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Abstract

Critical properties, liquid vapour pressures and liquid viscosities are important
thermophysical properties required for the design, simulation and optimisation of
chemical plants. Unfortunately, experimental data for these properties are in most
cases not available. Synthesis of sufficiently pure material and measurements of these
data are expensive and time consuming. In many cases, the chemicals degrade or are
hazardous to handle which makes experimental measurements difficult or impossible.

Consequently, estimation methods are of great value to engineers.

In this work, new group contribution methods have been developed for the estimation
of critical properties, liquid vapour pressures and liquid viscosities of non-electrolyte
organic compounds. The methods are based on the previous work of Nannoolal (2004)

& Nannoolal ef al. (2004) with minor modifications of structural group definitions.

Critical properties, viz. critical temperature, critical pressure and critical volume, are of
great practical importance as they must be known in order to use correlations based on
the law of corresponding states. However, there is a lack of critical property data in
literature as these data are difficult or in many cases impossible to measure. Critical
property data are usually only available for smaller molecules of sufficient thermat
stability.

The proposed group contribution method for the estimation of critical properties
reported an average absolute deviation of 4.3 K (0.74%), 100 kPa (2.96%) and 6.4
cm3.mol? (1.79%) for a set of 588 critical temperatures, 486 critical pressures and 348
critical volumes stored in the Dortmund Data Bank (DDB (2006)), respectively. These
results were the lowest deviations obtained when compared to ten well known
estimation methods from literature. In addition, the method showed a wider range of
applicability and the lowest probability of prediction failure and leads to physically
realistic extrapolation when applied to a test set of components not included in the

training set.
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For the estimation of the critical temperature using the new method, knowledge about
the normal boiling point is required. If there is no information on the latter property,
then the previous group contribution estimation method can be employed for
estimation.

Because of their great importance in chemical engineering, liquid vapour pressures
have received much attention in literature. There is currently an abundance of
experimental data for vapour pressures, especially for smaller molecules, but data are
scarce or of low quality for larger and more complex molecules of low volatility. The
estimation of liquid vapour pressures from molecular structure has met with very
limited success. This is partly due to the high quality predictions required for vapour

pressures for use in the design of for example distillation columns.

This work presents a new technique for the estimation of liquid vapour pressures by
developing a two-parameter equation where separate parameters model the absolute
value and slope while at the same time the equation is able to approximate the non-
linearity of the curve. The fixed point or absolute value chosen was the normal boiling
point for which a large amount of experimental data is available. A group contribution
estimation of the slope was then developed which showed nearly no probability of
prediction failure (high deviation). Employing experimental normal boiling points in
the method, an absolute relative deviation of 6.2% in pressure for 1663 components or
68835 (68670 from DDB and 165 from Beilstein) data points was obtained. This result is
in comparable accuracy or slightly higher in deviation than correlative models such as
the Antoine and DIPPR equations (ciirect correlations). A test of the predictive
capability by employing data that were not used in the training set also showed similar
results. Estimations are possible up to the inflection point or a reduced normal boiling
temperature of £1.2.

If there is no information about the experimental normal boiling point, two options are
recommended to obtain this value. The first and more reliable is back-calculation using
the known boiling point at other pressures and the estimated slope of the vapour
pressure equation. Results in this case are similar to cases where experimental normal

boiling points were used. The second possibility is to estimate the normal boiling point
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using the method developed previously. In this case, an absolute relative deviation of

27.0% in pressure is obtained.

The saturated liquid viscosity is an important transport property that is required for
many engineering applications. For this property, experimental data are limited to
mostly simple and more common components and, even for these components the data
often cover only a small temperature range. There have been many different
approaches to estimate liquid viscosities of organic compounds. However, correlative
and empirical methods are often the only or preferred means to obtain liquid

viscosities.

The technique used for the estimation of the liquid viscosity is similar to that in case of
liquid vapour pressures, i.e. a two-parameter equation models the absolute value,
slope and the non-linearity of the curve. As there was no convenient reference point at
a standard viscosity available to model the absolute value (viscosity reference
temperature), an algorithm was developed to calculate this temperature which was
chosen at a viscosity of 1.3 ¢P. This work then presents a group contribution estimation
of the slope and using calculated or adjusted reference temperatures, an absolute
relative deviation of 3.4% in viscosity for 829 components or 12861 data points stored
in the DDB was obtained. This result is in comparable accuracy or slightly higher in
deviation than correlative models such as the Andrade and Vogel equations (direct
correlations). The estimation method has an upper temperature limit which is similar

to the limit in case of liquid vapour pressures.

If no data are available for a viscosity close to 1.3 cP then, as in case of the vapour
pressure estimation method, the temperature can be back calculated from data at other
viscosity values. Alternately, the viscosity reference temperature can be estimated by a
group contribution method developed in this work This method reported an average
absolute deviation of 7.1 K (2.5%) for 813 components. In case both the slope and
absolute value were estimated for the liquid viscosity curve, an average absolute
deviation of 15.3 % in viscosity for 813 components or 12139 data points stored in the
DDB was obtained. The new method was shown to be far more accurate than other
group contribution methods and at the same time has a wider range of applicability
and lower probability of prediction failure.




Abstract

For the group contribution predictions, only the molecular structure of the compound
is used. Structural groups were defined in a standardized form and fragmentation of
the molecular structures was performed by an automatic procedure to eliminate any
arbitrary assumptions. To enable comparison, chemical family definitions have been
developed that allow one to automatically classify new components and thus inform
the user about the expected reliability of the different methods for a component of
interest Chemical family definitions are based on the kind and frequency of the
different structural groups in the molecule.
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Chapter One

Introduction

An airplane cannot lift-off without knowing the weather conditions. A lawyer cannot
defend a client without knowing the crime committed. A civil engineer cannot build a
tunnel without knowledge of the materials. In the same way, a chemical engineer
cannot design a chemical plant without knowledge of the properties of the raw
materials, products and expected by-products. The basis for any design and simulation
of chemical, biochemical and environmental systems is a set of physical-chemical pure
component and mixture properties.

Some engineers may perceive that properties are readily available or easily obtainable
for most pure components. This is far from the truth since only a minuscule portion of
chemicals have a full complement of pure component property data. Even though a
large amount of data have been tabulated and correlated over the years, the rate of
discovery of newer chemicals from advancement of new technology into many
different and new systems is always higher than the rate at which they are measured.
There is also the rapid growth in the field of combinatorial chemistry where literally
millions of new compounds are synthesized and tested. Knowledge of the properties of
these compounds is required to handle or separate them. Thus there are a vast number

of components and experimental property data are available for relatively few.

Current physical property databases typically hold experimental data for several
thousand substances. The Dortmund Data Bank (DDB (2006)), which is the primary
basis of this work, contains experimental data, molecular structures and auxiliary
parameters for more than 20,000 chemicals of industrial interest. The experimental data
collection alone contains more than 2.5 million data tuples (data points, table lines).

Pure component data alone cover more than 1 million data points.

The problem associated with obtaining experimental data for components is not

always that these data cannot be measured, but mostly that it is difficult or time-
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consuming to synthesize the required amounts of sufficiently pure material for the
experiment. In fact, measurement of these properties is in many cases cheaper than the
effort to obtain even a small quantity of the pure chemical. There have been many
nove] apparatuses developed in recent years that can measure properties using only
small samples of a pure component. The problem is that the synthesis of the chemical
is time-consuming and can range from a time period of weeks to months. Many
chemicals are also hazardous to handle or of limited thermal stability which makes

experimental measurements difficult or even impossible.

There will always be a significant gap between demand and availability of data. For
this reason, estimation methods are of great value to an engineer and knowledge about

and experience with the various methods is of great importance.

There are currently many estimation methods available for a wide variety of
properties. A great part of these methods is based on the group contribution concept.
In many cases the group parameters were derived from the data of a relatively small
number of components. Some of these methods employ purely correlative approaches
without a careful analysis of the physically meaningful boundary conditfons which
subsequently leads to unrealistic results when the method is applied to data outside

the training set (regression set).

Modern process simulation software employs various data correlations for the
estimation of physical properties. However, a proper understanding of the
thermodynamic assumptions underlying these correlations is needed to ensure proper
application. This is also discussed by Chen et al. (2004) who examined the unmet needs
of clients using the popular Aspen-Flus process simulator. They welcome estimation
methods that employ datasets consisting of larger and more complex compounds.
They also suggest that chemists and engineers have a professional scepticism about
estimations methods, particularly concerning methods derived from molecular
modelling and quantum mechanics. The use of experimental data not only improves
the prediction but also raises the confidence level of the user.

Recently, Nannoolal (2004) & Nannoolal et al. (2004) proposed an estimation method

for the normal boiling point that was shown to be the most accurate and has a wide
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range of applicability. This method is based on the group contribution approach. In
addition, it is the only method that can estimate the normal boiling point of multi-
functional compounds with a fair degree of accuracy by means of a group interaction
approach. Following this method, it is the aim of this work to develop further
estimation methods for vapour-liquid critical properties, saturated liquid vapour

pressures and saturated liquid viscosities.

The first objective of this work is to develop a new estimation method for the critical
temperature, pressure and volume of organic compounds with a wide range of
applicability and to give a detailed analysis of its performance compared to previously
published methods. Without further specification, “critical” in this work denotes the
vapour-liquid critical point.

Critical properties, viz. critical temperature, critical pressure and critical volume, are of
great practical importance as they are the basis for the estimation of a large variety of
thermodynamic, volumetric and transport properties using the corresponding states
principle. In addition, critical temperature and pressure data provide valuable
information for the regression and prediction of vapour pressures at high temperature
and are required by equations of state for the description of pure component and

mixture behaviour.

Experimental determination of critical property data is difficult and in many cases
impossible, since especially the larger and strongly associating components decompose
(chemically degrade) before the critical point is reached. This means that experimental
data are usually only available for smaller molecules. It is therefore vital that
prediction methods be developed which are capable of not only reasonably accurate
predictions, but which are also reliable with a low probability of failure when applied

to extrapolation.

The second objective of this work is to develop a new estimation method for the
saturated liquid vapour pressure curve of organic compounds with an accuracy that is

comparable to correlative models.
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The vapour pressure of a pure component is an important thermodynamic property
and of fundamental interest in process design, simulation and optimisation. Recently,
awareness has also been raised of the impact of pollutants on the environment where
knowledge about the vapour pressure is required for the calculation of the liquid-air
distribution coefficient. There is cuwrrently an abundance of experimental data for
vapour pressures of smaller molecules but data is scarce or of low quality for larger
and more complex molecules of low volatdity. Thus predictive methods are often

required to solve problems of practical importance.

Attempts to estimate liquid vapour pressures from molecular structure have met with
limited success. The reason is that high quality predictions are needed for vapour
pressures since it is one of the key properties for the design of, for example, distillation
columns. Thus correlative techniques that require experimental data to obtain model
parameters are usually the preferred means for vapour pressure calculations. Main
disadvantages of these models are that they depend on the availability and
experimental validity of the data and can only be used to extrapolate over limited
temperature intervals.

The fmal objective of this work is to develop a new estimation method for the saturated
liquid viscosity of organic compounds as a function of temperature with an accuracy
comparable to that of correlative models. In addition, the method should be more
accurate than currently used group contribution estimation methods and must be able

to extrapolate with respect to temperature and chemical constitution.

The saturated liquid viscosity is an important transport property that has many
engineering applications such as the design of pumps, pipelines, etc. Unfortunately,
experimental data are limited to mostly simple and more common components and,

even for these components the data cover only a small temperature range.

There have been many different approaches to estimate liquid viscosities of organic
compounds from molecular structure. So far, fundamental theoretical methods have
met with little success and no theory is available to calculate liquid viscosity from
molecular properties. Thus, correlative and empirical relations are often the only

means to obtain liquid viscosities. Correlative techniques, as in case of liquid vapour
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pressure, require experimental data to regress model parameters and cannot
extrapolate over large temperature ranges. Empirical methods that use knowledge of
only the molecular structure are usually only applicable to a few homologous series
and report high uncertainty when applied to different types of components.
Unfortunately, in some cases, these methods present the only possibility to estimate the

liquid viscosity and are therefore quite commonly used.

No aspect of this work would have been possible without the availability of a large
amount of experimental data, molecular structures of components involved,
algorithms for the analysis and fragmentation of molecular structures using group
definitions and software for data retrieval and correlation. All these were available

through the DDB and the integrated software system (DDBSP).

Data were continuously entered into the DDB after work on the data bank started in
1973. The pure component property database was built up between 1991 and 1996 at
the University of Oldenburg in Germany in co-operation with groups in Prague,
Tallinn, Minsk, Berlin and Graz and has been further extended by DDBST GmbH since
then.

For the development of the methods and tools described in this work, full access to the
DDB and DDBSP was granted by DDB Software and Technology (DDBST GmbH) in
Oldenburg. Whenever required, programmers at DDBST GmbH assisted in various
ways. The methods developed in this work are all available within DDBSP and are

used by many engineers worldwide.

During the development of the different estimation methods within this work, a large
number of property estimations were performed for the new and available literature
methods and compared to the experimental results stored in the DDB. Based on these
results a quality assessment system was developed in order to assist the engineer in
selecting the most suitable method. At the same time, this software presents
information about the mean expected error in the estimated property for the respective
component class. The procedure is based on a set of filter definitions that allow one to

deduce the chemical “families” a component belongs to from the molecular structure.
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The following chapters will give an introduction to the individual properties covered
in this work and describe available estimation methods from literature and the
development of the new methods. The results of the new methods will be analysed and

compared to several previous methods.

The final chapter contains recommendations for further developments based on the

experiences from this work
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Chapter Two

Critical Properties

21 Introduction

It may seem, in the ever-broadening field of chemistry and chemical engineering, that
important data such as vapour pressures, heats of vaporisation, densities, heat
capacities, etc, as well as other data required for the design of unit operations are
readily available. However, when the literature is consulted, often very little or no data
can be found. It therefore becomes the job of the engineer to estimate these types of
data to the best of his knowledge. As a result, many useful and relatively accurate
correlations have been developed to predict the above mentioned properties. The
problem is that most of these correlations (in particular, correlations based on
corresponding states principles) require knowledge of the critical point of the
compound, even though properties near the critical point are mostly not needed for
practical application. All components exhibit the same striking anomalies like infinite
heat capacity and compressibility at the critical point. The critical point serves as the
most commonly used reference point in corresponding states methods and a vast
number of estimations methods based on the molecular structure of a compound are
available.

This chapter will firstly present a brief review covering the phenomena of a substance
at its critical point. The next part of the chapter will provide a detailed literature

review on estimation methods for critical properties.
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2.2 Brief History

The phenomenon of the critical point was discovered in 1822 by Tour De La (1822),
(1823), who rolled a ball within a heated closed cannon barrel and noted the difference
in the sound when the substance was a liquid and when it was a gas. Schmidt (1823)
then predicted the critical point on the basis that there would be no latent heat of
vaporisation. Skipping forward to more then a century later, Andrews (1869)
discovered the essential conditions for the liquefaction of gases. Prior to this time,
many investigators had tried unsuccessfully, to liquefy gases by the application of
pressure and had come to the erroneous conclusion that there existed certain
”permanent” gases which could not be liquefied. Andrews found that carbon dioxide
could not be liquefied above 31.1 °C, even though a pressure of 300-400 atm was
applied.

Further investigations led to the concept that each gas has a temperature, above which
the gas cannot be liquefied regardless of the applied pressure. This Jed to the discovery
of the critical point whereby the critical temperature (T) is defined as the minimum
temperature of a gas at which it cannot be liquefied no matter how high the pressure.
The critical pressure (P;) (vapour pressure) is the Jowest pressure which will liquefy
the gas at its critical temperature. The critical molar volume (V) is the volume of 1 mol
of the substance at the critical temperature and pressure. The critical pressure, critical
volume, and critical temperature are the values of the pressure, molar volume, and
thermodynamic temperature at which the densities of the coexisting liquid and
gaseous phases become identical. The critical compressibility factor (Z)) can be
calculated from Equation 2-1. Other definitions also include the critical density (pc),
which is directly computed from the critical volume (Equation 2-2).

z, =k @)
R,
M
=— 2-2
P. 7 (2-2)
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The kinetic theory of gases considers two forces which act on the molecules of a gas,
viz. the potential force of attraction and the kinetic force of translation. The potential
force is a force which tends to cause the molecules to coalesce and form a liquid,
whereas the kinetic force tends to separate the molecules into the random distribution
associated with the gaseous state of matter. Since only the latter is a strong function of
temperature, there is a temperature at which the kinetic energy of translation is equal
to the maximum potential energy of attraction. At any temperature greater than that,
only the gaseous phase can exist An excellent analysis of the critical point,
experimental apparatuses and correlations is provided by Kobe & Lynn (1953).

