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ABSTRACT

Experimental cloud point data are reported for the polystyrene +
methylcyclohexane system in the vicinity of UCST. Two samples of polystyrene were
used. One is nearly monodisperse with My= 31,600 and Mx=29,100. The other has
Myw=250,000 and My=64,000. The influence of CO- as an additional component on the
phase behaviour of the monodisperse polystyrene + methylcyclohexane system is
investigated for two approximately constant polymer mass fractions. Normally CO,
adversely affects the solubility of the polymer. However, it was found that under certain
conditions of pressure, temperature and compositions, the mixed solvent can be a better
solvent for polystyrene than either methylcyclohexane or CO- alone.

The computational part of this work involved phase equilibrium computations with
three models applicable to polymer solutions namely, (i) the Sanchez-Lacombe EOS, (ii)
the Kleintjens-Koningsveld EOS and, (iii) the PHSC EOS. Computational difficulties were
encountered with the conventional successive-substitution flash calculation procedure. It is
shown that these can be eliminated with a simple modification to the iterative procedure.
A scheme is presented for performing phase boundary calculations when the polymer is
polydisperse. Multiphase equilibrium calculations were also performed with the models by
modifying an existing multiphase successive substitution algorithm.

The models used in this work gave a satisfactory representation of pure component
vapor pressure data for compounds n-hexane, CO, and methylcyclohexane. The results are

also satisfactory for the system CO, + methylcyclohexane. The models were applied to



describe the phase behaviour of two polymer-solvent systems. The first was a polydisperse
sample of polyethylene in n-hexane where the experimental data showed LCST type
behaviour. The models gave a satisfactory representation of the data including vapor-
liquid-liquid equilibria. The second systerm was a monodisperse sample of polystyrene in
methyicyclohexane and the data were measured in the vicinity of the UCST. In this case,
only qualitative representation of the data could be obtained by an empirical modification
to the models. This may be a consequence of the polymer parameters employed to

perform calculations.
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CHAPTER1

Introduction

1.0 General

Understanding of the phase behavior of polymer solutions is of great importance.
For instance, in a polymerization reactor, it is important to know under what conditions
of temperature, pressure, composition and polymer molar mass the reaction mixture will
be homogeneous or heterogeneous. In solution polymerization, in order to obtain a
product with good properties and for kinetic reasons, it is important that the reaction
mixture be in one phase (de Loos et al., 1996). In some instances it is desirable to carry
out the reaction in a two-phase region (Folie and Radosz, 1995). Low density
polyethylene (LDPE) produced in a two-phase system has superior film properties owing
to a narrow molar mass distribution. Sometimes the polymer may precipitate from the
reaction mixture and cause fouling in the reactor. The production of polyethylene by the
high pressure polyethylene process (HPPE) is usually carried out in a single phase (Folie
and Radosz, 1995). The reaction is exothermic and a single-phase is more desirable from
a heat removal point of view. Also, a polyethylene rich phase is viscous and can form hot
spots in the reactor. This can degrade the polymer and cause undesirable reactions in the
reactor.

The product stream coming out of a polymerization reactor is usually a mixture of

polymer molecules of varying chain lengths, unreacted monomer(s), residual initiator and



2
catalyst molecules, solvent etc. (Kiran, 1994). Depending on the ultimate use, further

purification is required. Knowledge of the polymer solution phase behavior is important
to carry out these steps economically and to develop newer and more economical
methods. One of the most important technique for separating the polymer from the
solvent is by steam stripping (McHugh and Guckes, 1985). However, this is a very
energy intensive process as the solvent may comprise up to 95 wt % of the solution.
Separation in a polymer solution can also be achieved by a lower critical solution
temperature (LCST) phase split (Seckner et al., 1988). This type of phase separation
occurs when the temperature of the polymer solution is raised, usually in the vicinity of
the solvent critical temperature. This type of phase behavior is discussed in detail in a
later Chapter. The higher temperatures in this case also imply a higher energy
consumption. However, the LCST temperature can be lowered by the addition of a
supercritical gas as reported by among others, McHugh and Guckes (1985), Seckner et al.
(1988) and Kennis et al.(1990). The density of a gas is strongly dependent on pressure.
The solubility of the polymer in the solvent mixture is a function of density and hence
pressure can be employed to cause homogeneity or heterogeneity in the system.

Affecting the solubility of a polymer mixture by addition of a non-solvent, such
as a supercritical gas, has applications in areas such as particle formation and
crystallization (Kiran, 1994). Another important application is the fractionation of a
widely polydisperse polymer into fractions with narrower molar mass distributions using

the supercritical antisolvent (SAS) process (Chen et al., 1994). In this process, the



3
polymer solubility is controlled by adjusting the temperature, pressure and the

composition of the mixed solvent consisting of a solvent and an anti-solvent.

A substantial amount of work has been done to understand the phase behavior of
polymer mixtures both from experimental and theoretical points of view. Experiments, in
addition to providing important data, enable evaluation of equation of state models for
correlation and/or prediction of phase behavior. An adequate model on the other hand can
significantly reduce the amount of experirnental effort and guide the experimentalist in
the right direction.

The subsequent two sections cover some theoretical and experimental
developments of importance to this work. The final section of this Chapter gives an

overview of the Chapters to follow.

1.1 Equations of state

The most well known and widely used theory for polymer solutions is the Flory-
Huggins theory (Flory, 1953). This theory uses an incompressible lattice to model the
mixture of solvent and polymer molecules. The solvent molecules and the segments of
the polymer molecules occupy the sites on the lattice. The number of configurations
available to the molecules comprising the mixture gives the combinatorial entropy of
mixing. A van Laar like enthalpy of mixing term accounting for the interactions between
polymer segments solvent molecules is added to the combinatorial entropy of mixing to

get the Gibbs free energy of mixing. This theory and its variations have been successful at



4
correlating and/or predicting upper critical solution temperature (UCST) behavior and

closed loop phase behavior. The variations include making the interaction parameter in
the enthalpy of mixing term composition and/or temperature dependent. Some important
work along these lines has been done by Nies et al. (1985), Cheluget et al. (1993) and Bae
et al. (1993). UCST behavior, typified by the transition from a two-phase system to a
one-phase system, occurs because of energetic effects. Closed loop phase behavior
normally happens when specific interactions such as hydrogen bonding are present. The
compressibility of the polymer solution is not a key issue and thus can be modeled by a
theory based on an incompressible lattice. However, as mentioned before, polymer
solutions also exhibit LCST behavior which occurs as a consequence of different volume
expansions of the polymer and solvent molecules. For such systems a theory that
accounts for compressibility effects is required. Significant work has been done to extend
the Flory-Huggins theory to such systems by the inclusion of vacancies or holes on the
lattice, the number of which varies, to allow for a compressible lattice. Of note are the
equation of state models developed by Sanchez and Lacombe (1976), Kleintjens and
Koningveld (1980), and, Panayiotou and Vera (1982).

in the Sanchez and Lacombe (1976) treatment, a pure component is treated as a
binary mixture of filled and vacant sites (holes) on a lattice. The combinatorial entropy
term is then obtained from a Flory-Huggins type expression for the number of
configurations. The Helmholtz free energy equation is then obtained by adding an energy

term to the entropy term. From this fundamental equation the rest of the thermodynamic
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equations can be derived. This equation of state has three pure component parameters
accounting for the volume of a lattice site, the energy of interactions and the chain length
of the molecule. A component dependent lattice site volutﬁe requires adoption of some
mixing rule for this quantity in case of mixtures. The parameters of the model are usually
obtained from saturation pressures and densities and in case of polymers from liquid
densities of the polymers. The model has been shown to be successful at correlating pure
component saturation data (Sanchez and Lacombe, 1976), polymer densities (Sanchez
and Lacombe, 1978) and binary VLE and LLE data for some systems (Lacombe and
Sanchez, 1976). Lacombe and Sanchez (1976) have also shown that this model,
depending on the values of parameters used, is capable of exhibiting both LCST and
UCST type phase behaviors. McHugh and coworkers (McHugh and Krukonis, 1994)
have shown that the model is capable of describing high pressure polymer-solvent
behavior with temperature dependent interaction parameters. This model will be
discussed in detail in a later Chapter as it was one of the models used in this work.

The Kleintjens and Koningsveld (1980) treatment is along similar lines to that of
Sanchez and Lacombe (1976). A pure component is considered to be a mixture of filled
and empty sites. The combinatorial entropy of mixing term is that used by Flory and
Huggins. They, however, add an empirical entropy correction term to the combinatorial
entropy of mixing. They state that this is necessary to get a better quantitative description
of experimental data. The Helmholtz free energy of mixing is obtained by adding an

energy of mixing term to the two terms mentioned above. The Kleintjens-Koningsveld
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energy term accounts for the contact surface areas available to segments. Unlike the

Sanchez-Lacombe equation of state, the volume of a lattice site is fixed a priori and is
substance independent. The model can have five parameters or more for a pure
component as some parameters are temperature dependent. The model has been shown to
be successful at describing both pure component and muiti-component phase behavior
(Kleintjens and Koningsveld, 1980; Beckman et al., 1987; Kennis et al., 1990). This
model was also used in this work and is covered in more detail in a later Chapter.

The equation of state model of Panayiotou and Vera (1982) is another variation of
the lattice fluid approach. As is the case for the two lattice based models mentioned
above, the compressibility effects are introduced by having holes on the lattice. The
partition function used by Panayiotou and Vera is a product of three terms. The first term
is a Flory-Huggins type random combinatorial part. The second term in the partition
function accounts for the non-randomness of molecules on the lattice and the third factor
accounts for interaction between segments. The non-random factor does not have a
significant effect on the properties of pure components as shown by Panayiotou and Vera
(1982). For mixtures, the non-random approximation gives better results for one of the
systems investigated by them. As is the case for Kleintjens-Koningsveld model, the
volume of a lattice site is fixed a priori. The interaction energy parameter is given a linear
temperature dependence and, along with the chain length of a molecule, this results in

three parameters for a pure component. The model gives a satisfactory representation of
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pure polymer properties. Recently Wang et al. (1996) and Lee and Danner (1996) have

shown that this model is capable of exhibiting both LCST and UCST behavior.

One of the earlier theoretical equations of state for polymeric systems is that of
Flory et al. (1964). These researchers derived a partition function that was a product of
three factors. One accounted for the free volume or, in other words, for the difference
between the actual volume and the hard core volume of the molecules. The second factor
was a van der Waals like energy term. The third factor was a volume and temperature
independent combinatorial term. The equation of state was obtained from this partition
function. However, their equation of state does not reduce to the ideal gas law at low
densities and is only applicable to the liquid state.

Beret and Prausnitz (1975) have developed an equation of state applicable to
small as well as large molecules. The starting point for this model is the generalized van
der Waals partition function that takes into account the free volume effect, contributions
from rotational and vibrational degrees of freedom and the energy of interaction between
molecules. The free volume factor is obtained from the work of Camahan and Starling
(1972). For the intermolecular interactions the molecular dynamic results of Alder et al.
(1972) are used. The factor in the partition function that accounts for the rotational and
vibrational effects is postulated so as to satisfy the ideal gas limit, the close packed limit,
Prigogine’s results for large molecules at liquid like densities and the fact that for simple
fluids (no rotational and vibrational degrees of freedom) this factor has a value of unity.

A pure component is characterized by three adjustable parameters reflecting the
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molecular size, molecular potential energy and the number of degrees of freedom, in
addition to universal temperature functions in the model fitted to experimental data on
methane. Parameters are given for three polymers, however, no results are shown. The
model is quite complicated and may be difficuit to use for multi-component mixtures.

The Chain-of-Rotators equation of state developed by Chien et al. (1983) is
another attempt to describe the fluid state for small and large molecules. The starting
point for this model is a partition function which is a product of three factors - (i) the
translational partition function, (ii) the partition function of an elementary rotator and,
(iif) an attractive factor which accounts for intermolecular interactions. For the
translational part, the partition function is obtained from Camahan-Starling’s equation of
state (Carnahan and Starling, 1972). The rotational partition function is obtained from the
work of Boublik and Nezbeda (1977). The perturbation attractive term is based on the
work of Alder et al. (1972). The model has three pure component parameters related to
the hard core volume of a molecule, intermolecular attractions and flexibility of the
molecular chains. The model is tested for small molecule systems only and no polymeric
systems are investigated.

A recent model for describing polymer solution phase behavior is the SAFT
(Statistical Associating Fluid Theory) equation of state (Chapman et al., 1990; Huang and
Radosz, 1990, 1991). A pure SAFT fluid is a collection of hard-spherical segments in a
mean-field of dispersion forces that (i) can be covalently bonded to form chains, and, (ii)

can be weakly bonded to form clusters such as due to hydrogen bonding. The residual
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Helmbholtz energy for this model is given as the sum of a reference part and a perturbation

part. The reference part of the model has hard-sphere, covalently bonded chains and
association contributions. The perturbation part is a power series in density and
temperature which was obtained by Alder et al. (1972) from molecular dynamics data. A
non-associating pure component is characterized by three adjustable parameters reflecting
the energetic interactions, chain length and the volume of a segment. Chen et al. (1992)
have shown that the model is capable of showing both LCST and UCST behavior. Hasch
and McHugh (1995) have also used this equation of state to model high pressure polymer
solvent behavior.

The final model covered in this section is the Perturbed Hard Sphere-Chain
(PHSC) equation of state of Song et al. [1994, (a)]. This model was chosen as one of the
mode!s used in this work and is discussed in detail in a later Chapter. The PHSC equation
of state has two parts - (i) a reference part, and, (ii) a van der Waals like attractive or
perturbation term. The reference part is based on the work of Chiew (1990) who obtained
an equation of state for hard sphere chains and mixtures. This model has three parameters
for a pure component that account for the chain length, the hard sphere diameter of
segments and an interaction energy parameter. The model has been shown by Song et al.
[1994, (a)] to give a better description of polymer densities than either SAFT or the
Sanchez-Lacombe equations of state. Song et al. [1994 (b)] have shown that the model is

capable of describing various liquid-liquid phase diagrams for hypothetical systems.
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1.2 Experiments

For the purposes of this work, the cloud point (phase boundary) data on polymer-
solvent mixtures has been classified into two types. First are the measurements that only
report temperature-composition information without any reference to pressure, or it is
tacitly assumed that the pressure is the vapor pressure of the solvent. Second are the
measurements that include the information on pressure also. A comprehensive collection
of the data of the first type is available in the data compilation of Danner and High
(1993). In this section only the papers dealing with polystyrene-methylcyclohexane
system are covered as this system was investigated in the vicinity of UCST type behavior
in this work. The review paper by Imre and van Hook (1996) is an excellent source of
low pressure liquid-liquid demixing data of polystyrene solutions.

Saeki et al. (1973) measured UCST and LCST type cloud points curves for
solutions of polystyrene in methylcyclohexane. The polymer samples used had a very
small polydispersivity index and had molar masses 37000, 97200, 200000, 400000,
670000 and 2700000. The samples were flame sealed under dry nitrogen in cylindrical
cells and the cloud point was taken as the temperature at which a dramatic change was
observed in the pattern of a He-Ne laser beam. Nose et al. (1976) measured coexistence
curves in the vicinity of the UCST for a polystyrene sample (My = 37000) in
methylcyclohexane. Dobashi et al. (1980) measured coexistence curves in the vicinity of
the UCST for polystyrene samples having molar masses 10200, 16100, 17300, 20200,

34900, 46400, 109000, 181000 and 719000. Concentrations of the phases were measured
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by differential refractometry techniques. Shinozaki et al. (1982) have measured

coexistence curves in the neighborhood of the UCST for polystyrene samples with molar
masses 9000, 17500, 37000, 110000, 233000 and 1260000. Coexistence curves for
polystyrenes with molar masses 17200 and 719000 have been measured by Dobashi et al.
(1984) using differential refractometry techniques in the vicinity of upper critical solution
temperatures. Shen et al. (1991) report upper critical solution temperatures for
polystyrene samples with molar masses 13000, 23000 and 29000. The critical
temperatures were measured by the phase volume method, which is based on the fact that
at the critical point the volumes of the coexisting phases are equal. Solutions of
methylcyclohexane and polystyrene samples having molar masses 17500, 42500, 86300
and 175000 have been investigated by Heinrich and Woif (1992). The phase diagrams in
this case were obtained by visual observation.

A considerable amount of work has been done to generate pressure-temperature-
composition cloud point data for polymer solutions. Some important work is covered
below. First the investigations for binary or pseudo-binary systems (since the polymer
almost always has a molar mass distribution) are covered. This is followed by a review of
the studies that investigated the effect of an additional component. The list is by no
means comprehensive. The reader is referred to the book by McHugh and Krukonis
(1994) and the article by Kiran (1994) for more references.

Zeman et al. (1972) report cloud point measurements (pressure-temperature

isopleths) for the systems polyisobutylene and polydimethylsiloxane in lower alkanes for
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LCST type phase behavior. The alkanes include ethane, propane, butane, 2-methylbutane

and pentane. The temperature range is from 0-200 °C. The maximum pressures are in the
vicinity of 350 bars. The measurements were made in a steel optical cell with glass
windows. The transition from clear to a cloudy solution was observed over a pressure
interval of one bar. The temperature had an accuracy of * 0.25 °C. Zeman et al. report
that on increasing the pressure the LCST boundaries are moved to higher temperatures.

Zeman and Patterson (1972) investigated the pressure effects in polymer-solvent
systems showing both UCST and LCST phase behavior. The systems investigated were
solutions of polystyrene in methyl acetate and acetone and polypropylene oxide in
propane. The data are reported in the form of liquid-liquid isopleths. The apparatus and
procedure were the same as that of Zeman et al. (1972). The results of Zeman and
Patterson indicate that while pressure always increases the LCST, the UCST may either
be decreased or increased. This is related to the sign of the volume of mixing. The authors
also show that, in the case of polystyrene in acetone and polypropylene oxide in propane,
the LCST and UCST curves merge together as the molar mass of the polymer is
increased.

Saeki et al. (1975) investigated the pressure dependence of upper critical solution
temperatures in the polystyrene-cyciohexane system. Saeki et al. report an accuracy of
+0.005 °C in cloud point temperatures by the aid of the scattering pattern of a He-Ne laser

beam. The solution was housed in a pressure cell with two giass windows for the passage
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of the He-Ne laser beam. Saeki et al. report that the sign of (dT/dP)ccq is positive for

the 37000 g/mol and becomes negative as the molar mass of the polymer is increased.

Saeki et al. (1976) report the pressure dependence of upper and lower critical
solution temperatures in solutions of polystyrene in ferr-butyl acetate and diethyl ether
over a pressure range of 1 ~ 50 atm. The experimental procedure was the same as that of
Saeki et al. (1975). The results of Saeki et al. (1976) show that the UCST type phase
behavior has a smaller pressure dependence than that of LCST type phase behavior. This
is the expected result as LCST type phase behavior is caused by disparity in volume
expansions of the solute and the solvent.

de Loos et al. (1983) investigated the fluid phase equilibria in the system
polyethylene-ethylene at very high pressures. The temperature range was 380-445 K and
the pressures ranged from 900 to 2000 bar. The measurements were carried out in an
optical high pressure cell. de Loos et al. (1983) report that the temperature in the high
pressure autoclave could be maintained constant to within 0.03 K and the pressure in the
cell was constant to within 0.1 bar. The reproducibility of the measured cloud point
pressures was within 1 bar in most cases. Their results indicate that an increase in the
molar mass of the polymer raises the cloud point pressures or in other words, the polymer
solubility decreases with molar masses as may be expected.

Meilchen et al. (1991) report high pressure phase behavior and fractionation data
for polyethylene, poly(methyl acrylate) and two copolymers poly (ethylene-co-methyl

acrylate) in propane and chlorodifluoromethane. The copolymers had different
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concentrations of ethylene and methyl acrylate. The fractionation was carried out using a
dynamic flow technique. In this technique, the polymer is charged in an extraction
column and a solvent flows through the column at different pressures. Since the solubility
of polymers is a function of molar mass, different fractions are obtained at different
pressures. Meilchen et al. obtained fractions with polydispersivity indices smaller than or
equal to 2.2 for poly (methyl acrylate). The polydispersivity indices of the fractions for
the two copolymers were less than or equal to 2.4 in one case and 1.4 for the other. The
polyethylene fractions had polydispersivity indices less than or equal to 2.3. The cloud
point measurements were made in a variable-volume view cell. The equipment is capable
of an accuracy in pressure of + 2.8 bar at pressure greater than 1000 bar and + 1.4 bar for
pressure less than 1000 bar. The temperature was measured with an accuracy of + 0.2 °C.
The cloud point measurements of Meilchen et al. (1991) show that, as the acrylate content
in the backbone of the copolymer increases, the polar solvent chlorodifluoromethane
dissolves the copolymer better.

Wells et al. (1993) investigated the phase behavior of the system polystyrene
(My=22000 g/mol) in methylcyclohexane using the pressure pulse induced critical
scattering technique. This technique enables evaluation of both binodal and spinodal
pressures and temperatures. Their results for some isopleths indicate that, at pressures less
than 400 bar, increasing pressure decreases both binodal and spinodal temperatures.

However, for pressures greater than 500 bar the opposite trend is observed.
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de Loos et al. (1995) report cloud point curves in fluid systems of ethylene and

branched polyethylene. The measurements were made in an optical high pressure cell.
The temperature range is 380-445 K and pressures range from 90 to 200 MPa. de Loos et
al. show that branching of the polymer significantly lowers the cloud point curves as
compared to those for system with a linear polyethylene with a comparable molar mass
distribution.

Recently de Loos et al. (1996) investigated the liquid-liquid phase separation in
Linear Low Density Polyethylene (LLDPE) - solvent systems. LLDPE is a copolymer of
ethylene and a comonomer like octene, hexene, propene etc.. The solvents used were n-
hexane, n-heptane, n-octane, isochexane and cyclohexane. Lower solution temperatures
were measured in the temperature range of 400-600 K and at pressures up to 13 MPa.
The observations were carried out in an optical cell using the Cailletet apparatus. They
conclude that for the systems investigated the solvent type is the key to phase behavior
and factors such as polymer density and the type of comonomer are not so significant.

Kiran and co-workers (Kiran, 1994) have made high pressure phase equilibrium
measurements on systems consisting of polyethylene and n-alkanes. Their results show
that demixing pressures for a polymer solvent mixture increase as the polymer molar
mass increases. For a particular molar mass polymer, the demixing pressures decrease as
the carbon number of alkane is increased.

McHugh and Guckes (1985) have investigated the effect of a supercritical additive

on the phase behavior of poly(ethylene-co-propylene) - mixed solvent system. The
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mixed solvent consisted of 3-methylpentane, n-hexane and methylcyclopentane. The
supercritical additives used were ethylene, propylene, carbon dioxide and methane. The
observations were made in a variable volume view pressure cell. McHugh and Guckes
report that, with the addition of a supercritical additive at an approximately constant mass
fraction of the polymer, the cloud point curves are shifted to lower temperatures. The
effect is greatest for methane followed by CO,, ethylene and propylene. In some cases the
LCST type cloud point curve is shifted by more than 100 °C to lower temperatures. They
also show that, at sufficiently high concentrations of methane and ethylene, the UCST
and LCST type cloud point curves merge.

Seckner et al. (1988) have investigated the high pressure phase behavior of the
system polystyrene-toluene-ethane. The observations were made in a variable volume
optical cell. The measurements of Seckner et al. show that, with the addition of ethane,
the LCST type cloud point curves can be shifted to temperatures lower by 231 °C. At
even higher concentrations of ethane, the LCST and UCST type curves merge to give a
region of immiscibility below the isopleths.

Kennis et al. (1990) have studied the effect of the addition of nitrogen on the
phase behavior of linear high density polyethylene (HDPE) + n-hexane system. The
observations were made in the Catlletet apparatus. Experimental temperatures range from
393-453 K with pressures up to 7.5 MPa. Their results show that small amounts of

nitrogen cause a shift of the LCST type phase boundary to much lower temperatures at
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constant pressure. The lowering of temperature is of the order of 22 K per mass percent of

nitrogen.

