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ABSTRACT

Precipitation polymerizations of styrene were conducted in the presence
of supercritical ethane with AIBN as a free-radical initiator. The feasibility
of this synthesis scheme to produce polystyrenes of a low average molecular
weight and a relatively narrow molecular weight distribution was explored

in this work.

The partitioning of polystyrene chains into supercritical fluids
(primarily ethane, and also CO, and a ethane-propane mixture) were measured
to characterize the distribution of the different styrene oligomers between
a coacervate-phase and an SCF-phase, as functions of pressure (8.5 MPa = P
< 34.5 MPa), temperature (313K < T < 333K) and polymer chain length (3 =X,
<40). In all cases studied, the ability of supercritical ethane to fractionate
polystyrene chains could be varied continuously from a gas-like to a
liquid-like character, with relatively small changes in operating conditions.
It was also shown that the polystyrene phase in contact with ethane behaves

as an ideal solution.

A statistical-mechanics based lattice equation of state was developed
to correlate the data on the solubility of polystyrene chains into SCF.
This model can quantitatively reproduce all the experimental trends for
the polystyrene-ethane system, across changes in state variables, with one
apparently constant binary interaction parameter, 8y5-

SCF precipitation polymerizations of styrene were then conducted in
ethane under a variety of pressures (12 MPa < P = 25 MPa), temperatures
(333K < T =< 343K) and monomer concentrations ( 3.33 wts$ < [M] < 6.66 wt%)
to demonstrate that this synthesis scheme can be used to synthesize
polystyrenes of low average molecular weights (ca. 1000 g mole '), and



molecular weight distributions narrower than could be obtained with the
use of 1liquid solvents. Alsc, polystyrenes cf different chain lengths,
above a certain minimum molecular weight, partitioned between the ethane-
phase and the precipitate-phase following the same partitioning law measured
in the solubility experiments. In examining the sensitivity of the precipitate
phase compositions to changes in pressure and monomer concentrations it
was observed that the molecular weight distributions of the product polymer
move to higher average values with increases in each of these variables,
illustrating the approach to liquid-like behaviour of the SCF solvent.

Data obtained from the reaction experiments have been quantitatively
correlated with a transient model developed in this work. Use of this
model, along with activated state theories, illustrates the fact that the
use of supercritical ethane allows us to affect selectively the kinetic
rates of certain steps in the mechanism, thus permitting us to produce
polystyrenes of relatively small molecular weight and polydispersity.
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Professor Ulrich W. Suter
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CHAPTER 0O

SUMMARY

0.1 INTRODUCTION
0.1.1 Motivation

Supercritical fluid extraction (SCFE) is a unit operation in
which a supercritical fluid (SCF), a substance above its critical temperature
and pressure, is used as an extractant to solubilize preferentially specific
components from a mixture of low vapour pressure compounds (McHugh and
Krukonis, 1986 and all references therein). SCF are attractive media for
extraction since their density (and hence solvent power) can be varied from

gas-like to liquid-like with relatively small changes in state variables.

Most of the work done in the past with SCF relates to their use as
extraction media. A germane example is the fractionation of polymers with
SCF solvents (Paulaitis et al., 1983). In this work it has been shown that
a polydisperse polymer sample (polystyrene in this case) may be fractionated
on the basis of molecular weight with the use of supercritical CO,. The
resultant products, both in the extract and the raffinate phases, are of
narrower molecular weight distributions than the unextracted polymer. The
point being emphasised here is that most of the prior art concerns itself
with the application of SCFE in equilibrium processes, with little emphasis
being placzd on the possible use of SCF in other contexts of a process

flowsheet.

A potentially interesting, alternate application of SCF combines
concepts of solubility and reaction in a "SCF Precipitation Polymerization”.

Precipitation polymerization reactions, which have normally been conducted
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in liquid solvents, involve the use of a liquid that behaves as a solvent
for the monomer, but as a non-solvent for the corresponding polymer. The
polymerization is initiated and occurs homogeneously in a single-phase
until polymer chains grow past a point where they are essentially insoluble
in the liquid-phase. At this time, chains insoluble in the solution precipitate
to form a second, polymer-rich phase. Reaction may continue to occur in
the coacervate-phase since some of the precipitated polymer may be
unterminated. This phenomenon, called the Tromsdorff effect, may be slowed
down in the coacervate phase by the proper adjustment of operating conditions,
thus allowing for the synthesis of polymers of narrow molecular weight
distributions (Bamford et al., 1980). In liquid solvents, however, frequently
the precipitated polymer is present in the form a swollen gel since it is
plasticized by the presence of large quantities of solvent (and monomer).
The reaction rate in this phase could thus be very high (Jenkins, 1967)
and the final product obtained would then be of a broad molecular weight
distribution [with polydispersities, M, /M, ~5-10].

The potential use of SCF solvents in the context of precipitation
polymerization stems from the following reasons:

(i) The adjustable solvation power of SCF allows for the variation
of the threshold molecular mass for polymer precipitation. The
molecular mass of the product polymer may then be varied by adjusting
the pressure, temperature or the composition of the SCF phase.

(1i) Since SCF are expected to be poor solvents, it is anticipated
that the problem of the broadening of the product molecular mass
distributions due to reactions in the precipitate will be alleviated
by their use.

(11i) Subsequent to the reaction, the monomer dissolved in the
precipitated polymer can be recovered with relatively modest changes
in the operating conditions. This is in sharp contrast to classical
liquid-phase precipitation polymerizations wherein the recovery of
the unreacted monomer is a highly energy intensive process (Gutowski

et al., 1983).
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0.1.2 Problem Definition

It is the aim of this work to examine and understand the phenomena
occurring in a SCF precipitation polymerization, and contrast them to
corresponding effects in a liquid-phase reaction system. The free-radical
polymerization of styrene initiated with AIBN was the system chosen.
Ethane was the primary SCF solvent, but CO, and a mixture of ethane and

propane were also used.

a. Experimental and Theoretical Aspects: The specific aspects of

this problem which were examined in this work are discussed below.

- Data on the solubility of polymetrs in SCF were measured, and correlated
with an appropriate model, to characterize the distribution of different
chain length species between an SCF-phase and a coacervate-phase.

- SCF precipitation polymerizations were then conducted to demonstrate
the viability of this synthesis scheme. Also, in these experiments, the
compositions of SCF and precipitate polymers were measured to formulate an
applicable kinetic mechanism and deduce the values of relevant kinetic

parameters.

0.1.3 Experimental Background

a. Solubility of Polymers in Conventional and SCF solvents: Most of

the current literature indicates qualitatively that an SCF solvent may be
used to fractionate polymers on the basis of molecular weight [Paulaitis
et al., (1983); McHugh and Krukonis (1986)]. However, no quantitative data
are available that illustrate the fractionating ability of SCF in the
vicinity of their critical points.

The fractionation of polymers on the basis of molecular mass with liquids
or very high pressure gases, however, is a subject that has received
considerable attention in the past few decades (Flory, 1953; Schulz and
Jirgensons,1940). 1t has been demonstrated for the fractionation of polymers
with 1liquid-like solvents, that to a first approximation a mass-based
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partition coefficient for each i-mer, Kgld, between the two equilibrium
phases (denoted by ' and '’ respectively) depends only on the polymer

chain length (r,) in an exponential fashion,
in(Kgld) = ln(w;'/w;) = -or, + An§ (2.6)

where ¢ is a constant. o, also termed as the "separation factor", determines
the sensitivity of Kgld on molecular mass, and is a function of temperature,
pressure and concentration. Until recently however, analysis techniques of
sufficient accuracy did not exist to separate and analyze polymer molecular
mass distributions on an individual mer by mer basis. Thus, most data reported
in the literature for fractionation of polymers by liquid solvents are in
the form of number or mass averaged molecular weight data, with no data

being presented on individual mers.

The solubility and fractionation of polymers (specifically polyethylene)
in very high-pressure ethylene (of the order of 200 MPa) has been reported
by Spahl and Luft (1982). Work in the area of solubility of polymers in
supercritical gases has also been performed (Schroder and Arndt, 1976a and
1976b), but the authors only reported trends in solubility with changes in

operating variables, without reporting absolute values.

b. Precipitation Polymerizations in Liquid Solvents: The time evolution

of a precipitation polymerization is as follows: the polymerization of the
monomer is initiated either by a chemical initiator or by other means
(Flory,1953) and occurs initially in a single, homogenous phase. For the
caseoftifreeradicalpolymerization,theinitiator(I),undergoesspontaneous

thermal dissociation to form free radicals (R*)1,

ki
I —— 2} (2.9)

The polymerization continues in a single phase solution through addition

1 In all subsequent notation, the bullet, (¢), will always be used to
represent a free electron that is present on a free-radical.



of monomer molecules (M), to free-radicals in a propagation step,

K
RM: + M —— RM.,, (2.12)

where RM; represents a free radical of chain length x (= 0) monomeric
units. The propagation reaction is normally terminated either by addition
or disproportionation of two active, free-radical chains to form dead

polymer chains.

RM; + RM; —— P .y, (Addition) (2.13a)
ky
— P4y + Py (Disproportionation) (2.13b)

In a precipitation polymerization, these reactions proceed in a
single phase until a threshold concentration of an n-mer is reached, when
it precipitates. The determination of the precipitation threshold is one
of the least understood aspects in this mechanism since it may be affected
by system-specific parameters. Barrett and Thomas (1975) present a review
of the variety of theoretical techniques used to model the nucleation

process.

The precipitated polymer still possesses some active chain ends
which may react further with more monomer in a propagation step [Eq(2.12)].
Significant reaction in the coacervate would broaden the molecular mass
distribution. However, if the polymer were still to be a glass, then no

significant reaction would occur in the precipitate.
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0.2. SOLUBILITY OF POLYMERS IN SUPERCRITICAL FLUIDS

0.2.1 A Statistical-Mechanics based Lattice Equation of State

During the last decade equations of state (EOS) have been used
increasingly to correlate and model the complex phase behaviour of molecular
mixtures under a variety of conditions. Cubic EOS (for example van der
Waals, 1873; Peng and Robinson,1976) are examples of the more popular
models that have been employed. However, these EOS cannot be used to model

polymer-SCF systems since they were derived for the case of mixtures of

small, spherical molecules.

Lattice theories are a popular genre of models which have been
employed in the correlation of polymer-SCF systems. The earliest attempts
to represent polymer-solvent systems were made by Flory (1941) and Huggins
(1941) who developed an activity coefficient model through the use of a
mean-field analysis of molecules placed on a three-dimensional lattice.
Most later developments in this field are attempts to alleviate the
shortcomings inherent in these pioneering attempts [for example Flory,
1970; Panayiotou and Vera, 1982]. Since most of these theories are inadequate
for the accurate representation of polymer-SCF equilibria we developed a

lattice EOS based on statistical-mechanics to model systems of interest.

The EOS was developed on the assumption that three-dimensional space
is divided a-priori into a cubic lattice, of cell size vy and coordination
number z. To account for the disparity of sizes in the molecules of the
mixture, it was hypothesised that different molecular species occupied
different numbers of lattice sites, r,. Also, to account for volumetric
constrajnts some sites on the lattice were empty. The canonical partition
function for this ensemble was formulated and an EOS for a pure component

obtained,



P v z v+ (q,/r,) -1 92
~ = fn|l—| + - £In - N

T v -1 2 v T

(3.15a)

where © is the surface area fraction of sites in the lattice that are occupied
by molecular segments. (zq,) is the number of external contacts per molecule,
P the pressure, T the temperature and v the specific volume. The tilde ()

denotes reduced variables, which are defined by the equations

B = ey, T=(1/T"), V= (V) (0.1)

P* and T", the quantities used in reducing P and T to non-dimensional

variables, are related by the equation
(z/2)e,, = P"vy = RT" (3.14)

where ¢,, is the interaction energy between segments of molecules. In the
EOS for each pure component there are two unknown parameters, e€;, and v",

the reducing parameter for vclume.

For pure components below their critical points, the technique of
Joffe et al., (1970) was employed to obtain ¢;; and v", while for substances
above their critical points, the pure component parameters were obtained by

fitting the EOS (Eq.3.15a) to isothermal P-v data.

Parameters for polystyrene above its glass transition temperature (~380K)
are available in the literature (Panayiotou and Vera, 1982). These parameters
were employed in our modelling in the temperature range of interest, with
the following two assumptions:

(i) In the presence of solvents the glass transition temperature of a

polymer is reduced. We assumed that polystyrene at the experimental

conditions is in a thermodynamic equilibrium state.

