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ABSTRACT

The measurement of vapour-liquid equilibrium data is extremely important as such data are crucial
for the accurate design, simulation and optimization of the majority of separation processes,

including distillation, extraction and absorption.

This study involved the measurement of vapour-liquid equilibrium data, using a modified version
of the static total pressure apparatus designed within the Thermodynamics Research Unit by J.D.
Raal and commissioned by Motchelaho, (Motchelaho, 2006 and Raal et al., 2011). This apparatus
provides a very simple and accurate means of obtaining P-x data using only isothermal total

pressure and overall composition (z) measurements. Phase sampling is not required.

Phase equilibrium measurement procedures using this type of apparatus are often tedious,
protracted and repetitive. It is therefore useful and realizable in the rapidly advancing digital age, to
incorporate computer-aided operation, to decrease the man hours required to perform such

measurements.

The central objective of this work was to develop and implement a control scheme, to fully
automate the original static total pressure apparatus of Raal et al. (2011). The scheme incorporates
several pressure feedback closed loops, to execute process step re-initialization, valve positioning
and motion control in a stepwise fashion. High resolution stepper motors were used to engage the
dispensers, as they provided a very accurate method of regulating the introduction of precise
desired volumes of components into the cell. Once executed, the control scheme requires
approximately two days to produce a single forty data points (P-x) isotherm, and minimizes human
intervention to two to three hours. In addition to automation, the apparatus was modified to

perform moderate pressure measurements up to 1.5 MPa.

Vapour-liquid equilibrium test measurements were performed using both the manual and automated
operating modes to validate the operability and reproducibility of the apparatus. The test systems
measured include the water (1) + propan-1-ol (2) system at 313.15 K and the n-hexane (1) + butan-
2-ol system at 329.15 K.



Phase equilibrium data of binary systems, containing the solvent morpholine-4-carbaldehyde
(NFM) was then measured. The availability of vapour-liquid equilibrium data for binary systems
containing NFM is limited in the literature. The new systems measured include: n-hexane (1) +
NFM (2) at 343.15, 363.15 and 393.15 K, as well as n-heptane (1) + NFM (2) at 343.15, 363.15 and
393.15 K.

The modified apparatus is quite efficient as combinations of the slightly volatile NFM with highly
volatile alkane constituents were easily and accurately measured. The apparatus also allows for

accurate vapour-liquid equilibrium measurements in the dilute composition regions.

A standard uncertainty in the equilibrium pressure reading, within the 0 to 100 kPa range was
calculated to be 0.106 kPa, and 1.06 kPa for the 100 to 1000 kPa pressure range. A standard

uncertainty in the equilibrium temperature of 0.05 K was calculated.

The isothermal data obtained were modelled using the combined (y-®) method described by Barker
(1953). This involved the calculation of binary interaction parameters, by fitting the data to various
thermodynamic models. The virial equation of state with the Hayden-O’Connell (1975) and
modified Tsonopoulos (Long et al., 2004) second virial coefficient correlations were used in this
work to account for vapour phase non-ideality. The Wilson (1964), NRTL (Renon and Prausnitz,
1968), Tsuboka-Katayama-Wilson (1975) and modified Universal Quasi-Chemical (Anderson and

Prausnitz, 1978) activity coefficient models were used to account for the liquid phase non-ideality.

A stability analysis was carried out on all the new systems measured to ensure that two-liquid phase

formation did not occur in the measured temperature range.

A model-free method based on the numerical integration of the coexistence equation was also used
to determine the vapour phase compositions and activity coefficients from the measured P-z data.

These results compare well with the results obtained by the model-dependent method.

The infinite dilution activity coefficients for the systems under consideration were determined by
the method of Maher and Smith (1979b), and by suitable extrapolation methods. Excess enthalpy
and excess entropy data were calculated for the systems measured, using the Gibbs-Helmholtz

equation in conjunction with the fundamental excess property relation.
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NOMENCLATURE

Symbols

a Cubic equation of state pure component energy parameter
a' Parameter in Tsonopoulos (1974) correlation

a Activity of component i

A Molar Helmholtz free energy (J.mol™)/ Amperes
b' Parameter in Tsonopoulos (1974) correlation

b Cubic equation of state co-volume parameter

B Second virial coefficient (m’.mol™)

f Fugacity of component (kPa)

£, Fugacity of species i in solution (kPa)

i -Lii NRTL model fit parameter (J.mol™)

G Molar Gibbs free energy (J.mol™)

Gj NRTL model parameter

H Molar enthalpy (J.mol™)

ki Binary interaction parameter-equation specific
n Number of moles of component (moles)

P Total Pressure (kPa)

Pp Deviation pressure defined by Maher and Smith (1979b) (kPa)
P Saturation pressure of component i (kPa)

R Universal gas constant (8.314 J. mol™. K™

Ry Radius of gyration (m)

S Molar entropy (J.mol™. K™)

T Temperature ( K)

Ujj -Uii UNIQUAC model fit parameter (J.mol™)
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Greek letters

o

(L5)

Ko
K1

Nij-Aii

Total volume of vapour (m?)/ Volts

Molar Volume of component i (m’.mol™)

Saturated liquid molar volume of component i (m’.mol™)
Liquid phase mole fraction

Vapour phase mole fraction

Overall composition

Compressibility factor

Alpha phase/ Mixture parameter for PSRV (1986) EOS

Non-randomness parameter for the NRTL model/ Relative

volatility

Beta phase

Activity coefficient of species i

Residual

Cross coefficient for virial equation of state (m’.mol™)
Change in

Tolerance

Pure component parameter for the PSRV (1986) EOS
Pure component parameter for the PSRV (1986) EOS
T-K Wilson model fit parameter (J.mol™)

T-K Wilson model parameter

Chemical potential (J.mol™)/ Dipole moment (C.m)

Pi phase

Density (kg.m”)
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i

Subscripts

Superscripts

0

calc

exp

ideal

lit

Binary interaction parameter for the Peng-Robinson EOS
NRTL model parameter

Fugacity coefficient

Vapour correction factor

Acentric factor

Property at infinite dilution

Denotes component 1
Denotes component 2
Average quantity
Critical property
Component i
Component j

Mixture parameter
Reduced property

Total property

Standard state superscript
Calculated property

Experimentally determined property
Excess property

A property of an ideal solution

A property obtained from the literature
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1

residual

sat

Abbreviations
DDB

EOS

LLE
LPVLE
MPVLE
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CHAPTER ONE

Introduction

It is often difficult, and sometimes impossible, to separate a mixture of components with similar
volatility that exhibit azeotropic behaviour, by conventional distillation. Extractive distillation
provides an efficient and effective solution to accomplish such a separation. The selection of a
suitable solvent for this type of separation process is imperative, as it dictates the rate and degree of
separation obtainable for the process. It is therefore important that the phase behaviour of mixtures
with the solvent be experimentally determined to facilitate an accurate design, simulation and

optimization of the extractive distillation process.

In addition, highly accurate measured phase equilibrium data of binary systems are essential for the
development and improvement of advanced theoretical and semi-empirical models. It is important
that such models provide an accurate representation of the systems under consideration, as the
models can be used to predict the behaviour of multi-component systems that include the

aforementioned binary constituents.

The solvent Morpholine-4-carbaldehyde (NFM) (shown in Figure 1.1) has proved to be an effective
physical solvent in the extractive distillation of mixtures composed of aromatic constituents (Al
Qattan and Al-Sahhaf, 1995). However the assessment of the efficiency of NFM as an extractive
solvent in the separation of mixtures composed of alkane constituents is limited by the lack of
published vapour-liquid equilibrium (VLE) and infinite dilution activity coefficient data for the
systems of NFM + alkanes available in the literature. Essentially this is due to the difficulties

involved in measuring such systems.

o~ N

O

Figure 1.1. Chemical structure of Morpholine-4-carbaldehyde (CsHoNO,).
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The first major problem encountered when performing conventional analytical-type phase
equilibrium measurements on these systems, is due to the low volatility of NFM, in comparison to
the higher volatilities of alkanes such as the Cé6s and C7s. This introduces problems such as
flashing, when any phase analysis is performed by, for example, gas chromatography. Secondly, the
melting point of NFM is 296 K. This limits the use of re-circulating-type stills for VLE
measurement, as low condenser temperatures of below 273 K, required for such a method, will
cause the NFM to solidify. These factors dictate that a static-non analytic (synthetic) method is best

suited for phase measurements of the NFM + alkane systems.

The work presented in this project is a part of the continuous research in the Thermodynamic
Research Unit, in the School of Chemical Engineering at the University of KwaZulu-Natal. As an
established unit in the field of thermodynamics, novel equipment design and equipment
modification has become an essential component of the group’s work. This allows for the
enhancement of the techniques used to measure phase equilibria data, in order to improve accuracy

and efficiency.

One such apparatus was the novel static-synthetic (static-non analytic) total pressure apparatus,
designed within the unit by J.D Raal and commissioned by Motchelaho, (Motchelaho, 2006, Raal et
al., 2011). This apparatus, designed for binary low pressure (0 to 100 kPa) VLE measurement, but
rated for pressures up to 2 MPa, allows for the evaluation of P-x data, from measured isothermal P-
z data. A unique feature of this design is the dual mode piston mechanism that allows for transition
between a 49.81 cm’ and a 4.37 cm’ volume dispenser to facilitate very accurate VLE

measurements in the dilute region.

A limitation on the static total pressure apparatus is that thermodynamic consistency cannot be
tested, since phase compositions are calculated from equilibrium relationships and mass balances,

rather than by analysis.

Although the apparatus proved to operate to satisfaction, that is, in an accurate and straightforward
manner in the manual operating mode, the measurement procedure was repetitive and required a
large amount of man hours. This mode also limited the control over the volume of sample
delivered to the cell, since a hand-rotated advancing mechanism for the piston was used to
introduce components into the cell. It was easy to overshoot the desired delivered volume
requirement, when using a visual metering technique. This contributed to the degree of uncertainty
in the delivered volume to the cell, especially when performing measurements in the dilute regions.
For dilute region measurements, very small, precise volumes of a particular component must be

displaced at a time. These specific types of measurements are essential for the design of high purity

2
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separation processes. Accurate dilute region measurements, also allow for reasonable predictions of
infinite dilution activity coefficients, by the method of Maher and Smith (1979b), or by an

appropriate extrapolation procedure.

The focus of this work was to determine if the apparatus of Raal et al. (2011) could be modified in
order to reduce the man hours required for operation of the apparatus, and to allow for a more
precise component volume metering system, so that dilute region measurements, can be accurately

performed.

Rarey and Gmehling (1993) and Uusi-Kyyny et al. (2002) have described similar types of low and
moderate pressure static-synthetic apparatus. The authors addressed the issue of reducing the man
hours of operation, by incorporating an automation scheme, so that the measurement procedure is
computer controlled. Additionally the authors confirmed that the automated static-synthetic

procedure proved to be safe and suitable for VLE measurement.

The original apparatus of Rarey and Gmehling (1993) is limited in that the operable pressure range
is between 0 to 100 kPa. Secondly, the maximum achievable volume ratios between two
components injected into the cell is 1:2000. A further restriction is that the operable temperature

limit is 380.15 K.

The more recently developed apparatus of Uusi-Kyyny et al. (2002) is similar in concept to the
design of Rarey and Gmehling (1993). The apparatus is however based on the total-pressure
concept, in contrast to the differential pressure concept of Rarey and Gmehling (1993). The

maximum operable pressure and temperature of this apparatus is 689 kPa and 368 K respectively.

In this work, the central modification that was made to the original apparatus of Raal et al. (2011)
was the automation of the measurement procedure and the extension of the apparatus to perform
measurements in the moderate pressure range. This involved incorporating a motion control system
with the introduction of high resolution (1000 steps/revolution) stepper motors that are able to
accurately displace known volumes of a required component by engaging the piston dispensers. A
pressure feedback control loop was introduced, to supply a set point to indicate the end of a
particular measurement schedule, and to initiate a new one. Flow into the equilibrium cell is
controlled by solenoid valves receiving piston pressure as feedback. The control algorithm was
developed on the LabVIEW 2011 graphical programming language. In addition to the automation,
the apparatus was also modified to perform moderate pressure measurements, in the 0 to 1500 kPa
pressure range, and within a 273.15 K to 423.15 K temperature range in order to address the

limitations of the apparatus of Rarey and Gmehling (1993) and Uusi-Kyyny et al. (2002).
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The advantages of these modifications was that the man hours for operation were considerably
reduced and a data set with a significantly greater number of measured points was produced in a
shorter period of time, in comparison to operation in the manual mode. The automation scheme also
allows for the simple transition between the dual modes of the pistons while maintaining the high
resolution, repeatability and accuracy of the stepper motors. This allows for the dispensing of a
precise maximum volume ratio that is greater than 1: 20000. An improvement in the accuracy and

subsequently the degree of dilution of the initial composition, z;, attainable, is observed.

The increase in the range of operation with regards to temperature and pressure, allowed for
measurements within the 343.15 to 393.15 K temperature range- a frequently used operating

temperature range in many industrial extractive distillation processes.



CHAPTER TWO

Thermodynamic Principles

Although accurately measured phase equilibrium data is the most preferable for the use in the
design of the majority of separation units, such experimental data corresponding to the operating
conditions (temperature and pressure) of the application, are not always available. It is therefore
necessary that experimentally obtained data be modelled, according to the general calculation
methods developed for phase equilibrium thermodynamics. It is imperative that a reliable model is
generated, so that one can confidently interpolate/extrapolate data to regions where experimental

results are not available.

The measured variables in VLE studies generally include temperature, pressure and composition.
The composition data may include the liquid phase mole fraction (x), the vapour phase mole

fraction (y), or, as in the case of static-synthetic apparatus, the overall composition (z).

The following sections detail the thermodynamic methods involved in the modelling of phase
equilibrium data from pressure, temperature and overall composition measurements as determined

in this low/moderate pressure VLE study.

2.1 The criteria for phase equilibrium and chemical potential

A system is in thermodynamic equilibrium when its components are in thermal, mechanical and
diffusive equilibrium, indicated by uniformity in temperature, pressure and chemical potential
respectively. For a closed system, equilibrium can be signified by constant entropy (AS = 0),
constant Helmholtz free energy (AA = 0, at constant temperature and volume) or by constant Gibbs

free energy (AG = 0, at constant temperature and pressure).

Smith et al. (2005) state that a further criterion for phase equilibrium is that there should not only
be no change in entropy, Helmholtz free energy and Gibbs free energy, but there should, in
addition, be no macroscopic tendency towards change. Smith and Van Ness (1987) define the
criterion for phase equilibrium as “Multiple phases at the same temperature and pressure are in
equilibrium when the fugacity or chemical potential of each species is uniform throughout the

system.”
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Firstly one considers, i, the chemical potential of component i, which is defined as the partial
differential of Gibbs energy with respect to component i, at constant temperature, pressure and

number of moles of all other constituents:

nG)
H [ N T Pn @1

Considering any combination of coexistent phases (a, f3,...7), as detailed in Appendix A, forito N

species yields:
T TR ur G 1,2,.....N) (2.2)

2.2 The pure species fugacity and fugacity in solution

The concept of fugacity was introduced by Gilbert Lewis in 1908, as it is a calculated property that
can be directly related to both chemical potential, and measured quantities such as temperature and

pressure. Chemical potential cannot be directly related to such measurable quantities.

An equally general criterion for phase equilibrium that incorporates the fugacity (f;) of species i is:
dG; RTIn(f)) (at constant T) (2.3)

The fugacity can be related to the chemical potential, as shown by Smith et al. (2005), and yields an

additional condition for phase equilibrium:

A similar derivation for the fugacity of a species i in solution, can be determined, if the fugacity of

a species in solution, f,, replaces the pure species fugacity in equation (2.4).

Then equation (2.4) becomes:
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o G 1,2...,N) (2.5)

For a system that produces a single liquid phase (1) and a single vapour phase (v), the condition for

phase equilibrium according to equation (2.5) is:

tF (2.6)

For a system that behaves ideally, the composition of component i in the liquid, x;, and vapour

phases, y,, are related by Raoult’s Law:

yP xP (2.7)

2.3 The fugacity coefficient and fugacity coefficient in solution

The fugacity coefficient, denoted as ¢., is a dimensionless parameter that is used to measure the
departure from ideality, of a particular phase; a value of unity signifies an ideal phase. Fugacity
coefficients have been effectively applied to account for non-ideality in both the liquid and vapour
phases, via an equation of state. The fugacity coefficient for the purpose of determining vapour

phase non-ideality is now considered.

The fugacity of a component i in solution in the vapour phase, ﬁ/, can be related to the vapour phase

mole fraction, y;, and total pressure P, by the fugacity coefficient 43]. in solution:

5 = 2.8)

The fugacity coefficient in solution is a function of temperature, pressure and vapour phase
composition, and can be calculated from volumetric data of the vapour phase. The rigorous
thermodynamic relation of Beattie (1949) can be used to determine the fugacity coefficient in

solution:
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~ 1 0 P RT
Ing, [(Ti)T Td -z (2.9)

Where n; is the number of moles of component i, V is the total vapour volume, and Z is the

compressibility of the vapour mixture, defined by:

(2.10)

For low pressures of 0 to 100 kPa, assuming ideal gas behaviour (by setting ¢ = 1) usually
generates sufficiently accurate results, however beyond 100 kPa, ¢ may deviate from unity to a

large extent. This deviation is more pronounced in mixtures with polar constituents (Prausnitz et al.,

1967).

2.4 Activity and Activity Coefficient

The activity coefficient (y) is a measure of the deviation, in behaviour, of a real solution away from
a solution that is considered to be ideal. Prausnitz et al. (1980) state that the activity coefficient is
completely defined, only if the standard-state fugacity, f°, is clearly specified. In an ideal mixture,
the vapour phase is characterized by the fact that there are no potential intermolecular interactions
between the molecules of the vapour phase. This becomes evident in the limit as pressure tends to
zero. In contrast, the ideal liquid phase is characterized by uniform intermolecular interactions
between all molecules in the phase. The ideal mixture can be characterized by Raoult’s Law

(equation 2.7).

The activity coefficient relates the fugacity of species i in the liquid phase to the mixture fugacity of

an ideal solution:
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~ideal . . . .
Where, ﬁ « Xif? , the ideal solution fugacity at the Lewis-Randall reference state

The activity, a;, of species i, in the liquid phase relates the fugacity of species i in the liquid, to the

fugacity of the pure species at the reference state:

a; % (2.12)
The activity is related to the activity coefficient by the liquid phase mole fraction:
a Xy, (2.13)
For a component i, in an ideal mixture, the chemical potential is given by:
po ) RTIn(x,) (2.14)

Where u? is the chemical potential in the standard state.

For a non-ideal system, the departure from ideality can be accounted for by the activity and the

chemical potential is then given by:

w p® RTIn(a) (2.15)

It is assumed thaty, 1 as x; — 1. At this point the mixture obeys Raoult’s Law. When the activity
coefficient is > 1, then a positive deviation from Raoult’s Law, is observed. The converse is true
when the activity coefficient is < 1. In the case of the ideal mixturey, 1, for all compositions x;,

therefore a;  x;.
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As x; 0 theny, v, ie. the activity coefficient approaches a finite limit, referred to as the

“activity coefficient at infinite dilution”. The activity coefficient at infinite dilution is an essential

quantity that is required for the design of high purity separation processes.

The method of characterizing non-idealities in the vapour and liquid phases using fugacity
coefficient and activity coefficient respectively is known as the combined or gamma-phi method of

VLE regression.

At equilibrium it can be shown that:

Boxy (2.16)
AV
oy, P (2.17)
2 v (p_psat
where O, = qf;m exp %] (2.18)

d)isat is the vapour phase fugacity coefficient for the pure vapour of component i at the saturation

pressure.

% is the saturated liquid molar volume of component i and can be calculated from the Rackett

equation (1970) given in Smith et al. (2005):

0.2 57

Pz (2.19)

Where ; and Z; is the critical volume and compressibility respectively of each component i, and

T .
T, T gives the reduced temperature.

From the relation expressed in equation (2.6), equations (2.16) and (2.17) can be combined to yield:

v, P xyP (2.20)

10
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Equation (2.20) forms the basis for a large portion of low and moderate pressure VLE theory.

2.5 Determining the fugacity and fugacity coefficient

Due to the rigorous relation that exists between the fugacity of a component, i, in the vapour phase,
and the volumetric properties of the vapour phase (equation 2.9), the fugacity coefficient, and

subsequently the fugacity, can be calculated from an equation of state (EOS).

2.5.1 The virial equation of state

The virial equation of state (VEOS) has a firm theoretical basis, and can be derived from first
principles, by means of statistical mechanics. The VEOS is a model that provides a more accurate
description of the behaviour of real gases, than the ideal gas assumption, as it accounts for the

intermolecular interactions between molecules of the vapour.

Many generalized correlations for the calculation of virial coefficients have been proposed; these
include Pitzer-Curl (1957), Black (1958), O’Connell and Prausnitz (1967), Kreglewski (1968),
Tsonopoulos (1974), Hayden and O’Connell (1975) and modified Tsonopoulos, Long et al. (2004).

Prausnitz et al. (1967) state that for low to moderate pressures, “the virial equation of state
truncated after the second virial coefficient, gives an excellent representation of the volumetric

properties of vapour mixtures.”

The VEOS truncated to two terms becomes:

BP
z 1= (2.21)

where Z is the compressibility factor (Z = 1 for an ideal gas). B is the second virial coefficient, and
is only a function of temperature for pure components, and a function of temperature and
composition in the case of mixtures. For a mixture of N components, B is calculated by the rigorous

relationship:

11
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Boixue 20 20 v,y Bi (T) (2.22)

Where y is the vapour phase mole fraction, and B; (T) is the second virial coefficient that accounts

for the interaction between the molecules of components i and of j.

Substituting equations (2.21) and (2.22) into equation (2.9), yields:
~ [z
Ing, [— N, y.B; ] -InZ (2.23)

Incorporating the virial coefficients into equation (2.18) yields the vapour correction factor:

i €Xp [ RT
where Si 2Bl -Bii -B

The second virial coefficients B;; and cross coefficient B;, can be determined from experimental
PVT data of the pure components. However it is often difficult to obtain such experimental data for
the desired species, at the required operating conditions of the study. Therefore many correlations
have been developed, to calculate the second virial coefficient, and produce acceptable estimations.
The Pitzer-Curl (1957), Tsonopoulos (1974), Hayden and O’Connell (1975) and modified

Tsonopoulos, Long et al. (2004) correlations are discussed.

2.5.1.1 The Pitzer-Curl correlation

The Pitzer and Curl (1957) correlation is a relatively straight-forward corresponding states
correlation that is useful for the estimation of second virial coefficients for binary systems at low to
moderate pressures. Prausnitz et al. (1967) state that “The Pitzer-Curl correlation is excellent for
the estimation of the second virial coefficient of pure non-polar gases”. The second virial

coefficient is expressed as:

12
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BP,

RT B’ » B! (2.25)

The parameters B%and B! are functions of reduced temperature only:

0.422

BY 0.03-7r5 (2.26)
0.172

B! 0.139-— (2.27)

r

T . . :
Where T, = and w is a term that compensates for the non-sphericity of the molecule, and is

C

termed the acentric factor.

The cross coefficient is calculated as follows:

B ~—[B° wB] (2.28)

ci

The mixing rule of Prausnitz et al. (1986) can be used to determine mixture properties:

Tc,i vV TciTc (l'ki ) (229)

Where k; is the binary interaction parameter and is determined experimentally. When the size of
species i and j are similar, then k;; is set to 0. Tarakad and Danner (1977) have provided a method

for estimating Kkj;, when species i and j are of a different size.

Following from equation (2.28)

o =2 (2.30)

13
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Zoi RTai (2.31)

ci

Where Vj; and Zj; are the critical molar volume and critical compressibility factor for the mixture

respectively, and is given by mixing rules, using pure component critical properties:

13 137
o (=5 (232)

(2.33)

2.5.1.2 The Tsonopoulos and modified Tsonopoulos correlations

The correlation proposed by Tsonopoulos (1974) is an extension of the Pitzer and Curl (1957)
correlation. It is a more suitable correlation for the calculation of virial coefficients when
considering polar and non-polar components. The Tsonopoulos correlation is well suited to
hydrocarbon mixtures at low to moderate pressures. In this work a modified version of the
Tsonopoulos correlation was used (Long et al., 2004), and this correlation will be discussed. This

modified version provides a superior fit to systems composed of polar constituents.

For non-polar components the correlation is:

== fO(T) o £9(T) (2.34)
For polar components the correlation becomes:
s {01 0 f9(1) (1) (235)

RT,
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Where, for the modified correlation of Long et al. (2004)

fO(T)  0.13356- 0.3%252_ 0.1T5266 ] 0.0;)3724_ 0.03022 (2.36)
(1) 0.17404_0.1;5 1 0.3T£ 3 0.4;};)44_ 0.0;)541 237)
f4(T,) Tirﬁ (2.38)

Here T, and P, represent the critical temperature and pressure, R is the Universal Gas Constant, in
J.mol" K" and B is the second virial coefficient. The functions f*, and £ represent the non-polar

terms, whereas the function %) accounts for the polar effects exhibited by such a fluid.

The parameter, a, is dependent on the dipole moment, and is unique to the component being
considered. For polar molecules, a, can be obtained by regressing equations (2.38) with measured
second virial coefficient data. Alternatively, the authors suggest the following correlation. For non-

associating polar fluids, Long et al. (2004) define, a, as:

a -3.0309 10°u> 9503 10M'ut-1.2469 107°ps (2.39)

For strongly associating polar fluids Long et al. (2004) define, a, as:

a -1.1524 10%2 7.223 10M'pt1. 701 107°pe (2.40)
wher P (2.41
cre Hy 1.01325T2 41)

and p is the dipole moment in debye (D).
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The mixture parameters for the Tsonopoulos and modified Tsonopoulos correlation are obtained in
a similar manner to the correlation of Pitzer and Curl (1957). Tsonopoulos (1974) and Long et al.
(2004) suggest equation (2.29) and (2.30) for mixture properties of temperature and acentric factor

respectively. However P j; is calculated as follows:

C

- P

Pe; 3 (2.42)

)

/\
Q. wi—
O W —

For a binary mixture of one polar and one non-polar component, the mixture parameter, a;, for
equation (2.38) is set to zero. However when considering binary mixtures of two polar constituents

the parameter is determined by:

a; 0.5(a a) (2.43)

2.5.1.3 The Hayden-O’Connell correlation

Hayden and O’Connell (1975) suggested a generalized correlation to be used for the prediction of
the second virial coefficients; this method can be used for non-polar, polar and associating
molecules. The method incorporates a formulation of the corresponding-states theory and includes
the contributions of various intermolecular forces between molecule pairs. It is therefore far more

complex than the Pitzer-Curl and Tsonopoulos correlations.

The predictive method of Hayden-O’Connell requires the critical (T, P) properties of the
component, and molecular parameters, which are obtained from the molecular structure. These
include the radius of gyration, Ry, and the dipole moment, p. Additionally an empirically obtained
parameter 1), is also incorporated to account for solvation or association between molecules. A brief
overview of the equations is provided. For a detailed review of the method, the reader is referred to

the work of Hayden and O’Connell (1975).

The concept of a “total’ virial coefficient is introduced, and is comprised of:
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Btotal Bfree Bmetastable Bbound Bchem (244)
and Bfree Bfree n()n_polar Bfree polar (245)

where By, is the contribution by free pairs (non-associating species), Betastable @1d Bpoung are
contributions of the potential energy between bounded molecule pairs, and B, results from

possible association of molecules.

Critical parameters are available for most compounds in literature (e.g. Poling et al., 2001 or DDB,
2011). If such experimentally obtained data is not available then the Lydersen (1955) group
contribution method as recommended by Reid et al. (1988) or the group contribution method of

Nannoolal et al. (2007) can be used for the prediction of these parameters.

Hayden and O’Connell (1975) state that the mean radius of gyration, Ry, can be obtained from the

parachor, P - a quantity that is a function of density, molar mass and surface tension.

Ry -0.2764 0.2697 ’P—4 95 (2.46)

Harlacher and Braun (1970) relate the parachor to the mean radius of gyration as follows:
P 50 7.6Ry 13.75Ry? (2.47)

Fredenslund et al. (1977) state that the association or solvation parameter, 1, must be obtained
empirically. To combat this dilemma, Hayden and O’Connell (1975), suggest that this parameter be
set to zero, unless the specific parameters of a particular system can be determined empirically for
all group pairs of a mixture. Some solvation parameters are reported by Prausnitz et al. (1980). If a
particular solvation parameter is not reported, Prausnitz et al. (1980) suggest that the solvation
parameter of a species that is chemically similar to the species under consideration can be used. The
reader is referred to the original publication for a detailed review of the equations and correlations

proposed by the authors.
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2.5.2 Cubic equation of state

A review of the methods for determining fugacity coefficients using a cubic equation of state with

the relevant mixing rules is provided in Appendix A.

2.6 Evaluation of the activity coefficient via Gibbs excess energy models

The activity coefficient is a function of system temperature and composition. At constant

temperature and pressure the following form of the Gibbs-Duhem relation holds:

Ly,

ZiXi (—')T’P 0 (2.48)

Xj

It can be shown that:

()
Iny, [L] (2.49)
T,P,n

nj

Since Iny; is a partial property with respect to the excess Gibbs energy, GF, the Gibbs-Duhem

relation takes the form:
G Xix; (Iny)0 (2.50)

Since the activity coefficient can be related to excess Gibbs energy, the activity coefficient at a
particular temperature, pressure and composition, can be determined if there is a mathematical

model, that describes the Gibbs excess energy.

Many models have been developed to account for the liquid phase non-ideality from Gibbs excess
energy models. The degree of complexity of the model ranges from the simple Margules symmetric

model, proposed in 1895, to the Universal QUAsi-Chemical activity coefficient model (Abrams and
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Prausnitz, 1975). Other activity coefficient models include the Van Laar model proposed in 1910,

NRTL Renon and Prausnitz (1968), Wilson (1964) and Tsuboka-Katayama-Wilson (1975) models.

For an in-depth discussion of these models the reader is referred to the work of Walas (1985)
Malanowski and Anderko (1992), Sandler (1994) and Raal and Miihlbauer (1998). In this work the
Wilson (1964), NRTL (Renon and Prausnitz, 1968), Tsuboka-Katayama-Wilson (1975) and the
modified UNIQUAC model (Anderson and Prausnitz, 1978), were used for the calculation of the

activity coefficients. Only these excess Gibbs energy models will be presented.

2.6.1 The Wilson excess Gibbs energy model

Wilson (1964) proposed that liquid mixtures exhibit non-random behaviour. If non-randomness is
assumed, then it is clear that the composition around a molecule of component i, is different than
the composition around a molecule of component j. Therefore a local composition is defined, in
terms of the interaction energies between molecules. Palmer (1987) states that the Wilson equation
provides a superior fit to alcohol and hydrocarbon mixture data that are otherwise poorly

represented by algebraic expressions.

The Wilson excess Gibbs energy model for a binary system is:

E

G
ﬁ -X1 ln[xl X2A12] -X2 IH[XZ X1A21] (251)

By partial differentiation of equation (2.51) according to equation (2.49), the activity coefficient is
defined for the Wilson model as:

Iny, -In[x;  X;A4;] xz[ A Ra1 ] (2.52)

X1 A 12X2 X2 A 21X1

Iny, -In[x, x;Ay] xl[ 1 —L] (2.53)

X1 A 12X2 X2 A 21X1
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2 -(M2-M1)

where A12 _1 eXp [T (254)
1 “(h12-A22)

Ao exp [—RT ] (2.55)

The adjustable parameters (A; -A;;) account for the interactions between the molecules and are
determined by the regression of experimental composition and temperature data. A drawback of
this model are that the adjustable parameter terms (A -A;;), are not allowed to be negative if the
modelled data are to be represented for the entire composition range. Additionally, the model
cannot handle liquid-liquid immiscibility. Furthermore, the algebraic form of the Wilson equation
does not allow for the representation of extrema when considering activity coefficient-composition

relations.

2.6.2 The Tsuboka-Katayama-Wilson (T-K Wilson) excess Gibbs energy model

Although very useful for systems of miscible mixtures, the original Wilson equation fails to predict
the activity coefficient, via an excess Gibbs energy model, in mixtures that exhibit partial
miscibility. Tsuboka and Katayama (1975) proposed a modification to the Wilson equation, to

allow prediction of activity coefficients of mixtures, where partial liquid miscibility exists.

The T-K Wilson excess Gibbs energy model for a binary system is:

GE

x;In [M] X;In [w] (2.56)

RT X1 Apx X2 Ag1xq

By partial differentiation of equation (2.56) according to equation (2.49), the activity coefficient is
defined:

111}’1 ln[xl 12X2] Xo [Xl A Agy 2 12 ] (2.57)

X; Appxp ApXy X2 AyXp X2 21Xp X1 12X2
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X2 21X] A Agy 21 12
1 .
Iy, 1n[ ]-x [ ; - (2.58)
X1

Xy Ag1Xg ApXa X2 AyXp X 21X1 X1 12X

Where |, and ,; are the ratios of the molar volume defined by:

PR (2.59)
21 —; (2.60)
and
A Zexp| B (2.61)
Ay —exp [z (2.62)

The parameters (A -A;;) are determined by regression of measured composition and temperature
data, in a similar manner to the original Wilson model. The TK-Wilson model can be used for the

modelling of vapour-liquid equilibria or liquid-liquid equilibria data.

2.6.3 The Non-Random Two Liquid excess Gibbs energy model (NRTL)

Renon and Prausnitz (1968) introduced the NRTL local composition model. The model addresses
the issue of partial liquid miscibility, given that the original local composition model of Wilson
(1964) could not handle such systems. Raal and Miihlbauer (1998) state that the NRTL equation
“has become one of the most useful and widely used equations in phase equilibrium”. The NRTL

model is especially useful in extremely non-ideal and partially miscible systems.

The NRTL excess Gibbs energy model for a binary system is:

E
G 121621 112612

RTxix  x1 xGp1 x2 xGpp

(2.63)
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By partial differentiation of equation (2.63) according to equation (2.49), the activity coefficient is

defined:
Iny,
Iny,
Where
And

2
2 Gpp ) (
X
I[le (Xz x1G12

T12

121

(25) (
X1 X2Gy1

eXp('aule)

eXP('Ollszl )

£12 82
RT

g2 81
RT

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

The parameters (g; -g..) are determined by regression of the measured composition and temperature

data. The non-randomness parameter o ,, is usually set to a fixed value. Walas (1985) recommend

that o, be set to a value of 0.3 for non-aqueous systems, and 0.4 for aqueous organic mixtures. The

parameter can also be determined by data reduction, if it provides a better quality fit to the

experimental data. The central disadvantage of this model is that three parameters are required for

data modelling.
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2.6.4 Modified Universal QUAsi-Chemical Activity Coefficient (UNIQUAC) model

The UNIQUAC model (Abrams and Prausnitz, 1975) is also based on the concept of local
composition. However this model was developed to handle systems exhibiting partial miscibility,
(unlike the Wilson model), while still preserving the requirement of utilizing only two interaction
parameters, (unlike the NRTL model). This model proposed that the Gibbs excess energy is
composed of two contributing portions: a combinatorial portion (accounting for molecular shape

and size) and a residual portion (accounting for energy interactions between molecules):

E E E
G GCombinatorial GResidual (2 -70)

In this work a modified UNIQUAC model proposed by Anderson and Prausnitz (1978) was used.
This modified version is more suitable when considering systems containing alcohols and water,

such as the test systems measured in this work.

The modified UNIQUAC excess Gibbs energy model for a binary system is given by:

z
G xIn— x,In— —[ In— 1 —2]
Xpin X, XoIn X B qlxl n l q2X2 n )
'C1'1X1 111('1 ,2T21) *qzxz ln('2 ,1T12) (2.71)

Where r;, q;, and q;” are pure-component structural constants. The coordinate number, z, is set to 10.

And
Xl
N — (2.72)
Xiq;
Xiq'i
o (2.74)
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r is termed the size (volume) parameter and q is termed the surface area parameter. In the original
UNIQUAC equation, q q’. However the new parameter was introduced in the modified model to
better account for the water and alcohol behaviour. These parameters are determined by group

contribution methods, as outlined in Raal and Miihlbauer (1998).

T;j are the adjustable parameters for regression and can be expressed in terms of characteristic

energies:

T exp [%] (2.75)
By partial differentiation of equation (2.71) according to equation (2.49), the activity coefficient is
defined:

i Z i I
lnyi lnx—l quln— [11 ;1]

1

AN M 'qi[,”, . ] (2.76)

i Ti il

Where |; % (ri-qi)-(ri- 1)

Further modifications have been made to the UNIQUAC model that include methods of
incorporating the temperature dependence of the coordination number, z, such as that of Skjold-
Jorgensen et al. (1980), and the volume and surface area parameters, r;, and q;, such as that of
Wisniewska-Goctowska and Malanowski (2000). These modifications were considered, but were
found to provide no significant improvement to the model fits of the systems considered in this
work, and will not be discussed further. The reader is referred to the original publications for

further reading.

2.7 VLE data correlation and regression

The methods of VLE data regression involve determining the most suitable and accurate method of
expressing measured data and calculating variables that were not directly measured. There are

three general approaches to VLE data regression. These include:
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1. The direct equation of state method (phi-phi)
2. The combined method (gamma-phi)
3. The model-independent methods

In this work, isothermal data were measured, therefore only the bubble point pressure
computational procedures will be considered. A brief overview of the model-independent method
used in this work will be discussed, however the reader is referred to the work of Ljunglin and Van
Ness (1962), Mixon et al. (1965), Sayegh and Vera (1980) and Raal and Miihlbauer (1998) for a

detailed review of these methods.

2.7.1 The direct equation of state method (¢- ¢)

In the direct method of VLE data reduction, both the liquid and vapour phase non-idealities, are
described by fugacity coefficients. It is imperative that an appropriate EOS with suitable mixing
rules is selected, to best describe the system under consideration. The fugacity coefficients are
determined by equation (2.9). An algorithm detailing the ¢- ¢ method is given by Miihlbauer and
Raal (1995).