1.3 Overview of this work.

This Chapter is concluded with a brief overview of this work. In Chapter 2 the
general patterns of fluid phase behavior are covered. The thermodynamic nature of UCST
and LCST phase behaviors is discussed along with the effect of the polydispersivity of
the polymer on the phase behavior of polymer-solvent systems. Chapter 3 deals with the
various types of computations such as vapor pressure, phase boundary, two-phase and
multi-phase flash computations with equation of state models. In Chapter 4 the
experimental method used in this work is described and the experimental results are
presented. Chapter 5 introduces the model equations employed in this work. In Chapter 6
the model performance is compared with the experimentai data on some systems
foliowed by the conclusions of this work in Chapter 7. Then a list of literature quoted in
this work is presented. Finally, the tables of data are presented in the appendices along

with a brief discussion of phase equilibrium and stability pertinent to this work.
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CHAPTER 2

Patterns of fluid phase behavior

2.0 Introduction

The Chapter begins with a discussion of the phase rule of Gibbs (1961) which is
essential to the understanding of phase behavior. The following section deals with some
aspects of critical behavior and azeotropy in binary mixtures. The reader is referred to the
book by Prigogine and Defay (1954) for a comprehensive coverage of this topic. In the
following section of this Chapter some features of binary phase diagrams are highlighted.
Then some typical phase diagrams for polymer solutions are shown and the
thermodynamic nature of UCST and LCST phase behaviors is discussed. van
Konynenburg and Scott (1980) have classified the patterns of fluid phase behavior in
binary mixtures into six classes. Their classification scheme is briefly covered with
emphasis on phase diagrams for polymeric systems. The Chapter is concluded with a
brief discussion regarding the effect of the polydispersivity of the polymer on polymer

solution phase behavior.

2.1 Phase rule
The phase rule of Gibbs gives the number of degrees of freedom F for a system in
equilibrium. This is the number of variables whose values are chosen freely before

conducting an experiment (Denbigh, 1981). The derivation of the phase rule follows.
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Consider an equilibrium of = phases in a n component system. The equilibrium

conditions are
T,=T,=..=T, (2.1)
P=P,=..=P (2.2)
pi=p?=...=pf, i=12,.,n (2.3)

These are (n-1)(n+2) equations. Each phase is characterized by pressure, temperature and
independent composition variables, e.g. (n-1) mole fractions. Hence, the number of
variables for n phases is n{n+1). The difference between the number of variables and
equations connecting these variables is F and is given by

F=n-n+2-¢ 249
In special cases one has to account for extra conditions and the number of these
conditions is given by ¢. For instance, for a binary azeotrope the vapor and liquid
compositions are identical and ¢ is one. 7 critical phases can be counted as n phases with
¢ equal to nt-1. This can be seen from the following development that is extracted from
the paper by Zemicke (1949).

A result from analytical geometry states that: k& spaces each of dimension m
situated in a space of dimension n have in common a space of dimension n-k(n-m). Now
consider two coexisting phases with n components each. This equilibrium has n degrees
of freedom. Therefore each phase exists in a space of n dimensions situated in a space of
n+l] dimensions (P, T, n-1 independent concentration variables). The two n dimensional

spaces containing these phases intersect in a space of dimensions n-1 as obtained from the
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result above(k=2, n=n+1, m=n). Now consider the case where n phases are becoming
critical with each other. Before the critical point is reached there are n-1 two phase
equilibria. The n phases become critically identical in a space common to n-1 spaces each
of dimension n-1. The dimension of this space is given by
n+l-(x-)n+1-(n-1)]=n-2n+3 (2.5)
The degrees of freedom for a ® phase equilibrium is n-x +2 from the phase rule. So the
case where 1t phases become critical with each other can be considered as a virtual &
phase equilibria with a degree of freedom given by
n-2r+3=n+2-n (2.6)
This gives
t =2n-l=n+(n-1) 2.7)
Comparing this equation with equation (2.4) we get for the case where n actual phases are
becoming critical with each other, a value of ¢ given by
b=m-1 (2.8)
A one component system can be represented in a pressure-temperature plane. The
number of degrees of freedom is given by
F=3-n~¢ 2.9)
A one phase system in this case has two degrees of freedom and is a region in the P-T
plane. A two phase equilibrium has one degree of freedom and is a curve in the P-T
plane. A three phase equilibrium or a critical point has zero degrees of freedom and is a

point in the P-T plane.
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In order to represent a binary system three dimensions are needed , e.g. pressure,

temperature and an independent composition variable such as a mole fraction. F in this
case is given by
F=4-n-¢ 2.10)
A one phase system has F=3 and is a region in the P-T-x space. A two-phase
equilibrium has two degrees of freedom and is represented by two surfaces x*(P,T) and
xP(P,T). A three phase equilibrium has F=1 and is represented by three curves x*[P(T)],
xP[P(T)] and X'[P(T)]. A critical curve with F=1 is given by x[P(T)] and a critical
endpoint which has zero degrees of freedom requires two points at one P and T in order
to be represented. A critical endpoint is defined as the condition for which two phases of

a three-phase equilibrium become identical.

2.2 Displacement along an equilibrium line (The Gibbs-Konovalow Theorems)
In this section some important conditions are derived for azeotropy and critical
points in binary systems. The development is due to Progogine and Defay (1954).
Consider a binary system at P and T with equilibrium mole fractions in the two phases (I
and II) to be le and xzu. The equilibrium conditions are the equality of chemical potential
(u;) of each component in the two phase I and II as given by
Hi=nl 2.11)

and

uh =l 2.12)
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Now consider a neighboring equilibrium state at (P+dP), (T+dT), (x,' + dx,), (xzn +

dx,"). We have
THES THESTLE Y Th (2.13)
and
up +dpy =pj +dug (2.14)
Since the neighbouring phase is an equilibrium phase as well the following conditions
hold.
dui =du/{ (2.15)
and
du; =du; (2.16)

Now the total derivative of ul' is given by

aw ' o)’ )
du‘=(—') dT+(——') dP+(—‘) dx} Q.17
RN P /1, O2)rp

Px
The denivatives of the chemical potential with respect to pressure and temperature are

given by the following relations

(QE‘-) =v, and, (ﬂ) = -s, (2.18)
P/ . at/,

where v; ans s; are partial molar volume and partial molar entropy respectively of

component i.

Also the molar Gibbs free energy of the system is given by

g=(1-x;)1; + X1 (2.19)
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Hence,

og
—=u; - 2.20
%, M2 —Hy ¢ )

since the summation involving the derivatives of the chemical potential is zero from the

Gibbs-Duhem equation.

Further differentiation gives
2
O _ (aL) _(éu_r) @.21)
ox2 ox, T.P 23] TP
From the Gibbs-Duhem equation
x[(-%-) +X; (aﬂ) =0 (2.22)
23] TP 0x; TP
This gives
(%) _ __x_z_(éu_z) 2.23)
ax; TP 1- X2 ax; TP
Substituting in equation (2.21) the following relation is obtained.
ou, J o zg]
= =(-x)—= (2.29)
(3)(2 TP : (8)(% T.P
and,
2
(i“_l) =—x, (i%) (2.25)
0x, TP ax; TP

Substituting the expressions for the derivatives of the chemical potential in (2.17) the

following equation is obtained.



24

2
2

2 I
dp! = —sldT + vidP — x‘z(a g) ! (2.26)
T.P

Similarly the following equation can be derived for phase II.

a%g)"
du? = —s3dT + vdP — x¥ (—g) dx? (2.27)

]
2/1p

Substitution in equilibrium relation (2.15) gives for component 1,

2 \0 2 \!
—As,dT+Av,dP—x§(g§) dx5'+x;(i;x—§) dx; =0 (2.28)

2
ox; TP t/rp

where, As, =si —s; and so on. In a similar manner we get the following equation for

component 2.

d*g y o’g :
—As,dT + szdP+(l—x§)(5x—z] dx? —(1-:4)(—) dxi=0  (2.29)

2/ 1p 6x§ T.P
At equilibrium Ap, = Ah, — TAs; =0 which implies As, =Ah,/T. The above two

equation can be written as

2 \1 2 \!
_AB Gt avidP - x| DB axT ki[9 a4kl =0 (2.30)
2 2
T ox2 TP 0x3 T.P
and
Ah d’g . d'g l
——-—z—dT+Av2dP+(l—x§)(——z) dx;‘—(l-x;)(—z—) dx! =0 (231)
T ox; TP 0x3 TP

These are two equations in terms of variations dP, dT and dx;, along an equilibrium line.

Deductions regarding azeotropy and critical behavior in binary mixtures can be made
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from these equations and these deductions are collectively known as Gibbs-Konovalow

theorems [Rowlinson and Swinton (1982), Prigogine and Defay (1954)].

At constant pressure (dP=0) the following partiai derivatives for the two phases

are obtained.
o)’
(aT)[_ T(xi'—x;)[ax—g)
X,/ "[nghz +(l—xzu)Ah[]
and

og)"
. To-fZY

(ﬂ) -
0xy/ "[xiAhz +(1-X;)Ahl]

At constant temperature (dT=0) we get the following pressure derivatives.

I
aZ
. O —X'z)(—f)
(BP _ 0x2/ 1p

:/r xBAvy +(1-xD)Av,

and

2 \!
(x} —x3 (a—f)
ox3 TP

( aP )[[ )
Ox2/¢  XhAvy +(1-x3)Avy

I
For an azeotrope X, = x,". Therefore,

(@), (60 -

T

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)
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These equations are also valid at a critical point. However, unlike an azeotropic point, the
derivation of these conditions is not so obvious as Ah;, Av, etc. are zero for identical
phases in addition to the compositions being equal. The condition at constant pressure,
i.e. dT/ox = 0, can be obtained as follows from equation (2.32).

At constant pressure consider an equilibrium between two phases in the vicinity
of the critical point [T=T+dT, x,"=x,° + dx," , X,=x,° + dx,']. Expanding h," and h," in a

Taylor series around the critical point as given by

h! = (h,). +(§:—') dx‘2+(%l}r—‘-) dT 2.37)
27 ¢ c

T~ (h). +(gxh—') dx! +(%“T‘) dT (2.38)
27 ¢ [

We obtain for component 1

b, =bf — b =( 2 (et ~axh) 2:39)
ox,/,
Similarly for component 2 we get
=hl I _ h, i [
Ah, =h; —h; = p (dx; —dx;) (2.40)
2/

Using equations (2.39) and (2.40) the denominator in equation (2.32) can be written as
~{(x§ +dx3)Ah, +(1-x§ —dx3)Ah]

= —dx¥ (dx? —dx})[(Bh2 / 8xz)e — (Bhy / Ox2)c] (2.41)

Now,
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(5‘3-::) =h, - h, (2.42)
and
2922
(ax% - ax; 3)(1 (2-43)

Therefore we have for the denominator in equation (2.32)

2
—dx? (dx? —dx} )(@) 2.44)
oxy/ .

The variations dx," and dx,' are arbitrary. Hence, at the critical point (0T/0x)p is equal to

zero. Similarly the condition (0P/0x)y = 0 can be derived.

2.3 Some features of binary phase diagrams
In binary systems for critical and azeotropic points the following conditions have

to be satisfied

@), 0 @),

The implication of these conditions is that critical and azeotropic points are points of
extrema in binary P-x and T-x sections as shown in Figure (2.1).

Figures (2.2) and (2.3) show the possible location of 1- and 2- phase equilibria
around a three phase equilibrium in binary P-x and T-x sections (de Loos, 1994). The

occurrence of these arrangements can be qualitatively understood by an analysis of the
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Figure 2.1.

Examples of critical and azeotropic points in a binary system.

P-x sections at constant temperature.
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Location of 1- and 2- phase equilibria around a 3-phase equilibrium

in a binary system. T-x sections at constant pressure.
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in a binary system. P-x sections at constant temperature.
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Gibbs free energy vs composition diagrams. On such diagrams, coexisting phases are

located at points on the free energy curves with common tangent lines (de Loos, 1994).
Figure (2.4) shows a three phase equilibrium, the phases being I, II and III with
compositions given by x; < x; < xq;. The equilibrium phases have a common tangent
plane. Now let us say that the conditions of equilibrium are perturbed, for example, by
addition or extraction of heat. After the perturbation, the possible arrangements of the
Gibbs free energy curves is given in Figures (2.5 a,b). If a positive perturbation results in
the arrangement given by Figure (2.5 a), then a negative perturbation would give the
arrangement in Figure (2.5 b), and, vice-versa. In the case of Figure (2.5 a), a [-II-III
equilibrium is transformed to a I-III equilibrium. For the case shown in Figure (2.5 b)
there are three options depending on the location of the feed composition xg. If x; < xp <
X3, then a I-II-[II equilibrium is changed to a I-II equilibrium. If x;; < x¢ < Xy, then a I-II-
III equilibrium is changed to a II-III equilibrium. However, if xp = xy;, then a [-II-II
equilibrium reverts to a single phase (phase II). The net result of this analysis is the

arrangements shown in the Figures (2.2) and (2.3).

2.4 Some phase diagrams for polymer systems (liquid phases)

Figure (2.6) shows some typical temperature-composition (constant pressure)
phase diagrams for polymer systems. Upper critical solution temperature (UCST)
behavior is shown in Figure (2.6 a). In this case the system goes from a two phase region
to a one phase region on increasing temperature. Figure (2.6 b) contains lower critical

solution temperature (LCST) behavior. Systems conforming to LCST phase behavior go



Figure 2.4.  Three phase equilibrium line in a binary system in a g-x diagram at
constant temperature and pressure.

() (o)

Figure 2.5. Phase transitions around a three-phase line in a g-x diagram.
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Figure 2.6. Some T-x phase diagrams at constant pressure for polymer systems.
(a) UCST. (b) LCST. (c) UCST + LCST. (d) Closed loop. (e) Hour glass.
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from a homogeneous region to a region of immiscibility on increasing temperature. A

system can show simultaneous occurrence of UCST and LCST behavior and this type of

phase behavior is shown in Figure (2.6 c). In some systems showing this kind of phase

behavior, LCST and UCST curves merge together to open up a region of immiscibility in

the middle and this is shown in Figure (2.6 e). It is also possible to have closed loop

phase behavior, in which the loop contains a region of immiscibility, as shown in Figure

(2.6 d).
2.5 UCST and LCST behavior
At a critical point in a binary mixture
() ()
0xy/p, \0%;/,
Also, the equilibrium phases have identical properties; i.e.,
(x2). =(x7),
(Ah;)c =(Ahz). =0

And the criteria for a critical point must be satisfied; i.e.,
)" (&%)
2/ 1p 2/Tp

with, for a locally stable critical point,

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)
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Binary UCST and LCST behaviors are shown in the Figures (2.7 a,b). According to the

figures the convention followed is (xzu-le)>0. For UCST behavior (%) >0 in the
P

vicinity of C (the critical point) on the AC side and vice-versa for LCST behavior. The

sign of the slope is determined by the sign of the denominator (2.44) in the expression

(2.32), since for a stable phase
2 ¢
(—g-;%) >0 (2.50)
2
Also,
dx? = —dx} (2.51)

This can be seen by expanding T (for a two-phase equilibrium) in a Taylor series around

the critical point in terms if le and x," as given by

T
T=T, +(dx;)2[ax—§]c (2.52)
and
2
T=T, +(dx;‘)2(‘;x—f) (2.53)

27 ¢

The higher order terms are neglected and the first derivatives are zero at the critical point.
Therefore we getdx? = —dx}, since x2" =xc +dx2") > le (=xc +dx2').
The sign convention followed here is (x,"-x,')>0, which gives dx? > dx}. Now

we have for denominator in equation (2.32):
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Figure 2.7.  (a) Constant pressure T-x section for UCST behav_ior jn a b.inary system.
(b) Constant pressure T-x section for LCST behavior in a binary system.

N

Figure 2.8.  Molar enthalpy as a function of composition at constant T and P in
a binary system.
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deno minator = -2(dx; )? (6_121]
0x;/,

For UCST {[dT/x > 0 on the AC side in Figure (2.7 a)]

2
(zg) <0
ox.

c

and, for LCST [0T/0x < 0 on the AC side in Figure (2.7 b)]

2
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ox3
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(2.54)

(2.55)

(2.56)

Hence, near the critical point, the molar enthaipy (h) is convex upwards for

UCST, and, convex downwards for LCST behavior.. With these deductions in mind, we

consider Figure (2.8). Assuming, as is generally the case (Prigogine and Defay, 1954),

that the curvature of the relation between h and composition does not change sign, the

formation of a UCST type mixture [curve 1 in Figure (2.8)] is endothermic and the LCST

type mixing (curve 2) is exothermic.

Inequalities (2.55) and (2.56) can be expressed in terms of the mixture molar

entropy, s.
g=h-Ts

and

(26) -(28) A2
ox? ox3 ox3

T.P T.P T.p

2
At the critical point (a—%) =0, and we get in terms of s,

2/ 1p

(2.57)

(2.58)
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d%s )
s) <o; ucsT (2.59)
Pyl
and,
2
(a—fj >0; LCST (2.60)
2/ ¢

The molar entropy of mixing Asy has the same sign as the molar enthalpy of
mixing. Now,
Agm = Ahy —TAsy (2.61)
Some insight into the nature of UCST and LCST phase behavior can be gained by a
consideration of the signs and magnitudes of the two competing effects Ahy, and -T Asy,.
For UCST phase behavior, it is the interactions between the components giving a positive
enthalpy of mixing that cause immisciblity. The molar entropy of mixing makes a
favorable contribution to the molar Gibbs free energy of mixing. On the other hand, for
LCST type phase behavior, the molar enthalpy of mixing is favorable for a condition of
homogeneity. A negative molar entropy of mixing is responsible for phase separation as
temperature is raised. On increasing the temperature, the solvent molecules take a more
expanded state and it is the difference in the densities of the two components that leads to
demixing (Folie and Radosz, 1995).
This section is concluded by derivation of the slope of the critical pressure-
temperature curve in terms of curvature properties of molar volume v and molar entropy s
(Rowlinson and Swinton, 1982). At the critical point the second and third derivatives of

molar Gibbs free energy with respect to composition are zero. [n the P-T-x space consider
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a small displacement (dP, dT and dx) along the critical curve given by the Taylor series

expansion

azg [+ 63g c an c an c
d(a_x?J =(6P8x2 P o) THge) &*=0 262)

The third term is zero. Therefore, we get for the slope

& ) /) -G /(3 e

2.6 Classification scheme of van Konynenburg and Scott

Although the polymer-solution phase behavior patterns discussed so far are most
commonly observed, the picture can be more complicated even for binary systems. The
more complex phenomena along with the ones shown above are covered below with
reference to the classification scheme of van Konynenburg and Scott (1980). It is
assumed that the polymer has a well defined molar mass. The effect of polydispersivity of
the polymer will be discussed in a later section.

van Konynenburg and Scott have classified binary fluid phase behavior into six
main types using pressure-temperature projections. The projections employ non-variant
equilibria (such as the critical point of a pure component and the critical endpoint in a
binary system) and monovariant equilibria (such as the critical and three phase curves ina
binary system) to mark regions of different types of phase behavior. With the exception

of Type VI phase behavior all these types are predicted by a simple equation of state such
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as the van der Waals equation. Azeotropy leads to further subdivisions of these six main

types but it is not covered here. All experimentally measured systems to date conform to

this classification with the exception of some systems involving water (de Loos, 1994).

2.6.1 Type I phase behavior

The usual conditions for a binary mixture to exhibit Type I phase behavior are that
the two substances be of similar chemical types and/or their critical properties be of
comparable magnitude. The P-T and T-x projections of Type I phase behavior are shown
in Figure (2.9 a). This type of phase behavior is characterized by a continuous gas-liquid
critical curve and the absence of liquid-liquid immiscibility. Some examples are mixtures
of methane with n-alkanes upto n-pentane. Two representative P-x sections are shown in

Figure (2.9 b).

2.6.2 Type II phase behavior

Type Il phase behavior has a continuous gas-liquid critical curve with a liquid-
liquid critical line at lower temperatures. The liquid-liquid critical line terminates at a
lower pressure in an upper critical end point where the two critical liquid phases are in
equilibrium with a vapor phase. A three phase (liquid-liquid-vapor) curve extends to
lower temperatures from the upper critical end point. The P-T and T-x projections of type
II phase behavior are shown in Figure (2.10 a). Some examples of this type of phase

behavior are binary systems of carbon dioxide + n-alkanes for carbon number n 6<n<12.
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Figure 2.9. (a) Type I phase behavior P-T and T-x projections.
(b) Two constant temperature P-x sections for Type I phase behavior.
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Figure2.10. (a) Type II phase behavior P-T and T-x projections.

(b) Two constant pressure T-x sections for Type II phase behavior

showing UCST behavior.
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Also, this type of phase behavior is seen in some polymer solutions although the norm for

polymer solution phase behavior is Type IV phase behavior discussed below.

Two representative T-x sections are shown in Figure (2.10 b). As can be seen
from this figure the T-x curves are of UCST type where on increasing the temperature at
constant pressure a transition from a region of liquid-liquid immiscibility to a region of

one liquid takes place.

2.6.3 Type VI phase behavior

In Type VI phase behavior, there is a continuous liquid-vapor critical line
connecting the critical points of the two pure components with a liquid-liquid
immiscibility at lower temperatures. This type of phase behavior differs from Type II
because of the presence of a lower critical end-point in addition to an upper critical end
point. The three phase (vapor-liquid-liquid) curve terminates at lower temperatures in a
LCEP where again the two liquid phases become critical in the presence of a vapor phase.
A liquid-liquid critical line emerges from this point. The P-T and T-x projections of Type
VI phase behavior are shown in Figure (2.11 a). This type of phase behavior is oberved in
systems comprising chemically complex substances where components may self
associate or there may be inter molecular associations due to hydrogen bonding (e.g.,
polyethylene glycol + water).

A representative T-x section for a Type VI system is shown in Figure (2.11 b).

The loop encloses the region of liquid-liquid immiscibility.
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Figure 2.11. (a) Type VI phase behavior P-T and T-x projections.
(b) Constant pressure T-x section for Type VI phase behavior showing
closed phase behavior.
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2.6.4 Type V phase behavior

Type V phase behavior does not have a continuous gas-liquid critical curve as
shown in the P-T and T-x projections in Figure (2.12). The gas-liquid critical line
emerging from the critical point of the more volatile component terminates in an upper
critical end point where the vapor phase is critical with a liquid phase in the presence of
another liquid phase. A vapor-liquid-liquid curves extends from the upper critical end
point and terminates in a lower critical end point at lower temperatures. At the lower
critical end point two liquid phases are critical with each other in the presence of a vapor
phase. A liquid-liquid critical curve emerges from the lower critical end point and finally
terminates in the critical point of the less volatile component. This type of phase behavior
or, type IV discussed below, can be observed in binary hydrocarbon mixtures once the
two components differ sufficiently in their critical properties. An example is the binary
mixture of methane and n-hexane.

Figures (2.13 a,b) contain two T-x sections for Type V phase behavior. The
section contained in Figure (2.13 a) is typical of LCST type phase behavior where a
transition from a region of two liquids to that of one liquid occurs on decreasing
temperature at constant pressure. However, depending on the pressure of the system the
phase behavior can be more complicated as shown in Figure (2.13 b). In this case there is
a region characteristic of LCST behavior. There is also a three phase line (vapor-liquid-

liquid) bounded by the LCST region, two vapor-liquid regions and one vapor and one



Figure 2,12, Type V phase behavior P-T and T-x projections.
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Figure 2.13. Two constant pressure T-x sections for Type V phase behavior.
(a) LCST phase behavior. (b) LCST phase behavior in the vicinity
of a three-phase equilibria.
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liquid regions. This type of phase diagrams have been observed for a sample of

polyethylene in n-hexane (Kennis et al., 1990).

2.6.5 Type IV phase behavior

Type IV phase behavior is a combination of Type Il and Type V phase behaviors
as shown in the P-T and T-x projections in Figure (2.14). Depending on the pressure of
the system different type of T-x sections can be observed as shown in Figures (2.15 a)
and (2.15 b). Figure (2.15 a) shows simultaneous occurrence of LCST and UCST
behaviors with a one liquid region in the middle. Figure (2.15 b) shows a little more
complex phase diagram. In addition to the LCST and UCST regions there is a three phase

line bounded by vapor-liquid, one vapor and one liquid regions as shown.

2.6.6 Type III phase behavior

In Type III phase behavior the LCST and UCST branches of the Type IV phase
behavior merge as shown in the P-T and T-x projections in Figure (2.16 a). This happens
when the mutual immiscibilities if the two components become sufficiently great. For
instance, in a polymer-solvent system exhibiting type IV phase behavior, if the polymer
chain length is increased, a transition from Type IV to Type III can occur. In Type III
phase behavior, as in TypeV and Type IV, the gas-liquid critical curve is not continuous.