(ii) €¢;, and v' (in units of m? kg'l) were chosen to be independent of

chain length.
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These assumptions were made since no specific data on thermodynamic propert:es

for oligomers of any chain length are available.

Extension of this model to binary and multicomponent mixtures can be readily
made if mixing and combining rules can be formulated. The coordination number
(z) and the lattice size (vy) are assumed constant, independent of composition.

A linear mixing rule of the type
By = L By ¥y (0.2)

is used for the mixture parameters v', q and r. In Eq.(0.2), B represents
some generalized property, while y, is the mole fraction of component i in

the relevant phase. The mixing rule for the energy parameter (¢) is,

€w = L L0 9y €, Iy (3.46)

where 9, is the surface area fraction of the segments of i molecules and I'y,
i{s a factor that corrects for the non-random distribution of segments of }j
molecules about the segments of i molecvles. (This factor is obtained by the
solution of the quasi-chemical equations [Guggenheim, 1954].) In Eq.(3.46),

we need a combining rule for the mixture parameter e,,,

€43 T €44 (i=j) (3.52)
- 0.5 (611+€JJ)X(1 -613) (i)

where §,, represents a single adjustable parameter per binary.

We have examined the fitting ability of the lattice EOS to eight
different binary systems covering a range of pressures and phase behaviour,
and show that the capability of the EOS to correlate phase equilibria for
mixtures of "small" molecules is comparable to traditionally employed
techniques (for example the single parameter Peng-Robinson EOS) . As examples,
in Figures 3.3 and 3.6 we show fits obtained from the lattice EOS to two

systems employing a temperature independent value of the binary interaction
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parameter, §,,: ethanol-water, a low-pressure non-ideal system, and acetone-
CO,, a medium-pressure phase equilibrium system with a SCF component.
While we do not present comparisons to conventionally used techniques
here, the point to be emphasised is the utility of the lattice EOS, developed
mainly for the correlation of mixtures of molecules of disparate sizes, in

modelling mixtures of small molecules.

0.2.2 Experimental and Correlation Results

a. Experimental Setup: The =xperimental apparatus employed for the
measurement of solubilities of polymer chains in SCF is a flow-through
apparatus shown schematically in Figure 4.1. The main feature of the setup
is a stainless steel extraction column into which the polymer to be extracted
is loaded. SCF is passed through the extractor and exits in equilibrium with
the polymer. This "loaded" SCF is subsequently flashed to atmospheric

pressure, where all dissolved polymer precipitates and is collected in

o™ ¥ T T i " 1 T T v

Pressure (ber)

) 0.2 04 0.6 0.8 1
Mole Fraction Ethanol
Figure 3.3: Comparison of the experimental data of Pemberton and Mash (1978)

for the ethanol-water binary at (a) 323K, (0O) 343K and (V) 363K with ( )
lattice model predictions with §, ;~0.085.
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Figure 3.6: Comparison of the experimental data for the acetone-CO, binary

(Panagiotopoulos, 1986) at (b) 313K and (0O) 333K with ( ) lattice model
predictions with 611=0.0.
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Figure 4.]: A Schematic representation of the solubility apparatus.
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cold U-tubes. The unextracted and extracted polymer samples are then analyzed
by size exclusion chromatography (SEC) for total mass injected and molecular
weight distribution. Integrated gas flow rates are measured with a dry-test
meter. The solubilities of df fferent chain polymers in SCF are then completely

determined.

b. Pesults and Discussion: In Figure 4.5 , we present a plot of the

equilibrium solubility of polystyrene of average molecular weight 2060 g

mole ! in n-heptane. The plotted ordinate is amass based partition coefficient

that is defined as,
R, = wi/u} (4.1)

where w] is the mass concentration of the i*" mer in the solvent phase (in
units of kg i-mer/kg solvent) while wi is the mass fraction of the same
ith mer in the solid, polymer phase (in units of kg mer/kg solvent-free

solid). This. is in contrast to Eq.(2.6) where the mass fraction of the chain

< _:. LI ' r —.l T "— _____ | Bt =
- —n n—Heptane
'O OY00o0uLGLLBag P

= DouBounny =

= DDnUL‘IUUD-_E,—
w :
Q = =

X ow

Q = =X
1 ]
O v ]
< = E
w |- [IMPa -
(@) . | . 1 . A

0 1000 2000 3000 4000

Chain Molecular Mass

Figure 4.5: Comparison of the partitioning behaviocur of n-heptane (298K) and
ethane (at 1 MPa and 333K) for polystyrene oligomers between a polymer-
rich phase and a solvent-rich phase. (0) are experimental data and the
line through the points is a best-fit straight line. Ethane results are
simulated from the ideal gas law.



in both phases (with the solvent) is used to calculate the separation
factor. The point being stressed here, is the observed log-linear dependence
of the partition coefficient of a polymer chain, on its molecular weight.
This relationship has already been summarized in Eq.(2.6) as a general result
that has been reported in the literature. However, the data presented here
are for individual chain lengths, while in the past only average molecular
weights have been reported. Results in Figure 4.5 show that for the system

examined the equation
log, o (Ky) = A(T) + B(T) X, (4.3)

is strictly valid on a individual i-mer basis. Here X, is the chain length
of the relevant oligomer, and A(T) and B(T) are temperature dependent

constants.

In Figure 4.5 we also show the fractionation expected if an ideal gas (ethane,
in this case) at a pressure of 1 MPa and 333K were used as a solvent. With
the use of a gaseous solvent pronounced fractionation is obtained. However,
the loading of the polymer chains in the gas phase is low. Liquid solvents,
on the other hand, offer poor fractionation as suggested by the small
absolute value of the slope of the line fog K vs. molecular mass, but
afford higher loadings. The two lines shown in this figure represent the
two extreme cases of fractionation that can be achieved through the use of
conventional solvents. Since the solvent-power of these solvents cannot be
altered easily, these also represent the fractionation that is normally

achievable with conventional solvents.

In Figure 4.3, partition coefficients of polystyrene chains, between
a polymer-phase and an ethane-phase (at 333K and 25 MPa), is shown as a
function of chain molecular weight. Data obtained were from raw polymers

of M,~ 800 and 2060 g mole !, respectively.? It is seen that the measured

2 In this context, note that measured solubility dataon the low molecular
mass chains in the 2060 g mole”! polystyrene have not been reported since
these are diffusion controlled measurements and do not represent equilibrium

solubilities.
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Figure 4.3: Experimental data for the partition coefficients of different
styrene oligomers between a polymer-rich phase and an ethane-rich phase at
25 MPa and 333K. (O) is data obtained with a polymer of average molecular
mass of 2060, and (b) from a polymer of molecular mass 800.

values of K, for the various oligomers from both the samples fall on the
same line. This has important connotations. First, it demonstrates that
the partition coefficient of any chain from the polymer-rich phase to the
supercritical phase is independent of the composition of the parent polymer.
Figure 4.3, therefore, suggests that the observed linearity represents a
general, universal behaviour for the solubility of polystyrene chains in
supercritical ethane at these operating conditions. In addition, the
composition-independenceinP&gurea.31mpliesthattheequilibriumsolubility
of a polymer chain into an SCF phase occurs as if the condensed phase were
an ideal solution. In essence, therefore, we are dealing with a linear
combination of independent quasi-binaries of SCF with the individual chain
length polymers. We shall use this deduction as a starting point in our

modelling.

In Figure 4.6, we present averaged data for partition coefficients as a

function of chair molecular mass at several pressure- between 8.5 and 34 MPa
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at 333K. Again, these include data from both the 800 and 2060 g mole ! raw
polymer samples. The partition coefficient data from Figure 4.5 (n-heptane,
and ethane at 1 MPa) are also shown for comparison. The lines in Figure 4.6

were obtained by fitting the experimental data to the equation,
log, o, (Ky) = Gy - (Degree of Polymerization), XC, (4.4)

It is seen that, at all pressures we have a log-linear dependence for K, on
the molecular mass of the polymer chain. At the lowest pressure (8.5 MPa)
thepartitioncoefficient1ineissteep,indicatingaapronouncedfractionatimm
As one proceeds to higher pressures, the ethane density increases (and so
does its solvent power) and the loading of the SCF phase with chains of
higher mass increases. However, the fractionation obtained becomes less
pronounced. In summary, the fractionation ability of supercritical ethane

at 333K varies continuously from gas-like to liquid-like as one progressively

increases its density.
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Figure 4.6: Experimental data for the solubility of polystyrene in various
solvents. [The lines are best-fits.] (+) are data for partition coefficients
in n-heptane at 298K. All other data are at 333K with ethane as solvent.
(@) at 8.5 MPa, (a) 10 MPa, (x) 15 MPa, (V) 25 MPa and (0) 34 MPa. The line
with no points is ethane at 1 MPa.
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Experimental data presented in Figure 4.6 were correlated with the
Statistical-Mechanics based Lattice Model EOS; results are presented in
Figure 4.7. A single interaction parameter, 613 (=0.018), independent of
chain length and pressure was employed. The model results are in good
agreement with the experimental data at all pressures, and chain lengths
beyond molecular weights of 1200 g mole l. The reason for the disagreement
between the model and experiment below this molecular mass is speculated
to be due to two factors. First, we assume that segments of all chains
interact with the same energy per contact area, €,,. Clearly, this assumption
breaks down for shorter chains when end effects become important. Also,
the results shown are valid only as long as there are two phases in
equilibrium; at pressures greater than 9.0 MPa at 333K, however, pure
styrene monomer is completely soluble in ethane. Results predicted with a

two-phase, quasi-binary model are, therefore, unreliable for the smallest

oligomers.
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Figure 4.7: Comparison of the lattice model predictions with §,,=0.018
(——), with experimental partition coefficient data for the polystyrene-

ethane system at 333K and (a) 10 MPa, (+) 15 MPa, (V) 25 MPa and (O) 34 MPa.
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Partition coefficient curves for different temperatures at one pressure (25
MPa in this case) were examined to understand the effect of the variation
of another state variable, temperature, on the fractionation ability of
supercritical ethane. In Figure 4.12, the K, values for polystyrene chains
are plotted against chain molecular mass at three different temperatures (313,
323 and 333K respectively). The point demonstrated by this diagram is that
the partition coefficient curves for this system are not as sensitive to
temperature changes as they are to variations in pressure. This could be
due to the fact that, at these conditions, ethane has an essentially

liquid-like density (~300 kg m 3) which is not very sensitive to relatively

small changes in temperature.

The lattice model EOS was again used to fit the experimental data (see Figure

4.12). 1t was found that the same value of 6y, (0.018) that was used at
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Figure 4.12: Comparison of lattice model predictions [§,,= 0.018, ( )]
with experimental partition coefficient data for the polystyrene-ethane
system at 25MPa and (&) 313K, (+) 323K and (V) 333K.



333K could be used over the temperature range of interest. The lattice
model thus allows for the quantitative reproduction of experimental data
for the polystyrene-ethane system, across variations in chain length,
pressure and temperature with one apparently constant value of the interaction
parameter, §,,. The utility of the lattice model in the modelling of such
systems is emphasised by its capability, in principle, of predicting
quantitative trends by fitting it to a single datum point for the system

of interest.

The effect of the variation of solvent quality on the partition coefficient
curves was also examined (Figure 4.14). Ethane and two other solvents were
used to this end: CO,, one of the popular supercritical solvents was
examined at 25 MPa and 333K. A mixture of ethane and propane (ca. 87:13
by mole) was also employed. Since propane is a liquid under the experimental
conditions, it is expected to behave in a manner similar to n-heptane. A

mixture of ethane and propane was also used to examine if the fractionation
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Figure 4.14: Comparison of lattice model fits ( ) to experimental data
for the fractionation of polystyrene chains with: (a) ethane (612-0.018),
(V) €O, (6,,=0.08) and (O) ethane + 13% propane (§,,=0.03).
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obtained with this system corresponded in some fashion to an interpolated

behaviour between ethane and a liquid solvent.

Carbon dioxide is seen to be the worst solvent at these conditions. One
reason for this could be attributed to the fact that at 25 MPa, CO, i; at
a lower reduced pressure (and hence lower reduced density). However a
comparison of ethane and CO, at the same reduced pressure shows that CO,
is still a poorer solvent than ethane. The mixture of ethane and propane,
however, is a better solvent (and consequently a poorer fractionating
medium) than pure ethane. This leads us to the important conclusion that a
better solvent can be obtained simply by adding a small quantity of a
higher member of the same homologous series to a relatively poor solvent.
Alternately, the effect on the partition coefficient behaviour due to
changes in pressure (as demonstrated with ethane and polystyrene in Figure

4.6) can be duplicated by changing the solvent.