2.7.2 The combined method (y-®) using Barker’s method

The combined method of VLE reduction employs activity coefficients to account for the liquid
phase non-ideality and fugacity coefficients to account for vapour phase non-ideality from an
appropriate equation of state. The method of Barker (1953) minimizes the pressure
residual, 0P .giqual » in order to fit the measured total pressure (P) and overall composition data (z;) to
an excess Gibbs energy model. This method is dependent on the Gibbs excess energy model
selected for the calculation procedure. The algorithm for this calculation procedure is shown in

Figure 2.1.

Presidual

The pressure residual, 6 , is given by:

SPiresidual PieXP _Pfalc (2.77)

Barker’s method is initiated by selecting an appropriate G® model. The activity coefficients of each

component are determined, using the excess Gibbs energy model. The system pressure is calculated
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from summation of the modified Raoult’s Law (equation 2.20), with the initial assumption that the
vapour phase is ideal. Since only overall composition data is measured, it is vitally important that
the cell interior volume is exactly known. From this information, and individual total phase
volumes, the moles of each component in each phase can be determined by a simple mass balance.
The phase compositions are calculated, the activity coefficients and vapour phase correction factors
are re-estimated and a new calculated pressure is yielded. This process is repeated until the
difference between the calculated and experimental pressure is within a specified tolerance. To

accomplish this, the objective function is minimized.

4182
Ob ective Function Z(SP{eS‘d“al) (2.78)

VLE data sets can also be reduced by simultaneously minimizing the pressure residual, as well as

the vapour phase composition residual 8y between successive iterations, where 8y .. ., is
i residual

defined by replacing pressure (P) with vapour phase mole fraction (y) in equation (2.77). Van Ness
et al. (1978b) have compared various objective functions. It was reported that a reduced residual in
y, caused an increase in the residual of P. Therefore it was decided that the original objective
function of Barker (1953) (minimizing 5P*'%%") be used in this work. This is also appropriate, as
vapour compositions were not measured in this work, and simply minimizing the difference in
vapour composition between successive iterations, gives no indication of the true nature of the

vapour composition.
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Figure 2.1. The algorithm for VLE data reduction using the combined method of Barker

(1953) with the NRTL model.
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2.7.3 The model- independent approach

Several model independent approaches for VLE regression have been proposed in the literature.
These methods can be classified as direct, where the relative volatility (a,,) or vapour composition
(yi) is determined initially, or indirect, where the excess Gibbs energy or activity coefficient is
determined initially. In this work the direct method involving the integration of the coexistence

equation was used.

2.7.3.1 Integration of the coexistence equation

The coexistence equation, developed by Van Ness (1964), relates the vapour and liquid
compositions without the use of the liquid phase activity coefficient. The derivation is extensive

and is beyond the scope of this work.

The final result for a binary system is:

P- T (y,x) ln(%) % y, (2.79)

where (2.80)

AHY x H] x,H3-H
RT?

(2.81)

y! is the vapour phase activity coefficient, and A and AH, are the volume and enthalpy change of

mixing. For the isothermal case, dT becomes zero, and only is required to be evaluated. If the
non-ideality of the vapour phase is assumed to be adequately described by the virial equation of

state truncated to two terms, then equation (2.79) becomes:
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M i
y " -(1—2y1)(y1-X1)(R1T)
: KT 2.82
/TP M]-(yﬂn)(?{) ( )

1 y1(1-y1)

L
¥y (1-y,)8i - x1Bi1 xoByp 1
RT P

where (2.83)

as shown by Van Ness (1964). Here B are the virial coefficients and 8; 2 B; -B;-B .

The vapour compositions can be obtained by numerical integration of equation (2.82). This can be
accomplished using a marching procedure, incorporating any appropriate order of the Runge-Kutta

method or a Gauss-Seidel relaxation (successive over-relaxation) technique.

It is imperative that the limiting conditions of the coexistence equation, for the case of x; 0 and
x; 1 are accurately described. These values provide the starting point for the marching procedure,
and thus have a strong influence on the P-y curve generated. For the isothermal case, the boundary

conditions appropriate to this work are given by Van Ness (1964):

X1

limy, o (lPl)T-thI o (—P)T % (2.84)

limy, | (%)T-limx1 1 (—Pl)T ¢ lR'Tb (2.85)

The method of the integration of the coexistence equation has been derived for the calculation of P-
y data from measured P-x data. In this work, only P-z data was measured. The assumptions and
methods used to convert P-z data to P-x data are discussed in Chapter Seven. The calculation
procedure used in this work for the integration of the coexistence equation is presented in Figure

2.2., and begins with the input of P-x data.
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Figure 2.2. Calculation procedure used for the integration of the coexistence equation of Van
Ness (1964).
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2.8 Determining activity coefficient at infinite dilution from VLE measurements

Generally there are five direct methods that are used to specifically determine activity coefficients
at infinite dilution. These include gas chromatographic methods, Raleigh distillation, inert gas
stripping, ebulliometry and differential static methods. These methods will not be discussed, but the

reader is referred to the work of Raal and Miihlbauer (1998), for a detailed review.

The activity coefficient at infinite dilution can also be determined from VLE data. However
Hartwick and Howat (1995) have shown that simply extrapolating binary activity coefficient curves

to the end points, can produce inaccurate values of y;°. Maher and Smith (1979b) proposed a
modification to the method of Ellis and Jonah (1962) in order to produce acceptable y;” values from

isothermal binary VLE data.

The method of Maher and Smith (1979b) provides a means of accurately calculating infinite
dilution activity coefficients from total pressure measurements, by making use of the concept of the

“deviation pressure”, Pp, and liquid composition, X;, to obtain the limiting change in pressure with

respect to composition, (%) . The method is virtually model independent, except for the
1 X1 0

. .. . . e e P \*
calculation of x; from z;. The activity coefficient at infinite dilution can then be related to (T) ,
1 X1 0
using physical properties of the constituents of the mixture, and the second virial coefficients-

determined by measurement or correlation.

The deviation pressure, Pp, is defined as:
Py P-[P5  (PY-P5)x ] (2.86)

Where P is the total pressure and P{*' are the saturation pressures of component 1 and 2

The derivative of equation (2.86) with respect to x; yields:

P P
—L— - -(P- P (2.87)

X]

and applying I’Hopital’s rule yields that the end points (x; 0, x; 1) are represented by:
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@Y, ), o
-(L2) (2.89)

If a plot of XP—E vs. X; is linear, then the end points can be confidently determined by extrapolation
142
of a straight line. If this plot is not linear, Maher and Smith (1979b) suggest that plotting % VS. X1,
D
may generate a straight line. The end points are then given by:
X1X2 © PD ©
(), |

x10 X10

-1
] (2.90)

-1
("Il,—;)w1 - [(i?)w ] 2.91)

Xll

. . P . .
If a straight line plot of ﬁ VS. X orxllﬁ vs. X, cannot be generated, then this method fails, as
142 D

extrapolation to the end points becomes inaccurate.

Substituting the value of the end point from any of the equations (2.88 to 2.91) into equation (2.87),

allows (%) to be calculated at a specific end point (x; = 0,x; = 1). TP can then be related to
/%, 0 1

the activity coefficient at infinite dilution as shown by Raal et al. (2006), as follows:

" " Psat 1 P\XI 0
Y& ;[1 B F(_)T ] (2.92)
B..- L psat_psat 3 psat
Where g exp [( i RTl ) ] (2.93)
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B 1 P [%] (2.94)

Al’ld 61 ZBI 'Bii'B (295)

2.9 Thermodynamic consistency testing

A binary system can be completely specified by any three of the measured variables: pressure,
temperature, liquid composition, and vapour composition. The fourth parameter can be determined
by the Gibbs-Duhem relation. Therefore measurement of all four parameters, allows for the testing
of thermodynamic consistency. This is done by comparing a particular measured variable’s (P,T x;
or y;) value, to the calculated values of that same parameter, determined from the Gibbs-Duhem

relation, using the remaining three variables.

Van Ness et al. (1973) state that unless a consistency test is deemed essential, it is not necessary
and greater effort is better spent on improving the accuracy of P-x measurements. In this work,
Barker’s method was used to determine the vapour phase composition. The method utilizes the
Gibbs-Duhem equation in its computation procedure. Thus it is not possible to test whether the data
is thermodynamically consistent. Therefore no further discussion detailing the methods of testing

for thermodynamic consistency will be carried out.

2.10 Evaluating excess enthalpy and excess entropy

The fundamental excess property relation is given by Smith et al. (2005)

L) () P T Sy, (2.96)

For the restrictive case of constant P and x, equation (2.96) reduces to:
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(&)
HE RT? [~ (2.97)

Px;

Equation (2.97), which is exact, is a common form of the Gibbs-Helmholtz equation. It is evident
from this relation between HE and G, that if isothermal VLE data is available for a system at two
or more temperatures, with an appropriate means of correlating the G* behaviour, that the excess

enthalpy (heat of mixing) can be easily calculated. It is however prudent that at least three

()

. . . . o G*
isotherms are considered in the calculation of - - Additionally the plot of = versus T must

P.x;
E E
o | JE] PE]
be linear within experimental error, in order to estimate —| a|[—7| If H" can be

determined by this method, then the excess entropy SF, can be obtained from the excess property

relation:
Gt HE-TSE (2.98)

The accuracy of this method of evaluating excess properties from P-x data is limited by the

accuracy of the measured data, the capability of the Gibbs excess energy model used to correlate
E

the measured data, and the linearity of the % versus T plot. For this reason, the Gibbs excess energy

model that provides the best fit to the experimental data should be used for the calculation of excess

enthalpies.

A model-independent technique for the calculation of excess enthalpies from isothermal data has
been proposed by Minsch (1979). The method involves numerical integration of pressure
differentials. This method was not explored in this work, however the reader is referred to the

original publication for a detailed review.

Excess enthalpies (enthalpy of mixing) can be determined directly by batch or flow calorimetry.
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2.11 Stability analysis

It is possible that for a particular binary system at a given temperature, multiple liquid phases may
occur. In order to determine if a mixture will form multiple liquid phases at a particular

temperature, a stability analysis can be carried out.

Smith et al. (2001) state that the following, is a criterion of stability for a single liquid phase binary
system. “At constant temperature and pressure, AG and its first and second derivatives must be

continuous functions of x;, and the second derivative must be everywhere positive”.

Therefore the criterion for stability, given by Van Ness and Abbott (1982), is:

2(AG
@ 0 (constant T, P) (2.99)

A consequence of equation (2.99) yields an alternate form of the stability criterion, given by Van

Ness and Abbott (1982):

-— (constant T, P) (2.100)

X1 X1

. I 1 : . e
Equation (2.100) reveals that a plot of (% X—) vs. x; that is positive everywhere, is indicative of
1 1

a stable mixture, forming only a single liquid phase.
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There are several key factors that form the foundation for the classification of VLE equipment as

reported by Reddy (2006). These include:

e The operating conditions defined by low, moderate or high pressure

e The variable chosen to be kept constant yielding isotherms, isobars or isopleths

e The measured variables (P-T-x-y-z)

e The method used to determine phase composition, either by analytical or synthetic means

e The approach to measurement such as the dynamic or static method

The selection of the appropriate operating condition for pressure (high, moderate or low), measured
variables, and the chosen isopleths are based on the requirement of the specific study and the
chosen method of operation (e.g. the dynamic method). The classification of high, moderate or low
pressure is relative as it is dependent on the limits defined for a particular pressure range (Dohrn

and Brunner, 1995).

An analytical approach for both the dynamic and static method is characterized by the sampling of

equilibrium phases (x-y data), to determine their specific concentrations.

The static-synthetic method can be used to avoid the analysis of equilibrium phases (Nagahama,
1996). The static-synthetic (non-analytic) method entails preparing a mixture of a particular known
concentration, and allowing the equilibrium of phases to occur within a cell, usually at isothermal
conditions. The most accurate measurements that can be carried out in this type of apparatus are

that of total pressure, P, and overall composition, z, data.

In the case of low and moderate pressure vapour-liquid equilibrium (L/MPVLE), an analytical,

synthetic or combined method can be used to determine phase compositions.
The direct approaches to VLE measurement are classified by Hala et al. (1967) as follows:

1. Distillation methods
Dynamic/circulation methods
Static methods

Flow methods

wok wD

Dew/Bubble point methods
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In the subsequent sections of this chapter an emphasis is placed on the static method for VLE
measurement, with further concentration on the static-synthetic method, as this particular method
was used in this study. However one refers the reader to the work of Robinson and Gilliland,
(1950), Hala et al. (1967), Malanowski (1982), Abbot (1986), Dieters and Schneider (1986), Raal
and Miihlbauer (1998), and Raal and Ramjugernath (2005) for more detailed reviews of the

alternate equipment and methods.

3.1 The static method

The use of the static method has become progressively significant for vapour-liquid equilibrium
measurements. Kolbe and Gmehling (1985) state that “static methods for the measurement of
vapour—liquid equilibria have become increasingly important in recent years”. Static apparatus can
be classified as either analytic, where sampling of phases is required, or synthetic, where phase

sampling is not required.

The basic components of most static equipment include an agitated equilibrium cell, an isothermal
bath, a vacuum system and some form of injection method for the components under investigation.

In addition a facility for phase sampling is unique to the static-analytical method.

Generally a liquid mixture is agitated within the static VLE cell, and is allowed to reach
equilibrium at a constant temperature. Therefore this apparatus yields isothermal data, in contrast to

re-circulating stills, which produce isobaric data, in the normal operating mode.

In order to perform accurate measurements agitation is important and can be easily accomplished
by magnetic stirring in a closed cell. Stirring ensures that the temperature and pressure approaches
and remains a constant value within the cell. High stirring rates are usually desired to accelerate the
attainment of equilibrium. However these higher rates can induce friction between molecules, thus
creating small temperature gradients within the fluids of the cell. To combat this predicament,
moderate stirring rates are usually employed, though this causes a delay in the establishment of

equilibrium.

Raal and Miihlbauer (1998) have stated that even a small temperature gradient in the equilibrium

chamber of a static cell can cause significant errors in the measurements. To reduce the possibility
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of this error, an isothermal bath is usually used to maintain the temperature of the environment of
the cell. Different heating/cooling mediums such as oil, water or air can be used to maintain an
isothermal environment. It is important that the equilibrium cell be completely submerged in the

bath and that the bath temperature be accurately controlled and efficiently monitored.

Evacuation of the equilibrium cell is vitally important. For L/MPVLE measurement, attaining low
pressures within the cell, in the 0 to 0.050 kPa range, is required. Heating the cell to above 333.15
K (depending on the volatility of components to be removed from cell) and inducing a strong
vacuum through the cell, ensures the removal of any trace impurities that would otherwise remain

in the cell, and guarantees that the cell is sufficiently evacuated, so that accurate data is measured.

3.1.1 The static-analytical method

The static-analytical method requires accurate composition analysis of phase samples (schematic
shown in Figure 3.1). Many researchers have employed this type of technique. These include Karla

et al. (1978), Figuiere et al. (1980), Guillevic et al. (1983) and, Miihlbauer and Raal (1991). The

primary variations between these studies are:

e The VLE cell design

e The methods of sampling and analysis of the liquid and vapour phases

e The methods of ensuring homogeneity of both the vapour and liquid phases
e The method of agitating the cell contents

e The method of ensuring constant and uniform cell temperature

Raal and Miihlbauer (1998) have stated that the analysis of the vapour phase of a system in phase
equilibrium is “the most difficult and time consuming part of LE measurement”. A ma or concern
when sampling, is the possibility that the vapour phase may partially condense, or for the liquid
phase to partially evaporate, during the sampling and transfer process. A further limitation of the
method, encountered when analysing the liquid phase, is the propensity of the more volatile
component to instantaneously flash, when exposed to atmospheric pressure, generating a
concentration gradient in the ensuing vapour. Therefore the phases are no longer homogenous, and

a composition analysis of a sample of each phase will yield an erroneous result.

In addition, the physical act of analysing equilibrium phases in itself can alter the equilibrium
condition within the cell. A volume change within the equilibrium cell, promoted by the removal of
an analysis sample, causes the equilibrium to shift. Ramjugernath (2000) stated that the shift in the

equilibrium condition is directly proportional to the change in volume caused by sampling. A
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simple solution to this dilemma would be to ensure that the volume of the sample is minute in
comparison to the volume of each phase. However Hala et al. (1958) state that at low pressures, the
amount of vapour required for a suitable analysis, is of the same order of magnitude as the total
amount of vapour within the equilibrium cell. Consequently, Abbott (1986) has reported that
“practically all workers...content themselves with a partial at a set” referring to the fact that the
majority of researchers favour sampling of only the liquid phase, and subsequently calculate the

vapour phase composition using this data along with measured pressure data.

PRESSURE AND TEMPERATURE
MEASURING DEVICES

VAPOUR SAMPLING
SYSTEM

EQUILIBRIUM CELL

ANALYSIS
SYSTEM

AGITATION
DEVICE

LIQUID SAMPLING
SYSTEM

CONTROLLED ENVIRONMENT

Figure 3.1. A schematic illustration of the static-analytical method (Raal and Miihlbauer,

1998).

3.1.2 The static-synthetic method

This method provides a unique and simple alternative to the classical analytical-type VLE
measurement techniques. No phase analyses are required and only total pressure and overall
composition (z) data are required to be measured. From this data a P-x isotherm can be generated.
Phase composition data (x-y) are determined mathematically, using mass balances and equilibrium
relationships. A few additional requirements of static-synthetic equipment are that the cell interior
volume and the injected volume of a sample be precisely known. The injection of components into
the cell is usually facilitated by the incorporation of accurate dispensing devices. Since analysis of
phases is unnecessary, expensive sampling equipment is not required however the cost of

purchasing or fabricating accurate dispensing devices can be rather substantial.
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The phase behaviour in the critical region is exceptionally sensitive to minor volume changes that
would normally occur when phase sampling is performed. This method is therefore appropriate for

investigations of systems approaching the critical temperature region.

The major disadvantage of this method is that limited information can be obtained for mixtures of
three components or more. Additionally, thermodynamic consistency of the data set cannot be

tested as the Gibbs-Duhem equation is utilized in the computation of phase compositions.

Complete evacuation of the apparatus and thorough de-gassing of the liquid components to be
measured is an absolute requirement. Since the system pressure is usually the principal
measurement, the presence of any impurities within the cell causes major errors in the

measurements.

The authors who have employed this type of design include Gibbs and Van Ness (1972), Maher and
Smith (1979a), Kolbe and Gmehling (1985), Rarey and Gmehling (1993), Fischer and Gmehling
(1994), Uusi-Kyyny et al. (2002) and Raal et al. (2011). A summary of manually operated
equipment is provided in Table 3.1. A detailed review of the manually operated apparatus can be
found in Appendix B. A review of automated static-synthetic apparatus follows, as measurements

in this type of apparatus, was the focus of this work.
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Table 3.1. Summary of manually operated static-synthetic apparatus.

Equilibrium
Cell Operating Range Method of .
Authors Volume Degassing Agitation
MOC  /em’ T/K P/MPa
Gibbs and ambient to magnetic
Van Ness 100 - in-situ refluxin sh
(1972) & 348.15 & stirring
Maher and ambient to freezi
Smith g 15x25 0-0.1 reezing- none
( 1 9793) approx. 393.15 evacuation
thaw cycle
Kolbe and . . .
Gmehling g 180 ambient to 0.01-1.0 1nd§pend§nt magnetic
1985 423.15 rectification stirring
( ) in glass column
Fischer and ambient to independent rotating
Gmehling s 180 42315 0-12 rectification magnetic
(1994) ’ in glass column field
ambient to L . magnetic
Raal et al. s 190 37315 0-0.1 in-situ refluxing stirring

(2011)

MOC- Material of construction; g-glass, s-steel

3.1.2.1 A review of automated static-synthetic apparati
The apparatus of Rarey and Gmehling (1993)

This apparatus, developed by J. Rarey, and described by Rarey and Gmehling (1993) (Figure 3.2)
incorporates the design, and follows the similar operating procedure of the apparatus of Gibbs and
Van Ness (1972). However, this equipment was computer-operated and was commissioned to
determine if an automatic procedure is suitable and safe, for the measurement of VLE data by the
static-synthetic method. The apparatus was used for the measurement of pure component vapour
pressures, binary and ternary VLE data, gas solubilities, isothermal compressibilities of liquids, and
activity coefficients at infinite dilution. The operating pressure range for the original apparatus was
from vacuum up to 100 kPa differential pressure, with an operating temperature range of 273 to 373
K. The injection procedure, as well as the pressure and temperature measurement was fully
automated. The mechanical movement of the piston pumps were controlled by high resolution
(1000 steps/rotation) stepper motors. These motors were reported to perform accurate and
reproducible placement of the injection pistons. The accuracy of the injected volumes was reported

to be 1 mm’ (Rarey and Gmehling (1993). The piston design was based on the high precision

41



CHAPTER THREE Equipment Review

design of Karrer and Gaube (1988) (refer to Figure 3.4) with a maximum injection capacity of 32

cm3.

The piston pumps introduce precise volumes of pure degassed liquids into the equilibrium cell. The
cell was then manually lowered into the constant temperature bath. The contents were stirred
magnetically, and pressure was monitored. Pressure stabilization indicated the establishment of
equilibrium. The pressure at equilibrium was automatically recorded, and the stepper motor drove

the piston to automatically introduce the next volume of liquid.

Temperature was measured with a HART Scientific 1506 Pt-100 thermometer. Cell pressure was
measured with a DIGIQUARTZ 5012-D-002 differential pressure sensor (repeatability and
hysteresis £ 0.005% of range), and the piston pressure was monitored using a CEREBAR PMC
130AR1M2A0520 sensor.

An IBM-XT compatible computer was used for the automation procedure. The 1506 thermometer
was connected directly to a serial port. The 4-20 mA signal of the CEREBAR sensor was
transferred to a proportional voltage unit and adapted by a Lawson Labs A/D converter card. The
DIGIQUARTZ sensor output frequency was connected using a TICON Codapter interface. The
stepper motors were interfaced, using a 24 bit 8255 parallel interface card, with an SGS L 97/8 chip
power driver. The input/output configuration is shown in Figure 3.5. The reader is referred to the

original publication for further details on the construction and operation of this apparatus.

Storage vessel

Thermostated
Electricall DIGIQUARTZ _
ectrically pressure sensor Electrically
heated P heated
Vacuum \ @ Sti
Second { tirrer
S : iston u / m
tepmotor-driven p
thermostated piston injector injector j

- H l, It T T Vacuum
S— e R ’ B’

1l ] { IO ]
[P] | ot
— / { !
Motor-driven l Ob
=

valve [ ) L ]
=]
Equilibrium cell Reference cell

Figure 3.2. The apparatus of Rarey and Gmehling (1993).
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cell stirrer stirrer
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motor
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Figure 3.3. A section of the apparatus of Rarey and Gmehling (1993) showing detail of piston

pump (private communication with Rarey, 2011).

4 L‘_B Pressure sensor

Thermostated cylinder

Teflon sealing

Piston

Gear wheel transmission

Stepping motor

Figure 3.4. The high precision injection pump of Karrer and Gaube (1988) as reported by
Rarey and Gmehling (1993).
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Figure 3.5. The input/output configuration of Rarey and Gmehling (1993).

The apparatus of Uusi-Kyyny et al. (2002)

Uusi-Kyyny et al. (2002) developed a static total pressure apparatus for moderate pressure VLE
measurement. This apparatus, presented in Figure 3.6, was initially operated manually to gain
operating experience, and was later automated. Uusi-Kyyny et al. (2002) followed an automation
procedure similar to Rarey and Gmehling (1993) and state that the design of Rarey and Gmehling

(1993) was used as a paragon.

It was reported that a reduction in the accuracy of pressure and temperature measurements was
observed; an increase in the uncertainty of pressure by 0.133 kPa and by 0.01K in temperature. This
was due to limitations of the automation system created by a reduction in resolution of the digital
measurement equipment for temperature and pressure. The equilibrium cell pressure was measured
with a Digiquartz 2100A-101-CE pressure transducer with a 0 to 689 kPa range. The cell
temperature was measured using a Frontec Thermolyzer S2541 temperature meter, incorporated
with Pt-100 probes in contact with the cell wall. The components were injected into the cell using
syringe pumps, Isco 260D and Isco 100DM. Magnetic stirring was employed. The equilibrium cell
had an interior volume of 95.65 cm’ and small baffles were constructed within the cell to reduce the
equilibrium time. The reader is referred to the original publication, for further details on the

construction and operation of this apparatus.
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8 9 L @l 13 12

14 15

Figure 3.6. The static automatic apparatus of Uusi-Kyyny et al. (2002).

(1,2) feed cylinders; (3) temperature meter; (4) pressure display; (5) temperature controller for the
electric tracing of the pressure transducer and the tube from the equilibrium cell to the pressure
transducer; (6) pressure transducer; (7) liquid nitrogen trap; (8) vacuum pump; (9) 260 cm® syringe
pump; (10) equilibrium cell; (11) bath liquid mixer; (12) 100 cm® syringe pump; (13) thermostated
water bath; (14) circular bath for syringe pump temperature control; (15) circulator bath for water

bath temperature control; (16, 17 and 18) (Pt-100) temperature probes
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Experimental Equipment and Procedure

The low pressure static synthetic vapour-liquid equilibrium apparatus developed within the
Thermodynamics Research Unit (Motchelaho, 2006 and Raal et al., 2011), was used and later
modified in this work. In this chapter the basic components of this apparatus as well as the

improvements and modifications made to this equipment, during this study, is discussed.
The experimental aspects to be discussed include:

e The original static-synthetic apparatus used in this work
e The modifications made to this equipment in this work
e Temperature, pressure and composition measurement

e Development, commissioning and execution of the automation scheme

4.1 The static-synthetic VLE apparatus

The apparatus consists of three basic components: these components, fabricated from 316-stainless
steel include the equilibrium cell chamber, a piston pump for the loading of a chemical component
1, and a second piston pump for the loading of a chemical component 2. The equilibrium cell is
rated to operate up to 1.5 MPa and 423.15 K, but was limited by the original temperature and

pressure measurement and control devices.
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4.1.1 Equilibrium cell
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Figure 4.1. A schematic of the equilibrium cell Raal et al. (2011), as reported by Motchelaho
(2006).

The total interior volume of the equilibrium cell was determined experimentally to be 189.90 cm’
(detailed in Section 4.5.2). The bottom of the equilibrium cell is rounded in order to eliminate
stagnant zones. A drain valve (1/8 inch, SS-42F2) is located at the base of the cell, to assist in the
cleaning procedure. Agitation is achieved by inducing a circulating magnetic field on the exterior
of the cell that rotates a pair of stainless-steel paddles that are suspended within the cell. The
paddles are attached to a small magnetic iron block. A strong magnet, attached to a variable speed
stirrer unit (Heidolph RZR2040), is used to create this field that rotates the iron block, which in turn

rotates the stainless steel paddles. All manual valves used in the original design were supplied by

Swagelok.
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4.1.2 Piston injector
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Figure 4.2. Piston injector of Raal et al. (2011), as reported by Motchelaho (2006).

The original piston pumps can be operated in two modes, i.e. the macro mode and micro mode.

This patented design of Raal (1999) uses two pistons connected concentrically for a single piston

pump. Magnetic pins are used to activate either mode, by either engaging both pistons of a single

pump, by joining them together (macro mode) or by just operating with a single piston for a pump

(micro mode). When both pistons of a pump are engaged (macro mode), larger volumes of a

component can be loaded into the cell. The micro mode is useful for measurements in the extremely

dilute region. The macro piston has a diameter of 2.7 cm and a length of 8.7 cm, and the maximum

volume that can be dispensed in the macro mode is 49.81 cm’, which translates to 58 full turns of
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the piston. The micro piston has a length of 8.7 cm and a diameter of 8.0 mm. The maximum
volume that can be dispensed in the micro mode is 4.37 cm’ corresponding to 58 full turns. The
displacement of each piston was measured using incremented micrometer discs. The piston
chamber has a domed-shaped head to reduce the occurrence of vapour bubbles within it. Screws
are used to provide mechanical limit stops to prevent over travelling of the pistons. The pistons are
encased in a removable water jacket which is used to maintain the piston contents at a constant
temperature (within +/- 0.2 K). This temperature is maintained by circulating a thermostated
water/glycol mixture. A Grant temperature controller (GD120) with a circulation pump is used to
control the temperature of this fluid and to induce circulation. The fluid is contained within an

isothermal bath (supplied by Polyscience).

4.1.3 Auxiliary components of the static apparatus
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Figure 4.3. A schematic of the static VLE apparatus of Raal et al. (2011), including

instrumentation connections.

PGI1-PG2; pressure gauges; PT1; pressure transmitter; TT1-TT5; temperature transmitters; V1-V9;

valves;
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The pressure of the equilibrium cell was measured using only a D-10-P, 0-100 kPa absolute
transducer supplied by WIKA. Bourdon-type pressure gauges were used to measure piston
pressure. The equilibrium cell is submerged in a heating oil bath to provide an isothermal
environment for the cell. The temperature of the bath was controlled using a Grant temperature
controller (GD100) and the temperature is independently measured using a Pt-100 temperature
probe that was viewed with an external display. The temperature of the bath is maintained within
0.02 K. The temperatures of the piston injectors are measured using Pt-100 temperature probes, and
were monitored with an external display. The pressure transducer is housed within an aluminium
heating block, and the pressure transducer line (1/16 inch SS) and heating block are heated. The
heating of the line ensures that condensation of the vapour phase does not occur in the line. The
heating block is maintained at a constant temperature. The transducer was calibrated at these
specific line and block temperatures, and these temperatures are maintained during the

measurement procedure.

The cell and all lines are evacuated using a two-stage Edwards vacuum pump (E2M2). A maximum
vacuum of 0.02 kPa is achievable. For any further details on the equipment, the reader is referred to

the dissertation of Motchelaho (2006).

4.2 The degassing apparatus

Degassing is accomplished by means of the vacuum distillation method described by Van Ness and
Abbott (1978a). This apparatus was commissioned by Narasigadu (2011). A schematic of the

apparatus is shown in Figure 4.4.

A glass round bottom degassing flask is gently heated using a heating mantle, under vacuum. A
vacuum is drawn through a Vigreux column (approximately 0.45 m in length) and causes the
liberated vapours to move up the column. At the top of the column, the liberated vapours pass
through a total condenser and a liquid distillate is formed. The liquid distillate returns to the
degassing flask by gravity. Any non-condensables dissolved in the distillate (high volatility
impurities) are removed by drawing such gases through a fine capillary tube after the distillate
mixture exits the condenser. The vacuum pressure is monitored, using a stainless steel vacuum
pressure gauge, connected to the vacuum line. The vacuum is generated using an Edwards RV3

vacuum pump.
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The Vigreux column, degassing flask and all other glass fittings were fabricated by the glassblower
Mr. P. Siegling, in Durban, South Africa. Chilled ethanol at approximately -20°C is used as the
cooling medium for the total condenser. A KR80A chiller supplied by PolyScience, is used to chill
the ethanol using a PolyScience PN7306A12E temperature controller.

(a) (b)
Figure 4.4. Schematic of the (a) total condenser and (b) the degassing unit assembly.

A: fine capillary tube to vacuum; B: fitting for air vent; C: total condenser; D: Vigreux fractionating

column; E: boiling flask (Narasigadu, 2011).

4.3 Structural modifications made to the static apparatus

Some modifications that were made to the apparatus of Motchelaho (2006) prior to this work

include:
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e The in-situ degassing assembly was removed, and an independent degassing unit based on
a total reflux distillation, (Narasigadu, 2011), is used.

e Modifications to reduce possible leaks were made. This included removing the valves to
the online degassing setup, and replacing the feed valves (SS-42F2) with ultra-leak proof
valves (SS-DLS4) supplied by Swagelok and reducing joints and fittings. An additional
pair of ultra-leak proof diaphragm valves (SS-DLS4) were introduced at the piston outlet to

ensure complete isolation of the cell, from the pistons.

Structural modifications made to the static apparatus in this work will be discussed in the following

section.

4.3.1 Extending the apparatus for measurement in the moderate pressure and temperature

region

The operating pressure range of the equipment was extended to moderate pressures (up to 1 MPa)
by introducing a P-10 0-1.6 MPa pressure transducer supplied by WIKA. This transducer is
connected in parallel to the original 0-100 kPa transducer of the equipment. The original stainless
steel 1/16 inch transducer line is split into two pathways. A 1/16 inch T-junction with a 1/16 inch
shut off valve (SS-41GS1) is used to isolate the low pressure transducer (shown in Figure 4.5)
when operating pressures are greater than 100 kPa. In this way the apparatus can be operated in
two modes; a highly accurate low pressure measurement mode, and a moderate pressure mode for
the 100-1000 kPa pressure range. A new heating block was constructed to house both transducers.
Heating of the block and line is achieved in a similar manner to the original design. The original
bath temperature controller supplied by Grant (GD100) was replaced with a controller that was able
to achieve temperatures of up to 423.15 K. This controller was supplied by PolyScience
(PN7306A12E).

52



CHAPTER FOUR Experimental Equipment and Procedure
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Figure 4.5. Modification to pressure measurement scheme to incorporate a moderate pressure

transducer.

Additional minor modifications include:

e Introducing an external bath stirrer for the equilibrium cell bath. This was done to
improve the mixing of the bath oil, to ensure constant bath temperature, and decrease
the time required to homogenise the bath temperature.

e Reducing the number of joints and fittings on the piston pressure gauge attachments to

decrease possibility of leaks.

4.4 Temperature, pressure, composition measurement and auxiliary equipment
4.4.1 Temperature measurement

The equilibrium cell temperature is measured by monitoring the temperature of the oil bath in
which the cell was submerged. A Class A Pt-100 resistor is placed in close proximity to the cell
wall to measure this temperature. The piston injector jacket temperatures are also measured using
Class A Pt-100 probes. A Class A Pt-100 probe and Class A Pt-100 surface element are used to
measure the temperature of the pressure transducer heating block and line respectively. The Pt-100

probes and surface elements have a range of 73.15 to 1123.15 K.
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A 4 2 digit 12 channel temperature display was used to display the piston jacket temperatures. This
was removed during the automation procedure, as these temperatures were computer monitored.
The cell, transducer line, and transducer block temperatures were viewed using an independent
triple screen temperature display-controller. Additionally this display incorporated two PID
controllers, in order to control the temperatures of the transducer block and line. The cell
temperature was removed from this display during the automation procedure, as this temperature

was computer monitored.

4.4.2 Pressure measurement

The original apparatus consisted of a single pressure transducer (D-10-P, 0-100 kPa absolute
transducer supplied by WIKA). The output signal of this transducer was relayed to a PC via an
RS232 port. The second transducer that was incorporated is a P-10 0-1.6 MPa pressure transducer
supplied by WIKA. This transducer outputs a 4-20 mA signal.

4.4.3 Composition measurement

The compositions of the phases within the cell are not determined by conventional methods, such as
GC analysis. However, the overall composition, z, is attained by accurately synthesizing a mixture
of the required composition, within the cell, using the two piston pumps. The method used for the
calibration of the pistons is detailed in Section 4.5. The control and maintenance of the piston
temperature and the very small piston-travel increment that is obtainable, ensures that precise

volumes of the required constituents are delivered to the equilibrium cell.

4.4.4 Auxiliary equipment

Some auxiliary devices were used in this work to measure certain physical properties. These

include:

e An Anton Paar DMA 5000 densitometer with an uncertainty of 1x10 kg.m™
e An ATAGO RX-70000 refractometer, with a manufacturer uncertainty of 0.00011
e An OHAUS Adventurer AR2140 mass balance with an uncertainty of 0.1 mg
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4.5 Manual operation
4.5.1 Calibration procedure

Calibration is an imperative step that must be performed in order to carry out accurate VLE
measurements. The calibration of the piston injectors, the cell bath temperature sensor, and cell

pressure transducers were performed.

4.5.1.1 Calibration of the temperature sensor

A platinum resistance thermometer was used for temperature measurement in this work. The

resistance of the measuring probe is converted to a temperature value in degrees Celsius.

The calibration was performed using the WIKA CTB 9100 calibration unit with a standard Pt-100
probe supplied by WIKA, CTH 6500. The standard probe has a range of 73.15 to 473.15 K and a
stated accuracy of 0.02 K and was calibrated by WIKA Instruments.

In order to perform the temperature calibrations, the reference probe was placed directly alongside
the measuring probe in the calibration unit bath, and the bath temperature was set. The calibration
bath fluid used was SI 40 silicone oil. When the measuring probe reached a particular temperature
and remained stable for a set amount of time, the value was recorded along with the temperature
reading exhibited by the standard probe. The temperature of the bath was then increased from
300.15 to 403.15 K, in increments of approximately 10 K and then cooled back down to 300.15 K.
This procedure was repeated. A plot of standard probe temperatures versus measuring probe
temperature yields the relationship between the measured and the true temperature value, (refer to

Figure 6.1 in Section 6.1). The uncertainty in temperature measurement is presented in Section 6.3.

4.5.1.2 Calibration of the low pressure (0-100 kPa) sensor

Sub-atmospheric pressure measurements were obtained using a D-10-P pressure transducer
supplied by WIKA instruments for a 0-100 kPa range. The manufacturer uncertainty on this
transducer is 50 Pa. The EasyCom” software supplied by WIKA was used as an interface to obtain
pressure readings via a PC prior to automation, afterwhich the LabVIEW ® (2011) was employed
for interfacing. A standard pressure transducer (CPT-6000) supplied by WIKA, with a 0-100 kPa
range and a stated accuracy of 0.025% of the range, calibrated by WIKA instruments, was used for
calibrations. In order to perform calibrations, the heating block housing the pressure transducer and

the line from the equilibrium cell to the transducer were both maintained at 323.15 K, to ensure that
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the transducer remains at a constant temperature, and that condensation of components do not occur
in the transducer line. The standard transducer was then connected to the cell. The pressure within
the cell was decreased by inducing different degrees of vacuum until the maximum achievable
vacuum for the pump was obtained. The vacuum within the cell was then gradually released. This
process was repeated. By gradually decreasing and increasing pressure within the cell in stages,
discrete pressure data points are obtained. At each discrete point, both the standard and
measurement pressure readings were allowed to stabilize and were then recorded. A plot of the
standard transducer pressure readings versus the measurement transducer pressure readings yields
the relationship between the measured and true pressure values. The results of this calibration are
shown in Figure 6.3. The total uncertainty in measurements using this transducer is presented in

Section 6.3.