Figure (2.16 b) shows a T-x section for Type III phase behavior for the case where

the system pressure is slightly below the pressure minimum on the liquid-liquid critical



Figure 2.14. Type IV phase behavior P-T and T-x projections.
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Figure 2.15. Two constant pressure T-x sections for Type IV phase behavior.
(a) Simultaneous UCST and LCST phase behaviors.
(b) LCST phase behavior in the vicinity of a three-phase equilibria and
UCST phase behavior at lower temperatures.
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Figure 2.16. (a) Type III phase behavior P-T and T-x projections.

(b) Constant pressure T-x section for Type III phase behavior showing
hour glass phase behavior.
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curve. The phase diagram observed is of hour giass type with a region of immiscibility in

the middle.

2.7 Cloud point curves for solutions of a polydisperse polymer

The effect of the polydispersivity of the polymer is discussed with reference to a
polymer with two homologs with differing chain lengths, following the treatment of
Koningsveld (1968). Let the solvent and the polymer be denoted by S and P respectively
with P; and P, representing the two homologs of the polymer. The solution can be
represented on a ternary phase diagram at constant pressure as shown in Figure (2.17).
The temperature axis is perpendicular to the plane of the paper. The solid curves labeled
T, T; etc. are binodals at different temperatures. The binodals represent coexisting phase
compositions located at the ends of tie-lines. The dashed curves are the spinodals (limit of
stability). The points labeled C,, C, etc. are plait or critical points depending on the
terminology used. At these points the length of tie-lines is zero and the two phases
become identical. SP is the composition axis for the solutions of P in S with a constant
ratio of P and P,. This ratio is determined by the molar mass or chain-length distribution
of the pure polymer. The line SP comresponds to adding solvent to a polymer with a
distribution of P, and P, given by point P. The cloud point for a known composition
polymer solution is defined as the temperature and pressure condition at which a second
phase just appears, i.c., one is at the phase boundary. In Figure (2.18) the temperature

axis is explicitly shown and contains the binodal surface of a temary polymer solution.



S T2 1 P

Figure 2.17. Binodals and spinodals in a ternary polymer solution. Modified from
Koningsveld (1968).

| P2

Figure 2.18. Constant pressure Temperature-composition space for a ternary polymer
solution. Modified from Koningsveld (1968).
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The plane TPS corresponds to a quasibinary section for which the ratio of P, to P, is

determined by point P.

Let us assume that the pressure and temperature are fixed at p and T respectively
and we add solvent S to the polymer P. As more solvent is added we ultimately reach the
phase boundary at A as shown in Figure (2.18). If we add more solvent we would reach
the point B. Both A and B are points on the binodal but usually do not represent the
compositions of the coexisting phases. The compositions of the coexisting phases are
given by the ends of the tie-lines starting at A and B. The quasibinary T-x section
separating the two-phase region from the one-phase region, where x is the cumulative
concentration of the polymer corresponding to the polymer distribution P, is shown in
Figure (2.19). The important point here is that the peak of the quasibinary T-x section is
no longer the critical temperature which is the case for a binary solution. Rather it lies on
the right-hand branch of the T-x section. The maximum of the quasi-binary T-x section
has been called the precipitation threshold temperature by Tompa (1956). These
considerations are also valid for a polymer of more than two components. The binodal
curve and the spinodal curve (limit of stability) have a common tangent at the critical

point.



X

Figure 2.19. Constant pressure T-x diagram for a solution of polydisperse polymer
showing the location of the critical point on the right hand branch.
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CHAPTER 3

Computations

3.0 Introduction

This Chapter deals with the aspects of phase equilibrium calculations. The first
section outlines a strategy for a volume solver for an equation of state that cannot be
solved analytically for volume roots. A volume solver is the cornerstone of any phase
equilibrium calculation with an equation of state. The second section contains a method
for performing pure component vapor pressure calculations. This is followed by a
discussion of two-phase equilibrium calculations. The method of successive substitution
for performing two-phase constant temperature and pressure calculations is covered and a
scheme for doing two-phase boundary calculations is presented. The last but one section
of the Chapter deals with multiphase constant temperature and pressure equilibrium
calculations. Finally, a scheme is presented for discretizing a polydisperse polymer into
pseudocomponents, based on the knowledge of mass average and weight average molar
masses. Almost always a polymer, instead of having a well defined molar mass, consists
of homologus molecules of varying chain lengths. Often the only information one may
have regarding the polydispersivity of a polymer are its average molar masses. Hence, it
is convenient to have a scheme which uses the values of the experimental average molar

masses to give some information regarding the distribution of molar masses in the

polymer.
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3.1 Strategy for a volume solver for an equation of state
As mentioned above, in this section a strategy is outlined for solving for volume
roots of equations of state that cannot be solved analytically. The requirement is that the
model isotherms have the form shown in Figure (3.1 b). The strategy employs Newton
technique for solving for the volumes.
Consider Figures (3.1 a) and (3.1 c). These figures show experimental pressure-
volume isotherms for a pure compound and for a mixture of fixed composition

respectively. At the critical point of a pure compound [Figure (3.1a)] the following

equations have to be satisfied
(g%) -0 G.1)
T
2
(i%) =0 G2)
evV</;

The critical point of a mixture need not satisfy equations (3.1) and (3.2), rather the point
corresponding to equations (3.1) and (3.2) occurs inside the two-phase region (Mills et
al.,1980). In both cases, the left hand side is the liquid region and the right hand side is
the vapor region. Also, since normally the mixture bubble point pressures are higher than
dew point pressures they are no longer connected by horizontal lines which is the case for
a pure compound.

The models are designed to mimic experimental data and hence show similar

behavior. However, the models connect the two-phase regions by sigmoidal sections as
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T(quasicritical)

Two-phase dome

Figure 3.1. (a) Experimental isotherms for a pure compound. (b) Model isotherms for
a pure compound. (¢) Experimental isotherms for a mixture of constant
composition. (d) Model isotherms for a mixture of constant composition.
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shown in Figures (3.1 b,d). The points in Figure (3.1 b,d) where the first derivative of

pressure with respect to volume (constant temperature) is zero give the limit of
mechanical stability from the model. The isotherm for the mixture which contains the
point corresponding to equations (3.1) and (3.2) can be called a quasicritical isotherm

At temperatures above the quasicritical temperature the sigmoidal sections are
missing from the isotherms. This has implications on solving for volumes at a given
pressure. If T>T¢ (critical or quasicritical temperature) there is only one volume root and
if T<T there are potentially three volumes root for a given pressure. The Figures (3.
1b,d) are intended to show the similarities between the pure component and mixture P-V
behavior for the purpose of solving for the volumes at a given pressure and temperature.

Based on the nature of isotherms shown in Figures (3.1 b,d) the following strategy
for a volume solver can be developed. The first step is to determine whether the given
temperature is above or below the critical temperature or the quasicritical temperature
(depending on whether one is dealing with a pure compound or a mixture). This can be
conveniently done by checking the sign of 6P/V for a range of volumes. The equations
normally involve terms of the type (v-b) so that b/v ranges from one to zero and gives a
convenient interval. If JP/3V is always less than zero it corresponds to the case where the
temperature is greater than the critical or quasicritical temperature and there is only one
root. However, if the mixture temperature is less than the critical temperature or the
quasicritical temperature (some 0P/GV>0) there are potentially three roots. The limit of

mechanical stability is given by the maximum pressure on an isotherm Pmax and the



59

minimum pressure on an isotherm Pmin. If the given pressure is 2bove Pmax then there is
only one liquid like root and if it is less than Pmin then there is only one vapor like root.
However, if the pressure falls between Pmax and Pmin then, three volume roots can be
found. The middie root corresponding to GP/GV>0 is to be rejected as it corresponds to a
physically impossible situation. Then one is left with a liquid like root and a vapor like
root one of which can be chosen depending on whether one is looking at a liquid phase or
a vapor phase. Now, at a specified temperature and pressure (and composition if

necessary) one can solve the following equation with Newton’s method

f(v) = P(v) — P(specified) =0 (3.3)
updating v as given by
kel _ ok f(V)
=V T etov 34

where k is the iteration count. When solving for a vapor-like root, a reasonable starting
guess is factor*RT/P where the factor is less than unity. For the case where a liquid-like
root is required a reasonable guess would be factor*b where the factor is greater than
unity. The strategy explained in this section was employed for obtaining volume roots for

the equations of state used in this work.

3.2 Pure component vapor pressure calculation
At an equilibrium between the vapor and liquid phases of a pure component the

equality of chemical potentials has to be satisfied as given by
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g=p"-pu'=0 (3.5)

where superscripts v and | correspond to the vapor and liquid phases respectively. At a
given temperature g can be taken as a function of pressure and then the vapor pressure

can be obtained by solving the above equation using the Newton method as shown below.

_®
og

aP

Pk+l = Pk (3.6)

og/OP can be obtained from the Gibbs-Duhem equation which for 2 molar amount of a

pure compound is given by

—sdt + vdp—du =0 G.7
At constant temperature
6},1)
— = 3.8
[BP . G.8)
Hence,
v |
ERC R R
(7] ob ). \2oP T

Equation (3.6) can then be written as

l“l.v_’u.l
v |

v -V

P! = p* - (3.10)

3.3 Two-phase equilibrium calculations
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At a two-phase equilibrium in a nc component system the temperatures and
pressures in the two phases are equal and the equality of the chemical potentials have to
be satisfied as given by

gi)=pi" —pi' =0; i=1,..,nc @3.11)

In terms of fugacities f;, equation (3.11) can be written as
g(i)/RT=Inf" —Inf! (3.12)
The equations are solved through the constraint that the mole fractions of the components

in the two phases sum to unity. This can be expressed as
fc
2 (yi-x)=0 (3.13)
i=1

y;s and x;s correspond to the mole fractions in phases I and II respectively. Equation
(3.13) can be expressed in a different form by mass balance considerations. The mole
balance on component i gives

z; =By +(1-B)x; (3.14)
where z;s are the feed mole fractions and B is the fraction of phase .

The equal chemical potential equation is rearranged in the form
¥i = Kix; (3.15)

where K; is the distribution coefficient of component I. K; in general depends on
temperature, pressure and compositions in the two phases.

Substituting y;=K;x; in equation (3.14) and rearranging it we get
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MR - B 3.16)
TBK, +(-B) Y T BK, +(-) G-
Now substituting from equations (3.15) and (3.16) into equation (3.13) we get
v ziKi-) _
f(B)_g___l+B(Ka-l) 0 (3.17)

This is the Rachford-Rice formulation of the equilibrium problem (Walas, 1985).
Equation (3.17) and the nc equations for the equalities of chemical potentials of a
component in the two-phases give (nc+1) equations which can be solved for (nc+1)
variables. If a constant temperature-pressure two-phase equilibrium is required then K;s
and f§ can be solved to give the equilibrium set of x;s and y;s. Another situation of interest
is the case when B is zero. This corresponds to a phase boundary calculation (bubble

point, dew point, cloud point etc.). In this case equation (3.13) is
nc ne
Zzi(Ki—l)=Zyi-l=0 (3'18)
=1 i=1

This equation with the set of nc equilibrium relations involving chemical potentials can
be solved for K;s and T or P for a given feed (z;s) and P or T to give the composition of

the incipient phase (y;s).

3.3.1 Constant temperature and pressure two-phase equilibrium calculations
In this work, the two-phase equilibrium calculations were carried out employing
the conventional successive substitution method (Walas, 1985). The methodology was to

decouple the solution of the mass balance equation (3.17), which solves for §, from the
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solution of equations for equality of chemical potentials. A set of K;s was chosen as an
initial guess and the mass balance was solved for assuming the distribution coefficients to
be composition independent to give the phase fraction B. This is the Rachford-Rice
procedure (Walas, 1985). This value of phase fraction was then used to calculate the set
of x;s and y;s from equations (3.16) and (3.17), respectively. The chemical potentials for
the two phases were evaluated using this set of x;s and y;s. If the criterion for equilibrium
expressed in the set of equations (3.11) or (3.12) was satisfied to the specified tolerance
the computations were stopped. Otherwise a new set of K;s was obtained from

K = InKf ~m* In(f" / £)* (3.19)
k is the iteration count variable. The process was then repeated with the new set of K;s.
Coefficient m is a damping or acceleration factor in these computations and its
significance is discussed below. The following tolerance criterion was normally used to

terminate the phase equilibrium calculations

Y {Inf -Inf'}* <107 (3.20)

i=l

Equation (3.19) can be obtained as follows. At equilibrium we have for component

' =f! (3.21)
In terms of fugacity coefficients ¢;s this relation can be expressed as

xidi P = y;¢iP (3.22)
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(fugacity of i)
(mole fraction of i)pressure)’

mnk kr g\k 1\ K
+ i i f. f.
=[5 () () -=(F) =

Taking the natural logarithm of this equation we get equation (3.19).

¢; is defined as

Equation (3.22) gives

The mass balance function is a monotonically decreasing function of B as can be

seen from its first derivative with respect to the phase fraction.
£(B)=-2 zi(Ki —)? /[B +(K; - DBJ (3.24)

Hence, for a root (0<f<1) to exist the following inequalities have to be satisfied. These

are obtained by substituting $=0 and =1 in equation (3.17).

Y Kizi >1 (3.25)
i=1
Y zi /K >1 (3.26)

3.3.1.1 Convergence of successive substitution
The process of solving equilibrium equations simultaneously by successive

substitution can be represented in vector notation (overbars) as

—k+! =,—k

y =1f(y) (3.27)
which is presumed to have a solution § that satisfies

y =f(y) (3.28)
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Heidemann and Michelsen (1995) point out that a necessary condition for convergence to
; is that the eigenvalues of the matrix given by
E={0f /9y,}.. (3.29)

be less than unity in absolute value. This can be seen as follows.
In the vicinity of the solution, let us assume at the (k+l)"' iterate, the error vector is

given by
_k — — —k -—
y -y =f(y )-1(y) (3-30)
or
=Ee (3.31)
This equation is obtained by expanding f(y)* in a first order Taylor series expansion
around the solution vector. Let the eigenvectors of E be u; and the corresponding
eigenvalues be A;. Expanding ex on the set of eigenvectors we get
e =Y c;u (3.32)
The error vector at the (k+l)lh iterate is given by
e =Y c,u, (3.33)
and at the (k+m)th iterate by

e =Y c,uT (3.34)
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It is evident from equation (3.34) that the absolute magnitude of the eigenvalues of E has
to be less than unity for the convergence of the iterative process. It has been shown by
Heidemann and Michelsen (1995) that this is not always the case for the solution of
equilibrium equations by successive substitution. They propose the use of a factor m in
updating K;s to overcome this difficulty. The relation between the eigenvalues of an
undamped process (m=1) and a damped process (n<1) can be easily established.

Consider the undamped process given by
InK! = InK¥ - In(f" / £1)* (3.35)

The behaviour of the process is governed by the eigenvalues of the matrix N with

elements
Nj = (@InK; /3lnK;) » -[%(Eléjf—")-]_. (3.36)
or,
Nj =3 _[___aln(ﬁ" /fil)] (3.37)
dlnK; |-
The damped process is represented by
InKf*! = InK* —m*In(f" / £1)* (3.38)
and the convergence depends on the eigenvalues of the matrix M with elements
M; =3; -m-[———a"‘“i" / f*')] (339)
olnK; |

Let,
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N=I-N (3.40)
and
M=[-m*N G41)
Also assume,
NX = AX (3.42)
which implies,
N x=(1-4)x (3.43)
In terms of M we get
Mx = [1 - m(l - R)Jx (3.44)

which gives the relation between the eigenvalues of the damped and undamped processes
Am=1-m(l1-1) (3.45)
The effect of damping is to reduce the magnitude of the eigenvalues of the undamped
process to make the modified process convergent. However, a consequence of this is a
slower convergence as the eigenvalues of the modified process are pushed towards unity
for very small damping factors. In some cases the iterative process can be accelerated by
using values of m > 1 (Mehra et al., 1982).
Michelsen (1982 a,b) has shown that the direct substitution process converges to at

least a local minimum. This is shown below following the treatment of Michelsen (1982

a,b).
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Consider at given P and T one mole of a mixture of composition (z,,z,,....,2,.)- This

splits into two phases with mole numbers (1,, l,,...,1,0) and (v;, v;,...,v,o) corresponding to
phases I and II respectively. Conservation of mass requires I; + v; = z. We choose ;s as
the independent variables.

The phase split represents a stationary point in Gibbs energy if

0G/RT _ &G +Gv)/RT
al; dl;

=(u! -uM/RT=0;i=1nc (3.46)
is satisfied, which is the case for an equilibrium calculation.
The stationary point is a local minimum if the Hessian matrix is positive definite.

The elements of the Hessian matrix B are given by

1 &G _ o /)

B = RT A, - al; (3:47)
The elements of matrix N can be expressed as

N, =5, - ; al"(af‘lnm’ £) aalnl;'( j (3.48)
Now,

InK; = In(z; -1;)/1; +InL/V (3.49)
where, L=Y l;and V=3 v;.
i i

Also,
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N;; can be expressed in terms of the elements of B as

N =8~ 2 Bin(~ aﬂ';(j) 3.51)
and the matrix N in terms of matrices B and D as
N=I-BD (3.52)
where the elements of D are given by
Dy =35—% 1 (3.53)
m Om 1 1
v, I, V L
Let,
Nx = Ax (3.54)
Therefore,
(I- BD)x = AX (3.55)

Now, D= a where 3 is a symmetric and positive definite matrix. Therefore using

Cholesky decomposition (Broyden, 1975) it can be expressed as

Q=EE (3.56)

and,

E (3.57)

From equation(3.55) after suitable premultiplication we get

=—[ = ="'| —_—

= == T=-] _
E (I-BE" E )x=AE x (3.58)
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which can be expressed as

=-l==-T_

E BE v=(1-A)V (3.59)

At the converged solution |A|<l and so (1-A) is greater than zero. This implies that the

=] =2=-T

matrix E BE is positive definite. As a consequence the Hessian matrix B is positive

definite. This can be seen as follows.

Positive definiteness of E BE unphes that for any vector x

—p=-l==-T_—

xE BE x>0 (3.60)
Let,
E x=Aex (3.61)
Therefore,
XE =Aex (3.62)

Substituting in expression (3.60) we get
Ak X Bx >0 (3.63)

This shows that B is positive definite. Hence, the converged solution of a phase

equilibrium calculation using successive substitution is at least a local minimum.

3.3.2 Two-phase boundary calculations

The equations to be solved for a two-phase boundary calculation are
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n H
" B :
T I 1 Y S ST .
& (R’I‘) (RT) ' ne (3.64)

i.e., equality of chemical potentials of each component in the two phases, and,

nc nc
Bncsl = 2. Yi—1=2zK; -1=0 (3.65)

i=1 i=1
Y; would be the mole fraction y; of component i in the phase [ or the incipient phase,
when the conditions of equilibrium are satisfied. z; is the composition of the feed phase
or phase II.

Equations represented by (3.64) to (3.65) are (nc+1) equations in (nc+1) variables.
Following the approach of Michelsen (1980) these equations can be solved for using a
Newton scheme. The most obvious choice of (nc+1) variables is the set of K;’s and either
T or P. In this work, for this case, the temperature and K;’s were solved for keeping the
pressure and the feed composition (z’s constant). The variable set is given by the vector
aT=(an|,an2,....,an,,c, InT). As suggested by Michelsen InK;’s and InT were used
instead of simply K;'s and T for scaling the variables as a K; may range from very large to
very small numbers. The Newton procedure for solution is shown in vector notation by

the following equation

=k — kel

g +] Ao =0 (3.66)

Kk is the iteration count. J is the Jacobian given by
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[ og; J ( og; )
aanj . oinT K.
p

agncc—l) (agncH)
\olnK;) ~ \amT/,

In] y 1 is the row count and has range 1 through nc and j is the column count and has

—
i

(3.67)

nc+Ixnc+l

range | through nc. Aa. is the correction vector.
The expressions for the derivatives involved in the calculation of the Jacobian are

presented below. The top left hand comer (nc x nc) minor has elements given by

I
%8 | g | Hi/RT s i=12,..,nc; j=12,..,nc  (3.68)
jnT
T.P

dInK; anj |,

where,

(2) (93)

, on; on; .

[6pl/RT} o NeniJpy\omg)y (ap.l/RTJ .69
T.P TV

on; " RT (Q) an;
V/1n

J J
ny is the total number of moles of phase [ i.e., ny=ZY;

The other derivatives involved in the computation are

. Il . I
( ogi ) =T [M) _(M) s i=12,...,nc (3.70)
dInT/ p or Jgp or /g

agm.:-«#l -
Znct+l =Y; ;: j=lnc 3.71
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(agncH) -0 (3.72)
OInT /¢ p

So the bottom row of the Jacobian is given by (Y, Y5,--., Yy, 0).

In order to initiate computations, one requires fairly accurate initial estimates of
the temperature and the K;’s for one or two points on the phase boundary. Sometimes, a
point on each side of the critical point is required. This is so because a trivial solution,
(y~=z; and K;=1), may be obtained if one is very close to the critical point. Rough
estimates of initial guesses can be obtained from a two-phase flash routine.
Unfortunately, to our knowledge, unlike hydrocarbons there are no good correlations
available for K;’s for the polymer which may be used as initial guesses. Once a point on
the phase boundary is found, the rest of the phase boundary can be generated by taking
small steps along the phase boundary.

Since one may be dealing with pseudocomponents having extremely large molar
masses, numerical problems may arise due to extremely small mole fractions and
distribution coefficients. If such a problem is encountered, that particular K; can be

dropped from the variable set.

3.3.2.1 Variable polymer mass fraction
A variation of the phase boundary calculation problem is the case where the mass
of the polymer in the mixture is treated as a variable. Then some other variable, say a K;,

could be fixed and substituted for by the mass of the polymer and the resulting set of
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equations solved for. The mass of the polymer can be included in the variable set as
follows.

Consider phase II or the fixed phase. Let exp(v) be the mass of the polymer in the
mixture per unit mass of the solvent. The mass fraction of the solvent, taken as

component 1, is

wy = —1 G.73)

T i+e’
Let wt; be the mass fractions of the pseudocomponents of the solvent-free
polymer, based on some appropriate molar mass distribution. The number of moles of the

polymer species i present are

i=2,nc (3.79)

where MW, is the molar mass of the pseudocomponent i. Obviously the number of moles

of the solvent is n,“ =1/MW,. The total number of moles is given by

i nc 1 nc ethi
L N U 3.75
ot i=[n l'Ihl i=2 I'Ihi ( )

and the composition of phase II by

z; =1 (3.76)
or
Now for phase [ we have
Y: =Kz 3.77)

and the composition is given by
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y; = —iZ (3.78)

> Kz
il

The mass of various components w; (i = 2,nc) per unit mass of solvent is given by

_ KiziMWi

i = (3.79)
K|Z|MW1

The moles of solvent in phase I are n,'’=1/MW,. The moles of the polymer species are

' K,z K(ewt/MW) 3.80)
L ER MW, K, 3.

Now the derivatives of equilibrium relations g; with respect to the variable v can be

determined.
agm:ﬂ
=z1(1-K 3.81
v Zi( 1) (3.81)
And for i=1,nc
. i I
%8i _ 0 Au __A“') (3.82)
ov ovi RT RT

This can be expressed in a different form using chain rule

% (& 0 Ap?‘ang) ( o Ay an')
av‘(g(an: RT) ov) (&Gl R o G-83)
where,
I ]
om o _, (3.84)
v v

and for k=2,nc
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aﬂn ethk - nn (3 85)
v - MW, '
and
onf, K, e'wt
% - D & W = ni (3.86)

Therefore equation (3.83) can be written

ég,. ZaAu, /RT _ZaAu,'/RT[

3.8

& o CED

This can be simplified further by using Gibbs-Duhem equation and by noting that

OoAp, /RT dAu, /RT
- o, (3.88)
to
: oAu” /RT oAu; /RT

% _ 0 2K 1 228 (3.89)

=— +n
1 I § f
ov on, On,
Also,n;" =z ny" and n' = v, ny'. Therefore for i = 1, nc the partial derivative of g; with
respect to v can be written

og, g OAul /RT  8Au! /RT
—t = —zn] ———+yny ——— (3.90)
ov YT ol YT ol

As shown by Michelsen (1980) a better way of doing these calculations would be

to solve equations (3.64) to (3.65) along with the following equation

Bucr2 =j—S=0 (3.91)
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S is a specification variable which could be used to fix the values of one of the variables,
say the mass of the polymer or one of the K;s. This gives nc+2 equations in nc+2

variables. Once a particular point on the phase boundary is found we have for that point

g, =0, i=lnc+2 3.92)
and,
agl agi -
———-d j+—=dS=0;, i=], 3.93
Z =S i=1nc (3.93)
which gives the set of equations
=da 6g =
J—= =0 3.94
ds 68 (-94)

This gives us the set of estimates in the direction of a particular change in S since

do /dS is the derivative of the vector of the variables with respect to the specified

variable along a line where all the equations are specified.