The experimental data in Figure 4.14 have been modelled by the lattice EOS.
Again quantitative fits were obtained with the use of a single adjustable

parameter per polymer-SCF systems.

c. Summary: Regions of the partition coefficient diagram that could
not be accessed with the use of conventional solvents can be reached with
relative ease with the use of SCF. Experimental data on the fractionation
ability of SCF for the polystyrene-ethane system show that the partitioning
ability of ethane can be modified from gas-like to liquid-like with relatively
small changes in pressure. However, temperature does not play as important
a role in the range examined. The effect of changing pressure on the
behaviour of the partition coefficient curves can be duplicated easily
either by the use of other solvents or by adding relatively small quantities
of liquid additives to the SCF.

Experimental data on these systems can be quantitatively reproduced with
a lattice model EOS with the use of a single adjustable parameter per binary
that apparently is independent of pressure, chain length (beyond a molecular

mass of 1200 g mole™!) and temperature.
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Experimental data and modelling results for the polystyrene-SCF system
suggest that the observed log-linear dependence of the partition coefficient
on the chain molecular mass is a general trend for this prlymer system. If
we examine the lattice model in the context of a two-phase, quasi-binary
n-mer-SCF equilibrium system, we may generalize the polystyrene results to
the case of any polymer-SCF system outside the immediate vicinity of the
region of the sharpest change in properties of the SCF (ca. IT-Tcl/'I‘c <
0.05 and |p-p.|/p. < 0.05), i.e.,

n(wy /wi) = €, (T,P) + £, (T,P) X, (4.8)

Under the assumption of independent quasi-binaries, therefcre, the trends
displayed by the partition coefficient on chain molecular mass appear to

represent a general behaviour for the solubility of polymers into SCF.

0.3 PRECIPITATION POLYMERIZATIONS IN SUPERCRITICAL FLUIDS

0.3.1 A Transient Model

The time evolution of a precipitation polymerization reaction in an
SCF can be thought of as occurring in three distinst phases:

- Initially the reaction mixture composed of a known quantity of
SCF, monomer and initiator is in a single-phase, homogenous solution,
and reactions as represented in Eqs (2.9)-(2.13) are assumed to occur.
- As the reaction proceeds in time, the concentrations of polymer
chains (in principle, both terminated and unterminated) increase, and
at some point they nucleate to form a second, solid phase.

- At all times subsequent to this precipitation step, polymers of all
chain-lengths equilibrate across the two phases, following a partition
law which has been determined from experiments. Reaction continues

to occur in the SCF phase; it is assumed that no reaction occurs in

the precipitate-phase.

The modelling of a single-phase polymerization involving initiation,



propagationandtermlnationbytﬁsproportionationa,followingEq(2.9)-(2.13),
is available in the existing literature [Flory, 1953; Odian, 1985]. The
general rate equations governing this reaction sequence can be written

following Flory (1953) as,

d(I]
- -k, (1) (6.10)
dt
d[R" ]
=k, [I] - kp[M][R'] - kt[R']xZ(RM;] (6.11)
dt
d{RM; ]
- kp[M][RM;_I] - kp[M][RM;] - kt[RM;]xZ[RM;] (x >0) (6.12)
dc
d[Px+1]
—_— = kt[RM;]xZ[RM;] (6.13)
dt

It must be recognized in this context that to maintain the mass balance
we need to formulate an equation that will ensure the conservation of mass

for the monomer.
(M) = [M], - Px[RM;] - }x[P.] (6.14)

where [M], is the initial monomer concentration, and [M] represents the

monomer concentration at any instant of time.

The second part of the modelling involves the mathematical representation
of. the nucleaticn, and subsequent phase separation. In the course of this
work, a simple theory of nucleation was employed. This involved the location
of the first chain length that reached its binodal concentration in the
gas-phase. This "first" chain length polymer can be determined from the

3 In this formulation we neglect the termination by addition step
[Eq(2.13a)].
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partition law,
In(K,) = In(wy/wi) = C, - G, Xi (4.4)

by setting w} equal to unity. This "theory of nucleation" is appropriate
only in the context of determining the overall SCF-phase and precipitate-
phase compositions at long times. If more detailed information such as
particle sizes, or volume to surface area ratios of the particles formed
are desired, a more exact theory of nucleation must be employed (Nielsen,

1964; Barrett and Thomas, 1975).

Following precipitation the differential equation set Eq.(6.10)-(6.13)
will now have to be reformulated to allow for the presence of a solid
phase in equilibrium with the reacting SCF-phase. As an example we write

here the mass balance equation for the initiator,

([I]t,+At,'[I]t,)(Mw)1/pscp = 'killlt At(Mw)I/Pscp -
(Mw)I({ms[I],t'!'At. - (ms[I])t)/szscp (6.16)

In this equation, pg.p is the density of the SCF (in kg m™3?) and (MW), is
the molecular weight of the initiator. K,, is the partition coefficient of
the initiator between the gas-phase and the precipitate-phase and m, is
the mass of precipitate per unit mass of the SCF phase. The left hand side
of Eq (6.16) represents the net accumulation of the initiator in the SCF
phase (in units of kg initiator/kg SCF) between times t and t+at. The
first term on the right hand side is the destruction of initiator to form
free-radicals in the same time period, and is analogous to the appropriate
term in Eq (6.10). The second term then represents the loss of initiator into
the precipitate phase. The differential equation for the concentration of
the initiator in the SCF-phase can be obtained on dividing Eq (6.16) by at,
and taking the limit At— O.

m,  d[I] [1] dm,
) — = -k [I]- —
K, dt K, dt

(6.17)

(1+




In a similar fashion we can now develop the governing differential equations
for all species represented in Eqs(6.11)-(6.14). To complete this formulation,

the mass balance equation for the monomer is,

(M] = [M], -Yx[RM)] -Jx[P,] -m, [M]/K, -)x[X, ]Im, /K, (6.21a)
- {[M]y - X% xIX ) (1l+m /K )}/ (14m, /K, ) (6.21b)

where [A,] is the concentration in the gas-phase of all species of chain-
length i (i.e., both terminated and unterminated chains) and (MW) is the
molecular mass of the appropriate species. The only unknowns in Eqs.(6.17),
(6.21) are m, and dm,/dt. m, canbe tracked simply by closing the mass balances
for each mer at every instant of time. The calculation of dm /dt, however
is not straightforward. Analytical expressions for dm,/dt can be obtained
by realizing that the weight fractions of all the polymer chains in the

solid phase must sum to unity.

dm k, [M1L(MW), ([RMj_,] - [RM{_,])(K,-K -ms)/(mg+K,)

- (6.26)
dt LIA, T (MW) K, /(m +K K, + [M]/K,

Here the summation in the numerator goes from 2 to infinity. The mathematical

formulation for the polymerization subsequent to precipitation is now complete.

A Digression: Reaction rate constants in SCF: To obtain the relative

rates of the different kinetic steps in a SCF polymerization, as compared
to corresponding values in a liquid solvent, it must be recognized that the
partial molar volumes of dilute components in SCF normally have large
negative values. From the LeChatelier principle, a bimolecular reaction which
yields a single product molecule, such as the propagation or the termination
by addition step, are unfavourable under these conditions. The manifestation
of this effect is a reduction in the propagation (or termination by addition)
rate constant. By extension, an opposite behaviour may be observed in a
kinetic step like the initiation reaction, where the initiator dissociates
to form two free radicals. Also, steps like the termination by
disproportionation, wherein two molecules react to form two product molecules

will not be affected dramatically by the presence of a SCF component in
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the mixture.

An order of magnitude estimate of the reaction rate constants in SCF
relative to liquid solvents may be obtained from Activated State theories,
following Ehrlich (1971). Substitution of appropriate values for pressure,

density and fugacity coefficients for each component show that,

(k. )SCF ~ [1071-1072] (k. )'*1 (6.40)
(k, )SCF ~ (k,)t1d (6.42)

where k, stands for the rate constants for the propagation, and termination
by addition steps. The numbers deduced in Eqs (6.40) and (6.42) will be
compared to rate constants obtained by fitting the transient model to

experimental data presented below.

0.3.2 Experimental and Correlation Results

a. Experimental Apparatus: The setup used for the quantitative

determination of SCF-phase and precipitate-phase polymer compositions
consisted of a 150 ml sampling vessel equipped with two valves for charging

the vessel and subsequent sampling.

Initially, the reactor was charged with freshly distilled styrene,
AIBN and ethane and the quantities of each determined by weighing. The
vessel was then placed in a thermostatically controlled snaker bath to
ensure that the contents were isothermal and well stirred. The reaction

could be conducted for any desired length of time.

In a separate set of experiments conducted in a cell that allowed
for visual examination of the reaction mixture, under the same conditicns,
it was observed that the precipitate-phase deposited on the walls of the
reactor. At the end of the reaction, therefore, in our first setup the
vessel was flushed with fresh ethane at operating conditions, without

losing any precipitate which was deposited on the walls (and hence not
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entrained). The displaced reaction mixture is vented to atmospheric pressure
through a flashing valve, when the dissolved monomer, initiator and oligomers
drop out of solution and are collected in a cold U-tube. Both the SCF and

precipitate phase polymers are subsequently analyzed by SEC.

b. Results: We begin our analysis of results from the polymerization
experiments by considering data at a single set of operating conditions
(viz. pressure, temperature, monomer concentration, initiator concentration,
and reaction time); we chose experiments wherein styrene was polymerized in
supercritical ethane at 333K and 17 MPa as the base case. It was found that
a certain minimum monomer concentration was necessary to observe the presence
of a precipitate phase. Experiments conducted with 1.65 wt% monomer (AIBN
concentrationwas 5.83x1073 g/g ethane) within the accuracy of the experimental

technique, did not show the presence of a precipitated polymer, at reaction

times up to 24 hours.
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Figure 7.3: SEC traces for the product, precipitate polymer ( ) and
gas-phase polymers (----) at 17 MPa, 333K, for the precipitation polymerization
of 3.33 wt® styrene in ethane initiated with AIBN for a reaction time of 24

hours.
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Experiments were conducted at a higher monomer concentration (3.33
wt% monomer), while all other variables were held at the same values as in
the earlier set of experiments. Under these conditions, at all reaction
times examined (16 h < t__ < 44 h), a precipitate polystyrene phase with a
composition distinct from the SCF phase was observed. In Figure 7.3, SEC
traces for the product, precipitate polymer and the polymer chains in the
SCF are shown (t. . = 24 h). A fact to be noted is that both traces have
large peaks corresponding to the monomer and dimer (or AIBN). However, the
more significant fact is the presence of a peak in the precipitate phase
corresponding to a molecular mass of ~1000. Also, the SCF-phase trace
essentially is "cutoff" (i.e., returns to the base line) at the same
molecular mass, ~1000. This verifies the presence of a strong cutoff in

the solubility of polystyrene chains in the SCF-phase on the basis of
chain length.

In Section 0.2, we have presented experimentally measured equilibrium

partition coefficients for polystyrene chains of different degrees of
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Figure 7.5: Comparison of partition coefficients of polymer chains between
the polymer-rich phase and the SCF-phase as measured in solubility experiments
¢ ), and precipitation polymerization reactions (A) with 3.33 wt? styrene
in ethane with AIBN as radical initiator at 17 MPa and 333K.
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polymerization, in SCF under different operating conditions. To examine
the role of these partition coefficients in the context of precipitation
polymerization reactions, in Figure 7.5 we compare K, values as computed
in solubility experiments to corresponding estimates in the reaction
experiments. Some important points can be deduced by the examination of

Figure 7.5:

- For molecular masses of 400-1100, there is a remarkable agreement
between the partition coefficients measured in solubility experiments
and in the precipitation polymerization reactions. These chains
therefore, are at thermodynamic equilibrium across the two phases in
a polymefization reaction, and this equilibrium is defined by the
partitioning behaviour of pure polystyrene chains between a polymer-
phase and an SCF-phase.

- Partition coefficients for the monomer, dimexr and trimer in the
polymerization experiments, however, are smaller than in the solubility
experiments. Since the initiator dissociates and then propagates to
form longer chains by addition to monomer, the end group for each
oligomer chain necessarily possesses an initiator group. The partitioning
behaviour of all chains, therefore, are influenced by the presence
of the initiator group, with the smallest chains feeling the effect

of this "end-group" the most.