The difficulty with obtaining critical properties is that most components are not
sufficiently stable at or near the critical temperature, and as a result experimental
measurements of their critical properties are extremely difficult, if not impossible. It is
therefore vital that prediction methods be developed which are capable of not only
reasonably accurate predictions, but which are also reliable with a low probability of
failure when extrapolating. The critical point is also difficult to capture by molecular

simulation due to the very large autocorrelation length at or near this state.

2.3  Critical Properties Literature Review

2.3.1 Overview of Available Critical Property Estimation Methods

Since the first developments of group contribution methods by Riedel (1949) and
Lydersen (1955), a large number of methods have been developed for the estimation of
critical property data. While also various different approaches can be found in
literature, the use of group contribution still seems to provide the most reliable and
simple approach with which to obtain reliable results. There is a variety of estimation
methods for critical property data available in the open literature. A broad overview of
these methods together with a detailed discussion of their reliability was given by
Poling et al. (2000) and earlier versions, Reid ef al. (1987) and Reid & Sherwood (1958).
In addition, several authors have evaluated the performance of models utilizing a large

common set of experimental data (Yan et al. (2003)).
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In this work, the comparison to other generally applicable methods is restricted to
those which are based on the group contribution concept and are applicable over a
wide range of componenis. Table 2-1 gives an overview on the timeline of previous
major developments in group contribution methods for critical properties. Due to their
practical and theoretical importance, estimation of critical properties has attracted
much interest of researchers from all over the world. Critical property estimation
methods restricted to individual classes of components (such as n-alkanes) were
excluded from Table 2-1.

Table 2-1: Overview of Group Contribution Methods for Critical Properties

Year Reference Additional Abbr.
Information
1949 Riedel (1949) - RI
1955 Lydersen (1955) Ty LD
1978 Ambrose (1578a) Ty -
1979 Ambrose (1979) Tv AB
1980 Daubert (1980) To DB
1982 Fedors (1982) - -
1984 Joback (1984) T
1984 Klincewicz & Reid (1984) To KR
1986 Somayajulu (1989) To S]
1987 Joback & Reid (1987) Ty JR
1994 Constantinou & Gani (1994) - CG
1995 Tu (1995) - CT
1996 Wilson & Jasperson (1996) T w]
1999 Marrero-Morejon & Pardillo-Fontdevilla (1999)  Ts MP
2001 Marrero-Morejon & Gani (2001) T -
2001 Wen & Quiang (2001) To WQ

In addition to the methods given in Table 2-1, numerous publications cover the use of
QSPR  (Quantitative Structure Property Relation) correlations and popular
mathematical methods like neural networks for critical property estimation. While the
correlative power of these approaches has been demonstrated in many cases, the
extrapolative ability of these methods is not convincing, especially to conditions well

outlside the training set.
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Classical estimation techniques can be divided into those which require only the
molecular structure and others which require further relevant properties. For typical
organic compounds of interest, the ratio of T/Ts is often within the range of 1.4 £ 0.3.
Thus knowledge of the normal boiling temperature greatly simplifies critical
temperature estimation. If experimental normal boiling point or vapour pressure
information is not available, group contribution estimation for this auxiliary property
can be employed. These estimations are usually of better quality and have a greater
range of applicability due to the much larger set of experimental data available for
these properties, for example, reliable critical temperatures can be found for
approximately 600 components, whilst experimental normal boiling point data in the

open literature cover more than 18000 substances.

Besides the simple group additivity schemes, a number of more complex estimation
routes using topological indices, Ambrose (1978a), (1979) or bond interactions,
Marrero-Morejon & Pardillo-Fontdevilla (1999) will also be presented in this review.

The comparative study proposed in this work will follow similar studies undertaken
by a collaboration of many researchers, Ambrose & Young (1995), Tsonopoulos &
Ambrose (1995), Ambrose & Tsonopoulos (1995), Gude & Teja (1995), Daubert (1996),
Tsonopoulos & Ambrose (1996), Tsonopoulos & Ambrose (2001) and Kudchadker ef al.
(2001) as well as a separate study by Yan ef 4!, (2003). The difference is that, firstly, a
greater number of methods will be included in this comparative study. Most of the
available methods have already been implemented in the software package Artist,
Cordes et al. (1993), which is part of the DDBSP. Estimation results were compared
with a critically evaluated database in order to develop an expert system for the
selection of the best model for a specific type of component. Model implementations
were carefully verified, partly in cooperation with the authors.

Secondly, a re-engineered quality analysis, which was developed previously in
Nannoola! (2004) & Nannoolal et al. (2004), will provide a more detailed and in-depth
classification of organic compounds than the previous comparatives studies. These
extensive comparative results should be of great value for users who rely on critical

property estimation for process simulation, risk assessment or environmental models.
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This chapter will briefly introduce the available methods used in this study, while a
continuation of the comparative study will be undertaken in Chapter 7. The Wilson
and Jasperson method will not be included as part of this study as it requires
additional information apart from structure and boiling point, viz. density, and so is
outside the scope of this work.

232 Lydersen (1955) & Riedel (1949)

Guldberg (18%0) was the first to observe that the critical temperature can be
approximated by Equation 2-3, which can also be referred to as the Guldberg Rule:

T, =1.5T, (2-3)

Riedel (1949), Vowles (1951) and Lydersen (1955) had proposed modifications of the
Guldberg rule, as in the form of Equation 24.

(2-4)

The value of 0 is generally different for each compound and can be calculated by
summing up structural contributions. Vowles (1951) proposed that 8 can be calculated
by summing atomic contributions (also known as the zero-order or elemental
contributions). This form of structural contributions is of poor accuracy and will not be
considered further in this work. |

Prior to Vowles, Riedel (1949) proposed 22 simple first-order groups, presented in
Table A-1. Equation 2-5 was then used to calculate 8 for the estimation of the critical
temperature. For the critical pressure, Riedel used a combination of atomic and group
contributions together with Equation 2-6. These contributions will not be presented

here.

6=0574+Y NC, (2-5)

2
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Lydersen (1955) extended Riedel’'s method by incorporating a larger set of groups and
experimental data. These groups can be found in Table A-1 in Appendix A. Lydersen
also proposed a quadratic equation to estimate 8. This is presented in Equation 2-7 for
the estimation of critical temperature. Equations 2-6 (with 0.34 instead of 0.33) and 2-8
are used for the estimation of critical pressure and volume, respectively. The latter two

equations have become a standard, employed by many other researchers.
2
6=0567+Y NC, -(ZN;C,J @7)
V,=40+Y NG, (2-8).
1

For the Lydersen method, an average absolute error of 10.7 K (1.71%) in critical
temperature for a set of 557 components, 228 kPa (7.07%) in critical pressure for 474
components and 30.7 an3.mol! (5.27%) in critical volume for 327 components was
reported. The Riedel and Lydersen methods are among the oldest group contribution
methods. The former method will not be used in the comparative study in this work
since interest in this method is only for historical reasons. An extension based on a
larger set of data was prepared by Joback & Reid (1987), and consequently a detailed

discussion will be presented with the Joback and Reid method later on.

2.3.3 Ambrose (1978a), (1979)

In this method, the critical temperature, critical pressure and critical volume are
estimated by Equations 2-9, 2-10 and 2-11, respectively. For perfluorinated compounds
or compounds that contain halogens, the constant 1.242 is replaced by 1.570 in
Equation 2-9, and the constant 0.339 is replaced by 1 in Equation 2-10.

13
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T =T,| 1+ ———=—— 2-9
<=0 T 05 SNG 29)

M

P = 2-10
© 0339+ N,C) (¢-10)

V.=40+Y N, -11
[y 0 ICI 2

The critical temperature model employed by Ambrose assumes that with increasing
molecular weight, the critical temperature approaches the normal boiling point. The
critical temperature has no relation to and is not govermed by the normal boiling point
and it should be considered possible for the critical temperature to be lower than the
normal boiling point. However, this hypothesis cannot be proven since molecules that
would exhibit this behaviour are long chain components (for example, polymers) that
would readily decompose before either temperature is reached. It would therefore be

an interesting alternative to regress for the constant, instead of assuming a value of 1.

Figure 2-1 shows estimated n-alkane critical temperatures for the Ambrose and various
other methods (acronyms for all methods are given in Table 2-1) as a function of the
number of carbon atoms. [n this plot, the largest n-alkane that has an experimental
critical temperature has less than 30 carbon atoms and all estimations are presented in
the plot. For larger compounds, estimations were based on compounds with 30, 40, 50,
75, 100 and 150 carbon atoms and a smooth line was employed to draw the curve.
Thus, the estimations between the intervals may not be correct, but these values are not
required as the aim of the plot is just to demonstrate the extrapolative capabilities of
the models used. For compounds with no experimental normal boiling points, values

were estimated from Nannoolal (2004) & Nannoolal et al. (2004).

The plot provides insight into the extrapolation behaviour of the models for the case of
n-alkanes. As the plot is derived from the functional form of the model equations,
similar trends can be expected for other types of molecules. In the case of the Ambrose

method, the extrapolation shows no physically unrealistic estimations.

14
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The group contributions employed by Ambrose are presented in Table A-2. Within this
table is a topological index, called the delta Platt number. This index is defined as the
Platt number of the isomer minus the Platt number of the corresponding alkane, where
the Platt number is the total number of carbon atoms three bonds apart, Platt (1947),
(1952). For example, the Platt number of n-alkanes is the number of carbon atoms
minus one. The use of this index is to distinguish between isomers and sterically
hindered molecules., Similar parameters were developed by Nannoolal (2004). These

parameters, referred to as the steric parameters, will be presented later on.
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Figure 2-1:  Estimated critical temperature of n-alkanes as a function of number of
carbon atoms for the different models (AB and SJ overlap).

For the Ambrose method, an average absolute error of 6.0 K (1.07%) in critical
temperature for a set of 528 components, 253 kPa (7.03%) in critical pressure for 412

components and 19.4 cm3.mol* (4%) in critical volume for 327 components was found.
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2.34 Daubert (1980)

In this method, only the critical temperature and critical pressure are estimated and are
given by Equations 2-12 and 2-13, respectively. For the critical temperature, an
unrealistic linear relationship with the normal boiling point is assumed. In addition,
the model has two competitive (intercorrelating) terms and extrapolation can be
negatively affected by incorrect weighting of these terms. This is shown graphically in
Figure 2-1, where the extrapolation shows unrealistic values. For the critical pressure

model, both the critical temperature and normal boiling point are required.

T. =1.806T, - Y N,C; (2-12)
{

_ 10007
© T2(43.387+ ) NC)
)

(2-13)

Daubert classified structural groups by predefining the bonded neighbours of each
group. This classification severely limits the range of applicability of the method and
guestions the extrapolation as many groups are redundant Overall, 106 groups were
used in the method and are presented in Table A-3. This type of technique is also used
in further methods which will be presented and discussed later on in this chapter.

For this method, an average absolute error of 23.9 K (3.87%) in critical temperature for
a set of 475 components and 253 kPa (7%) in critical pressure for 352 components was
found. The high error reported for the critical temperature estimation is mainty a result

of the incorrect assumption of a linear relationship with the normal boiling point

2.3.5 Klincewicz & Reid (1984)

In this method, the critical temperature, critical pressure and critical volume are
estimated by Equations 2-14, 2-15 and 2-16, respectively. The critical pressure and

critical volume models are the standard models. For critical temperature, Klincewicz

16
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and Reid employed three competitive terms (molecular weight, normal boiling point
and sum of contributions in this case) and the extrapolation is incorrect (Figure 2-1).

T, =4540-0.77M +1.55T, + Y N,C, (2-14)
M

P = -15

¢ {0.335+0.010M+ ) N, @13)

V,=252+280M+ Y NG, (2-16)

Klincewicz and Reid employed 35 groups (Table A-4) based on a set of 398, 290 and 207
components for critical temperature, critical pressure and critical volume, respectively.
The table also contains one halogen correction which js based on the work of Cramer
(1980). The correction accounts for exotic instances when there are many halogens on a
single carbon. Nannoolal (2004) also introduced a similar correction, which will be
presented later.

The introduction of the halogen correction for the Klincewicz and Reid method
resulted in a more accurate prediction of halogen éompounds when compared to all
methods discussed in this chapter. For the Klincewicz and Reid method, an average
absolute error of 7.8 K (1.27%) in critical temperature for a set of 547 components, 246
kPa (7.57%) in critical pressure for 452 components and 17.9 cm3.mol? (4%) in critical

volume for 319 components was found.

2.3.6 Joback & Reid (1987)

Joback and Reid examined many different types of estimation equations requiring
group-contributions and selected Equation 2-17, 2-18 and 2-19 for the prediction of the
critical temperature, pressure and volume, respectively. They assumed no interaction
between groups, and structurally-dependant parameters are thereby determined by
summing the number frequency of each group multiplied by its contribution.
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T,

T = b 2-1
70584 +0.965> N,C; - (Y. NC,) e

b - 1 (2-18)
€7 (0.113+0.0032n- Y N,C,)?

V, =175+ NG (2-19)

They employed only 41 molecular groups, which oversimplifies the molecular
structure thus making several types of isomers indistinguishable. Overall this is
insufficient to capture the structural effects of organic molecules and is the main reason
for the poor accuracy of the method. Table A-5 presents the 41 structural groups and
their respective contributions for each property. These groups are similar to Lydersen
(1955) with the omissjon of >Si< and >B-, but with the inclusion of =N-(ring).

The multiple linear regression technique carried out, employed 409, 392 and 310
components for critical temperature, critical pressure and critical volume, respectively.
In the regression procedure, optimum values are generally obtained by minimizing the
sum of squares of the absolute errors determined by the difference between the
estimated and experimental property values. However, Joback and Reid suggested that
minimizing the sum-of-squares of the errors weighted outliers too heavily, thus the
sum of absolute errors was chosen. This led to slightly higher errors for such outliers
but provides an improved estimation procedure for the majority of compounds. This is
not particularly useful in property estimations (especially in the case of critical
properties where the data sets are relatively small) as data for the smaller compounds
or compounds which are the first in their homologous series are usually easily
available. Estimations are usually carried out for larger, complex or multi-functional

compounds.

From the three models employed by Joback and Reid, the critical temperature model is
the weakest. It should be a norm that a binomial equation (or higher order
pelynomials) in group contribution estimations should only be used when it can be

proven where the maximum or minimum appear. For critical temperatures, no
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maximum or minimuimn are observed as a function of molecular weight and the form of

the model therefore shows an incorrect extrapolation (Figure 2-1).

The only advantage of the method is that it is the simplest to use; however, the
relatively small range of compounds, poor predictions and unrealistic extrapolation of
the method leads to its downfall. For this method, an average absolute error of 8.8 K
(1.41%) in critical temperature for a set of 543 components, 238 kPa (7.11%) in critical
pressure for 452 components and 16.5 cm3.mol! (3.73%) in critical volume for 314
components was found. Many authors have, however, followed up the work of Joback

and Reid making use of the groups as a starting point.

23.7 Somayajulu (1989)

Somayajulu re-examined the procedures of Riedel, Lydersen and Ambrose for the
group contribution calculation of critical constants and proposed new procedures in
terms of group indices. These procedures were also combined with those developed by
Kreglewski (1961) and Kreglewski & Zwollinski (1961), (1966).

Kreglewski proposed the use of the number of carbon atoms of 2 compound instead of
group corvributions in the estimation of critical constants. This method is restricted to
homologous series and will not be discussed here. Somayajulu employed this
procedure but introduced the group index (1 - where i denotes temperature (f),

pressure (p) and volume (o)), EQuation 2-20.

g, ]
"= Gy 2:20)

The molecular index (N;) is obtained by summing the individual group indices ()., ).
With this index, the critical temperature, critical pressure and critical volume are
estimated by Equations 2-21, 2-22 and 2-23, respectively. These are the same models
employed by Ambrose with similar constants as well.
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1
T, =T, 1+ ————
¢ "( 1242+ b,N,] (2-21)
b, =0.138
M
P
(0.339+5,N,) 2-22)
, =0.226
V.=40+b,N
< 22N 4 2.23
b, =55 (2-23)

The method incorporates a massive 179 groups for a set of 600 compounds that include
inorganic groups and compounds. Table A-6 presents the structural groups and their
respective contributions for each property. From the table, the contribution of the CHs
and CHo> groups for all properties is 1. However, the b parameters in Equations 2-21 to
2-23 represent the contribution of both alkyl groups, which is the same as in the case of
the Ambrose method. Consequently, for n-alkanes, both methods for estimating the

critical temperature overlap.