4.5.1.3 Calibration of the moderate pressure (0-1.6 MPa) sensor

Moderate pressure measurements are acquired using the P-10 pressure transducer supplied by
WIKA instruments for a 0-1.6 MPa range. The manufacturer uncertainty for this transducer is 0.8
kPa. The LabVIEW ® (2011) software was used as an interface to obtain pressure readings via a
PC. This transducer was calibrated using vapour pressure measurements of n-pentane. Pure
degassed n-pentane was loaded into the cell, via piston 1. Vapour pressures of n-pentane were then

measured at various temperatures.

A calibration curve was generated based on n-pentane using the literature data of
Poling et al. (2001) as a standard and is shown in Figure 6.5. A series of vapour pressure
measurements using n-hexane and n-heptane were then performed to confirm the accuracy and
precision of the moderate pressure measurements. The deviation of these measured vapour
pressures of n-hexane and n-heptane from literature values revealed the uncertainty in the pressure

measurements of this transducer. The pressure deviation plot is shown in Figure 6.6.

The method of in-situ calibration was used for the 0-1.6 MPa transducer, as an appropriate standard
transducer was not available. The standard available was a WIKA CPH 6000 high pressure
calibration unit with a WIKA PCS 250 hand pump and 0-25 MPa absolute WIKA CPT 6000
standard pressure transducer. The uncertainty on this standard transducer for the 0-25 MPa range is
6.25 kPa. This uncertainty is unacceptably high for the moderate pressure range considered in this

work. The total uncertainty in measurements using this transducer is presented in Section 6.3.
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4.5.1.4 Calibration of piston injectors

Since phase analysis is not performed in the synthetic method, the exact composition of the mixture
that is introduced into the cell must be known. Therefore it is very important that the piston
injectors be accurately calibrated. Thus the relationship between the displaced volume of the piston,
and the actual dispensed volume can be determined. In order to accomplish this, a gravimetric
method was adopted. The lines and piston were evacuated under vacuum. The connecting line
between the piston and the cell was disconnected at the entrance of the cell. The piston dispenser
was then loaded with distilled water. The temperature of the piston was maintained at 303.2 K. A
pre-weighed 75 ml beaker was placed at the exit of the disconnected line. The piston was then
engaged in small steps which correspond to a particular displaced volume at the water temperature

(303.2 K). After each step, the mass of sample delivered to the receiving beaker was measured.

An OHAUS Adventurer AR2140 mass balance with an uncertainty of 0.1 mg was used to perform

these mass measurements.

Using the density of water at 303.2 K, a relationship between the displaced and actual volume was
determined. This procedure was carried out for both the macro and micro piston operating mode.
The uncertainty in the synthesized composition introduced to the cell was determined. This
uncertainty is a function of the uncertainty in dispensed volume, and the uncertainty in the density

of the liquid sample introduced, and is presented in Section 6.3.

4.5.2 Determining the total cell interior volume

It was shown in Chapter Two, that the cell interior volume is used in the modelling of the measured
data, therefore this volume must be accurately determined. A simple procedure of Raal et al. (2011)
was employed, which involves applying the ideal gas equation to two components in the gaseous
phase i.e. water vapour and air, at the same equilibrium temperature. The procedure involved the

following steps:

1. Evacuate the cell, piston and lines

2. Fill the cell with air and submerge into the isothermal bath at 308.15 K

3. Fill the piston injector with degassed distilled, de-ionized water, and allow to reach
thermal equilibrium within the piston

4. Record the initial cell temperature and pressure Ty, Py once they have stabilized.

Assuming the Ideal gas law applies
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PO 0 HRTO (4 1)

Where V; and n are unknown

5. A known volume of water (v}) is added to the cell. The pressure is allowed to stabilize,

and is recorded (P;).

Pl 1 nRTl (42)

n is the number of moles of gas, and V; is the gas volume. The gas volume is the total

volume less, the liquid volume:

1oV (4.3)

Substituting equation (4.3) into equation (4.2) yields

P,( (-v}) nRT, (4.4)

And using equation (4.1), n can be eliminated from equation (4.4)

P
Pi( o-v1) ]STOORTl (4.5)

Since the cell is under isothermal conditions (T, = T;) equation (4.5) then becomes:

Pi( ovi) Py o (4.6)

6. This step is repeated for a set of injected volumes of water, to yield a series of P; values.
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Rearranging equation (4.6) gives a linear equation:

Py-P
NERC (47

7. By plotting the line Vll Vs. (@), a gradient representing , can be found. The intercept
1

at zero, represents the point when P; Py, corresponding to the stage when the cell did not

contain any water.

This method does not account for the possibility of water vaporising within the cell or the
possibility of air dissolving in liquid water, and assumes an ideal vapour phase. However since the
solubility of air in water at 101.325 kPa is relatively low, the evaporation rate of water at 308.15 K
and 101.325 kPa is minor, and air exhibits fairly ideal behaviour at this temperature and pressure,
the shortcomings of the method are assumed to be negligible. The uncertainty in the calculation of
total cell interior volume is a function of the uncertainty in pressure, temperature and volume

delivered to the cell, and was calculated from these values.

An alternate method of determining the cell interior volume would be to use a high precision
external syringe type pump to fill the equilibrium cell with water, and record the volume required to
do so at a particular temperature and pressure. Although this method provides a more direct means
of determining the cell interior volume, and will not require the measurement of the cell pressure at
different injected volumes, it was not considered as the method would require disconnections and
modifications to be made to the existing apparatus to accommodate the connection of the syringe

pump. Additionally an external syringe type pump was not available.

4.5.3 Preparing the apparatus for VLE measurement
4.5.3.1 Cleaning of the static apparatus

It is imperative that the entire static apparatus is thoroughly cleaned prior to a run to ensure that
accurate data is generated. This was accomplished by raising the cell from the oil bath, filling the
piston injectors with n-hexane and introducing it into the equilibrium cell. Although n-hexane is
less volatile than acetone it was selected over acetone as a cleaning fluid, as the latter can cause
damage to the Viton ® O-rings used in the construction of the apparatus. The reader is referred to

Figure 4.3 for valve locations.

Before cleaning, the drain valve (V9) at the bottom of the equilibrium cell was opened to remove

any liquid component that may have collected in the cell. Thereafter the drain valve was closed.
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The equilibrium cell was lowered into the bath, and heated to approximately 333.15 K. A vacuum
was induced through the equilibrium cell and piston injectors, in order to remove further traces of

any liquid component.

The cell was then removed from the bath and allowed to cool. The vacuum within the cell was
reduced. This was done so that the cleaning medium did not instantaneously vaporise, without
accomplishing adequate cleaning of the cell. Pure n-hexane was charged into the apparatus via the
degassing flasks for the left and right piston injectors. It was then transferred via valves V5 and V6
into the injectors. The pistons were then isolated from the feed lines and n-hexane was injected into
the equilibrium cell via valves V1 to V4. The n-hexane was then stirred vigorously within the cell
and subsequently removed using the drain valve (V9) located at the bottom of the cell. This
procedure was repeated at least twice. The cell was submerged into the oil bath which was
thereafter heated to approximately 313.15 K. The cell, injection pistons and lines were evacuated
by inducing a vacuum for two to three hours throughout the entire apparatus by opening valve V8.
The remaining n-hexane evaporated due to the moderate cell temperature and the low pressure
created by the induced vacuum, and was removed from the cell using the vacuum pump. This n-
hexane vapour was condensed using a cold trap preceding the pump. Ethanol at approximately
213.15 K was used as the cooling medium for the cold trap. In order to verify that all the n-hexane
had been removed from the cell by vacuum, valve V8 was closed and the pressure within the cell
was monitored. A rapid increase and subsequent stabilization of the cell pressure indicated that
some n-hexane had not been removed from the cell. This cell pressure would correspond to the
vapour pressure of n-hexane at the cell bath temperature. Maintenance of the vacuum within the

cell after the closing of valve V8, indicated that all n-hexane had been removed from the cell.

4.5.3.2 Leak detection and eradication

With high pressure equipment, leaks are usually detected by pressurizing the equipment to
approximately 2 MPa and applying a soap solution (Snoop®) onto joints and fittings. Leaks are then

indicated by the bubbling of the solution.

However this method could not be used in the original apparatus, because although the apparatus
was designed to operate at pressures up to only 1.5 MPa, it was previously only used to perform
sub-atmospheric phase equilibria measurements and was therefore only fit with a 0 to 100 kPa
pressure transducer. Leak detection for the assembly was accomplished by inducing a vacuum

through the entire apparatus. All valves were then shut, and then systematically opened, moving
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from the equilibrium cell outwards. An increase in pressure after the opening of a particular valve
indicated that a leak was present in the line following it. The individual leak was then found by
applying n-hexane onto specific joints. If there was a leak on a joint/fitting then the evaporation of
the n-hexane will cause a sudden decrease and rise in the pressure within the cell. These leaks were
then eradicated by tightening the joints/nuts at that point or by replacing ferrules. Glass joints were

sealed using vacuum grease.

4.5.3.3 Degassing of liquids

In order to perform accurate VLE measurements, it is imperative that all components be properly
degassed before they are introduced into the cell. Degassing was performed using an independent
vacuum distillation set up. The required liquids for measurements were poured into separate
degassing flasks. The flask was then attached to the degassing assembly. The flask acts as the
reboiler for the virtually total reflux distillation. The temperature of the flask was kept relatively
constant using a heating plate. Magnetic stirring of the flask contents was implemented, when
heavier components were being degassed. In order to accomplish this, a small magnetic stirring
bead was placed into the flask to stir the liquid contents, when an external magnetic field was

induced.

The liquids were degassed using two separate columns for a minimum of 8 hours. The major
disadvantage of this method of degassing is that heavier impurities are concentrated in the degassed
liquid that collects in the flask. A preliminary indication that the liquid is properly degassed is a
unique metallic “click” that can be heard when the degassed liquid is lightly shaken in the flask.
This “click test” suggested by Van Ness and Abbott (1978a) is not an absolute indication of
thorough degassing. To confirm that thorough degassing was achieved, the consistent vapour

pressure method described in Section 4.5.4.1 was performed.

4.5.4 Operation in the manual mode
4.5.4.1 Vapour Pressures

Prior to each run, the cleaning procedure described in Section 4.5.3.1 was performed, and the cell
was evacuated. The flasks containing the degassed liquids were then attached to the apparatus.
Both the macro and micro pistons of both the left and right side are swept to the fully compressed

position. For vapour pressure measurements using piston injector 1, (piston injector 2), valves V1
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and V3 (V2 and V4), and V5 (V6) (shown in Figure 4.3) were opened and a vacuum was induced
to evacuate the lines leading to the degassing flask. Valve V8 was closed. Valves V1 and V3 (V2
and V4) were closed, and valve V5 (V6) was left opened. The liquid was then introduced into the
piston injector. The piston injector was then retracted so that liquid enters the piston until the
maximum capacity was loaded. Valve V5 (V6) was then closed and the liquid within the piston was
compressed to approximately 300 kPa to eliminate any vapour space. The computer was set to log

pressure data.

The equilibrium cell bath temperature was set to the desired value at which measurements were
made. The temperature bath controller for the piston injector heating jackets was switched on, and
the liquids were heated to approximately 303.15 K. It is important that the liquids within the piston
injectors be kept at a constant temperature, as this temperature is used to calculate the density of
each component. The pressure effects on density are negligible for the liquid components

considered in this work.

Once the temperature of the contents of the piston injectors had stabilized, a measurement could be

taken.
Run 1a

Ensuring that valve V8 to the vacuum pump was closed, valves V3 and V1 were opened. The
piston dispenser was then manually engaged in order to inject component 2 into the VLE cell. The
exact number of full rotations of the piston was manually recorded for the macro mode of the
piston. If a smaller increment of component 2 was required, then the piston was manually switched
to operate in the micro mode. The exact number of full rotations, whilst in micro mode, was also
manually recorded. The exact number of each type of rotation (micro or macro) must be accurately
counted, as these rotations are used to calculate the exact volume of component 2 delivered to the

cell.

When the desired amount of component 2 was injected into the cell (indicated by the micrometer
reading for piston injector 1) valves V1 and V3 were closed and the cell contents were stirred
vigorously, in order to hasten the establishment of equilibrium. A minimum delay of twenty
minutes was allowed to ensure the establishment of thermal equilibrium. At the onset of phase
equilibrium, the pressure within the cell remained constant. This value represented the vapour
pressure of component 2 at the equilibrium temperature. If a small amount of component 2 was
subsequently introduced into the cell, then the pressure within the cell would not change if the

component feed was truly completely degassed.
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4.5.4.2 Vapour-liquid equilibrium measurements

If it was established that component 2 was completely degassed then component 1 could be added
to the cell. Component 1 was added to the cell in small predetermined increments. The piston
containing component 1 was loaded and engaged in a similar manner to component 2, using valves
V2 and V4. Once a small increment of component 1 was introduced into the cell, the cell was
isolated by closing valve V2 and V4. The contents of the cell were vigorously stirred, for a
minimum period of twenty minutes to assure thermal equilibrium and an additional ten minutes to
two hours, depending on the system investigated, until the pressure within the cell had stabilized to
within a certain tolerance and mechanical and diffusive equilibrium was established. Once the
pressure within the cell had stabilized (representing mechanical equilibrium) and remained constant
within a certain tolerance for a further ten minutes (to ensure diffusive equilibrium) the pressure
reading, corresponding to the fraction of component 1 introduced, was recorded. It was decided that
the tolerance selected to signify pressure stabilization, be set to correspond to the contribution to
uncertainty in pressure measurement from calibration (0.07 kPa). A second increment of
component 1 was added into the cell, and the same procedure was followed, until approximately 60

per cent of the composition interval of component 1 was reached.
Run 1b

At this point, the cell was emptied, cleaned and evacuated. Component 1 was then injected into to
the cell in the same way that component 2 had been initially injected. The vapour pressure of
component 1 was measured and tested for thorough degassing. Small increments of component 2
were then added, and an isotherm was generated. This isotherm was then compared to the isotherm
generated when component 2 was initially loaded into the cell. If accurate measurements were
performed, then the experimental data for each set (Run 1a and 1b) would coincide and provide a

smooth P-z curve.

4.5.4.3 Shutdown

Once the experimental run was complete, the remaining contents of the piston injectors were loaded
into the cell. The pistons were fully engaged. The oil bath heater was switched off and the bath was
lowered to remove the equilibrium cell. Once the cell cooled, the contents of the cell were removed

via the drain valve at the bottom of the cell. All electronic equipment were then switched off.
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4.6 Design and development of the automated apparatus

The computer program, modifications and operating procedure relating to automation will now be
discussed. The automation procedure refers to the process of automating the apparatus. The
automated procedure will describe the operating procedure performed when executing
measurements using the automated apparatus. The computer program was developed with the

assistance of Mr M. Nowotny of CheckIT systems.

4.6.1 The automation procedure

The three basic components of the automation scheme include: motion control with feedback in
real time, valve driving in real time using piston pressure feedback as a binary set point and process
step re-initialization using cell pressure feedback. Some minor features include data logging in real
time, calculation of initial compositions from motor steps using the relationship between the motor
steps and delivered volume, volumes of liquids loaded or remaining in the cell and pistons,
displaying acquired data in real time numerically and graphically, and functions to facilitate the
cleaning of the apparatus prior to measurement. The cleaning functions were incorporated to reduce
user intervention during the cleaning procedure, and include, for example, an on/off time cycle
applied to solenoid valves, to prevent overheating of the valves. These valves would have to
otherwise be turned off by the user every three to five minutes, during the cleaning procedure to

prevent overheating of the valves.

The LabVIEW® (2011) Academic Premium Suite graphical programming language was used to
execute all aspects of automation. This package and all hardware used for automation were

supplied by National Instruments.

4.6.1.1 Hardware aspects for automation

The piping and instrumentation and input/output diagrams concerning the hardware used to

accomplish the automation are presented in Figures 4.6 and 4.7.

An eight slot cRIO-9073 chassis is used as the real time controller, and houses all the modules
used for variable measurement and feedback. Temperature signals from the bath and pistons are

interfaced using a four channel NI 9217 100 Ohm RTD analogue input module, supplied by
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National Instruments. This module converts the resistance of the Pt-100 sensor to a temperature
signal. The original piston pressure Bourdon gauges were replaced with two A-10 4-wire pressure
transducers (0-2.5 MPa), supplied by WIKA. Pressure signals from the 0-1.6 MPa cell pressure
transducer (P-10, WIKA), and piston transducers (A-10, WIKA) are interfaced using an eight
channel NI 9203 + 20 mA Al module, supplied by National Instruments. The 0-100 kPa D-10-P
transducer is connected directly to the CRIO via a RS232 port and is interfaced using software
designed for communication with the serial port. The solenoid valves (Parker Series 9 009-0631-
900), supplied by INDUSTRICORD, are interfaced using an eight channel NI 9472 voltage
module, supplied by National Instruments, supplying 24 V via the cRIO-9073. A switch mode
power supply (Mean Well S-100-24) is used to power the solenoid valves. The stepper motors
(P70360), are interfaced via two NI 9512 single axis stepper motor drives. These drives receive
feedback from the stepper motor using two NEMA 23 Quad encoders. Two external switch mode
power supplies (Mean Well NES-150-24, 3.0-6.5 A) are used to drive the stepper motors. The
stepper motors, drives and encoders are supplied by National Instruments. The cRIO-9073 is

powered by a NI PS-15 24V DC power supply.

Pressure scaling for the P-10 and A-10 transducers was accomplished using the LabVIEW® (2011)
software, where the 4-20 mA signal, is converted to (0-1.6)/(0-2.5) MPa signal. Temperature
scaling was not required. It was decided that the solenoid valves be pulsed using pulse-width-
modulation (PWM). A pulse frequency of 50 Hz was selected. This was done in order to reduce
overheating of the solenoid valves, and to prevent subsequent valve failure. The stepper motors are
driven using a single axis straight line motion. The stepper resolution is 1000 steps/rev and a

maximum velocity of 50 rev/s is achievable.

Coupling between the pistons and motors was accomplished using the existing chain drive of the

original apparatus.
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Figure 4.6. PID of the automation scheme.

M1-2; stepper motor 1-2; PT1; equilibrium cell pressure transducer (0-100 kPa) with isolation
valve; PT2; equilibrium cell pressure transducer (0-1.6 MPa); PT3; pressure transducer (0-2.5 MPa)
of piston injector 1; PT4- pressure transducer (0-2.5 MPa) of piston injector 2; SV1-2; solenoid
valves; TT1; Pt-100 for the cell pressure transducer heating block; TT2- Pt-100 for the pressure
transducer line; TT3; Pt-100 for the cell bath temperature; TT4- Pt-100 for the water jacket of
piston 1 water jacket; TTS; Pt-100 for the water jacket of piston 2; V1-V§; manual valves.
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Figure 4.7. Input/ Output (I/0) diagram for the automation scheme.

M1-2; stepper motors; PT1; equilibrium cell pressure transducer (0-100 kPa) with valve; PT2;
equilibrium cell pressure transducer (0-1.6 MPa); PT3; pressure transducer (0-2.5 MPa) of piston
injector 1; PT4; pressure transducer (2.5 MPa) of piston injector 2; SV1-2; solenoid valves; TT1;
Pt-100 for the cell pressure transducer heating block; TT2; Pt-100 for the pressure transducer line
temperature; TT3; Pt-100 for the cell bath temperature; TT4; Pt-100 for the water jacket of piston 1
water jacket; TT5; Pt-100 or the water jacket of piston 2.

4.6.1.2 Software requirements for automation

The first step of the programming aspect was to ensure that all instruments were interfaced
correctly, and were providing the correct readings. Controls were set up to allow manual opening

and stepping of the solenoid valves and motors respectively. A graphical user interface was set up
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to display measured variables. Data logging is performed in real-time using the cRIO-9073 chassis,
however data storage is not performed in real-time. Real-time first-in-first-out (FIFO) buffers are

used for data transfer between the time-sensitive and lower priority loops.

Motion control with feedback in real time

The motion aspect consists of three hardware components; the stepper motors, stepper drives and

motion encoders.

Each of the stepper motors can exert a maximum holding torque of 1.98 N.m. The holding torque,
when stationary, was set to 25% of this value using a software input. This was done in order to
prevent overheating of the stepper motors. The acceleration and deceleration of the motors were set

to the same value to provide a constant velocity on the motor steps. This velocity is set to 0.3 rev/s.

The stepper drive receives set points from the software and executes motion in accordance to this
information. Feedback via the drive is provided by the encoder. The encoder operates roughly
analogously to a valve positioner, in the sense that it conveys the actual position of the motor shaft,
in relation to its starting point. It does not however alter the position of the shaft to match the set-
point, as a valve positioner does. The motion, motor position feedback and logging are performed

in real time.

Valve driving in real time using pressure feedback

The pressure increase due to compression of the pistons is used as the binary set point (open/
closed) to trigger the opening of the solenoid valves. One the set-point is achieved the valve is
triggered to open. The valve position (open) then provides feedback to the software to begin the
loading of component by driving the relevant stepper motor. The success of the loading procedure

provides the signal to close the solenoid valve.

During the commissioning procedure a pulse-width-modulation frequency of 50 Hz was selected by
trial and error for the solenoid valves. Initially a low frequency was selected and gradually
increased until the pulse was fast enough to imitate the valve being virtually fully open, while only

heating the valves to an acceptably low degree.

The valve pulsing and motor steps were then synchronized so that a motor step for loading only

occurs when the solenoid valve is open. The valves are operated in real time.
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Process step re-initialization using pressure feedback

The cell pressure stabilization provided the trigger for the re-initialization of the loading process.
Logged pressure data is sampled for stabilization in real time. The algorithm to assess stabilization
of pressure is presented in Figure 4.8. These criteria can be executed on logged pressure data from
either of the equilibrium cell pressure transducers. The frequency of executing the criteria test was
based on trial and error. The frequency was set to once every 200 ms and gradually increased until
the rate was slow enough to not bombard the CPU with data, but fast enough to not affect the
decisions made by the pressure stabilization criteria assessment algorithm. A pressure stabilization

assessment rate of once per second was selected.
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Figure 4.8. An algorithm to assess pressure stabilization criteria.

70



CHAPTER FOUR Experimental Equipment and Procedure

4.6.1.3 Software integration and commissioning

The automation program was developed as a sequence of events using conditioned loops, case
structures and timed loops. Since the measurement process is rather repetitive, this approach proved

most suitable.

The first component of the system that was automated was the loading of the cell piston dispensers.

The following procedure was performed for the automation of the loading of both dispensers.

Controls were set up to displace the piston in both the positive and negative direction. The piston
was then advanced to minimize the volume within the dispenser to zero. At this point the encoder
position was zeroed to provide the first reference position of the piston. The piston was then
advanced to a fully swept position. The encoder pulses required for this action was recorded. This
position provided the second reference point of the piston position. The process of zeroing the
encoder and fully sweeping was repeated twice, in order to ensure the reference points
corresponded for each replication. Once the repeatability of the encoder positions at each of the
reference points were confirmed, the pistons were advanced to a randomly selected position
between the two points, and the encoder turns required to execute this motion were logged. The
displacement of each piston away from its reference point, in terms of encoder position, was then

quantified as a percentage.

To assist in the dispenser loading procedure, a loading tool was incorporated into the program, to be
executed by the user. This tool was executed when the pistons were confirmed to be in the
minimum piston volume position. The user inputs the desired motor position, and the tool causes
the piston to advance to increase the volume within the dispenser chamber, when a negative relative
position is inputted. Once the piston is in the desired swept position, a positive load command input
will cause the dispenser contents to be compressed. Usually the contents are compressed until the
pressure within the dispenser is 300 kPa. At this point, the program has been designed to log the
encoder steps (revolutions) required to compress the dispenser chamber contents to this pressure.
The piston shaft position relative to the reference points can thus be calculated which allows for the
calculation of the percentage volume of liquid within the dispenser chamber. The user is given a

visual indication of the percentage volume occupied within the dispenser chamber.

The automation of the cell loading was then performed. The user is required to distinguish between
the two pistons. In the manual operating procedure, for a particular instance, piston dispenser 1 was

tasked with initially loading a large volume of component 2 into the cell. Piston dispenser 2 was
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then tasked with the incremental loading of component 1. For the purposes of the automation
program, the piston dispenser initially introducing a large volume of component 2 is said to be
performing “task A”. Incremental loading is accomplished by “task B”. The user is required to
select which piston dispenser is performing each task. The piston dispenser performing task A
requires an input of the number of encoder steps (revolutions) of component 2 that must be

introduced.

For task B, a vector of the desired encoder pulse increments (revolutions) must be inputted by the
user. The user then inputs pure component properties for each component on the interface. The user
is required to select the appropriate pressure transducer that must be monitored by the program,
(either the 0-100 kPa or 0-1.6 MPa). The cell loading can then be executed by selection of a “start

automated tasks” command.

Following on the success of the piston dispenser loading, task A is executed automatically by the
program when the “start automated tasks” command is selected. That is, the motor of the piston
dispenser selected to perform task A has been programmed to begin compression, until the pressure
within the dispenser is at 300 kPa (or an alternate value selected by the user). This pressure provides
the feedback to cause the solenoid valve to begin pulsing. Once the valve has opened, the program
allows the encoder steps required to deliver the volume desired by the user, to the cell, to be
executed. Once the encoder steps are complete, the solenoid valve has been programmed to close.
This signals the end of task A. A timed loop is then executed, and creates a delay period, the length
of which is controlled by a user input. This delay period allows for the cell contents to reach
thermal equilibrium, and is set to twenty minutes by default. Once the selected delay time has
expired, the pressure stabilization criterion loop (Figure 4.8) is automatically initiated and continues

to run until the re-initialize and exit criteria are met. After this point, task B begins automatically.

The first step in task B, which involves process re-initialization using pressure stabilization as a set
point, is for the program to read the first element of the vector of incremental volumes inputted by
the user. Then similarly to task A, the piston compression and cell loading is executed, dispensing a
smaller volume. The delay period for the establishment of thermal equilibrium and the subsequent
pressure stabilization criterion loop (Figure 4.8) has been programmed to initiate automatically in
succession, and continues to run until the re-initialize and exit criteria are met. The second element
of the incremental volumes vector is read, and the cell loading procedure is repeated. The delay
period and pressure stabilization criterion loop (Figure 4.8) is then initiated and continues to run
until the re-initialize and exit criteria are met. The process has been programmed to continue until

all the elements of the incremental volumes vector have been read and loaded.
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For each increment, the program calculates the initial mole fractions (z;) of components within the
cell that the increment translates to. These mole fractions have been programmed to be plotted
against the stabilization pressure obtained from the pressure stabilization criterion loop. This will
generate the equilibrium P-z curve for the system being measured, and allows the user to monitor
results while continuing with measurements. This step is quite crucial, as it notifies the user of any

errors occurring with the measurements.

4.6.1.4 Experimental procedure in automatic mode

Refer to the GUI provided in Figures 4.9 and 4.10, as the following numbered steps correspond to
the numbered user controls in Figures 4.9 and 4.10. (Note that valve numbering has been altered

after automation, and reference to Figure 4.6 or 4.11 must be made for new valve locations).

1. Clean, and evacuate cell, piston and lines using the “Clean through valve” tab. Place de-
gassed liquids in load position, as in manual mode. Evacuate lines leading to degassing
flasks.

2. Create new log file by selecting the “Create new log file” tab

3. Use predictive methods to determine expected pressure range of measurement under
investigation

4. Isolate low pressure transducer if necessary (manually)

5. Select either low (PT1) or moderate (PT2) pressure transducer on the interface

6. Enter pressure tolerance for equilibrium criteria (e.g. 0.070 kPa when using the 0-100 kPa
transducer or 0.8 kPa when using the 0-1.6 MPa transducer)”

7. Enter maximum compression pressure within piston dispenser (300-400 kPa)"

8. Enter time delay to allow thermal equilibrium of the equilibrium cell contents after each
volume increment has been loaded (20 minutes)

9. Enter the amount of times the program repeats the pressure stabilization criterion loop
iteration counter

10. To load piston dispenser 1 (piston dispenser 2)

i.  Visually ensure piston is in the minimum volume position
ii.  Zero the motor encoder of the piston
iii.  Ensure solenoid valve SV1 (SV2) and manual valve V3 (V4) are

closed
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11.
12.

13.
14.

15.

16.

17.

iv.  Open degassing flask valve and open manual valve V5 (V6)

v.  Input relative position for piston 1 (2). (A negative relative
position increases piston dispenser volume)

vi.  After piston 1 (2) has swept fully, close manual valve V5 (V6)
and input a relative position command to allow for compression by
piston (positive relative position)

vii.  Check that piston 1 (2) is sufficiently full and repeat if necessary
viii.  Open manual valve V3 (V4)
Select which piston dispenser performs task A and task B
Allow for each piston dispenser contents to reach thermal equilibrium by monitoring piston
dispenser temperatures
Enter encoder pulse increments (revolutions) desired for each task
Enter pure component critical properties for each component corresponding to the relevant
piston dispensers
Execute tasks using the “start tasks button” and allow for task A and task B to run till
completion.
Monitor system temperature and pressure trends graphically, as well as the generated P-z
plot
Gather data from log file
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Figure 4.9. Graphical user interface of the automation scheme for main system interface.

Numbered labels correspond to experimental procedure steps in automatic mode.
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Figure 4.10. Graphical user interface of the automation scheme for volume calculation

interface.

Numbered label corresponds to experimental procedure step in automatic mode.
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4.6.1.5 Calibration of the stepper motors

It is vitally important that the stepper motors be calibrated against the volume delivered to the cell.
This allows for accurate control and measurement of the initial composition of the contents of the
cell. The stepper motors were calibrated in a similar method to the calibration of the piston

injectors.

A gravimetric method was employed. The feed line leading to the equilibrium cell was evacuated
by inducing a vacuum through the apparatus. The connecting line between the piston and the cell
was disconnected at the entrance of the cell. The piston was then loaded with distilled water using
the loading procedure. The temperature of the piston was maintained at 303.2 K. A pre-weighed 75
ml beaker was placed at the exit of the disconnected line. The stepper motor was then engaged in
increments which correspond to a particular displaced volume at the water temperature (303.2 K).
After each step, the weight of sample delivered to the receiving beaker was measured. Using the
density of water at 303.2 K, a relationship between the motor steps and actual volume was
determined. The motor steps considered in this calculation were the encoder feedback steps which
indicate the “true” number of motor steps executed. The process of calibration was performed for

both piston dispensers in both the macro and micro mode.

4.7 Advantages of the modifications made

The original apparatus of Raal et al. (2011) had been proven to perform VLE measurements in an
acceptably accurate, repeatable and efficient manner. The modifications performed in this work

served to improve on the accuracy, efficiency and range of the apparatus.

The accuracy in the measurement of the overall composition, z;, is most important, as this variable
is not determined by analytical means. It is therefore imperative that the volume metering technique
is extremely accurate and repeatable. The visual metering technique, used in the original manual
mode of operation was adequate, but not optimal. The user could easily overshoot the desired
volume to be delivered, and not account for it. Although only small differences in volume may
occur, these differences become very significant in the dilute regions. The advantage of the new
motor driven metering technique, allows for volume dispensing that eliminates user error during

loading, and provides superior repeatability.
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The automation scheme still allows for flexibility between the dual-operation mode of the micro
and macro pistons. The user need only manually switch a particular piston to the desired mode, and
adjust the volume calibration to ensure that either the micro or macro piston is being tracked. Using
piston 1 in the macro mode, and piston 2 in the micro mode, allows for a maximum achievable

volume ratio of greater than 1:20000, with acceptable accuracy.

A second item of concern with the manual piston compression method is that the original Bourdon
type pressure gauges were not particularly accurate and the user may not necessarily have
compressed the piston to the exact pressure for each of the dispensed volume increments. A
variation in the piston pressure prior to introduction to the cell can cause a substantial inaccuracy in
the delivered volume, as a higher piston pressure will cause a greater amount of liquid to be

released into the cell upon introduction.

During the commissioning of the automation procedure the piston pressure gauges were replaced
with pressure transducers (A-10 by WIKA). The conditions imposed by the user on the pressure
feedback control loop for the pistons, ensure that the same initiation criteria are met for each
measured data point. That is, in the automated mode, the piston is always pressurised to the same
pressure threshold value before introduction to the cell. The stepper motors were also calibrated at
this same pressure threshold value. This ensures that the piston pressure effects on the flow of fluid

into the cell, is the same for each volume increment.

In the original apparatus the establishment of equilibrium criteria are determined by the user
independently for each measured data point. The user could then easily erroneously believe that
equilibrium has been established, if for instance pressure stabilization is exhibited for a short period
of time, but true equilibrium has not been established. The algorithm imposed for the establishment
of equilibrium, implemented in the automation scheme, ensures that each data point measured

meets the same stringent equilibrium criteria, as presented in Figure 4.8.

Operation of the apparatus in the automated mode, excluding cleaning and preparation time,
requires one hour of user observance, and 48 hours to produce a 40 data point isotherm, which is

dependent on the system considered for measurement.

The extension of the apparatus to the moderate pressure range was necessitated by the systems
considered for measurement in this work. These systems are discussed in Chapter Five. No core

modifications to the cell and pistons were required for this extension of the operating range, as the
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apparatus was rated for operation up to 1.5 MPa, but was limited by some subsidiary components,

the pressure measurement device, and the temperature controller for the cell oil bath.

The process flow diagram for the new automated apparatus presented in this work is shown in

Figure 4.11. A photograph of the automated apparatus is presented in Figure 4.12.
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Figure 4.11. Process flow diagram of the automated apparatus presented in this work.

M1-2; stepper motors 1-2; PT1-4; pressure transmitters; SV1-2; solenoid valves; TT1-TTS5;

temperature transmitters; V1-V§; manual valves.

79



CHAPTER FOUR Experimental Equipment and Procedure

\ %

\4

o o o

\ 2

\

\%

Figure 4.12. The automated static-synthetic apparatus.

a; ¢c-RIO chassis with modules; b; 0-1.6 MPa transducer; c; 0-100 kPa transducer; d; degassing
flask; e; equilibrium cell stirrer; f; solenoid valve; g; equilibrium cell temperature bath; h; piston

dispenser; 1; piston temperature controller and bath; j; stepper motors.
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Systems Investigated

5.1 Systems studied

A series of measurements were carried out on systems previously measured and published in the
literature to ensure that the apparatus was performing reliably and to confirm the reproducibility of
measurements. These systems were selected based on compatibility with the materials of
construction of the apparatus (e.g. Viton® O-rings), operating range of the apparatus, and the
accuracy and availability of published data for the systems considered. The original intention was
to perform test measurements on the apparatus in both the manual and automated mode, and to
subsequently perform all new measurements on the automated apparatus. Unfortunately due time
constraints it was not possible to perform the new measurements on the automated apparatus, but
only in the manual mode of operation. Two systems that have been previously investigated were
measured in the manual operating mode. One of these systems was then re-measured using the
automated apparatus, to ensure that the automated apparatus was functioning in an accurate and

efficient manner.
The test systems selected for measurement were:

1. water (1) + propan-1-ol (2) system at 313.15 K
2. n-hexane (1) + butan-2-ol (2) system at 329.15 K (repeated on the automated apparatus)

These systems were selected for three main reasons. Firstly both systems exhibit highly non-ideal
behaviour. It was assumed that if accurate VLE measurements were produced by the apparatus for
these highly non-ideal systems, then the apparatus is capable of handling other non-ideal systems.
Secondly, measurements of these systems at these conditions have been reported by at least two
other authors (of which one literature source was measured using the same apparatus). Thirdly the

chemicals used in these test systems were of high purity and were readily available.

For the new systems, the solvent morpholine-4-carbaldehyde (NFM) was considered with two of

the alkanes.

Industry continues to optimize and improve separation processes. The purpose of an extractive

solvent is to significantly alter the separation factor (ratio of the activity coefficients) of the
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components that are to be separated. A common solvent for the separation of aromatics from non-
aromatics, recovery of butadienes from C4 mixtures, and pentadienes from C5 mixtures, is the
solvent n-methyl-2-pyrrolidone (NMP). As a collaborative effort with another Master’s pro ect in
the Thermodynamic Research Unit, the new systems consisting of NFM, measured in this work,
contributes to a data bank of solvent measurements, the ultimate goal of which is to determine the
suitability of morpholine-4-carbaldehyde (NFM) as a replacement solvent to NMP. In this work
focus is placed on the C6 and C7, more specifically, the (n-hexane + morpholine-4-carbaldehyde)
and (n-heptane + morpholine-4-carbaldehyde systems).

Phase equilibria measurements for some systems containing morpholine-4-carbaldehyde available

in the literature are presented in Tables 5.1 and 5.2.

Table 5.1. VLE measurements for binary systems containing NFM in the literature.

Reference System™: NFM + Pressure / kPa
Park and Gmehling (1989) 1, 3, 5-Trimethylbenzene 15.00
m-Xylene 15.00
Xiong and Zhang (2007) Benzene 101.33
Huang et al. (2008) Toluene 101.33
o-Xylene 101.33
m-Xylene 101.33
p-Xylene 101.33

Dynamic/re-circulating method

Isobaric mode
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Table 5.2. LLE measurements for binary systems containing NFM in the literature.