Experiments were performed for different reaction times between 16
and 44 hours under the same operating conditions to examine the possibility
of the occurrence of a Tromsdorff effect in SCF precipitation polymerizations.
In all these reactions, the product polymer was observed to have different
concentrations of monomer and initiator corresponding to different conversions.
However, when data was examined on a first three mer-free basis, the
precipitate phase compositions were found to be essentially independent of
reaction time (as shown in Figure 7.6), suggesting that the precipitate-phase
compositions, on this basis, are essentially in a steady-state. It is
clear therefore, that no Tromsdorff effect is observed in SCF precipitation
polymerizations at these conditions, although the precipitate phase contains

approximately 30 wt% monomer. A potential reason for this may be that v ,



46

o

Q E T I T ' T I L] ;
o F -
(] B ]
RS TO A ]

= a

n <« E Amuﬁgnmngn =
O O fas8aly 3
_5 - L\g :
%- (?O ] ggﬂ ]
O <= E DD =
) = : =
& - Do =
<~ . i 66[‘3 7
5 ol fa |
B3 E Opa ;
9] : CIAA -
=, F o ®
4 fa

QO L _
o < F =
= F SN

®) . L . 1 . I .

@] 1000 2000 3300 4000

Chain Molecular Mass

Figure 7.6: Composition of precipitate polymer, on a first three mer-free
basis, for different reaction times for the precipitation polymerization of
3.33 wt® styrene in ethane, initiated with AIBN at 17 MPa and 333K. (b) is

for t .= 16 h, and (O) for t . .= 44 h.

(= kp [M]/(kikh[I])"), the kinetic chain length, is small in this case
compared to liquid solvents, due to the relatively small value of (kp/ki).
Most precipitated chains, therefore, will be terminated, providing a plausible

explanation for the absence of reaction in the precipitate phase.

Solid phase compositions shown in Figure 7.6 were analyzed to determine
the average molecule weight of the polymer. Numbers computed show that M, ~850,
and M, /M ~1.25. (Monomer and dimer peaks have not been included in this
calculation.) The use of the concepts of precipitation polymerization in
SCF under these conditions, therefore, allow us to synthesise polystyrene
with a relatively narrow molecular mass distribution, narrower than could
be obtained from solution polymerization reactions in liquid solvents with
radical initiators. [In the case of an "ideal" free-radical, liquid-phase
solution polymerization, M,/M, ranges between 1.5 and 2, depending on the

termination mechanism, addition or disproportionation.]
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Precipitation polymerization reactions were carried out at different
pressures to understand the effect of "solvent-quality" on the composition
of the product polymer. It has been demonstrated in the solubility experiments,
that as pressure is increased the solvent-character of an SCF moves from
gas-like (low solubility, "strong" fractionation) to 1liquid-like (high
solubility, "poor" fractionating power) continuously. As one proceeds to
higher pressures; therefore, it is expected that the precipitated product
obtained, will be of a broader molecular mass distribution, since the
solvent now is less discriminating with respect to the fractionation of
chains on the basis of molecular mass, between an SCF-phase and a polymer-

rich phase.

In Figure 7.7, the molecular mass distributions of the precipitated
polymer, on a first three mer-free basis, for the polymerization of 3.33
wt% styrene at three pressures of ethane (12, 17 and 25 MPa respectively)
at 333K are shown; the corresponding average molecular masses are tabulated
in Table 7.1. As anticipated, when one proceeds to higher operating pressures
the molecular mass distributions of the precipitate phases are seen to
become broader. Partition coefficients were also computed from experiments
at the three pressures and were found to display the same trends as shown

in Figure 7.5.

The variation of the precipitate molecular mass distribution with
changes in the initial monomer concentration in the SCF-phase, constituted
the next stage of our experimental work. It is known that polystyrene is
soluble in styrene in all proportions. Thus, the addition of larger quantities
of monomer to the ethane, will make the fractionation behaviour of SCF
more liquid-like (see Section 0.2). In this sense, therefore, an increase
{n monomer concentration will have an effect similar to increasing the

operating pressure.

In Figure 7.12 and Table 7.2, we demonstrate the molecular mass distributions
of the precipitate polymer formed by polymerizing styrene at three different
concentrations (3.33, 5.0 and 6.66 wt%) in supercritical ethane (at 17 MPa
and 333K) with AIBN (5.83x10"5 gm/gm. ethane) as the radical initiator.
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Table 7.1: Molecular mass data for precipitated polystyrenes at different
ethane pressures at 3.33 wt% styrene concentrations and 333K with AIBN as

radical initiator.

Operating Pressure M, M, M, /M,
(MPa)
12.0 844 1017 1.20
17.0 850 1063 1.25
25.0 938 1193 1.27
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basis, at different pressures for the precipitation polymerization of 3.33
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Table 7.2: Molecular mass data for precipitated polystyrenes at different
monomer concentrations at 17 MPa ethane pressure and 333K with AIBN as

radical initiator.

Monomer concentration M, M, M, /M,
wt% of SCF-phase

3.33 850 1063 1.25
5.00 1006 1249 1.24
6.66 1123 1404 1.25
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Figure 7.12: Composition of precipitate polymer, on a first three mer-free
basis, for different monomer concentrations for the precipitation
polymerization of styrene in ethane, initiated with AIBN at 17 MPa and
333K. (O) is at 3.33 wtg , (8) 5.0 wtt and (o) 6.66 wt$ monomer.



Again, molecular mass distributions on a first three mer-free basis are
independent of reaction time for all examined monomer concentrations,
suggesting that the polymer concentrations in both phases reach a quasi-
steady state at a relatively early time (i.e.,for t_, <<8 h). This also
implies that almost no reaction occurs in the precipitate phase at all
operating conditions considered. The molecular mass distributions of the
obtained precipitate polymers are of a relatively narrow molecular mass
distribution, and the absolute numbers for M, and M_ /M, listed in Table 7.2
demonstrate the shift of the molecular mass distribution to higher average
molecular masses with increasing [M]. An interesting point to be noted in
Table 7.2 is that, as one proceeds to higher monomer concentrations, M, the
number averaged molecular mass increases, as does M,, the weight averaged
molecular mass. Their ratio (the polydispersity), which is a measure of the
breadth of the molecular mass distribution, however, remains relatively

unchanged.

Experiments were also conducted at different temperatures and initiator
concentrations. However, the results of these experiments are not presented
since the precipitate phase compositions were relatively insensitive to

small changes in these variables.

c. Modelling Results: In Section 0.3.1 we have presented a model to
correlate experimental results from the precipitation polymerization
experiments. Also, order of magnitude estimates for the kinetic rate
constants have been provided. It has been shown earlier in this section,
that the partition coefficients of the first three mers in a reaction
experiment are smaller than the measured partition coefficients in the
solubility experiments. To account for this effect we must use the true
partition coefficients as measured in the polymerization experiments for
the first three mers, while using K, from solubility data for the other

mexrs.

In Figure 7.20, we demonstrate the quality of fits obtained to the
precipitate phase compositions at one set of operating conditions (i.e.,

3.33 wt% styrene polymerized in ethane at 12 MPa and 333K). As is cbserved
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Table 7.5: A Comparison of rate constants obtained from fitting the proposed
kinetic mechanism to experimental data obtained from the precipitation
polymerization of 3.33 wt% styrene in ethane at 17 MPa and 333K to
corresponding rate constants for the polymerization of styrene in liquid
benzene at 333K and 0.1MPa.

Reaction medium k1 k ky
: P, _ LR
(s™1) (£ mole 's™1) (£ mole ls™ 1)

Benzene 1x10°3 100 5x108

Ethane 8x10°8 1 4%103
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Figure 7.20: Comparison of precipitate polymer compositions, on a first
three mer-free basis, for the precipitation polymerization of 3.55 wt#
styrene in ethane, initiated with AIBN at 12 MPa and 333K. (), (8), (V) and
(%) represent experimental data, while ( ) is prediction of transient model.
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modelling results are in good, quantitative agreement with the experimentally
measured coacervate-phase compositions. The model also gives good fits to
data at other pressures; however, its performance at high monomer

concentrations is not as satisfactory.

In Table 7.5, we compare the kinetic constants obtained from the
fitting of the model to experimental data. As deduced in Section 0.3.1, the
fitted value of kp under these conditions is approximately 2 orders of
magnitude smaller in SCF, than in liquid solvents, confirming our results

from the activated state theories.

d. Summary: We have shown that precipitation polymerization reactions
may be conducted successfully in SCF in the presence of a minimum quantity
of monomer, to produce product polymers of a small average molecular weight
and of polydispersities smaller than could be obtained with the conventional,

liquid-phase reactions.

Results obtained from the precipitation polymerization experiments
show that polymer chains of molecular mass greater than ~400 g mole?!
partition between the SCF-phase and the coacervate-phase following the
fractionation law as determined in the solubility experiments [Eq(a.4)].
Below this molecular weight, the partitioning behaviour of chains in the
polymerization experiments is affected due to the presence of the initiator,

AIBN.

Also, we demonstrate that no Tromsdorff effect is observed in the
precipitate phase during the course of the reactions. The use of SCF thus
allows us to avoid one of the most important problems encountered in

liquid-phase precipitation polymerizations.

Reactions have been conducted at different pressures and monomer
concentrations, and the results of these experiments show that the precipitate
compositions at higher values of pressure and monomer concentrations allow
for the synthesis of higher molecular weight polymers. The reason for this
phenomenon is shown to be the approach to liquid-like behaviour of the SCF



53

phase as P or [M] are increased.

Results obtained from the polymerization experiments have been
quantitatively correlated with a transient model that has been developed
for this purpose. Three parameters (k,, kp and k,), are obtained from this
fitting. The values of these parameters show that use of SCF solvents
allows us to selectively change the rates of specific steps in the reaction
mechanism (as compared to liquid solvents) to get products of a low average

molecular weight.

0.4. CONCLUSIONS

SCF have been shown to be powerful fractionating media for polymers,
on the basis of molecular weight. The sensitivity of the fractionating
power of SCF can be varied from gas-like to liquid-like, by increasing
pressure or by the addition of liquid solvents. Temperature, however, is
not an important variable in the range examined. Another important deduction
made from the data obtained from the solubility experiments, is that the

polymer phase in contact with the SCF behaves as an ideal solution.

Partition coefficient data for the polystyrene-ethane system, at a
variety of operating conditions, have been modelled with a Statistical-
Mechanics based Lattice EOS, using a single adjustable parameter, §,,,
that is independent of pressure, temperature and polymer chain length. An
analysis with the lattice EOS proves that the observed linearity of the
2ogK, vs X, curves in the solubility experiments represents a universally

valid trend displayed by polymer-SCF systems.

Precipitation polymerization reactions in SCF have been conducted to
prove the viability of this novel synthesis scheme to produce polymers of
a low molecular weight and a relatively narrow molecular weight distribution.
We established that polymers of chain length greater than -400 distributed
themselves across the SCF-phase and the coacervate-phase following the

same partition law measured in the solubility experiments. In examining



the sensitivity of the precipitate phase compositions to changes in P and
[M], it was observed that the molecular weight distributions move to
higher average values with increases in each of these variables, illustrating

the approach to liquid-like behaviour of the SCF solvent.

Data obtained from these experiments have been quantitatively correlated
with a model developed in this work. Use of this model, along with activated
state theories, illustrates the fact that the use of SCF solvents allows
us to affect selectively the kinetic rates of certain steps in the mechanism,
thus permitting us to produce polymers of relatively small molecular

weights and polydispersity.
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CHAPTER 1
INTRODUGTION

1.1 MOTIVATION

Supercritical fluid extraction (SCFE) is a unit operation in which
a supercritical fluid (SCF), a substance above its critical temperature and
pressure, is used as an extractant to solubilize a variety of compounds,
ranging from simple molecules like benzene to complicated molecules such as

cholesterol (Chrastil, 1982).

The region around the critical point is one of rapid changes in
properties. The density of the substance in this regime is, in particular,
very sensitive to changes in state variables and can vary from gas-like to
liquid-like with relatively small changes in pressure or temperature. To
illustrate this point, in Figure 1.1, a reduced pressure Vs. reduced
density® plot for a substance near its critical point is presented (Paulaitis
et al., 1983). The sensitivity of the density to state variables in the
vicinity of the critical point is of importance when it is considered that
the solvent power of an SCF is directly related to its density (Paul and Wise,
1971).