This method is a purely correlative approach. Regression results were improved by the
introduction of a large number of structural groups. The method also employs a large
number of second-order corrections for branched hydrocarbons and halogens (not
presented here). This "overfitting” may lead to large errors for components not in the
training set. For this method, an average absolute error of 8.39 K (1.44%) in critical
temperature for a set of 517 components, 295 kPa (9.51%) in critical pressure for 438
components and 20.1 cn3.mol! (4.14%) in critical volume for 307 components was
found. The average error for the critical pressure and volume is the highest of all
methods that have or will be presented in this chapter, while the critical temperature
deviation is among the highest (See Table 2-2 in Section 2.3.13).
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2.3.8 Constantinou & Gani (1994)

Second-order or second Jevel approximations are a way to provide further information
about the molecular structure of the compound, such that a significantly improved
prediction of properties can be made. At the same time, if these contributions are not

available, a less precise estimation is still possible using only the first-order groups.

Constantinou et al. (1993), (1994) and Constantinou (1993) provided an additive
property estimation method, which is based on conjugate operators and applicable to
organic compounds, However, the generation of conjugate forms is a non-trivial issue

and requires a symbolic computing environment.

Constantinou & Gani (1994) applied the method of Constantinou et al. (1993), (1994)
based on second order conjugate forms to the group contribution concept. The method
proposed a property estimation, which is performed at two levels. The basic level has
contributions from first-order functional groups and the next level has second-order
groups, which have the first-order groups as building blocks. Thus, their method
allows for both a first-order approximation (using first-order groups) and a more

accurate second-order approximation (using both first- and second-order groups).

They had considered group contribution-based computational tools, which need to
accommodate two separate first-order molecular-structure descriptions, one for the
prediction of pure component properties (Reid et al. (1987) and Lyman et al. (1990)) and
another for mixture property estimations (Derr & Deal (1969) and Fredensiund ef al.
(1977)). To circumvent this drawback, they proposed to use as first-order groups, Table
A-7, the set of groups commonly used for the estimation of mixture properties (or
UNIFAC groups). A disadvantage of this selection is that a group appearing in an
aliphatic ring is considered equivalent to its identical non-ring one. These groups
cannot distinguish between special configurations such as multiple groups located
close to each other, resonance structures, etc. For each group definition, there also does
not seem to be any theoretical basis. Therefore each group has a single contribution
independent of the type of compound involved. In total, there were 78 first order
groups, quite similar to those used by Joback and Reid; most of the new groups being

sub-divisions and quite a few of them being redundant as well.
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Since their estimation was primarily based upon information about the molecular
structure only, the idea was to include a different level of approximation. Thus
Constantinou and Gani introduced second-order groups to provide additional
structural information about the compound. Their ultimate goal was to enhance the
accuracy, reliability and the range of applicability of the property estimation, and
reliability predict proximity effects and isomer differences. Contrary to first-order
groups, there can be molecular structures which do not need any second-order groups
or can be partially fragmented. The definition and identification of second-order
groups, however, must have a theoretical basis. Thus, they proposed the principle of

conjugatiorn.

The theoretical background to conjugation is that compounds are represented as
hybrids of many conjugates. Each conjugate form is an idealized structure with integer-
order-localized bonds and integer charges on atoms. The purely covalent conjugate
form is the dominant conjugate and the ionic forms are the recessive conjugates, which
can be obtained from the dominant form by re-arrangement of electron pairs. A
conjugation operator defines a particular pattern of electron arrangement. When
applied to the dominant conjugate, an operator yields an entire class of recessive
conjugates. Conjugation operators are represented by a distinct sub-chain with two or
three bonds, such as C<C-C-H and O=C-C. Figure 2-2 presents a dominant conjugate, a

generated recessive conjugate and the corresponding conjugation operator.

In this framework, the properties of a component are estimated by determining and
combining properties from its conjugate forms. Properties of conjugate forms are
estimated through conjugation operators. In the method, they used the following
criteria for the identification of second-order groups:
« The structure of a second-order group should incorporate the distinct sub-chain
of at least one important conjugation operator.
¢ The structure of a functional second-order group should have adjacent first-
order groups as building blocks and it should be as small as possible,
¢ Second-order groups based on common operators(s) should be equally treated
in the method.
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@ The performance of second-order groups is independent of the molecule in

which the group occurs, satisfying the fundamental group contribution

assumption.
HHH H H H
ol N
H-C-C-C-H - H-C.C=C.H
(. I
HHH H H H
C-C-C-H « C..C=C.H
Conjugation Operator

Figure 2-2:  Dominant, recessive conjugates and conjugation operator

Table A-8 lists second-order groups that have been defined for the method and their
contributions. The idea of conjugation is primarily based on the recessive conjugate
proposing another form of the molecule. Thus in the property estimation, the molecule
is now a mixture of dominant and recessive conjugates. The second-order groups
account for the alternate forms, or recessive conjugates. However, in many cases the
possibility of a recessive conjugate form existing at atmospheric conditions is almost
zero. For example, in Figure 2-2, the molecular structure of propane is presented.
Propane is a non-polar covalent hydrocarbon with sp3 carbon atoms, and the
possibility of a recessive conjugate existing at atmospheric conditions is essentially

zero. This would mean that a second-order group for propane is not required.

Abildskov (1994) made a limited study of this method for about 100 compounds and
found that including the second order approximations improved the estimation results
as often as it degrades them. With the exception of ring compounds, the improvement
was rarely more than 1 to 2%. Thus the use of the second order contributions may not

be worthwhile as there is no means to know when to use them.
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The method employs a logarithmic model equation for the critical temperature
estimation (Equation 2-24). The model can be assumed to extrapolate correctly, as seen
in Figure 2-1, but higher deviations will be found since knowledge of the normal
boiling point is omitted. Even with the latter drawback, Figure 2-1 shows a trend for
the model which is distinctly below that of Ambrose. The critical pressure and critical
volume models are presented in Equations 2-25 and 2-26, respectively.

T, = 131.1281:1[2 NG +W(3, Lﬁoi)] (2-24)
4 i

1
P =
© 7 (010022 + 3 N,C, + W(> LD,))?
i ]

+1.3705 (2-25)

V, =-0.00435+ Y NC,+ W(Y L,D) (2-26)
1 i

The constant W is assigned a value of zero for a first-order approximation and unity in
the second-order approximation, where both first and second-order group
contributions are involved. 285, 269 and 251 experimental data points were used in the
regression for critical temperature, critical pressure and critical volume, respectively.
After the selection of data, a least squares analysis had been carried out to determine
the contributions of first- and second-order groups (adjustable parameters). For this
method, this work reports an average absolute error of 17.2 K (4.07%) in critical
temperature for 559 components, 248 kPa (7.12%) in critical pressure for 410

components and 22.9 cm3.mol1 (4.81%) in critical volume for 277 components.

2.39 Tu (1995)

Kurata & Isida (1955) exploited a lattice model for rod-like molecules and developed a
hole theory for n-paraffin liquids. From this theory, they developed an expression for
the critical temperature, Equation 2-27.
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(2-27)

Here n. is the number of carbon atoms in the molecnle. Teja et al. (1990) then employed
this model to correlate the critical temperatures of n-alkanes. Based on their findings
they proposed Equation 2-28 instead.

x=a+bn, (2-28)

Tu (1995) employed the same relationship as Teja, but replaced n. by the sum of group
contributions, Equation 2-29. The trend in the extrapolation of the model for large
molecules is similar to that of Constantinou and Gani.

1

6.26897 x10™ + 2,56086x10’°(i +i)
2x  x

T:

(4

(2-29)
x=-0160864 + Y NG

Tu proposed a set of 40 simple groups identical to those of the previous method,
presented in Table A-9, For this method, this work reports an average absolute error of
23.3 K (4.26%) in critical temperature for a set of 572 components, which is the highest
deviation of all methods presented thus far and so it will not be discussed further.

2.3.10 Marrero-Morejon & Pardillo-Fontdevilla (1999)

Pardillo & Gonzalez-Rubio (1997) had first proposed a new structural approach called
Group Interaction Contribution (GIC), which considers the contribution of interactions
between bonding groups instead of the contribution of simple groups. Based on the
above approach (GIC), Marrero and Pardillo (1999) proposed a new method to

estimate the boiling points and critical constants of pure organic compounds.

Marrero and Pardillo selected 39 simple groups, which can also be referred to as first-

order groups, to generate a consistent set of group-interactions that allows one to treat
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a wide variety of organic compounds. These groups are similar to the method of
Joback and Reid, presented earlier, with the omission of =NH and =N-{non-ring). The
model equations are also similar to the models employed by Joback and Reid, Equation
2-30 to 2-32, This duplication of the models also brings the same drawbacks, i.e. the use
of the binomial term in the critical temperature model results in unrealistic

extrapolation as observed in Figure 2-1.

T,

- 2-30

0.5851-0.9286% N.C,- (D NC,)? 20

i i

b - 1 (2-31)

 (0.1285~0.00591 -y N,C,)?
V,=251+Y NG, @32)
1

The contributions of the group-interactions are presented in Table A-10. The group-
interaction structural definition proposed here should actually be known as, and from
now on referred to as, a bond contribution definition because there is no physical
interaction between groups but rather it's just the bonding between two defined
groups. They did not calculate some bond-contributions because of the lack of property
values for the compounds involved. Also, groups that were used to derive the bond
contributions were from the Joback and Reid method, where the range of applicability
is small and groups were poorly defined.

Due to the bond contribution approach, the range of applicability of the method is
severely restricted. For example, on a data set of about 2800 components from the DDB
containing boiling point information, only 1665 components were fragmented for the
above-mentioned method. In addition, since the method ondy considers the bonded
interaction between neighbouring bonds, their predictive capability usually breaks
down when dealing with large, polycyclic or multi-functional compounds where the
intermolecular potential between molecules (and not bonds) is relevant. The bond
contributions do, however, provide a significant improved estimation in case of

isomers as compared to the Joback and Reid method.
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For this method, this work reports an average absolute error of 7.8 K (1.21%) in critical
temperature for 458 components, 209 kPa (6.04%) in critical pressure for 381

components and 16.1 cm*mol?! (3.36%) in critical volume for 248 components.

2.3.11 Marrero-Morejon & Gani (2001)

Marrero-Morejon & Gani (2001) proposed a new group-contribution method based on
three levels of approximation. The first level has a large set of simple groups that is
able to partially capture proximity effects, but is unable to distinguish between
isomers. For this reason, the first level of estimation is intended to deal with simple and
mono-functional compounds. The second level permits a better description of poly-
functional compounds and differentiation amonggst isomers. Second-order groups are,
however, unable to provide a good representation of compounds containing more than
one ring as well as, in some cases, open-chain poly-functional compounds with more
than four carbon atoms in the main chain. Thus, a further level is required to provide a
better description for these types of compounds. This is accomplished by the
introduction of third-order groups, which intend to represent the molecule at the third
level of approximation. The third level allows estimation of complex heterocyclic and
large (C = 7 to 60) poly-functional acyclic compounds. The criteria used for the

identification of third-order groups are analogous to those used for second-order

groups.

Overall, the method is highly complex, incorporating an extremely large number of
groups (182 first-order groups (124 for Tc), 122 second-order groups (78 for T.) and 66
third-order groups (31 for T.)). Considering that only 587 data points were used in the
regression of critical temperatures, this presents an average of less than three points
per group. The definition of groups should also have a theoretical basis. It seems that a
new level had been defined for cases where the previous level of approximation had
failed. As with some of the methods, such as that of Somayajulu, this approach can
lead to huge errors when applied outside the training set.

The complexity and correlative nature of the method has prevented and discouraged
any implementation into DDBSP (DDB (2006)). However, the method has been
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discussed in Nannoolal (2004) with an example for the estimation of n-alkane normal
boiling points. In this case, the method performed poorly. This method will not be

discussed further in this work.

2.3.12 Wen & Quiang (2001)

In this method, the critical temperature is estimated by one of two different models
(Equations 2-33 and 2-34). The criterion for the selection of the appropriate model is the
availability of the normal boiling point. The critical pressure and critical volume are
estimated by Equation 2-35 and 2-36, respectively.

T, =T,,[1 +[127.754+ YNC;+ ZL,-D;] v 10‘2} (2-33)
%.747
T, = [[4.72 +Y NC; + Zl.,D,-]*lO"] (2-34)
i i
100
P= 2-35
© (37.293+3.NC +Y.LD;) 239
V. =-27.04+Y NC;+Y.LD; (2-36)
] i

Wen and Qiang proposed two sets of groups in their estimation of critical properties.
The first is a new classification method of structural groups termed group-adjacent
atom pairs which are presented in Table A-11. This classification is similar to the
method of Marrero-Morejon & Pardillo-Fontdevilla (1999), except they used adjacent
atoms instead of bonds. The second classification employs 13 simple groups consisting
of the elements O, N and S as corrections to group-adjacent atom pairs, presented in

Table A-12.

The use of group-adjacent atom pairs would possibly have an advantage over bond

contributions as it results in a larger range of applicability with fewer parameters. But
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discussed in Nannoolal (2004) with an example for the estimation of n-alkane normal
boiling points. In this case, the method performed poorly. This method will not be
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In this method, the critical temperature is estimated by one of two different models
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T.=T, {1 + (127.754 +YNC+Y L,-D}) . 10'2] (2-33)
%.747
T, = [[4.72 +Y NG+ LD, J * 10‘] (2-34)
i i
100
P= 2-35
©(37293+ Y NC,+ ) LD, (2:39)
1 i
V,=-27.04+ Y N.C; + Y. LD, (2-36)
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The first is a new classificaHon method of structural groups termed group-adjacent
atom pairs which are presented in Table A-11. This classification is similar to the
method of Marrero-Morejon & Pardillo-Fontdevilla (1999), except they used adjacent
atoms instead of bonds. The second classification employs 13 simple groups consisting
of the elements O, N and S as corrections to group-adjacent atom pairs, presented in
Table A-12.

The use of group-adjacent atom pairs would possibly have an advantage over bond

contributions as it results in a larger range of applicability with fewer parameters. But
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Table 2-2: Critical property deviations for all methods.

Methods T. P Ve

NC MAPET AAD» NC MAPE AAD NC MAPE AAD

) {(kPa) {cmd.mol")

AB: 528 1.07 60 412 7.08 253 242 399 194
MP 458 121 78 381 604 209 248 336 16.1
KR 547 127 78 452 757 246 319 396 17.9
wWQ 506 1.26 7.8 - - - - - -
JR 543 141 88 452 711 238 314 373 165
SJ 517 144 84 438 951 295 307 414 201
LD 557 1.71 107 474 7.07 28 327 537 30.7
DB 475 3.87 239 352 7.00 253 - - -
Methods not requiring Tp:

WwQ 506 297 167 421 567 197 294 499 221
CG 559 4.07 172 410 712 248 277 481 229
Ccr 572 426 233 - - - - - -

As was discussed before, critical properties for higher molecular weight compounds
are almost impossible to measure. Thus, a very important criterion of a new model for
critical properties has to be its extrapolative capability. A means to test this capability is
to estimate properties for compounds far outside the range of the data used in the

regression. This was shown in Figure 2-1.

1t was discussed earlier on that quadratic equations should not be employed in group
contribution estimations; this was illustrated in Figure 2-1. At the same time, terms that
are in competition with each other (as in case of the Klincewicz and Reid model)
should not be regressed simultanecusly. Overall, in Figure 2-1, five of the ten models

shown presented unrealistic extrapolations. This work will concentrate in equal

' Denotes number of components

t Denotes mean absolute percentage erroy
t Denotes average absolute deviation

¥ Abbreviations defined in Table 2-1
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amounts on the extrapolative capabilities and the probability of prediction failure of
the models developed.
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Chapter Three

Liquid Vapour Pressure

31 Introduction

It is a well-known fact that when increasing the temperature, phase changes of a
substance occur in the following direction (a solid can also directly turn into gas):

Solid — Liquid — Gas

Each of these changes requires an input of heat to the system at constant temperature
and pressure. The amount of heat is equal to the sum of the change in internal energy
and work (Equation 3-1).

g=AU+W €2)

For the case of reversible processes, this is equivalent to Equation 3-2.

AH =AU + A(PV) (3-2)

The phase changes in the directions considered involve disorientation and in most
cases a spacial separation of the molecules in the phase (in the case of water the mean
distance between molecules is smaller in the liquid than in the solid phase resulting in
a lower density of the coexisting solid). In most cases, only a small portion of the phase
change enthalpy is required for the volume change. The major part is needed for the
required increase in internal energy. This increase in internal energy consists of a
relatively small change in translational, rotational and vibrational energy* and to the

largest part an increase in potential energy.