Reference System: NFM + Temperature /K

Al Qattan and Al-Sahhaf (1995) n-Heptane 293.15-338.15
bi-cyclo(4.4.0)Decane 293.15-338.15

Cincotti et al. (1999) n-Hexane 293.15-333.15
n-Heptane 293.15-334.15
iso-Nonane 293.15-335.15

Benzene 293.15-336.15

p-Xylene 293.15-337.15

Toluene 293.15-338.15

Ko et al. (2003) Methyl-cyclopentane 300.15-UCST*
Methyl-cyclohexane 300.15-UCST*

Ethyl-cyclohexane 300.15-UCST*

*UCST= Upper critical solution temperature

The temperature range selected for measurements was between 343.15 and 393.15 K. This range
was chosen as it corresponds to common operation ranges employed in most industrial extractive
distillation processes. Fischer and Gmehling (1996) presented phase equilibria measurements for
systems consisting of NMP + solutes, in the temperature range of 363.15 to 413.15 K. Therefore in
order to determine the suitability of NFM as a replacement solvent to NMP, a similar temperature
range to that used by Fischer and Gmehling (1996) for the NMP + alkane systems was used for the

morpholine-4-carbaldehyde + alkane systems measured in this work.
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Experimental Results

6.1 Calibration

The temperature sensors (Pt-100) and pressure transducers (D-10-P and P-10 by WIKA) used in

this work were calibrated according to the methods outlined in Chapter Four.

The temperature calibration plot is shown in Figure 6.1. The plot of the temperature deviation from
standard values (shown in Figure 6.2) reveals the maximum deviation in temperature to be 0.05 K.
The pressure calibration plots are shown in Figures 6.3 and 6.5. The plot of the pressure deviation
for the low pressure transducer (shown in Figure 6.4) reveals the maximum deviation to be 70 Pa.
The maximum deviation obtained for the moderate pressure transducer is 700 Pa (shown in Figure

6.6)
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Figure 6.1. Calibration curve for equilibrium cell bath temperature probe.
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Figure 6.2. Plot of deviations of measured temperature from actual temperature.
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Figure 6.3. Calibration curve for cell 0-100 kPa pressure transducer (WIKA D-10-P).
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Figure 6.4. Plot of pressure deviations for the 0-100 kPa pressure transducer (WIKA D-10-P).
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Figure 6.5. Calibration curve for cell 0-1.6 MPa pressure transducer (WIKA P-10) using n-
pentane with standard pressures of Poling et al. (2001).
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Figure 6.6. Plot of pressure deviations of vapour pressures from standard pressures of Poling

et al. (2001) for the 0-1.6 MPa pressure transducer WIKA, (P-10).

The calibration curves for the actual volume dispensed from the piston dispensers in the macro and
micro mode are shown in Figures 6.7 to 6.10. The calibration curves for piston dispenser 1 and
piston dispenser 2 were practically identical to each other in both the macro and micro mode of
operation. This calibration also revealed the dead volume to be 0.21 cm’. The calculation of the cell
interior volume is obtained from the slope of the plot shown in Figure 6.11. The expanded
uncertainty in this value is estimated to be 0.6 cm’ and thus the cell volume taking into account this
uncertainty is 190 cm’. Motchelaho (2006) reported a dead volume of 0.19 cm’. The difference
between this value and the value obtained in this work is due to the substitution of valves and
fittings that were made to the apparatus that would have altered the dead volume. Raal et al. (2011)

reported a cell volume of 189.90 cm’. This compares well with the value obtained in this work.

The method of calibrating the stepper motors is outlined in Section 4.6. The calibration curves
relating actual dispensed volume to “relative encoder turns” for both the macro and micro mode are
presented in Figures 6.12 to 6.15. These results reveal a linear relationship between actual
dispensed volume and relative encoder turns. A minor difference in the calibration curves exist

between piston dispenser 1 and piston dispenser 2 in both the macro and micro mode. These
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discrepancies are attributed to minor differences in the gearing of piston dispenser 1 in comparison

to piston dispenser 2.
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Figure 6.7. Calibration of the macro piston dispenser 1 with distilled water at 303.2 K.
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Figure 6.8. Calibration of the micro piston dispenser 1 with distilled water at 303.2 K.
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Figure 6.9. Calibration of the macro piston dispenser 2 with distilled water at 303.2 K.
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Figure 6.10. Calibration of the micro piston dispenser 2 with distilled water at 303.2 K.
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Figure 6.12. Calibration of stepper motor 1 in the macro-mode with distilled water at 303.2 K.
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Figure 6.13. Calibration of stepper motor 1 in the micro-mode with distilled water at 303.2K.
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Figure 6.14. Calibration of stepper motor 2 in the macro-mode with distilled water at 303.2K.
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Figure 6.15. Calibration of stepper motor 2 in the micro-mode with distilled water at 303.2K.

6.2 Chemicals and purities

The chemicals used, including the suppliers, stated and measured purities are presented in Table
6.1. The purity was determined by % GC peak area, using a thermal conductivity detector. The
refractive index of each chemical used, was measured using an ATAGO RX-7000a refractometer,
with a manufacturer uncertainty of 0.00011. In addition the water used for measurement in this
work was distilled de-ionized water with a conductivity of 177.5 uS, and was obtained from the

laboratories of the School of Chemistry at the University of KwaZulu-Natal.
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Table 6.1. Chemicals used in this study.

. Minimum
Component Supplier Refractive Il;élex at293.13 Purity GC Analysis
Claimed wt.% % peak area
Experimental Literature’
Propan-1-ol Sigma Aldrich 1.3852 1.3851 >99.5 99.99
Butan-2-ol Sigma Aldrich 1.3972 1.3978 >99.0 99.99
n-Pentane Sigma Aldrich 1.3575 1.3575 >99.0 99.99
n-Hexane Merck 1.3748 1.3749 >99.0 99.99
n-Heptane Fluka 1.3877 1.3876 >99.0 99.99
Morpholine-4-
carbaldehyde Merck 1.4844 1.4845 >99.0 99.99

" Literature: Lide (1995) at 293.15 K

Liquid densities were measured for each component considered for VLE measurements in this
work, using an Anton Paar DMA 5000 densitometer. These measurements were performed
primarily to determine the temperature dependence of the density of the chemical components
considered in this work, in order to accurately determine the delivered volume of components into
the equilibrium cell, via the piston dispensers. The density vs. temperature plots can be found in

Appendix C.

6.3 Quantifying uncertainty in measured variables

The standard uncertainty in temperature and pressure was determined by the square root of the

squared sum of the accuracy stated by the manufacturer and the uncertainty obtained by calibration:

ur u, ué (6.1)

Where ur is the total uncertainty, and uy;, uc are the manufacturer and calibration uncertainties

respectively.

The uncertainty determined by calibration incorporated the uncertainty due to the deficiency in
precision and accuracy of the calibrated values. A supplier uncertainty was not available for the Pt-
100 temperature probe used to measure the equilibrium cell bath temperature. The total uncertainty

in temperature only comprised of the uncertainty in the calibration and amounted to 0.05 K. The
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overall (supplier and calibration) standard uncertainty in the low pressure transducer (0-100 kPa)
was 106.3 Pa, and the overall standard uncertainty for the moderate pressure transducer (0-1.6
MPa) was 1.06 kPa. It must be mentioned that the uncertainty reported for the moderate pressure
transducer only applies to pressures up to 600 kPa, as this transducer was only calibrated for

pressures up to this limit.

The standard uncertainty in the delivered volumes to the cell, and the subsequent standard
uncertainty in the overall composition of the mixture within the cell, was determined using a
procedure derived by Motchelaho (2006) and is shown in Appendix D. These uncertainties are

specific to each measured data point and are presented in Tables 6.3 to 6.11.

The standard uncertainty in the delivered volume A ; was obtained by calibration of the piston
dispensers, and was found to be 0.025 cm’ when using the macro mode and 0.0025 c¢m’ when using
the micro mode, in the manual mode, and reduced to 0.017 ¢cm®and 0.0015 ¢cm® for the macro and
micro pistons respectively in the automated mode. This total standard uncertainty was quantified by
combining uncertainties in accuracy and repeatability, using the piston calibration curves and
includes the uncertainty in the mass measurements used for calibration. The reduction in the
uncertainty in volume between the manual and automated modes is attributed to the high resolution
of the stepper motors driving the piston, in comparison to the manually driven operation. The

estimated standard uncertainty in the cell volume is 0.6 cm’.

The uncertainty in the measurement of density, Ap,, using the Anton Paar DMA 5000 densitometer

dp;
> was

given by the manufacturer, is 1x10° kg.m”. The temperature dependence of density, e

i

. A . . .
estimated as A—i, using the density vs. temperature curves generated from measured data. This

dependence was component specific, but ranged between +0.543 and +3.82 kg.m™.K™"

6.4 Quantifying deviations

The deviation is defined in this work as:

Deviation M- pcale/model (6.2)
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Where M®P and M®I¢/model 5pe the experimental and calculated or model values respectively of the

generic variable M.

The average absolute relative deviation is defined in this work as:
n
AMA G izl |Mexp_ Mcalc/model (63)

Where AMyg is the absolute average relative deviation (AARD) and M®P, MI¢/model gre the
experimental and calculated or model values respectively of the generic variable M and n is the

number of data points measured in a data set.

6.5 Method used to determine equilibrium pressure

The bath temperature controllers used in this work employ proportional integral derivative (PID)
control. With this type of control, the temperature of the bath always fluctuates around the set-
point. These minor fluctuations in temperature cause minor fluctuations in the measured pressure.
This effect can be seen in Figures 6.16 and 6.17. Therefore the actual equilibrium pressure was
calculated from the small range of pressure values being exhibited at equilibrium. In order to
determine the reported equilibrium pressure, the measured system was allowed to reach equilibrium
within experimental limitations i.e. the measured pressure did not fluctuate by a value greater than
the uncertainty in pressure measurement. After equilibrium was established within experimental
limitations the cell pressure was recorded further for a period of time. These pressures were then
noted and an arithmetic mean was taken to give the final equilibrium pressure, which was reported

in this work.
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6.6 Vapour pressure measurements

Vapour pressures are extremely sensitive to experimental variables, such as temperature, and the

purity of the chemical used for measurement. Measured vapour pressures are shown in Table 6.2,

with literature values at the corresponding temperatures.

Table 6.2. Measured and literature vapour pressure data for chemicals used.

Vapour Pressure /kPa

Deviation /kPa®

Component T/K h 5 ; 5
This Work Literature  Literature Literature = Literature
Propan-1-ol
312.60 6.93 6.82 6.75 0.11 0.18
343.40 32.98 32.98 32.88 0 0.1
352.40 49.19 49.16 49.03 0.03 0.16
Butan-2-ol
324.80 11.73 11.72 12.18 0.01 -0.45
328.40 14.50 14.19 14.69 0.31 -0.19
345.00 32.80 32.26 32.95 0.54 -0.15
354.20 49.15 48.42 49.16 0.73 -0.01
n-Pentane
343.35 285.74 284.93 284.79 0.81 0.95
363.25 472.79 471.39 470.88 1.4 1.91
392.80 901.85 900.71 899.81 1.14 2.04
412.45 1314.47 1313.76 1313.66 0.71 0.81
n-Hexane
328.10 64.67 64.29 64.46 0.38 0.21
337.00 86.77 86.59 86.65 0.18 0.12
343.20 105.88 105.42 105.38 0.46 0.5
363.95 187.23 187.83 186.84 -0.6 0.39
391.95 387.77 388.42 383.96 -0.65 3.81
411.95 600.68 600.78 592.53 -0.1 8.15
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Table 6.2 (continued). Measured and literature vapour pressure data for chemicals used.

Vapour Pressure /kPa Deviation *
Component T/K This  Literature' Literature ’ Literature '  Literature *
Work
n-Heptane
386.15 151.97 152.77 152.86 -0.8 -0.89
391.95  177.71 178.74 178.06 -1.03 -0.35
403.65  239.78 240.65 238.96 -0.87 0.82
412.05 290.34 290.86 291.58 -0.52 -1.24
Morpholine-4-
carbaldehyde
343.15 0.15 - 0.15 - 0
363.15 0.49 - 0.49 - 0
393.15 2.18 - 2.17 - 0.01

Literature': Poling et al. (2001); Literature’> ASPEN Plus ® (2008); AP PP —p'

6.7 Experimental VLE data

The experimental VLE data are presented. All pressures between 0 and 100 kPa were measured
using the WIKA D-10-P transducer. Pressures greater than 100 kPa were measured using the WIKA
P-10 transducer. The measurements for the system n-hexane (1) + butan-2-ol (2) at 329.15 K were

performed in both the manual and automated modes.
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6.7.1 Test systems measured

Table 6.3. Experimental VLE data for the Water (1) + Propan-1-ol (2) system at 313.15 K

(manual mode).

n;/moles n,/moles 7 P/kPa
0.0000 £ 0.0000 0.3653 £+ 0.0003 0.0000 £ 0.0000 6.93
0.0262 £+ 0.0010 0.3653 £+ 0.0003 0.0669 £ 0.0025 8.13
0.0525 £+ 0.0011 0.3653 =+ 0.0003 0.1257 =+ 0.0023 8.98
0.1049 =+ 0.0011 0.3653 =+ 0.0003 0.2231 + 0.0019 10.08
0.2099 + 0.0011 0.3653 =+ 0.0003 0.3649 =+ 0.0013 10.99
0.2507 £+ 0.0011 0.3449 + 0.0003 0.4209 + 0.0012 11.18
0.3148 =+ 0.0011 0.3653 =+ 0.0003 0.4629 =+ 0.0010 11.25
0.4198 £ 0.0000 0.3653 =+ 0.0003 0.5347 =+ 0.0002 11.33
0.2507 £+ 0.0011 0.2299 + 0.0003 0.5216 =+ 0.0013 11.35
0.5247 £+ 0.0011 0.3653 + 0.0003 0.5896 + 0.0007 11.32
0.2507 £ 0.0011 0.1724 £ 0.0003 0.5925 + 0.0014 11.36
0.2507 £ 0.0011 0.1150 + 0.0002 0.6855 =+ 0.0014 11.34
0.2507 £+ 0.0011 0.0920 + 0.0002 0.7315 £+ 0.0013 11.33
0.2507 + 0.0011 0.0460 + 0.0002 0.8450 =+ 0.0012 11.28
0.2507 + 0.0011 0.0345 £ 0.0002 0.8790 =+ 0.0012 11.17
0.2507 £+ 0.0011 0.0230 + 0.0002 09160 + 0.0011 10.87
0.2507 £+ 0.0011 0.0115 + 0.0002 0.9561 = 0.0010 9.93
0.2507 £+ 0.0011 0.0000 £ 0.0000 1.0000 £ 0.0000 7.34
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Table 6.4. Experimental VLE data for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K

(manual mode).

n;/moles n,/moles 7 P/kPa
0.0000 £ 0.0000 0.1871 £ 0.0002 0.0000 £ 0.0000 14.35
0.0005 =+ 0.0001 0.1871 £ 0.0002 0.0027 £ 0.0007 15.38
0.0026 =+ 0.0001 0.1871 £ 0.0002 0.0137 £+ 0.0007 17.73
0.0039 £ 0.0001 0.1871 £ 0.0002 0.0204 £ 0.0007 19.24
0.0148 =+ 0.0001 0.1871 =+ 0.0002 0.0733 £+ 0.0007 29.73
0.0212 + 0.0001 0.1871 £ 0.0002 0.1018 + 0.0007 34.50
0.0290 =+ 0.0001 0.1871 £ 0.0002 0.1342 £+ 0.0007 39.84
0.0386 =+ 0.0001 0.1871 =+ 0.0002 0.1710 £+ 0.0007 44.75
0.0470 =+ 0.0001 0.1871 £ 0.0002 0.2008 + 0.0007 47.85
0.0547 =+ 0.0001 0.1871 £ 0.0002 0.2262 + 0.0006 50.73
0.0611 =+ 0.0001 0.1871 =+ 0.0002 0.2462 £+ 0.0006 52.25
0.0740 = 0.0001 0.1871 £ 0.0002 0.2834 =+ 0.0006 54.82
0.1383 =+ 0.0002 0.1871 £ 0.0002 0.4250 + 0.0006 61.67
0.1273 £+ 0.0002 0.1892 =+ 0.0002 0.4022 £ 0.0006 60.83
0.1273 £+ 0.0002 0.1419 £ 0.0002 0.4729 £ 0.0006 63.13
0.1273 £+ 0.0002 0.0851 =+ 0.0001 0.5993 + 0.0006 65.48
0.1273 £+ 0.0002 0.0549 =+ 0.0001 0.6987 £ 0.0007 66.63
0.1273 £+ 0.0002 0.0416 =+ 0.0002 0.7537 £+ 0.0009 67.32
0.1273 £+ 0.0002 0.0322 + 0.0002 0.7981 =+ 0.0010 67.72
0.1273 £+ 0.0002 0.0227 £+ 0.0001 0.8487 + 0.0010 68.38
0.1273 £+ 0.0002 0.0076 =+ 0.0001 0.9437 + 0.0005 68.76
0.1273 £+ 0.0002 0.0057 £+ 0.0002 0.9571 £+ 0.0014 68.63
0.1273 £+ 0.0002 0.0038 =+ 0.0002 0.9710 + 0.0015 68.44
0.1273 £+ 0.0002 0.0000 £ 0.0000 1.0000 + 0.0000 67.71
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Table 6.5. Experimental VLE data for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K

(automated mode).

n;/moles n,/moles 7 P/kPa
0.00000 =+ 0.00000 * 0.28120 + 0.00006 0.00000 + 0.00000 14.37
0.00016 =+ 0.00001 * 0.28120 + 0.00006 0.00058 + 0.00004 14.56
0.00027 + 0.00001 * 0.28120 + 0.00006 0.00096 + 0.00004 14.66
0.00043 + 0.00001 * 0.28120 + 0.00006 0.00154 + 0.00004 14.80
0.00054 + 0.00001 * 0.28120 + 0.00006 0.00193 + 0.00004 14.89
0.00076 + 0.00001 * 0.28120 + 0.00006 0.00269 + 0.00004 15.08
0.00130 + 0.00001 * 0.28120 + 0.00006 0.00461 + 0.00004 15.54
0.00152 + 0.00001 * 0.28120 + 0.00006 0.00538 + 0.00004 15.73
0.00174 + 0.00001 * 0.28120 + 0.00006 0.00614 + 0.00004 15.91
0.0012 + 0.0001 0.2812 + 0.0003 0.0044 + 0.0005 15.68
0.0025 <+ 0.0001 02812 + 0.0003 0.0087 + 0.0005 16.74
0.0037 <+ 0.0001 0.2812 + 0.0003 0.0129 + 0.0005 17.78
0.0049 <+ 0.0001 0.2812 + 0.0003 0.0172 + 0.0005 18.79
0.0061 £ 0.0001 02812 £ 0.0002 0.0214 + 0.0000 19.68
0.0111 £ 0.0001 02812 £ 0.0002 0.0379 + 0.0001 23.48
0.0135 £ 0.0001 02812 £ 0.0002 0.0459 + 0.0001 25.19
0.0160 <+ 0.0001 02812 £ 0.0002 0.0538 + 0.0001 26.82
0.0184 <+ 0.0001 02812 £ 0.0002 0.0615 + 0.0001 28.37
0.0209 £ 0.0001 02812 £ 0.0002 0.0692 + 0.0001 29.85
0.0234 + 0.0001 02812 £ 0.0002 0.0767 + 0.0001 31.26
0.0283 <+ 0.0001 02812 £ 0.0002 0.0914 + 0.0002 33.87
0.0332 £+ 0.0001 02812 £ 0.0002 0.1056 <+ 0.0002 36.25
0.0357 <+ 0.0001 02812 £ 0.0002 0.1125 £ 0.0002 37.35
0.0381 £ 0.0001 02812 £ 0.0002 0.1194 + 0.0002 38.41
0.0430 <+ 0.0001 02812 £ 0.0002 0.1327 + 0.0002 40.38
0.0492 + 0.0001 0.2812 £ 0.0002 0.1488 =+ 0.0003 42.60
0.0553 + 0.0001 0.2812 £ 0.0002 0.1644 + 0.0003 44.58
0.0615 £ 0.0001 0.2812 £ 0.0002 0.1794 £+ 0.0003 46.35
0.0799 <+ 0.0001 02812 £ 0.0002 0.2213 £+ 0.0003 50.65
0.0922 + 0.0001 02812 £ 0.0002 0.2469 =+ 0.0004 52.85
0.1229 + 0.0001 0.2812 £ 0.0002 0.3042 + 0.0004 56.79
0.1352 £+ 0.0002 02812 £ 0.0002 0.3247 =+ 0.0004 5791
0.1844 <+ 0.0002 0.2812 £ 0.0002 0.3961 =+ 0.0005 60.94
0.2151 £ 0.0003 02812 £ 0.0002 0.4335 =+ 0.0005 62.09
0.2459 + 0.0003 0.2812 £ 0.0002 0.4665 =+ 0.0005 62.92
02766 + 0.0003 0.2812 £ 0.0002 0.4959 <+ 0.0005 63.56
0.3073 £ 0.0004 02812 £ 0.0002 0.5222 £+ 0.0005 64.07
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Table 6.5 (continued). Experimental VLE data for the n-Hexane (1) + Butan-2-ol (2) system at
329.15 K (automated mode).

n;/moles n,/moles Z P/kPa
0.3381 + 0.0004 0.2812 £ 0.0002 0.5459 + 0.0005 64.48
0.2459 £+ 0.0003 0.2437 £ 0.0002 0.5022 + 0.0005 63.69
0.2459 £+ 0.0003 0.2250 + 0.0002 0.5222 + 0.0005 64.07
0.2459 £+ 0.0003 0.2062 £ 0.0002 0.5439 + 0.0005 64.44
0.2459 £+ 0.0003 0.1875 £ 0.0002 0.5674 + 0.0005 64.83
0.2459 £ 0.0003 0.1687 £ 0.0002 0.5931 + 0.0006 65.22
0.2459 £ 0.0003 0.1500 <+ 0.0002 0.6211 + 0.0006 65.63
0.2459 £ 0.0003 0.1312 + 0.0002 0.6521 + 0.0006 66.07
0.2459 £ 0.0003 0.1125 + 0.0002 0.6861 + 0.0006 66.53
0.2459 £ 0.0003 0.0844 <+ 0.0002 0.7445 + 0.0006 67.30
0.2459 £ 0.0003 0.0656 + 0.0002 0.7894 + 0.0006 67.84
0.2459 £ 0.0003 0.0469 <+ 0.0001 0.8398 + 0.0006 68.35
0.2459 £ 0.0003 0.0337 <+ 0.0001 0.8795 + 0.0006 68.61
0.2459 £ 0.0003 0.0262 <+ 0.0002 0.9037 + 0.0006 68.68
0.2459 £ 0.0003 0.0187 <+ 0.0001 0.9293 + 0.0006 68.66
0.2459 £ 0.0003 0.0131 <+ 0.0001 0.9494 + 0.0006 68.57
0.2459 £ 0.0003 0.0112 £ 0.0002 0.9564 + 0.0008 68.52
0.2459 £ 0.0003 0.0094 <+ 0.0002 0.9632 + 0.0008 68.45
0.2459 £ 0.0003 0.0075 <+ 0.0002 0.9704 + 0.0008 68.38
0.2459 £ 0.0003 0.0056 + 0.0002 0.9777 + 0.0008 68.29
0.2459 £ 0.0003 0.0037 <+ 0.0002 0.9852 + 0.0008 68.19
0.2459 £ 0.0003 0.0019 <+ 0.0002 0.9923 + 0.0009 68.07
0.2459 £ 0.0000 0.0000 + 0.0000 1.0000 + 0.0000 67.73

# - N N .
Measured using the micro-piston dispenser

6.7.2 New systems
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Table 6.6. Experimental VLE data for the n-Hexane (1) + Morpholine-4-carbaldehyde (2)
system at 343.15 K (manual mode).

n;/moles n,/moles 7, P/kPa
0.0000 + 0.0000 0.3388 £ 0.0003 0.0000 + 0.0000 0.16
0.0026 =+ 0.0001 0.3388 =+ 0.0003 0.0075 =+ 0.0004 11.73
0.0050 =+ 0.0001 0.3388 =+ 0.0003 0.0146 + 0.0004 20.48
0.0084 £ 0.0001 0.3388 £ 0.0003 0.0241 + 0.0004 30.36
0.0103 =+ 0.0001 0.3388 =+ 0.0003 0.0295 + 0.0004 36.90
0.0122 + 0.0001 0.3388 =+ 0.0003 0.0348 + 0.0004 41.90
0.0142 =+ 0.0001 0.3388 =+ 0.0003 0.0401 + 0.0004 45.67
0.0161 =+ 0.0001 0.3388 =+ 0.0003 0.0453 + 0.0004 49.12
0.0251 £ 0.0001 0.3388 = 0.0003 0.0690 = 0.0004 63.88
0.0386 =+ 0.0001 0.3388 =+ 0.0003 0.1022 + 0.0004 78.03
0.0656 =+ 0.0001 0.3388 =+ 0.0003 0.1623 + 0.0004 88.88
0.0964 =+ 0.0001 0.3388 =+ 0.0003 0.2215 + 0.0004 93.93
0.1313 £+ 0.0002 0.3388 =+ 0.0003 0.2793 + 0.0004 96.52
0.1928 =+ 0.0002 0.3388 =+ 0.0003 0.3627 + 0.0004 99.10
0.4178 £ 0.0002 0.3388 =+ 0.0003 0.5522 + 0.0003 100.15
0.1209 £ 0.0002 0.2962 + 0.0001 0.2898 + 0.0003 96.90
0.1209 =+ 0.0001 0.2536 =+ 0.0002 0.3228 + 0.0004 98.30
0.1209 =+ 0.0001 0.1855 =+ 0.0002 0.3945 + 0.0005 99.40
0.1209 £ 0.0001 0.1514 £ 0.0002 0.4439 + 0.0006 99.63
0.1209 £ 0.0001 0.1259 =+ 0.0002 0.4898 + 0.0007 99.87
0.1209 =+ 0.0000 0.1003 £ 0.0002 0.5465 + 0.0005 100.05
0.1209 + 0.0001 0.0662 £+ 0.0001 0.6461 =+ 0.0007 100.37
0.1209 =+ 0.0001 0.0407 =+ 0.0001 0.7481 + 0.0008 100.51
0.1209 =+ 0.0001 0.0322 =+ 0.0001 0.7896 + 0.0009 100.65
0.1209 + 0.0001 0.0237 £+ 0.0001 0.8361 + 0.0009 100.8
0.1209 =+ 0.0001 0.0151 =+ 0.0001 0.8889 = 0.0009 100.92
0.1209 =+ 0.0001 0.0066 =+ 0.0001 0.9482 + 0.0007 102.73
0.1209 =+ 0.0001 0.0049 £ 0.0002 0.9610 + 0.0013 103.11
0.1209 + 0.0001 0.0041 £ 0.0002 0.9672 + 0.0017 103.51
0.1209 £ 0.0001 0.0007 £ 0.0000 0.9942 + 0.0004 104.30
0.1209 £ 0.0001 0.0000 =+ 0.0000 1.0000 = 0.0000 105.47
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Table 6.7. Experimental VLE data for the n-Hexane (1) + Morpholine-4-carbaldehyde (2)
system at 363.15 K (manual mode).

n;/moles n,/moles 7, P/kPa
0.0000 + 0.0000 0.3388 £ 0.0003 0.0000 + 0.0000 0.49
0.0026 =+ 0.0001 0.3388 =+ 0.0003 0.0075 =+ 0.0004 12.31
0.0050 =+ 0.0001 0.3388 =+ 0.0003 0.0146 + 0.0004 22.87
0.0084 £ 0.0001 0.3388 £ 0.0003 0.0241 + 0.0004 34.90
0.0103 =+ 0.0001 0.3388 =+ 0.0003 0.0295 + 0.0004 42.61
0.0122 + 0.0001 0.3388 =+ 0.0003 0.0348 + 0.0004 49.03
0.0142 =+ 0.0001 0.3388 =+ 0.0003 0.0401 + 0.0004 55.36
0.0161 =+ 0.0001 0.3388 =+ 0.0003 0.0453 + 0.0004 60.89
0.0251 £ 0.0001 0.3388 = 0.0003 0.0690 =+ 0.0004 84.79
0.0386 =+ 0.0001 0.3388 =+ 0.0003 0.1022 + 0.0004 108.92
0.0656 =+ 0.0001 0.3388 =+ 0.0003 0.1623 + 0.0004 137.32
0.0964 =+ 0.0001 0.3388 =+ 0.0003 0.2215 + 0.0004 153.19
0.1313 £+ 0.0002 0.3388 =+ 0.0003 0.2793 + 0.0004 162.82
0.1928 =+ 0.0002 0.3388 =+ 0.0003 0.3627 + 0.0004 168.78
0.4178 £ 0.0002 0.3388 =+ 0.0003 0.5522 + 0.0003 174.43
0.1209 £ 0.0002 0.2962 + 0.0001 0.2898 + 0.0003 163.26
0.1209 =+ 0.0001 0.2536 =+ 0.0002 0.3228 + 0.0004 165.64
0.1209 =+ 0.0001 0.1855 =+ 0.0002 0.3945 + 0.0005 170.04
0.1209 £ 0.0001 0.1514 £ 0.0002 0.4439 + 0.0006 172.36
0.1209 £ 0.0001 0.1259 =+ 0.0002 0.4898 + 0.0007 173.97
0.1209 =+ 0.0000 0.1003 £ 0.0002 0.5465 + 0.0005 174.29
0.1209 + 0.0001 0.0662 £+ 0.0001 0.6461 =+ 0.0007 175.84
0.1209 =+ 0.0001 0.0407 =+ 0.0001 0.7481 + 0.0008 176.80
0.1209 =+ 0.0001 0.0322 =+ 0.0001 0.7896 + 0.0009 178.30
0.1209 + 0.0001 0.0237 £+ 0.0001 0.8361 + 0.0009 178.45
0.1209 =+ 0.0001 0.0151 =+ 0.0001 0.8889 = 0.0009 179.64
0.1209 =+ 0.0001 0.0066 =+ 0.0001 0.9482 + 0.0007 183.95
0.1209 =+ 0.0001 0.0049 £ 0.0002 0.9610 + 0.0013 184.90
0.1209 + 0.0001 0.0041 £ 0.0002 0.9672 + 0.0017 185.50
0.1209 £ 0.0001 0.0007 £ 0.0000 0.9942 + 0.0004 189.88
0.1209 £ 0.0001 0.0000 =+ 0.0000 1.0000 = 0.0000 190.95
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Table 6.8. Experimental VLE data for the n-Hexane (1) + Morpholine-4-carbaldehyde (2)
system at 393.15 K (manual mode).

n;/moles n,/moles 7, P/kPa
0.0000 + 0.0000 0.3388 £ 0.0003 0.0000 + 0.0000 2.18
0.0026 =+ 0.0001 0.3388 =+ 0.0003 0.0075 =+ 0.0004 24.17
0.0050 =+ 0.0001 0.3388 =+ 0.0003 0.0146 + 0.0004 42.98
0.0084 £ 0.0001 0.3388 £ 0.0003 0.0241 + 0.0004 69.88
0.0103 =+ 0.0001 0.3388 =+ 0.0003 0.0295 + 0.0004 82.99
0.0122 + 0.0001 0.3388 =+ 0.0003 0.0348 + 0.0004 97.19
0.0142 =+ 0.0001 0.3388 =+ 0.0003 0.0401 + 0.0004 110.26
0.0161 =+ 0.0001 0.3388 =+ 0.0003 0.0453 + 0.0004 122.95
0.0251 £ 0.0001 0.3388 = 0.0003 0.0690 =+ 0.0004 171.25
0.0386 =+ 0.0001 0.3388 =+ 0.0003 0.1022 + 0.0004 227.23
0.0656 =+ 0.0001 0.3388 =+ 0.0003 0.1623 + 0.0004 291.50
0.0964 =+ 0.0001 0.3388 =+ 0.0003 0.2215 + 0.0004 325.96
0.1313 £+ 0.0002 0.3388 =+ 0.0003 0.2793 + 0.0004 345.31
0.1928 =+ 0.0002 0.3388 =+ 0.0003 0.3627 + 0.0004 358.94
0.4178 £ 0.0002 0.3388 =+ 0.0003 0.5522 + 0.0003 366.73
0.1209 £ 0.0002 0.2962 + 0.0001 0.2898 + 0.0003 346.96
0.1209 =+ 0.0001 0.2536 =+ 0.0002 0.3228 + 0.0004 352.20
0.1209 =+ 0.0001 0.1855 =+ 0.0002 0.3945 + 0.0005 359.23
0.1209 £ 0.0001 0.1514 £ 0.0002 0.4439 + 0.0006 362.91
0.1209 £ 0.0001 0.1259 =+ 0.0002 0.4898 + 0.0007 365.03
0.1209 =+ 0.0000 0.1003 £ 0.0002 0.5465 + 0.0005 367.55
0.1209 + 0.0001 0.0662 £+ 0.0001 0.6461 =+ 0.0007 368.94
0.1209 =+ 0.0001 0.0407 =+ 0.0001 0.7481 =+ 0.0008 370.76
0.1209 =+ 0.0001 0.0322 =+ 0.0001 0.7896 + 0.0009 373.05
0.1209 + 0.0001 0.0237 £+ 0.0001 0.8361 + 0.0009 374.21
0.1209 =+ 0.0001 0.0151 =+ 0.0001 0.8889 =+ 0.0009 378.39
0.1209 =+ 0.0001 0.0066 =+ 0.0001 0.9482 + 0.0007 385.34
0.1209 =+ 0.0001 0.0049 £ 0.0002 0.9610 + 0.0013 388.11
0.1209 + 0.0001 0.0041 £ 0.0002 0.9672 + 0.0017 389.52
0.1209 £ 0.0001 0.0007 £ 0.0000 0.9942 + 0.0004 398.28
0.1209 £ 0.0001 0.0000 =+ 0.0000 1.0000 = 0.0000 400.27
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Table 6.9. Experimental VLE data for the n-Heptane (1) + Morpholine-4-carbaldehyde (2)
system at 343.15 K (manual mode).

n;/moles n,/moles 7, P/kPa

0.0000 =+ 0.0000 0.1684
0.0011 + 0.0001 0.1684
0.0015 0.0001 0.1684
0.0016 0.0001 0.1684
0.0033 0.0001 0.1684
0.0045 0.0001 0.1684
0.0067 0.0001 0.1684
0.0096 0.0001 0.1684
0.0176 0.0001 0.1684
0.0330 0.0001 0.1684
0.0445 0.0001 0.1684
0.0787 0.0001 0.1684
0.1016 0.0001 0.1684
0.1302 0.0001 0.1684
0.1702 0.0001 0.1684
0.2159 0.0001 0.1684
0.2673 0.0002 0.1684
0.3039 0.0002 0.1684
0.1130 0.0001 0.0833
0.1130 0.0001 0.0407
0.1130 0.0001 0.0322
0.1130 0.0001 0.0237
0.1130 0.0001 0.0151
0.1130 0.0001 0.0066
0.1130 0.0001 0.0049
0.1130 0.0001 0.0041
0.1130 0.0001 0.0032
0.1130 0.0001 0.0015
0.1130 0.0001 0.0007
0.1130 0.0001 0.0000

0.0002 0.0000
0.0002 0.0066
0.0002 0.0089
0.0002 0.0094
0.0002 0.0190
0.0002 0.0257
0.0002 0.0384
0.0002 0.0539
0.0002 0.0946
0.0002 0.1639
0.0002 0.2088
0.0002 0.3185
0.0002 0.3762
0.0002 0.4359
0.0002 0.5025
0.0002 0.5617
0.0002 0.6134
0.0002 0.6434
0.0001 0.5757
0.0001 0.7352
0.0001 0.7784
0.0001 0.8269
0.0001 0.8818
0.0001 0.9446
0.0001 0.9582
0.0001 0.9652
0.0001 0.9723
0.0001 0.9867
0.0001 0.9941
0.0000 1.0000

0.0000 0.15

0.0007 10.40
0.0007 13.60
0.0007 14.20
0.0007 23.88
0.0007 27.81
0.0007 31.61
0.0007 33.37
0.0007 34.39
0.0007 34.85
0.0007 34.94
0.0006 35.02
0.0006 35.15
0.0006 35.38
0.0006 35.44
0.0005 35.54
0.0005 35.90
0.0004 35.90
0.0005 35.60
0.0006 36.41
0.0009 36.66
0.0009 37.02
0.0008 37.62
0.0006 38.40
0.0010 38.70
0.0012 39.00
0.0011 39.20
0.0007 39.76
0.0007 40.10
0.0000 40.40

H oW OH K K K K K K K K K K K K K K K K H K OH K K OH K H KK H
H oW H K K K K K K K K K K K K K K K K H K OH K K K K H KK H

H W K K K K K K H K K K K K H K OH H K OH H K H H K H K H
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Table 6.10. Experimental VLE data for the n-Heptane (1) + Morpholine-4-carbaldehyde (2)
system at 363.15 K (manual mode).

n;/moles n,/moles 7, P/kPa

0.0000 =+ 0.0000 0.1684
0.0011 + 0.0001 0.1684
0.0015 0.0001 0.1684
0.0016 0.0001 0.1684
0.0033 0.0001 0.1684
0.0045 0.0001 0.1684
0.0067 0.0001 0.1684
0.0096 0.0001 0.1684
0.0176 0.0001 0.1684
0.0330 0.0001 0.1684
0.0445 0.0001 0.1684
0.0787 0.0001 0.1684
0.1016 0.0001 0.1684
0.1302 0.0001 0.1684
0.1702 0.0001 0.1684
0.2159 0.0001 0.1684
0.2673 0.0002 0.1684
0.3039 0.0002 0.1684
0.1130 0.0001 0.0833
0.1130 0.0001 0.0407
0.1130 0.0001 0.0322
0.1130 0.0001 0.0237
0.1130 0.0001 0.0151
0.1130 0.0001 0.0066
0.1130 0.0001 0.0049
0.1130 0.0001 0.0041
0.1130 0.0001 0.0032
0.1130 0.0001 0.0015
0.1130 0.0001 0.0007
0.1130 0.0001 0.0000

0.0002 0.0000
0.0002 0.0066
0.0002 0.0089
0.0002 0.0094
0.0002 0.0190
0.0002 0.0257
0.0002 0.0384
0.0002 0.0539
0.0002 0.0946
0.0002 0.1639
0.0002 0.2088
0.0002 0.3185
0.0002 0.3762
0.0002 0.4359
0.0002 0.5025
0.0002 0.5617
0.0002 0.6134
0.0002 0.6434
0.0001 0.5757
0.0001 0.7352
0.0001 0.7784
0.0001 0.8269
0.0001 0.8818
0.0001 0.9446
0.0001 0.9582
0.0001 0.9652
0.0001 0.9723
0.0001 0.9867
0.0001 0.9941
0.0000 1.0000

0.0000 0.49
0.0007 9.90
0.0007 12.90
0.0007 13.61
0.0007 25.22
0.0007 32.11
0.0007 42.41
0.0007 51.09
0.0007 61.80
0.0007 66.91
0.0007 68.09
0.0006 69.28
0.0006 69.55
0.0006 69.58
0.0006 69.94
0.0005 70.18
0.0005 70.19
0.0004 70.35
0.0005 70.10
0.0006 71.31
0.0009 71.60
0.0009 72.33
0.0008 73.30
0.0006 75.11
0.0010 75.58
0.0012 76.06
0.0011 76.50
0.0007 77.61
0.0007 78.51
0.0000 78.59

H oW OH K K K K K K K K K K K K K K K K H K OH K K OH K H KK H
H oW H K K K K K K K K K K K K K K K K H K OH K K K K H KK H

H W K K K K K K H K K K K K H K OH H K OH H K H H K H K H
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Table 6.11. Experimental VLE data for the n-Heptane (1) + Morpholine-4-carbaldehyde (2)
system at 393.15 K (manual mode).

n;/moles n,/moles 7 P/kPa
0.0000 £ 0.0000 0.1684 £ 0.0002 0.0000 £ 0.0000 2.18
0.0010 = 0.0001 0.1684 £ 0.0002 0.0056 £ 0.0007 12.26
0.0011 £ 0.0001 0.1684 £ 0.0002 0.0066 £ 0.0007 14.19
0.0016 £ 0.0001 0.1684 £ 0.0002 0.0094 £ 0.0007 19.15
0.0036 =+ 0.0001 0.1684 £ 0.0002 0.0212 £+ 0.0007 38.89
0.0045 = 0.0001 0.1684 £ 0.0002 0.0257 + 0.0007 46.85
0.0067 =+ 0.0001 0.1684 £+ 0.0002 0.0384 £ 0.0007 66.10
0.0096 =+ 0.0001 0.1684 £+ 0.0002 0.0539 £ 0.0007 87.65
0.0176 = 0.0001 0.1684 £ 0.0002 0.0946 + 0.0007 129.54
0.0336 =+ 0.0001 0.1684 £+ 0.0002 0.1663 £ 0.0007 162.95
0.0422 =+ 0.0001 0.1684 £+ 0.0002 0.2002 £ 0.0007 169.23
0.0479 =+ 0.0001 0.1684 £ 0.0002 0.2213 + 0.0007 171.63
0.0559 =+ 0.0001 0.1684 £ 0.0002 0.2491 + 0.0007 173.66
0.0673 £ 0.0001 0.1684 £+ 0.0002 0.2855 £ 0.0007 175.13
0.0839 =+ 0.0001 0.1684 £ 0.0002 0.3324 + 0.0006 175.90
0.1119 =+ 0.0001 0.1684 £ 0.0002 0.3991 £ 0.0006 175.97
0.2096 =+ 0.0001 0.1684 £+ 0.0002 0.5544 £ 0.0005 175.01
0.2787 £ 0.0002 0.1684 £+ 0.0002 0.6233 £ 0.0005 174.70
0.1702 =+ 0.0001 0.2051 £ 0.0003 0.4535 + 0.0005 175.66
0.1702 =+ 0.0001 0.1710 £ 0.0002 0.4988 =+ 0.0005 175.36
0.1702 =+ 0.0001 0.0858 + 0.0001 0.6648 =+ 0.0005 174.62
0.1702 =+ 0.0001 0.0688 + 0.0002 0.7121 £+ 0.0006 174.64
0.1702 =+ 0.0001 0.0518 £ 0.0001 0.7666 £ 0.0006 174.87
0.1702 £ 0.0001 0.0433 £+ 0.0002 0.7972 + 0.0007 175.12
0.1702 £ 0.0001 0.0347 £ 0.0001 0.8306 + 0.0007 175.54
0.1702 =+ 0.0001 0.0262 £ 0.0001 0.8666 =+ 0.0007 176.21
0.1702 £ 0.0001 0.0177 £ 0.0001 0.9058 £ 0.0006 177.33
0.1702 £ 0.0001 0.0092 <+ 0.0001 0.9487 + 0.0005 179.33
0.1702 =+ 0.0001 0.0066 <+ 0.0001 0.9627 + 0.0007 180.26
0.1702 £ 0.0001 0.0041 £ 0.0001 0.9765 + 0.0006 181.36
0.1702 £ 0.0001 0.0024 £+ 0.0001 0.9861 £ 0.0006 182.25
0.1702 £ 0.0001 0.0007 £ 0.0000 0.9959 + 0.0003 183.26
0.1702 £ 0.0001 0.0000 £ 0.0000 1.0000 £ 0.0000 183.70
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The theoretical treatment and thermodynamic modelling of low to moderate pressure VLE data is
discussed in Chapter Two. In this chapter the regression of the isothermal data, by the combined-
model dependent method, and the direct-model independent method, as well as the discussion of

the results obtained in this work, is presented.