SCF also possess other interesting properties. The specific heat, G, of
a substance becomes infinitely large at the critical point, and thus, in
the vicinity of this point, the C, of the material can be large. Also, the
kinematic viscosity, (v), of an SCF is of the order of 10°7 m?s™!, lower
even than that of liquid metals. This fact, in conjunctionwith a diffusivity,
(D), intermediate between liquids and gases (Table 1.1) implies that SCF
have Schmitt numbers, (v/D), of the order 10. This immediately suggests

4 A reduced variable, in this context, refers to a non-dimensional number
obtained by scaling the relevant variable by its value at the critical point
of the material.
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that, although the solvent power of an SCF is liquid-like, its Schmitt
number (Sc) is gas-like. A low value for Sc is favourable in the context
of SCFE since it implies that the ratio of mass transfer time to momentum
transfer time is smaller than in liquids, ensuring a faster approach to a

mass transport equilibrium.

SCFE has a significant advantage over conventional liquid extraction (LE)
processes in that the separation of the solvent from the solute can be

achieved by small variations of operating conditions, at projected
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Figure 1.1: Plot of the reduced pressure vs reduced density for carbon
dioxide in the vicinity of its critical point (CP). Several isotherms are
shown. (Paulaitis et al., 1982)



Table 1.1: An order of magnitude comparison of the transport
properties of liquids, gases and SCF.

Substance Density Viscosity Diffusivity
kgm 3 Nsm™ 2 m?s™ !
Liquids 103 1073 1079
Gases 1 1075 1073
ScF! 700 1074 1078

tFor CO, at 20 MPa, 310K

lower costs than LE. This is a direct consequence of the dependence of the
solvent power of an SCF on its density: gas-like at low densities and
approaching liciuid-like at relatively high densities. Also, since SCF
possess a high C,, they can be used to obtain better temperature control
in any unit operation in which these fluids are employed. The high operating
pressures and the concomitant costs of equipment and maintainence offset
this advantage. The application of SCFE is probably of most value in
special extractions; viz. thermally labile products of bioreactors (Willson,

1987).

In the past, SCF have been studied mainly as alternate materials for the
solubilization of low vapour pressure compounds. Examples include the
dissolution of Si0, in supercritical water (Kennedy, 1950), simple organic
solids like naphthalene, benzoic acid, anthracene, acridine and 2-aminoflourene
in supercritical CO,, ethane and several freons (Schmitt, 1984). The
solubility of liquids like water, alcohols (ethanol, methanol, propanol,
n-butanol) and organic acids (acetic acid, butyric acid) in supercritical
CO, and ethane, have also been reported in a recent work (Panagiotopoulos,
1986). Another application of SCF that has been examined, is in the
fractionation of mixtures of solids of low volatility. A case in point
would be the fractionation of polymers on the basis of chain molecular
mass with SCF solvents (Paualitis et al., 1983). It has been shown in this
work that the molecular mass distribution of a polymer available commercially
(polysiloxane in this case), can be narrowed by extraction with supercritical
carbon dioxide. The point being emphasised here, therefore, is that most
of the prior art concerns itself with the measurement of the equilibrium
solubilities of compounds in supercritical fluids with little emphasis
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being placed on the applications of SCF in other environments.

A few industrial applications of SCFE do exist. Prominent among these are
the decaffination of coffee (Zosel, 1982; Peter and Brunner, 1982; Katz,
1981), extraction of lipids (Friedrich, 1985) and the extraction of hops
(Laws et al., 1980). Again, the underlying principle in these extractions
jnvolves the utilization of the phenomenon of extractant-SCF equilibrium.
It is only of late that other applications of SCF under process conditions

have been examined.

An interesting example of a relatively recent application of SCF, not
directly related to the areas discussed earlier, involves the production of
small, essentially equal sized particles by nucleation from a solution of
the material in an SCF. Krukonis (1984) has demonstrated that monodisperse
particles of ca. 10 microns diameter can be produced by dissolving B-estradiol
in carbon dioxide at 34.5 MPa and 328K and subsequently flashing the
mixture to atmospheric pressure, when the dissolved solid is precipitated.
This process is of significance since it is carried out at relatively mild
temperature conditions and could thus be used to process thermally labile
or degradable substances. An aspect of this process that has received
little attention is the possibility of modifying the morphology of solids

through nucleation from an SCF.

Another intriguing application of SCF involves their use in biochemical
reactors, where they can be used to extract products inhibitory to the
growth of the relevant microorganism, during the course of a fermentation
reaction. Willson (1987) currently is investigating the use of supercritical
gases in an integrated fermentation-extraction scheme in which the propionic
acid produced by Propionibacterium freudenreichii can be abstracted from the

reacting mixture, with essentially no harmful side effects.

Other processes that have received some attention in the recent past involve
the use of SCF as reaction media. The high cost of SCF as extraction media
makes them unattractive except in special separations. However, the possibility

of altering reaction product distributions through the use of SCF as reaction

58



59

media makes them attractive candidates for further investigation, in this
context. A germane example would be the use of supercritical water as a
solvent for the oxidation of organic wastes, with almost no ash being

produced as a byproduct (Helling, 1986).

Another potentially interesting application of SCF that combines reaction
and phase equilibrium concepts is a "SCF Precipitation Polymerization”. In
a classical, liquid-phase precipitation polymerization reaction the monomer
is dissolved in a liquid solvent that behaves as a non-solvent for the
polymer. The reaction is initiated and occurs homogeneously in one phase
until the polymer grows past a point when it is essentially insoluble in
the 1liquid solution. At this instant, a second, polymer-rich phase is
created by the precipitation of chains insoluble in the solvent phase. By
proper adjustment of operating conditions the reaction in the precipitated
"solid" polymer, which may be unterminated, can be siowed so that almost
all of the reaction occurs in the solvent phase. This provides a technique
to obtain a polymer with a narrow molecular mass distribution (Bamford et
al.,1980). However, in liquid solvents, the product polymer is frequently
a swollen gel since it is plasticized by the solvent (and sometimes the
monomer). The reaction rate in the precipitate could thus be very high and
often may be higher than in the solvent phase (Jenkins, 1967). The narrow
molecular mass distribution that is obtained due to the precipitation might
thus be destroyed, and the final product obtained would then normally be
of a broad molecular mass distribution [with polydispersities, (M,/M,), of
the order of 5-10]. Also, in liquid solvents, no control is available to
vary the threshold molecular mass for polymer precipitation since the solvent

power of the liquid solvents could not be varied easily.

To appreciate the utility of SCF in precipitation polymerization reactions
we need to understand the position and the sensitivity of the threshold
molecular mass of polymer chains for precipitation, to variations in
operating conditions. In the current literature, however, little data
exists to indicate the variation of solubility of the members of a homologous
series of compounds in an SCF, as a function of molecular mass. It has

been inferred from chromatographic techniques that the solubilities of a
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series of compounds in an SCF decreases as the chain length of the solute
molecule increases (Schmitz and Klesper,1983). Also, Schréder and Arndt
(1976a,1976b), in their work on determining qualitatively the solubility
of polymer chains (viz., PVC and polystyrene) in CO, observed that the
equilibrium concentrations of compounds in an SCF decreases as one proceeds
to solutes of longer chain lengths. This also suggests that if a mixture
of compounds belonging to the same homologous series were contacted with
an SCF, the lower molecular mass compounds would be preferentially dissolved
into the fluid phase. This concept of preferential solubility of lower
molecular mass compounds from a mixture into an SCF has been used to
fractionate polydisperse polymers on the basis of molecular mass (Paulaitis

et al.,1983; Krukonis, 1965; McHugh and Krukonis, 1986).

The potential use of SCF as solvents in the context of precipitation

polymerization stems from the following reasons:
(1) The adjustable solvation power of SCF allows for the variation
of the threshold molecular mass for polymer precipitation. The
molecular mass of the product polymer may then be varied by adjusting
the pressure, temperature or the composition of the SCF phase.
(ii) Since SCF are expected to be poor solvents, it is anticipated that
the problem of the broadening of the product molecular mass distributions
due to reactions in the precipitate will be alleviated by their use.
(iii) Subsequent to the reaction, the unreacted monomer can be recovered
easily from the reaction medium, again with relatively modest changes
in the operating conditions. This is in sharp contrast to classical
precipitation polymerizations wherein the recovery of the unreacted
monomer is a highly energy intensive process (Gutowski et al., 1983)
(iv) The high G, of the SCF allows for the easy removal of heat of
reaction thus easing a heat transfer problem that is normally encountered

in precipitation polymerization reactions.

These concepts provide the motivation for the investigation of a precipitation
polymerization with an SCF as a solvent medium. It must be remembered,
however, that the use of SCF in this context has its disadvantages. The

high pressure at which the reaction must be carried out is hazardous from
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a safety consideration. The handling of solids, specially particulates, at
the operating pressure is also a potential problem area if this scheme

were to be extended to an industrial scale.

1.2 RESEARCH OBJEGTIVES

The main focus of this work is directed toward exploring the feasibility
of a precipitation polymerization of a well-studied reaction system using
an SCF or an SCF mixture as the solvent medium. Styrene polymerized by a
free-radical mechanism, initiated by a classic initiator such as 2,2'-
azobisisobutyronitrile (AIBN) is an example polymerization system. The
approach to fulfill this objective was to use experiment and theory in an
integrated fashion so as to study and understand the complex phenomena

involved.

1.2.1 Experimental Aspects: The experimental portion of this research

relates to the operation of a polymerization system. To achieve this
purpose, a well characterized reaction system is desirable. This entails
that reaction rate constants as well as solubilities of oligomers in the
SCF (as a function of chain length) need to be known.
- Data on the solubilities of oligomeric chains in SCF are not
available. The measurement of these solubilities (as a function of
chain length) was performed in the first part of this work.
- The latter part of this work then concentrated on the analysis of
the chosen SCF precipitation polymerization system to prove the
viability of this novel synthesis scheme to produce precipitate
polymers of a narrow molecular mass distribution and a controllable
average molecular mass. Also, the sensitivity of the composition of
the product polymer to changes in state variables (like pressure,
temperature, monomer concentration and initiator concentration) were

examined to identify the controlling operating conditions.
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1.2.2 Theoretical Aspects: The proper understanding of the theoretical

aspects of the proposed work stems from a need to place the experimental data
in a proper theoretical framework. The theoretical aspects that need to be

modelled are presented below.

- The equilibrium solubilities of monodisperse polymer fractions in
an SCF need to be correlated. The modelling of binary mixtures of
monodisperse polymer-SCF will have to be extended to a case of a
polydisperse polymer in equilibrium with an SCF.

- Data on reaction rate constants in liquid solvents are available in
the current literature (Jenkins, 1967; Moore et al.,1981). However,
reaction mechanisms are essentially unknown, and rate constants have
not been measured for SCF polymerization reactions under the state
conditions of interest. SCF precipitation polymerizations were thus
performed to measure the compositions of polymer in the SCF phase
and the precipitate phase to formulate an appropriate kinetic mechanism
and deduce the relevant kinetic parameters. This information was
used to predict the average molecular mass and molecular mass
distributions of the product polymer under different operating

conditions.



CHAPTER 2
EXPERIMENTAL BACKGROUND AND RESEARCH METHODOLOGY

In this chapter experimental results in the relevant areas of
supercritical fluid extraction and polymer fractionation are discussed.
Also, a concise introduction to precipitation polymerization is provided.
This discussion will be used to rationalize the selection of the system

investigated in this work.

We emphasise that the theoretical background and a detailed discussion
of the theoretical methodology adopted in this work are not covered in this
chapter. In the current literature, the techniques involved in the modelling
of the theoretical aspects, especially the modelling of the solubility of
polymers into solvents, is a highly involved field that requires an elaborate
introductién. It is for this reason that this discussion has been deferred

to appropriate sections in this thesis.

2.1 SUPERCRITICAL FLUID EXTRACTION

SCFE was first observed by Hannay (1880) and Hannay and Hogarth
(1879) who noticed the enhancement of the solubility of a solid in a fluid
near its critical point. The theoretical framework for this phenomenon was
established earlier by van der Waals in his work on Equations of State in
1873. The interest in SCFE then decreased with little work being done in
the field until the middle of this century. Then, the most significant
study dealt with the solubility of naphthalene in SCF (Diepen and Schaeffer,
1948 and 1953). Later, this work was extended by Tsekhanskaya et al.,
(1964) who measured naphthalene solubilities and diffusivities in some SCF.