* All these are forms of kinetic (thermal) energy at the molecular level.
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On the other hand, these phase changes can also be characterized by an increase in the
‘randomness’ of the system or the degree of spread of their quantum states. At any
particular temperature and pressure, the stable phase is that which has the smallest
values of its chemical potential (4”") or Gibbs free energy per mol. Thus, considering
the liquid and vapour phases, if the relation in Equation (3-3) is observed, then the
liquid is the more stable of the two. Conversely, if the relation is switched around, then
the vapour phase is more stable. Chemical equilibrium is observed between these two
phases when the chemical potentials of all components are equal in both phases.
Chemical equilibrium can also be characterized by the compromise between energy
and entropy, or in molecular terms, between energetically favoured order and

energetically disfavoured disorder.

i <t (3-3)

Consequently, at any given temperature and for any pure substance, if the vapour
phase is in thermodynamic equilibrium with a liquid (or solid) phase, then the vapour
Pressure is identical to the system pressure. This vapour pressure is also often denoted

as the saturated vapour pressure.

There have been many different representations of the vapour pressure-temperature
relationship for pure liquids. This is due not only to the importance of the physical
property itself, but also its relation to other properties, such as the latent heat of
vaporization. For practical calculations, a convenient interpolation formula is required,
since the experimental data are usually fragmented and located at inconvenient
temperature and pressure intervals. Parameters of such a vapour pressure model are
either obtained by regression of experimental data (correlative technique) or estimation
techniques, for example from molecular structure.

One important data point on the vapour pressure curve is the normal boiling
temperature, where the vapour pressure is equal to 1 atm. Many structure estimation
techniques for the normal boiling temperature have been developed in the past, the
most reliable being the one developed in the previous work, Nannoolal (2004) &
Nannoolal et al. (2004). The added complexity when going from the fixed point (normal

boiling point) to the vapour pressure as a function of temperature is that this is now a
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temperature dependant property. In addition, vapour pressure data are needed within
high precision for important processes such as distillation. Therefore, correlative
techniques based on reliable experimental data are almost always preferred to
structure estimation techniques.

Possibly becanse of the above reasoning, there is a lack of structure estimation methods
for the vapour pressure presented in literature, whereas there is an abundance of
literature on correlative techniques. The typical procedure consists of estimating the
normal boiling temperature and the vapour-liquid critical point and connecting these

by a reliable correlation equation.

The purpose of this work is to develop a method for the prediction of vapour pressures
that does not require knowledge of the critical point. This chapter will thus focus rather
on correlative techniques with very little emphasis to structure estimations methods (as
compared to Chapter 2) in order to find a suitable equation for this purpose.

3.2  The Clausius-Clapeyron Equation

In the case of a single component system with two phases a and f in equilibrium, the
chemical potentials of the component in both phases are functions of temperature and

pressure only.

The line of intersection of the two chemical potential surfaces corresponds to the phase
equilibrium curve. Along this line, the relationship described in Equation 3-4 must be
satisfied:

Hy =ty (34)

Then at a neighbouring point, Equation 3-5 applies, which means that any incremental
change in the chemical potential is equal (Equation 3-6).

Mo+, = prg +d g (3-5)
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dy, = d,u; (3-6)
At equilibrium, temperature and pressure are constant. The chemical potential is
dependant on temperature and pressure, a change in temperature results in a

simultaneous change in pressure if equilibrium is to be maintained. Consequently,

Equation 3-6 can be expressed in the following way for a pure component system:

" - a n 6 "
Oa | g 4| e | gp| K2 | gr.| 2| 4p (3-7)
oT ), P ) aT ), oP |

An alternate form of the elemental property equation of the Gibbs function can be

written as follows:
d(nG)=-(nS)dT +(nV) dP+Z,u," dn, (3-8)

At equilibrium, d(nG) = dn; = 0. It therefore holds that.
ou
— | =V 9

[3—“;] =-5 (3-10)
or |,

Substituting Equations 3-9 and 3-10 into Equation 3-7 yields:

S, dT +V,dP =-S5 ,dT +V,dP (3-11)

Here S represents the molar entropy and V the corresponding molar volume of the
substance in the two phases a and f. At equilibrium, where the chermical potentials of
both phases are equal, transition between the two phases is reversible and the change
in molar entropy can be rewritten with respect to molar enthalpy (H) and temperature
(Equation 3-12).
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S, -8, =—2L (3-12)

Re-arranging Equation 3-11 to match the left hand side of Equation 3-12 and
substituting into the latter equation, the well-known Clausius-Clapeyron equation is

obtained.
dP AH
- 3-13
dT TAV (6-13)

The Clausius-Clapeyron equation allows one to calculate the pressure change dP which
i8S necessary in order to maintain phase equilibrium when there is a temperature
change dT.

Equation 3-13 only holds for single component systems since the chemical potentials in
both phases were assumed to be functions of temperature and pressure only. It may be
noted that the equation still applies for substances that contain several chemical species
(for example, HyO, OH-, HyO*, (H20)2) where reaction equilibrium is observed. If the
total number of chemical species is X, then between them there are X - 1 chemical
reaction and stoichiometric restrictions. There is thus only one independent component
and one independent chemical potential. In connection with the phase rule, such a
system has one degree of freedom when there are two phases present. Thus an
arbitrarily chosen temperature change will give rise to a defmite pressure change, as
given by the integral of Equation 3-13. For the same reason the Jeft-hand side of this
equation is complete and not merely a partial differential.

3.3  Correlative Techniques

There are a number of compilations of vapour pressure correlations presented in the
open literature. Poling ef al. (2000) and the previous editions of this book, Reid et al.
(1987) and Reid & Sherwood (1958) present methods to estimate and correlate the
vapour pressure that appear to be the most accurate and common. There are also a

number of more detailed reviews, for example by Majer ef al. (1989), Thompson (1946),
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Vetere (1988) and many reviews published by Ambrose (1972), (1977), (1978b), (1980),
(1986) and Ambrose et al. (1978).

3.3.1 Brief history

The very earliest vapour pressure equation was given by Dalton (1801), who suggested
that the pressure increased in geometric progression and temperatures in arithmetic

progression (Equation 3-14).

logP=A+BT (3-14)

This relation was quickly disproved when accurate measurements were made
available. However, the gentle curvature of the vapour pressure data suggested the
approximate validity of the rule.

3.3.2 Theory

The Clausius-Clapeyron equation (Equation 3-13) can be rearranged into the following

form:;

)
dinPS __ AH @15)
O
T

The advantage is that in this form, both sides of the equation vary only slightly with
temperature. Most vapour pressure estimations and correlations were derived from
Equation 3-15 via integration. For integration, an assumption must be made regarding
the dependence of AHY/AZY on temperature. Also a constant of integration is obtained
which must be evaluated from a single vapour pressure point. The simplest approach
is to assume that, with B = 4HY/RAZY,

¢ The volume of the liquid (V) is negligible as compared to the volume of the gas
(V») (Z+=0) and the vapour is an ideal gas (Z,=1).

4 The heat of vaporization is constant over the temperature range involved.
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Based on these assumptions, integration of Equation 3-15 leads to Equation 3-16, with
the constant of integration denoted as A and P° a standard pressure (e.g. 1 atm).

o AHY B
I =a-88 _4_ 5 1
"pe RT T (3-16)

The assumptions listed above are only valid over a limited temperature range and far
away from the critical point. However, because both 4HY and 4ZY depend on
temperature in a similar form and both become zero at the critical point, Equation 3-16
is approximately valid up to this point (Figure 3-1). At lower temperatures, 4ZY is very
close to one and constant while AHY increases slightly with decreasing temperature.
Thus, 4HVY/AZV does not vary much with temperature.

| Critical Point

Inflection Point

—

Normal Boiling Point
«—

Logarithm Pressure

Reciprocal Temperature [K-1]

Figure3-1:  Schematic vapour pressure plot.
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3.3.3 Correlations Based on the Clausius-Clapeyron Equation

The application of Equation 3-16 to more accurate data reveals that 1/T does not give a
true picture of the vapour pressure relationship. There are deviations that exceed
reasonable experimental error and extrapolation is unwise even over short temperature

ranges.

Antoine (1888b) modified Equation 3-16 by simply substituting (T + C) for T in the
correlation of water vapour pressures. In a later publication, Antoine (1888a) applied
the modification to over 20 compounds and mixtures. This equation, Equation 3-17, is
now the well-known Antoine equation.

B
InPS=A- 3-1
T+C (-17)

An extensive study of the Antoine equation was carried out by Schmidt (1917) for 114
liquids and 24 solids, and nearly straight lines were obtained when plotting the In (P)
vs. I/(C+T). Cox (1923) proposed a graphical correlation in which the ordinate,
represented by P, is on a log scale, and a straight line with a positive slope is drawn,
The line is taken to represent the vapour pressure of a reference compound (generally
water). If the vapour pressure of the reference compound is accurately known as a
function of temperature, the abscissa scale can be marked in temperature units. When
the vapour pressure and temperatures scales are prepared in this way, vapour pressure
for other compounds are generally found to be straight lines, especially for
homologous series. For these types of series, a useful phenomenon is noted on Cox
charts. The straight line for each member of a homologous series converges to a fixed
point when extrapolated. This is known as the infinite point and is useful for providing
a single value of the vapour pressure for a new member of the series. Calingeart &
Davis (1925) showed that the temperature scale on the Cox chart is nearly equivalent to
the function 1/(T+C) of the Antoine equation, when applied to several classes of
compounds using a value of C=-43 K (or C = 230 K - 273 K). Thus the Cox chart

resembles a plot of the Antoine equation.
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The C parameter in the Antoine equation is generally referred to as a temperature or
graphically a slope correction. Both characterizations are equally applicable. As a slope
correction, the use of the constant C reduces systematic deviations which cause bowing
of the straight line when the logarithun pressure is plotted against (1/T). In the earliest
developments, it was found that C lies between -50 and -30, but with more extensive
data available, this was quickly disproved. A correlation was proposed by Thompson
(1959) relating C to the normal boiling point (Equation 3-18).

C=18-0.197, (3-18)

The Antoine equation is arguably the most popularly used vapour pressure correlation
as there are a large number of tabulated values for the parameters, A, B and C (Dykyj et
al. (1999), (2000), (2001)). At the same time, the parameters are not difficult to regress
when experimental data are available. Determination of Antoine constants is often

performed using multi-linear regression of the equation:

Tln[%} =(AC-B)+ (AT)+C[—m [%]] (3-19)

where PO is the reference pressure (usually 1 atm)

This regression avoids using a slow non-linear algorithm and the requirement for

initial values of the parameters.

The Antoine equation provides a good representation of the vapour pressure-
temperature relationship over a limited temperature range and extrapolation over very
small temperature ranges generally yields reasonable results.

The parameter C should not be freely regressed to data in a limited temperature range
and should always be in a physically meaningful range. Figure 3-2 shows a plot of
logarithmic vapour pressure against reciprocal temperature for benzene with two lines
(X and Y) for different temperature ranges, and consequently, two different sets of the
parameters A, B and C. Line X is based on the entire temperature range and can be
considered to be very accurate (line X overlaps with experimental data). However, line
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Y is based on a smaller temperature range (350 - 370 K) and it can be plainly seen that
the extrapolation will yield erroneous results (the parameter C for Jine Y is physically
improbable). Secondly, the equation should not be applied to temperatures at or above
the inflection point (Figure 3-1), usually around a reduced temperature of 0.75 - 0.8.

Logarithm Pressure

Reciprocal temperature [K-1]

Figure 3-2:  Vapour pressure plot of benzene with the Antoine equation.

Another approach from Equation 3-15 is to represent B by a polynomial equation
{Equation 3-19).

B=By+B,T+B,T*+B,T* +... (3-19)
Substitution followed by integration leads to Equation 3-20.

1nP3=A+5+B,1nT+BT+&T2+... (3-20)
T 272

With a sufficient number of coefficients, this equation is valid over the entire

temperature range up to the critical point.
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From Equation 3-20, many researchers have derived similar forms to correlate the
vapour pressures. One of the simpler forms of Equation 3-20 is to assume that Bz, Bs ...
= 0. This is known as the Kirchhoff equation (Kirchhoff (1858)) despite Rankine (1849)
having used it earlier (Equation 3-21). It is usually written in the form:

MP5=A—$+Ch{%) 3-21)

Another popular form is the DIPPR 101 equation (DIPPR (1992)), which uses the
temperature raised to the power of a constant (E) as an additional term, Equation 3-22,
to account for the higher order terms,

B

1nP5=A—F+CIn[%)+ DT* (3-22)

Riede] (1954) proposed a vapour pressure equation of the form:

inP* = A~ Cin( 2]+ T @)
T T
The term T¢ permits a depiction of the inflection point at high temperatures. To

determine the constant in Equation 3-23, Riedel defined the parameter a (Equation
3-24); here Py is the reduced vapour pressure.

_dInP?
" dInT

r

a (3-24)

From a study of experimental data, Plank & Riedel (1948) found a constraint which is
presented in Equation 3-25.

da
dT,

r

=0T, =1 (3-25)

Using this constraint, Riedel showed that:
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npS = A= 2 4 Cin| X |+ D8 (3-26)
T, T,
Where
A'=-35Q,B'=-36Q,C'=42Q +a,,
Q,B'=-360,C'= 20+ o)
D'=-Q,Q=K(3.758-a,)

In Equation 3-27, «, is a at the critical point. Riedel chose the value of K to be 0.0838.
However, Vetere (1991) found improved prediction results for alcohols and acids by

using different expressions for K (not discussed here).

As it is not desirable to determine a. from Equation 3-24, an alternate sofution is to use
Equation 3-28 and 3-29, by means of the knowledge of the normal boiling point.

P
3.758K'¥, +In c
b¥ (1.10325]

= 328
36 .
vy =-35+—+42InT, - T}, (3-29)
br

The obvious advantage of the Riedel method is that it requires only knowledge of the
normal boiling point, critical temperature and critical pressure. Figure 3-3 shows a plot
of experimental and calculated f§ (defined in Equation 3-30) values for the Antoine and
Riedel method. The term § provides a means of assessing the temperature dependence
of the rato of the heat of vaporization and the compressibility factor. Thus, as
discussed before, it can be considered to have a compensatory effect over the entire
region below the inflection point. The use of the higher order term in the Riedel
method allowed the description of the inflection point, Figure 3-3, however the curve
diverges at lower pressures. The Antoine equation is able to capture the lower vapour

pressures but leads to problems when approaching the inflection point.

p= ‘:‘E‘f JS -2 (3-30)

T
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Figure 3-3:  Plot of calculated and experimental # values for ethylbenzene.

An interesting approach by Abrams et al. (1974) links the parameters in Equation 3-20
(B4, Bs ... = 0) to molecular properties via the kinetic theory of vapour pressure but this
will not be discussed in this work.

3.34 Empirical Correlations

The application of the correlation equations described above does not allow fitting of
experimental data from the triple point to the critical point within reasonable accuracy
and a reasonable number of parameters. Most of these correlations are only applicable
to certain regions on the vapour pressure curve. Consequently, more empirical

techniques have been employed.

An excellent review of many empirical correlations of the vapour pressure prior to
1910 is presented in Chwolson (1910). Following this, there were a number of useful
cortelations developed that can be found in some of the references mentioned earlier.
However, the development of these correlations will not present an added advantage
in the proposed work. Consequently, this work will only look at the popular Wagner
correlation equation.
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Wagner (1973), (1977) employed an intricate statistical technique to develop a vapour
pressure equation for argon, nitrogen and water, applicable to the entire liquid region
for which experimental information is available. In this method, the terms and
coefficients were chosen according to strict statistical criteria. The resulting model is

presented in Equation 3-31.

Ar + Bt +Cr? +Drt

InP =
r T, (3-31)

7=1-T,
A further improved form of Wagner equation was developed by Ambrose (1986) and
Ambrose & Ghiassee (1987), Equation 3-32. Both forms are able to adequately describe
the vapour pressure as a function of temperature over the entire liquid region.

Ar+Br' +Cr® +D7°
T

r

InP =

(3-32)

There have also been a number of forms of the Wagner equations including a fifth
term. However, Ambrose (1986) recommended that, except for special cases, the use of

the fifth term cannot be justified and is not necessary.

Mcgarry (1983) published values of constants for Equation 3-31 for 250 Hquids. For
Equation 3-32, Poling et al. (2000) published values of constants for 92 liquids.

It was shown earlier that extrapolation of the Antoine equation is not reliable. The
same may be true for the above two models. However, one procedure that has been
recommended, (Ambrose ef al. (1978), Ambrose (1980), Mcgarry (1983) and Ambrose &
Ghiassee (1987)) is to use both equations above, and determine the constants by a
constrained fit to the data. For this type of fit, there are three constraints that are

normally used to reproduce vapour pressure behaviour for all substances, viz.:

1. A minimum in the AHV/AZY vs. T, at some reduced temperature, typically
between 0.8 and 1, must be observed. Ambrose & Ghiassee (1987) pointed out
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that this constraint should cause both parameters, B and C, in Equations 3-31
and 3-32 to have different signs.

2. The second constraint was identified by Thodos (1950), which requires that
there be an inflection point in the InP vs. 1/T plot.