7.1 Regressed parameters from density measurements

Liquid densities were measured for each component considered for VLE measurements in this
work, using an Anton Paar DMA 5000 densitometer, with an uncertainty of 1x10° kg.m>. The
density data measured was fitted to the model suggested by Martin (1959) for a selected
temperature range. The model parameters are presented in Table 7.1. The plots of density versus
temperature can be found in Appendix C. These density models were then used to accurately
determine the moles of each component delivered to the cell from the measured delivered volume,
via each piston injector. This density was calculated at the specific piston injector temperature,
using molar mass to convert between mass density and molar density. The Martin (1959) density
model provided an excellent fit for most chemicals measured. A less desirable fit was obtained for
morpholine-4-carbaldehyde. Therefore, to avoid inaccuracies in composition measurement, the
density of morpholine-4-carbaldehyde, was obtained by the direct measurement of density at the
specific temperature of the piston injector that contained it, using the Anton Paar DMA 5000

densitometer.

The objective function used for the fitting of density data was:

S p.residual pieXP _ ppalc (7 1 )

1 1

Ob ective Function Z(Sp{“id“al)z (7.2)
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The Nelder-Mead downhill simplex method was used to minimize the objective function (equation

7.2), with the aid of the MATLAB® programming language.

Table 7.1. Regressed parameters for the density model of Martin (1959).

Ap x10° Temperature
Martin equation parameters /kg.m™” Range/K
A B C D

Component
Propan-1-ol -27.286 121.328 -165.043  74.979 0.03 303.15-343.15
Butan-2-ol 1.737 7.643 -12.516 6.803 0.01 293.15-323.15
n-Pentane -1.740 10.637 -9.455 3.187 0.04 293.15-323.15
n-Hexane 5.434 -18.288 31.302  -16.281 0.19 293.15-323.15
n-Heptane -16.094 60.782 -64.884  22.454 0.04 293.15-323.15
Morpholine-4-
carbaldehyde 534.000  -1313.400  847.400 -44.400 2.37 293.15-323.15
Water -27.941 126.594 -172.749  77.756 0.14 303.15-343.15

1 2 2
Martin (1959) equation: p kg.m® p (1 A(1-T,)* B(1-T,)’ C(I-T,) D (I-T,))

ap tEiT -0

7.2 Regressed parameters from vapour pressure measurements

The vapour pressure data measured in this work was regressed in order to determine model

parameters for the Antoine, (proposed in 1888) and Wagner (1973, 1977) equations.

The Antoine equation is given by:
P A-—— 73
n T (7.3)

where P is the pressure in kPa and T is the temperature in K

The Wagner (1973, 1977) equation, given by Poling et al. (2001):
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At Bi!Y ci*5 DPP

1-t

(7.4)

T . . . .
where t l—T—, P is the pressure in kPa, T is the temperature in K. The regressed parameters are
C

presented in Tables 7.2 and 7.3.

Table 7.2. Regressed parameters for the Antoine equation.

Antoine Equation . Temperature
Parameters AP/kPa Range/K
A B C

Component
Propan-1-ol 17.70  4407.20 -32.80 0.014 312.60-352.40
Butan-2-ol 16.10  3037.20 -103.60 0.072 324.80-354.20
n-Pentane 13.50 223370  -58.80 0.005 343.35-412.45
n-Hexane 14.10  2872.60  -39.70 0.020 328.10-337.00
n-Heptane 10.10 885.90 -210.70 0.001 386.15-412.05
Morpholine-4- carbaldehyde 10.40  2164.80 -168.10 0.030 343.15-393.15

* 1 exp model
AP -¥iPT-P |
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Table 7.3. Regressed parameters for the Wagner (1973, 1977) equation.

Wagner Equation Parameters AP/kPa’ Telg; lzlegr;;l(lre
A B C D

Component
Propan-1-ol 85.15 -260.86 319.76 -397.58 0.001 312.60-352.40
Butan-2-ol -172.10 524.60 -817.40  1494.10 0.084 324.80-354.20
n-Pentane -7.25 1.51 -1.32 -9.95 0.001 343.35-412.45
n-Hexane -9.51 9.08 -17.93 55.93 0.008 328.10-337.00
n-Heptane -47.22 131.09 -222.14 572.40 0.004 386.15-412.05
Morpholine-4- 20.41 -65.83 58.07 -39.66 0.002 343.15-393.15
carbaldehyde

model |

AP :—lzﬂp"“ P

Generally both models provided an excellent fit of the experimental pure component vapour
pressure data. The Wagner, (1973, 1977) equation provided a superior correlation for all pure
component vapour pressures, in comparison to the simpler Antoine equation, with the exception of
butan-2-ol. This is apparent when comparing the AP calculated for the models, for each set of pure
component vapour pressure data. It is expected that the four parameter Wagner (1973, 1977),
equation would provide a better-quality fit to the vapour pressure data than the three parameter

Antoine equation.

In the regression algorithm for vapour pressures, the objective function was defined in order to
minimize the pressure residual between the experimental vapour pressure, and the so called
calculated vapour pressure, represented by the vapour pressure model. The objective function used

was given by equations (2.77) and (2.78).

i experimental
SPfemdual Pi Xp _Pfalculated (2 ) 77)

N2
Ob ective Function Z(SP{eSId“al) (2.78)

112



CHAPTER SEVEN Discussion

The Nelder-Mead downhill simplex method was used to minimize the objective function (equation

2.78), with the aid of the MATLAB ® programming language.

The average pressure deviations from literature data are presented in Table 6.2. The percentage
deviations are generally <1% of at least one literature source. The exceptions are in the case of the
alcohols; propan-1-ol and butan-2-ol. The appreciable degree of deviation of the experimental
vapour pressure data from literature data observed when considering these two components, may be
attributed to the strong degree of association that occurs with these alcohols. Association (hydrogen
bonding) of both the liquid and vapour phase can cause inaccuracies in observed vapour pressure,

especially in the low pressure and moderate temperature range.

7.3 Physical properties and second virial coefficients

The physical properties used in this work were obtained from Poling et al. (2001), Dortmund Data
Bank (DDB, 2011) and the ASPEN Plus® simulation package (2008). A table of physical properties
(Table E-1) is presented in Appendix E. A table of the second virial coefficients used in this work
(Table E-2) is presented in Appendix E. The models used for the calculation of second virial

coefficients are discussed in the following section.

7.4 Data regression of binary vapour-liquid equilibrium systems

7.4.1 The combined model-dependent method

In this low to moderate pressure VLE study the combined method of Barker (1953) was used. In the
combined approach to VLE data regression, vapour non-idealities are accounted for by the fugacity

coefficient, @; and liquid non-idealities are accounted for by the activity coefficient, ;.

Raal and Miihlbauer (1998) state that the direct equation of state method is reserved primarily for
high pressure VLE computation. Since only P-z; data for low to moderate pressure systems were
considered in this work, regression by the direct equation of state method was not necessary and

investigation into possible regression methods using this approach was not carried out.

The fugacity at equilibrium can be described using the combined method as:

BoxyP Ty P (7.5)
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The activity coefficient can be calculated from an appropriate Gibbs excess energy model. The

fugacity coefficient ®j, is obtained from the virial equation of state. It is given by equation (2.24)

(Bi- iL)(P-P;*a‘) Py25;

RT

i exp (2.24)

The values of B;; and §;; can be obtained from a suitable correlation as discussed in Section 2.5.1.

7.4.1.1 Models utilized in this work

The following activity coefficient models were used for the correlation of the binary VLE data

measured in this work:

e The Wilson (1964) equation

e The Tsuboka-Katayama-Wilson (T-K-Wilson) equation (1975)

e Non-Random Two liquid (NRTL) model (Renon and Prausnitz, 1968)

e mod. UNIQUAC (Modified Universal Quasi-Chemical Activity Coefficient) (Anderson
and Prausnitz, 1978)

The virial equation of state truncated to two terms was used to account for the non-ideal behaviour
of the vapour phase. The Hayden-O’Connell (1975) and modified Tsonopoulos, (Long et al., 2004)
correlations were used for the calculation of second virial coefficients, with the specific mixing
rules suggested by the authors. These models and correlations were discussed in sufficient detail in

Section 2.5.1.

7.4.1.2 Estimating fitting parameters for various excess Gibbs energy models

The reduction of the VLE data involved fitting experimental data to various excess Gibbs energy
models, by making use of model specific fitting parameters. Since isothermal data was measured in
this work, a bubble pressure computational procedure was carried out. The procedure utilized for
the combined approach is outlined in Figure 2.1. The specific model parameters were obtained
using an optimization method that involved minimizing the difference between the experimental

mixture vapour pressures, and those calculated by the model.

114



CHAPTER SEVEN Discussion

As previously stated the virial equation of state using the Hayden-O’Connell (1975), and modified
Tsonopoulos (Long et al., 2004), correlations with the Wilson (1964), TK-Wilson, Tsuboka and
Katayama (1975), NRTL (Renon and Prausnitz, 1968), and modified UNIQUAC (Anderson and
Prausnitz, 1978) models were used in this work. Apart from the NRTL model, all activity
coefficient models require the regression for only two model fitting parameters for the binary case.
Several authors, (Walas, 1985, Raal and Miihlbauer, 1998) have recommended fixing the third
NRTL model parameter, a;,. This parameter should only be fixed if it provides a better fit to the
experimental data. In this work it was found that when the NRTL model was applied, fixing the o,

parameter to 0.3 provided a superior fit to the experimental data.

The liquid molar volumes for the data regression were by obtained by applying the modified
Rackett (1970) equation.

7.4.1.3 Computational procedure for the combined method

The bubble pressure algorithm used in this work is presented in Figure 2.1. The inputs for this

regression are:

e Pure component properties; critical temperature and pressure, liquid molar volumes at
experimental temperature, acentric factor

e System temperature, number of moles of components at each increment, n;, and
experimental pressures.

o Initial guesses for the selected activity coefficient model parameters (o, fixed to 0.3 for

NRTL equation)

The regressed model parameters that provided the best fit, by minimizing the objective function
expressed in equation 2.78, were used to predict the complete P-x-y curve for each isotherm

measured.

7.4.2 The direct model-independent method

The direct model-independent method (integration of the coexistence equation) is outlined in

Section 2.7.3.

The algorithm for the calculation of activity coefficients based on this method is presented in figure

2.3.
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The approach using this method is virtually model independent, except for the calculation of x;
from z;, where an excess Gibbs energy model was used to calculate the liquid phase composition, x;.
It is however shown in Figure 7.1, that the selected model has practically no effect on the calculated
liquid phase composition. Figure 7.1 shows the standard deviation between the calculated liquid
phase composition, x;, by the various models (discussed in Section 2.6) used in this work. It is clear
that any influence of the model on the calculated liquid phase composition is well below the

experimental uncertainty in overall composition, z;.

6.0E-05

5.0E-05 X

4.0E-05 1

© 3.0E-05 i

2.0E-05 i

1.0E-05 8

0.0E_)'_OO 1 1 1 1 1 xl 3¢ 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 7.1. Standard deviation of calculated liquid compositions when comparing the four
excess Gibbs energy models used in this work for the Water (1) + Propan-1-ol (2) system at
313.15 K.

The integration of the coexistence equation method does not require the regression of any model

fitting parameters, however the approach used in this work involved either fitting P-x; data to a
S . . . dP N AP . .
polynomial, in order to estimate the derivative, —o OF an estimation of =~ from a cubic spline fit.

This fit was performed over a series of small composition ranges (e.g. 0.1 mole fraction
increments), if a suitable fit could not be obtained over the entire composition range. A least

squares regression was applied to perform the polynomial fit, using the polyfit function on the
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MATLAB" software package. In all cases a higher ordered polynomial (n >15) was used to achieve
a superior quality fit to the experimental data. Additionally it was ensured that the order was not too

high, to prevent the occurrence of Runge’s phenomenon. A cubic-spline fit was also performed in
. . o o . . dP
order to estimate this derivative, and no significant difference in the value of - was found between

the two methods. The vapour phase compositions were then calculated directly by integration of the
coexistence equation. These vapour phase compositions were used to calculate the vapour phase
correction factors, ®@; through the fugacity. The activity coefficients were then calculated by the

modified Raoult’s law (equation 2.20).

7.4.2.1 Computational procedure

The procedure for the direct calculation of vapour compositions, and subsequently liquid phase
activity coefficients by integration of the coexistence equation is presented in Figure 2.2. The

inputs for this method are:

e Pure component properties; critical temperature and pressure, liquid and vapour molar
volumes at experimental temperature, acentric factor
e System temperature, experimental liquid compositions, Xx;, calculated from an excess Gibbs

energy model, and experimental pressures

e Boundary conditions for the limiting cases of limy, ¢ (LPI) -limy ¢ (%) and
T T

limy, | (lp')T-limxl | (—P‘)T

Numerical integration of the coexistence equation by a marching procedure was performed using
both a first and fourth ordered Rung-Kutta technique. A step size of 2.5x10” was used for the
approximation of the change in liquid phase composition, dx. This value was selected as it was
sufficiently small to have no further influence on the calculated vapour compositions y;, when

further reduced.

The boundary conditions provide a means of calculating the vapour composition at the first
. P . AP . . . : :
increment of X, + dx. — was estimated as — > using either the cubic spline or polynomial fit.

Equations (2.82) and (2.83) are solved by substitution of appropriate values, and a differential
expression for the vapour composition is yielded. This expression was then integrated using either

the first or forth-ordered Runge-Kutta procedure.
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There are two main disadvantages associated with the method of integration of the coexistence
equation. Firstly it is has been derived for the use in binary systems only. Secondly the coexistence
equation is discontinuous at an azeotrope. Since only binary data was measured in this VLE study,
the first drawback was of no consequence. Secondly, for a system exhibiting a single azeotrope, the
discontinuity was easily avoided, when using a marching procedure, by simply marching towards

the azeotrope, from each of the pure component points.

7.5 Phase equilibria results

7.5.1 Phase behaviour for test systems

The data for the water (1) + propan-1-ol (2) at 313.15 K and n-hexane (1) + butan-2-ol (2) at
329.15 K systems were regressed using the Wilson (1964), TK- Wilson (1975), NRTL (Renon and
Prausnitz, 1968), and modified UNIQUAC (Anderson and Prausnitz, 1978), models together with
the virial equation of state using the Hayden-O’Connell (1975) ( -HOC) and modified
Tsonopoulos, (Long et al., 2004), (V-mTS), second virial coefficient correlations. It was found that
the V-HOC correlation provided the best account of the vapour phase non-ideality for the water +
propan-1-ol system when applied in conjunction with all the models used. The V-mTS correlation
provided the best account of the vapour phase non-ideality for the n-hexane + butan-2-ol system,
for the data obtained in both the manual and automated operating mode, when used in conjunction
with the NRTL and modified UNIQUAC models. The model parameters and average pressure

residuals obtained by regression are presented in Table 7.4.

The average pressure residual follows from equation (6.3) and is defined in this work as:

AP, g ﬁZl [P -p™ (7.6)
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Table 7.4. Model parameters and average pressure residuals for measured test systems.

*

*

A A B B B B

Model & 313.15K 313.15 K 329.15K 329.15K 329.15K 329.15K
Parameters (V-HOCO) (V-mTS) (V-HOC) (V-mTS) (V-HOC) (V-mTS)
Wilson

M2 -A)/ J.mol” 5429.54 5431.43 965.60 904.54 1031.94 970.28
(M) / J.mol 3571.98 3575.99 5437.48 5355.50 5364.51 5282.56
AP v /'kPa 0.131 0.131 0.324 0.329 0.240 0.243
T-K Wilson

(A2 -An)/ J.mol’! 4315.45 4316.88 699.79 644.42 744.42 685.88
(M) / J.mol -2083.65  -2082.37 5355.48 5269.37 5275.31 5194.84
AP v 'kPa 0.046 0.047 0.281 0.289 0.203 0.208
NRTL

(g12-g11)/ J.mol 6713.60 6714.70 4021.52 3973.40 3834.71 3788.32
(g12-22) / J.mol 280.3 281.70 1401.87 1354.94 1567.01 1516.87
o 0.30 0.30 0.30 0.30 0.30 0.30
APpvg /kPa 0.008 0.009 0.151 0.134 0.830 0.066
Modified

UNIQUAC

(upp-uyy)/ J.mol™ 4470.55 4472.92 8821.74 8714.19 8727.16 8618.22
(upp-uy)/ J.mol™ 525.19 526.61 -1565.01  -1582.53 -1540.45 -1557.57
APAvg /kPa 0.055 0.557 0.284 0.282 0.195 0.192
A = water (1) + propan-l-ol (2), B = n-hexane (1) + butan-2-0l (2), Automated mode,

APy LT

The NRTL and TK-Wilson models with V-HOC were found to provide the best fit to the data for

the water (1) + propan-1-ol (2) system. A similar trend was observed by Raal et al. (2011) and

Zielkiewicz and Konitz (1991), for this system, and the data obtained in this work compares well
with the authors’ published data. The NRTL and modified UNIQUAC model with V-mTS provided
the best fit to the data for the n-hexane (1) + butan-2-ol (2) system. A similar trend for the NRTL

model was observed by Raal et al. (2011). The data obtained compares well with the data of Uusi-

Kynyy et al. (2002) and Raal et al., (2011). The excellent correlation between the test

measurements and published data confirmed that the experimental techniques were suitable, and

that the experimental apparatus and modelling programs performed to satisfaction.
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The experimental data, model fits and activity coefficient plots are presented in Tables 7.5 to 7.10
and Figures 7.2 to 7.14. For each case the model combinations that correlated the data well, with
lowest average (APavg), are presented. The plots also include the results obtained by the direct

model-independent method.

The results of the model-independent approach are only presented graphically, as each result from
numerical integration of the coexistence equation is composed of a very large number of points. It
can be observed graphically that the calculated vapour phase compositions and activity coefficients
using the excess Gibbs energy models are in good agreement with results obtained from the

integration of the coexistence equation.

The relative volatility plots for both test systems pass through the point a1, = 1. This indicates the
presence of azeotropes in both systems. For the water (1) + propan-1-ol (2) a maximum pressure
azeotrope exists at x;~ 0.6 at 313.15 K, while a maximum pressure azeotrope is observed at x;~
0.95, in the n-hexane (1) + butan-2-ol (2) system at 329.15 K. These azeotropes were determined
from the modelled data.

The infinite dilution activity coefficients (IDACs) were calculated by extrapolation of modelled
data, by the method of Maher and Smith (1979b) and by the results of the integration of the
coexistence equation. These results are presented in Table 7.11. The model that provided the
lowest APsvg was used to determine the IDAC by extrapolation. The Maher and Smith (1979b)
method was discussed in Section 2.8, and the procedure used in this work is described in the
subsequent section for the new systems measured in this work. An example of the plot used for the
calculation of IDACs by the method of Maher and Smith (1979b) is presented in Figure 7.15. The

remaining plots can be found in Appendix F.

Table 7.11 also includes data obtained by extrapolation of VLE data for IDACs from published
work. IDACs measured directly by the inert gas stripping or gas chromatography methods etc.,
were not available in the literature at the corresponding temperatures of the test systems considered

in this work.

A comparison between the results obtained for the n-hexane (1) + butan-2-ol (2) system at 329.15
K in the manual and automated operating mode, reveal a reduction in the uncertainty of the overall
composition z;. Furthermore a larger amount of data points were measured over the same number
of days, as 24 hour operation was possible in the automated mode. The high precision of the stepper
motors used in the automated mode, allowed for a significant amount of dilute region

measurements. The measurements for the dilute region of n-hexane in butan-2-ol using the
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automated apparatus are presented in Figure 7.11. The P-x data obtained for this system in the

manual mode is also presented in this figure, for comparison purposes.

Table 7.5. Regressed data for the Water (1) + Propan-1-ol (2) system at 313.15 K using the
NRTL + V-HOC model (manual mode).

Experimental NRTL + V-HOC

7z, P/kPa P/kPa  x, yi1.  AP/kPa’ vy, T2 02
0.000 6.93 6.93  0.000 0.000  0.00  3.662 1.000 -
0.067 8.13 8.14 0.067 0.202 -0.01 3.349 1.005 3.53
0.126  8.98 9.01  0.125 0316 -0.03  3.092 1.016 3.22
0.223 10.08 10.09  0.223 0.438 -0.01 2.698 1.052 2.71
0.365 10.99 10.99 0365 0.536  0.00  2.195 1.156 2.01
0.421 11.18 11.17  0.421 0.559 0.01 2.019 1224 1.75
0.463 11.25 1125 0463 0.573  0.00 1.896 1.288 1.56
0.535 11.33 11.33  0.535 0.590 0.00 1.700 1.437 1.25
0.522 11.35 11.34 0590 0.598  0.01 1.565 1599 1.04
0.590 11.32 11.32 0.522 0.587 0.00 1.734 1.406 1.31
0.593 11.36 1134 0593 0.598  0.02  1.558 1.610 1.02
0.686 11.34 11.33  0.686 0.604 0.01 1.357 2.056 0.7
0.732 11.33 1133 0.703 0.604  0.00 1.325 2.170 0.65
0.845 11.28 11.28  0.846 0.608 0.00 1.103 4.109 0.28
0.879 11.17 11.17 0.880 0.617  0.00 1.066 5.093 0.22
0.916 10.87 10.85 0.917 0.642 0.02 1.033  6.667 0.16
0.956 9.93 996  0.957 0.713  -0.03 1.010 9.396 0.11
1.000 7.34 7.34 1.000 1.000 0.00 1.000 14.639 -
‘AP P-pe
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Table 7.6. Regressed data for the Water (1) + Propan-1-ol (2) system at 313.15 K using the T-
K Wilson + V-HOC model (manual mode).

Experimental T-K Wilson + V-HOC

7 P/kPa P /kPa X V1 AP /kPa’ T T2 o
0.000 6.93 6.93 0.000  0.000 0.00 4.003 1.000 -
0.067 8.13 8.25 0.067 0.213 -0.12 3.580 1.004 3.78
0.126 8.98 9.15 0.125  0.327 -0.17 3.250 1.014 3.39
0.223 10.08 10.2 0.223  0.445 -0.12 2.772 1.049 2.8
0.365 10.99 11.02 0.365 0.538 -0.03 2211 1.154  2.03
0.421 11.18 11.18 0421 0.560 0.00 2.025 1.221 1.75
0.463 11.25 11.26 0.463  0.574 -0.01 1.8908 1.286  1.56
0.535 11.33 11.32 0.535 0.591 0.01 1.701 1.434 1.26
0.522 1135 11.34 0.590  0.599 0.01 1.567 1593  1.04
0.590 11.32 11.32 0.522  0.588 0.00 1.735 1.403 1.31
0.593 11.36 11.34 0.593  0.600 0.02 1.561  1.603  1.03
0.686 11.34 11.33 0.686  0.608 0.01 1.365 2.037 0.71
0.732  11.33 11.33 0.703  0.608 0.00 1.333 2,147  0.66
0.845 11.28 11.28 0.846 0.613 0.00 1.113 4.066 0.29
0.879  11.17 11.2 0.880  0.620 -0.03 1.074  5.092  0.22
0.916 10.87 10.95 0917 0.640 -0.08 1.039 6.827 0.16
0.956 9.93 10.15 0.957  0.701 -0.22 1.012  10.133  0.11
1.000 7.34 7.34 1.000  1.000 0.00 1.000 17.621 -

AP P-PF
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Figure 7.2. P-x-y plot for the Water (1) + Propan-1-ol (2) system at 313.15 K. X, P-x
Experimental; —, NRTL + V-HOC model; ---, T-K Wilson + V-HOC model; ~, Coexistence
Equation; 0, P-x Zielkiewicz and Konitz (1991); o, P-y Zielkiewicz and Konitz (1991); 0, P-x

Raal et al. (2011).
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Figure 7.3. x-y plot for the Water (1) + Propan-1-ol (2) system at 313.15 K. X, x-
Experimental; —, NRTL+V-HOC model; ---, T-K Wilson + V-HOC model; ~, Coexistence
Equation; 0, Zielkiewicz and Konitz (1991); 0, Raal et al. (2011).
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Figure 7.4. Relative volatility (a;,)-x plot for the Water (1) + Propan-1-ol (2) system at 313.15
K.—, NRTL + V-HOC model; ---, T-K Wilson + V-HOC model; ", Coexistence Equation.

Figure 7.5. v;-x plot for the Water (1) + Propan-1-ol (2) system at 313.15 K.—, NRTL + V-
HOC; ---, T-K Wilson + V-HOC; ", Coexistence Equation.
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Table 7.7. Regressed data for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K using the
NRTL + V-mTS model (manual mode).

Experimental NRTL + V-mTS

z; PKPa  P“/kPa x yi  AP/kPa’ v, T2 012
0.000 14.35 14.35 0.000 0.000 0.00 4.196 1.000 -
0.003 15.38 15.00 0.003 0.045 0.38 4.171 1.000 18.93
0.014 17.73 17.55 0.013 0.191 0.18 4.074 1.000 18.69
0.020 19.24 19.06  0.019 0.259  0.19  4.016 1.001 18.38
0.073 29.73 29.88 0.069 0.547 -0.14 3.579 1.008 16.32
0.102 34.50 3484  0.097 0.620 -0.33 3365 1.015 15.24
0.134 39.84 39.72 0.128 0.674 0.12 3.143 1.026 14.10
0.171 44.75 4457 0.164 0.716  0.18 2907 1.043 12.83
0.201 47.85 4790 0.194 0.741 -0.05 2.734 1.059 11.89
0.226 50.73 5041 0219 0.757 032 259 1.076 11.11
0.246 52.25 52.17  0.240 0.768 0.07 2493 1.091 10.52
0.283 54.82 5500 0277 0.785 -0.19 2317 1.123 9.50
0.425 61.67 61.85 0.421 0.820 -0.18 1.786 1.307 6.28
0.402 60.83 61.07 0398 0.816 -0.25 1.859 1270 6.73
0.473 63.13 63.12 0.468 0.828 0.00 1.653 1.395 5.46
0.599 65.48 6539 0.595 0.843  0.09 1370 1.733 3.65
0.699 66.63 66.61 0.695 0.854 0.02 1.210 2.170 2.57
0.754 67.32 6722 0.751 0.863  0.09  1.142 2518 2.09
0.798 67.72 67.72 0.796 0.872 0.00 1.096 2.885 1.75
0.849 68.38 6824 0.848 0.887  0.13 1.055 3.424 142
0.944 68.76 68.64 0.944 0.939 0.12 1.008 5.022 0.91
0.957 68.63 68.54 0958 0951  0.09  1.005 5336 085
0.971 68.44 68.37 0.971 0.964 0.07 1.002 5.690 0.80
1.000 67.71 67.71  1.000 1.000  0.00  1.000 6.542 -
‘AP P-pe
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Table 7.8. Regressed data for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K using the

Mod. UNIQUAC + V-mTS model (manual mode).

Experimental Mod. UNIQUAC + V-mTS

z;, P/kPa  P®/kPa x, yi AP/kPa’ T2 o
0.000 14.35 14.35 0.000 0.000 0.00 4.208 1.000 -
0.003 15.38 15.00 0.003 0.046 0.38 4.188 1.000 19.02
0.014 17.73 17.58  0.013 0.192 0.14 4.104 1.000 18.80
0.020 19.24 19.12  0.019 0.261 0.13  4.052 1.000 18.51
0.073 29.73 30.14  0.069 0.550 -0.40 3.629 1.006 16.50
0.102 34.50 35.15  0.097 0.622  -0.64  3.407 1.011 1541
0.134 39.84 40.00  0.128 0.676 -0.16 3.173 1.020 14.21
0.171 44.75 4474  0.164 0.717  0.01 2.922 1.035 12.89
0.201 47.85 4794  0.194 0.741 -0.09 2.738 1.050 11.91
0.226 50.73 50.32 0219 0.758 041 2.592 1.065 11.11
0.246 52.25 51.99 0.240 0.768 0.26 2484 1.078 10.52
0.283 54.82 54.65 0277 0.784  0.17 2302 1.107 9.49
0.425 61.67 61.25 0.421 0.822 0.42 1.773 1.274 6.35
0.402 60.83 60.46 0398 0.817  0.37 1.844 1240 6.78
0.473 63.13 62.63 0.468 0.830 0.50 1.646 1.352 5.55
0.599 65.48 6535 0.595 0.848  0.13 1.378 1.654 3.80
0.699 66.63 66.92  0.695 0.862 -0.29 1.226 2.049 2.73
0.754 67.32 67.67 0.751 0.870 -0.35 1.159 2373 223
0.798 67.72 68.23 0.796 0.879 -0.51 1.112 2.730 1.86
0.849 68.38 68.78 0.847 0.892  -0.40  1.068 3.292 1.48
0.944 68.76 69.13 0.944 0.936 -0.37 1.011 5.332 0.87
0.957 68.63 68.99 0958 0947 -036 1.007 5.821 0.79
0.971 68.44 68.74  0.972 0.961 -0.30 1.003 6.414 0.71
1.000 67.71 67.71  1.000 1.000  0.00 1.000 8.062 -
‘AP PP
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Figure 7.6. P-x-y plot for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K, (manual
mode). X, P-x Experimental; —, NRTL + V-mTS model; ---, Mod. UNIQUAC + V-mTS
model; ", Coexistence Equation; o, Uusi-Kynyy et al. (2002); 0, Raal et al. (2011).
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Figure 7.7. x-y plot for the n-Hexane (1) + Butan-2-o0l (2) system at 329.15 K, (manual mode).
X, X Experimental; —, NRTL + V-mTS model; ---, Mod. UNIQUAC + V-mTS model; ",
Coexistence Equation; 0, Uusi-Kynyy et al. (2002); O, Raal et al. (2011).
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Figure 7.8. Relative volatility (a,;) -x plot for the n-Hexane (1) + Butan-2-ol (2) system at
329.15 K, (manual mode).—, NRTL + V-mTS model; ---, Mod. UNIQUAC + V-mTS model;

=, Coexistence Equation.
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Figure 7.9. y;-x plot for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K, (manual mode).
—, NRTL + V-mTS model; ---, Mod. UNIQUAC + V-mTS model; ", Coexistence Equation.
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Table 7.9. Regressed data for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K using the
NRTL + V-mTS model (automated mode).

Experimental NRTL + V-mTS
Z P/kPa P“*/kPa Xy Vi AP /kPa" 7y, Y2 o2
0.0000" 14.37 14.37  0.0000 0.0000 0.00 4.340 1.000 -
0.0006" 14.56 14.52  0.0005 0.0107 0.05 4334 1.000 19.81
0.0010" 14.66 14.62  0.0009 0.0177 0.04 4330 1.000 19.79
0.0015" 14.80 14.77  0.0015 0.0281 0.03 4324 1.000 19.77
0.0019" 14.89 14.86  0.0018 0.0348 0.03 4320 1.000 19.75
0.0027"  15.08 15.06  0.0025 0.0480 0.02 4312 1.000 19.71
0.0046" 15.54 15.55 0.0044 0.0792 0.00 4293 1.000 19.62
0.0054" 15.73 15.74  0.0051 0.0911 -0.01 4285 1.000 19.59
0.0061" 15.91 1593  0.0058 0.1026 -0.02 4277 1.000 19.55
0.004 15.68 15.48 0.004 0.075 0.20 4295 1.000 19.64
0.009 16.74 16.56 0.008 0.139 0.18 4252 1.000 19.44
0.013 17.78 17.62 0.012 0.193 0.17 4209 1.000 19.24
0.017 18.79 18.64 0.016  0.240 0.15 4.167 1.000 19.05
0.021 19.68 19.65 0.020 0.281 0.03 4.125 1.001 18.86
0.038 23.48 23.40 0.036  0.404 0.08 3.968 1.002 18.12
0.046  25.19 25.13 0.044  0.449 0.06 3.8904 1.003 17.77
0.054 26.82 26.78 0.051 0.486 0.04 3.823 1.004 17.43
0.062  28.37 28.35 0.059 0.517 0.03 3.754 1.006 17.10
0.069 29.85 29.84 0.066 0.544 0.01 3.688 1.007 16.77
0.077 31.26 31.26 0.074  0.567 0.00 3.625 1.009 16.46
0.091 33.87 33.89 0.088  0.605 -0.02 3.504 1.013 15.86
0.106 36.25 36.27 0.102  0.635 -0.02 3.392 1.017 15.29
0.113 37.35 37.38 0.109  0.647 -0.03 3.339 1.019 15.02
0.119 38.41 38.44 0.116  0.658 -0.03 3.288 1.022 14.75
0.133  40.38 40.41 0.129  0.678 -0.03 3.190 1.027 14.24
0.149 42.60 42.62 0.145  0.698 -0.02 3.078 1.034 13.65
0.164  44.58 44.59 0.160 0.714 -0.02 2974 1.042 13.09
0.179  46.35 46.36 0.175  0.727 -0.01 2.878 1.050 12.57
0.221  50.65 50.63 0.217  0.756 0.01 2.631 1.077 11.20
0.247 52.85 52.83 0.243  0.770 0.02 2494 1.097 10.43
0.304 56.79 56.76 0.300 0.792 0.02 2222 1.151 8.85
0.325 5791 57.90 0.321 0.798 0.02 2.135 1.174 8.34
0.396  60.94 60.97 0.393 0814 -0.04 1.870 1.271 6.74
0.433  62.09 62.16 0.431 0.820 -0.07 1.751 1334 6.01
0.466 62.92 63.02 0.464  0.825 -0.09 1.657 1398 542
0.496 63.56 63.67 0.494 0.828 -0.11 1.580 1.462 494
0.522  64.07 64.18 0.521 0.831 -0.11 1.516 1.527 4.54
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Table 7.9 (continued). Regressed data for the n-Hexane (1) + Butan-2-ol (2) at 329.15 K using

the NRTL + V-mTS model (automated mode).