Much of the existing literature in this area deals with the measurement

of the equilibrium solubilities of a variety of compounds in SCF (see
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Chapter 1). Also, the majority of applications of SCF in the process industry
involve the utilization of supercritical fluids as extraction media. The
earliest use of SCF on a process scale was the deashing and supercritical
extraction of coal liquids (Gearhart and Garwin, 1970). Decaffination of
coffee and tea, extraction of hops and spices and fractionation of polymers
are some other examples of the applications of this unit operation (Paulaitis
et al.,1983; Zosel, 1978). It is only recently that the use of SCF in
other aspects of process flow sheets have been considered. An example of
such an applicationbeing studied currently is the utilization of supercritical
fluids for the extraction of biological products from fermentation broths
in a combined fermentation-extraction scheme (Willson, 1987). A book by
McHugh and Krukonis (1986) provides a collection of the potential uses of

SCF in industrial processes.

SCF have also been used in chromatography where the fluid is used as
the carrier medium for the separation of substances with very low vapour
pressures. This process has been used successfully for the separation of
oligomeric and polymeric styrenes on the basis of molecular mass utilizing
the fact that, in this context, SCF are strong fractionating media (Schmitz
and Klesper, 1981, 1983). The principal advantage of supercritical fluid
chromatography (SFC) over liquid chromatography (LC) is that the separation
of a solute mixture can be obtained not only by temperature or solvent
composition programming (as in the case of LC or GC) but also by pressure
variations. This is a direct consequence of the sensitivity of the density,
and hence solvent power of the SCF on both the temperature and pressure of
operation. The height equivalent of a theoretical plate (HETP) in such
separations is directly proportional to the kinematic viscosity of the
carrier gas and to the diffusivity of the solute in the carrier. The very
low kinematic viscosity of SCF and diffusivities intermediate between
liquids and gases result in a smaller HETP in the case of SFC as compared
to LC and GC (Debenedetti,1984; kiesper, 1978; see also Table 1.1), thus
ensuring better fractionation of the solute on the basis of molecular
mass. A review paper by Randall (1982) documents the wide range of
applicability of SFC.
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The separation of the product polymer from the solvent is an important
problem in solution polymerization processes. This operation, which normally
is achieved by the evaporation of the solvent, is energy intensive and can
frequently account for ca. 10% of the cost of the final product. Gutowski
et al., (1983) have employed SCF to facilitate the easy separation of
solvents from polymers and report that this alternate method is potentially
cheaper than conventionally employed techniques. McHugh and Guckes (1985)
have also demonstrated that the use of SCF in this context is practically

viable.

The study of the solubility of polymers in SCF was motivated mainly
to understand the bulk polymerization of ethylene at operating conditions
around 100 MPa and 400K, wherein the ethylene monomer is supercritical (T,
of C,H, is 282.4 K and P, is 4.9 MPa). Experimental studies in the area
are almost always privy information, but there is a report by Ehrlich and
Mortimer (1970) that provides some data in the form of cloud point curves
for the ethylene-pclyethylene system. Also, Spahl and Luft (1982) have
published detailed, partition coefficient data for polyethylene chains
between a polymer-phase and a supercritical ethylene phase, again in the

same range of operating conditions.

Work in the area of solubility of poly(vinylchloride) in supercritical
CO, has also been performed (Schréder and Arndt, 1976a and 1976b). In this
work, light scattering was used to monitor the quantity of material dissolved
in the SCF phase. Results reported cannot be quantified since they are reported
as the variation of the fraction of scattered light as a function of
operating variables. To infer solubility trends from light scattering data
we may employ the Beer-Lambert law for light absorption,

B, = A,/cd, (2.1)

where ¢ is the solute concentration in the SCF phase (moles m3), d, is the
optical length of the sample cell (m) and B, is the molar absorbance,
which has been shown to be independent of pressure (Swaid, 1982). A, is defined
through the integral,
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A, = I fn(Iy/1) dx (2.2)

where £n(I,/I) is the absorbance corresponding to any wavelength A, and
the integration in Eq(2.2) is performed over the wavelength spectrum of
the incident beam. Schréder and Arndt (1976a,1976b) present their data as
the variation of transmitted light fraction as a function of operating

variables. On defining this fraction as some quantity t, we can show that,
c = -4nt/d, B, (2.3)

Eq.(2.3) suggests that c vs. £nM curves will have the same shape as Schréder
and Arndt's plots of t vs M, where M represents the molecular mass of the
polymer sample. Some trends for the solubility of polymers in SCF can thus

be inferred from their work:

- All different molecular mass polymer samples show a sharp rise in
solubility around the critical pressure of CO, (7.38 MPa), a
characteristic displayed by low molecular mass compounds as well.

- The solubility curves tend to flatten out as one goes out to high
pressures, but in a much slower fashion than the isotherms of a low
molecular mass compound.

- A fact to be noted is the variation of solubility as a function of
molecular mass at a given pressure and temperature, highest for low
molecular masses and decreasing with increasing molecular mass
(refer to Figure 2.1). Figure 2.1 demonstrates the strong dependence
of the molecular mass on the solubility of a polymer into an SCF. At
100 MPa and 313K, the authors show that the transmitted light fraction

depends on the molecular mass of PVC in a power-law fashion,
t o« M°¥ (2.4)

We can rewrite this using Eq.(2.3) as,
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Figure 2.1 : Variation of the transmitted signal with molecular mass of the
PVC sample at 313 K in CO,. 1:100 MPa., 2: 40 MPa., 3: 20 MPa., 4:10 MPa.
M is the molecular mass of the PVC fraction of interest. (Schrdder and

Arndt, 1976a)

c=1n, - n, AnM (2.5)
where 5, and n, are constants. From this work, therefore, we can

surmise that the solubility of polymer samples in an SCF (in moles

m 3) must decrease in a linear-log fashion with increases in their

molecular mass.

While it is encouraging to note that recent studies have focussed on
the practical use of SCF, we must be understand that the use of high-pressure
processes have not generally found much favour in the process industry; an
important exception being the synthesis of polyethylene. The reason for
this can be attributed to the increased costs incurred in the construction,

maintainence and operation of such plants due to the extreme operating



pressures. It would thus seem reasonable to assume that large scale processes
based on the use of SCF as extraction media will not be economically
viable. The anticipated use of SCF probablv lies in special separations
(an examples of this is the extraction of thermally labile or degradable
materials like products of fermentation reactions) or in unusual synthesis
schemes, like the one that will be examined in this thesis. Another area
that needs more careful examination is the possibility of modifying the
morphology of solids, especially polymers, by nucleation from a supercritical

solution.

SCF could also be used in the understanding of the fundamental
behaviour of matter., It has already been shown by Panagiotopoulos (1986)
that unusual phase behaviour, including substantial regions of multi-phase
equilibrium are displayed by mixtures with supercritical components. High-
pressure materials due to their unusual properties (see Table 1.1, for
example), are excellent tools to probe the molecular interactions that
determine the phase behaviour of complicated mixtures. An integration of
such experimental data along with Monte Carlo or Molecular Dynamics simulations
will help in delineating the factors that govern the phase behaviour of

mixtures.

2.2 SOLUBILITY OF POLYMERS IN CONVENTIONAL SOLVENTS

Most of the current literature indicates that an SCF solvent may be
used to fractionate polymers on the basis of molecular weight. Paulaitis et
al., (1983), Krukonis (1985) and McHugh and Krukonis (1986) have demonstrated
with the use of GPC traces that, by dissolving a polymer in an SCF, the
product (in the SCF phase) is always concentrated in the low molecular
mass chains. However, no quantitative data that illustrate the fractionating

ability of SCF exist in the vicinity of their critical points.

The fractionation of polymers on the basis of molecular mass with liquids
or very high pressure gases, however, is a subject that has received

considerable attention in the past few decades (Schulz and Jirgensons,1940;
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Flory, 1953; Koningsveld et al., 1974; Kleintjens et al., 1976; Spahl and
Luft, 1982). We now examine the area of fractionation of polymers with
conventional 1liquid or liquid-like solvents to understand qualitatively

the trends to be expected when SCF solvents are used instead.

It has been demonstrated that for the fractionation of polymers with
liquid-like solvents, to a first approximation, a mass-based partition
coefficient for each n-mer between the two equilibrium phases depends only
on the molecular mass of the chain in an exponential fashion,

»

ln(K‘;ld) = Bn(wi'/w;) = -or, + In{ (2.6)

where the single and double primes are used to denote the phases dilute
and concentrated in polymer, respectively. w, represents the weight fraction
of the polymer chain in the relevant phase, K‘i’ld is a partition coefficient,
r, is the chain length of the polymer (or, alternately, the number of
monomeric units per polymer chain) and £ is a constant. o, also termed as
the "separation factor", determines the dependence of the partition coefficient
on the molecular weight of the polymer chain, and is a function of temperature,

pressure and concentration,

Schulz (1941) has derived this equation through the use of empirical
arguments. The first theoretical development of Eq(2.6) was achieved by
Flory (1953). Since the fractionation of a polymer occurs between a polymer-
rich phase and a solvent-rich phase, it implies that polymer chains of
each chain length must be in thermodynamic equilibrium across the two
phases. The mathematical criterion which expresses this situation is the

equality of chemrical potentials of the relevant species in both the phases,

pyo=py (2.7)
for all components i. Flory obtained expressions for the chemical potentials
of each constituent of the mixture through the use of the Flory-Huggins
Lattice Model (Flory, 1941,1942; Huggins, 1941,1942). On substituting
these formulae in Eq(2.7), the functional form for the partition coefficient,
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K914, represented in Eq(2.6), can be recovered (Flory, 1953; Kurata, 1982).

It is to be noted here that, o, the separation factor in Eq.(2.6) is
independent of the chain length of the component i, to a zeroth order. 1f
a narrowly distributed polymer sample were used to determine o, therefore,
the obtained value will be essentially independent of chain length. On the
other hand, if a polydisperse sample were to be employed, a chain length
dependent value of o may result. An alternate way of appreciating this
fact can be obtained by expanding ¢ in a MacLaurain series in terms of the

inverse of the chain length as a parameter,
o = 0, + [ag/a(l/ri)]m (1/1’1) 4 ececvcccecccccee (2'8)

where the series expansion is made about the infinite chain length limit.
The variation of o with chain length is then controlled, to a first

approximation, by the second term in the expansion.

To date, however, analysis techniques of sufficient accuracy do not
exist to separate and analyze polymer molecular mass distributions on an
individual mer by mer basis. Instead, most data reported in the literature
for fractionation of polymers by liquid solvents are in the form of number
or mass averaged molecular weight data. Eq(2.6), which is the governing
equation for this fractionation process, however, is valid strictly only
for individual mers. The calculation of ¢ from Eq(2.6), using average
molecular mass data, will therefore not allow for an unequivocal determination
of the molecular mass dependence of o. Based on average molecular mass
data for the fractionation of polymers into liquid solvents, Schulz and
Jirgensons (1940) suggested that o is a weak function of molecular mass.
This observation has been subsequently verified by Breitenbach and Wolf
(1967), Tsuyomoto et al.(1984) and Koningsveld and coworkers (1974). Tong
et al. (1985) show that the separation factor is practically constant when
dealing with a monodisperse polymer sample, and becomes dependent on the

polymer molecular mass only when it is of a very broad distribution.
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The solubility and fractionation of polymers (specifically polyethylene)
in very high-pressure ethylene (of the order of 200 MPa.) has been reported
by Spahl and Luft (1982). Again, for the polymers considered, mostly of
molecular mass around 1000, they find a linear dependence of the partition
coefficient on the average molecular mass of the polymer in consideration,

implying that o has a constant value in the regime investigated.

In summary, consequently, there are two points that need to be
emphasised as the essential results in the literature regarding the
fractionation of polymers with conventional solvents.

- The partitioning of polymer between the two equilibrium phases

depends exponentially, to a zeroth order, on chain length of the relevant

species following Eq(2.6) [0 is assumed to be independent of chain
length]. If a broad range of chain lengths are considered, however,
this simple relationship may break down and a non-linear term, still
only a function of chain moiecular mass, is introduced in the exponential

term.