3. The third constraint employs the Watson equation (Thek & Stiel (1966)),
Equation 3-33, to insure that the low temperature behaviour of the vapour
pressure equations leads to the temperature dependence of the enthalpy of
vaporization predicted by Equation 3-33. Alternatively, the low temperature
behaviour can also be established by combining vapour pressure information
with thermal data.

r2 J" (3_33)

3.3.5 Discussion of Correlative Techniques

Only a few of the many vapour pressure correlations published in literature have been
discussed here. The models presented appear to be among the most accurate and

widely used in estimating vapour pressure data.

The Antoine equation presents a reliable and simple means of estimating and
correlating vapour pressure data below the inflection point, as long as estimation is
based on interpolation or 'extrapolation over a small temperature range. At very low
temperatures, T approaches the value of -C and the Antoine equation diverges and
becomes unrealistic. From the inflection point to the critical point, the Riedel model is
adequate with only the normal boiling point and critical properties required and no
information between these points needed. For a more complicated approach, and
where extrapolation and high accuracy is needed, the Wagner equation (Equation 3-31
and 3-32) is recommended. Poling et al. (2000) published estimation results for the
above three correlations for acetone, 1-octanol and tetradecane where the temperature
range covers the melting point or triple point to the critical point. In all cases the
Wagner equation was the most accurate, with the Anfoine equation being more

accurate than the Riedel below the inflection point (and Riedel more accurate above the
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inflection), as expected. However, the disadvantage of the Wagner equation over the
Antoine equation is that it requires knowledge of the critical point. This severely limits
the range of applicability of the method.

As suggested earlier, the proposed group contribution vapour pressure estimation
method will only be applicable to temperatures below the inflection point. For this
reason, the objective will be to develop this method within the accuracy of the Antoine
and DIPPR 101 equations. The Riedel and Wagner equations were presented here as a
means to correlate data from the inflection point to the critical point (this will not be
investigated in this work). Thus, the combination of the latter two methods and the
proposed method would be useful in describing vapour pressure behaviour over the
entire liquid region, and in cases where there is no critical point information, this can

be estimated with the method that will be presented in this work.

34 Estimation Methods Based on Molecular Structure

There are very few methods for vapour pressure estimation based on molecular
structure present in literature, Most methods employ a group contribution approach in
estimating the parameters (A, B, C ...) of some of the models presented in this chapter.
These methods generally develop correlations only for certain homologous series. One
of these methods was based on the UNIFAC approach, Fredenslund et al. (1977). This
was first presented by Jensen et al. (1981) and extended by Yair & Fredenslund (1983).
However, the method requires complicated calculations and input of other physical
properties such as the second viral coefficient. The method is also only applicable to a
pressure range from 1 kPa to 300 kPa with some success in estimating the vapour

pressures.

Tu (1994) proposed a vapour pressure estimation method with a simpler calculation
and applicable to a broader pressure range. Tu assumed a quadratic temperature
dependence of 4AHY/4ZV, and derived Equation 3-34 for the estimation of the vapour

Ppressure.
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InP°M =[ZN; (A,. + %-c,. InT'- DiT')]-kQ
.
100

Q is defined as a component specific correction and can be calculated from Equations
3-35 to 3-39.

2
Q= Zlf.ﬂi (3-35)

There are two types of specific compound corrections proposed by Tu. The first (i = 1)
is a structure correction.

&1 =55 +5; Ny +5,Ny +5,N,, (3-36)

Equation 3-36 only applies to alkylbenzenes, for other compounds §r = 1. For non-ring
and ring compounds, Equations 3-37 and 3-38 are employed, respectively.

§y=ai, + 22—y, InT -5, @37
ty=a, + By 6,7 (6-39)

The second term in the sum (Equation 3-35) (i = 2) is a functional group correction.

& =fo+ fiNoy+ fLN2, +f3N?m + f,NZ,

3-39
q2=a2+'%‘-—yzlnT—52T ( )

In Equations 3-36 to 3-39, & and §; are structural and functional group correction
factors, and g; and g; are structural and functional group corrections, respectively; a;,
B yi1 and &; are correction constants for correction type i, and subscripts n and r denote
non-ring and ring compounds, respectively. Equation 3-36 is employed to describe the

effect of alkyl substituents on the vapour pressure of substituted benzenes. N is the
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number of carbon atoms on the alkyl substituent, Ni, is the number of branched alkyl
substituents, N is the number of neighbouring alkyl substituents and so, 51, s2 and s»
are constants. For example, the N, Nis and N, of 1,2-diisopropy! benzene (Figure 3-4)
is 6, 2 and 1, respectively. The effect of the functional groups on the vapour pressure is
corrected according to Nem, the number of carbon atoms on the molecule, and the
constants of the functional group correction factor, f5, fi, f2 and fi. The predicted
constants, A;, B;, C; and D; in Equation 3-34 are given in Table A-13. For Equations 3-36
to 3-39, the tabulated values of the corrections and constants are presented in Tables
A-14 1o A-17.

L

Figure 3-4:  Molecular structure of 1,2-diisopropyl benzene.

In total, Tu employed 216 group values and 135 correction values for a set of only 336
components (5287 data points). From the sets of groups and corrections defined in Tu’s
work, it can be assumed that this method can only be applied to certain homologous
series, or components within the data set. At the same time the regression of the
constants, A,, Bi, C; and D;, is difficult as the parameters intercorrelate and thus, an

error within one influences other values.

Tu reported an average absolute percentage error of 5% for the above data set, within a
temperature range of 90-643K or pressure range of 0.01-8103 kPa. Estimation of multi-
functonal compounds would produce high errors as additional functional corrections
would have to be defined. Also, components that do not belong to a particular
homologous series, for example highly branched alkanes or fused aromatics, are
questionable in their estimation. Thus, the proposed work by Tu has a limited range of
applicability. At the same time, Tu did not use a test set of components that were not

used in the regression, to test the predictive capabilities of the method.
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Voutsas et al. (2002) developed a simple method for the prediction of vapour pressures
from information about the normal boiling point only. As compared to the method of
Tu, Voutsas did not use functional groups and corrections but instead, defined certain
values for different homologous series. This method also has a more theoretical and
meaningful derivation than the method of Tu, but carries the same limitations. There
are also a few other group contribution methods, which are similar to the approach
employed by Tu, but restricted to individual classes of components.

Another approach to estimate fluid properties is the ‘two reference fluids’ estimation
method first proposed by Lee & Kesler (1975). In the Lee-Kesler method, a fluid's
Pproperties are obtained by interpolation between the properties of a simple fluid (o =
0) and a reference fluid (o # 0). Ambrose & Patel (1984) used either propane and octane
or benzene and pentafluorotoluene as the reference fluids. From an example
calculation of vapour pressures of acetone, using propane and octane as the reference
fluids, Reid et al. (1987) reported average absolute percentage errors as much as five
times greater than the Antoine equation. Ambrose and Patel also suggested that an
interpolation in the acentric factor, Equation 340, would produce more reliable
estimates. However, the disadvantage of the method is that knowledge of critical
properties is required which severely reduces the range of applicability of the method.

0" < oy < @ F? (3~40)

There are also a number of more complex estimation techniques employing QSPR
correlations or molecular properties from molecular mechanics. Using only the
molecular structure, there is a predictive approach using a COSMO seolvation model
(Klamt (1995) and Klamt ef al. (1998)). Sandler ef al. (2004) developed a general
predictive method based on the calculation of the solvation free energy that consists of
three parts; the electrostatic, dispersion and cavity formation contributions. The
electrostatic contribution is determined by a quantum mechanical COSMOQO solvation
model. For the cavity term, a thermodynamic perturbation theory for hard sphere
molecules is employed, and the dispersion term is modelled using a mean field
proportional to the density and molecular surface area. The method also includes a
number of parameters to account for variations in molecular structure, functional

groups and size of the molecule. This approach, which requires a fair amount of
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computational expertise, is derived from the chemical potential of pure substances and
reports extraordinarily high errors of 76% for a set of only 317 compounds.

Thus currently, there is no estimation method that is able to accurately predict the
vapour pressure of a large variety of organic compounds from the molecular structure.
As presented in this work, most are only applicable to certain homologous series or
have the limitation of requiring knowledge of critical properties. Thus the purpose of
this work is to develop a group contribution method to estimate the vapour pressures
of a wide variety of organic compounds. The Antoine and DIPPR equations with

tabulated or newly regressed parameters will be used for comparison.
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Chapter Four

Liquid Viscosity

41 Introduction

If a shearing stress is applied to any segment of a confined fluid, the fluid will move
with a velocity gradient such that its maximum velocity is at the point where the stress
is applied. Now if the local shear stress per unit area at any point is divided by the
velodity gradient, the ratio obtained is defined as the viscosity of the fluid. Thus,
viscosity is the measure of the resistance of a fluid to deformation under shear stress.
More commonly, it can be perceived as “thickness”, or resistance to flow. Viscosity can
also be thought of as a measure of fluid friction. Thus, water is “thin” and has a low
viscosity, whereas vegetable oil is “thick” and has a high viscosity.

In general, in any flow, layers move at different velocities and the fluids “thickness”
arises from the shear stress between the layers that ultimately oppose any applied
force. Isaac Newton postulated that for straight, parallel and uniform flow, the shear
stress, 1, between layers is proportional to the velocity gradient in the direction
perpendicular to the layers (Equation 4-1).

T=—y— (4-1)

Here, the constant u denotes the coefficient of viscosity, viscosity or dynamic viscosity.
Many fluids satisfy Newton’s criterion and are known as Newtonian fluids (Figure
4-1). Non-Newtonian fluids exhibit a more complicated behaviour between shear stress

and the velocity gradient than simple linearity (Figure 4-2).
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Figure 4-1:  Velocity gradient for a Newtonian fluid (Massey (1983)).
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Figure 4-2:  Velocity gradient for a non-Newtonian fluid (Massey (1983)).

Since viscosity is defined as the ratio of shearing stress per unit area and a velocity
gradient, it has the dimensions (force)*(time)/(length)2. In scientific terms, it can also

be expressed as poises (p), where 1 poise denotes a viscosity of 0.1 N.s.m2.

The viscosity of gases at low densities and sufficiently high temperatures (perfect gas)
can be described by a simple equation taking into account the mean free path and
transported momentum difference. On the basis of molecular considerations, the dilute

gas Tegion may be best defined by the Boltzmann equation for monatomic gases. A
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vast amount of literature exists for the dilute gas region, of which a comprehensive

review is provided by Touloukian ef al. (1975).

The liquid viscosity on the other hand is governed by higher order collisions, and thus,
is out of the scope of the Boltzmann equation. Besjdes being significantly larger, liquid
viscosity shows temperature dependence opposite to that of gases. In addition, it
shows significant density dependence which is not present in gases. Both these facts
suggest that the mechanisms governing liquid viscosity are totally different from those
leading to gas viscosities. Application of gas models to liquids can therefore not be
successful. Thus, no complete and rigorous theory has yet been developed for the

dense region.

Models for the interpretation of liquid viscosity range from simplified models such as
Eyring’s activated state theory and ifts successive modifications to approaches like
Enskog’s hard sphere theory, and finally include rigorous mechanical approaches in
the form of the distribution function or time-correlation functions methods. All of the
above approaches have failed to correctly predict the experimental findings from
molecular properties. With respect to statistical mechanics, a good detailed review is
provided by Stephan & Lucas (1969), who also cited further reviews by Gubbins (1973),
Steele (1969), Rice & Gray (1965), Mazo (1967), Rice et al. (1968) and Brush (1961). These
types of methods will not be discussed in this work.

The problem of viscosity thus provides a typical example for the fact, that, even when
building a theory for a single property or a set of physical properties on an
understanding of its microscopic behaviour, no suitable predictive model may be

obtained.

Andrade (1934a) suggested that in building a theory of liquid viscosity for practical
application, it should be at Jeast partly or even half of an empirical nature. This would
allow the description of any irregularities in the experimental data by an empirical
approach while retaining a physically meaningful description of the overall trend. This
suggestion is the strategy that is used in this work with application to all properties.
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A large variety of rigorous statistical mechanical theories, empirical and correlative
techniques have been mentioned thus far. In this work, only empirical and correlative
techniques will be discussed.

42  The Temperature Dependence of Liquid Viscosity

As argued above, liquid and gas viscosity are governed by different mechanisms. This
can be deduced from the fact that the viscosity of liquids decreases with rising
temperature, whereas the viscosity of gases increases. In a gas, a tangential force is
produced between two parallel layers by the transport of individual molecules from
one layer to another that results in a transfer of momentum. The molecules collide with
one another and move freely over a certain distance. The same theory does not hold
for a liquid where the molecules mostly reside in longer-living structures and only
perform short lasting “jumps” to other positions (the motions of the molecules are
always in a field of intermolecular forces).

A number of previous researchers have recognized that friction by transport, which
occurs in the gaseous mechanism, is inadequate to explain liquid viscosity. There are
various possible mechanisms of which the forces of collision seem to be the only
proven factor. A communication of momentum from layer to layer takes place at the
extreme liberation of molecules oscillating about an equilibrium position. This means
that the liquid viscosity decreases with temperature because the temperature agitation
interferes with the interchange of momentum at the extreme liberations. Thus, to
account for the temperature variation, there must be a mutual potential energy of the
molecules which is necessary if transfer of momentum is to take place. This energy is
negative, since the molecules approach one another under conditions where the forces
of attraction are large. Then, In accordance with the Boltzmann exponential
distribution law, the number of cases favourable for transfer will decrease as the
temperature rises and this rate of decrease is governed by the magnitude of the

potential energy involved.

There have been many attempts to apply the kinetic theory of gases to liquids.

However, the assumption of the attractive forces in gases being negligible makes it
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rather evident that this theory cannot be applied to liquids. In the ordinary sense, a
liquid is governed by intermolecular forces, and in some aspects more closely

resembles a solid than a gas.

43  Empirical Estimation and Correlative Techniques

The first advancement to these types of techniques was the representation of viscosity
over a wide region of states in terms of temperature and density. It is especially useful
to plot the residual viscosity (viscosity at a specified temperature and density minus its
value at the same temperature and zero density) as a function of density (Equation
4-2).

(T, p)~ o (T) = f(p) 2

This concept was originally developed for another transport phenomenon (thermal
conductivity (Abas-zade (1952)) and has been extensively discussed for interpolation
and extrapolation purposes by Brebach & Thodos (1958), Shimotake & Thodos (1958),
Groenier & Thodos (1961), Eakin & Ellington (1965), Dillier ef al. (1970) and Lucas &
Stephan (1973). From Equation 4-2, one isotherm in the dense fluid region is sufficient,
together with the dilute gas viscosities as a function of temperature, to obtain data for
all fluid states for which PVT data are available. Given also that PVT-data are more
readily available than the dense fluid viscosity data; this concept is valuable for
obtaining approximated viscosity values. However, Roger & Brickwedde (1965) and
Kestin & Wang (1968) suggested that this concept is barely valid at high and low
densities where the temperature dependence of viscosity becomes significant. In view
of these factors, a more accurate representation should be obtained for the temperature

dependence of viscosity in the different states.

In this work, the separate correlation of viscosity in terms of temperature and density
is not considered. In addition to the fact, that a suitable equation of state is required,
density data along the vapour-liquid equilibrium curve would have to be iteratively
calculated from given temperature values. [t is more convenient to represent saturated

liquid viscosity data as an explicit function of temperature. An explicit equation for
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viscosity for the entire regime of states, as a function of temperature and pressure, is
not possible because of the infinite gradients at the critical point. This led to the
subdivision of the total fluid region into various sub regions such as the dilute gas,
dense gas, and two liquid regions, one close to the critical point and one at lower

temperatures.

Figure 4-3 shows that the general form of the viscosity behaviour is not very different
from the PVT-behaviour of a fluid and thus an equation, for example Van der Waals,
may possibly be able to reproduce this behaviour over the whole range for many
components with the critical point as the reference point. In case of transport
properties, the property diverges when approaching the critical point (Figure 44), so
that an equation of state would not be valid within this region and a fictious critical
viscosity, thermal conductivity, etc. would be required. In addition, a Van der Waals
type equation would falsely predict a decrease of gas viscosity with temperature.

¢
. i \ |;
melting curve o \\\ u :
3 \\ \\./ :
100l \Q\Q €000 I
1600] 9 <000
el NN N St
A\ 2000
%m' \\\ \>§ Z\o
[ [ b, [~
ST e Yo
oo > Sae.
N
4oo- mm \\ \Qb\:
2001 Saturcted- A!:c-? ! \\ WA
- _i oy 3
t B R

80 220 280 30 MO 30 420 480
c vV — > Temperohore, °F

Figure 4-3:  Volume (Gmehling (2006)) and viscosity (Onken ef al. (1998)) plots as a

function of temperature and pressure.
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Figure 44:  Thermal conductivity as a function of density and temperature (Onken
et al. (1998)).