3.4 Constant temperature and pressure multiphase calculations

These calculations were carried out using the multiphase successive substitution
method of Abdel-Ghani et al. (1994). The method of Abdel-Ghani et al. combines the
calculation of equilibrium phases with the tangent plane distance (TPD) stability criterion
developed by Michelsen (1982 a). For an equilibrium to be stable at a given temperature
and pressure the tangent plane distance has to be greater than or equal to zero at the

stationary points of the TPD function. The TPD inequality is given by



78

D=3 nu(ha - 20 (3.95)

=l
where [i; is the chemical potential of the component i in the apparent equilibrium or the
equilibrium being tested for stability with respect to the addition of the k™ phase. The
stationary points of D satisfy the condition
Ma =p; +6,.RT (3.96)

or in terms of fugacities

Inf, =Inf, +6, (397

If a phase is present at equilibrium, 8,=0, and, for the equilibrium to be stable with

respect to the addition of phase k, 8,>0. Therefore, the criterion for a stable equilibrium
with some phases not present can be expressed as

g, =Inf, ~Inf -6, =0 (3.98)

Abdel-Ghani et al. use this criterion as the basis of their equilibrium calculations.

The initiation of the calculations is done by assuming the existence of the maximum

number of phases as given by the phase rule. In the process of solving for equilibrium

phases, if two phases become identical with respect to the distribution coefficients of the

components and the densities of the phases, the number of phases is reduced by one by

combining phases. Their procedure does not require employing one of the existing phases

as the reference phase. Rather an average fugacity is defined by

Inf, =) B;Inf; (3.99)
1



where B; is the fraction of phase j. As a consequence, at equilibrium

which is what is desired.

Now equation (3.97) gives
f; = £, exp(0;) = 5‘(;5; exp(9;)P
The mole fraction of the component i in the phase j is given by
x; = X:K; exp(8;)
with
Kij =b: / 5

The mole fractions in a phase have to sum to unity which gives
Y x; =exp(8;)) Kk =1
isl =l

or in a different form

D Kk =exp(~8;)
=l
If 8; = 0,implying the presence of a phase at equilibrium
ZKijii = l
i=1

For a missing phase 6,>0
Z Kijii <1
i=l

A mass balance on component i requires
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(3.100)

(3.101)

(3.102)

(3.103)

(3.104)

(3.105)

(3.106)

(3.107)
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iﬁjxi; =z (3.108)

where z; is the feed fraction. Substituting for x;; in the above equation we get

&= =gt =2t (3.109)
2.BKsexp(®;) DY BK;
=l =1
Note that exp(6;)B;=B;, as 6,=0 for §;>0.
X;; can be written as
X5 = exp(O,-)Ki,-z; / E,’ (3.1 10)
Finally the mole fractions in a phase have to sum to unity and we get
1-) x; =1-exp(8;)> Kjzi /E; =0;j=1,n (3.111)

i=l izl
These are n non-linear equations to be solved for mass balance. The solution of these

equations is equivalent to solving for

hj=1-) X; =0,8; >0 (3.112)
i=l
or
h;=1-) X;>0,8; =0 (3.113)

i=l

where X;=K;;z/E;. When B; is positive, Xj; is equal to the mole fraction x;;, otherwise

x5 = Xj /inj (3.114)

i=l
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The mass balance equations are solved for using a damped Newton iteration

process as given by

=-l_k

B‘k-&l ‘—"Ek — %A h

where A is a damping factor. A matrix has elements given by

ajj =g‘gi = —zxﬁxkj 'z

i k=
The distribution coefficients K;; are updated using
nK;*' =1né;* —~In¢;*
which in terms of fugacities is
InKE! = In(x% / %¥) - (Inff ~Inf¥)
Now,
In(xt / %) = InK§ + 0%
which gives the updating formula in terms of g;;

K5 = InKj -gj

(3.115)

(3.116)

G.117)

(3.118)

(3.119)

(3.120)

The convergence criterion normally used to terminate the equilibrium calculations

was

i igﬁ- /mN, <107

=l =l

Michelsen (1994) has shown that the function

QB =3 ;-3 zE,
=

(3.121)

(3.122)
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has derivatives

Q _p-1-%x.
aBj'h’ 1 ;x., (3.123)

Michelsen states that Q(P) is at least positive semi-definite in the region of positive phase
amounts. Thus the phase split problem is equivalent to a constrained minimization

problem with a unique solution.

3.5 Discretization of a polydisperse polymer

In this section a method is described for obtaining molar mass distribution data
from experimental information on average molecular weights. The methodology is based
on the recipe proposed by Kang and Sandler (1988). This is useful because in many
instances the experimental average molar masses are reported instead of the complete
experimental molar mass distribution.

We begin with some terminology used in this section. For a continuous molar
mass distribution a frequency function or differential distribution function D(M) is
defined as the amount of material per unit change of molar mass M. The amount could be
a mass fraction or a mole fraction. A plot of frequency function versus the molar mass
gives a differential distribution curve of the type shown in Figure (3.2 a). The fractional
amount of material having molar masses between M, and M; is given by the shaded area.
The total area under the curve is unity. We can also plot the cumulative fractional amount
versus the molar mass to give the integral distribution curve as shown in the Figure (3.2

b). Cumulative mass fraction corresponding to molar mass M is the fraction of material



(a)

W(M)

M1 M2

(b)
I(M)

Figure 3.2. (a) Differential distribution curve.
(b) Integral distribution curve.
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having molar mass smaller than or equal to M. The relation between D(M) and the

integral distribution function I(M) is given by

AI(M) = D(M)AM, or, dI(M) = D(M)dM (3.124)
which gives
I(M) = j D(M)dM (3.125)
0

Also, the relation between N(M), the number distribution function, and, W(M), the mass

distribution function, is

_WM) W(M)
N(M) = —+ /f M (3.126)
or,
W(M) = N(M)M / ?N(M)MdM (3.127)

The number average molar mass My, for the continuous case is given by
My = ?N(M)MdM (3.128)
0
The mass average molar mass My for the continuous case is given by
My = ]‘W(M)MdM (3.129)
0
And the z-average molar mass My is

Mz = [WM)M2dM/ [W(M)MdM (3.130)
0 0
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The ratios My/My, Mz/My, etc. give an indication of the spread of the molar masses of

the polymer or the polydispersivity of the polymer. Following the usual convention
My,/My is taken as the polydispersivity index of the polymer.
The average molar masses are defined for the discrete case as follows. The

number average molar mass is

My =) xM; =———— (3.131)

where x; and w; are the mole fraction and the weight fraction of component with molar

mass M;. The mass average molar mass is

> xM?
inM;

My =) wiM; = (3.132)

Using an appropriate distribution function, we can construct discrete analogs of a
polydisperse polymer as shown below for the Log-Normal distribution (Lansing and
Kraemer, 1935) and Schulz distribution (1939). Both these distributions have two
adjustable parameters and yield discrete pseudocomponents of a polydisperse polymer in

a fairly straightforward manner by the application of Gaussian Quadrature.

3.5.1 Log-Normal distribution
Lansing and Kraemer (1935) pointed out the utility of the log-normal distribution

for quantifying the non-uniformity of polymers. Subsequently, it was used by Granath
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(1958) and Koningsveld and Staverman (1968) among others. There are additional

references in the Granath paper. In recent years Kang and Sandler (1988) have employed
the log-normal distribution to account for the polydispersivity of dextran in phase
equilibrium calculations.

In the log-normal distribution, the normalized number distribution function is

given by F/M, where the function F is,

1 1. M J
F = ——exp| -—In“ — 3.133
Bin p[ B2 M, (3.133)
M, and P are the parameters of the distribution. Then,
M= F
j' —dM =1 (3.134)
M= M
The number-average molar mass is given by
M=Q .
My = [M(F/M)dM = Me?"* (3.135)
M=0
and the weight-average molar mass is given by
M= )
M, =(1/My) IMZ(F/ M)dM = M e (3.136)
M=0
The polydispersivity index is
b=My /My =e2 (3.137)

Given the experimental values of M,, and My, M, and B, the parameters of the
distribution, can be determined from equations (3.135) or (3.136) and (3.137). These

values can then be used to construct a discrete analog of the polydisperse polymer
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through Hermitian quadrature. Hermitian quadrature permits approximation of certain

integrals through function evaluations at a few points. The quadrature formula is
@ n
M= [exp(~x*)G(x)dx = )" (Hy / VR)G(xi Wr (3.138)
—a0 k=1

Values of H, and x, for various number of quadrature points, n, can be obtained from
mathematical tables. In this work these values were obtained from Abramowitz and
Stegun(1972). (H,/Y¥ m) can be interpreted as the fraction of polymer with molar mass
(G(x,) V ©). Note that equation (3.135) can be rearranged in the same form as equation

(3.138) by a simple transformation as given by

My = | exp(—xz)(:v/[: exp(Bx))dx (3.139)
- T
where x is
1. M
I M 3.140
TB M, (3-140)

In this form the quadrature formula can be applied to the equation for My.
For the discrete case the molar mass of the k™ component is
My =M, exp(Bxy) (3.141)
and (H, / V w) is its mole fraction. Figure (3.3) shows the error in calculated b as a
function of number of the pseudocomponents. From this plot some idea can be obtained
about the number of pseudocomponents required to represent a particular polydisperse

polymer.
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Figure 3.3. Effect of the number of pseudocomponents on the error in the calculated
polydispersivity index.
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3.5.2 Schulz distribution function

The Schulz distribution function has the mass frequency function given by

—Ina)*?
( [na) Mﬁ+laM

WM) = 3.
M) T(G+2) (3.142)
B and a are the parameters of the distribution.
r(B+2)= [ exp(—x)dx (3.143)
0
This is convergent for (B+2)>0.
The mass average molar mass is
= jM( Ina)”? \goiqMam =Y wiM; (3.144)
C(P+2)
where w; is the mass fraction of the it pseudocomponent and M; is its molar mass.
Let,
M_ exp(-y) (3.145)
which gives
dM =dy/(-Ina) (3.146)
Changing the variable of integration in equation (3.144)
T ? exp(-y)
= dy = ) Hf 3.14
!I‘(B+2) e Y > Hif(yk) (3.147)
where y,s are the zeroes of Laguerre-Gauss quadrature and
y|3+2
f(yv) = < (3.148)

(B +2)(~Ina)
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Now,
Mw =3 hif(yi)(Q_H;) (3.149)
This gives the mass fraction and the molar mass of the i pseudocomponent
wi =h; =H; /) H; (3.150)
and

M; = f(y:)} 3 H;) (3.151)
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CHAPTER 4

Experiments

4.0 Introduction

The two most important techniques for measurement of phase equilibria at high
pressures are the analytical and the synthetic methods (Schneider,1994). in the analytical
method, the components are filled into an autoclave and the system is brought to the
conditions of temperature and pressure in a heterogeneous region, such as, conditions of a
vapor-liquid equilibrium. The compositions of the equilibrium phases are determined
mostly by sampling and analysis, by chromatography for example.

In the synthetic method, first a mixture of known composition is prepared. The
pressure and temperature are then adjusted such that the mixture is in the homogeneous
region. The pressure and/or temperature is then so varied that the phase boundary is
reached, as detected by the appearance of a second phase as in a bubble point, a dew point
or a cloud point determination. The phase boundary between the two-phase and one-
phase region is obtained as a pressure-temperature curve for a fixed composition, i.e. an
isopleth. This is done for a number of compositions of interest. After having gathered this
information, the P-x and T-x sections can be prepared by interpolation. The disadvantage
of this method is that tie-lines connecting equilibrium compositions in systems with more

than two components cannot be obtained.
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In this work the synthetic method was employed for making phase equilibrium

measurements on polystyrene/methylcyclohexane/CO, systems. The experiments were
performed at The Technical University of Delft in the Laboratory of Applied
Thermodynamics and Phase Equilibria under the direction of Dr. Th. W. de Loos. An
extensive infrastructure was in place in this laboratory to assist with performing the
essential measurements.

There are two parts to the procedure:

(i) Preparing a mixture of known composition.
(ii) Making phase equilibrium measurements on the sample.

In the first section of this Chapter, the procedure for making a filling of known
composition is described. This is followed by a brief description of the Cailletet apparatus
used for making phase equilibrium measurements in this work. The subsequent section
provides information about the materials used. Then the methodology employed for
making the measurements is discussed briefly. Finally, the results of the measurements

are presented.

4.1 Procedure for making a filling

The fillings are made in a capillary Pyrex glass tube sealed at one end. The tube is
first weighed and then a known amount of solvent is added to it by weighing. The
accuracy of the weight balance for this part was $0.01 mg. Typically 100-150 mg of the

solvent was weighed in. Subsequently a known amount of the polymer is added to the
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solvent for the measurements where the polymer is required as one of the components.
The polymer was weighed in with an accuracy of +0.001 mg. The mass of polymer
sample added typically ranged from 5-35 mg. A small permanent magnet is added in the
glass tube for stirring the sample. The capillary tube is then attached to a piece of
equipment called the gas rack. The gas rack is shown schematically in Figure (4.1). The
purpose of the gas rack is two-fold. First the solvent is degassed by repeated freezing and
melting with liquid nitrogen under a vacuum. Then a known amount of a gas is added by
opening the connection to the gas storage. When carbon dioxide was included as one of
the components it was added via the gas rack.

In order to add a known amount of carbon dioxide to the sample, the tube
connection half of the gas rack is filled with the gas to approximately the desired
pressure. In this work the pressures typically ranged from 40-370 mbar. The pressure was
measured with a tranducer having a range 0-0.1 MPa with an accuracy of 0.01 %. The
gas is then displaced by mercury and part of it is confined to a bulb of known volume as
shown in Figure (4.1). The point to note here is that when mercury just touches the tip of
the bulb the pressure in the bulb is same as the system pressure. From a knowledge of the
pressure and the room temperature, the amount of gas can be caiculated. As a final step,
the gas is frozen with the rest of the sample and sealed with mercury. The tube with the
frozen sample is then removed from the gas rack and placed in the apparatus for making

the phase equilibrium measurements. The sample is pressurized in the apparatus before
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Figure 4.1.  Schematic of the gas rack. Modified from Stamoulis (1994).
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melting. In this work mixtures were prepared with an accuracy in the weight fraction on

the order of 0.0002 to 0.0005.

4.2 Apparatus for phase equilibrium measurements

Phase equilibria were measured in the glass tube Cailletet apparatus described by de
Loos et al. (1986). In this apparatus, visual observations are made of phase transitions in a
mixture of fixed composition by fixing temperature and varying pressure or vice-versa. The
sample is confined over mercury in the sealed end of a capillary glass tube. The open end of
the glass tube is immersed in the mercury in the autoclave. The pressure is applied
hydraulically with a screw pump with mercury acting as the intermediary. The glass tube is
kept at the desired temperature by a thermostat with circulating fluid. The sample is agitated
by a small iron magnet stirrer immersed in the sample. The stirrer is moved by a pair of
button magnets on the outside, which move up and down. The temperature can be measured
with an accuracy of $0.01 K by a platinum resistance thermometer. The temperature of the
bath can be regulated to within +0.02 K. The pressure is measured with a dead-weight

pressure gauge, which has an accuracy of 0.05 bar.

4.3 Materials
In this study, two samples of polystyrene were used for cloud point measurements.
One was an Aldrich standard (Lot number: 01302 KN) with My~=31,600 g/mol and

Mp=29,100 g/mol as determined from gel permeation chromatography. The manufacturer
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also reports for the same sample My=29,300 g/mol from light scattering measurements and

My=28,900 g/mol from membrane osmometry. The other sample was supplied by Novacor
Technology and Research Corporation (Lot number: 9-1-4823-1) and had a My=64,000
g/mol and My=250,000 g/mol as determined from gel permeation chromatography.
Methylcyclohexane was purchased from MERCK-Schuchardt with a guaranteed purity of
99%. Chromatographic analysis of methylcyclohexane gave a purity of 99.5%. It was
degassed before use by repeated freezing and melting with liquid nitrogen. The carbon

dioxide was obtained from Air products with a purity of 99.95 wt%.

4.4 Experimental method

The Gibbs phase rule when applied to a two-phase equilibrium involving n
components yields for the degrees of freedom F the following equation.

F=n 4.1)

For bubble point, dew point and cloud point measurements the phase boundary is traced.
Therefore, in principle, the composition of the sample is fixed. In other words the (n-1)
independent composition variables are fixed. Now if the temperature is fixed then there isa
unique pressure for the occurrence of a phase boundary and vice-versa. In this work mainly
two-phase boundaries were measured.

The cloud point measurements on the polystyrene(29100) + methylcyclohexane
system were made by fixing pressure and varying temperature in intervals of 0.04~0.05 K.

The cloud point was taken as the lower temperature of the temperature interval over which a
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turbid phase appeared and disappeared starting from a homogeneous liquid phase. When a

cloud point was detected, it was confirmed by the disappearance of turbidity at an elevated
pressure while keeping the temperature constant. For cloud point measurements with the
polydisperse polystyrene sample and when CO, was present the temperature was fixed and
the pressure was varied. The cloud point was defined as the mid-point of the pressure
interval over which a turbid dispersed phase appeared and disappeared over the whole
system, starting from a homogeneous liquid phase. The maximum uncertainty in pressure
for cloud point measurements when the temperature was held constant was 0.1 MPa. In all
cases the cloud point was checked by moving back and forth across the phase boundary.
The bubble points were measured with an accuracy of 0.01 MPa. The methodology
followed was similar to that for cloud point measurements when the temperature was fixed

and the pressure varied.

4.5 Results and discussion

4.5.1 Carbon dioxide vapour pressures

Figure (4.2) shows a comparison of a few measured vapour pressures with the
values from the Dortmund Data Bank. The vapour pressures were measured with an
accuracy of 0.01 MPa. From the figure it is obvious that the agreement between the

measurements in this work and the values from the literature is excellent.
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Figure 4.2.  Carbon dioxide vapor pressures. (+) Measured. (A) All property data bank.
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4.5.2 Carbon dioxide + methyicyclohexane system

Figure (4.3) shows a few pressure-temperature bubble pecint isopleths for the system
carbon dioxide + methylcyclohexane. An isopleth is a pressure-temperature curve of
constant composition separating the two-phase region from the one-phase region. For this
figure, the region above the isopleths is the one liquid region and the region below the
isopleths is the vapour-liquid region. The isopleths represent the vapour-liquid phase
boundary. The bubble points were measured with an accuracy of 0.01 MPa.

Figure (4.4) contains two pressure-composition sections at constant temperature.
These were obtained by interpoiating pressure values from the P-T isopleths for various
compositions at a fixed temperature. The region above the P-x curves is one liquid and the

region below the P-x curves is the vapour-liquid region.

4.5.3 Polystyrene(29100) + methylcyclochexane system

Figure (4.5) contains liquid-liquid pressure temperature isopleths for the system
polystyrene(29100) + methylcyclohexane. These were measured by fixing pressure and
varying the temperature in intervals of 0.04~0.05 K. The region to the right of the curves is
the one liquid region and the region to the left of the curves is the liquid-liquid region. The
isopleths are the locus of cloud points or the points where phase separation just occurs.
Figure (4.6) contains a few temperature-composition sections at constant pressure. These

curves were obtained from the data shown in Figure (4.5) by fixing the pressure and
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Figure 4.5.  P-T isopleths for the system Polystyrene(29100)/Methylcyclohexane.
Polymer mass percent: (®) 3.23, (A) 4.94, (0) 7.26, (+) 8.82, (V) 10.97,
(A) 12.81, (@) 15.19, (O) 18.21, (0) 20.6, (W) 22.51, (V) 26.34.
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interpolating the temperature for various isopleths. The region above the curves is the one-

phase region and the region below the curves is the two-liquids region.

The T-x curves shown in Figure (4.6) represent typical upper critical solution
ternperature behaviour. This is classified as Type I behaviour in the scheme of van
Konynenburg and Scott. However, there is reason to believe that this system actually is of
Type IV. Saeki et al. (1973) report low pressure measurements on a number of polystyrene
+ methylcyclohexane systems (differing in the molar mass of polystyrene) which show
UCST behaviour at low temperatures and as the temperature is raised there is an occurrence
of lower critical solution temperature or LCST behaviour. In this work measurements were
made in the vicinity of the upper critical solution temperature.

The polystyrene used for the measurement shown in Figures (4.5) and (4.6) had a
polydispersivity index very close to unity in value. Hence, this system can be treated as a
binary system and in that case the maximum temperature on a particular T-x curve is the
upper critical solution temperature. The system polystyrene + methylcyclohexane has been
investigated extensively by a number of research groups for a range of molar mass of
polystyrene. These researchers also report the measured UCSTs. This enables a comparison
between the extrapolated value (P=Ibar) of the critical temperature from this work with the
measurements reported in the literature. The comparison is in Figure (4.7). The comparison
is made by plotting the inverse of the critical temperature in K against the inverse of the
square root of the molar mass of the polymer. It can be seen that the measurements made in

this work fall along with the measurements reported in the literature. The mode of plotting
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Polystyrene/Methylcyclohexane. (+) Literature, (A) Measured.

S0l



106
is based on the work of Flory (1953) who has shown theoretically that a piot of the inverse

of the critical temperature versus the inverse of the square root of the molar mass should
exhibit a linear trend. The literature references for Figure (4.7) are listed in Table (4.1). The
list of references was supplied by Dr. S. Enders (1996).

This sub-section is concluded with a remark regarding the sign of volume change of
mixing for this system in the vicinity of UCST. Consider the following equation derived

previously.

&
T ax*) e

(Eﬁ)c = (a_zs)_ 42)

ax?/ ¢
The left hand side is negative in this case. Also, for UCST type behaviour the second partial
derivative of molar entropy with respect to composition is less than zero. Therefore, the
volume derivative has to be positive. Following an argument similar to that empioyed to
obtain the sign of the enthalpy change of mixing in section (2.5) it can be deduced that the

volume change of mixing has a negative sign.

4.5.4 Polystyrene(64000) + methylcyclohexane system

Figures (4.8) contains the liquid-liquid Pressure-Temperature isopleth data for the
system polystyrene(64000) + methylcyclohexane. Figure (4.9) contains a few Temperature-
composition curves. These measurements were made by fixing the temperature and varying

the pressure. The cloud points are accurate to within 0.1 MPa.



Table 4.1 List of literature references for Figure (4.8)

1. Wells P.A., de Loos Th.W. and Kleintjens L.A., Fluid Phase Equil., 83, 383, 1990.

2. Nose T.and van Tan T., Polymer Letters Ed. 14, 705, 1976.

3. Dobashi T., Nakata M. and Kaneko M., J. Chem Phys., 80, 948, 1984.

4. Chu B., Linlium P. Xie K., Ying Q., Wang Z. and Shook J.W., Rev. Sci. Instrum., 62,
2252, 1991.

4. Dobashi T., Nakata M. and Kaneko M., J. Chem. Phys., 72, 6685, 1980.

6. Saeki S., Kuwahara N., Konno S. and Kaneko M., Macromolecules, 6, 246, 1973.

7. Shen W., Smith G.R., Knobler C.M. and Scott R_.L., J. Phys. Chem., 95, 3376, 1991.

8. Shinozaki K., Tan T., Saito Y. and Nose T., Polymer, 23, 7280, 1982.

9. Heinrich M. and Wolf B.A., Polymer, 33, 1926, 1992.
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Figure 4.8.  P-T isopleths for the system Polystyrene(64000)/Methylcyclohexane.
Polymer mass percent: (@) 2.11, (V) 3.3, (A) 5.11, (+) 6.48,(4) 9.71, (O)

13.6.
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This system also shows UCST behaviour. However, the polystyrene sample used

for these measurements had a mass average molar mass of 250,000 g/mol and a number
average molar mass of 64,000 g/mol. As a consequence of the polydispersivity of the
polymer the maximum temperature on the T-x curves is in all probability not the upper
critical solution temperature. Rather, it would be expected to lie on the right hand branch of

the T-x curve as discussed in section (2.7).