Experimental NRTL + V-mTS

z, P/kPa P““/kPa  x, yi1  AP/kPa" Y2 o5
0.546 64.48 64.59 0.545 0.834 -0.11 1.463 1.591 4.20
0.502 63.69 63.78 0.500 0.829 -0.09 1.565 1476 4.85
0.522  64.07 64.15 0.520 0.832 -0.09 1.518 1.525 4.56
0.544 64.44 64.52 0.542 0.834 -0.08 1.469 1.583 4.25
0.567 64.83 64.88 0.565 0.837 -0.06 1.420 1.652 3.94
0.593 65.22 65.25 0.591 0.839 -0.03 1.370 1.735 3.62
0.621 65.63 65.62 0.619 0.843 0.01 1.320 1.837 3.29
0.652  66.07 66.00 0.650 0.846 0.07 1.269 1.966 2.96
0.686 66.53 66.40 0.684 0.851 0.13 1.219 2.129 2.62
0.744 67.30 67.07 0.743 0.860 0.23 1.146 2478 2.12
0.789 67.84 67.57 0.788 0.869 0.27 1.100 2.824 1.78
0.840 68.35 68.10 0.839 0.884 0.24 1.059 3.324 1.46
0.879  68.61 68.44 0.879 0.900 0.16 1.034 3.829 1.23
0.904 68.68 68.57 0.904 0.912 0.10 1.022 4200 1.11
0.929 68.66 68.62 0.929 0.929 0.05 1.012 4.657 0.99
0.949 68.57 68.55 0.949 0.944 0.02 1.006 5.070 0.90
0.956 68.52 68.49 0.957 0.951 0.02 1.005 5.227 0.87
0.963 68.45 68.43 0.963 0.957 0.02 1.003 5.384 0.85
0970 68.38 68.34 0.970 0.964 0.04 1.002 5.561 0.82
0978 68.29 68.23 0978 0.972 0.06 1.001 5.749 0.79
0.985 68.19 68.09 0.985 0.981 0.09 1.001 5950 0.76
0.992 68.07 67.93 0.992 0.990 0.13 1.000 6.153 0.74
1.000 67.73 67.73 1.000 1.000 0.00 1.000 6.381 -

*Measured using the micro-piston, AP P-P*
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Table 7.10. Regressed data for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K using the

Mod. UNIQUAC + V-mTS model (automated mode).

Experimental Mod. UNIQUAC + V-mTS
Z P/kPa P“*/kPa Xy Vi AP /kPa" 7y, Y2 o2
0.0000" 14.37 14.37  0.0000 0.0000 0.00 4.334 1.000 -
0.0006" 14.56 14.52  0.0005 0.0107 0.04 4329 1.000 19.79
0.0010"  14.66 14.62  0.0009 0.0177 0.04 4326 1.000 19.77
0.0015"  14.80 14.77  0.0015 0.0280 0.03 4321 1.000 19.75
0.0019" 14.89 14.87  0.0018 0.0348 0.03 4317 1.000 19.73
0.0027°  15.08 15.06 0.0025 0.0479 0.02 4310 1.000 19.70
0.0046" 15.54 15.55 0.0044 0.0792 -0.01 4294 1.000 19.62
0.0054" 15.73 15.74  0.0051 0.0911 -0.02 4287 1.000 19.59
0.0061" 15.91 1594  0.0058 0.1026 -0.03 4280 1.000 19.56
0.004 15.68 15.48 0.004 0.075 0.20 4296 1.000 19.63
0.009 16.74 16.57 0.008 0.139 0.17 4258 1.000 19.46
0.013 17.78 17.63 0.012 0.193 0.15 4220 1.000 19.28
0.017 18.79 18.67 0.016 0.241 0.12 4.182 1.000 19.11
0.021 19.68 19.68 0.020 0.282 0.00 4.145 1.000 18.93
0.038 23.48 23.48 0.036  0.406 0.00 3.998 1.002 18.24
0.046 25.19 25.24 0.044 0.451 -0.05 3.927 1.002 17.90
0.054 26.82 26.91 0.051 0.488 -0.09 3.857 1.003 17.56
0.062  28.37 28.50 0.059 0.519 -0.13 3.789 1.004 17.23
0.069  29.85 30.01 0.066 0.546 -0.15 3.723 1.005 16.91
0.077 31.26 31.43 0.074  0.569 -0.18 3.658 1.007 16.59
0.091 33.87 34.08 0.088  0.607 -0.21 3.535 1.010 15.98
0.106 36.25 36.46 0.102 0.636 -0.21 3419 1.013 15.40
0.113 37.35 37.56 0.109  0.649 -0.21 3.364 1.015 15.13
0.119 38.41 38.61 0.116  0.660 -0.20 3.310 1.017 14.85
0.133  40.38 40.55 0.129  0.679 -0.18 3.209 1.022 14.33
0.149 42.60 42.73 0.145 0.699 -0.13 3.090 1.028 13.72
0.164  44.58 44.65 0.160 0.715 -0.07 2981 1.035 13.15
0.179  46.35 46.36 0.175 0.728 -0.01 2.881 1.042 12.62
0.221  50.65 50.45 0.217  0.757 0.19 2.623 1.066 11.23
0.247 52.85 52.54 0.243  0.770 0.31 2.482 1.084 10.45
0304 56.79 56.29 0.300 0.792 0.50 2206 1.132 8.88
0.325 5791 57.38 0.321  0.799 0.53 2.119 1.153 8.38
0.396 60.94 60.43 0.393  0.816 0.51 1.858 1.240 6.83
0433  62.09 61.66 0431 0.823 0.43 1.744 1297 6.13
0.466 62.92 62.60 0.464 0.828 0.33 1.653 1354 557
0.496 63.56 63.33 0.494  0.833 0.23 1.580 1.412 5.10
0.522  64.07 63.93 0.521  0.837 0.14 1.520 1.469 4.72
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Table 7.10 (continued). Regressed data for the n-Hexane (1) + Butan-2-ol (2) system at 329.15
K using the Mod. UNIQUAC + V-mTS model (automated mode).

Experimental Mod. UNIQUAC + V-mTS

z; P/kPa P“/kPa  x; yi1 AP/kPa" vy, Y2 o2
0.546 64.48 6442  0.545 0.840 0.06 1.470 1.527 4.39
0.502 63.69 63.47  0.500 0.834 0.22 1.566 1.424 5.01
0.522 64.07 63.92  0.520 0.837 0.15 1.521 1.468 4.72
0.544 64.44 64.37  0.542 0.840 0.08 1.476 1519 4.43
0.567 64.83 64.82  0.565 0.843 0.01 1.429 1.581 4.12
0.593 65.22 6528 0.591 0.846 -0.06 1.382 1.656 3.80
0.621 65.63 65.76  0.619 0.850 -0.13 1.334 1.747 3.48
0.652 66.07 66.25 0.650 0.854 -0.18 1.286 1.863 3.15
0.686 66.53 66.75  0.684 0.859 -0.22 1.237 2.012 2.80
0.744 67.30 67.55 0.743 0.868 -0.25 1.165 2339 2.27
0.789 67.84 68.12 0.788 0.876 -0.28 1.118 2.679 1.90
0.840 68.35 68.68 0.839 0.888 -0.34 1.073 3.202 1.53
0.879 68.61 69.03  0.879 0.902 -0.42 1.044 3.781 1.26
0.904 68.68 69.16  0.904 00912 -0.48 1.030 4.246 1.11
0.929 68.66 69.18  0.929 0.926 -0.52 1.017 4.869 0.95
0.949 68.57 69.07  0.950 0.940 -0.50 1.009 5491 0.84
0.956 68.52 68.99  0.957 0.946 -0.48 1.007 5.744 0.80
0.963 68.45 68.89  0.963 0.952 -0.44 1.005 6.007 0.76
0.970 68.38 68.76  0.971 0.960 -0.38 1.003 6.315 0.72
0.978 68.29 68.58 0.978 0.968 -0.29 1.002 6.657 0.69
0.985 68.19 68.35 0.985 0.977 -0.17 1.001 7.040 0.65
0.992 68.07 68.09  0.992 0.988 -0.02 1.000 7.446 0.61
1.000 67.73 67.73 1.000 1.000 0.00 1.000 7929 -

*Measured using the micro-piston, ‘AP~ P-P
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Figure 7.10. P-x-y plot for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K, (automated
mode). X, P-x Experimental; —, NRTL + V-mTS model; ---, Mod. UNIQUAC + V-mTS
model; ", Coexistence Equation; 0, Uusi-Kynyy et al. (2002); 0, Raal et al. (2011), o P-x data

obtained in the manual mode.
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Figure 7.11. P-x plot for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K, (automated
mode) showing the dilute region of n-hexane. X, P-x Experimental; —, NRTL + V-mTS
model; ---, Mod. UNIQUAC + V-mTS model; o, Uusi-Kynyy et al. (2002); 0, Raal et al.

(2011), o P-x data obtained in the manual mode.
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Figure 7.12. x-y plot for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K, (automated
mode). X, x Experimental; —, NRTL + V-mTS model; ---, Mod. UNIQUAC + V-mTS model;
-, Coexistence Equation; 0, Uusi-Kynyy et al. (2002); 0, Raal et al. (2011), o x data obtained

in the manual mode.
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Figure 7.13. Relative volatility (a,,) -x plot for n-Hexane (1) + Butan-2-ol (2) at 329.15 K,
(automated mode). —, NRTL + V-mTS model; ---, Mod. UNIQUAC + V-mTS model; ",

Coexistence Equation.
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Figure 7.14. y;-x plot for the n-Hexane (1) + Butan-2-ol (2) system at 329.15 K, in the
automated mode. —, NRTL + V-mTS model; ---, Mod. UNIQUAC + V-mTS model; ~,

Coexistence Equation.
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Figure 7.15. Plot of x;x,/Pp vs. x; to determine infinite dilution activity coefficients by the

method of Maher and Smith (1979b) for the Water (1) + Propan-1-ol (2) system at 313.15 K.
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Table 7.11. Infinite dilution activity coefficients for test systems with literature values.

This Work Literature' Literature’
System a b c
Water (1) + Propan-1-ol (2) at
313.15K
v 3.662 3.825 3.807 3.83 -
Y2 14.638 14.030 14.336 18.42 -
n-Hexane (1) +Butan-2-ol (2)
at 329.15 K (manual mode)
v 4.196 5.986 4.615 4.66 4.41
Y2 6.542 10.202 7.708 13.13 10.54
n-Hexane (1) +Butan-2-ol (2)
at 329.15 K (automated mode)
v 4.340 5.209 4.412 4.66 4.41
v." 6.381 11.320 7.815 13.13 10.54

* Extrapolation, ® Maher and Smith (1979b), ¢ Coexistence Equation; Literature': Raal et al. (2011) by the
method of Maher and Smith (1979b); Literature®: Uusi-Kyyny et al. (2002) by the extrapolation method

7.5.2 Phase behaviour for new systems

7.5.2.1 Model selection for the C6 and C7 linear alkanes + morpholine-4-carbaldehyde for the

combined method

Selecting an appropriate model that provides the best account of the non-idealities in the vapour
and liquid phases is an imperative step in VLE data regression. It has been discussed in Chapter
Five that published vapour-liquid equilibrium data for the alkane + morpholine-4-carbaldehyde
systems are not available in the literature. This lack of reference to published work posed a
challenge to the selection of appropriate activity coefficient models and fugacity coefficient
equations for use in this work. However it is known that morpholine-4-carbaldehyde is a polar
cyclic carbaldehyde, while the alkanes are straight-chained and non-polar. In addition, there is large
difference in vapour pressures between the n-hexane/morpholine-4-carbaldehyde and n-
heptane/morpholine-4-carbaldehyde pairs at a given temperature. The systems also exhibit non-

ideal behaviour.

In order to provide some guidance concerning the behaviour of the new systems measured, VLE

predictions were performed prior to measurement using the ASPEN Plus® simulation package
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(2008). The Predictive-Soave-Redlich-Kwong equation of state was used to predict this phase
behaviour. The predictions revealed rather strange and clearly erroneous behaviour for the systems
concerned. This led to the assumption that either liquid immiscibility existed in certain
concentration regions for the considered systems, or that the group interaction parameters for the
morpholine-4-carbaldehyde/alkane groups were either undefined, or inaccurate. The predictions did
however provide a basic estimate of the maximum pressures that were likely to be exerted by the
mixtures considered, over the entire composition range. This confirmed that the modified apparatus
used in this work, would be capable of performing the desired measurements for the selected

temperature and pressure ranges.

It has been shown that the systems considered for measurement form two liquid phases at lower
temperatures, (Al Qattan and Al-Sahhaf, 1995, Cincotti et al.,1999). In order to confirm that two
liquid phases were not formed under the experimental conditions employed in this work, stability
analysis was performed on all the new measured systems according to the method outlined in
Section 2.11. It must be mentioned that the stability analysis presented is dependent on the Gibbs
excess energy model selected. The results of these analyses are presented graphically in Appendix
G for the model that provided the best fit for each experimental data set. All the new measured

systems met the stability criterion described by equation (2.109).

Since the measured pressures did not exceed 500 kPa it was considered adequate that the virial
equation of state be used to account for non-idealities in the vapour phase. Since little information
is available in the literature for the degree of association exhibited by morpholine-4-carbaldehyde,
both the Hayden-O’Connell (1975), and modified Tsonopoulos, (Long et al., 2004), correlations

were used for the calculation of second virial coefficients.

The suitability of this equation of state for low to moderate VLE measurement is discussed in
Section 2.5.1. The ability of the activity coefficient models (Wilson, TK-Wilson, NRTL and
modified UNIQUAC) to account for liquid phase non-idealities were tested. The effectiveness of
these models are discussed for each system considered in the following sections. Only the model/
virial equation of state combinations that provided the lowest average pressure residuals (AP syg)
are presented in tabular and graphical form. Due to the large differences in volatility between the

C6 and C7 linear alkanes in comparison to morpholine-4-carbaldehyde, the x-y plots for these
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systems did not provide sufficient information about the relationship between the liquid and vapour

phase compositions. Therefore only relative volatility plots are presented in this section.

7.5.2.2 n- Hexane (1) + morpholine-4-carbaldehyde (2)

The results presented in Table 7.12 reveal that the Wilson + V-mTS and T-K Wilson + V-mTS
models provide the lowest average pressure residuals (AP,vg) for the three isotherms measured in
this system. More specifically the Wilson model performs better at 343.15 K for this system,
whereas the T-K Wilson equation provides a superior fit at the higher temperatures (363.15 and
393.15 K).

Gess et al. (1991) have specified that the Wilson equation provides the best fit to P-x data in binary
systems consisting of a mixture of non-polar/polar constituents in comparison to the NRTL and
UNIQUAC models. These results are based on evaluations performed on a standard database of
systems, modelled by the authors. The authors also found that the UNIQUAC model provides the
worst model fit to non-polar/polar binary systems that exhibit non-ideal behaviour. This validates
the results obtained for the new systems presented in this work as the Wilson equation based

models provided a superior fit to the experimental data.

The correlation of the three parameters of the NRTL model posed a significant problem when
modelling the data of the new systems measured in this work. The final binary interaction
parameters obtained were not unique, as interdependence between the three model parameters
yielded the same value of the objective function for different attempts at model fitting. Additionally
the selection of an appropriate non-randomness parameter, o, proved troublesome as a suitable
value could not be found within the recommended theoretical range. The NRTL model did not

provide a suitable fit to the experimental data.

The success of the Wilson equation based models suggests that the local composition theory can be
successfully applied to the system of n-hexane/morpholine-4-carbaldehyde. It is also suggested that
the Wilson equation based models may provide a better fit to P-x data of systems that consist of

components with large differences in vapour pressure at a given temperature.

In all cases the modified Tsonopoulos, (Long et al., 2004), (V-mTS) proved more capable of
modelling the vapour phase, with the virial EOS than the Hayden-O’Connell (1975) correlation.

This reveals that for this system, the degree of association of molecules in the vapour phase is not
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significant. The experimental data, model fits and relative volatility calculation results are presented
in Tables 7.13 to 7.18 and graphically in Figures 7.16 to 7.21. The vapour compositions calculated
by the model independent approach are also presented in these plots. It can be seen that these
results compare well with results obtained by the model dependent methods. The relative
volatilities calculated by the model-independent method, do differ significantly from those
calculated by the model-dependent methods. This difference is attributed to the sensitivity of the

relative volatility function to minor differences in y; and x;.

Under the conditions of the temperatures measured, no azeotropes were observed. Evidence of this,
is that none of the relative volatility plots, (Figures 7.17, 7.19, 7.21), pass through a;; = 1. This
implies that conventional distillation is appropriate for the separation of these two components, at
the measured temperatures. Indeed the relative volatility plots suggest that even a single stage flash
would be able to accomplish an effective separation of these two components. However this does
not imply that morpholine-4-carbaldehyde is unsuitable for use as an extractive distillation solvent,
but merely that should the n-hexane + morpholine-4-carbaldehyde mixture be used as co-solvents
in an upstream separation, then the final separation of n-hexane from morpholine-4-carbaldehyde,

can be easily accomplished.

Table 7.12. Model parameters and average pressure residuals for the n-Hexane (1) +

Morpholine-4-carbaldehyde (2) system at measured temperatures.

Equation V-mTS V-HOC

343.15K  363.15K 393.15K 34315 K 363.15K 393.15K
Wilson
(M2 -y J.mol™! 5169.70 4026.30 5187.40 5213.15 4082.74 5264.09
(Ma-Az2) / J.mol™ 9465.00 8564.80 9239.30 9511.36 8630.19 9331.19
AP pvg /kPa 0.371 0.531 1.145 0.373 0.541 1.149
T-K Wilson
(M2 - Ayp) / J.mol™ 4832.10 3683.60 4302.30 4876.56 3739.79 4630.47
(Ma-Az2) / J.mol™ 8980.60 8223.20 8986.60 9007.32 8270.90 9043.62
AP v /kPa 0.377 0.307 0.490 0.391 0.309 0.519

VS S
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Table 7.13. Regressed data for the n-Hexane (1) +Morpholine-4-carbaldehyde (2) system at
343.15 K using the Wilson + V-mTS model (manual mode).

Experimental Wilson + V-mTS

z, PkPa  P"kPa x, yi AP/kPa’ vy, T2 o
0.000 0.16 0.16  0.000 0.000 0.00 21.411  1.000 -
0.008 11.73 10.69  0.005 0.985 1.04 19.765 1.000 12493.35
0.015 20.48 19.92  0.011 0.992 0.56 18.304 1.001 11464.79
0.024 30.36 31.06  0.018 0.995 -0.70 16.510 1.002 10205.85
0.030 36.90 36.29  0.023 0.996 0.61 15.653 1.004 9567.37
0.035 41.90 4126  0.027 0.996 0.64 14.827 1.005 9169.32
0.040 45.67 4590  0.032 0.996 -0.23 14.045 1.007  8426.93
0.045 49.12 50.07  0.037 0.997  -0.95 13.331 1.008  7972.77
0.069 63.88 64.59  0.058 0.997 -0.71 10.747 1.019 6230.44
0.102  78.03 77.35  0.090 0.998 0.68 8.269 1.041  4816.46
0.162 88.88 88.97  0.150 0.998 -0.09 5.660 1.095 2976.79
0.222  93.93 94.08 0.210 0.998  -0.15 4256 1.165 2203.81
0.279 96.52 96.64  0.270 0.998 -0.12 3.409 1.250 1591.75
0.363  99.10 98.54  0.355 0.998 0.56 2,636  1.404  1066.95
0.552 100.15 100.16  0.549 0.998 -0.01 1.733  1.981 513.44
0.290 96.90 96.92  0.279 0.998  -0.02 3304  1.265 151831
0.323 98.30 97.73 0.311 0.998 0.57 2987 1.319 1301.59
0.395 99.40 98.90  0.381 0.998 0.50 2463 1460 1012.51
0.444 99.63 9942  0.430 0.998 0.21 2.194  1.580 826.49
0.490 99.87 99.76  0.476 0.998 0.11 1.990 1.713  687.48
0.547 100.05 100.09  0.533 0.998 -0.04 1.784 1.915 547.83
0.646 100.37 100.50 0.633 0.998  -0.13 1.506 2.427  361.63
0.748 100.51 100.86  0.737 0.998 -0.35 1.298  3.363 222.33
0.790 100.65 101.04 0.780 0.998  -0.39 1.229 3996  175.90
0.836 100.80 101.29  0.828 0.998 -0.49 1.160  5.064 129.53
0.889 100.92 101.72  0.883 0.999  -0.80 1.092  7.270 88.03
0.948 102.73 102.70  0.945 0.999 0.03 1.030 13.897 44.45
0.961 103.11 103.09  0.959 0.999 0.02 1.019 17.147  35.68
0.967 103.51 103.32  0.965 0.999 0.19 1.015 19.265 29.92
0.994 104.30 10491 0994 0999  -0.61 1.001 39359  15.34
1.000 105.47 105.47 1.000 1.000 0.00 1.000 49.172 -

AP P-peF
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Table 7.14. Regressed data for the n-Hexane (1) +Morpholine-4-carbaldehyde (2) system at

343.15 K using the T-K Wilson + V-mTS model (manual mode).

Experimental T-K Wilson + V-mTS

z;z P/KkPa  P/kPa x, yi AP/kPa” 7y T2 a5
0.000 0.16 0.16 0.000 0.000 0.00 19.821 1.000 -
0.008 11.73 10.72  0.006 0.985 1.01 18.354 1.000 11611.95
0.015 20.48 19.86  0.011 0.992 0.62 17.067 1.001 10753.19
0.024 30.36 30.85 0.020 0.995 -0.49 15.491 1.002 9619.34
0.030 36.90 36.11 0.024 0.996 0.79 14.724 1.004 8996.37
0.035 41.90 41.06 0.029 0.996 0.84 13.991 1.005 8675.02
0.040 45.67 45.67  0.033 0.996 0.00 13.301 1.007  8009.98
0.045 49.12 49.83 0.038 0.997 -0.71 12.667 1.008 7604.52
0.069 63.88 64.51 0.060 0.998 -0.63 10.340 1.019 622891
0.102 78.03 77.62 0.092 0.998 0.41 8.062 1.040 4667.56
0.162 88.88 89.70  0.153 0.998 -0.82 5.601 1.094 3074.73
0.222  93.93 94.95 0.213 0.998 -1.02 4239 1.164 2168.44
0.279 96.52 97.45 0.272  0.998 -0.93 3.404 1.248 1570.92
0.363 99.10 99.10 0.357 0.998 0.00 2.633 1.404 1122.43
0.552 100.15 100.07 0.550 0.998 0.08 1.726  1.992 510.13
0.290 96.90 97.72 0.282 0.998 -0.82 3299  1.263 1498.86
0.323 98.30 98.44  0.314 0.998 -0.14 2983 1.318 1285.92
0.395 99.40 99.37 0.384 0.998 0.03 2459 1.462 1002.27
0.444 99.63 99.71 0.433 0.998 -0.08 2.189 1.584 818.77
0.490 99.87 99.90 0.478 0.998 -0.03 1.984 1.719 681.71
0.546 100.05 100.04 0.534 0.998 0.01 1.777  1.925 543.45
0.646 100.37 100.19  0.635 0.998 0.18 1.498  2.448 359.14
0.748 100.51 100.39 0.739 0.998 0.12 1.290  3.405 220.96
0.790 100.65 100.54  0.781 0.998 0.11 1.221  4.049 174.87
0.836 100.80 100.79  0.829 0.998 0.01 1.154 5.131 128.71
0.889 100.92 101.28 0.884 0.999 -0.36 1.087  7.337 87.52
0.948 102.73 102.46 0946 0.999 0.27 1.028 13.719 44.20
0.961 103.11 102.90 0.959 0.999 0.21 1.017 16.716 35.49
0.967 103.51 103.16  0.966 0.999 0.35 1.013 18.624 32.45
0.994 104.30 104.90 0.994 0.999 -0.60 1.001  35.250 15.34
1.000 105.47 105.47 1.000 1.000 0.00 1.000 42.583 -

AP  P-P<F

141



CHAPTER SEVEN

Discussion

Table 7.15. Regressed data for the n-Hexane (1) +Morpholine-4-carbaldehyde (2) system at
363.15 K using the Wilson + V-mTS model (manual mode).

Experimental Wilson + V-mTS

zi1 P/KkPa  P™/kPa x yi  AP/kPa" 1 72 a5
0.000 0.49 0.49 0.000 0.000 0.00 12.874 1.000 -
0.008 12.31 12.18  0.005 0.960 0.13 12.260 1.000 4363.60
0.015 22.87 22.47  0.011 0.978 0.40 11.717 1.001 4169.93
0.024 3490 3592  0.018 0.986 -1.02 11.001 1.001 3870.30
0.030 42.61 42.68  0.022 0.988 -0.07 10.638 1.002 3705.66
0.035 49.03 49.32 0.026 0.990 -0.29 10.280 1.003 3578.69
0.040 55.36 55.52  0.031 0.991 -0.16 9.944 1.004 3449.61
0.045 60.89 61.46 0.035 0.992 -0.57 9.618 1.005 3294.29
0.069 84.79 84.57  0.055 0.994 0.22 8.329 1.012 2788.78
0.102 108.92 109.38 0.086 0.995 -0.46 6.877 1.027 2259.25
0.162 137.32 13743 0.144 0.996 -0.11 5.082 1.067 1555.86
0.222 153.19 152.70  0.204 0.997 0.49 3964 1.125 1142.33
0.279 162.82 161.37 0.264 0.997 1.45 3235 1.196 870.21
0.363 168.78 168.45 0.350 0.997 0.33 2.535 1.333 616.65
0.552 17443 175.08 0.546 0.997 -0.65 1.685 1.856 285.66
0.290 163.26 162.30 0.272 0.997 0.96 3.149 1.208 832.88
0.323 165.64 165.22 0.304 0.997 0.42 2.870 1.254  737.30
0.395 170.04 169.67 0.373 0.997 0.37 2397 1.375 558.88
0.444 172.36 171.74 0.421 0.997 0.62 2.147 1479 472.67
0.490 173.97 173.21 0.466 0.997 0.76 1.954 1.594 393.53
0.547 174.29 174.61 0.523 0.997 -0.32 1.755 1.771  313.59
0.646 175.84 176.42 0.624 0.997 -0.58 1.485 2.217 214.60
0.748 176.80 177.99 0.730 0.997 -1.19 1.281 3.029 136.89
0.790 178.30 178.71  0.773 0.997 -0.41 1.213  3.570 108.41
0.836 178.45 179.68 0.822 0.997 -1.23 1.147 4.468 82.84
0.889 179.64 181.25 0.879 0.998 -1.61 1.082  6.252 54.92
0.948 183.95 184.39 0.943 0.998 -0.44 1.025 11.068  30.05
0.961 184.90 18548 0.957 0.998 -0.58 1.015 13.168 24.80
0.967 185.50 186.10 0.964 0.998 -0.60 1.011 14458 21.93
0.994 189.88 189.83  0.994 0.999 0.05 1.001 24.411 12.67
1.000 190.95 190.95 1.000 1.000 0.00 1.000 28.229 -

AP P-P“F
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Table 7.16. Regressed data for the n-Hexane (1) +Morpholine-4-carbaldehyde (2) system at

363.15 K using the T-K Wilson + V-mTS model (manual mode).

Experimental T-K Wilson + V-mTS

zi1 P/KkPa  P™/kPa x yi  AP/kPa" 1 72 a5
0.000 0.49 0.49 0.000 0.000 0.00 11.971  1.000 -
0.008 12.31 1220  0.006 0.960 0.11 11.420 1.000 4061.03
0.015 22.87 2249  0.011 0.978 0.38 10.934 1.001 3871.58
0.024 34.90 35.81  0.019 0986  -091 10.299 1.001 3616.93
0.030 42.61 42.60  0.024 0.988 0.01 9.973  1.002 3479.90
0.035 49.03 49.19  0.028 0.990 -0.16 9.654 1.003 3368.65
0.040 55.36 5536 0.033 0.991 0.00 9.353  1.004 3241.57
0.045 60.89 61.26  0.037 0.992 -0.37 9.064 1.005 3109.76
0.069 84.79 84.31  0.058 0.994 0.48 7.907 1.012 2646.28
0.102 108.92 109.15 0.089 0.995 -0.23 6.597 1.027 2162.29
0.162 137.32 137.54 0.148 0.996  -0.22 4946 1.067 1505.60
0.222 153.19 153.10  0.209 0.997 0.09 3.893  1.124 1112.72
0.279 162.82 161.86  0.268 0.997 0.96 3.194  1.195 851.68
0.363 168.78 168.81 0.354 0.997 -0.03 2.513  1.331 606.46
0.552 174.43 17474  0.549 0997  -0.31 1.674 1.860  292.69
0.290 163.26 162.80 0.276 0.997 0.46 3.111  1.207 841.88
0.323 165.64 165.70  0.308 0.997  -0.06 2.839 1.253  722.85
0.395 170.04 169.98 0.377 0.997 0.06 2376  1.375 54942
0.444 172.36 171.88  0.425 0.997 0.48 2.129  1.480 465.37
0.490 173.97 173.17 0.470 0.997 0.80 1.938 1.597 387.72
0.547 174.29 17436 0.526 0.997  -0.07 1.742  1.775  309.34
0.646 175.84 175.84 0.627 0.997 0.00 1.474  2.229  212.05
0.748 176.80 177.23  0.732 0997  -0.43 1.272  3.052 135.44
0.790 178.30 177.93  0.775 0.997 0.37 1.206 3.598 107.24
0.836 178.45 178.95 0.824 0.997  -0.50 1.140 4498  81.99
0.889 179.64 180.65 0.880 0.998 -1.01 1.077 6.264 54.36
0.948 183.95 184.11 0.944 0.998  -0.16 1.023  10.866  29.77
0.961 184.90 185.29 0.958 0.998 -0.39 1.014 12.803 24.55
0.967 185.50 18594 0964 0.998  -0.44 1.010 13.972  23.10
0.994 189.88 189.82  0.994 0.999 0.06 1.000 22.548 15.84
1.000 190.95 190.95 1.000 1.000 0.00 1.000 25.658 -

AP P-pF
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Table 7.17. Regressed data for the n-Hexane (1) +Morpholine-4-carbaldehyde (2) system at
393.15 K using the Wilson + V-mTS model (manual mode).

Experimental Wilson + V-mTS

z1 P/kPa P““/kPa  x; yi  AP/kPa" 1 72 a5
0.000 2.18 2.18 0.000 0.000 0.00 16.575 1.000 -
0.008 24.17 23.68  0.004 0.907 0.49 15.831 1.000 2544.67
0.015 42.98 44.01 0.008 0.949 -1.03 15.128 1.000 2402.96
0.024 69.88 68.68  0.013 0.967 1.20 14.273 1.001 2235.24
0.030 82.99 83.28  0.016 0.973 -0.29 13.766  1.002 2134.18
0.035 97.19 96.22 0.019 0.976 0.97 13.316 1.002 2055.55
0.040 110.26 109.01 0.023 0.979 1.25 12.870 1.003 1968.76
0.045 122.95 121.17 0.026 0.981 1.78 12.444 1.004 1896.06
0.069 171.25 172.83  0.043 0.986 -1.58 10.612 1.009 1559.86
0.102 227.23 229.16  0.070 0.989 -1.93 8.542 1.023 1216.87
0.162 291.50 293.62 0.126 0.991 -2.12 5.965 1.063 788.93
0.222 325.96 326.63 0.187 0.992 -0.67 4438 1.122  546.70
0.279 34531 34393  0.248 0.993 1.38 3.502 1.198 401.48
0.363 358.94 356.93 0.338 0.993 2.01 2.658 1.343 270.43
0.552 366.73 368.19 0.541 0.993 -1.46 1.708 1.896 122.36
0.290 346.96 34524  0.255 0.993 1.72 3.424 1.207 387.64
0.323 352.20 350.38 0.284 0.993 1.82 3.106 1.252  337.67
0.395 359.23 358.16  0.351 0.993 1.07 2.567 1.367 255.18
0.444 362091 361.76  0.398 0.993 1.15 2.284 1.466 211.79
0.490 365.03 36430 0.442 0.993 0.73 2.067 1.576 178.87
0.547 367.55 366.73  0.498 0.993 0.82 1.845 1.743  144.85
0.646 368.94 369.96 0.601 0.993 -1.02 1.543  2.169 97.09
0.748 370.76 37294 0.710 0.993 -2.18 1.315 2.944 60.58
0.790 373.05 37435 0.756 0.993 -1.30 1.240 3.461 48.71
0.836 374.21 376.33  0.808 0.994 -2.12 1.165 4.326 36.39
0.889 378.39 379.58 0.868 0.994 -1.19 1.093  6.057 24.29
0.948 385.34 386.30 0.938 0.995 -0.96 1.028 10.871 12.62
0.961 388.11 388.65 0.953 0.995 -0.54 1.018 13.024 10.58
0.967 389.52 389.97 0.961 0.996 -0.45 1.013 14.363 9.45
0.994 398.28 397.96 0.993 0.999 0.32 1.001 25.011 5.26
1.000 400.27 400.27 1.000 1.000 0.00 1.000 29.194 -

"AP PP
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Table 7.18. Regressed data for the n-Hexane (1) +Morpholine-4-carbaldehyde (2) system at

393.15 K using the T-K Wilson + V-mTS model (manual mode).

Experimental T-K Wilson + V-mTS

zi1 P/KkPa  P™/kPa x yi  AP/kPa" 1 72 a5
0.000 2.18 2.18 0.000 0.000 0.00 14.345 1.000 -
0.008 24.17 24.17  0.005 0.909 0.00 13.717 1.000 2199.15
0.015 4298 4456  0.009 0950  -1.58 13.134 1.000 2083.34
0.024 69.88 69.60  0.015 0.967 0.28 12.417 1.001 1935.55
0.030 82.99 83.99 0.019 0973  -1.00 12.004 1.002 1866.61
0.035 97.19 96.98 0.022 0.976 0.21 11.630 1.002 1790.09
0.040 110.26 109.66  0.026 0.979 0.60 11.264 1.003 1722.79
0.045 122.95 121.72  0.030 0.981 1.23 10.914 1.004 1657.39
0.069 171.25 172.21 0.048 0.986  -0.96 9.431 1.010 1394.81
0.102 227.23 227.70  0.077 0.989 -0.47 7.738  1.023 1099.47
0.162 291.50 292.49  0.134 0.991 -0.99 5578 1.063 74245
0.222 325.96 326.68 0.195 0.992 -0.72 4243  1.122  523.79
0.279 34531 34475  0.256 0.993 0.56 3.395  1.197  389.01
0.363 358.94 357.97 0.345 0.993 0.97 2.606 1.341 265.03
0.552 366.73 368.01 0.546 0.993  -1.28 1.691 1.897 121.60
0.290 346.96 346.15 0.263 0.993 0.81 3321 1.207 375.88
0.323 352.20 35145 0.293 0.993 0.75 3.024  1.251 333.04
0.395 359.23 359.23  0.359 0.993 0.00 2.515  1.367 249.70
0.444 36291 362.62  0.406 0.993 0.29 2245 1467 207.80
0.490 365.03 364.88 0.450 0.993 0.15 2.035 1.578 17598
0.547 367.55 366.90 0.506 0.993 0.65 1.820 1.748 140.74
0.646 368.94 36941 0.607 0.993 -0.47 1.526  2.181 94.64
0.748 370.76 371.86  0.715 0.993  -1.10 1.303 2970 59.24
0.790 373.05 373.18 0.760 0.993  -0.13 1.230 3.494  47.64
0.836 374.21 375.16 0.811 0.994  -0.95 1.158 4367  35.62
0.889 378.39 378.60 0.871 0.994  -0.21 1.087 6.097 2420
0.948 385.34 385.82 0939 0995  -0.48 1.026 10.761  12.88
0.961 388.11 388.31 0954 0.996 -0.20 1.016 12.783  10.62
0.967 389.52 389.70 0961 0.996  -0.18 1.012 14.020 9.75
0.994 398.28 397.93  0.993 0.999 0.35 1.001 23426 5.61
1.000 400.27 400.27  1.000 1.000 0.00 1.000 26.945 -

"AP  P-p™F
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Figure 7.16. P-x-y plot for the n-Hexane (1) + Morpholine-4-carbaldehyde (2) system at

343.15 K (manual mode). X, P-x Experimental; —, Wilson model + V-mTS; ---, T-K Wilson +

V-mTS model;", Coexistence Equation.
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Figure 7.17. Relative volatility (a;,)-x plot for the n-Hexane (1) + Morpholine-4-carbaldehyde

(2) system at 343.15 K (manual mode). —, Wilson model + V-mTS; ---, T-K Wilson model +

V-mTS; ', Coexistence Equation.
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Figure 7.18. P-x-y plot for the n-Hexane (1) + Morpholine-4-carbaldehyde (2) system at
363.15 K (manual mode). X, P-x Experimental; —, Wilson model + V-mTS; ---, T-K Wilson +

V-mTS model; ', Coexistence Equation.
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Figure 7.19. Relative volatility (a,,)-x plot for the n-Hexane (1) + Morpholine-4-carbaldehyde
(2) system at 363.15 K (manual mode). —, Wilson model + V-mTS; ---, T-K Wilson model +

V-mTS; ', Coexistence Equation.
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Figure 7.20. P-x-y plot for the n-Hexane (1) + Morpholine-4-carbaldehyde (2) system at
393.15 K (manual mode). X, P-x Experimental; —, Wilson model + V-mTS; ---, T-K Wilson

model + V-mTS; ~, Coexistence Equation.
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Figure 7.21. Relative volatility (a;,)-x plot for the n-Hexane (1) + Morpholine-4-carbaldehyde
(2) system at 393.15 K (manual mode). —, Wilson model + V-mTS; ---, T-K Wilson model +

V-mTS; ", Coexistence Equation.
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Since vapour phase compositions were not measured in this work it was not possible to calculate
activity coefficients directly from the modified Raoult’s law, using experimental data. However the
activity coefficients were determined by fitting experimental data to Gibbs excess energy models
using the method of Barker (1953), and by using the model independent approach. The activity
coefficients as functions of liquid phase composition are presented for each temperature in Figures
7.22 to 7.24. It can be seen that the activity coefficients are strongly influenced by the model

selected, especially in the dilute regions.