Correlations are also not readily available at or near the critical point and since the
viscosity usually becomes low near this state, there is some degree of technical interest,
for example in case of supercritical extraction, etc. However, this work will only
consider the liquid region below the critical point with special attention to low
temperatures.

There are also numerous correlations for viscosity which employ the interrelationships
between viscosity and various other thermodynamic and transport properties. Among
these relationships is the example of linking the viscous energy in Eyring's reaction
rate expression to the internal energy of vaporization. This ¢an also be extended to
including specific volume and molar entropy of vaporization. There are also other
correlations related to using the sonic velocity and, at high pressure, the

compressibility factor.

Relations between viscosity and other transport properties may also be rigorously
found from kinetic theory. There are relations between viscosity and thermal
conductivity and diffusion coefficients. The quality of such relations between the
various transport properties is subject to restrictions of irreversible thermodynamics,

where mathematical transformations of transport properties exhibit different type of
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fluxes and generally don’t interrelate. For these reasons, these types of methods will

not be discussed in this work.

4.3.1 Correlative techniques.

The effect of temperature on liquid viscosity is analogous to that in case of liquid
vapour pressure. However, the viscosity of liquids decreases with increasing
temperature either under isobaric or saturated liquid conditions. This behaviour can be
seen in Figure 4-5, where the liquid viscosity and vapour pressure of ethanol is plotted

as a function of temperature.

Figure 4-5:  Liquid viscosity and vapour pressure of ethanol.

In accordance with the proposed theory, for the transfer of momentum to take place,
the molecules must possess a mutual potential energy (E). If the frequency of vibration
(v) is assumed to be constant, the varjation of viscosity with temperature will be
governed by the fraction of molecules attaining this energy at extreme liberation. From
the Boltzmann distribution formula, Andrade (1934b) proposed that for the ratio of the
number of molecules possessing energy (E) at temperature T to the number possessing

the same energy at temperature T is:
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1 1)
LL AT (43)
IUT'
An approximate formula for temperature variation of viscosity can thus be described
by Equation 4-4.

£

£
Hr _ 7,7 (44)
Hy-

For a temperature range from the melting point to a temperature slightly above the
normal boiling point (generally in the region of 0.8 of the reduced temperature),
Equation 44 can be expressed in a more general form (Equation 4-5).

In/J=A+-g (4-5)

This form was first proposed by de Guzman (1913), but is more commonly know as the
Andrade equation. There have been many variations proposed to improve its
correlative accuracy; many include a function of the molar volume in the A or B
parameter (Bingham & Stookey (1939), Comnelissen & Waterman (1955), Eversteijn et al.
(1960), Girifalco (1955), Gutmann & Simmons (1952), Innes (1956), Marschalko & Barna
(1957), Medani & Hasan (1977), Miller (1963a), (1963b), Telang (1945) and Van Wyk et
al. (1940)). Vogel (1921) proposed another variation by the introduction of a third
constant (Equation 4-6), quite similar to the Antoine equation for vapour pressures, For
this form of the equation, there are a number of reported values for the parameters A, B
and Cin literature.

npy=4+

T+C (*-6)

Equation 4-5 requires at least two data points to determine the two constants. Lewis &
Squires (1934) proposed from empirical facts that the sensitivity of viscosity to
temperature variations appears to depend only on the value of the viscosity. This is
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also known as the Lewis-Squires chart, which can be expressed in the form an equation
(Equation 4-7).

O = ok )

Here 4 is the liquid viscosity at temperature T, and g« is the known liquid viscosity at
Tr. This equation is only approximate and has errors reported by Poling et al. (2000)
from 5 to 15% (or greater).

Porter (1912) was the first to draw attention to the relationship between liquid
viscosities and vapour pressures, when he showed that the logarithm of viscosity for
mercury and water depends linearly on the logarithm of vapour pressure. Drucker
(1518) proposed an analytic formulation of this relation, Equation 4-8.

Ingy=A+BlnP 4-8)

However, Drucker reported that large deviations from Equation 4-8 were observed for
strongly associating liquids. Mitra & Chakravarty (1954) showed that for strongly
associating liquids, the parameter B is a function of temperature, and recommended to

employ Equation 4-9 (where C is a component-specific parameter),
Ing=A+BInP-C(Inu) (4-9)

There are numerous other viscosity-correlating methods that have been proposed. A
number of these are summarized and reviewed by Stephan & Lucas (1969), Poling et al.
(2000), Reid et al. (1987), Reid & Sherwood (1958), Viswanath & Natarajan (1989),
Mehrotra (1991), Mehrotra et al. (1996) and Monnery ef al. (1995).

4.3.2 Discussion of Correlative techniques.

In order to develop a group contribution method for a temperature dependant

property, the data for each component are often first correlated using a simple
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equation. It is imperative in the correlation that the parameters have minimal
interrelation. In addition, the correlative parameters employed should have physical
significance and relate to the chemical constitution of the respective compound. In this
work, the different correlative methods are not evaluated based on their accuracy to
reproduce experimental data, but with respect to their ability to yield reproducible

parameters that have a minimum dependence on experimental data irregularities.

All reviews cited earlier, assess correlative models based on their interpolative and
extrapolative capabilities when applied to random compounds. Another means to
assess their correlative power and to test whether the models have a semi-theoretical

background is to examine their correlation with chemical constitution.

Batschinski (1913) was the first to find a relationship between liquid viscosity and
molar volume, This was later modified by Lucas & Lucas (1986), who derived Equation
4-10 (where V.; is the volume of the liquid at which p = Icp). Lucas and Lucas
consequently found that by plotting V.; and V, for n-alkanes, the relationship to
chemical constitution was linear. Thus, the new relationship is effective in producing
sensible parameters which are now dimensional physical quantities. This relationship

proves that the viscosity increases linearly with increasing molar volume.

p=v,,,-vo
V-V,

(4-10)
In order to examine the semi-theoretical background of the correlative models, it is
important to understand the parameters associated with these models. Consider the
Andrade equation which was derived from the simple activation energy type
expression (Equation 4-5), where the A parameter relates to the molar volume of the
liquid (fixed point). The B parameter correlates with the potential energy (slope) and
should solely depend on the type of molecule (as with the A and B parameters in the
Clausius-Clapeyron equation in Section 3.3.2). Figure 4-6 plots the n-alkane A and B
parameters as a function of molecular weight from the Andrade Equation.
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Figure 4-6:  Plot of A and B parameters for n-alkanes (Andrade Equation).

Both trends in Figure 4-6 depict meaningful results. Some scatter is observed but this is
the result of the insufficient quality of experimental data for higher alkanes. This is the
general problem with viscosity data since they usually cover a certain range of
temperatures. Very little data over the same temperature range are available for a set of
components in a homologous series. The data are also confined to small temperature
ranges which limit a meaningful analysis of the parameters. In the case of vapour
pressure data, experiments usually cover a wider temperature range and are generally
less influenced by the pressure range. Thus, the parameters, for example, of the
Antoine equation (A and B) are relatively smooth (Figure 4-7) within a homologous

series.

It also should be noted that the intercorrelation of parameters is dependant on the
temperature range (as discussed in Section 3.3.3). For example, it can be seen in Figure
4-6 that for several components where one parameter deviates from the general trend,
the other parameter deviates in the opposite direction proportionately (consider the
Jength of the both parameters deviation for one component, where the ratio is similar
to another component). Thus, the deviations for the two parameters from the general
trend are strongly intercorrelated. Another reason for the observed deviation can lie in
the poor quality of data. But in general, the plots provide a means of assessing the

quality of the parameters, and in essence, their interpolative and extrapolative
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capabilities (parameters for components that deviate from the general trend would be

deemed questionable).
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Figure 4-7:  Plot of A and B parameters for n-alkanes (Antoine Equation).

The deviation of the B parameters from the general trend in Figure 4-6 also may imply
that the parameters are temperature dependent. Thus, it has to be tested beforehand
whether the correlative equation is able to cover a large viscosity-temperature range. If
this is not the case then a correlative equation will yield different parameters for
different viscosity ranges. The general trends from Figure 4-6 can also be seen for
I-alcohols (Figure 4-8), a homologous series that exhibits hydrogen bonding,

For the Vogel equation, a plot of the A and B parameters is presented in Figure 4-9 for
n-alkanes. When compared to the Andrade plot, there is a significantly larger scatter

and no evident trend.
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Figure 48:  Plot of A and B parameters for 1-alcohols (Andrade Equation).
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Figure4-9:  Plot of A and B parameters for n-alkanes (Vogel Equation).

The C parameter of the Vogel and Antoine equation is also plotted for n-alkanes in
Figure 4-10. For the Antoine equation, an obvious trend is evident with almost no
scatter. However, for the Vogel equation, although the trend depicted by the C
parameter bares some resemblance to the Antoine C parameter, a large scatter is

observed.
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Figure 4-10:  Plot of the C parameter for n-alkanes.

From the presentation of both plots for the Vogel parameters, even for the simple n-
alkanes series exhibiting weak London forces, no observable trend is evident. The
introduction of the C parameter was on the basis of removing the temperature
dependence of the B parameter, but the trend depicted by the latter does not
substantiate this theory. Even considering the fragmentation of data, the trends
depicted by the Andrade equation should show some resemblance to the scatter of the
Vogel equation. To substantiate the Vogel plots, a plot of the A and B parameters for
1-alcohols is presented in Figure 4-11. Similar results are observed as in the case of the
previous two plots.

The introduction of the C parameter in the Vogel equation leads to a strong
intercorrelation of the A and B parameters. This implies that the extrapolative
capabilities of the Vogel equation are questionable and the equation should not be used
outside the temperature range of the data.
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Figure 4-11:  Plot of 1-alcohol A and B parameters from the Vogel Equation.

The Andrade and Vogel models are arguably the most popular and commonly
employed correlations for liquid viscosity. A third correlation will also be discussed
which is most commonly employed in the group contribution estimation of liquid
viscosity. This is the viscosity-pressure relationship, first suggested by Drucker,
Equation 4-8. A plot of the A and B parameters for n-alkanes is presented in Figure
4-12. The A parameter is not influenced by the size of the molecule. More interestingly,
the B parameter seems to have a minimum which is extremely difficult to correlate
with respect to chemical constitution.

As a further example, a plot of the A and B parameters for 1-alcohols is presented in
Figure 4-13. Both parameter trends exhibit either a minimum or maximum. Thus, it can
be concluded that the parameter trends obtained for the Drucker equation are not
suitable for group contribution method development. Different series yielding
different trends makes a group contribution estimation of these parameters almost
impossible.
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Figutre 4-12:  Plot of A and B parameters for n-alkanes (Drucker Equation).
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Figure 4-13:  Plot of A and B parameters for 1-alcohols (Drucker Equation).

44  Group Contribution Methods

These types of methods employ group or structural parameters that are generally
available for certain homologous series, or a list of different structural groups. Most

methods use some variation of Equation 4-5 and are applicable up to a reduced
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temperature of 0.7-0.8. As the proposed method will be based on the same approach, a
thorough description and discussion of several methods of this type will be presented

here.

441 Orrick & Erbar (1974)

This method employs a very simple group contribution approach to estimate the
values of A and B for Equation 4-5.

mH - 4.2 (4-11)

The equation requires a liquid density value at 20 *C or at the melting point (whichever
is higher). The method incorporates 28 simple structural groups for both parameters
and is only applicable to hydrocarbons as well as halogenated (except fluorinated) and
oxygenated compounds. Structural groups are given in Table A-18. The authors report
mean absolute percentage error of approximately 15% for 188 organic liquids. This
method requires knowledge of liquid density and will therefore not be discussed any
further.

442 Van Velzen et al. (1972)

Van Velzen and co-workers proposed an estimation method in which viscosity
depends solely on temperature and chemical constitution. The basis of this method is
the Andrade equation (Equation 4-5). By choosing a reference point of u = I¢P, it
follows that Ty = -B/A. With a slight modification of the original equation, the following

equation was proposed:

Inpu= B[% - TL] (4-12)
o

This equation contains two parameters; Tp which is the intercept of the log viscosity-
temperature line with the abscissa, and B which is the slope of the line. Van Velzen
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observed that both parameters are functions of n,, the number of carbon atoms. For the

homologous series of n-alkanes and by a regression analysis, he found that for n, < 20:

T, =28.86 +37.439n, —1.3547n,% +0.02076n,’ (4-13)

B =24.79 + 66.885n, —1.3173n," +0.00377n,’ (4-14)
And for n. > 20:

T, =238.59+8.(64n, (4-15)

B =530.59 +13.740n, (4-16)

In order to be applicable to isomeric alkanes, the principle of the effective carbon
number (ne) was introduced. The effective carbon number (also referred to as the
equivalent chain length) is the chain length of a hypothetical n-alkane with viscosity
equal to 1cP at the temperature where the viscosity of the compound in question is also
1cP. re can be calculated from the total number of carbon atoms in the molecule and
one or more structural and/or configuration factors (An) (Equation 4-17).

ne=n, +An, 4-17)

In the same way, B is calculated as the sum of B,, which is the value of B for the
hypothetical alkane with the equivalent chain length ne, and AB, which is the correction
factor depending on the chemical constitution of the compound (Equation 4-18).
Generally, An, is not a constant, but a function of 7., whereas in most cases AB is a

function of ne.

B=B, +AB (4-18)

For compounds with more than one functional group both An and AB are cumulative.
Thus, the equivalent chain length can be found from Equation (4-19)
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ne=n,+4n, +An.. (4-19)

Once ne is known, Ty can be calculated from Equation 4-13 or 4-15, inserting ne for n..
B, is found from Equation 4-14 or 4-16, inserting B, and rne for B and .. Subsequently
the required viscosity can be calculated from Equation 4-12, as both B and T) are now
available. There exists one important difference between the calculation of ne and B. In
case of two or more identical functional groups, the corrections An. can be applied
additively. On the contrary, for the calculation of B, the functional correction AB has to
be applied only once.

Table A-19 and A-20 provides the various functions for An. and AB for a number of
functional groups and structural configurations, respectively. These values were
obtained by a careful statistical evaluation employing 314 compounds and close to 4500
data points. The authors reported average deviations of 10 to 15% for this data set.

443 Skubla (1985)

Skubla (1985) employed Equation 48 and, by the least squares method, calculated
values for parameters A and B for 199 compounds, or 4144 data points. The vapour
pressure was calculated from the Antoine equation, however for 1l-olefins, some n-
alkyl-cyclohexanes and n-alkylbenzenes, it was calculated front the Frost—Kalkwarf

equation.

The parameters A and B were divided into structural contributions Az and Ab and were
expressed in the given homological series as a function of the number of carbon atoms.
Values of the structural contributions Az and Ab are given in Table A-21. Parameters A
and B can then be easily calculated for any compound by adding the corresponding
contributions Aa and Ab. This method is only applicable to certain homologous series

and restricted to the range of carbon atoms defined for the functional groups.
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444 Joback & Reid (1987)

Joback and Reid proposed a model (Equation 4-20) that is similar to the Andrade
equation (Equation 4-5). In this case, the slope and intercept are functions of simple
functional groups (Table A-5), which are also used in their estimation of normal boiling
points and critical properties (described in Section 2.3.7 of this work and in Nannoolal
(2004)).

> NC, —597.82
T

Inu=InM+ +Y.NC,;-11.202 (4-20)

This method has a very limjted range with only half of the groups employed for the
estimation of critical properties having contributions to estimate the liquid viscosity.
For this reason, this method will not be discussed further.

445 Sastri & Rao (1992)

Sastri & Ramana Rao (1970) proposed an alternate form of the Andrade equation by
choosing to equate the reciprocal temperature to the logarithm of the vapour pressure
(Equation 4-21). This relation is the same as was first proposed by Porter (1912).

Inu=A4-NInP (4-21)

Sastri & Rao (1992) then applied Equation 4-21 at the normal boiling point, Equation 4-
22, and by simple substitution, Equation 4-23 was derived.

by = A (4-22)
Inp=p, —NInP (4-23)

Here gy is the viscosity at the normal boiling point (T;) and P the vapour pressure.
Below the normal boiling point, for the vapour pressure calculation, Sastri and Rao
employed Equation 4-24.
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‘2T ole
[3 - T] 1\’ (T
In P =(4.5398+1.03091n T, ) 1 - ~—*>— - 0.38[3 - T—] ln{T—J (4-24)

5 3

T,

This vapour pressure equation is not necessarily the most accurate equation for vapour
pressure predictions but must be used with Equation 4-21. This is because the group
contributions used to estimate #, and N have been determined when P was calculated
with Equation 4-21. g and N are determined by Equations 4-25 and 4-26, respectively.
The values u; and N were regressed for 314 compounds, or 4500 data points. The
functional groups employed for the parameters in Equations 4-25 and 4-26, are
presented in Tables A-22 to A-28.

