11.1628 836 -93.2 3.19 0.652 291.84

14.1814 7.8271 898 -64.6 2.32 0.687 278.66

13.5684 5.5505 861 -52.2 2.13 0.748 245.52

16.3527 2.5159 1032 -23.1 0.18 0.887 128.24
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AppendixB

Table B7. Experimental data for the mixture NMP(I) + ethyl benzene(2) at 298.15 K.

Mass of Mass of Time Power Flow rate Xl HE
m

NMP ethyl
benzene

g g s W 10-4 mol S-1 J mol-1

5.0674 29.2227 1125 5.6 0.29 0.157 -19.30

5.5165 14.4041 1075 7.0 1.78 0.291 -39.33

6.109 9.8842 801 11.7 1.93 0.398 -60.57

9.5955 11.9907 921 15.9 2.28 0.462 -69.82

8.8191 9.0336 675 18.3 2.58 0.511 -70.97

9.6430 9.4747 623 21.1 2.99 0.522 -70.48

9.2084 8.0261 600 19.9 2.81 0.551 -70.87

9.2989 7.8297 600 19.7 2.79 0.560 -70.55

11.5767 8.4562 640 21.6 3.07 0.595 -70.38

10.0250 6.8497 645 17.8 2.57 0.611 -69.31

9.5032 5.2516 600 15.7 2.42 0.660 -64.82

14.5358 5.9054 928 12.3 2.18 0.725 -56.44

13.8736 3.918 900 9.2 1.97 0.791 -46.82

21.7901 6.1541 1371 4.5 1.82 0.881 -24.73
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