4.5.5 Polystyrene(29100) + methyicyclohexane + carbon dioxide system

The objective of these measurements was to study the effect of CO, on the phase
behaviour of the system polystyrene(29100) + methylcyclohexane. The investigation was
carried out by keeping the polymer concentration approximately constant and replacing part
of the solvent with carbon dioxide. This was done for two approximate polymer
concentrations of 0.05 and 0.11 mass fraction.

The expected phase behaviour of the systems such as polystyrene(29100) +
methylcyclohexane + carbon dioxide is shown schematically in Figure (4.10) for relatively
lower concentrations of carbon dioxide (McHugh and Krukonis, 1994). At higher pressures
and lower temperatures (in the vicinity of polymer-solvent UCST) there is a liquid-liquid
isopleth that separates the one-liquid region from the two-liquid region. However, as the
pressure is lowered there is a transition from a liquid-liquid region to a three phase liquid-
liquid-vapour region. Further lowering of temperature gives a vapour-liquid region. At

lower pressures and higher temperatures there is a vapour-liquid isopleth that separates the



T

Figure 4.10. P-T schematic for a polymer-solvent-solvent mixture of constant
composition,

11
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one-liquid region from the vapour-liquid region. As temperature is raised further (in the

vicinity of polymer solvent LCST), the phase behavior is an image of that for lower
temperatures. The lower temperature branch (in the vicinity of polymer-solvent UCST) is
shown for an approximate polymer mass fraction of 0.05 and CO, mass fraction of 0.11 in
Figure (4.11). The point of intersection (VLLE point) of the liquid-liquid and vapour-liquid
isopleths is unique for a particular composition as a consequence of the phase rule.
However, for higher concentrations of CO, the LCST and UCST type behaviours can
merge to give liquid-liquid isopleths of the form shown in Figure (4.12) for carbon dioxide
mass fractions of 0.209 and 0.211. For these isopleths the region above the curves one
liquid and the region below the curves is a region of liquid-liquid immiscibility.

Figure (4.12) contains the liquid-liquid isopleth data for the system
polystyrene(29100) + methylcyclohexane + carbon dioxide for an approximate polymer
mass fraction of 0.05. Except for the two CO, concentrations mentioned in the previous
paragraph the one liquid region lies to the right of the curves and the two-liquid region is on
the left of the curves.

Figure (4.13) contains a few temperature-composition sections prepared from the
data shown in Figure (4.12). The sections are for pressures greater than the VLLE point
pressures. The region of immiscibility is below the T-x curves. Figure (4.13) shows that
addition of CO, initially increases the solubility of the polymer a little which is followed by
a sharp decline in solubility as the carbon dioxide concentration is raised. The improved

solubility of the polymer in the mixed solvent at lower concentrations of carbon dioxide is
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Figure 4.11. P-T isopleths for the system Polystyrene(29100)/Methylcyclohexane/CO,.
Polymer mass percent ~ 5.0. CO, mass percent ~ 11.2. (+) LLE; (A) VLE;
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Figure 4.12. P-T isopleths for the system Polystyrene(29100)/Methyicyclohexane/CO,.
Polymer mass percent ~ 5.0. CO, mass percent: (A) 0, (A) 3.77, (@) 7.75,
(0) 11.22,(0) 12.21, (+) 14.79, (V) 18.12, (+) 20.95, (0) 21.14.
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probably related to the density behaviour of systems containing carbon dioxide as found by

Kordikowski et al. (1995). These researchers report that the liquid density as a function of
carbon dioxide concentration in certain CO, + organic solvents shows a maximum. They
point out that, as a consequence of this kind of density behaviour carbon dioxide at certain
conditions may act as a solvent.

Similar behaviour is observed for the case where the polymer mass fraction is kept
constant at approximately 0.11. The liquid-liquid isopleths for this case are shown in Figure
(4.14). Figure (4.15) contains a few T-x sections at pressures greater than VLLE point
pressures.

The VLLE points determined by the intersection of the LLE and VLE curves are
plotted for all the isopleths showing the behaviour in Figure (4.16). The points shown in
Figure (4.16) are the temperatures and pressures where a homogeneous phase of the
indicated composition is in equilibrium with two new phases: (i) a liquid phase and, (i} a
vapour phase rich in CO,.

Shown in Figure (4.17) are constant temperature bubble points for the binary
methylcyclohexane/CO, system and polystyrene(29100)/methylcyclohexane/CO, systems
at a temperature of 313.15 K. At the same carbon dioxide mass percent, the bubble point

pressure is increased by replacing part of the methylcyclohexane with the polymer.



117

15

10

P (MPa)

295 305 315 325
T (K)
Figure 4.14, P-T isopleths for the system Polystyrene(29100)/Methylcyclohexane/CO,.

Polymer mass percent ~ 11.0. CO, mass percent: (A) 2.42, (+) 4.28, (0)
5.08, (+) 7.42, (@) 10.37, (A) 11.67, (V) 14.57, (O) 16.57.
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Figure 4.16. VLLE points for the system Polystyrene(29100)/Methylcyclohexane/CO,.
(+) ~ 5 mass percent polymer; (A) ~ 11 mass percent polymer.
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Figure 4.17. Pressure-composition sections (bubble points, T=313.15 K) for the systems
Polystyrene(29100)/Methylcyclohexane/CO, (+) and
Methylcyclohexane/CO; (O). Polymer mass percent ~ 5.0.
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CHAPTER 5§

Models

5.0 Introduction

In this Chapter the three equation of state models employed in this work are
presented.

The equation of state modeling of polymer-solvent systems has followed two
main approaches:
(i) Lattice-based models.
(ii) Models based on perturbation theory.
The lattice-based models conceptualize a mixture on a lattice. The fundamental equation
in terms of Helmholtz free energy is obtained by adding a configurational entropy term
(i.e., a term accounting for the number of configurations available to molecules on the
lattice) to an energetic term accounting for the interaction between segments. The
perturbation theory approach employs a reference fluid, such as a mixture of chains of
hard spheres as in the model used in this work. The equation of state for the real fluid is
obtained by adding a perturbation term to the reference fluid term.

The following models were chosen for this work:
(i) The Sanchez-Lacombe equation of state.
(ii) The Kleintjens-Koningsveld version of the Mean Field Lattice Gas Model.

(iii) The Perturbed Hard Sphere Chain (PHSC) equation of state.
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The first two are lattice based models and, as the name suggests the third is a

model derived from perturbation theory. The versions of model equations used in this
work employ mole number or mole fraction as the principal composition variables
instead of the traditional choice of site fraction as the principal composition variable.
Although the choice is subjective, in the author’s opinion the versions presented in this

Chapter are easier to use from a computational point of view.

5.1 Sanchez-Lacombe equation of state

Conceptually, the lattice based equation of state of Sanchez and Lacombe (1976,
1978) is very similar to the lattice theory of Flory and Huggins (1953) for polymer
solutions. The Flory-Huggins theory employs a rigid lattice and, as a consequence, in
principle cannot model behavior caused by changes in compressibility, for example,
LCST behavior. The Sanchez-Lacombe equation of state circumvents this shortcoming
by allowing for a variable number of vacant sites on the lattice. In the Sanchez-Lacombe
formulation, as in the treatment of Kleintjens and Koningsveld (1980) discussed in a later
section, a pure component is treated as a binary mixture of vacant and occupied lattice
sites.

The number of configurations available on the lattice Q, are calculated from the
expression developed by Guggenheim (1952) in the limit of a large coordination number

z. This is the Flory approximation. The expression for Q for a nc component mixture is
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where,
. =8idl
@; Aiedl—l (5.2)
and,
f°=____[_1°___.PL : fi=‘_‘ﬂ (5.3)
n, + n;d; e fa

d; is the number of segments occupied on the lattice by component i. n; is the number of
molecules of component i. n, is the number of empty lattice sites. g; is a symmetry
number and &; is a flexibility parameter. f; is the fraction of sites occupied by the
component i in the mixture and f, is the fraction of empty sites. From equation (5.1) and
the following equation from statistical mechanics (Hill, 1986)

S=RInQ 54)

the configurational entropy of the mixture can be calculated as

S=-Rn,Inf, ~RY n;Inf; +RY_n; Ino; (5.5)

i=l i=l
R is the gas constant. The last summation in this equation will be neglected from here on
as it does not affect phase equilibrium computations of interest in this work.
Sanchez and Lacombe obtain the configurational energy E for their model from

the following equation (McQuarrie,1976)
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E=2n(Y din)p), 3 6:0; [eqgqr’dr (5.6)
0

where ¢; is a site fraction, given by

d;n;

b =
Zd,-n,-

(5.7)

g;; is the pair distribution function, and ¢;; is related to the depth of the potential well. p is
the number density of all segments in the mixture. r is the distance between two
segments. Sanchez and Lacombe assume that mers have hard cores and interact
attractively with each other at a distance r via an inverse power law.

gij(t)=w ; r<oy

£4(r) = -a,(‘—’ri) e (5.8)
a;; is the distance of closest approach.
In the mean field approximation g; is given by
g;(nN=0 ; r<oy
gi(r)=1 ; r>o0y (5.9
Substitution of equations (5.8) and (5.9) into equation (5.6) yields for E the following van

der Waal’s like expression.
E=-(3 djn;)pe’ (5.10)

where the mixture interaction energy parameter € is given by
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g =“;I:‘Zz¢i¢jei.ivi.i (5.11)
p is the reduced density of the mixture and is given by

_o2dm
p=—— Y ¥ (5.12)
v v
n, + ). d;n;

v is the mixture lattice site volume and V is the total volume. It is assumed that vij' =
3
cij .
The ij energy of interaction, eij', is given as

e} =2nel / (n—3) (5.13)

The mixture lattice volume v’ is calculated using the following mixing rule.
v’ =ZZ¢;¢,—V.§ (5.14)

The model has three parameters for a pure component, namely €, vy and d; For a

mixture, the cross parameters can be obtained as
8,'.,' =(l_k,‘j)-"8|‘:‘8;j (5-15)
where k;; is a binary interaction parameter, and,

. Vi+Vj
L SIS X 5.16
v 5 (5.16)

y

As a consequence of the mixing rule for the mixture lattice volume v_ and equation (5.16)

the hard core volumes of the pure-components are preserved.
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Now the expression for the Helmholtz free energy can be calculated from

A=E-TS (5.17)
From the fundamental equation for A all the thermodynamic properties of the mixture can
be obtained.

Sanchez and Lacombe (1976, 1978) expressed the model equations with the site
fraction as the principal composition variable. Although the choice of variables to work
with depends on the user, in the author’s opinion, the version of model equations with
mole number or mole fraction as the principal composition variable is easier to work
with. The model equations in terms of the mole numbers/mole fractions are derived now.

In order to restructure the Sanchez-Lacombe expression for A let,

b =did;vj (5.18)

n’b=>3" Y nin;b; (5.19)
i=l  j=i

ay =did;g5vy (5.20)

n’a=) Y mnja; (s.21)
iwl =l

nd = ) nd; (5:22)

Therefore in terms of n’a, n’b and nd (a, b and d are these quantities in terms of mole

fractions) we have,

v = d% (5.23)



and,

_d 2
n, -?(V-—n b/nd)

After substitution we get for A,

nb/nd n,db

_ n’a d? 2
=~52+RT<~(V-0’b/nd)In(1 - )+ RTZ i In(3

i=1
Pressure is related to A by
P=—(GA/dV)r,

and, for the Sanchez-Lacombe equation of state, it is given by

2 2 2
p—_ma_RTnd d* _nb‘ﬁnd)_!_nRT/V
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5.29)

(5.25)

(5.26)

(53:27)

(5.28)

(5.29)

(5.30)

(5.31)

The chemical potential of component k can be found from A by differentiation as given

by the following expression
He =(0A /ony )y

For the Sanchez-Lacombe equation of state it is given by

(5.32)
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= ——Zn idik

t:l

+RT(V—n2b/nd)ln(l n’b/ “d)[Zd""d 2(?‘3 (Z n; by )]
d? n’b/nd

+RTb(d dz = Zn by )[1+ In(1- v

+RT[1 +Ind; +ln(nk /V)]

+RT[In(b/ d*)+ 2 Z ba - 2E

x-l

)]

(5.33)

5.2 Kleintjens-Koningsveld Mean Field Lattice Gas equation of state

As mentioned before, in the Mean Field Lattice Gas model, a pure substance is
conceived as a binary mixture of occupied and vacant sites (holes) distributed randomly
(the mean field approximation). Changing the number of holes gives a lattice of variable
volume and allows for the representation of both gas-like and liquid-like states. After
obtaining the energy of mixing AE, the Helmholtz free energy of mixing is obtained by
adding the following terms to AE (Kleintjens, 1985):
(1) A Flory-Huggins combinatorial entropy of mixing term (Flory, 1953).
(ii) An empirical entropy of mixing correction term of the form: constant * ¢; ¢;.

The Helmbholtz free energy of mixing for the Mean Field Lattice Gas model of
Kleintjens and Koningsveld for a multicomponent system is given by (Kennis et al.,

1990),

ne~-1

—¢aln¢o+z ln¢,+Zg,,¢,,¢.+z Zm i) (5.34)

l-l i=l iml i+l

N RT
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where, o refers to holes and nc is the number of components. m; is the number of lattice
sites occupied by component i. N, is the total number of lattice sites (N,=N,+>;N;m;). ¢§;
is the principal composition variable and is a measure of the fraction of sites occupied by
the component i.
g,i is a temperature dependent pure component parameter given by
g« =ap; +8pi /Q (5.35)
where, ap; is related to an empirical entropy correction term. gp; is temperature
dependent with the temperature dependence given by
gpi =Boi +Bu / T+... (5.36)

The cross interactions are represented through ¥;; and are expressed as

L = +g;(1-7;)/Q (537
where,
Q=1- v (5.38)

i=l
v is a parameter related to the surface area of contact. g; is given by
g; = Poij +Br; / T+... (5.39)
The principal composition variable ¢; is given by
¢ =n;m;v,/V (5.40)
The total volume V is calculated from N, and v, as
V=N,v, (5.41)

where v, is the constant volume of a lattice site.



The volume fractions of holes is

ba=1-3 0,
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(5.42)

For a pure component, the parameters required are m;, ap;, Yi, Boii» B if only two terms

are included in the expression for gp;. For a mixture o, By, By;; €tc. are also required.

The equations so far briefly describe the Kleintjens-Koningsveld model. The

objective now is to reorganize the model equations so that the equations are expressed in

terms of total volume and individual mole numbers. This is to facilitate the evaluation of

derivatives and computations with the model.

Define,

and,

Therefore,

and,

Let,

nc
nb= Zn;m;vo

i=l

nd = i(—Yi)nimivo

V-nb
¢o_ V

_V+nd
Q= vV

(5.43)

(5.44)

(5.45)

(5.46)



na=Y opinmv,

and,
ng= igp;n.-m;vo
par
Therefore,
_Zlgo.d; obi = (V=D + )

Now,

'il imd’i% mz_] ia.,(b i +M:Z—I iLh_.# e

=l jmisl _"él J;télz =l jmie]
Let,

fi=a;/2 ; f5=0
with
fi = £ s fizrag/2

and,

n’f =

M

Zf;,n in;m;m;v;

i=l 1'[

S| can now be expressed as

Define,
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(5.47)

(5.48)

(5.49)

(5.50)

(5.51)

(5.52)

(5.53)

(5.54)



h; =
T2
with
hji=hij s hji ¢gji(l—7i)/2
and,
nzhzz Zhgjninjm;mjvﬁ
i=l  jel
S, can now be expressed as
g, - nh
)= —
V(V +nd)

With these new definitions the Helmholtz energy of mixing is,

Ag}"’ ~(V-n b)lnvv“b+2n,v° RYe 1 a4 ng
L f—(na)(mb) | n’h— (ng)(nb) - (ng)(nd)
\" (V+nd)

In order to simplify this equation define,

n’a = nzf (na)(nb)
_Z Z[fIJ (p: +ap, ~————Ln;n;m;m;v2

i=l =]
and,

n’gy = n’h (ng)(nb) (ng)(nd)
—Z Z[h.,+ —{gpi(v; — D +ep;(v: -} Inn;mm;v;

=l  j=1

The final expression for Helmholtz free energy of mixing is
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(5.55)

(5.56)

(3-57)

(5.58)

(5.59)

(5.60)

(5.61)
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AAVe _ (V—nb)In Y200 ¢ Y nivy InBiTiTe
R V i=l V 6
n’a  nigy (5.62)
+na+ng+-——+
V (V+nd)

The pressure is given by the equation

—Pv V-nb nb <& na  n’gy
° —In +—= =Y MV, [V~ 63
RT A vV & v V?  (V+nd)? (563)

The chemical potential of component j is given by the following equation

Ap; 1
OB _ L A0V,
RT ~ RT V) ni'siej
=1-m; +ap;m; +gp;m;
V—nb +lnnjmjvo
) \'
E . ap +ap;
+=) [f; ————Inym;m;v,
vl nmm,
2 ac

l
V+nd ;Ihﬁ * 5{gpi('Yj =1 +gp;(y: —D}Inimim;v,
vim;(n”gy)

(V+nd)?

—m; In

+

(5.64)

5.3 PHSC equation of state

The PHSC equation of state of Song et al.(1994 a,b; 1996) is based on the work of
Chiew (1990). Chiew developed an expression for pressure for mixtures of hard-sphere
chains modeled by a series of freely jointed tangent spheres. Chiew’s pressure equation

has the form

P = Py + Poona (5.65)
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Py is the hard sphere part and Py, accounts for chain connectivity. Each sphere in a

chain interacts with every other sphere through the hard-sphere potential. Song et al.
(1994 a,b; 1996) added a van der Waals like attractive term to equation (5.65) to get the
equation for the pressure of a real fluid.
The perturbed hard-sphere-chain (PHSC) equation of state (Song et al., 1994) is
P=pk,T+p’keTY, Y XiX;Lir;bsgs;

= (5.66)
_pkazx (rl l)[gu —l] P Z Zx XiGLd;

where, P is the pressure, T is the temperature, and, k, is Boltzmann constant. p is the
number density (number of molecules/total volume), x; is the number fraction of
molecules and r; is the number of hard spheres comprising component i. g;; is the pair
radial distribution function of hard-spheres. b; is the second cross virial coefficient of
hard-sphere mixtures and is related to temperature dependent hard-sphere diameters. a; is
a parameter that reflects the attractive force between two segments. In a later paper (Song
et al., 1996) the temperature dependence of b; and a; was altered. This does not affect the
equations that follow. Only the corresponding parameters have to be used.

b; is obtained from the following expression
b;(T) = d?,(T) = 6., F.(kaT/gjy) (3.67)
a;; is obtained from

a;(M = G.,a,, F,(kgT/€y) (5.68)
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g;; is related to the depth of the minimum of the pair potential and oy is the separation
distance at this minimum. The model has three pure component parameters namely ¢;, 65

and r;. The cross parameters g;; and o;; are obtained from the following equations.

g5 = (1 —k;)Jeagj (5.69)
Gij = %(Gﬁ +ij) (5.70)

k; is a binary interaction parameter. F, and F, in equations (5.67) and (5.68) are universal
functions determined from the thermodynamic properties of fluid argon and methane over
large ranges of temperature and density. In the later version of the PHSC equation of state

(Song et al., 1996) these are given by

F.(kgT/€)=18681exp[—00619(ksT /)] +0.6715exp[—1.7317(ks T/ €)**]
(5.71)
F,(ksT/€) =0.7303exp[-0.1649(ks T/ £)"*]+02697 exp[-2.3973(ks T/ €)*?]
(5.72)
The latter version of PHSC equation of state is the more important for this work as it was
the one used for most of the calculations.
Song et al. (1994 a,b; 1996) approximate g;; with the expression from the BMCS

equation (Boublik, 1970; Mansoori et al., 1971) that is given by

1 3 & 1 &}
i = + - +—= 5.73
8 = T 2 20 ©.73)

where 1 is the packing fraction of hard-sphere mixtures given by
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n =§inribii (5.74)
&;; is given by the expression

Ei = 4(b"b) D xirbi® (5.75)

In terms of the total volume V the pressure equation is

_—-RT+—Z Zn 05 byg;

iwl =i (5.76)
Zn (r -D[g: —1]- Z Zn i Lr;a;
i=l i=l =l
where now,
bi =Navb; ; a;= Nivaij G.77)

R is the gas constant and n; is the number of moles of component i. V is the total volume.
The equation of state is now in terms of molar quantities. The density now would be the
molar density and x; would be the mole fraction and so on.

Before proceeding with the restructuring we need to introduce some definitions.

Define,
nb =) n;r;(b; /4) (5.78)
fm]
nd =) n,rbi’ /4 (5.79)
k=l
and,

bCij =(bibj /b;j)“3 (5.80)



Therefore the original variables n and &; in g; can be expressed as

and

g, < (bennd)
ij V
The radial distribution function g;;, after restructuring, in terms of volume is

vV 3bey(d)V 1 (bey)'(ad)*V
Ei=V_mb 2(V-nmb)® 2 (V-nb)’

A few more definitions follow. Let,

nc uc
2
n a=Z Zn;n,—rit,-a;,-
i=l =l

m’=ini(r.- —l)

nc nc

n’db=3 Y minjrr;b;

i=l  j=l
n’dby =) Zninjriribii(ébcii)
=l jel 2
n’db, =Z Zninjrirjbij(%bcizj)

=l jel

Now the equation for pressure can be written in terms of these definition as

P _1._(b) _ (d)db) +(d)2(dbz)
RT v w(v-b) v(v-b)? v(zv-b)3

1 +§ b +_l_ b _l) _La
v-b 2(v-b)! 2(v-b)® v/ RT+V
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(5.81)

(5.82)

(5.83)

(5.84)

(5.85)

(5.86)

(5.87)

(5.88)

(5.89)



where v is the molar volume. This can be further simplified to

P a, ap az as a
+ + -
RT v v-b (v-b)? (v-b)) RTV

where,

a, —1-db_ (d)db,) (d)*(db,) +r
b b2 b*

a, =30 _ (d)((:bl) + (d)z(glbz) —r
b b b

2y = @B) _ @7(b) 3,
b b 2

2
GRS
b 2

Note that a,=1-a,.
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(5.90)

(5.91)

(5.92)

(5.93)

(5.94)

The Helmholtz free energy of a pressure explicit equation of state can be obtained

from the following equation (Prausnitz et al., 1986),

= t,p» DnRT = n,RT
A(T,V,n;) = A+ ((P-——)dV+RT iln—
(T.V,m)=) n (T)J( v 4V +RTY nin =

The Helmbholtz free energy from PHSC EOS is

AA V (n’a;) 1 (n'a;) nla < n;RT
—= In + +— - +) ol
RT - A GtV b T2V onby  RTV z} TV

The chemical potential of component k is given by the following equation

(5.95)

(5.96)
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TV nay e B (o
RT V—nbank V-gbank
+ 1 i(nzaz)_‘_ (n aZ)z 0 (nb)
V —nb on, (V—nb)’ an,
+l 1 - a (n333)+ (n 33)3 Jd (nb)
2 (V-nb)" on, (V-nb)* on,

(n’a) +lnn"T+l

" RTV én,

(5.97)
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CHAPTER 6

Model Performance

6.0 Introduction

This Chapter demonstrates the capability of the models discussed in Chapter S for
correlating and/or predicting the phase behaviour of some pure components and some
binary and pseudo-binary systems. The first section shows a comparison of experimental
and calculated vapor pressures and saturation densities for n-hexane, carbon dioxide and
methylcyclohexane. The subsequent section compares the model performance versus the
experimental data for the methylcyclohexane + CO, system. Next, the performance of the
models is evaluated for the system polyethylene + n-hexane. Both cases, (i) when the
polymer is treated as monodisperse, and, (ii) when the polydispersivity of the polymer is
taken into account, are covered. Finally the attempts made at correlating the cloud points

for the system polystyrene + methylcyclohexane are shown.