Hy =D Apy + Y Ap,,, (4-25)
N=02+Y AN+Y AN, (4-26)

Above the normal boiling point, the authors propose an alternate equation based on
the Andrade equation. This relationship requires knowledge of critical properties and
is out of the scope of the proposed work.

4.4.6 Discussion of Structural Techniques

A recent method presented by Hsu et al. (2002) reported an average absolute
percentage deviation of 4.14% for 482 organic liquids or 4627 data points. The property
prediction model employs 91 funtional groups in a four-parameter equation (Equation
4-27). Unfortunately, the method is not available via the DDBSP and a comparison to
the proposed method cannot be undertaken. However, the method requires a critical
point which, would not only improve the accuracy of the method, but conversely,
severely limit the range of applicability. In addition, the four-constant equation is

bound to have interrelation of the parameters which will question the extrapolative
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capabilities of the method. At this point though, this discussion is just speculation, but
the method will not be discussed further.

h\p:ZNi[a,-+b,T+%+dilnPc] (4-21)

Of the five group contribution methods for the estimation of liquid viscosity presented
in this chapter, the methods of Orrick & Erbar (1974) and Joback & Reid (1987) have the
smallest range of applicability and will not be discussed further.

The method of Skubla employed group contributions to estimate the A and B
parameters of the Drucker (Equation 4-8) relationship. However, as discussed in
Section 4.3.2, the trends depicted for these parameters for different homologous series
not only yielded inconsistent results, but also deviated within the members of each
homologous series. In other words, different homologous series yield different trends
and no function is able to correlate the trend within the homologous series itself. For
this reason, Skubla employed different functions for different series as well as for
different members of the series. This not only questions the extrapolative capabilities of
the method, but questions the assumption of group contribution methods, which
entails that individual groups are additive. Thus, the Skubla method is mainly
applicable to components involved within its development, and for this reason, will
not be discussed further.

Sastri and Rao also employed the viscosity-pressure relationship, but derived a new
equation by fixing one parameter to the viscosity at the normal boiling temperature.
However, this modification has no specific advantage as the equation is identical to the
former equation. Accordingly, the same discussion as with the Skubla method applies
here as well. For illustration purposes though, some results will be presented for this
method in this chapter.

The estimation of the liquid viscosity of n-alkanes from the Sastri and Rao method is
presented in Figure 4-14. For the fixed point, y» was assumed to be constant for
compounds with less than eight carbon atoms, which from Figure 4-12 is actually

correct. However, with increasing molecular weight the viscosity curve deviates
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further away from the experimental data. It can be assumed that the error in the
estimation of the slope is caused by the fact that data for higher molecular weight

compounds were not included in the training set.

The estimation of the liquid viscosity of 1-alcohols from the Sastri and Rao method is
presented in Figure 4-15. Contrary to the estimation of n-alkane viscosities, errors lie in
the estimation of both the fixed point and slope. This is evident in cases where it can be
seen that the slope deviates from the trend of experimental data or the calculated curve
is paralle] to the data. This is a perfect example of intercorrelation from the
simultaneous regression of both parameters. Also, it is evident that the viscosity-
pressure relationship does not obey the group contribution assumption, and in both
methods that employ this model, a large number of corrections were added to

overcome this limitation.

Van Velzen modified the Andrade equation to include a component-specific reference
temperature where the viscosity is 1 poise. The introduction of a reference
temperature, rather than a reference viscosity, has a theoretical advantage (discussed in
Chapter 9). In case of vapour pressure, a fixed pressure of one atmosphere leads to a

reference temperature (the normal boiling point).

Figures 4-16 and 4-17 show plots of Tp and B for n-alkanes and 1-alcohols, respectively.
The trends within each homologous series are smoother than those shown earlier and
at the same time, both series exhibit similar trends. Thus, the new model developed by
Van Velzen has a clear advantage over the models presented earlier.

The estimation of the liquid viscosity of n-alkanes from the Van Velzen method is
presented in Figure 4-18. The method is able to accurately estimate the viscosity of
these components, except in case of the smaller compounds. However, it is also
noticeable that for the highest molecular weight compounds the slope starts to deviate.
In essence, the Van Velzen method overestimates the slope of the smaller compounds
and with increasing molecular weight, starts to underestimate it. A reason might be

that data for the larger compounds were not in the training set of the method.
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Van Velzen only employed six compounds in the regression of primary alcohols (not
necessarily 1-alcohols), which can be assumed to be low molecular weight compounds.
From the multiple plots of 1-alcohols in Figure 4-19, it is clearly evident that the
method fails with increasing molecular weight. Thus it can be assumed that the higher
molecular weight compounds were not in the training set. Another instance of the poor
performance outside the regression set is seen in the multiple plot for diols in Figure
4-20. Van Velzen employed only two compounds in the regression set, which were
probably 1,4-butanediol and 1,5-pentanediol and the estimation of the other diols not
in the regression is poor with errors in the slope and fixed point. For primary amines
(six compounds employed in regression set), the multiple plot presented in Figure 4-21
yields further poor results. The poor results for components outside the training set of
the Van Velzen method could be due to the polynomial terms used to estimate the
individual parameters (use of polynomial terms were discussed in Chapter 2). From all
the methods presented in this work, the Van Velzen method is the most accurate. At
the same time, the method is only applicable to a few members of some homologous

series.

From the discussion of estimation methods for temperature dependent properties
presented in this and the preceding chapter, it becomes obvious that nearly all of the
methods are only applicable to certain homologous series and perform nowhere near
the accuracy of correlative methods. One re-occurring observation is that the
intercorrelation of parameters from a simultaneous regression of all compounds makes
it difficult, or nearly impossible, to develop this type of method for applicability to a
wide range of organic compounds. The assumption of linearity within a homologous
series for each parameter is also mostly not valid. It is the aim of this work, with
respect to liquid vapour pressure and viscosities, to develop methods that are
applicable to a wide range of compounds and in comparable accuracy to correlative
models.
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Figure 4-14:  Series plot of experimental and estimated liquid viscosities for n-alkanes
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Series plot of experimental and estimated liquid viscosities for 1-

alcohols (Sastri and Rao method).
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Figure 4-16:  Plot of Ty and B parameters for n-alkanes (Equation 4-12).
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Figure 4-17:  Plot of Tp and B parameters for 1-alcohols (Equation 4-12).
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Figure 4-20: Multiple plots (Ln () vs. 1/T [K1]) of experimential and estimated

liquid viscosities for multi-functional alcohols.
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Chapter Five

Liquid Theory and the Group Contribution Concept

51 Introduction

In this work, estimation methods for various pure component properties like liquid
vapour pressure, normal boiling point, critical properties and liquid viscosity have
been developed. At the beginning of the development though, it was important to
carefully examine the dependencies of these properties on other thermodynamic
variables and to gain an understanding of molecular and electronic structures, types of
inter- and intramolecular interactions, etc, which determine the value of interest. In
additdon, awareness should be raised of the physically realistic range, the functional
dependence of these values on other variables like temperature and pressure, the
physically meaningful boundary conditions and expected behaviour in case of
extrapolation outside the range of the proposed method. Therefore, the first part of this
chapter will describe important aspects of the behaviour of organic compounds and

their physical properties.

The proposed work is an extension of Nannoolal (2004), where the estimation of
normal boiling points of organic compounds by a group contribution method was
presented. The same approach will be employed in this work in a further elaborated
and slightly modified form. For this reason, the second part of this chapter will
describe the previously published method as this is required to follow the arguments

presented in this work.

5.2  Liquid Theory Considerations

Different theories, many of them of extraordinarily complexity, are available to
describe the structure and dynamics of the liquid state. Despite intensive research,

nione of these theories have led to sufficiently reliable results when applied to property
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estimation of realistic fluids. For this reason, empirical and semi-empirical methods are

usually employed.

It can be argued that empirical methods based on for example the group contribution
concept present a mere curve fitting exercise without any theoretical background. This
type of argument can stem from, for example, the experiences with the extrapolative
capabilities of group contribution estimation methods for critical properties (Figure 2-1
in Section 2.3.3). As discussed, half of these methods led to incorrect extrapolations for
high molecular weight compounds. At the same time, the other half of these methods
gave meaningful extrapolations. Thus different users employing different methods will
have different impressions about group contribution techniques. This is one of the

reasons where the above mentioned argument arises.

It is generally accepted, that group contribution methods should not be purely
correlative, but should utilize any available knowledge about the functional
dependence on other available properties and observe any known boundary
conditions. This was discussed in the previous chapter in Section 4.1.

The aim of this section is to summarize some of the theoretical aspects required for the
development of the new group contribution methods. Nannoolal (2004) contains a
similar discourse that will be partly repeated here but with further elaboration and
revision. The reason for this is to provide a solid background before attempting to

present the model development and results.

5.21 Enthalpy and Entropy of Phase Change

For any phases 2 and # in equilibrium, the following relationship can be derived (see
Nannoolal (2004) for derivation):

= AHaﬂ
5 o
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The above relationship is valid for any two phases in equilibrium and for systems with

any number of components. Special cases are for example:

¢ solid — liquid (melting or fusion curve)
e solid — vapour (sublimation or deposition curve)

¢ liquid — vapour (vaporisation or condensation curve)

This work will only deal with properties along the vaporisation curve (saturated liquid
vapour pressure curve, normal boiling point, critical properties and saturated liquid

viscosity).

In case of pure comporents, the change of enthalpy between the phases is the
difference between the molar enthalpy of the saturated phases at the same temperature
and equilibrium pressure. To move a molecule from the liquid into the vapour phase,
intermolecular attraction must be overcome. Thus, increasing attractive forces between
the molecules will lead to a higher enthalpy of vaporization. At any point along the
vaporisation curve and sufficiently remote from the critical point, the total interaction
between the molecules in the vapour phase is small compared to the liquid phase.
Consequently, the enthalpy of vaporization is related to the total intermolecular
interaction in the liquid phase.

The change of enthalpy required to cross the phase boundary has a significant
influence on, for example, the vapour pressure. A molecule in the liquid phase must
have a kinetic energy greater than the potential energy in order to escape into the
vapour phase. The portion of the molecules having a thermal energy larger than a
certain value can be described using the Boltzmann expression exp(-AE/RT). This leads
to an approximate logarithmic dependence of vapour pressure on reciprocal

temperature.

Entropy corresponds to the number of possible arrangements (positions and/ or energy
levels) that are available to a system at any given state. The population (probability of
occupation) ratio of two states of different energy can be calculated from the energy
difference AE and the thermal energy RT. The more ways (arrangements) a particular
state can be realised, the greater the likelihood (probability) that this state will occur.
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(Nature spontaneously proceeds towards the states that have the highest probabilities
of existing).

The following text contains a description of the molecular basis of entropy and its
effect on chemical reactions or phase changes (cited by Barrow (1985)). “The
equilibrium of A and B in which B has the higher entropy, for example, can be
understood in terms of the fact that for some reason there are more available quantum
states corresponding to B. There are therefore more ways of distributing the atoms in
these states so that a molecule of type B is formed than there are ways of arranging the
atoms in the quantum states so that a molecule of type A is formed. The tendency of A
to change over to B, even if no energy driving force exists, is therefore understood to be
due to the driving force that takes the system from a state of lower probability, i.e., of
few quantum states and a few possible arrangements, to one of higher probability, i.e.,
one of many available quantum states and more possible arrangements. The qualitative
result from this discussion is: A substance for which the molecules have more aoailable
quantum states has the higher probability and therefore the higher entropy.”

“The molecular explanation of the entropy change in a process is basically quite
simple. In practice, of course, it s not always easy to see whether a process, or reaction,
produces a system with more, or less, available quantum states or energy levels. Thus,
for the liquid-to-vapour transition a large entropy change increase occurs. The
difficulties encountered in a molecular understanding of the liquid state make it very
difficult to evaluate this entropy increase from the molecular model.”

In the case of evaporation, the change in entropy is nearly solely determined by the
change of translational freedom (Le. the gain of translational entropy when going from
a confined space in the liquid to the available vapour phase volume). This is why
according to Trouton's rule the entropy of vaporisation at the normal boiling
temperature is approximately identical for a Jarge number of components. Deviations

in most cases result from non-ideal gas phase behaviour.

"Some gas-phase molecules, like CH, have for example negligible entropy due to
rotation and vibration. Others like CCly, have a large contribution from this motion;
about half the entropy of gaseous CCly is due to rotational and vibratonal
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contributions. But molecules like CHs and CCls seem to obey Trouton’s rule equally
well. Thus it seems that no major changes in the rotational and vibrational entropies

are occurring upon vaporisation”, Barrow (1985).

5.2.2 Intermolecular Forces

One obvious argument for the existence of intermolecular forces is the existence of
phases. Without these forces, the condensed phase, liquid and solid, would not exist
since these are the forces that hold the molecules together. Even in a gas, the presence
of strong intermolecular interactions can cause non-ideal behaviour. In liquids and
solids the molecules are much closer together and are influenced significantly by
intermolecular forces. Thus, this section will briefly describe the types of forces and
their influence on the properties of liquids and solids. Most of the arguments will be
based on the excellent description of these forces presented by Tesconi & Yalkowsky
(2000).

5.2.2.1 Induced Dipole - Induced Dipole Forces (Dispersive Forces, London

Forces, Van der Waals Forces)

If an induced dipole interacts with another induced dipole, the result is an induced
dipole-induced dipole or dispersjon (London) interaction. The magnitude of this type
of interaction depends on the ionisation potential and polarizability of the molecules
concerned. The ionisation potential is the energy required to remove the most loosely
held electron in the molecule. It generally decreases with molecular size and degree of
unsaturation, but does not vary greatly between simple and complex molecules and
can be considered to be constant for many organic compounds except perfluorinated
components. Polarizability is a measure of the ease with which a dipole can be induced
in a molecule. It is proportional to molecular volume, which can be constdered to be
additive, and since ionisation potentials is roughly constant, the induced dipole-

induced dipole interaction can also be assumed for most compounds to be additive.

London (dispersive) forces are weak attractive forces that are important over only

extremely short distances. They exist for all types of molecules in condensed phases.
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London forces are the only kind of intermolecular attractive forces present among
symmetrical non-polar molecules. Without London forces, these molecules could not
condense to form liquids or solidify to form solids. Although Van der Waals forces
genertally refer to all intermolecular attractions, the name is also used interchangeably
with "London forces". As London forces diminish very quickly with growing distance,
one can distinguish roughly between molecules "in contact" and "not in contact". The
energy difference between these two states is the London interaction for one molecular
contact. Application of the Boltzmann distribution law shows, that a significant
proportion of the molecules in a liquid can be assumed to be in mutual contact. This is
the reason why models based on the number of intermolecular contacts perform
analogous to those which calculate the total energy by special integration of the
intermolecular potential times radial distribution function.

Polarizability increases as “electron clouds" (i.e. the space in which the probability of
finding the electron exceeds a certain predefined value) become larger and more
diffuse with growing distance from the nucleus (towards heavier atoms) and decreases
from metals towards halogens and noble gases within one period of the periodic
system of elements due to the increasing charge of the nucleus (which at the same time
leads to a contraction of the Van der Waals-radii). In addition, it depends on the
number of polarisable electrons. Therefore, London forces are generally stronger for
molecules that are larger or have more electrons. The increasing effectiveness of
London forces of attractions becomes important even in the case of some polar covalent
molecules. For example, it accounts for the increase in boiling point in the sequences
HCI < HBr < HI and H»S < HsSe < H,Te. The difference in electronegativities decreases
in these sequences, and the increasing London forces override the decreasing
permanent dipole-dipole forces (discussed later). A similar effect can be seen in the
trend of the boiling points of the halogens from fluorine to iodine.

While the centre of potential is usually assumed to be in the centre of the molecule, the
centre of the dispersive force lies approximately in the position of the nucleus of the
individual atoms. Thus, dispersive forces do not diminish with increasing size of the
molecules as this does not move the centres of attraction further apart. To account for
this, the simple Kihara potential contains a parameter ¢ that places the centre of
attraction at some place between the centre (¢=0) of the molecule and the Van der
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Waals radius (c=1). Modern potentials place several potential functions at different

points inside the molecule to approximate a realistic anisotropic potential.

5.2.2.2 Dipole - Dipole (Keesom) Forces and Dipole - Induced Dipole (Debye,

Induction) Forces

A dipole-dipole interaction between polar molecules results from the attraction or
repulsion of opposite or liked charged atoms of different molecules, respectively
(Figure 5-1). Dipole-dipole interactions are also known as Keesom forces. For non-
hydrogen bonding molecules (see later), these interactions influence the orientation of
the molecules in the liquid (or solid). They are also a function of the magnitude of the
molecule’s local dipole moment and the positioning of the molecule with respect to its
neighbouring groups. This implies that these interactions may not always be additive.
But, since the positioning of the molecules in most liquids is aligned for maximum

dipolar interaction, the interactions are in most cases additive.