It is therefore assumed that the activity coefficients determined by the model-independent method,

are closer to the “true” value of the activity coefficient.

The infinite dilution activity coefficients (IDACs) were calculated by extrapolation of modelled
data, the Maher and Smith method (1978b) (outlined in detail in Section 2.8), and by extrapolation
of data by the model independent method (integration of the coexistence equation). It must be
mentioned again that the method of Maher and Smith method (1978b) is also model independent,

except for the calculation of x; from z;. These results are presented in Table 7.19.

The extrapolation of modelled data involved plotting Iny, vs. x,°, and the subsequent extension of
the plot to x, 1, to determine Iny,”. If this plot did not produce a suitable linear relationship
between Iny; and x,°, then direct extrapolation using the regressed activity coefficient model

parameters was performed.

These values only provide an estimate of the limiting activity coefficients and more accurate
methods for the direct measurement of IDACs are recommended in Section 2.8. For the purpose of
estimation the results obtained from the various methods are generally in good agreement with each

other.

As detailed in Section 2.8, the Maher and Smith (1978b) method can only be used if a linear
relationship exists between the deviation pressure, P, and the product of mole fractions, x;x,. The
criterion for linearity was based on the square of the Pearson product-moment correlation
coefficient (PPMCC), denoted R*. The closer the value of R? to unity, the greater is the linearity of
the data. In this work, a R” value greater than 0.95 was regarded as acceptable for the calculation of
IDAC:Ss. The plots used in this calculation are shown in Appendix F.

The limiting activity coefficients for morpholine-4-carbaldehyde at infinite dilution in n-hexane,
was not calculable by the method of Maher and Smith (1978b), as a suitable linear relationship
between, ):—52 or % and the mole fractions, x;, could not be obtained for the system at any of the

temperatures measured. However the limiting activity coefficients for n-hexane at infinite dilution
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in morpholine-4-carbaldehyde, was sufficiently linear. Published data for IDACs of the n-Hexane
(1) + morpholine-4-carbaldehyde (2) at the temperatures considered in this work were not available

in the literature. Therefore the IDACs presented constitutes new data.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X

Figure 7.22. y;-x plot for the n-Hexane (1) + Morpholine-4-carbaldehyde (2) system at 343.15
K (manual mode). —, Wilson model + V-mTS; ---, T-K Wilson model + V-mTS; ",

Coexistence Equation.
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Figure 7.23. y;-x plot for the n-Hexane (1) + Morpholine-4-carbaldehyde (2) system at 363.15
K (manual mode).—, Wilson model +V-mTS; ---, T-K Wilson model +V-mTS; ~, Coexistence

Equation.
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Figure 7.24. v;-x plot for the n-Hexane (1) + Morpholine-4-carbaldehyde (2) system at 393.15
K (manual mode). —, Wilson model + V-mTS; ---, T-K Wilson model + V-mTS; ",

Coexistence Equation.

151



CHAPTER SEVEN

Discussion

Table 7.19. Infinite dilution activity coefficients for the n-Hexane (1) + Morpholine-4-

carbaldehyde (2) system.

Extrapolation Maher and Coexistence
System Smith (1979b) Equation
n-Hexane (1) +Morpholine-4-Carbaldehyde (2)
at 343.15K
7 21.411 20.377 24.460
72" 49.172 - 29.135
n-Hexane (1) +Morpholine-4-Carbaldehyde (2)
at 363.15K
v 11.971 11.886 14.750
12" 25.658 - 28.086
n-Hexane (1) +Morpholine-4-Carbaldehyde (2)
at 393.15K
7~ 14.345 15.639 21.490
72" 26.945 - 27.163

The model fit parameters of the Wilson and T-K Wilson models are often assumed to be
temperature independent. However Walas (1985) has shown that this assumption is not accurate.
The temperature dependence of the model parameters are presented in Figures 7.25 and 7.26. The
temperature dependence was expressed in terms of a second order polynomial in this work. The
fitting parameters for this polynomial were determined by least squares regression. Since the V-
mTS EOS provided the lowest average pressure residuals for both activity coefficient models, only

these plots are presented.
The excess enthalpy and excess entropy were calculated based on the methods discussed in Section

E
2.10. The Gibbs-Helmholtz (equation 2.97) was used for this calculation. The differential T [G—]

RT
E
G
AT

important that a linear plot be generated, as this allows for a good approximation of the slope

. GE iy .
was approximated from the slope of the = versus T plot, , at constant composition. It is

E
relating to T [%] The criterion for linearity of the plot was determined using the PPMCC. A R*

value greater than 0.90 was regarded to be sufficient for the calculation of the excess properties.

The results of this calculation are presented in Table H-1 of Appendix H, and in graphical form in

E
Figure 7.27. The model that provided the best linearity in terms of the % versus T plot, is
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E
presented, which was the T-K + Wilson-V-mTS model. The linearity % versus T plot for this

system was generally not optimal (R*=0.75), but showed some discrepancy between the mole
fractions of 0.3 and 0.55 n-hexane. This region is constrained within a dotted segment in Figure
7.27. The excess properties calculated within this segment may not be accurate and must thus be

treated with slightly less confidence. This deviation may be due to the fact that the extreme values

of the excess properties occur in this composition region. A rapid change in [ﬁ] occurs, and it

a*
RT

AT °

A
: . G*
therefore may not be accurate to simply estimate T [—] as

RT

Smith et al. (2005) have classified the excess enthalpy behaviour of a variety of binary mixtures,
including non-polar/non-polar mixtures to polar-associating/polar-associating mixtures. The n-
hexane + morpholine-4-carbaldehyde mixture exhibits positive excess enthalpy and excess Gibbs
energy, and negative excess entropy, for the entire composition range at the experimental
temperatures considered in this work. According to the classification of Smith et al. (2005), this
behaviour is characteristic of a non-polar/polar-associating mixture. Since n-hexane is considered a
non-polar component, this classification suggests that morpholine-4-carbaldehyde is probably polar
with some degree of association in the liquid phase. Excess enthalpy and entropy data was not
available in the literature for this system at the temperatures considered. Therefore this constitutes

new data.
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Figure 7.25. Temperature dependence of the Wilson model parameters using the V-mTS EOS
for the n-Hexane (1) + Morpholine-4-carbaldehyde system.
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Figure 7.26. Temperature dependence of the T-K Wilson model parameters using the V-mTS
EOS for the n-Hexane (1) + Morpholine-4-carbaldehyde system.
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Figure 7.27. Excess thermodynamic properties (G*, H*, TS® for the n-Hexane (1) +
Morpholine-4-carbaldehyde (2) system. ¢, G%; 0, H"; m, S* at 343.15 K, e, G*; o, H"; +, S* at
363.15K, A, G"; A, H"; 0, S" at 393.15 K, using the T-K Wilson + V-mTS model.

7.5.2.3 n-Heptane (1) + morpholine-4-carbaldehyde (2)

The results presented in Table 7.20 reveal that the Wilson + V-mTS and T-K Wilson + V-mTS
models generally provide the lowest average pressure residual (AP4yg) for the three isotherms
measured for this system. More specifically the Wilson model performs better at 343.15 K and
363.15 K for this system, whereas the T-K Wilson equation provides a superior fit at 393.15 K. The
success of the Wilson-type models for the correlation of the measured data for the n-
hexane/morpholine-4-carbaldehyde system has been discussed in Section 7.5.2.2, and was found to
also apply to the modelling performed on the measured data for the n-heptane/morpholine-4-

carbaldehyde system.

In all cases the modified Tsonopoulos, (Long et al., 2004), (V-mTS) proved more capable of
modelling the vapour phase, via the virial EOS than the Hayden-O’Connell (1975) correlation. This

suggests that for this system, the degree of association of molecules in the vapour phase is minimal.

The experimental data, model fits and relative volatility calculation results are presented in Tables
7.21 to 7.26 and graphically in Figures 7.28 to 7.33.The vapour compositions calculated by the

model independent approach are also presented in these plots. It can be seen that these results
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compare well with results obtained by the model dependent methods and the differences in the
calculated relative volatilities is attributed to the sensitivity of the relative volatility function to

minor differences in y;, and x;.

Similar to the n-hexane + morpholine-4-carbaldehyde system, no azeotropes were observed for this
system, at the measured temperatures. Again conventional distillation or a single stage flash is

suggested for the separation of these two components.

Table 7.20. Model parameters and average pressure residuals for the n-Heptane (1) +

Morpholine-4-carbaldehyde (2) system at measured temperatures.

Equation V-mTS V-HOC

343.15K  363.15K 393.15K 343.15K  363.15K 393.15K

Wilson

(M2 - A/ J.mol 1039.60 7590.90 6624.80 1041.63 7620.74 6675.51
(M) / J.mol 6591.00 7338.30 11115.30 6621.66 7380.78 11158.48
AP svg /kPa 0.103 0.175 0.815 0.109 0.176 0.816
T-K Wilson

(M2 -/ J.mol! 9778.10 7013.50 5738.70 9799.60 7047.20 5800.40
(AMa-ha) / J.mol! 5924.70 6723.20 9794.70 5950.24 6758.37 9742.13
AP svg /kPa 0.309 0.401 0.798 0.315 0.416 0.856

1 oo
APy - E P P
n
1
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Table 7.21. Regressed data for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at
343.15 K using the Wilson + V-mTS model.

Experimental Wilson + V-mTS

zz P/kPa  P™/kPa x, yi AP /kPa’ T T2 02
0.000 0.15 0.15 0.000 0.000 0.00 134.389 1.000 -
0.007 10.40 10.57  0.003 0.986 -0.17 103.416 1.000 27309.33
0.009 13.60 13.65 0.004 0.989 -0.05 93.880 1.001 24435.52
0.009 14.20 1430  0.004 0.989 -0.10 91.814 1.001 23614.71
0.019 23.88 23.84 0.010 0.994 0.04 59.921 1.004 15286.16
0.026 27.81 27.73  0.015 0.994 0.08 45.164 1.007 11504.76
0.038 31.61 31.39 0.027 0.995 0.22 29.016 1.017  7226.37
0.054 33.37 33.12  0.042 0.995 0.25 19.536 1.031  4830.28
0.095 34.39 34.38 0.083 0.996 0.01 10.209  1.075 2434.51
0.164 34.85 3482  0.154 0.996 0.03 5.586 1.163  1213.42
0.209 34.94 34.94 0.200 0.996 0.00 4319 1.229 884.34
0.319 35.02 3513 0.312 0.996 -0.11 2.784 1.427 498.73
0.376 35.15 35.24 0.371 0.996 -0.09 2.350 1.557 383.79
0.436 35.38 3536 0.432 0.996 0.02 2.027 1.720 298.11
0.503 35.44 35.51 0.499 0.996 -0.07 1.759 1.945 227.09
0.562 35.54 35.67  0.559 0.996 -0.13 1.578 2.198 182.60
0.613 35.90 35.84 0.611 0.996 0.06 1.450 2.478 147.18
0.643 35.90 3595  0.642 0.996 -0.05 1.386  2.673 132.44
0.576 35.60 35.71 0.571 0.996 -0.10 1.547 2.254 174.26
0.735 36.41 36.38  0.731 0.996 0.03 1.230 3.470 89.34
0.778 36.66 36.66 0.775 0.996 0.00 1.170 4.047 72.46
0.827 37.02 37.05  0.824 0.996 -0.03 1.112  4.955 56.07
0.882 37.62 37.67 0.880 0.997 -0.05 1.059 6.578 40.16
0.945 38.40 38.75  0.943 0.998 -0.35 1.016 10.167 24.94
0.958 38.70 39.07  0.957 0.998 -0.37 1.009 11.448 22.26
0.965 39.00 39.25  0.964 0.998 -0.25 1.007 12.217 20.47
0.972  39.20 3945  0.972 0.999 -0.25 1.004  13.097 19.46
0.987 39.76 39.91 0.986 0.999 -0.15 1.001 15.284 17.22
0.994 40.10 40.17 0.994 1.000 -0.07 1.000 16.662 15.08
1.000 40.40 40.40 1.000 1.000 0.00 1.000 17.924 -

"AP  P-pF
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Table 7.22. Regressed data for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at

343.15 K using the T-K Wilson + V-mTS model.

Experimental T-K Wilson + V-mTS

z; P/kPa P/kPa  x, yi AP /kPa’ 7 7 o,
0.000 0.15 0.15 0.000 0.000 0.00 114.472  1.000 -
0.007 10.40 10.52  0.003 0.986 -0.12 89.684 1.000 23368.42
0.009 13.60 13.56  0.004 0.989 0.04 82.122 1.001 21252.89
0.009 14.20 1420  0.004 0.989 0.00 80.503 1.001 20724.91
0.019 23.88 23.78 0.011 0.994 0.10 54972  1.004 13999.58
0.026 27.81 27.91 0.016 0.994 -0.10 42.645 1.007 10716.38
0.038 31.61 32.05 0.028 0.995 -0.44 28.412 1.016 7075.83
0.054 33.37 3410  0.043 0.995 -0.73 19.552 1.030 4792.67
0.095 34.39 35.50 0.085 0.996 -1.11 10.386  1.074  2451.51
0.164 34.85 35.64  0.155 0.996 -0.79 5.672 1.164 1229.79
0.209 34.94 35.53 0.201 0.996 -0.59 4.366 1.231 898.34
0.319 35.02 35.25 0.313 0.996 -0.23 2.784 1.436 496.41
0.376 35.15 35.15 0.372 0.996 0.00 2.339 1.572 373.94
0.436 35.38 35.10  0.432 0.996 0.28 2.008 1.741 290.51
0.503 35.44 35.12 0.500 0.996 0.32 1.738 1.976 221.31
0.562 35.54 3520  0.560 0.996 0.34 1.555 2.239 178.00
0.613 35.90 35.32 0.612 0.996 0.58 1.428 2.527 143.45
0.643 35.90 3542 0.642 0.996 0.48 1.364 2.728 126.07
0.576 35.60 35.22 0.571 0.996 0.38 1.525 2.297 169.79
0.735 36.41 35.87  0.732 0.996 0.54 1.213 3.535 87.03
0.778 36.66 36.19 0.775 0.996 0.47 1.155 4.106 70.48
0.827 37.02 36.67 0.824 0.996 0.36 1.100 4.983 55.96
0.882 37.62 37.40 0.880 0.997 0.22 1.051 6.484 41.30
0.945 38.40 38.65 0.944 0.998 -0.25 1.013 9.539 27.16
0.958 38.70 39.01 0.957 0.998 -0.31 1.008  10.552 24.68
0.965 39.00 39.21 0.965 0.998 -0.21 1.005 11.144 22.97
0.972 39.20 3942  0.972 0.999 -0.22 1.004 11.806 20.77
0.987 39.76 3990 0.986 0.999 -0.14 1.001  13.389 19.68
0.994 40.10 40.17 0.994 1.000 -0.07 1.000 14.344 20.11
1.000 40.40 40.40 1.000 1.000 0.00 1.000 15.193 -

AP P-p%¢
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Table 7.23. Regressed data for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at
363.15 K using the Wilson + V-mTS model.

Experimental Wilson + V-mTS

z, P/kPa P“/kPa  x, yi AP/kPa" v, 12 o
0.000 0.49 0.49 0.000 0.000 0.00 44.695 1.000 -
0.007 9.89 9.84 0.003 0.950 0.05 40.104 1.000 6071.67
0.009 12.91 13.03 0.004 0.962 -0.12 38.514 1.000 5862.08
0.009 13.62 13.62 0.005 0.964 0.00 38.221 1.000 5856.31
0.019 25.22 2522 0.010 0.980 0.00 32314 1.002 4875.87
0.026 32.11 32.10 0.014 0.984 0.01 28.690 1.003 4291.07
0.038 42.41 4248  0.024 0988  -0.07 22964 1.007 3391.65
0.054 51.09 51.08 0.037 0.990 0.01 17.838 1.015 2598.55
0.095 61.80 61.74  0.075 0.992 0.06 10.434 1.047 1465.16
0.164 66.91 66.74 0.146 0.992 0.17 5.801 1.124  752.59
0.209 68.09 67.83  0.193 0.993 0.26 4472 1.185 554.40
0.319 69.28 68.96 0.307 0.993 0.32 2.857 1373  303.50
0.376  69.55 69.29  0.366 0.993 0.26 2.403 1.499 235.46
0.436 69.58 69.57 0.428 0.993 0.02 2.065 1.655 181.96
0.503  69.94 69.88  0.496 0.993 0.06 1.788  1.873  140.00
0.562 70.18 70.18 0.557 0.993 0.00 1.600 2.120 109.76
0.613 70.20 70.47  0.610 0.993  -0.27 1.467 2393  89.52
0.643 70.34 70.66 0.640 0.993 -0.32 1.401 2.584 79.73
0.576  70.10 70.23  0.566 0.993  -0.13 1.575 2.164 107.14
0.735 71.32 71.38 0.728 0.993 -0.06 1.245 3.339 54.71
0.778 71.60 71.85  0.772 0.993  -0.25 1.182  3.904  43.91
0.827 72.33 72.53 0.821 0.994 -0.20 1.121  4.806 33.83
0.882 73.30 73.60  0.878 0.994  -0.30 1.064 6.452 2391
0945 75.11 75.53 0.943 0.996 -0.42 1.018 10.257 14.46
0.958 75.58 76.11 0957 0996  -0.53 1.011 11.669 12.56
0.965 76.06 76.45 0.964 0.997 -0.39 1.008 12.532 11.70
0.972  76.50 76.82 0971 0997  -0.32 1.005 13.530 10.95
0.987 77.60 77.68 0.986 0.999 -0.08 1.001 16.070 9.31
0.994 78.52 78.18 0.994 0.999 0.34 1.000 17.712 7.67
1.000 78.59 78.59 1.000 1.000 0.00 1.000 19.244 -
AP P-P

159



CHAPTER SEVEN

Discussion

Table 7.24. Regressed data for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at

363.15 K using the T-K Wilson + V-mTS model.

Experimental T-K Wilson + V-mTS

z; P/kPa P“/kPa  x, y; AP /kPa’ Y1 Y2 02
0.000 0.49 0.49 0.000 0.000 0.00 39.661 1.000 -
0.007  9.90 9.75 0.003 0.949 0.15 35.894 1.000 5488.30
0.009 12.90 1290  0.005 0.962 0.00 34.597 1.000 5302.97
0.009 13.61 13.49  0.005 0.963 0.12 34354 1.000 5208.61
0.019 2522 25.02  0.011 0.980 0.20 29.501 1.002 4446.41
0.026 32.11 31.93  0.016 0.984 0.18 26.496 1.003 3956.49
0.038 4241 4255  0.025 0.988 -0.14 21.666 1.007 3211.95
0.054 51.09 51.64  0.038 0.990 -0.54 17206 1.015 2504.42
0.095 61.80 63.36  0.078 0.992 -1.56 10.414 1.046 1457.63
0.164 6691 68.63  0.148 0.993 -1.72 5877 1.123  769.74
0.209 68.09 69.47  0.195 0.993 -1.38 4.529 1.185 562.10
0.319 69.28 69.75  0.308 0.993 -0.47 2.872 1.378  304.96
0.376 69.55 69.66  0.368 0.993 -0.11 2404 1509 233.64
0.436 69.58 69.58  0.429 0.993 0.00 2.058 1.672  180.78
0.503 69.94 69.56  0.498 0.993 0.38 1.775  1.900 137.30
0.562 70.18 69.65  0.558 0.993 0.53 1.585 2.157 107.67
0.613 70.19 69.82  0.611 0.993 0.37 1451 2.441 86.65
0.643  70.35 69.96  0.641 0.993 0.39 1.385 2.639  77.16
0.576  70.10 69.67  0.568 0.993 0.43 1.559 2.203 103.64
0.735 71.31 70.62  0.728 0.993 0.69 1.231 3415  52.89
0.778 71.60 7113 0.772 0.993 0.47 1.169 3.986  43.06
0.827 7233 7191  0.822 0.994 0.42 1.111 4879  33.17
0.882 73.30 73.15  0.878 0.994 0.15 1.057 6.454  23.82
0.945 75.11 7536 0.943 0.996 -0.25 1.015 9.840 15.13
0.958 75.58 76.01  0.957 0.997 -0.42 1.009 11.019 13.23
0.965 76.06 7637  0.964 0.997 -0.31 1.006 11.720 12.41
0972  76.50 76.76  0.971 0.998 -0.26 1.004 12514 11.79
0.987 77.61 77.65  0.986 0.999 -0.04 1.001 14.463 9.98
0.994 78.51 78.16  0.994 0.999 0.35 1.000 15.671 8.76
1.000 78.59 78.59  1.000 1.000 0.00 1.000 16.764 -

AP P-P°
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Table 7.25. Regressed data for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at
393.15 K using the Wilson + V-mTS model.

Experimental Wilson +V-mTS

7 P/kPa P“*/kPa Xy Vi AP /kPa’ Y1 Y2 02
0.000 2.18 2.18 0.000  0.000 0.00 30.526 1.000 -
0.006 12.56 12.45 0.002 0.824 0.11 29.152 1.000 2218.63
0.007 14.21 14.47 0.003  0.848 -0.26 28.881 1.000 2226.00
0.009 19.05 19.59 0.004  0.887 -0.54 28.194 1.000 2179.10
0.021 39091 39.78 0.009 0.944 0.13 25467 1.001 1932.31
0.026 46.85 48.05 0.011  0.953 -1.20 24338 1.001 1844.08
0.038  67.07 67.59 0.017  0.966 -0.52 21.640 1.003 1628.76
0.054  88.05 89.27 0.027 0.974 -1.22 18.566 1.006 1376.30
0.095 129.32 129.63 0.057  0.982 -0.31 12.427 1.024  890.80
0.166 162.95 159.83 0.126  0.985 3.12 6.881 1.085 459.02
0.200 167.94 165.62 0.162  0.986 2.32 5.531 1.125 354.05
0.221 169.13 167.99 0.185 0.986 1.14 4910 1.154 306.04
0.249 171.74 170.18 0.215 0.986 1.56 4279 1.194 25745
0.286 173.01 172.11 0.254  0.986 0.90 3.652 1.253  209.56
0.332 174.13 173.66 0.305 0.986 0.47 3.0609 1.340 163.89
0.399 175.22 174.93 0.377  0.987 0.29 2.501  1.490 120.70
0.554 175.95 176.29 0.543  0.987 -0.34 1.751 2.017  62.07
0.623 175.51 176.66 0.615 0.987 -1.15 1.548 2.390 46.42
0.454 175.20 175.59 0.439 0.987 -0.39 2.157 1.650  93.42
0.499 175.52 175.94 0.484 0.987 -0.42 1.959  1.791 78.49
0.665 176.03 176.84 0.651 0.987 -0.81 1.463  2.635 39.70
0.712 176.25 177.09 0.700  0.987 -0.84 1.363  3.051 32.07
0.767 176.35 177.43 0.756  0.987 -1.08 1.264 3.734 2431
0.797 176.37 177.66 0.788  0.987 -1.29 1.215 4271 20.32
0.831 177.15 177.98 0.822  0.987 -0.83 1.166  5.068 16.54
0.867 177.31 178.44 0.860  0.987 -1.13 1.118  6.339 12.67
0.906 177.61 179.16 0.901  0.988 -1.55 1.071  8.693 8.82
0.949 180.04 180.50 0.946  0.989 -0.46 1.029 14.388 5.11
0.963 180.60 181.16 0.961 0.990 -0.56 1.017 18.091 4.03
0.977 181.21 181.98 0.976  0.992 -0.77 1.008 23.968 3.00
0.986 181.90 182.66 0.986 0.994 -0.76 1.003 30.540 2.34
0.996 182.99 183.41 0.996  0.998 -0.42 1.000 41.376 1.75
1.000 183.70 183.70 1.000  1.000 0.00 1.000 48.025 -

"AP  P-PF

161



CHAPTER SEVEN

Discussion

Table 7.26. Regressed data for the n-Heptane (1) +Morpholine-4-carbaldehyde (2) system at

393.15 K using the T-K Wilson + V-mTS model.

Experimental T-K Wilson + V-mTS

zz, PkPa  P"/kPa x, yi  AP/kPa"  y T2 o
0.000 2.18 2.18 0.000 0.000 0.00 25.446  1.000 -
0.006 12.56 1226 0.002 0.821 0.30 24414 1.000 1903.90
0.007 14.21 14.19  0.003 0.845 0.02 24215 1.000 1875.85
0.009 19.05 19.15  0.004 0.885 -0.10  23.705 1.000 1821.02
0.021 3991 38.89  0.010 0.943 1.02 21.661 1.001 1656.19
0.026  46.85 46.85  0.012 0.952 0.00 20.830 1.001 1583.09
0.038 67.07 66.10  0.020 0.966 0.97 18.794 1.003 1411.41
0.054 88.05 87.65  0.030 0.974 0.40 16.455 1.006 1217.99
0.095 129.32 129.54 0.061 0982  -0.22 11.568 1.023  830.72
0.166 162.95 162.95 0.131 0.985 0.00 6.736  1.082  447.72
0.200 167.94 169.23  0.167 0986  -1.29 5473  1.122  351.30
0.221 169.13 171.63 0.190 0.986  -2.50 4.879 1.150 304.86
0.249 171.74 173.66 0220 0986  -1.92 4263 1.191 257.60
0.286 173.01 175.13 0259 0987  -2.12 3.644 1.251 208.96
0.332 174.13 17590 0310 0987  -1.77 3.061 1.341 164.11
0.399 175.22 17597 0381 0.987  -0.75 2487 1496 11947
0.554 175.95 175.01 0.546 0.986 0.94 1.729  2.047  60.36
0.623 175.51 17470 0.618 0.986 0.81 1.525 2438  44.89
0.454 175.20 175.66 0.443 0987  -0.46 2.139  1.662  92.03
0.499 175.52 17536  0.488 0.987 0.16 1.939 1.810 76.82
0.665 176.03 174.62  0.654 0.986 1.41 1.439 2.696  38.35
0.712 176.25 174.64 0.702 0.986 1.61 1.341  3.130  30.77
0.767 176.35 174.87 0.758 0.987 1.48 1.244 3838  23.34
0.797 176.37 175.12  0.789 0.987 1.25 1.196  4.387 19.51
0.831 177.15 175.54  0.824 0.987 1.61 1.149  5.194  15.87
0.867 177.31 176.21  0.861 0.987 1.10 1.103  6.451 12.26
0.906 177.61 177.33  0.902 0.988 0.28 1.060  8.685 8.74
0.949 180.04 179.33  0.947 0.990 0.71 1.023  13.607  5.37
0.963 180.60 180.26  0.961 0.991 0.34 1.013  16.487 440
0.977 181.21 181.36  0.976 0.993 -0.15 1.006 20.635  3.50
0.986 181.90 182.25 0.986 0.995 -0.35 1.002 24.777 291
0.996 182.99 183.26  0.996 0.998 -0.27 1.000 30.751 234
1.000 183.70 183.70  1.000 1.000 0.00 1.000 34.017 -

AP P-P%¢
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Figure 7.28. P-x-y plot for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at
343.15 K. X, P-x Experimental; —, Wilson + V-mTS model; ---, T-K Wilson + V-mTS model;

=, Coexistence Equation.
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Figure 7.29. Relative volatility (a,,) vs. x plot for the n-Heptane (1) + Morpholine-4-
carbaldehyde (2) system at 343.15 K. —, Wilson + V-mTS model; ---, T-K Wilson + V-mTS

model; ', Coexistence Equation.
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Figure 7.30. P-x-y plot for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at
363.15 K. X, P-x Experimental; —, Wilson + V-mTS model; ---, T-K Wilson + V-mTS model;

=, Coexistence Equation.
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Figure 7.31. Relative volatility (a,,) vs. x plot for the n-Heptane (1) + Morpholine-4-
carbaldehyde (2) system at 363.15 K. —, Wilson + V-mTS model; ---, T-K Wilson + V-mTS

model; ', Coexistence Equation.
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Figure 7.32. P-x-y plot for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at
393.15 K. X, P-x Experimental; —, Wilson + V-mTS model; ---, T-K Wilson + V-mTS model;

=, Coexistence Equation.
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Figure 7.33. Relative volatility (a,,) vs. x plot for the n-Heptane (1) + Morpholine-4-
carbaldehyde (2) system at 393.15 K. —, Wilson + V-mTS model; ---, T-K Wilson + V-mTS

model; ", Coexistence Equation.
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The activity coefficients determined by model fitting via the method of Barker (1953) and by using
the model independent approach are presented in Figures 7.34 to 7.36. Again the strong influence

of the selected model on the activity coefficients is evident.

The infinite dilution activity coefficients (IDAC) were calculated by extrapolation of modelled
data, the method of Maher and Smith (1978b) and by the extrapolation of the results of the
integration of the coexistence equation. These results are presented in Table 7.27. For the purpose
of estimation the results obtained from the various methods are generally in good agreement with
each other. The criterion for linearity was again based on the PPMCC. The plots used in this

calculation are shown in Appendix F.

The limiting activity coefficients for morpholine-4-carbaldehyde at infinite dilution in n-heptane,

was not calculable by the method of Maher and Smith (1978b), as a suitable linear relationship

P . .
between, ﬁ or xll)ﬁ and the mole fractions, x;, could not be obtained for the system at any of the
142 D

temperatures measured. However the limiting activity coefficients for n-heptane at infinite dilution
in morpholine-4-carbaldehyde, was sufficiently linear. Published data for IDACs of the n-heptane
(1) + morpholine-4-carbaldehyde (2) at the temperatures considered in this work were not available

in the literature. Therefore the IDACs presented constitutes new data.
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Figure 7.34. y;-x plot for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at 343.15
K. —, Wilson + V-mTS model; ---, T-K Wilson + V-mTS model; ~, Coexistence Equation.
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Figure 7.35. v;-x plot for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at 363.15
K. —, Wilson + V-mTS model; ---, T-K Wilson + V-mTS model; ~, Coexistence Equation.

167



CHAPTER SEVEN Discussion

60

50 §

40

0.4 0.5 0.6 0.7 0.8 0.9 1

X

Figure 7.36. y;-x plot for the n-Heptane (1) + Morpholine-4-carbaldehyde (2) system at 393.15
K. —, Wilson + V-mTS model; ---, T-K Wilson + V-mTS model; ~, Coexistence Equation.

Table 7.27. Infinite dilution activity coefficients for the n-Heptane (1) + morpholine-4-
carbaldehyde system.

Extrapolation Maher and Coexistence
System Smith (1979b) Equation

n-Heptane (1) + Morpholine-4-Carbaldehyde
(2)at343.15K

7 134.389 115.054 70.813
Y2 17.924 - 13.136

n-Heptane (1) + Morpholine-4-Carbaldehyde
(2)at 363.15K

7" 44.695 42.039 50.09
v 19.244 - 11.37

n-Heptane (1) + Morpholine-4-Carbaldehyde
(2)at 393.15K

7" 25.446 28.881 43.093
72" 34.017 - 34.111
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The temperature dependence of the model fit parameters of the Wilson and T-K Wilson models are

presented in Figures 7.37 and 7.38.

Since the V-mTS EOS provided the lowest average pressure residuals for both activity coefficient

models, only these plots are presented.

The excess enthalpy and excess entropy were calculated based on the methods discussed in Section

E
2.10. The criterion for linearity of the plot of % versus T was determined using the PPMCC. The

results of this calculation are presented in Table H-2 of Appendix H, and in graphical form in

E
Figure 7.39. The model that provided the best linearity in terms of the % versus T plot, is

presented, which was the T-K Wilson + V-mTS model. Generally excellent linearity (R*> 0.9) of

G* - .
the = versus T plot was observed, however similar to the case of the n-hexane + morpholine-4-

carbaldeyde, the linearity between the mole fractions of 0.3 and 0.55 n-heptane was below the
acceptable criterion, and is constrained within a dotted segment in Figure 7.39. The excess
properties calculated within this segment may not be accurate and must thus be treated with slightly

less confidence, however this data matches in well with the more accurate data.

The calculated excess properties for this system, behave in a rather unique fashion for all the
measured temperatures. The system exhibits positive excess enthalpy, excess Gibbs energy, and
excess entropy in the 0-0.1 fraction n-heptane range. Smith et al. (2005) classify this behaviour as
“enthalpy dominant”. Between 0.1 and 0.4 fraction n-heptane, a similar behaviour to the n-hexane +
morpholine-4-carbaldeyde system is observed, where positive excess enthalpy and excess Gibbs
energy, and negative excess entropy are exhibited. Approximately beyond 0.4 mole fraction n-
heptane, a transition is made to the region where “entropy dominates”, according to the
classification of Smith et al. (2005), and excess enthalpy is negative. A common characteristic of
all three types of behaviour is that a polar-associating component is present. Since n-heptane is
considered a non-polar component, this classification suggests that morpholine-4-carbaldehyde is
polar associating in the liquid phase. Excess enthalpy and entropy data was not available in the

literature for this system at the temperatures considered. Therefore this constitutes new data.
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Figure 7.37. Temperature dependence of the Wilson model parameters using the V-mTS EOS
for the n-Heptane (1) + Morpholine-4-carbaldehyde system.
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Figure 7.38. Temperature dependence of the T-K Wilson model parameters using the V-mTS
EOS for the n-Heptane (1) + Morpholine-4-carbaldehyde system.
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Figure 7.39. Excess thermodynamic properties (G*, H*, TS® for the n-Heptane (1) +
Morpholine-4-carbaldehyde (2) system. ¢, G%; 0, H"; m, S at 343.15 K, o, G*; 0, H"; +, S* at
363.15K, A, G5; A, H; o, S* at 393.15 K, using the T-K Wilson + V-mTS model.

7.5.2.4 Limiting Selectivity of n-heptane/n-hexane in morpholine-4-carbaldehyde and limiting

capacity of n-heptane in morpholine-4-carbaldehyde

The equations used for the calculation of limiting selectivity and capacity are provided in Appendix
A. Any further explanation of these concepts is beyond the scope of this work, however the reader

is referred to the work of Tumba (2010) and Schult et al. (2001), for a detailed review.

Plots of the limiting selectivity of n-heptane with respect to n-hexane in morpholine-4-carbaldehyde
and limiting capacity of n-hexane in morpholine-4-carbaldehyde are presented in Figures 7.40 and
7.41. These plots reveal that for the hypothetical case of using morpholine-4-carbaldehyde to
separate a mixture of n-heptane and n-hexane, the maximum selectivity is superior at 343.15 K,

while the maximum capacity is highest at 393.15 K.
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Figure 7.40. Limiting selectivity of n-Heptane with respect to n-Hexane in Morpholine-4-

carbaldehyde.
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Figure 7.41. Limiting capacity of n-Heptane in Morpholine-4-carbaldehyde.
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Conclusion

The static-synthetic vapour-liquid equilibrium apparatus of Raal et al. (2011) has been successfully
automated to improve the accuracy and efficiency of the apparatus. Test measurements were
performed in the manual and automated operation mode. The test systems include the highly non-
ideal systems of water/propan-1-ol at 313.15 K and n-hexane/butan-2-ol at 329.15K, and the results

were in good agreement with published data.

The new systems measured were that of n-hexane/morpholine-4-carbaldehyde and n-
heptane/morpholine-4-carbaldehyde at 343.15, 363.15 and 393.15 K. The results of the test system
measured in the automated mode reveal that the modified apparatus provides a means of
performing accurate and efficient vapour-liquid equilibria measurements, with minimal human
intervention. Furthermore, the motor-driven volume metering technique, that was incorporated,
allows for a more precise and accurate means of dispensing minute volumes into the equilibrium
cell, to facilitate accurate dilute region measurements, than with the hand-rotation method

employed in the original manual operating mode.

The isothermal data measured was modelled using Barker’s (1953) method. The vapour phase non-
ideality was accounted for by using the virial equation of state. The experimental data were
regressed to obtain binary interaction parameters for various Gibbs excess energy models. The
model fits exhibited minimal deviations between the experimental and calculated pressures. The
modified Tsonopoulos second virial coefficient correlation (Long et al., 2004) provided the best
account of the vapour phase non-idealities. The Wilson and T-K Wilson activity coefficient models

provided the best account of the liquid phase non-idealities.

In addition to model-based data reduction, the experimental data was processed using the direct
model-independent method based on the integration of the coexistence equation. The results
obtained from the integration of the coexistence equation compared well with the results obtained

by the model-dependent method.
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The method of Maher and Smith (1979b) and the extrapolation method were used for the estimation
of infinite dilution activity coefficients (IDACs). The results for the test systems compared well
with IDACs determined by the method of Maher and Smith (1979b) and extrapolation, in published

work.