6.1 Pure component phase behavior

6.1.1 n-hexane
Figure (6.1) shows a comparison of experimental and calculated vapor pressures
from the three models discussed in Chapter 5. The parameters reported by the authors

(Sanchez and Lacombe,1978; Kennis et al. ,1990; Song et al., 1996) were used for the
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these calculations. The parameters were obtained by least squares fitting of selected vapor

pressure and liquid density data without any regard for the critical point. The n-hexane
parameters are contained in Tables (6.1) to (6.3). Figure (6.1) shows that the models fit
the experimental vapor pressure data well at the lower temperatures but significant
deviations are present at higher temperatures. The equation of state critical points for n-
hexane are compared with the data in Table (6.4). Figure (6.2) shows a comparison of

experimental and calculated saturation densities.

Table 6.1. Sanchez-Lacombe EOS.

d e/R (K) v (cm’/mol)
n-hexane 8.356 476 13.28
CO, 8.565 273 3.64
methycyclohexane  8.622 514 14.43

* Sanchez and Lacombe (1978).

Table 6.2 Kleintjens-Koningsveld EOS.

. m a Y Bo: Boz
n-hexane 5.6567 1.0475 -0.49924 -1.3177 660.72
C02” 1.29 0.9265 -1.299 -2.635 1183.8
Co, 1.4874 -4.2235 -0.12683 2.1505 1173.72
methyl- 4.641 0.06369 -0.29045 -0.5351 871.98

cyclohexane

v, = 25 cm’/mol.
* Kennis et al. (1990). v, =20 cm’/mol.
** Beckman et al. (1987). v, = 25 cm’/mol.
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Table 6.3. PHSC EOS

r e/kg (K) o (A")
n-hexane 3.446 235.6 4.084
methylcyclohexane’ 2.968 283.7 4.336
methylcyclohexane 5.256 206.7 3.472
CO, 3.930 126.1 2.482

* Song et al. (1996).

Table 6.4. n-hexane critical points.

model Tc CC) P (bar)
Sanchez-Lacombe 253.25 36.17
MFLG 24361 41.73
PHSC (1996) 263.31 347
data 234.7 30.31
6.1.2 Carbon dioxide

In the case of carbon dioxide, the pure component parameters for PHSC model are
not available in the literature. Kiszka et al. (1988) report CO, parameters for the Sanchez-
Lacombe equation of state. The parameters were obtained by fitting vapor pressures and
saturation volumes of CO,. Beckman et al. (1987) report carbon dioxide parameters for
Kleintjens-Koningsveld model. Beckman et al. obtained the CO, parameters by
minimizing errors in vapor pressures, liquid saturation densities and the critical point.
The parameters reported by these authors are contained in Table (6.2). Figure (6.3) shows
a comparison of the experimental and calculated vapor pressures for the Kleintjens-
Koningsveld equation of state using the parameters reported by Beckman et al. Figure
(6.4) shows a comparison of the experimental and calculated saturation values for the

same. It can be seen from these figures that, although the fit to
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the saturation volume data is good, the calculated vapor pressures lie consistently below

the experimental values.

In this work, carbon dioxide parameters were regressed for all the models using
the minimization algorithm of Nelder and Mead (1965). The approach to parameter
estimation was, however, different from what has been the trend in the literature for these
models. The parameters for the MFL.G and PHSC models were obtained by minimizing

an objective function (OF) of the form given by

e | [By(eale)~PRlexp) | , - [Beleale) - Pe(exp) | [ ap ]
°F=C'§ndataL Ps(exp) M Y *Gl(5 k

(6.1)

C,, C, and C, are appropriate weighting factors. Ps and P are the vapor pressure and the
critical pressure respectively.

The model P and (6P/ov);y were evaluated at the experimental critical

temperature. The volume used for the evaluation of these quantities was obtained by

solving the following equation at the experimental critical temperature.

o)
(6v2 . =(Q (6.2)

This equation is one of the critical point criteria for a pure component. The other is
(OP/av)r=0. (6.3)
By choosing C, and C, large, the model critical pressure is forced towards the

experimental value.
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The Sanchez-Lacombe model T and P can be obtained analytically from the

critical point criterion mentioned above and the pressure equation and are given by the

following equations.

=28u d,
TR aeday ©9
pc=RTc(1-JI)_RTc,n[ Jd }_&_l 65)
d.v“ Vi (l+\/d_1) Vi (1+-\’d|)2

In the case of the Sanchez-Lacombe equation of state, the third term in the objective

2
function was replaced by C;[TC (calc) — Tc(exp) ] .
Tc(exp)

For all three models, no attempt was made to force the saturation densities. In the
author’s opinion, it is better to lay emphasis on correlation of the vapor pressures rather
than fitting of liquid densities to obtain model parameters. For instance, in vapor-liquid
equilibrium calculations the phase diagrams are anchored by the pure component vapor
pressures. [n the case of vapor-liquid-liquid equilibria involving binary or pseudo-binary
polymer systems, the three phase condition is close to the solvent vapor pressure and
hence, for such types of phase behavior, a good correlation of the vapor pressures is more
desirable. Also, accurate representation of pure component critical points will give a
better vapor-liquid critical locus and as a consequence the model phase behavior at higher
pressures will be better.

The new estimated parameters for CO, in the three models are contained in Tables

(6.1) to (6.3). Figure (6.5) shows a comparison of the experimental and model vapor
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pressures. The fit is the best for MFLG Lattice-Gas model with the magnitude of the first

term in the objective function (C, = 1) equal to 0.1615*10™. The fit for the Sanchez-
Lacombe equation of state is satisfactory with the magnitude of the first term in the OF
equal to 0.21373*10°%. Forty two data points were employed for the regression with the
temperature ranging from 220 K up to the critical temperature. The model results for the
PHSC equation of state are the least accurate of the three models with the magnitude of
the first term in OF equal to 0.994*10°. The parameter estimation was done over a
limited range of temperatures (273.15 K up to 300 K). Eighteen data points were
employed for regression. The model critical points for CO, are compared with the
experimental critical points in Table (6.5). For the two lattice gas models, the forced
critical points are good with the representation better for the MFLG model. The PHSC
equation of state critical point is not as satisfactory as the other two models. Figure (6.6)
shows a comparison of experimental and calcuiated saturation volumes. The predictions
are satisfactory. In all cases the predictions are shifted to slightly higher saturation

volumes.

Table 6.5. CO, critical points.

model TC (K) PC (bar )
Sanchez-Lacombe 304.21 73.73
MFLG 304.19 73.81
PHSC (1996) 305.76 7437
data 304.19 738

6.1.3 Methylcyclohexane
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PHSC parameters for methylcyclohexane are available in the literature (Song et
al., 1996). The parameters were obtained by fitting vapor pressure and saturated liquid
density data in the range 0.5 Tc < T < 0.9 T¢. The model vapor pressures are compared
with data in Figure (6.7). It can be seen that there are significant deviations at higher
temperatures. Figure (6.8) shows a comparison of model and experimental liquid
saturation densities. From the two figures it is obvious that the model completely misses
the experimental T and Pc.

Methylcyclohexane parameters were regressed for the three models following the
strategy outlined in the previous sub-section. The methylcyclohexane parameters for the
three models are contained in Tables (6.1) to (6.3). Figure (6.9) shows a comparison of
experimental and calculated vapor pressures for the three models. The fit is satisfactory
for the Sanchez-Lacombe equation of state with the magnitude of the first term in OF
equal to 0.67*10>. The representation of the data is also good for the Kleintjens-
Koningsveld equation of state with the magnitude of the first term equal to 0.172*10™.
Again the magnitude of the first term in the objective function is the largest for PHSC
equation of state and is equal to 0.393. The bulk of the error lies at lower temperatures
where the vapor pressure is very small. In all cases, thirty data points were employed for
regression of parameters with the temperature ranging from 0° C up to the critical
temperature. These errors are larger than those for carbon dioxide. However, the
temperature range involved is also larger in this case. The experimental and calculated

liquid saturation densities are compared in Figure (6.10). The predictions from the
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Figure 6.7.  Methylcyclohexane vapor pressures. (A) Data Vargaftik (1975). (- - -)

PHSC EOS. Parameters Song et al. (1996).
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Kleintjens-Koningsveld model are the best and the match is quite good at lower
temperatures. The Sanchez-Lacombe predictions are shifted to lower densities. The fit for
the PHSC equation of state is not very good either. The model and data critical

temperature and pressure are compared in Table (6.6).

Table 6.6 Methylcyclohexane critical points.

model Tc CC) Pc (bar)
Sanchez-Lacombe 299.25 34.69
MFLG 299.1 3475
PHSC (1996) 29943 3482
data 299.1 34.7

For the three compounds investigated in this work it seems that the performance
of the PHSC EOS is not as good as that of the other two models. However, the reason for
this could be an inadequate temperature dependence in the model. Perhaps this is one area

in which further work will yield a better parametrization of this equation of state.

6.2 Carbon dioxide + methylcyclohexane system

Figures (6.11) to (6.13) show a comparison between the experimental data and the
model results for the system carbon dioxide and methylcyclohexane. Two sources of
experimental data are shown. One is the measurements made in this work over a limited
composition range. The other is the data reported by Ng and Robinson (1979), measured
over the entire composition range for a few temperatures. Ng and Robinson obtained their
data by the analytical method or, in other words, the equilibrium phases were sampled. It

is to be noted that the bubble point pressures measured in this work are higher than those
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Figure 6.11. Methylcyclohexane/CO, system P-x sections. (4) Data Ng and Robinson
(1979), T = 37.85 °C. (@) Data Ng and Robinson (1979), T = 65.75 °C.

(m) Data T =38 °C. (W) Data T = 65.75 °C. Curves Sanchez-Lacombe
EOS.
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Figure 6.12. Methylcyclohexane/CO, system P-x sections. (4) Data Ng and Robinson
(1979), T = 37.85 °C. (@) Data Ng and Robinson (1979), T = 65.75 °C.
(@) Data T =38 °C. (V) Data T = 65.75 °C. Curves MFLG EOS.
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Figure 6.13. Methylcyclohexane/CO, system P-x sections. (4) Data Ng and Robinson
(1979), T = 37.85 °C. (@) Data Ng and Robinson (1979), T = 65.75 °C.
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reported by Ng and Robinson. An effort was made to locate the source of this discrepancy
in the two sets of data but the source of the discrepancy could not be ascertained. At the
same time there is no reason to believe that the measurements made in this work are in
error.

For the calculations shown in Figures (6.11) to (6.13), the pure component
parameters estimated in this work were employed. The mixture parameters, or the binary
interaction parameters, were o_btained by fitting these to one or two binary data points
measured in this work. Figure (6.11) is for the Sanchez-Lacombe equation of state for a
binary interaction parameter of 0.11. The experimental data point chosen was at 65.75 °C,
which explains the better agreement between the model results and data at this
temperature. The model predictions at 38 °C lie below the data. A probable reason for this
is that the model parameters are temperature independent. Overall the model predictions
versus the data are reasonable.

Figure (6.12) is for the Kleintjens-Koningsveld model. The mixture parameters
employed for the calculations are:
oy = 0.5 and g,,[T(K)] =-1.021018 + 425.036609/T
These were obtained by matching the model results at two bubble point pressures at the
two temperatures of 38 °C and 65.75 °C. The model matches the data measured in this
work very well. Overall the fit is very satisfactory.

Figure (6.13) is for the PHSC equation of state for a binary interaction parameter

of 0.14. This was obtained in a manner similar to that for the Sanchez-Lacombe model.
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The model fits the data measured in this work well. The overall picture is also

satisfactory.

6.3 n-hexane + polyethylene system

The experimental data reported by Kennis (1988) and Kennis et al. (1990) were
used to evaluate the performance of the models. The data were measured in the vicinity of
the lower critical solution temperature (LCST). The polyethylene had a number average
molar mass of 8,000 g/mol and a weight average molar mass of 177,000 g/mol. The
temperature and pressure ranges involved cross the n-hexane vapor pressure curve and, as
a consequence, both liquid n-hexane and vapor n-hexane can play a role in the
equilibrium and three-phase vapor-liquid-liquid equilibria (VLLE) can occur. The three-
phase behaviour occurs near a lower critical solubility condition, and, together, these
phenomenon present significant modelling challenges.

Parameters for polyethylene are available in the literature and are presented in
Table (6.7). These parameters were obtained by fitting P-V-T data for polyethylene.

Kennis et al. (1990) report binary interaction parameters for polyethylene + n-
hexane system in the MFLG equation of state. The polymer is treated as monodisperse.
The parameters are o, = -0.25 and g;, = -0.10. Kennis at al. (1990) computed only the
spinodal curves at three pressures and selected the interaction parameters to match the
minimum temperatures on the spinodal curves to the minimum temperatures on the three

cloud point isobars.
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Table 6.7. Polyethylene parameters.
Sanchez-Lacombe
(Sanchez and Lacombe,

1978)

&/R (K) 659

d M/11.47
v (cmslmol) 12.7

MFLG, v, =20 cm*/mol
(Kennis et al., 1990)

m M/16.66

¥ -0.95446
o, 0.96874

B, -0.9711

B, 3429

B, 247500
PHSC (Song et al., 1996)

r 0.04939 M
o (A 3.825

t/ky 324.1

M = molar mass of the polymer.

Binary interaction parameters had to be determined for the Sanchez-Lacombe and
the PHSC equations of state. In the fitting done in this work, the interaction parameter(s)
were chosen to give 126.7 °C as the LCST at 6 bar. For the Sanchez-Lacombe equation a
k;; = -0.04144 was estimated.

For the PHSC model, two binary interaction parameters are available: (i) an
interaction parameter in the energy term, ky, and (ii) a “size reduction parameter”, ¢, for
the polymer segment number in the perturbation term (Song et al., 1996). In this case, the
summation “a” in the perturbation term is given by XZ x; x; G; r; ; 1 a;;. In this work, k;;

was fixed at -0.1 and £ was estimated at 0.89538 to get the desired LCST. The use of two
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parameters was necessary because with k; alone the model could not fit the LCST well.

Perhaps the LCST can be fitted with the use of { alone keeping k; = 0.

It is to be noted that the binary interaction parameters presented so far only hold
for the case when the polymer is treated as monodisperse. The modelling results for the
monodisperse case are discussed in the next sub-section. The effect of polydispersivity of
the polymer on phase equilibrium computations is discussed in a later sub-section for the

Sanchez-Lacombe equation of state.

6.3.1 Monodisperse polyethylene

Figures (6.14)-(6.17) show calculated VLE and LLE cloud-points (solid lines) and
spinodal curves (dashed lines) for the HDPE/n-hexane system at 6, 25 and 50 bar.
Figures (6.14) and (6.15) are for the Kleintjens-Koningsveld MFLG equation and Figures
(6.16) and (6.17), respectively, are for the Sanchez-Lacombe and PHSC (1996) equations.
The vapor phase composition, which is essentially pure hexane, is not distinguishable
from the temperature axis.

Figure (6.14) includes polymer compositions up to 80 mass %, far beyond the
range of the Kennis et al. (1990) data, in order to give a fuller picture of the phase
behavior obtained from by the models. The 6 and 25 bar isobars show the presence of
three-phase lines where the slopes are discontinuous. The lower sections represent LLE
equilibria. These curves intersect VLE phase boundaries and, from the sharp edge

onwards, the curves correspond to a liquid in equilibrium with a vapor-like hexane-rich
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Figure 6.14. Caiculated VLE, LLE and spinodals from MFLG EOS for the system
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Figure 6.16. Experimental cloud point curves and calculated VLE, LLE, spinodals from
Sanchez-Lacombe EOS for the system n-hexane + HDPE
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phase. The three-phase condition is at a temperature very close to the boiling temperature

of n-hexane (as given by the EOS model) because this is the condition where pure n-
hexane liquid and vapor phases can be in equilibrium. The pressure of 50 bars is above
the EOS critical pressure of n-hexane and no three-phase condition is indicated in the
calculations.

The spinodal curves fall well inside the phase boundaries and do not provide an
accurate picture of the equilibria. Furthermore, the LLE curve does not correctly
represent the model behavior at temperatures above the three-phase line. A calculated
LLE at higher temperature will represent a metastable equilibrium whereas the correct
equilibrium solution will be a VLE condition with significantly different compositions
and densities of the phases. At a pressure of 6 bar one may extend the LLE phase
boundaries to temperatures far above the three-phase condition, into a region where the
correct equilibrium involves a liquid solution and almost pure hexane vapor.

Figures (6.15)-(6.17) compare the calculated LLE and VLE cloud points with the
Kennis et al. (1990) experimental cloud-point data. The n-hexane/polymer interaction
parameters used in the calculations were adjusted to obtain a LCST at 6 bar that was in
line with the data. As will be seen in Figure (6.15), Kennis et al. (1990) succeeded with
their parameterization in placing the minimum points on the spinodal curves for the three
isobars near the experimental minimum temperatures (i.e., the LCST points in the binary
models). The critical temperatures on the 25 and 50 isobars for the Sanchez-Lacombe

model (Figure 6.16) and the PHSC model (Figure 6.17) appear a bit low, with the
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Sanchez-Lacombe results farther from the apparent experimental values. (The interaction

parameters were fitted to the 6 bar isobar.)

The critical solubilities from all three models are displaced to higher mass
fractions of polymer than the data indicate. The Sanchez-Lacombe calculations show a
flatter coexistence curve with critical compositions not as close to the data as the other

two models.

6.3.1.1 Three-Phase Equilibria

The existence of three phase equilibria has implications on the ability of the
models to match the data. Metastable LLE curves could be computed at higher
temperatures but would be well inside the cloud point boundaries that are the correct
equilibrium conditions according to the models. Parameter estimation procedures must
take into account the different kinds of equilibria that can occur.

Figure (6.18) shows some details of the three-phase equilibrium calculated from
the Sanchez-Lacombe equation. Several metastable coexistence lines that are shown in
the Figure were found through two-phase flash procedures. Also indicated is the region
of equilibrium between n-hexane rich vapor and liquid phases that lies below the three-
phase temperature.

The densities of the n-hexane-rich liquid and vapor phases that coexist on the
three-phase line can be quite different, depending on the pressure. For example, the

densities of the three phases we calculate from the Sanchez-Lacombe equation at 6 bar
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from Sanchez-Lacombe EOS for the system n-hexane + HDPE.
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are 0.0171 g/cm3 for the vapor, 0.524 g/cm3 for the middle liquid and 0.572 g/cm® for the

more polymer-rich liquid. The mass fraction of polymer in the middle liquid is 0.00467,
obviously very small but not negligible. The mass fraction of polymer in the second
liquid is 0.135. The composition at the LCST (from the model) is 0.04 mass fraction
polymer.

The consequence of the presence of a three-phase line on the experiments to
determine the cloud point curve are interesting. If the polymer mass fraction lies between
the LCST composition and 0.135, the new phase formed as the coexistence curve is
crossed will be a second liquid phase. However, if the polymer mass fraction exceeds
0.135, the new phase will be a solvent-rich vapor of a much different density from the
polymer rich liquid.

The thesis by Kennis (1988) contains data for the three-phase cloud-point
temperature and pressure at a series of mass fractions of the polyethylene in n-hexane.
Figure (6.19) shows the temperature-pressure three-phase line data of Kennis (1988) and
the computed three-phase lines from the EOS models. Also shown in Figure (6.19) are
the calculated liquid-liquid critical lines for the three models. These lines intersect the
three-phase lines at a lower critical end-point. The n-hexane + polyethylene system,
when characterized as a binary mixture, is apparently type IV or type V in the general
classification scheme for critical behavior.

The three-phase lines from the EOS models are very close to the n-hexane vapor

pressure curves produced by these models and differ from each other because the vapor
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pressure predictions differ. The Kennis (1988) data lie above the n-hexane vapor

pressure curve; the probable cause for the difference being that the polymer is
polydisperse, not monodisperse as is assumed in the EOS calculations.

The three-phase lines in Figure (6.19) locate the boundary between vapor-liquid
equilibrium (below the line) and liquid-liquid equilibria (above the line). Metastable
vapor-liquid equilibria can be calculated at pressures above the line. Similarly,
metastable liquid-liquid separations can be calculated at pressure below the critical end-
point pressure. Calculations must be done with caution to avoid accepting these
metastable states as the true equilibrium.

Figure (6.20) shows the three-phase cloud point temperature against the mass
fraction of polymer in the liquid phases. The three models and the Kennis (1988) data
have very nearly the same critical end-point temperature (where the two liquid phases in
equilibrium with the n-hexane rich vapor are critical), principally because the
hexane/polymer interaction parameters were fitted to a low pressure critical temperature.
The compositions of the polymer-rich liquid phases, as given by the models, deviate from
the Kennis (1988) data at the lower temperatures. The MFLG model and the PHSC
model are somewhat better than the Sanchez-Lacombe model in this regard. The polymer
mass fraction at the minimum three-phase temperature in the Kennis (1988) data is
somewhat uncertain but appears to be at a considerably lower value than is given by any
of the models. This character may also be due to the polydisperse nature of the polymer.

Overall, the three models represent these complex phenomena reasonably.
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6.3.1.2 Equilibrium Calculation Methods

We used flash calculations to obtain the various cloud-point lines and the three-
phase conditions. That was possible because the polyethylene was treated as a
monodisperse polymer with a number average molar mass of 8000, following the
treatment of Kennis et al. (1990).

These calculations were problematic for more than one reason. Problems arise
due to the extreme asymmetry in the vapor-liquid equilibria and are compounded by the
large differences in the molar masses of the polymer and solvent. Extremely small
fugacities and mole fractions for the polymer must be calculated, particularly in a solvent-
rich vapor-like phase. In some cases, the numbers pass the "underflow” limits of typical
computers.

Using the Sanchez-Lacombe equation, it was possible to obtain convergence of
the flash calculations requiring equality of the chemical potentials, even of the polymer,
in all the phases. This was true even though the mole fractions of the polymer feil to the
order of 10%%. With the other two equations, however, underflow would occur in the
mole fraction of polymer in the vapor. This problem was dealt with by freezing the
equilibrium ratio (K = y/x) whenever the polymer mole fraction became lower than
107. The difference in chemical potential between the phases was then dropped from

the convergence criterion.
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A different kind of numerical problem is that the successive substitution algorithm

itself can become oscillatory and divergent. The analysis of Heidemann and Michelsen
(1995) show that this kind of instability of successive substitution can occur whenever
any of the equilibrium phases shows strong negative departures from ideality. In
successive substitution procedures, ratios of mole fractions (K factors) are used in an
inner loop to find phase amounts and mole fractions. The K factors are updated in an
outer loop until conditions of equal chemical potentials in all coexisting phases are
reached. Heidemann and Michelsen (1995) suggested a simple "damping" procedure in
the K factor updating algorithm that would result in a convergent process.

For binary systems around critical points (including the n-hexane/polyethylene
systems at temperature just above the LCST) damping proves unnecessary and monotonic
convergence to a solution is possible, even if slow. These conclusions also follow from
the Heidemann and Michelsen (1995) analysis. A consequence is that VLE and LLE
computations can behave differently. Away from critical points the behaviors are
dictated by the negative deviations in the liquid phases.

Most of the calculations done involved looking only for two-phase VLE or LLE
equilibrium. For VLE, the hexane-rich phase was assigned the larger of two volume
roots from the equation of state (if two could be found). For LLE, liquid-like volume

roots were used for both phases. The K-value updating scheme employed is;

AT
Inkf*' =nkf-1 F'T"E"f) (6.6)
m
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where m is the "damping factor" needed to obtain a convergent process.
For multi-phase calculations, we employed a slight modification of a scheme
presented by Abdel-Ghani (1995) and Abdel-Ghani et al. (1994). There are possibly

many phases, each with its own set of K-factors defined as K,j =X; / x;. The reference

mole fraction is arbitrary but could be the composition of the mixture being flashed; i.e.,

%; = z;. The inner loop calculates phase amounts and mole fractions consistent with the
mass balances, using an algorithm based on a proposal by Michelsen (1994).
This inner loop algorithm is quite robust and capable of returning the mole

fractions of any number of phases, including some that might have zero amounts in the

mixture. (The amount of phase j is f;.) Within the subroutine, the normalizing factors

for the mole fractions in the phases are calculated, " X;;. When the phase amount is
i

Zero (ﬁ ; =0 , then the normalizing factor is less than 1.0 (ZX,-]- <1).
i
In the outer loop, the equilibrium ratios are updated through;

k+l ok 1 Bi By
A ) “r

In this equation, the reference chemical potential is calculated as a weighted average in

the phases present; i.e., fi; = ZB il - The compositions of phases not present, once the
J

outer loop has converged, locate phases that lie above the plane tangent to the Gibbs free

energy surface that defines the multiphase equilibrium. The tangent plane distance is, in
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fact, a minimum at these compositions. Equation (6.7) may look unfamiliar but it follows
directly from the "tangent plane stability test" proposed by Micheisen (1982). It has been
modified here by inclusion of the damping factor, m, which is needed to obtain
convergence.