A
A—> /A
R R

A

Figure 5-1:  Illustration of dipole-dipole interactions between polar molecules (A-

attraction, R - repulsion).

An induced dipole occurs when one molecule with a permanent dipole repels another
molecule’s electrons, ‘inducing’ a dipole moment in that molecule, in the same manner
as an electric field induces a dipole in a conductor. An induced dipole interacting with
a dipole creates an induced dipole-dipole or Debye interaction. The strength of these
interactions depends on the polarizability and magnitude of its local dipole moments.

As with dipole-dipole interactions, induced dipole-dipole interactions are in most cases
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additive. In addition to the dipole-dipole and dipole-induced-dipole forces, similar
effects are present in case of quadrupoles and multipoles. While quadrupole effects of
this kind are usually small, multipole effects are even less important.

5.2.2.3 Hydrogen bonding

Hydrogen bonded to oxygen, nitrogen or fluorine (and to a lesser extent, sulphur,
chlorine and phosphorus) forms a special case of very strong interaction known as
hydrogen bonding. A hydrogen bond leads to the partial sharing of a hydrogen atom
by two highly electronegative atoms (Figure 5-2). In practically every case, this
hydrogen is not equally shared. The atoms entering into the bond must include both an
acceptor and donor. A weak hydrogen bond can also be formed between a donor atom

and the electrons in a r orbital of a sp or sp? carbon.

HN—O

H—O——H-—0 H— O

Figure 5-2:  Hydrogen bonding (indicated by dotted line) in water

If a hydrogen bond is formed between two different molecules, then this is known as
intermolecular hydrogen bonding. If the bond is internal, i.e. within the molecule itself,
then this is known as intramolecular hydrogen bonding. Intramolecular hydrogen
bonding is a special case in which steric effects support the formation of an
intramolecular bond that results in a significant decrease of the enthalpy of
vaporization. In many cases, this phenomenon is difficult to detect by group

contribution methods (some examples are given in Nannoolal (2004)).

The increase in attractive forces in the liquid phase increases the heat of vaporization.
The extra energy required to break these bonds is the main reason why molecules with
hydrogen bonds have much higher boiling points. The boiling point of water illustrates
this behaviour, with a boiling point of 100 °C and a molecular weight of 18 g.mol-1, The

closest alkane in size is methane, which has a molecular weight of 16 g.mol? and a
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normal boiling point of -167.7 “C. Also, alcohols and amines, molecules with hydrogen
bonding, generally have higher boiling points (Table 5-1) than alkanes and ethers (the
oxygen is bonded to two carbons and does not form a hydrogen bond, but induced

dipole-dipole forces do exist) of comparable molecular weight.

The strongest hydrogen bonds are linear, where two electronegative atoms and the
hydrogen between them lie on a straight line and for acceptor and donor atoms with a
higher electronegativity or polarizability. Nitrogen is less electronegative than oxygen,
which means that hydrogen bonds between amines are weaker than hydrogen bonds
in alcohols. Amines, therefore, have lower boiling points than alcohols (Table 5-1) of

comparable molecular weight.

Table 5-1: Comparison of boiling points of alkanes, ethers, alcohols and amines
Atking (1994)

Compound  NBP Compound NBP Compound NBP

CHsCH.CHs 421 CHsCH.CH.CH, 0.5 CH, CH.CH:CHCHy  36.1

CH;0CHs -237 CH,OCH:CH; 10.8 CH,CH,OCH:CH; 345
CH,CH,OH 780 CH:CH,CH.OH  97.4 CHsCH,CH,CH,OH  117.3
CHoCH:NH, 166  CHsCH,CH:NH, 47.8 CH>CHzCH2CHaNH; 77.8

5.2.2.4 Summation of Intermolecular Forces

The properties observed for organic compounds on the macroscopic leve]l are
determined by the properties of individual molecules and the interactions between
them. The polar or non-polar character of a molecule will clearly be important in
determining the nature of its interactions with other molecules. These interactions can
be considered the result of the effects described above. Thermodynamic properties of

pure substances are to a large extent determined by these effects.

The various molecular interactions may not always be additive, as they can also be

competitive. The orientation of the molecules most favourable to satisfy one type of

“ Normal boiling paint in 'C
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interaction may not be ideal for another type. Molecules tend to arrange themselves in
a manner to maximize the forces of attraction by bringing sites of opposite charges
together and minimizing the forces of repulsion by separating regions of like charges.
The result is a compromise to achieve the lowest possible potential energy without an
improbable lowering of the entropy. Consequently, since these forces may not always
be additive, a group contribution method will use an average value of the effect of a

fragment in several compounds.

Hydrogen bonds are especially competitive as only one bond can exist between the
hydrogen and the acceptor site. This leads to the non-additivity of group contributions
in the case of hydrogen-bonding groups (see below).

Molecules have kinetic energy as a result of their velocities relative to some fixed frame
of reference. They also have potential energy from their positions relative to one
another. Molecules in the condensed phase are in a region of highly negative potential
energy due to the attractive forces exerted by the neighbouring molecules. By
supplying energy in the form of heat, molecules in the liquid phase can acquire
sufficient kinetic energy to overcome the potential energy of attraction and escape into
the vapour phase. The vapour pressure (or vapour phase fugacity, chemical potential)
will thus provide a means to measure the tendency of a molecule in a condensed phase
to escape into the vapour phase. The larger the vapour pressure, the greater the
escaping tendency (fugacity). Thus, observation of a large vapour pressure at a low
temperature implies that relatively little kinetic energy is required to overcome the
potential interactions between the molecules in the condensed phase.

Table 5-2 presents typical potential energies for the different types of interactions.
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Table 5-2: Typical potential energies of charges and dipoles Atkins (1994)

Interaction Type Distance Typical Energy Comments
Dependence [k].mol'1]
on-lon 1/r 250 Only between ions
Hydrogen bond - 20 AB=N,OorR
A-H...B
Jon-Dipole 1/r2 15
Dipole-Dipole 1/ 2 Between stationary polar
molecules
1/r6 0.3 Between rotating polar
molecules
London 1/r6 2 Between all types of
molecules

The ion-ion interaction has by far the highest potential energy. These types of liquid
compounds are generally referred to as molten salts or in case of low melfing points
"tonic liquids”. In most cases they have no measurable vapour pressures and will .not
be considered in this work. Apart from this interaction, molecules with hydrogen
bonding tend to have higher bonding energies than molecules with dipole-dipole
interactions and London forces. This result’s in a higher thermal energy needed to
separate the molecules. While the potential energy from London forces is almost the
same as the dipole-dipole interaction energy, these forces are only effective over a short
distance than the latter one. Thus (similar to adhesion glue) they lead to an energy
difference between molecules "in contact” and "not in contact". This leads to the
formation of long-living structures and a significant difference between the size of
transport properties like viscosity, thermal conductivity or thermal corductivity in
sub-critical liquids (held together by intermolecular forces, internal pressure) and
supercritical fluids of similar density (held together by pressure applied externally).
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5.2.3 Influence of Molecular Structure on Intermolecular Forces

In many cases, molecular structure has an important influence on intermolecular

forces. Several cases will be discussed here.

The dipole moment of a bond is defined as the product of the total amount of positive
or negative charge and the distance between their centres. In a molecule with only one
covalent bond, the dipole moment of the whole molecule is identical to the dipole
moment of the bond. Molecules with dipole moments are attracted to one another
because they align themselves in such a way that the positive end of one dipole is close
to the negative end of another dipole. These electrostatic attractive forces are called

dipole-dipole interactions (discussed earlier).

As the dipole moment of a molecule depends strongly on the relative position of the
groups and a group contribution method only has knowledge about the type and
frequency of the groups, this interaction is sometimes difficult to predict. Dipole
moments are on the other hand available from the results of quantum-techanical or
semi-empirical calculations and can be introduced into an estimation method without

the need for an experiment. This will be investigated in Chapter 11.

Steric hindrance (or steric strain) is the strain put on a molecule when atoms or groups
are too close to each other. Generally, this leads to increased polarizability and has a
pronounced effect on the properties of non-polar compounds. In other cases steric
hindrance may for example prevent conjugation of unsaturated bonds as in the case of
2,5-dimethyl benzoic acid, where the acid anion is not stabilised by delocalisation as
compared to benzoic acid. A detailed discussion of steric hindrance together with some

examples is presented in Nannoolal (2004).

There are also various other factors that influence the liquid (condensed) phase, some
of which were also described in Nannoolal (2004). However, the theory presented so

far is adequate for an understanding of fluid behaviour within the context of this work.
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5.3  Group Contribution Method

The proposed work will employ innovative techniques for the development of state of
the art property prediction models for the properties mentioned earlier. Understanding
and application of these models requires knowledge about the underlying group
contribution concept. Thus, this section will present a summary of the group
contribution model developed in Nannoolal (2004), and the theory prior to this section
helps provide meaning to the scientific and mathematical basis of this model.

5.3.1 First-Order Groups

Group contribution is one of the simplest forms of estimation for any desired property
since it only requires the knowledge of the molecular structure. In the development of
a group contribution model, the first and most important assumption is that the
influence of individual groups on an observable property is additive and very similar
for this group in different molecules.

There are numerous approaches to the classification of functional groups by different
authors. A number of these approaches have been discussed in Chapters 2 and 4 of this
work. With respect to the normal boiling point, methods developed for their estimation
have also been developed for critical properties which were presented earlier. The two
exceptions were Cordes & Rarey (2001) and Stein & Brown (1994), discussed in
Nannoolal (2004).

Nannoolal (2004) suggested that from the examination of the various group
contribution approaches, the method of Cordes & Rarey (2001) was the most
successful. As a result, the group contribution model presented here is based on the
idea that the specification of the chemical neighbourhood of a structural group plays a
significant role in property predictions. Thus, it became evident for the definition of
first-order functional groups, that:

% there is no need to distinguish between carbon or silicon as a neighbour atom;
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% very electronegative (N, O, F and Cl) or aromatic neighbours often significantly
influence the contribution of a structural group;

¢ it is vsually of great importance whether a group is part of a chain, ring or
aromatic system;

¢ the effect of conjugated unsaturated bonds on each other must be taken into
account. Therefore in all groups containing the C=0 double bond, a correction
had to be introduced in case of conjugation (for example, C=C-C=0);

¢ Steric hindrance results in a slight delocalization (increased "softness") of
electrons that leads to stronger dispersive interactions.

The definition of the first-order groups for the estimation of the normal boiling is
presented in Nannoolal (2004) & Nannoolal et al. (2004). These definitions will not be
repeated here, however, the modified version for the estimation of critical properties,
vapour pressure and liquid viscosity, will be presented later together with a table of
the changes made.

There are two important rules when fragmenting a molecule with the proposed group
contribution method. The first is that the molecule must be entirely fragmented with
the group definitions available and the second is that for cases where a fragment may
belong to different groups, the groups with the lower priority number (higher priority)
must be chosen. Priority numbers were assigned during method development. An
important criterion for priorities is that a group that can be constructed out of other
smaller groups needs to have a higher priority than all the smaller groups.

5.3.2 Corrections

The use of higher order groups or corrections by previous methods has generally been
of a correlative nature and tends to seriously affect the ability to extrapolate. Therefore,
these groups should be used economically and only in cases where an obvious effect
on the physical property, which could not be captured by the individual group

contributions, is evident.
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This applies mostly to proximity effects, where two groups show a significant
behaviour affecting the physical properties only if they are located in a certain position
to each other. In case the relative position is of no concern, the effect can be described
using group interactions (see below). Numerous examples exist for these types of
effects. In most cases they can be described by the introduction of an additional (larger)
group rather than by a second order group. A very pronounced example is the
combination of an alcohol group (-OH) and the C-O double bond group leading to a
carboxylic acid.

In case the effect is similar for several cases, a correction contribution is more efficient.
For example, instead of introducing additional conjugated versions of the ketone,
aldehyde, carboxylic acid and ester group, one C=C-C=0 correction group has proven
sufficient to describe this effect both in cases of isolated conjugated C=C-bonds and

carbonyl-carbon attached to an aromatic system.

A number of corrections developed by Cordes & Rarey (2001) were also employed in
the method of Nannoolal (2004) and are presented in Table B2, ID = 123 to 129.

One of the major disadvantages of the former method was its inability to differentiate
amongst hydrocarbon isomers. A detailed analysis of hydrocarbon compounds
revealed rather high deviations for some, but not all highty branched isomers. One
way to improve the results would have been to introduce several larger groups, as
done by many authors employing higher order corrections. Introducing these types of
groups can greatly reduce errors for certain components in the available database but
may lead to large errors when estimating properties of new components, which would
require yet another large group correction. Instead, a steric correction was introduced,
which counts the number of carbon atoms connected to the partners of a C-C bond
(TD = 130 - 133 in Table B2), Figure 5-3. A detailed discussion of these groups is
presented in Nannoolal (2004) & Nannoolal ef al. (2004). This effectively describes the
effect of steric hindrance on polarizability.

Several other corrections were discussed in detail in Nannoolal (2004) & Nannoolal et
al. (2004) (see ID 119 - 122 and 134 in Table B2). For example, for the case of carbonyl
groups with a carbon—carbon bond in conjugation with the carbonyl double bond, a
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correction (C=C-C=0 - ID = 134) was introduced. The correction takes into account the
ability of the electronegative oxygen to polarize the electrons in the conjugated system
resulting in a significantly larger charge separation (higher dipole moment) than in
case of the isolated carbonyl double bond.

Figure 5-3:  Steric contribution of the number of carbon atoms around a C-C bond.

5.3.3 Group Interactions

One of the advancements in the method of Nannoolal (2004) was the introduction of
group interactions for the estimation of multi-functional compounds (Figure 5-4). Prior
to this, no method could reliably estimate properties for these types of compounds
within a fair degree of accuracy. Most methods showed extraordinarily large errors.

The idea behind group interactions is that, for compounds where there are two or more
strongly associating groups, the assumption of simple additivity no longer holds. For
example an alcohol group (-OH) in the homologous series of 1-alcohols will have a
similar effect on the property of each 1-alcohol, the CH2-groups added to generate
other members of the series behaves additively. Increasing the number of hydroxy!-
groups will greatly overestimate association as these groups behave (to a certain
extend) non-additive but competitive or exhibit chain formation that is not present in

alcohols with only one OH-group. These effects are shown in Figure 54.

Although halogen compounds may act as hydrogen bonding acceptors, halogen
groups can be considered to behave additively due to the weakness of these bonds. The
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same holds for other groups containing n-electrons. This omission does not lead to

significantly worse results or any serious estimation failures.

O TR T @

€9

=

Figure 54:  Group interactions for an alkane-diol and -triol.

As a conclusion, introduction of groups, corrections and interactions should never be
based on trial and error, but must be rationalized by the molecular understanding of
the effects governing the size of the physical property to be estimated. In addition, the
effect must be of sufficient influence. If the expected uncertainty of estimation lies
around 6 K (for a normal boiling point), there is no need to improve the result for a few

components by 1 or 2 K by introducing additional groups.

Exaggerating the number of groups might lower the mean deviation in case of the

training set of data but can have catastrophic consequences in extrapolation.

In other cases, data that require additional groups may not be available in the training
set. The groups should be introduced anyway either with a missing or estimated group
contribution value. There are for example no boiling point data for components
containing both the carboxylic acid and amine group. It is common knowledge that
these components form zwitterions with a negligible vapour pressure. Introducing the
COOH-NH2 interaction with a very large contribution might not yield the correct
value but Jeads to a much more reliable result than omitting the interaction.
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Chapter Six

Computational Tools

6.1 Introduction

Computational tools play an important role in chemical engineering ranging from a
simple calculation of vapour pressures using for example the Antoine equation to the
dynamic simulation of chemical plants. However, with numerous software packages
and smaller software tools being readily available, the number of engineers engaging
in software development is steadily decreasing. Today, computer programming in
chemical engineering is strongly marked by the use of available functionality in
process simulation software, data bank programs, etc. A typical program written by an
end-user is rather simple and exploits thermodynamic or unit operation models from,
for example, Aspen Plus, data bank functionality from MS-Access or another SQL
(discussed later) data bank product, etc. A very commonly used language is VBA (in
conjunction with MS-Excel) due to the fact that most chemical engineers are well

acquainted with this program.

In academic research on the other hand, new and innovative functionality is often

required that cannot be found in commercial software.

In this work, standard software was used wherever possible to maximise efficiency.
MS-Excel-VBA was used to link the different tools owing to its simplicity and
compatibility to commercial software. In addition, most scientific and engineering
software contain documentation and example files for the simple programmatic access
to its functionality via VBA.
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For the development of group contribution methods, the most important required tools

are.

% A database containing a large amount of reliable experimental data to be used
as a training and test set.

% A procedure to fragment molecules into their structural groups. Most of the
older methods were developed using manual fragmentation. This is not only
tedious and time consuming but also discourages modif