The excess enthalpy (heat of mixing) and excess entropy were successfully determined for the new
systems measured using the Gibbs-Helmholtz equation and the excess property relation. No excess

enthalpy or excess entropy data were available in the literature for the new systems measured.

The maximum selectivity of n-heptane to n-hexane in morpholine-4-carbaldehyde for the
temperature range considered in this work is at 343.15 K, while the maximum capacity for n-

heptane in morpholine-4-carbaldehyde is at 393.15 K.
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Recommendations

9.1 Further structural modifications

Currently, the temperature of the cell contents is assumed to be equal to the cell bath temperature.
To improve on the accuracy of the temperature measurement at equilibrium, it is suggested that a
method of directly measuring the temperature within the cell be developed, by employing a
thermocouple well. This method of temperature measurement is common to high pressure static

apparatus, such as the work of Ng and Robinson (1978) and Figuiere et al. (1980).

A further modification that is recommended is to improve the coupling mechanism between the
motor and piston. Currently, a chain drive is used to accomplish this coupling. A direct drive is
suggested, as it will provide a more robust and reliable method of engaging the pistons to desired
set-points. The direct drive will also reduce the amount of vibration exhibited by the motor-piston

system that is currently a minor issue.

It is also suggested that the stainless steel cell be replaced with a smaller, transparent sapphire cell,
to reduce the amount of liquid component required for VLE measurements, and to allow the
viewing of the cell contents. A transparent cell would be useful for systems that exhibit LLE
behaviour in certain composition regions, as the appearance of two liquid phases can be identified

visually quite easily.

If replacing the stainless steel cell with a sapphire cell is not possible, then it is recommended that
a cell stirrer indicator be implemented, so that the mixing of components within the cell can be
monitored. It is suggested that the cell stirrer indicator consist of a solenoid placed at the base of the
cell. Theoretically, the rotation of the iron bar and stainless steel stirring paddle within the cell will
create its own magnetic field. This magnetic field would then induce a current through the solenoid
at the base of the cell. The solenoid can then be connected to a galvanometer or current module via
the cRIO-9073 Real Time controller, to monitor this current. The frequency of the current
waveform generated would be directly proportional to the rotation speed of the iron bar and
stainless steel paddle within the cell. It must be guaranteed that the magnetic field induced by the
rotation of the iron bar, is out of phase with the magnetic stirrer located at the top of the cell, to

avoid interference with the current measurement via the solenoid.
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9.2 Measurement and Modelling

It is recommended that further measurements be performed using the automated apparatus, to
further guarantee that measurements are generated in an accurate and efficient manner. Secondly
investigation into the methods of data reduction that employ cubic equations of state to account for
vapour phase non-ideality can be carried out. Alternate model-independent approaches for data

processing such as the method of Mixon et al. (1965), can be explored.

It is also recommended that an alternate method to the method employed by Raal et al. (2011) for
the calculation of the equilibrium cell internal volume be executed, such as the technique described

in Section 4.5.2, to verify the cell volume obtained by this method.

9.3 Software improvements

VLE measurements of systems containing very expensive constituents, such as fluorinated
compounds, are often required. In order to minimize the amount of chemicals used for a system
measurement, it is possible to measure a series of temperature points for a particular composition
loaded in to the cell. That is, a certain composition is charged in to the cell, and the cell temperature
is varied to all the desired isotherm temperatures, allowing for equilibrium between each
temperature variation. The second composition increment is then added, and the same temperature
variation is repeated. In this way a series of isotherms can be generated, while using the same

amount of chemicals that would be used for a single isotherm.

It is suggested that the current equilibrium cell bath temperature controller be replaced with a
programmable controller that can be interfaced with the cRIO-9073 Real Time controller. The
software that has been developed for automation can then be modified to apply the desired
temperature variation between each increment of volume loaded into the cell. In this way a series of

isotherms can be generated, in the automated mode, with minimal loading of the piston injectors.
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APPENDIX A

A-1: Derivation of the equilibrium criteria for phase equilibria

The following derivation was taken from Smith et al. (2005)

Consider a closed system of components i, forming a, B...w phases at constant temperature and

pressure. Then at equilibrium, for phases a, f3 till «:

dnG)* (n )*dP-(nS)"dT ¥ p¢dn? (A-1)
dnGP  (m )PdP-(nS)’dT ¥ pdn? (A-2)
dnG)" (n )"dP-(nS)"dT ¥ p*dnf (A-3)

Where ; is the chemical potential of component i, defined as the partial differential of Gibbs
energy with respect to component i, at constant temperature, pressure and molar composition of all

other constituents:

nG) _
H [ M AT Pn (A4

Summation of equations (A-1 to A-3), for all phases according to the relation
nM  (aM)* (aM)P ... (aM)* (A-5)
yields total changes for the system:

dnG) (n )dP-(mS)dT Y p’dn? ¥ pldn} ... ¥ prdn? (A-6)
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For a closed system:

d(nG) (n )dP-(nS)dT (A-7)

Substitution of equation (A-7) into equation (A-6) results in:

Yuidn¢ Fpldnf .. Yprde® 0 (A-8)

Now consider only that two phases are formed, i.e. the pair o and 3

Then the conservation of mass for non-reactive systems dictates that dn{* -dn’

Substituting into equation (A-8) yields:

% (u-p)dn? 0 (A-9)

Since the quantity dn{* is independent and arbitrary, the only solution to equation (A-9) is:

ip? 0

Hence T (A-10)

Similarly, considering any combinations of pairs of phases (a till ) in equation (A-8) for i to N

species yields:

TTLORR ur (i=1,2,.....N)  (A-11)
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A-2: Determining fugacity coefficients in solution using a cubic EOS

A cubic equation of state (CEOS) is a relation between state variables (e.g. P,V,T) and can be used
to evaluate fugacity coefficients. Ghosh and Taraphdar (1998) state that a CEOS is the simplest
form of representing vapour and liquid behaviour, that yields results of high accuracy. These
equations that are cubic in volume, have found popularity due to their uncomplicated form,
straightforward method of calculation and versatility as they can be applied to mixtures exhibiting a

wide range of phase behaviour.

There are literally hundreds of proposed CEOS. A few selected CEOS will be discussed with

concentration on those that are suitable for use in this work.

The general form of an equation of state is:

RT a
T (A-12)

Where P is the pressure of the gas, R is the universal gas constant, and T is the temperature. The
parameter, a, can be a constant or a function of temperature, depending on the CEOS in question
and corrects for the attractive potential of molecules. The parameter, b, is temperature independent,

and corrects for volume.

A-2.1 The Soave modification of the Redlich-Kwong equation of state (1972)

The Soave-Redlich-Kwong equation of state (SRK-EOS) was introduced by Redlich and Kwong
(1949) and modified by Soave (1972). Redlich and Kwong (1949) determined that the attraction
parameter, a, in the general form of the CEOS, equation (A-12), is a function of temperature. Soave
(1972) proposed a modification of the Redlich-Kwong EOS, to improve the quality of the fit
generated for pure hydrocarbon data. This modification involved incorporating the acentric factor
and reduced temperature in the attraction parameter, a. The SRK EOS, can predict vapour phase
densities quite effectively, but fails to accurately predict liquid phase densities (Raal and
Miihlbauer, 1998). In addition, this EOS is not suitable for predictions in the critical region. The
Soave modification of the Redlich-Kwong EOS is given by:
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RT a(T)
P S S A— -
mb )0, b (A-13)

where |, is the molar volume

a(T)  [a(T)][e(T,0)] (A-14)

b(T) b(T,) (A-15)

where a(T,) 0 .42747%rg (A-16)
b(T,) 0.0 664RP—TC° (A-17)

a(T,o) [1 (04015 7403-0.176032)(1-\/T_r)]2 (A-18)

T ..
And T, = the reduced temperature. P. and T, are the critical pressure and temperature

C

respectively, and w is the acentric factor.

Substitution into equation (2.9) yields an expression for the fugacity coefficient in solution:

g, (z-1)-n(=2)-55n (2 (A-19)
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A-2.2 The Peng-Robinson-Stryjek-Vera equation of state (1976)

The equation of state proposed by Peng and Robinson (1976) is closely related to the SRK-EOS,

but was intended to improve the accuracy of the prediction of liquid densities and critical region

behaviour, an area where the SRK-EOS lacks aptitude.

The EOS was originally developed to satisfy four conditions:

e The attractive parameter, a, and volume correction parameter, b, is expressible in terms of

critical properties and acentric factor only
e Provide reasonable accuracy near the critical point

e Employ a single binary interaction parameter for the mixing rule

e Be universally applicable to all calculations of all fluid properties in natural gas processes

The Peng-Robinson equation of state, in its standard form is:

RT a(T)

P T v vy

where

a(T)  [a(TI][a(T0)]

b(T) b(T,)

a(T.) 0.45724

R’T?
P,
b(T.) 0.077 0=

a(Tpm) [1 (ko ®i(1 ﬁ)(0.7-Tr))(1-ﬁ)]2
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Ko (0.37 93 1.4971530-0.171314 «* 0.0196554°) (A-26)

The Stryjek and Vera (1986) modification of the Peng-Robinson EOS (1976), intended to adapt the

original equation, for the use in polar, non-polar, associating and non-solvating mixtures.

The parameter k; is a variable parameter and can be obtained from the regression of vapour pressure
data. Stryjek and Vera (1986) have reported values for k;, that were attained by correlating vapour

pressure data at reduced temperature, T;.

The fugacity coefficient in solution can be calculated from:

n Bi V/( m‘b) a(T) 3 Bi (_ mob)
o, o) B LD

m I"l’lS

Where 3;and b; are the partial properties of a and b respectively

A-2.3 Mixing rules for cubic equations of state

The most useful quality of the cubic equations of state is that the equations can be easily extended
to relate state variables of mixtures. That is, assuming that the parameters a and b in equation (A-
13) can be accurately estimated for such mixtures. Unlike the mixing rules of the virial equation of
state, most mixing rules for CEOS, are empirical in nature. Miihlbauer and Raal (1995) classify

mixing rules into five categories. These include:

e (lassical mixing rule (CMR)

e Density-dependent mixing rule (DDMR)

e Composition-dependent mixing rule (CDMR)
e Density-independent mixing rule (DIMR)

e Local composition mixing rule (LCMR)

Emphasis is placed on the CMR and DIMR categories. For a more in depth review of the alternate
mixing rules, the reader is referred to the work of Miihlbauer and Raal (1995), and Raal and

Miihlbauer (1998)
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A-2.4 The van der Waals one-fluid theory classical mixing rules (CMR)

The cubic equations of state of Soave-Redlich-Kwong (1984), and Peng-Robinson-Stryjek-Vera
(1986) utilize similar mixing rules. Some authors have introduced minor modifications to the
mixing rule, but the approach remains the same. Collectively these mixing rules are termed the van

der Waals one-fluid theory classical mixing rules.

The mixture properties from the CMR are obtained as follows:

a XX Xixg (A-28)
b Xixib; (A-29)
a; (1 )(aja) (A-30)

Where Soave (1984) introduced a new concept k;, the binary interaction parameter, which is

determined empirically.

For the PRSV equation of state a; , is calculated differently:

a (1-0;)(a2)" (A-31)

where o; , is the binary interaction parameter used in the Peng-Robinson-Stryjek-Vera EOS (1986).

A-2.5 The Wong and Sandler (1992) density independent mixing rule (DIMR)

Wong and Sandler (1992) introduced a novel group of mixing rules, the so called density
independent mixing rules. The mixing rules of Wong and Sandler (1992) draws on the virtually
pressure-independent excess molar Helmholtz free energy (AF) instead of the excess molar Gibbs

free energy (GE) to calculate mixture properties. Consequently, for mixtures, the volume correction
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parameter b, in equation (2.63) is no longer restricted to be expressed as a linear mixing rule.
Therefore, the cubic nature of a CEOS is maintained, and the second virial coefficient is preserved

as statistically correct, with quadratic composition dependence.

The Wong-Sandler mixing rule is suitable for estimating mixture properties of polar, solvating and

aromatic constituents over a wide pressure range.

For a detailed review of the formulation of the Wong and Sandler DIMR, the reader is again

referred to the original publication.
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A-3: Limiting selectivity and capacity

The equations for the calculation of limiting selectivity and capacity of a solvent are given.

The limiting selectivity of a solvent to a particular solute is given by:

B = (A-32)

Where B;’O is the limiting selectivity, and y;, and Y% are the limiting activity coefficients of

component i and j respectively in the solvent.

The limiting capacity of a solute in a particular solvent is given by:

(A-33)

28l =

Where k™is the limiting capacity of component j, and Y% is the limiting activity coefficient of

component j.
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APPENDIX B

B-1: A review of manually-operated static-synthetic apparatus

The apparatus of Gibbs and Van Ness (1972)

Gibbs and Van Ness (1972) developed a new apparatus that allowed the determination of VLE data
from total pressure measurements. The apparatus was based on the design of Ljunglin and Van
Ness (1962) and Van Ness et al. (1967 a, b). The new design primarily aimed to improve the speed
of the data gathering procedure of the apparatus, as the original apparatus produced sufficiently

accurate data.

The new design (Figure B-1) incorporated the volumetric metering of the degassed component
feeds, via piston injectors. Degassing was accomplished in-situ by refluxing, cooling and
evacuation in a variant of the vacuum flask. Once the degassed liquids were loaded into the pistons,
a metered amount of the first pure liquid was loaded into the cell. The cell had a capacity of
approximately 100 cm’. The equilibrium cell was immersed in an oil bath and magnetically stirred.
The vapour pressure of the first component was observed, and a further small metered amount of
the first component was added. Any change in the vapour pressure reading reveals that the feed was
poorly degassed. If it was determined that the feed was sufficiently degassed, then a small metered
amount of the second component was added. The system pressure was allowed to equilibrate, and
the pressure recorded. The next metered amount of the second component was added, and this
process was repeated, until a certain volume of the second component was loaded into the cell. On
condition that the liquids are thoroughly degassed, the main limitation on the accuracy of this
method is the determination of overall compositions, from metered liquid volumes. Raal and

Miihlbauer (1998), state that this study produced accurate data.
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Figure B-1. The apparatus of Gibbs and Van Ness (1972) (Motchelaho, 2006).

The apparatus of Maher and Smith (1979a)

Maher and Smith (1979a) introduced a new concept, to reduce the extensive data gathering time,
encountered by Gibbs and Van Ness (1972). This apparatus was composed of fifteen miniature
(approximately 25 cm®) glass equilibrium cells. Each cell contained a different composition,
including two pure component cells. Therefore all fifteen data points were measured
simultaneously. Compositions in each cell were determined gravimetrically, and pressure was
measured using a transducer. Degassing was accomplished by a lengthy (7-9 hours) freezing-

evacuation-thaw cycle. There was no method of agitation incorporated into the design.

197



APPENDIX B B-1: A review of manually-operated static-synthetic apparatus

K] o L
L ~ JL 3
Air A Air

e

"’:G G:_

Figure: Schematic sketch of the PTx apparatus showing the liquid and air baths: A
= manifold assembly; B = Baffle tank; C= impeller; D = impeller motor; E =
auxiliary heater; F = auxiliary cooling coil; G = control heater; H = Cells; [ =
nulling transducer; J = air bath blower; K = openings for air flow; L = air bath
heaters.

Figure B-2. The apparatus of Maher and Smith (1979a) (Motchelaho, 2006).

The apparatus of Kolbe and Gmehling (1985)

Kolbe and Gmehling (1985) state that the apparatus operates according to the principle used by
Gibbs and Van Ness (1972). A major improvement incorporated in the design of Kolbe and
Gmehling (1985) is that the apparatus was designed to operate under temperature conditions of
ambient to 150°C-twice the range reported by Gibbs and Van Ness (1972). The operating pressure
range of this apparatus was 10 kPa to 1000 kPa.

The hand driven piston injectors, with a 100cm’ capacity, were manufactured by Ruska Inc., Texas.
Stirring was accomplished by magnetic coupling with an electric motor located at the cell exterior.
Pressure was measured using a Desgranges and Hout pressure balance, via a differential pressure
indicator, that prevented direct contact between the pressure balance, and the vapour fluid. This also
ensured that the vapour volume remained as small as possible. Temperature was measured within

the equilibrium cell, using a Hewlett-Packard 2810A quartz thermometer.
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In contrast to the use of a torque wrench, by Gibbs and Van Ness (1972), this apparatus utilizes an
inductive displacement transducer, to determine the displacement of the pistons from the
equilibrium position. In this design, degassing is accomplished independently, using a glass

rectification column, virtually operating under total reflux.

vacuum
differential pressure %
null transducer
i) [alintv i, buffe nitrogen
| R |
| |
) I
- - '\Y
N
temperature i T > T
measurement 1
' 1
]
!
1
prmBligsies e piston-injector
L
- =l 8§ (. -
vacuum ] n P
I & |
| |
! |
| i
' ! bulb with
: = : pure liquid
' i const.
t netic \
Lo YL wle we o

Figure B-3. The apparatus of Kolbe and Gmehling (1985) (Motchelaho, 2006).
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The apparatus of Fischer and Gmehling (1994)

The apparatus of Fischer and Gmehling (1994) followed the design an operation procedure of
Kolbe and Gmehling (1985). The feed was introduced by piston injectors, and the system pressure
was measured using a differential pressure null indicator. Improvements of the new apparatus
included, maintaining the feed pistons at constant temperature (within +/- 1K), using a water jacket.
The glass equilibrium cell was replaced with a steel cell in order to increase the maximum operable
pressure to 12 MPa. Stirring was accomplished by inducing a rotating magnetic field, generated by

four solenoid valves.

Pressure

Balance Camge @ B

< 10 bar

Pressurs
Belance Cange
< 120 bar

A: Buffer Volume Ii: Constant Temperature Bath
B: Pressure Regulator I: Bourdon Pressure Cauge

C: Nitrogen Flask K: Quarlz Thermometer

D: Variable Yolume L: Rotlaling Magnetic Field

E: Container for Liquified Cas M: Differential Pressure Null
F: Container for Degassed Liquids Indicator

C: Vacuum Pump N: Equilibrium Cel)

Figure B-4. The apparatus of Fischer and Gmehling (1994) (Motchelaho, 2006).
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APPENDIX C

C-1: Measured density data and model plots
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Figure C-1. Temperature dependence of the density of Propan-1-ol. X, Measured points; - - -

modelled by Martin equation (1959).
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Figure C-2. Temperature dependence of the density of Butan-2-ol. X, Measured points; - - -

modelled by Martin equation (1959).
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Figure C-3. Temperature dependence of the density of n-Pentane. X, Measured points; - - -

modelled by Martin equation (1959).
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Figure C-4. Temperature dependence of the density of n-Hexane. X, Measured points; - - -

modelled by Martin equation (1959).
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C-1: Measured density data and model plots
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Figure C-5. Temperature dependence of the density of n-Heptane. X, Measured points; - - -

modelled by Martin equation (1959).
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Figure C-6. Temperature dependence of the density of Morpholine-4-carbaldehyde. X,
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- - - modelled by Martin equation (1959).

203




APPENDIX C C-1: Measured density data and model plots

1000

995 | Xl .

990 Y i

985 I |

Density/kg.m™

980 R 8

975 t ]

970 1 1 1 1 1 1 1 1 1
300 305 310 315 320 325 330 335 340 345 350

Temperature/K

Figure C-7. Temperature dependence of the density of Water. X, Measured points; - - -

modelled by Martin equation (1959).
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D-1: Calculation of uncertainty in composition measurement

Theoretical maximum uncertainty in composition for this work:

The following method for the calculation of standard uncertainty is adapted from the method of

Motchelaho (2006).

The number of moles injected can be expressed as:

- p1(TV) (D-1)

Where n; is the number of kilomoles injected, p; is the density of component 1 in kg.m>, V, is the
injected volume of component 1 in m® and M is the molar mass, in kg.kmol”, of component 1. The
experimental density of component 1 at a particular temperature, T, is a function of the density

measured using the densitometer, and the temperature of the component within the piston:
P (D) (PP Thigon 1) (D-2)

Differentiating both sides of equation (D-2)
p(D
n, (—M1 ) (D-3)

Using the product and chain rules equation (D-3) becomes:

(p1) p
) ) 2GS Ty (0 04
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APPENDIX D D-1: Calculation of uncertainty in composition measurement

Where the first term on the right hand side represents the instrument uncertainty of the Anton Paar
DMA 5000 densitometer, the second term represents the uncertainty introduced by fluctuations of
piston temperature, and the third term represents the uncertainty in the volume dispensed by the
piston. The uncertainty in the dispensed volume also includes the uncertainty in the mass
measurements performed for piston calibration. The modulus is used to ensure maximum

uncertainty is obtained.

Estimating differentials with A

I 4y _1 A(py) p
M) G ACE) G et A Tun| fa0) @9

And substituting equation (D-1) into equation (D-4) yields

A (prlneasured) i A (pl) A( ) )
A (n]) M ( Py P A (Tpiston 1) (Tpiston l) 1 (D_6)
Similarly it can be shown for component 2 that:
A (pgneasured) i A (pz) A( »)
A (nz) m ( %) %) A (Tpiston 2) A (Tpiston 2) 2 (D_7)
The overall composition of component 1 is given by:
7 (D-8)

np mp

The maximum deviation in overall composition occurs when the numerator of equation (D-8) is
maximised, and the denominator is minimized. Therefore maximum standard uncertainty in z can

be expressed as:

ng (n; Any)

Az, (D-9)

n; np (n; Any) (ny-Anp)
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E-1: Pure component properties

APPENDIX E

Table E-1. Thermo-physical properties of components used in this study.

Component T./K P./kPa V. /em’.mol™ Z. [0}
Propan—l—ol1 536.7 5167.58 218.5 0.253 0.624
Butan-2-ol' 536.0 4194.86 268.0 0.252 0.576
n-Hexane' 507.4 3014.42 370.0 0.26 0.296
n—Heptane1 540.3 2733.75 432.0 0.248 0.346
Morpholine-4-
carbaldehyde® 762.0 3983.00 335.0 0.211 0.393
n-Pentane' 469.70 3369.06 304.0 0.262 0.251
Water' 647.3 22048.32 56.0 0.229 0.344

Literature ': DDB (2011); Literature *: ASPEN Plus ® (2008)
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E-2: Calculated second virial coefficients

Table E-2. Second virial Coefficients and component liquid molar volumes for systems

considered.
Bii / m3. Bij / m3. Bii / m3. Bij / m3.
Vi/ m’.mol’ mol™” x mol™ x mol™” x mol™ x
Component T/K x 10° 10° 10° 10° 10°
a a b b

Water (i=2) 313.15 16.53 14365  -1431.6  -1061.1  -1258.6
Propan-1-ol (i=1) 313.15 74.94 -1853.6 -1684.5

n-Hexane (i = 1) 329.15 138.93 25918  -13062  -1428.0  -1530.4
Butan-2-ol (i =2) 329.15 94.13 -1346.0 -1659.9

n-Hexane (i =1) 343.15 140.50 17774 28503  -1279.7  -2558.8
Morpholine-4-carbaldehyde (i=2)  343.15 103.98 -6666.8 -6968.9

n-Hexane (i =1) 363.15 145.39 14710 23382 -1106.1  -2141.5
Morpholine-4-carbaldehyde (i =2)  363.15 105.70 -5275.7 -5423.0

n-Hexane (i = 1) 393.15 154.15 1140.6  -17995  -906.8  -1697.0
Morpholine-4-carbaldehyde (i=2)  393.15 108.46 -3878.5 39393

n-Heptane (i = 1) 343.15 156.13 26045 36103 -18569  -3176.7
Morpholine-4-carbaldehyde (i=2)  343.15 103.98 -6666.8 -6968.9

n-Heptane (i = 1) 363.15 160.86 21214 29238  -1589.1  -2636.4
Morpholine-4-carbaldehyde (1=2)  363.15 105.70 -5275.7 -5423.0

n-Heptane (i = 1) 393.15 169.08 16189 22174  -12869  -2066.1
Morpholine-4-carbaldehyde (i=2)  393.15 108.46 -3878.5 -3939.3

? Hayden-O’Connell (1975); ® Modified Tsonopoulos Correlation (Long et al., 2004)
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E-3: Vapour pressure equation constants from literature

Table E-3. Constants for the Antoine equation from the literature

Antoine Equation Parameters Tellg [:legr;tll(lre
A B C
Component
Propan-1-ol* 5.00 1512.94 205.81 293.19-389.32
Butan-2-ol° 15.20 3026.03 186.50 298.15-393.15
n-Pentane’ 3.98 1064.84 232.01 228.71-330.75
n-Hexane" 4.00 1170.88 224.31 254.24-365.25
n-Heptane® 4.02 1263.91 216.43 277.71-396.53

Morpholine-4- carbaldehyde - - - -

a B . b B .
logP A- <o Poling et al. (2001), °InP  A- e o Gmehling et al. (1974-1990)

Table E-4. Constants for the Wagner equation from the literature

Wagner Equation Parameters Tel;l; I:legr:/tll(lre
A B C D

Component
Propan-1-ol 85.15 -260.86  319.76  -397.58  312.60-352.40
Butan-2-ol -8.10 1.64 -7.49 -5.27 up to 536.01
n-Pentane -7.31 1.76 -2.16 -291 up to 469.80
n-Hexane -7.54 1.84 -2.54 -3.16 up to 507.90
n-Heptane -1.77 1.86 -2.83 -3.51 up to 540.15
Morpholine-4- carbaldehyde - - - - -
Iny- fo b €7 DY wheret 1 - Poling et al. (2001)
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APPENDIX F

F-1: Plots for the calculation of IDACs by Maher and Smith (1978b) method
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Figure F-1. Plot of x,x,/Pp vs. X; to determine infinite dilution activity coefficients by the
method of Maher and Smith (1979b) for the n-Hexane (1) +Butan-2-ol (2) system at 329.15 K

in the manual mode.
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F-1: Plots for the calculation of IDACs by Maher and Smith (1978b) method
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Figure F-2. Plot of x;x,/Pp vs. X; to determine infinite dilution activity coefficients by the

method of Maher and Smith (1979b) for the n-Hexane (1) +Butan-2-ol (2) system at 329.15 K

in the automated mode.
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Figure F-3. Plot of x;x,/Pp vs. X; to determine infinite dilution activity coefficients by the

method of Maher and Smith (1979b) for the n-Hexane (1) +Butan-2-ol (2) system at 329.15 K

in the automated mode.
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F-1: Plots for the calculation of IDACs by Maher and Smith (1978b) method
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Figure F-4. Plot of x,x,/Pp vs. X; to determine infinite dilution activity coefficients by the
method of Maher and Smith (1979b) for the n-Hexane (1) +Morpholine-4-carbaldehyde (2)

system at 343.15 K.
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Figure F-5. Plot of P/ x;X; vs. X; to determine infinite dilution activity coefficients by the
method of Maher and Smith (1979b) for the n-Hexane (1) +Morpholine-4-carbaldehyde (2)
system at 363.15 K.
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Figure F-6. Plot of x,x,/Pp, vs. X; to determine infinite dilution activity coefficients by the
method of Maher and Smith (1979b) for the n-Hexane (1) +Morpholine-4-carbaldehyde (2)
system at 393.15 K.
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Figure F-7. Plot of P/ x;X; vs. X; to determine infinite dilution activity coefficients by the
method of Maher and Smith (1979b) for the n-Heptane (1) +Morpholine-4-carbaldehyde (2)
system at 343.15 K.
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Figure F-8. Plot of P/ x;X; vs. X; to determine infinite dilution activity coefficients by the
method of Maher and Smith (1979b) for the n-Heptane (1) +Morpholine-4-carbaldehyde (2)
system at 363.15 K.
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Figure F-9. Plot of x,x,/Pp vs. X; to determine infinite dilution activity coefficients by the
method of Maher and Smith (1979b) for the n-Heptane (1) +Morpholine-4-carbaldehyde (2)
system at 393.15 K.
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G1: Plots to determine stability of new systems measured
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Figure G-1.

Plot of (ﬁ 1) vs. X; to show the stability of the n-Hexane (1) + Morpholine-4-

X1 X1

carbaldehyde system at 343.15 K using the Wilson + V-mTS model.
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Figure G-2. Plot of (—2

Xi) vs. X; to show the stability of the n-Hexane (1) + Morpholine-4-
1

X1

carbaldehyde system at 363.15 K using the T-K Wilson + V-mTS model.
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Figure G-3. Plot of (ﬂ 1) vs. X; to show the stability of the n-Hexane (1) + Morpholine-4-

X1 X1

carbaldehyde system at 393.15 K using the T-K Wilson + V-mTS model.
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Figure G-4. Plot of (ﬂ !

X1 X1

carbaldehyde system at 343.15 K using the Wilson + V-mTS model.

) vs. X; to show the stability of the n-Heptane (1) + Morpholine-4-
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Figure G-5. Plot of (—2t
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) vS. X; to show the stability of the n-Heptane (1) + Morpholine-4-

carbaldehyde system at 363.15 K using the Wilson + V-mTS model.
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carbaldehyde system at 393.15 K using the T-K Wilson + V-mTS model.

Figure G-6. Plot of ( ) vs. X; to show the stability of the n-Heptane (1) + Morpholine-4-
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APPENDIX H

H-1: Calculated excess property data
Table H-1. Calculated molar excess property data for the n-Hexane (1) + Morpholine-4-

carbaldehyde system at measured temperatures.

X T/K
343.15 363.15
Excess molar Property/ (J.mol.™) Excess molar Property/ (J.mol.")
G" H" TS" G" H" TS"

0 0 0 0 0 0 0
0.01 83.29 50.69 -32.60 73.73 56.77 -16.96
0.02 162.95 96.00 -66.95 145.06 107.52 -37.54
0.03 239.25 136.71 -102.54 214.11 153.11 -61.00
0.05 382.66 206.66 -176.00 345.67 231.45 -114.22
0.07 515.04 264.35 -250.68 469.05 296.07 -172.98
0.09 637.55 312.49 -325.06 584.78 349.98 -234.80
0.10 695.40 333.61 -361.80 639.92 373.63 -266.29
0.15 954.29 416.71 -537.58 890.26 466.70 -423.56
0.20 1168.69 473.02 -695.67 1101.85 529.77 -572.08
0.25 1344.55 511.67 -832.88 1278.30 573.05 -705.25
0.30 1485.84 537.96 -947.88 1422.19 602.50 -819.69
0.35 1595.26 555.18 -1040.08 1535.34 621.78 -913.56
0.40 1674.62 565.41 -1109.21 1618.99 633.23 -985.75
0.45 1725.07 570.00 -1155.06 1673.86 638.38 -1035.48
0.50 1747.20 569.84 -1177.36 1700.29 638.20 -1062.09
0.55 1741.11 565.41 -1175.70 1698.15 633.24 -1064.91
0.60 1706.41 556.90 -1149.51 1666.91 623.71 -1043.20
0.65 1642.17 544.17 -1098.00 1605.53 609.46 -996.07
0.70 1546.80 526.69 -1020.11 1512.35 589.88 -922.48
0.75 1417.83 503.31 -914.53 1384.93 563.68 -821.24
0.80 1251.51 471.80 -779.71 1219.63 528.40 -691.23
0.85 1042.01 427.79 -614.22 1011.02 479.11 -531.91
0.90 779.67 361.75 -417.92 750.53 405.14 -345.38
0.92 656.41 324.69 -331.72 628.84 363.64 -265.20
0.93 590.08 302.67 -287.41 563.63 338.98 -224.65
0.94 520.24 277.66 -242.57 495.23 310.97 -184.26
0.95 446.54 248.97 -197.57 423.40 278.83 -144.57
0.96 368.55 215.64 -152.91 347.84 241.51 -106.33
0.97 285.73 176.40 -109.33 268.20 197.56 -70.64
0.99 102.57 71.98 -30.58 94.87 80.62 -14.25

1 0.00 0.00 0.00 0.00 0.00 0.00
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APPENDIX H H-1: Calculated Excess Property Data

Table H-1 (continued). Calculated molar excess property data for the n-Hexane (1) +

Morpholine-4-carbaldehyde system at measured temperatures.

X3 T/K
393.15
Excess molar Property/ (J.mol.™)
G" H" TS"

0 0 0 0
0.01 85.44 66.54 -18.90
0.02 167.76 126.02 -41.74
0.03 247.14 179.45 -67.69
0.05 397.62 271.27 -126.35
0.07 537.87 347.00 -190.87
0.09 668.72 410.19 -258.53
0.10 730.83 43791 -292.92
0.15 1011.06 547.00 -464.06
0.20 1245.69 620.91 -624.78
0.25 1439.74 671.64 -768.10
0.30 1596.69 706.16 -890.53
0.35 1718.97 728.76 -990.21
0.40 1808.22 742.18 -1066.04
0.45 1865.49 748.22 -1117.28
0.50 1891.28 748.00 -1143.28
0.55 1885.59 742.18 -1143.40
0.60 1847.92 731.01 -1116.91
0.65 1777.24 714.31 -1062.93
0.70 1671.79 691.36 -980.43
0.75 1528.97 660.66 -868.31
0.80 1344.86 619.31 -725.55
0.85 1113.58 561.54 -552.04
0.90 825.81 474.84 -350.97
0.92 691.65 426.20 -265.46
0.93 619.82 397.30 -222.52
0.94 544.52 364.47 -180.04
0.95 465.47 326.81 -138.66
0.96 382.34 283.06 -99.28
0.97 294.76 231.55 -63.21
0.99 104.25 94.49 -9.76

1 0.00 0.00 0.00
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APPENDIX H H-1: Calculated Excess Property Data

Table H-2. Calculated molar excess property data for the n-Heptane (1) + Morpholine-4-

carbaldehyde system at measured temperatures.

Xi T/K
343.15 363.15
Excess molar Property/ (J.mol.™) Excess molar Property/(J.mol.™)
G" H" TS" G" H" TS"

0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.01 124 .45 228.10 103.65 106.84 256.82 149.99
0.02 233.07 381.86 148.79 206.08 430.35 224.27
0.03 330.83 490.76 159.93 298.89 553.60 254.70
0.05 503.26 627.29 124.03 468.43 708.94 240.52
0.07 653.17 698.60 45.42 620.23 791.09 170.86
0.09 786.10 730.90 -55.20 757.39 829.41 72.03
0.10 847.26 736.96 -110.30 821.15 837.21 16.05
0.15 1110.30 704.31 -405.99 1099.44 805.17 -294.27
0.20 1316.16 611.30 -704.86 1321.44 704.70 -616.74
0.25 1476.40 488.25 -988.15 1497.13 569.81 -927.32
0.30 1597.70 349.35 -1248.36 1632.62 416.43 -1216.19
0.35 1684.32 202.36 -1481.96 1731.92 253.32 -1478.60
0.40 1739.04 52.13 -1686.91 1797.70 85.93 -1711.77
0.45 1763.71 -97.91 -1861.62 1831.74 -81.83 -1913.58
0.50 1759.50 -244 .94 -2004.44 1835.14 -246.80 -2081.94
0.55 1727.04 -386.31 -2113.34 1808.44 -405.95 -2214.38
0.60 1666.47 -519.12 -2185.58 1751.67 -556.01 -2307.67
0.65 1577.49 -639.85 -2217.34 1664.39 -693.00 -2357.40
0.70 1459.36 -743.80 -2203.15 1545.64 -811.65 -2357.29
0.75 1310.75 -824.20 -2134.95 1393.80 -904.34 -2298.13
0.80 1129.69 -870.64 -2000.34 1206.46 -959.39 -2165.86
0.85 913.34 -865.87 -1779.21 980.13 -957.45 -1937.58
0.90 657.54 -778.54 -1436.09 709.62 -863.42 -1573.04
0.92 542.91 -708.06 -1250.97 587.42 -786.08 -1373.50
0.93 482.72 -662.30 -1145.02 523.02 -735.66 -1258.67
0.94 420.52 -608.12 -1028.64 456.28 -675.81 -1132.09
0.95 356.22 -544.16 -900.38 387.11 -605.02 -992.13
0.96 289.75 -468.73 -758.48 315.38 -521.40 -836.78
0.97 221.01 -379.74 -600.74 240.97 -422.60 -663.57
0.99 76.26 -149.46 -225.71 83.45 -166.48 -249.93
1.00 0.00 0.00 0.00 0.00 0.00 0.00
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APPENDIX H H-1: Calculated Excess Property Data

Table H-2 (continued). Calculated molar excess property data for the n-Heptane (1) +

Morpholine-4-carbaldehyde system at measured temperatures.

Xi T/K
393.15
Excess molar Property/ (J.mol.™)
G" H" TS"

0.00 0.00 0.00 0.00
0.01 103.04 301.01 197.97
0.02 200.98 504.39 303.41
0.03 294.27 648.84 354.57
0.05 468.42 830.92 362.49
0.07 627.94 927.20 299.25
0.09 774.64 972.11 197.47
0.10 843.62 981.24 137.62
0.15 1150.15 943.70 -206.45
0.20 1401.32 825.95 -575.37
0.25 1605.25 667.84 -937.41
0.30 1767.22 488.08 -1279.15
0.35 1890.80 296.90 -1593.90
0.40 1978.39 100.72 -1877.67
0.45 2031.52 -95.91 -2127.44
0.50 2051.08 -289.26 -2340.34
0.55 2037.34 -475.79 -2513.13
0.60 1990.00 -651.66 -2641.66
0.65 1908.14 -812.23 -2720.38
0.70 1790.12 -951.29 -2741.41
0.75 1633.35 -1059.93  -2693.27
0.80 1433.86  -1124.45  -2558.31
0.85 1185.57 -1122.18  -2307.75
0.90 878.69 -1011.97  -1890.65
0.92 736.05 -921.33 -1657.38
0.93 659.74 -862.22 -1521.96
0.94 579.76 -792.08 -1371.84
0.95 495.80 -709.11 -1204.91
0.96 407.49 -611.11 -1018.60
0.97 314.39 -495.31 -809.70
0.99 111.44 -195.12 -306.56
1.00 0.00 0.00 0.00
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