Table (6.8) and Table (6.9). demonstrate the effect of m on the iteration count at
different temperatures in VLE and LLE calculations, respectively, using the two-phase
algorithm and equation (6.6). (As noted, when a mole fraction for substance i was less
than 107, the K, value was not changed.) These results are for the Sanchez-Lacombe
EOS at a pressure of 6 bar with a feed at the LCST composition of four mass percent
polymer. If a specified maximum iteration count was exceeded, then either the
calculations were oscillatory non-convergent or the damping factor was too large.

Table (6.8), for VLE calculations, shows that as m is decreased from 30 to 20 the
iteration count decreases as expected. In this region of the Table, the actual number of
iterations shown is quite small, mainly because the K value for the polyethylene becomes
fixed after a few iterations and the polymer chemical potential difference between the two
phases does not enter the convergence criterion. For smaller damping factors the iteration
count shows an increase, again suggesting the occurrence of oscillations in computations.
For a value of 11 for m, at the higher temperatures shown, the maximum iteration count is

exceeded and the calculations fail to converge.



Table 6.8. Iteration Count with Various Damping Factors. VLE Calculations.

=30 In=20 15 =13 =11

(©) IC. [T IC. (© IC. JT(C) IC. [T(C) IC.
150.00 15  |150.00 10 |150.00 17 _ [150.00 35 _ |150.00 20001
149.00 15  [149.00 10 [149.00 17  [149.0033  |[149.00 20001
148.00 15  [148.00 10 [148.0017 [148.0026  {148.00 20001
146.00 15  [146.0010 [146.00 17 [146.0028  |146.00 20001
1460015 [146.0010 [146.0016 [146.0027  [146.00 446
14500 14  [145.0010 1450015 1450025  |145.00 128
14400 14  [144.00 10  [1440013 |144.0022  |[144.00 68
143.00 14 1430010 1430011 f143.0018  |143.00 44
1420016 [1420010 [142.008 142.00 14  {142.00 28
1410018 Jl1a1.0010 141008 141.00 9 141.00 17
1400022  {140.0013  [140.00 8 140.00 7 140.00 9
1390037 [139.0024 |139.0017 |139.0014  |139.00 11
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The iteration counts for LLE calculations are shown in Table (6.9). In all these

calculations, the polymer mole fractions in the two phases are of similar orders of
magnitude and the polymer chemical potentials are driven toward equality. Table (6.9)
shows, as is expected, that damping is not required at temperatures near the LCST but,
rather, retards convergence. However, away from the LCST there is an optimum value
for m that minimizes the number of iterations required for convergence.

Tables (6.8) and (6.9) show that the optimum value of m is a function of
temperature, pressure and composition. The optimization of m is a problem that needs to
be addressed in order to have an efficient algorithm for these kinds of equilibrium
computations. Heidemann and Michelsen (1995) have suggested alternatives to
successive substitution for systems where successive substitution can become unstable.
Chen, et al. (1993) propose a Newton-Raphson scheme for LLE equilibria in

polymer/solvent systems.



Table 6.9. Iteration Count with Various Damping Factors. LLE Calculations.

=30 =20 jm=10 =5 =1

TC) IC. IC) IC. [f(C) ILC. [I(C) ILC. |[I(C) IC.
150.00 548 |150.00 364 [150.00 180 }150.00 87 150.00 20001
148.00 564 |148.00 374 |148.00 185 |148.00 90 148.00 20001
146.00 585 ]146.00 389 |146.00 192 |146.00 94 146.00 20001
144.00 613  |144.00 407 |144.00 202 |144.00 99 144.00 20001
142.00 651  [142.00 433 [142.00 214 [142.00 105 ]142.00 20001
140.00 703  {140.00 467 |140.00 232 |140.00 114 1140.00 155
138.00 777 |138.00 516 |138.00 256 {138.00 126 |138.00 30
136.00 886  |136.00 589 |136.00 293  |136.00 144 ]136.00 25
134.00 1062 [134.00 707 |134.00 352 [134.00 174 [134.00 31
132.00 1389 (132.00 925 {132.00 461 {132.00 229 |132.00 43
130.00 2219 1130.00 1478 [130.00 738  [130.00 367 }130.00 71
128.00 13100 |128.00 8733 [128.00 4366 {128.00 2182 ]128.00 436
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The three-phase temperature was located using a modification of the algorithm
proposed by Abdel-Ghani et al. (1994) that was described above. Flash calculations were
initiated with four phases; i.e., a hexane-rich vapor, a hexane-rich liquid, the feed
composition (4.0 mass percent polymer) as a liquid, and a polymer-rich liquid. At
temperatures near the three-phase condition, a solution was found with two phases in

finite amounts and a third (incipient) phase with 3~ Xj; <1. The three-phase temperature
i

was the unique temperature (at 6 bar) where Y X;; =1 for three phases. Equality of

f
chemical potentials was obtained for both the polymer and the n-hexane in all three
phases in these calculations with the Sanchez-Lacombe equation.
Figure (6.21) is a blown up version of Figure (6.18) with emphasis on the hexane

rich region. In Figure (6.21) the relation between metastable equilibrium, minimum



138.55
138.54 - s
138.53 - 2 -
2 - :
138.52 A S Qé“
3.8 - S $ :
) E 3 ‘fo“ ¢
°L) 138-51 -~ 'g % E %
£ g @ i &
£ 138.50 - = £ VAPOR-LIQUID REGION a3
o ; :
‘Q :
5 Metastable VLE :
[2" 138.49 asuble V]
138.48 - ~ Three-phase temperature
138.47 - ONELIQUID
TWO-LIQUID REGION
138.46 -
138.45 r - -
0.000 0.005 0.010 0.015

Mass Fraction Polyethylene in n-Hexane

0.020

182

Figure 6.21. Calculated VLE, LLE, metastable VLE and LLE, and the three-phase line
from Sanchez-Lacombe EOS. Also shown is the minimum tangent plane

phase composition.
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tangent plane phase composition (Michelsen, 1982) and the spinodal is shown. Our

calculations show the expected behavior that, in general, both the metastable VLE and the
minimum tangent plane phase compositions can be extended to the spinodal but no
further. These characteristics indicate that computations looking for three-phase

equilibria have to be performed with care.

6.3.2 Polydisperse polyethylene

Koningsveld and Staverman (1968), Solc (1970) and Kang and Sandler (1988)
among others have shown that the polydisperse nature of the polymer can have a
significant effect on phase equilibrium computations for polymer-solvent systems. These
authors used various activity coefficient models for their phase equilibrium computations
at low pressure. In this work the effect of the polydispersivity of polyethylene was
investigated on the phase behaviour of the n-hexane + polyethylene system. The Sanchez-
Lacombe equation of state was chosen for this investigation because of its relative
simplicity and as shown above, its ability to give a satisfactory qualitative representation
of the data when the polymer is treated as monodisperse. The polyethylene was
chraracterised employing the method discussed in section 4.5 of Chapter 4. The molar

mass distribution of the polymer was assumed to follow the log-normal distribution.

6.3.2.1 Characterisation of polyethylene
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The polyethylene sample used by Kennis et al. (1990) had experimental M,, and

M; of 177,000 g/mol and 8000 g/mol respectively which give a polydispersivity index of
22.125. These values were used for estimating the parameters of the distribution function
(B =2.489 and M, = 1700.78). With a choice of ten pseudocomponents for the polymer
the calculated M,, and M,, were 176,089 g/mol and 8000 g/mol respectively. Since the
calculated numbers give a good representation of the experimental values the number of
pseudocomponents was assumed to be sufficient. The mole fractions, weight fractions

and the molar masses of the ten pseudocomponents are reported in Table (6.10).

Table 6.10. Characterisation of Polyethylene into Pseudocomponents.

mole fraction weight fraction molar mass

0.43106526E-05  0.17711912E-09 0.32870960E+00
0.75807093E-03  0.29502981E-06 0.31134796E+01
0.19111581E-01  0.51311335E-04 0.21478635E+02
0.13548370E+00 0.21830609E-02 0.12890470E+03
0.34464233E+00  0.31211579E-01 0.72449782E+03
0.34464233E+00  0.17200389E+00 0.39926350E+04
0.13548370E+00  0.38003627E+00 0.22440263E+05
0.19111581E-01  0.32173378E+00 0.13467594E+06
0.75807093E-03  0.88038079E-01 0.92907479E+06
0.43106526E-05  0.47417360E-02 0.88000331E+07

While doing computations for the polydisperse polymer, the first three
pseudocomponents were left out as their molar masses are unrealistically small. The
seven remaining weight fractions were then normalized and used with the corresponding

molar masses. The weight- and number-average molar masses obtained in this way were
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176098 and 8162, respectively, which is a fairly good representation of the experimental

values of these quantities.

6.3.2.2 Cloud point curves for the polydisperse case

The cloud points were calculated using the scheme described in section 4.3 of
Chapter 4. In this scheme the non-linear equilibrium equations are solved by a Newton
method.

Figure (6.22) shows the calculated cloud point curve for the system polyethylene
and n-hexane at 6 bar. The solid curve is the cloud point curve or, in other words, the
phase boundary. The dotted curve is the locus of equilibrium incipient phases, also called
the shadowpoint curve. The parameters used for generating this figure were the same as
that for the monodisperse case. The same binary interaction parameter was used for n-
hexane and all segments of polyethylene, i.e., k;; was set at -0.04144 irrespective of chain
length. Figure (6.22) in comparison with Figure (6.16) shows that the lowest point on the
cloud point curve is moved to a much lower temperature, approximately 97 °C, and it is
very close to the temperature axis.

An interesting feature is the location of the critical point and the nature of the
cloud point curve in the vicinity of the critical point. Figure (6.23) is a blown up version
of Figure (6.22) highlighting the cloudpoint curve in the vicinity of the model critical
point. The cloud-point curve shows a cusp with metastable branches. The point on the

outside where the two cloud point curves intersect is a three phase point where three
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Figure 6.22. Cloud and shadow point curves from Sanchez-Lacombe EOS for the
system n-hexane + HDPE. k;; =-0.04144. P = 6 bar.
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liquid phases are in equilibrium. The critical point is no longer the lowest point on the

phase boundary, as would be the case for a binary system. Rather, it is located on the
right hand tip of the cusp of the cloud point curve and is unstable in nature. Solc (1970)
reports similar results for calculations with a Flory-Huggins type activity coefficient
model when the molar mass distribution of the polymer is chosen to be log-normal.

In order to get a better quantitative representation of the data, the binary
interaction parameter, k;,was re-estimated. This was done, as for the monodisperse case,
by roughly fitting the spinodal to the lowest temperature on the experimental cloud point
curve at 6 bar. Note, the same k;; was used to characterise the interactions between the
solvent and all fractions of polyethylene and the pure component parameters used were
the same as before. The new estimated k; was -0.1297. The calculated cloud point
curves, spinodals and experimental data are contained in Figure (6.24) for this system.
Figure (6.24) retains the same features as Figure (6.22) but the results are quantitatively
far superior. The calculated results are fairly satisfactory vis a vis the experimental data.
It is obvious that the lowest temperature on the experimental curves is missed at higher
pressures, but the slopes of the calculated curves are similar to the experimental curves.
Also, the match between the compositions for the lowest temperatures on the calculated
spinodals and experimental cloud point curves is better. Note that this is definitely not
the case for the monodisperse calculations as shown in Figure (6.16). Hence, with one
adjustable parameter fitted to one experimental temperature, significant quantitative

improvement results when the polydisperse nature of the polymer is taken into account in
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Figure 6.24. Cloud point curves and spinodals from Sanchez-Lacombe EOS for the
system n-hexane + HDPE. k; = -0.1297. Data Kennis (1990).
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phase boundary calculations. However, there is the added complication of the type of

complex behaviour shown in detail in Figure (6.22). It is possible that this a consequence

of the type of molar mass distribution employed to discretize the polymer.

6.4 Polystyrene (My = 29100) + methyicyclohexane system

The phase behavior of the system polystyrene (29100) + methylcyclohexane
proved to be difficult to correlate with any of the models employed in this work. Some
attempts at correlating this set of data are presented. The models used were the Sanchez-
Lacombe and PHSC equations of state as in this case it was possible to get a qualitative
representation of the data. It is possible that the modification employed for the Sanchez-
Lacombe equation of state may yield at least qualitatively correct phase behavior for the
MFLG model. However, this approach was not explored as there are already a fairly large
number of model parameters.

The fit with the Sanchez-Lacombe equation of state is shown in Figure (6.25).
The polystyrene parameters are contained in Table (6.11). The methylcyclohexane
parameters are contained in Table (6.1). The calculated cloud point curves are narrow and
the critical compositions are lower than the experimental values. In order to get the fit
shown in Figure (6.25) an empirical modification had to be made to the attractive term as
given by

d (polymer in the attractive term) =d ® { 6.8)
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This was done following the suggestion of Song et al. (1996) and Hino et al. (1996) for

the PHSC equation of state. The value of £; (for the solvent ) was set at unity and, for the
polymer &, = 0.7389 was obtained by fitting the upper critical solution temperature at 10
bar. k;; was set at zero. A modification of this kind is equivalent to changing the energy
parameter for the polymer. The polymer density obtained from this modification will not
be the same as that to which the model parameters were originally fitted and it is in fact
smaller in magnitude.

Table 6.11. Polystyrene parameters.

Sanchez-Lacombe
(Sanchez and Lacombe,

1978)

e (K) 735

d 1540

v (cm’/mol) 17.1
PHSC (Lambert et al.,

1995)

r 546.207
o (A% 4.336
e/kg (K) 253.7
k; = 0.01582

Kiran and coworkers (Kiran, 1994) report that, in order to correlate high pressure
behavior of polyethylene + n-pentane system with the Sanchez-Lacombe model, they
had to alter the polymer parameters. They used a smaller interaction energy parameter in
order to correlate their data with a non-zero kj;. Their approach is equivalent to the one
used here. Wang et al. (1996) report correlation results using the Sanchez-Lacombe

equation of state for the system polystyrene + acetone. The experimental data shows
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simultaneous occurrence of LCST and UCST type behavior. These researchers used the

original pure component parameters as reported by Sanchez and Lacombe (1976, 1978).
The data were correlated with the use of a binary interaction parameter (k;,) alone. For
LCST type behavior, they found that the minimum temperatures are in the right region
for the isobar fitted. However, the critical compositions are smaller than the experimental
values and the calculated spinodal curves appear to be narrower. Wang et al. (1996) did
not calculate the binodals for the Sanchez-Lacombe model. Also, the pressure
dependence of LCST temperatures is too small. The UCST spinodal curve calculated by
Wang et al. (1996) for the polystyrene + acetone system is approximately 100° C lower
than the experimental values. The curves appear to be narrower than the experimental
data and are shifted to lower compositions. Similar results were obtained by Wang et al.
(1996) for the system polystyrene + n-hexane. This system also showed simultaneous
occurrence of UCST and LCST type phase behavior. For the system polyisobutylene +
n-pentane, Wang et al. report satisfactory correlation of LCST behavior with the Sanchez-
lacombe model. It is to be noted that the energy and volume parameters reported by
Wang et al. (1996) for the Sanchez-Lacombe equation of state are interchanged. It is
assumed in this discussion that the correct parameters were used in the calculations.
Figure (6.26) shows a comparison of the experimental data and calculations from
the PHSC equation of state for the system polystyrene(29100) + methylcyclohexane. The
parameters were obtained from the paper of Lambert et al. (1995). The polystyrene

parameters are contained in Table (6.11). The methylcyclohexane parameters are the
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same as reported by Song et al. (1996) and are contained in Table (6.3). Lambert et al.

(1995) argue that a quantitative correlation of liquid-liquid equilibrium data with
polymer parameters obtained from polymer PVT data has been largely unsuccessful
regardless of the model used. These researchers obtained polystyrene parameters by
fitting these to low pressure LCST and UCST data for a number of polystyrene +
methylcyclohexane systems. Calculations in Figure (6.26) with these parameters show
that the critical compositions are lower than the experimental values. Also, the model
gives the wrong pressure dependence as the 10 MPa cloud point curve lies above the 1
MPa curve. For the record, it is to be noted that by using the original polystyrene
parameters as reported by Song et al. (1996), and the modification given by equation
(6.8), it is possible to get qualitatively correct phase behavior for the system
polystyrene(29100) + methylcyclohexane.

Hino et al. (1996) have compared theoretical coexistence curves from the PHSC
model with the experimental coexistence curves for the systems polystyrene +
methylcyclohexane at low pressures. These authors employed the modification given by
equation (6.8) [£ = 0.771, k;; = 0.0216]. The calculated UCST binodals are narrower than
the experimental binodals. Also, the critical compositions are much smaller than
experimental values. They report a similar trend for LCST binodals.

Beckman et al. (1990), in their conclusions, mention that for the MFLG model,
use of modifications to account for non-randomness of mixing may improve the

description of phase behavior for systems such as polystyrene + cyclohexane and
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polystyrene + toluene. The accurate modeling of both the solvent-rich and polymer-rich

phases remains a problem. Beckman et al. (1990) do not show any results for these
systems but refer to the Ph.D. thesis of Beckman (1988). It seems from the paper of
Beckman et al. (1990) though, that these authors obtained polystyrene parameters by
fitting polystyrene density data.

It is apparent from the results obtained in this work and the work of other research
groups that solutions of polystyrene are difficuit to correlate irrespective of which
equation of state is used.

The Chapter is concluded with an observation regarding the success of Wang et
al. (1996) in correlating simuitaneous LCST and UCST phase behavior for the system
polystyrene + acetone with the Panayiotou and Vera (1982) version of a lattice-fluid
model. Although the fit for this system is not excellent, the model is able to give a semi-
quantitative fit to data with one binary interaction parameter. It is to be noted that Wang
et al. (1996) obtained the polymer parameters from functional group parameters which in
turn were obtained by fitting vapor pressures and saturated liquid densities for low molar
mass compounds. Perhaps a group-contribution approach followed by Wang et al. (1996)
is better for estimating polymer parameters than fitting polymer densities. However, at
the same time, the results of Wang et al. (1996) for this one system show that the pressure
dependence of LCST and UCST phase behaviors is quite inadequate. The model results

show only very littie dependence on pressure.
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CHAPTER 7

Conclusions

7.0 Introduction

Significant progress has been made in the equation of state modeling of polymer
solution phase behavior. Equations of state such as the Sanchez-Lacombe model
(Sanchez and Lacombe, 1976), the Kleintjens-Koningsveld model (Kleintjens and
Koningsveld, 1980), the Panayiotou-Vera model (Panayiotou and Vera,1982), the PHSC
model (Song et al., 1994a) and the SAFT model (Chapman et al., 1990; Huang and
Radosz, 1990), to name the prominent ones, are available for the correlation and/or

prediction of phase behavior in mixtures containing both small and large molecules.

7.1 Pure component behavior

The models used in this work have been shown to be capable of modeling the
phase behavior of small molecule systems. The results are perhaps not as good as those
from cubic equations of state [ Soave-Redlich-Kwong EOS (Soave, 1972); Peng-
Robinson EOS (Peng and Robinson, 1976); Trebble-Bishnoi-Salim EOS (Salim, 1990)],
but show promise. It has been claimed (Song et al., 1994a) that the cubic equations of
state are not applicable to polymeric systems.

The quantitative agreement between data and theory can perhaps be made better

by small modifications, such as modifying the temperature dependence of the attractive
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term. For instance, the Sanchez-Lacombe model has no explicit temperature dependence

in the attractive part.

7.2 Polymer Solutions

The results for polymer solutions are mixed. For the polyethylene + n-hexane
system examined, the models gave a fairly satisfactory representation of complex phase
behavior. The results for the polystyrene + methylcyclohexane system are not as good
and only a qualitative representation of the data was obtained. This could be a difficult
system as discussed in the final section of the previous Chapter. Also, it is possible, as
pointed out by Lambert et al. (1995) and Hino et al. (1996), that this may be a
consequence of the polymer parameters. This raises an important question regarding the
methodology employed to obtain polymer parameters.

Usually the polymer parameters are obtained by fitting the polymer density data.
However, there are indications that perhaps this is not the best way of estimating polymer
parameters. The experience in this work (also that of Hino et al., 1996) was that the
polymer parameters so obtained can sometimes push the LCST branch to much lower
temperatures and an agreement between the theoretical and experimental curves cannot
be obtained by the use of a binary interaction parameter alone. However, it cannot be said
with certainty whether this is a consequence of the form of the model equation or a
consequence of the methodology for estimating the polymer parameters. Also, the density

data for the relevant polymer sample is not always available.
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Wang et al. (1996) and Lee and Danner (1996) have had considerable success at

correlating and/or predicting phase behavior of polymer mixtures by obtaining polymer
parameters by a group contributions approach, where the group parameters were obtained
by fitting the VLE data of small molecule systems. These researchers employed the
Panayiotou-Vera (1982) version of the lattice-fluid model. Shen et al. (1992) have used
SAFT to model phase behavior of poly(ethylene-propylene) and low molar mass
compound mixtures using generalized correlations to obtain polymer parameters. The
parameters were correlated against molar mass for many compounds having similar
structure. Their experience was that the polymer parameters obtained by fitting PVT data
of PEP samples were not as reliable as those obtained from the generalized correlations.
Dohm and Prausnitz (1990) have shown for the Carnahan-Starling hard-sphere
reference equation of state (Carnahan and Starling, 1969) that, the use of a perturbation
term other than the van der Waals term gives better agreement between data and theory.
This line of research might be pursued to develop equations of state for polymer solutions
with improved correlating powers. An alternative is to employ a shift of volume to match

experimental polymer density data while fitting other parameters to mixture behavior.

7.3 Computational methods
The models present significant computational challenges owing to their
complexity. For instance, unlike cubic equations of state, even solving for volume roots is

not straightforward. In this work, some computational problems associated with the use
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of these models have been addressed. It is shown that the conventional successive
substitution flash calculation procedure can be made to converge with a simple
modification proposed by Heidemann and Michelsen (1995). The same holds for the
multiphase successive substitution procedure of Abdel-Ghani et al. (1994). A scheme is
presented for doing phase boundary calculations that accounts for the polydispersivity of
the polymer. The issue of polydispersivity of polymer in phase-equilibrium computations

with equations of state for polymer solutions is not a well-addressed area in the literature.

7.4 Experimental data

A considerable amount of pressure-temperature-composition data is availabie for
polymer solutions and efforts are under way to generate more data by various groups
around the world. Polymer solution phase behavior can be quite complex and sometimes
show unexpected trends as seen for polystyrene(29100) + methylcyclohexane + carbon
dioxide system in this work. At certain conditions of pressure, temperature and
composition the solubility of polystyrene was higher in the mixed solvent than in either
of the two solvents taken separately. Hence, the experiments have to be performed with
care and the investigations have to be performed in detail so that no unexpected trends in

the phase behavior are missed.
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7.5 Recommendations

Several possible lines of future research are suggested by the discussion in the
preceding sections.

The ability of the lattice-gas and PHSC equations of state to fit pure component
behavior or equilibria in mixtures of small molecules might be enhanced by
modifications to the temperature dependence of parameters.

The equation of state parameters for pure polymers might be fit to the mixture
data with a volume shift introduced to improve calculated liquid polymer density.
Otherwise, alternatives can be sought for the perturbation terms.

The convergence behavior of the flash calculation procedures used in the thesis
might be improved.

The effect of polydispersivity in phase boundary calculations requires further
examination.

There is a continuing need for high quality experimental data on polymer-solvent

phase behavior, particularly in regions of multiphase behavior.
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APPENDIX A

Phase Equilibrium and Stability

A.0 Introduction

In the first section of this Appendix the criteria for equilibrium in closed systems
are presented. This is followed by a brief discussion regarding the fundamental equations
for both open and closed systems. The subsequent section deals with conditions for
equilibrium in heterogeneous systems. This is followed by a section about Tangent Plane
Criterion. The Appendix A is concluded with some results regarding the limits of

stability.