- Tz date there is sufficient evidence to suggest that ¢ may indeed
be a weak function of chain molecular mass. However, no data has
been published for the fractionation of polymers, on an individual
mer by mer basis, to determine this dependence accurately for any

system,

2.3 PRECIPITATION POLYMERIZATION

The time evolution of a precipitation polymerization is as follows: the
polymerization of the ...nomer (either in bulk or in a homogenous solution
with a diluent) is initiated either by a chemical initiator or by other means
(Flory,1953), and occurs initially in a single homogenous-phase. For the
case of a free radical polymerization, an initiator, such as an azonitrile

compcund, forms free radicals due to spontaneous thermal dissociation,

I — 2R° (2.9)
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Here I is the initiator and R° a free radical. (In all subsequent notation,
the bullet, (+), will always be used to represent a free electron that is
present on a free-radical). The polymerization continues in a single phase

solution through addition of monomers to free-radicals in a propagation step,

R + M — RM' (2.10)
RM® + M —— RM; (2.11)
RM, + M ——— RM},, (2.12)

where M stands for a monomer molecule and RM; represents a chain of x
monomeric units with an unterminated radical at the end. The propagation
reaction is normally terminated either by addition or disproportionation

of two active, free-radical chains to form dead polymer chains.

RM, + RM; — P, ., (Addition) (2.13a)

— Py Y By (Disproportionation) (2.13b)

It is to be noted that the addition reaction involves the combination of
the free electrons on the two free-radicals to form a single bond between
the chains that add. In the disproportionation reaction, however, one
free-radical abstracts a proton from the other to form a single bond: the
other free-radical in its turn forms a double bond to satisfy the valence

requirements of the carbon atoms at the end of the chain.

In precipitation polymerizations, these reactions proceed w'til a
threshold concentration of a n-mer is reached, wherein it precipitates. The
determination of the precipitation threshold is one of the least understood
aspects in this mechanism since it may be affected by system-specific
parameters. Barrett and Thomas (1975) present a review of the variety of

theoretical techniques used to model the nucleation process. The dyna-
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mically controlled threshold molecular weight for precipitation has been
calculated using a theory of homogenous nucleation [(Nielsen,1964), This
aspect of the literature will be addressed in Chapter 6].

The precipitated polymer still possesses some active chain ends
which may react further with more monomer in a propagation step. Significant
reaction in the coacervate would broaden the molecular mass distribution.
Two factors dictate if further reaction occurs in the precipitate phase:

- Due to increased viscosity of glassy substances at temperatures below
the T, of the coacervate phase, the unterminated chains in this
phase are more occluded than at higher temperatures. Their reactivity,
therefore, is lower than that of the chains in the solution phase
(Jenkins, 1967). This means that, in principle, the rate of
polymerization in the precipitate 1is slow, and hence a product
polymef with a narrow molecular mass distribution should be
obtained. Bamford et al., (1980) have synthesised polystyrenes of low
polydispersities (M,/M,~ 1.6) through the free-radical precipitation
polymerization of styrene in n-hexane, demonstrating the viability
of this concept. At higher temperatures, however, the reactivity of
the radicals in the coacervate become more important.

- The presence of large quantities of monomer or appropriate solvents

however, may plasticize the polymer, thus reducing the T, of the

coacervate phase. The effect of this is similar to raising the
operating temperature, i.e., the radical ends are less occluded and

significant reaction with monomer may occur in this phase.

Juba (1984) and Ray and Jain (1975) have suggested that the addition
of a chain-transfer agent will help in the control of the molecular mass
distribution of the product polymer. The addition of a classic chain
transfer agent, normally a mercaptan, helps transfer free radicals that
are present on chains to monomers or other chains through the following

mechanism:



+ A° (2.14a)
M —— R + AH (2.14b)

wherein AH is the chain transfer agent and P, is the terminated polymer. In
the first step the free radical is abstracted from the active chain by the

chain transfer agent. The chain transfer agent, which now is a free radical,
then reacts with either a monomer [Eq.(2.14b)}, or, if the monomer
concentration is low with a terminated polymer chain, in a propagation
step. In this process, the active chain looses its reactivity, automatically
ensuring that the broadening of the molecular mass distribution in the

precipitate phase will be reduced.

Another interesting aspect of precipitation polymerization reacticns
is that the overall, bimolecular termination rate constant is lower in
these reactions than in conventional, single phase polymerizations. This
can be attributed to the fact that both terminated and unterminated chains
are present in the precipitate.’ Due to the high viscosity of this phase,
the movement of the oligomeric chains in the coacervate phase is almost absent
and the possibility of termination is lowered. The net effect of this
phenomenon is manifested as a reduction in the value of the overall termination

rate constant for the system (Jenkins, 1967).

The rate of polymerization, r,, depends on the monomer concentration

[M] and the total free radical concentration, E[R;] through the equation:
r, = kp[M]xZ[R;] (2.15)

It must be realized, that in single phase polymerization reactions,
the total radical concentration reaches a quasi steady-state relatively fast
compared to the half-life of the initiator, and that this value is usually
5 to 6 orders of magnitude smaller than the monomer concentration (for

more details see Flory,1953; Odian, 1985). In a solution polymerization

5 The proof of the presence of active ends in the precipitate has been
shown by Bamford and Jenkins (1955) with the use.of electron spin resonance
(ESR) measurements.
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reaction, therefore, the rate of polymerization (rp) is maximum early and
slowly drops off as the conversion increases due to the depletion in
monomer concentration [Eq(2.15)]. The rate of precipitation polymerization,
in the absence of chain transfer agents, on the other hand, increases with
time. This can be attributed to a reduced rate of termination for the
precipitated radicals as compared to the termination rate in the case of
solution polymerization. The concentration of unterminated radicals thus
increases with time, causing an enhancement of the reaction rate in the
coacervate phase. This effect termed as the Tromsdorff or autoacceleration

effect is illustrated in Figure 2.2 which is reproduced from Jenkins (1967).
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Figure 2.2: Comparison of the conversion vs. time for a solution and
precipitation polymerizations (Jenkins,1567)
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Historically, precipitation polymerization was discovered when methyl
methacrylate was polymerized in the bulk, by a free radical mechanism in
the liquid phase (Norris and Brookman,1939; Norris and Smith, 1942). Norris
and Smith (1942) noted an increase in the polymerization rate with increasing
conversion of the monomer and correctly attributed the source of this
effect to an increase in the viscosity of the medium due to precipitation
of the product poly(methylmethacrylate). An increased viscosity of the
medium reduces the mobility of free-radicals, thus reducing the probability
of their termination. The concentration of free-radicals thus increases
with time, resulting in an increasing reaction rate following Eq(2.15).
Bamford and Jenkins (1953, 1955) have subsequently verified this result
for other systems, viz. the free-radical polymerization of acrylonitrile
in the bulk. Other works in the area include the free radical polymerization
of styrene in methanol, the bulk polymerizations of vinyl chloride and
vinylidene chloride (Juba,1979).

Juba (1979) provides an overview of the field both from a theoretical
and a practical étandpoint. This work is also an excellent source for the
current literature in the field. In the case of a homogenous-phase free
radical polymerization, when termination occurs only due to addition or
disproportionation, the value of M, /M , termed the polydispersity, ranges
between 1.5 and 2.0; the actual value depending on ratio of radicals
terminated by addition to radicals terminated by disproportionation. In
normal, single-phase free radical polymerizations, however, M, /M, normally
ranges between 3 and 5, due to the presence of other termination
mechanisms. Occasionally, precipitation polymerizations can yield product
polymers with molecular mass distribution as low as in conventional,
single-phase polymerizations. Bamford et al., (1980) report a value of
M,/M, of approximately 1.6, for a free radical precipitation polymerization
of styrene in n-hexane. Schwab (1984), also reports narrow distributions

(M, /M, ~1.3) for the anionic dispersion polymerization of styrene in n-hexane.

Data for the reaction rate constants for some polymerization systems
(viz. the free radical solution polymerization of styrene at a variety of

pressures) are available in the literature (Moore et al., 1981). However,

76



77

little to no data exist for precipitation systems at high pressures, in

solvents near their critical points.

2.4 RESEARCH METHODOLOGY

2.4.1 System Selection

It is the goal of this work to examine a precipitation polymerization
reaction in an SCF to understand and delineate the relevant phenomena and,
also, to contrast this heterogenous reaction in SCF to classical, liquid-
phase precipitation polymerizations. The selection of an appropriate SCF
solvent and a polymerization system will thus have to be made to successfully
achieve the oﬁjéctives of this work. The se'=2cted system should, preferably,

meet the following criteria:

- The reaction rate in the precipitated phase can be retarded if the
polymer in this phase is below its glass transition temperature. The
glass-transition temperature of the chosen polymer system must be
near the chosen temperature of operation. In this context, it must
be remembered that the addition of a solvent, frequently, plasticizes
the polymer and thus reduces the polymer’'s T,.

- Also, the product polymer must be amorphous so that its equilibrium
solubility can be measured unequivocally. If the product polymer were
semi-crystalline, however, this would not be possible.

- The monomer and initiator must be soluble in the SCF to an appreciable
degree, preferably completely soluble under the operating conditions.
- The polymer produced in the chosen system must be commercially
available in samples with different molecular masses and narrow
molecular mass distributions from degrees of polymerization between
1 and 50. This is essential for the measurement of the chain length
dependence of the solubility of polymer chains in the chosen SCF.

- To allow for the ease of operation, it is desirable to conduct the
polymerization reaction in the vicinity of room temperature, i.e.,

in the temperature range 303-343K. A material with acritical temperature



in this range is an ideal choice for the SCF solvent.

The selection of appropriate systems with these prerequisites can now be made.
In the following discussion we present the systems chosen for this

investigation.

Selection of the Polymerization System: The selection of the

polymerization scheme is an important step in our system selection. As
suggested earlier, a well studied polymerization system will have to be
considered. The free radical polymerization of styreme is a reaction that
has been carried out in a precipitation mode in a variety of solvents
(Hoffman, 1976; Juba,1979), at temperatures between 298 and 353K and to
yield a totally amorphous product (the glass temperature of unplasticized
polystyrene is approximately 373K [Brandup and Immergut, (1975)]). Also,
the various kinetic steps involved in this reaction are well understood.
Polystyrene is commercially available in monodisperse polymer fractions

between average molecular masses of 500 and 500,000.

Another prospective system is the anionic polymerization of PEO, a system
that has also been studied in some detail in the past. However the product,
PEO, is partially crystalline, which could imply a significant increase in
the complexity for the understanding of the system. We thus chose the
polymerization of styrene initiated by a free-radical mechanism as our

model polymerization system.

SCF _Selection: There are several, commonly available materials with

T, in the vicinity of room temperature. Some of these materials along with

relevant thermodynamic properties are listed in Table 2.1.
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Table 2.1 : Properties of some SCF

Gas - T, (K) P, (MPa)
Carbon dioxide 304.2 7.38
Ethane 305.4 4,88
Ethylene 282.4 5.03
Propane 369.8 4.24

Of these SCF, CO, is the most frequently used SCF solvent and would be a good
choice for our purposes regardless of the chosen polymerization system, since
it is a well studied and fairly well understood supercritical solvent. In
the past, however, almost all precipitation polymerizations have been
carried out in organic media: for example, styrene in n-hexane (Bamford at
al., 1980), styrene in methanol (Hoffman, 1976), methyl isopropenyl ketone
in cyclohexane (Haward, 1948). (Important exceptions are the precipitation
polymerizations of polymethylmethacrylate or polyacrylonitrile which are
normally performed in an aqueous solution (Jenkins,1967 and all references
therein), and the bulk polymerizations of vinyl chloride (Chatelain,1973),
acrylonitrile (Bamford and Jenkins, 1953) or methyl methacrylate (Norris
and Smith, 1942)]. The free-radical precipitation polymerization of styrene,
our model polymerization system, has been conducted in the liquid phase in
n-alkanes (Bamford et al, 1980). This provides us the motivation to pick
ethane as the primary solvent for our exploratory work on the feasibility

of precipitation polymerization in SCF solvents.

An unusual entry in Table 2.1 is propane, which with its critical
temperature at 370K is outside the desired operating range. The reasoning
for the inclusion of this compound is to study, if possible, the effect of
tailoring the critical temperature of the SCF by the use of gas mixtures. It
has been suggested in the past (Joshi and Prausnitz, 1984), that the use of
SCF mixtures gives rise to synergistic effects with regard to their solvent
power. This makes the use of gas mixtures of ethane and propane an attractive

prospect.
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Selection of free-radical initiator: Several free-radical initiators

have been considered for use in polymerization reactions. Among them the most
popular ones include peroxides such as cumyl peroxide, t-butyl peroxide and
benzoyl peroxide, hydroperoxides such as cumyl and t-butyl hydroperoxides,
and azo compounds like 2,2’'-azobisisobutyronitrile (AIBN) [0dian,1985].
All these initiators form free-radicals through thermal dissociation, with
AIBN being used at low temperatures (t1,2(343K)= 4.8 h), and the peroxides
being normally employed at higher temperatures (t;,, (400K)= 6.4 h for t-butyl
peroxide). Other initiators such as redox initiators, photoinitiators were
not considered since it was felt that the free-radical mechanism was the
best understood and hence presented the least degree of uncertainty if it
were to be used. Since we chose to operate our reactions in the vicinity

of room temperature, AIBN was the logical choice for the radical initiator.