A.1 Criteria for equilibrium in closed systems

The first law of thermodynamics for a closed system, i.e. a system that does not
exchange mass with the surroundings, is (Moore, 1972)

AU=Q+W (A1)

AU is the change in the internal energy of the system. Q and W refer to the heat and work
tranfer across the boundaries of the system respectively. The heat and work transferred
into the system are considered positive quantities and vice-versa. The differential form of
the first law is

dU = dQ +dW (A2)



212

If the work involved is only of the form PdV, where P and V are pressure and
total volume respectively, then this equation can be expressed as
dU =dQ-PdV (A3)
-PdV is the work done on the system.

A statement of the second law is the inequality of Clausius (Moore, 1972) given

dS=2dQ/T, or, dQ<TdS (A4)
S is the entropy and T is the temperature. The equality holds for a reversible process.
Combining equation (A.3) and ineque;lity (A.4) we get
dU < TdS ~ PdV (A.5)
If the total volume and the total entropy are held constant
dU)sv <0 (A.6)
Therefore at constant total S and V, for any change in the variables of the closed system
the internal energy decreases and the equilibrium corresponds to the state of the lowest
value of internal energy. Hence, the equilibrium condition in terms of a virtual
displacement from equilibrium 38U becomes
@BU)syv 20 (A7)
The equilibrium criterion can be expressed in terms of enthalpy (H), Helmholtz
free energy (A) and Gibbs free energy (G) as given below (Moore, 1972).
The enthalpy is defined as

H=U+PV (A-8)
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The equilibrium condition in terms of a virtual displacement from equilibrium §H is

(®H)sp 20 (A.9)
The Helmholtz energy is defined as

A=U-TS (A.10)

The equilibrium condition in terms of a virtual displacement in this case is
(8A)rv 20 (A.11)
The Gibbs free energy is defined as
G=H-TS (A.12)
The equilibrium criterion in terms of G is

(8G)1p 20 (A.13)

A.2 Fundamental equations
Assuming that dQ = TdS, i.e. the processes involved are reversible, the

fundamental equations for a closed system are

dU = TdS - PdV (A.14)
dH = TdS + VdP (A.15)
dA = -SdT - PdV (A.16)
dG = -SdT + VdP (A.17)

These equations are fundamental equations because all the thermodynamic information

can be obtained from each one of them. For instance,
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O0A

P= —(a—v) . (A.18)

Equation (A.14) contains all the information obtained from basic laws. Equations (A.15-
A.17) are derived from it and contain no new information. However, one of these
equations maybe more convenient to work with than others depending on the application.
For instance, while working with an equation of state model it is convenient to work with
the fundamental equation in terms of A.

A closed system at equilibrium may be homogeneous or heterogeneous. That is,
the system may comprise of one phase or the system content maybe distributed among a
number of homogeneous phases. For each of the homogeneous phases the mole numbers
of various components present are variables. In this section equations are developed for
U, H, A and G that account for the variability of composition. The treatment here is very
brief and the reader is referred to Denbigh (1981) for a comprehensive discussion.

Consider a homogeneous phase with nc components. U for the phase can be

expressed as
U= U(S,V,n],nz, ----- ,nnc) (A.lg)
where, n;, n,,...., N, are the mole numbers of the components present. The total
differential of U is
ou ou —( aU
dU = (——) dS+ (—) dv + (—) dn; (A.20)
S/ v, OV/ s, § i/s,.v.n,

For constant amounts
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ou
(%) .
)y (A.21)
and
au
(%) -
Vs (A.22)
and defining y; as
au
Hi = (_) (A-23)
ani S.V.n;
we get
nc
dU=TdS-PdV + »_pdn; (A24)

i=1
i; is the chemical potential of component i. This is the fundamental equation for an open

system. As before the fundamental equations can be derived in terms of H, A and G and

are given as
dH = TdS + VdP + ) u;dn; (A.25)
dA = -SdT—PdV + ) pdn; (A.26)
dG = -SdT+ VdP + ) p;dn; (A27)
with

ouU oH OA oG
oe(®) () () (=) 2
oOn; oni/spa \ONi/py, \OMi/pp. (

S.V.n §
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The definitions of the chemical potential are equivalent. Again, the use of a particular

definition is a matter of convenience.

By integration of fundamental equations at constant temperature, pressure and
composition it can be shown (Denbigh, 1981) that the following equations are also valid
for a phase. The derivation of these equations requires the physical knowledge that the
intensive variables are independent of the size of the phase, whereas, the extensive
properties are directly proportional to the size of the system. Extensive properties like U,

V, A etc. are homogeneous functions of order 1 (McQuarrie, 1976).

U=TS-PV+ g.uini (A.29)
H=TS+Y win; (A.30)
A=-PV+Y um (A3D)
G=) win; (A.32)

This section is concluded by the derivation of the form of Gibbs-Duhem equation
that relates variations in temperature, pressure and chemical potentials of the components

present in the phase. The total derivative of equation (A.29) is given by

dU =TdS +SdT - PdV ~ VAP + 3 pidn; + ) nidy; (A33)
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The total derivative of U is also given by equation (A.24). Equating right hand sides of

equations (A.29) and (A.24) we get the desired form of Gibbs-Duhem equation given

below.

SAT - VdP + )" nidy; =0 (A34)

A.3 Conditions for equilibrium in heterogeneous systems

The conditions for equilibrium in heterogeneous systems will be developed using
the criterion given in the inequality (A.7). As mentioned above, this criterion states that
when the total entropy and volume of the system are held constant, equilibrium is the
state corresponding to the lowest possible value of the internal energy.

We assume that the system content associates itself into homogeneous masses or
phases and that no reactions take place in the system. In other words the total number of
moles of each species is conserved. Each of the phases is described by an internal energy
function of the form

U; =U;(S;,V;,n,n,,....) (A.35)
The internal energy of the system as a whole has to be minimized with respect to the
constraints of constant total volume, constant total entropy, constant moles of each
species. This can be done with the method of Lagrangian multipliers. The Lagrangian

function for the system is

L= zl:U,.(si,vj,nﬁ)-1{2‘73j -8°]
= I
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+PD V-V 1=-Y 4D n; - n?] (A.36)
=l i=l

sl
T, P and the set of R; are the Lagrangian multipliers. = is the number of phases. The

conditions for a stationary point of the total internal energy are:

JL au; ) - A
L | — | +P=-P,+P=0 A3
Or,
P=P,=..=P =P (A.38)

This is the condition for mechanical equilibrium, i.e. the pressures in all the phases are

equal.

£=(3Ui )—T:—T,—+T=O (A.39)

or,

T=Th=.=T,=T (A.40)
This is the condition for thermal equilibrium, i.e. the temperatures in all the phases are
equal.

And,

L _(du; ) - -
oL (s ) s -0 A4l
o, (anij Hi =H;—H ( )

or, for every phase j where the species i is present

My =i (A.42)
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This is the condition for diffusional equilibrium. The chemical potentials of component i

in each phase are equai.

A.4 Tangent Plane criterion

In this section the Tangent Plane Criterion of Gibbs (Gibbs, 1961) is derived and
its geometrical significance is briefly discussed. The derivation presented here is due to
Michelsen (1982).

At a given temperature (T°) and pressure (P°) consider a n component phase with

mole numbers (n;, n,, ...., n,). The Gibbs energy of this phase is
G* =3 nu; (A43)

Consider the divison of this mixture into two phases k and j with mole numbers (n;-8n,,
n,-8n,,..., Ny-8n,) and (dn,, 8ny,...., dn,) respectively. The amount of phase j (8n) is
infinitesimal. The change in Gibbs energy is given by

AG=G* +G'-G° (A.44)

A Taylor series expansion of G' to the first order terms gives

G(n-8n) = G(H)—ZSni(gng} (A45)

]

Using this result equation (A.44) can be expressed as

AG =Y 8n, (ki — ) (A.46)
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A necessary condition for the stability of the original mixture is that this quantity be

positive and this condition is expressed as
D=Y bn,(p!-pg)20 (A47)

The geometrical interpretation of this inequality is that the phase evaluated at the ° point
is stable with respect to phase [I if the distance (tangent plane distance D) between the
energy hypersurface and the tangent plane at ° point is greater than zero. This is the
Tangent Plane Criterion of Gibbs. For an equilibrium, all the equilibrium phases have
the same temperature and pressure, and, the chemical potential of component i is same in
all the phases. Therefore, all equilibrium phases have a common tangent plane and the
equality sign holds in expression (A.47). If this expression has a negative sign for a trial
phase relative to any one of the equilibrium phases, then the equilibrium is unstable and a
new distribution of phases is required. A zero or positive tangent plane distance for a
stable phase also implies that at the point of evaluation, the curvature of the energy
hypersurface has to be positive.

This section is concluded with a brief discussion regarding a computational
application of inequality (A.47) also due to Michelsen (1982).

Inequality (A.47) can be written as

nc
D=Y nj(uz-ud)20 (A.48)

i=l
where i and j are component and phase indices respectively. n; are the moie numbers in

phase j. Now D will be positive for all sets of {n;} if it is positive at the stationary points
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of D. The condition of stationarity can be obtained with the constraint () n; =ny;) by

i=]
the method of Lagrangian multipliers.

The Lagrangian in this case is

L=D-8,(3 n; -ng) (A.49)

The condition of stationarity is

oL aD
—=—-0=0 (A.50)
6n.,,- 6nk,
Now,
) o . . OHi
= — PR+ Y Ny —— AS1
P Bij — Mk .z=1: e (A.51)

The summation in this expression is zero from Gibbs-Duhem equation at constant
temperature and pressure. Therefore, at a stationary point

fi:
pi—pf = RTln—f'g =8 (A.52)
k

irrespective of the component index. At a stationary point D is given by
D =0;ny (A.53)
or if one is dealing with mole fractions in the phase j
D=6; (A.54)
Hence for a phase to be stable with respect to the addition of the phase j, 6; has to be
greater than zero. If ©;=0, then the phase j is part of the equilibrium and a negative value

of 6, implies instability.
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A.S Limits of stability

This chapter is concluded with a brief discussion about the spinodal and critical
points. The reader is referred to the monograph of Heidemann (1994) and the paper by
Heidemann and Khalil (1980) for a comprehensive review of this topic.

We begin with inequality (A.47) written as

ne
G(T°.P°,ny,n3,..)— 3 aiuf 20 (A.55)

i=1

This inequality can also be expressed in terms of A as

A(T®,V,n,,0,,...) = ¥ 0, +P°V20 (A.56)

i=1
The stability of the ° phase is to be tested. Consider a variation around the ° point
given by
n; =n{ +dn; (A-57)
and
V=V°+dV (A.58)
Let us work with the Gibbs free energy first. Expanding G at T° and P° in a Taylor series

around G° we get

G:in.opp +§:u9dn- +_l.if( azG )odn.dn.
ik i i ) anlan idikj

=1 i=1 =l i=l j

+}-iiz‘: (___63G )odnidnjdnk (A59)
6 =1k=I On;on jony
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Substituting in inequality (A.55) from equation (A.59) we get

G—in;uf =

nc ne ac nc

lZZ(ai;) dnidn; += EZZ (m} dnidnjdn, +O(dn*) >0 (A.60)

j=! i=l rxl i=l k=l

Hence, ° phase is stable if the quadratic form is greater than zero. The variation for which
the quadratic form (QF) is equal to zero defines the spinodal. When the quadratic form is
zero , the cubic form (CF) has to be zero for a phase to be stable. This can be seen as
follows. If QF=0 for a variation dn , it is also zero for a variation -dn . However, if CF is
positive for dn, it is negative for -dn, and, vice-versa. A negative CF implies instability.
Also, for stability, the first non-zero higher order term must be of even order and positive.
The conditions CF=QF=0 along with the restrictions on higher order terms define a stable
critical phase. A critical phase is a stable phase at the limit of stability.

Now some familiar results for a binary system are derived using inequality (A.SS).
Consider one mole of a binary mixture with the molar Gibbs free energy given by
g=G/(n;+n,). Let, x=n;/(n,;+n,) be the mole fraction of component 1. We take x as the
independent composition variable. For this case (A.SS5) can be written as

g(T°, P, x) —xp} —(L-x)p§ 20 (A.61)
Consider a variation in x given by
x=x°+dx (A.62)

Expanding g at T° and P° in a Taylor series around g° we get



2 [+] 3 [
g =xuf +(1-x")u3 +(6g) dul(a—g] dx2+l(ﬂJ dx’+..... (A-63)

x 2\ ax? 6\ .ax3
Note,
g=xpuf +(1-x)ps (A.64)
Therefore,
a 0
(55-) =l —pg (A.65)

since the summation involving the derivatives of the chemical potentials is zero from
Gibbs-Duhem equation. Substituting from equations (A.63) and (A.65) in inequality
(A.61) we get
(2 o2
—=| dx+ dx dx’+.....20 A.66
(ax 2\ ax? 6 ox’ ( )
Hence, for a molar binary mixture the criterion for phase stability and the spinodal is

given by

0
az
(55] >0 (A.67)
The greater than sign is the criterion for the stability of the ° phase and the equal to sign
gives the equation of the spinodal. If the quadratic form is equal to zero, then the limit of
stability for the ° phase, this phase being critical now, is given by

J 1]
{gx%] =0 (A.68)
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And furthermore for stability we require

4 [
(%] >0 (A.69)

Figure (A.1) demonstrates the geometric interpretation of expressions (A.68) and (A.69)
for a binary system on a molar basis. In Figure (A.l a) the quadratic form is always
greater than zero or in other words the curvature is always greater than zero and all the
phases on the curve are stable. In Figure (A.l b) the onset of instability (on an
exaggerated scale) is shown. Figure (A.1 c) shows the case where two equilibrium phases
are present (having a common tangent plane). Also shown in this figure are the two
spinodal phases or points where the curvature or the second denvative of the G-x curve is
zero. A phase located between an equilibrium phase and the spinodal phase is locally
stable. A phase located between the two spinodal phases is unstable and cannot exist as a
single phase.

In terms of Helmholtz free energy the Taylor series expansion gives

1 N TN = o o )

j-l i=l i=l k=l

(A.70)

where
X = (ny,n,,...., V)' (A.T1)
Now some familiar results for a molar amount of a pure component are derived using

inequality (A.70). In this case only variations in the volume are considered. So dX=dV.
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g-x diagram showing the onset of instability in a binary system.
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Also, _(Qé_) =P . Therefore, in terms of P and V the criterion for the spinodal of a
T

av
pure component is

(ais-)r =0 (AT2)

This equation along with the following equation defines the critical point for a pure

component.
2
(ﬂ;-) =0 (AT3)
av T
Note that a variation of the type
% =k alli. (A.74)

does not qualify as a variation in phase. This merely corresponds to an increase in the size

of the phase. When working in terms of A this can be avoided by setting dV=0.
A necessary condition for a point on the spinodal is that the matrix 3 with

2
elementsq; = (ai—;‘n] (variation dV = 0) should have a zero determinant (Q=0). The
ion;

spinodal temperature for a fixed composition phase at a given pressure can be found by
treating Q as a function of temperature and then solving for Q(T)=0 using Newton’s

method.

T=T7-2D (A.75)
Q (T

The temperature derivatives of Q can be obtained numerically.



228
This chapter is concluded with a suggestion due to Michelsen (1980) regarding

the calculation of critical points. Michelsen points out that the evaluation of the cubic

form can be simplified by writing CF as

C= i idndn (Zdnk aQ")_f: idnidn,-QEi ~&n'Q dn (A.76)

i=l  j=l k=l i=l =l
where
; n+sdn
Q;= ggl‘(g—“l A7ThH

where s is a dummy variable. Qij‘ is obtained by expanding Q;; in a Taylor series as

Q;(n+sdn) = Q;(n) + stnk(‘;f ) (A.78)
k=1 k/ g
Partially differentiating with respect to s we get
5Q5( (2] -q;
j(n+sdn)/ s = Z dn, =Q; (A.79)
k=l aﬂk "

Use of this suggestion avoids the evaluation of the third derivative. Qij' can be evaluated

numerically.

2.7 Literature cited

Denbigh K., The Principles of Chemical Equilibrium; Fourth Ed.; Cambridge University
Press; Great Britain; 1981.

Gibbs J. W., The Scientific Papers, Volume 1; Dover Publications; New York; 1961.

Heidemann R.A. and Khalil A.M., “The Calculation of Critical Points”, AIChE J., 26,
769-779, 1980.



229

Heidemann R.A., “The Classical Theory of Critical Points”, in Supercritical Fluids; eds,
Kiran E. and Levelt Sengers JM.H.; Kluwer Academic Publishers; The Netherlands;
1994.

McQuarrie D.A., Statistical Mechanics; Harper Collins Publishers; U.S.A; 1976.

Michelsen M.L., “Calculation of Phase Envelopes and Critical Points for
Multicomponent Mixtures”, Fluid Phase Equil., 4, 1-10, 1980.

Michelsen M.L., “The [sothermal Flash Problem. Part I. Stability”, Fluid Phase Equil., 9,
1-19, 1982.

Moore W.J., Physical Chemistry; Fourth Ed.; Prentice-Hall, Inc.; Englewoods Cliffs;
New Jersey; 1972.



Appendix B.1. Liquid-Liquid Equilibria in the system

Polystyrene(29100)/Methylcyclohexane:

P-T isopleths at given mass percent polystyrene.

Mass percent Polystyrene (29100)

3.23 mass % 4.94 mass% 7.26 mass % 8.82 mass %
TK) PMPa) T(K) PMPa) T(K) PMPa) T(XK) P(MPa)
299.38 1.05 3013 1.05 302.53 1.05 30346 1.05
29899 3.05 30101 205 30229 2.05 303.19 2.05
298.58 505 300.78 3.05 302.04 3.05 30293 3.05
29825 7.05 300.6 4.05 301.82 4.05 302.72 4.05
29792 9.05 30041 5.05 30161 505 30247 5.05
297.6 11.05 300.22 6.05 30141 6.05 302.27 6.05
297.34 13.05 30003 7.05 30125 7.05 302.1 7.05

29985 8.05 301.05 8.05 301.9 8.05
29968 9.05 300.88 9.05 301.79 9.05
299.5 10.05 300.73 10.05 301.52 10.05
299.19 12.05 30042 12.05 301.24 12.05
29895 14.05 300.13 14.05 300.9 14.05
Appendix B.1 (continued).
Mass percent Polystyrene (29100)

10.97 mass % 12.81 mass % 15.19 mass % 18.2]1 mass %
TEK) PMPa) T(K) P(MPa) T(K) PMPa) T(K) P(MPa)
30405 1.05 30444 1.05 30503 1.05 30545 1.05
30348 3.05 303.88 3.05 30444 3.05 30441 5.05
303.06 5.05 30345 5.05 304 5.05 304 7.05
30269 7.05 30297 17.05 303.53 17.05 303.53 9.05
302.25 9.05 302.56 9.05 303.11 9.05
301.88 11.05 30224 11.05 30262 11.05
301.52 13.05 30193 13.05 30235 13.05

301.68 14.05 302.17 14.05
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Appendix B.1 (continued).

Mass percent Polystyrene (29100)

20.6 mass % 22.51 mass % 26.34 mass %
TK) PMPa) T(K) PMPa) T(EK) PMPa)
30542 105 30543 105 30503 1.05
30495 3.05 30496 3.05 30444 3.05
30453 505 30435 505 3039  5.05
30389 7.05 30391 7.05  303.51 705
30352 9.05 30345 9.05  303.02 9.05
303.15 11.05 303.08 1105 3027 11.05
3028  13.05 30275 13.05  302.32  13.05
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Appendix B.2. Liquid-Liquid Equilibria in the System

Polystyrene(64000)/Methyicyclohexane:

P-T isopleths at given mass percent polystyrene.

232

Mass percent Polystyrene
2.11 mass % 3.30 mass % S.11mass % 6.48 mass %
TK PMPa) T(K) PMPa) T(K) PMPa) T(K) PMPa)
329.81 395 330.76 240 33091 1.45  330.11 2.00
329.35 490 330.37 3.15 33035 240 330.09 2.00
328.5 6.55 329.87 400 329.46 395 329.04 3.90
327.87 795 329.01 565 328.62 560 32898 4.00
327.24 925 328.09 7.60 32771 7.60  327.83 6.30
326.63 10.85 32743 9.05 32691 950 326.85 8.60
326.35 11.80 326.23 11.30 326.37 9.75
325.75 12.60 325.83 11.15
325.26 12.85
Appendix B.2 (continued).
Mass percent Polystyrene
9.71 mass % 13.60 mass %
TK) PMPa) T(EK) PMPa)

329.34 1.60 328.36 1.50

328.59 305 32829 1.60

327.81 455 327.68 3.00

327.05 6.10 32733 3.50

326.3 7.70  326.63 4.85

325.47 980 325.86 6.55

324.86 11.55 325.15 8.25

324.47 10.10

3239 11.75
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Appendix B.3. Liquid-Liquid Equilibria in the System
Polystyrene(29100)/Methyicyclohexane/CO,: P-T isopleths at different mass percent CO,
and almeost constant polystyrene concentration (4.79-5.0 mass %.).

Mass percent Polystyrene
4.95 mass % 4.94 mass % 4.94 mass % 4.96 mass %
Mass percent CO,
3.77 mass % 7.75 mass % 11.22 mass % 12.21 mass %
TX) PMPa) T(K) PMPa) T(K) PMPa) T(K) P(MPa)
29591 1205 29828 295 29937 300 29999 3.30
296.4 9.75 29738 445 29828 430 298.16 545
296.73 850 2964 6.60 29673 660 29685 7.15
29686 8025 29588 7.75 29536 880 295.73 8.80
297.16 725 29536 9.05 29438 1060 29496 10.05
29755 540 29484 1040 29352 1235 294.14 11.50
29777 465 2944 11.55 29324 1290 29359 1245
29834 285 294 12.90 293.07 13.55
2984 2.70
Appendix B.3 (continued).
Mass percent Polystyrene
4.91 mass % 4.94 mass % 4.79 mass % 4.95 mass %
Mass percent CO,
14.79 mass % 18.12 mass % 20.95 mass % 21.14 mass %
TX) PMPa) T(K) PMPa) T(K) PMPa) T(K) P(MPa)
30392 325 3158 460 3133 11.65 3133 12.55
302.89 395 31429 510 31629 10.60 31533 11.8
30148 520 31186 6.05 31901 980 318.33 10.85
29933 695 30828 7.70 323.61 8.80 323.33 9.65
298.4 800 30583 9.05 32891 795 32628 9.1
296.32 10.30 30429 1005 34836 7.30 328.32 8.9
29536 1145 30228 11.50 35403 750 33035 8.6
29443 1280 300.64 12.80 35895 7.80 333.33 8.35
36349 8.10 336.34 8.15
36848 855 338.37 8.05
34134 8
34434 7095
3474 8
35244 8.15
359.02 8.5
36747 9.15




Appendix B.4. Liquid-Liquid Equilibria in the System
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Polystyrene(29100)/Methyicyclohexane/CO,: P-T isopleths at different mass percent CO,
and almost constant polystyrene concentration (10.9-11.0 mass %.).

Mass percent Polystyrene
10.99 mass % 10.9 mass % 10.97 mass % 10.91 mass %
Mass percent CO,
2.42 mass % 4.28 mass % 5.08 mass % 7.42 mass %
TK) PMPa) T(K) PMPa) T(K) PMPa) T(K) PMPa)
301.62 225 30092 2.05 301.04 195 30105 1.85
301.06 4.1 300.19 4 30041 345 301 1.95
300.09 7.65 299.56 5.75 299.66 5.25 3003 3.1
299.52 10.1 29881 8.1 2988 7.6 29944 465
29922 1145 298.35 9.65 298.31 9.1 298.56 6.4
298.98 12.65 29785 11.5 297.68 11.15 297.44 8.385
2975 1295 297.12 13.05 296.56 11.05
295.89 12.85
Appendix B.4 (continued).
Mass percent Polystyrene
10.98 mass % 10.95 mass % 10.95 mass % 10.96 mass %
Mass percent CO,
10.37 mass % 11.67 mass % 14.57 mass % 16.57 mass %
TEK) PMPa) T(K) PMPa) T(K) PMPa) T(K) PMPa)
302.29 2.85 303.57 3.1 310.79 3.825 32065 4.325
301.38 4 303.17 3.5 310.28 4.075 317.06 5.325
30025 54 301.87 4.8 309.28 4.625 3123 7.175
299.14 7 300.72 6.2 308.35 5.175 309.34 8.625
298.18 8.5 299.33 795 305.77 6.875 307.24 9.925
297.1 103 29762 10.45 303.74 8.425 305.58 11
296.18 12.1 302.83 9.2 303.32 12.75
301.73 10.25

299.37

12.7
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