2.4.2 Experimental Methodology

2.4.2.1 Solubility Experiments: Data on the solubility of polymer chains
in SCF are required to understand the chain length dependence of solubility.
A knowledge of the solubility allows for the prediction of the precipitation
threshold in the polymerization experiments through the use of an appropriate
theory of nucleation. Also, such experiments allow us to gain an understanding
of the partitioning of polymer chains between the gas-phase and the

precipitate-phase in the synthesis experiments.

Since the density of an SCF and hence its solvent power are sensitive
to the operating variables (pressure and temperature) in the vicinity of
the critical point of the solvent SCF, the variation of partition coefficient
with changes in these variable will be examined. Also, as suggested, an
ethane-propane mixture will be used to examine the modifying effect of an

additive to the partitioning behaviour of ethane.

2.4.2.2 Reaction Experiments: The polymerization experiments are tailored
to study the feasibility of the proposed "SCF Precipitation Polymerization"
concept and to study the sensitivity to the following variables:
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-Temperature of operation: The temperature of operation is a crucial

variable due to three factors. First, that avariation in the temperature
of operation would have the effect of changing the molecular mass
cutoff, and thus varying the molecular mass of the resultant polymer
product. Secondly, a shift in the operating temperature would cause
the mobility and occlusion of the trapped radicals to vary, thus
potentially affecting the molecular mass distributions of the polymer
obtained. Third, reaction rates are temperature dependent and changes
in temperatures are thus expected to enhance conversions from monomer

to polymer, at any given time.

- Pressure of operation: The pressure of operation is an important

variable since the density and hence the solvent power of an SCF are
very sensitive to the value of this variable. The cutoff in molecular
mass is hence expected to be a determined by this variable. We thus
expect to be able to modify the molecular mass distribution of the

product polymer by altering the operating pressure.

- Monomer Concentration: Since the rate of polymerization is a direct

function of the monomer concentration [Eq.(2.15)] it is expected that
this variable will play a pertinent role in the determination of the
molecular mass distribution of the product polymer. Also, oligomers
of styrene are soluble in styrene monomer, while it is expected that
the SCF solvents will behave as "non-solvents" for the oligomers.
The addition of appreciable quantities of styrene to the SCF can
thus be expected to modify the behaviour of the solvent, thus affecting
the properties of the product polymer.
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CHAPTER 3

A STATISTICAL-MECHANICS BASED LATTICE MODEL
EQUATION OF STATE

3.1 INTRODUGTION

The modelling of mixture VLE has normally been performed by one of the

following techniques:
(a) Semi-empirical methods
(b) Monte Carlo methods

3.1.1 Monte Carlo Methods

Monte Carlo methods have been used to simulate and understand the
effect of intermolecular interaction potentials between small spherical
molecules, on their VLE behaviour. The review by Gubbins et al. (1983) and
a recent thesis by Panagiotopoulos (1986) are excellent sources for the
techniques used for the modelling of binary mixtures. However, simulations
have been restricted to mixtures of small molecules of almost the same
size. It is believed that Monte Carlo and Molecular Dynamics techniques
will eventually find extensive use in the modelling of mixtures of molecules
of disparate sizes. However, at this point in time, the excessive computational
effort requircd in these simulation methods makes them relatively unattractive

in comparison to simple, closed form equations of state (EOS) .

3.1.2 Semi-Empirical methods

Helmholtz energy models of pure components and mixtures would be a

natural result if a statistical mechanics approach were taken to model
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mixtures of molecules. An advantage of obtaining the Helmholtz energy of a
mixture, A, is that it contains all the requisite thermodynamic information
for the system. For example, an equation of state relating the state
variables for a N component system, namely T,P,V and (N-l) mole fractions,

can be obtained.

dA
(3.1)

oy |T,N, N, 0N,

Also, the chemical potentials of component i in phase j can be obtained

from the A functionality.

dA
(3.2)

N, |T,V,Ny,,

During the last decade EOS have been used increasingly to correlate
and model the complex phase behaviour of molecular mixtures under a variety
of conditions. Several classes of equations of state (EOS) have either been
derived from, or lead to a Helmholtz energy model for a pure compound or a
multicomponent mixture. Cubic EOS (van der Waals, 1873; Redlich and Kwong,1949;
Soave, 1972; Peng and Robinson,1976) are examples of the more popular
models that can be derived semi-empirically from an expression for the
Helmholtz energy of the systemof interest (Donohue and Prausnitz, 1975). These

EOS can be represented in a general form as:

NRT N2a
P = - (3.3)

V - Nb V2 + uNVb + wNZb2

wherein u and w are pure numbers characteristic for each EOS and R is the

universal gas constant. This genre of EOS and its modifications (Carnahan
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and Starling, 1972; Dieters, 1981) have found extensive use in the field
of SCFE. However, these EOS have one major limitation in that they were
deriwved for the case of mixtures of small, essentially spherical molecules.
Therefore, they should not be used for mixtures of molecules of vastly

differing sizes.

To model the phase behaviour of systems of molecules of disparate sizes one
needs an appropriate Equation of State (EOS) that is applicable over a large
range of densities. In the past, the modelling of mixtures of molecules of
dissimilar sizés has been performed by the use of either of two general
techniques. The first is based on perturbation theory; an example of such
an EOS is the modified perturbed hard chain EOS (PHCT) [Donohue and
Prausnitz,1975; Vimalchand aund Donohue,1985; Sandler,1986] which has been
used successfully to model mixtures of small and large hydrocarbons. The
apparent complexity and the large number of adjustable parameters in PHCT

models makes them less attractive for our purposes.

The second genre of models used for polymer-solvent mixtures has been the
lattice model approach. The earliest attempts to correlate polymer-solvent
systems were made by Flory (1941,1942,1953), Huggins (1941, 1942) and
Staverman (1950), who developed an activity coefficient model through the
use of a mean-field analysis of molecules placed on a three-dimensional
lattice. Most later developments in this field are attempts to alleviate the
shortcomings inherent in these pioneering attempts. These improved models
in their turn can be broadly classified into three categories which are

discussed below.

Kleintjens (1983) and Kleintjens and Koningsveld (1982) did select the
Flory-Huggins entropy term in their expression for the Helmholtz energy of
the polymeric system, but departed from the older work by allowing their
"enthalpic" contribution to be a function of density and composition. They
also introduced empty sites in the lattice, termed "holes". The resulting
EOS has been used successfully to model the phase behaviour of binary
mixtures of water, carbon dioxide and decane (Nitsche et al., 1983). This

model, however, is characterized by the a-priori assumption of a functional
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form for the canonical partition function in order to derive the EOS and other

thermodynamic quantities.

Flory (1970), thirty years after his initial contribution, in an attempt
to obtain an EOS rather than activity coefficients, resorted to the use of
a cell-theory model (Hirschfelder et al., 1954) to formulate the canonical
partition function for an ensemble of pure polymer chains. This approach
uses the concept of the c¢ parameter as suggested by Prigogine (1957) to
account for the external degrees of freedom of a chain molecule. The
resultant EOS is a two-parameter corresponding-states model that has been
extended to mixtures. Patterson and coworkers (1969,1972) have used this
formulation to predict critical curves and lower critical solution temperatures
(LCST) for polymer solutions. Simha and coworkers (Simha and Somcynsky,
1969; Jain and Simha, 1980) have adopted the same techlnique, viz. the
cell-theory approach, along with different expressions for the free-volume
for spherical and chain molecule fluids. These models, however, suffer
from a two-fold disadvantage: first, we need to assume a functional form
for the free-volume term as it cannot be assigned unequivocally from
thecery. Second, an extra parameter, c, which is unknown and must be obtained
by fitting experimental data to the model is introduced. Also, we need to
know the volume dependence of c¢ in order that the EOS may be applicable to
gas-like and liquid-like phases. {f the model were extended to multicomponent
mixtures, a mixing rule for the c parameter is required and this introduces

an extra degree of uncertainty to mixture predictions.

Some of the difficulties encountered in the free-volume theories have Been
overcome in the "Lattice Fluid" theories. Sanchez and Lacombe (1976,1977)
applied the more rigorous Guggenheim-Huggins-Miller approximation (Guggenheim,
1954) to enumerate the number of possible configurations when polymer
chains were placed on a lattice. They also included empty sites in their
lattice which they termed "holes". In their model, therefore, the number of
holes plays the role of free-volume. The explicit consideration of the
number of external degrees of freedom and the flexibility of a chain
molecule, used to determine the functional form of the free-volume are

unnecessary in this formulation. Okada and Nose (198la, 1981b) have accounted



for the non-random distribution of free-volumes (or holes) and thus improved
on the work of Sanchez and Lacombe. These models assume that a lattice
cell holds exactly one small molecule or one chain segment. While this
assumption will have no effect on the problem formulation for pure components,
in the extension to mixtures of molecules of unequal chain segment sizes,
it introduces additional complexity since we now have to account for the
mixing of two quasi-lattices of unequal cell sizes. [This difficulty can
be somewhat overcome if one resorts to Staverman’s use of a characteristic
interaction area for each type of site (Staverman,1950).] Also, in the
formulation of Sanchez and Lacombe, it is (unphysically) assumed that a

lattice site has an infinite coordination r.umber.

Panayiotou and Vera (1982) improved on the "lattice fluid" model by
a-priori setting the lattice cell size and coordination number. The lattice,
therefore, is a convenient division of thre=-dimensional space. A unit cell
does not have the function of holding exactly one small molecule or chain
segment; a molecular segment can occupy a fractional number of sites. The
advantage of using this method is that the extension of a pure component model
to mixtures is, in principle, straightforward, since we no longer have to
concern ourselves with the mixing of lattices of unequal cell size or

coordination number.

It is the objective of this chapter to establish an EOS and related
thermodynamic quantities for a pure component and, subsequently, closed form
expressions for mixtures of molecules of any size. Panayiotou and Vera (1982)
have derived an expression for pure components, and, with some approximations
extended it to binary mixtures. Their formulation, however, cannot be extended
to multicomponent mixtures in a closed form. We use thejr pure component EOS
as a starting point in our modelling, and provide analytical expressions for
the multicomponent EOS and chemical potentials. The utility of the lattice
EOS in modelling the VLE properties of mixtures of small molecules is also
examined. The necessary extensions for the modelling of polymer-SCF systems

are made; however, results for these mixtures are presented in Chapter 4.
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3.2 PURE COMPONENTS

3.2.1 Theoretical Development

Consider a three-dimensional cubic lattice of coordination number z
and of unit cell size v;. Each molecule is assumed to occupy r; lattice cells
or sites (where r; can be fractional) and the lattice has empty sites called
holes. There are N, holes and, correspondingly, a mole of molecules [= N,
molecules]. To account for the connectivity of the segments of a molecule,
an "eflective chain length", q,, is defined so that zq; now represents the

effective number of external contacts per molecule.
zq, = zr, - 2r, + 2 (3.4)

In Eq.(3.4) it has been assumed that chains may be branched but not cyclic.
The effective interaction energy between segments of molecules (species 1)
is a square well potential of depth -¢,,, while the interaction energy of
any species with a hole (species 0) is zero. Only nearest neighbour
interactions are accounted for, and pairwise additivity is assumed. The
canonical partition function for this ensemble can be formally represented

as:

Q- z exp(-ﬂE(n)) = x0, (3.5)

all possible
states {n}

where B [= 1/k;T] is the thermodynamic temperature. @, is the contribution
of the kinetic energy terms to the canonical partition function and is assumed
to be only temperature dependent; f, is the configurational part of the
partition function. In the following we avoid taking temperature derivatives
of thermodynamic quantities and can thus employ 0 and G interchangeably.
Following the approach of Panayiotou and Vera (1982) we obtain an approximate
expression for 0, which is valid outside the critical region of the pure
component, i.e.,

a, ~ ADM gy ,N, 1, ,2) expl-pEWM, Ny ,1,,2)] (3.6)
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Here g(N,,N,,r,,z) represents a combinatorial term and the exponential term
is a Boltzmann probability contribution to the maximum term in the canonical
partition function. A(T), a temperature dependent function that accounts for
the conformations of a molecule, is assumed to be independent of density,
i.e., the internal configurations of a chain molecule vary only with
temperature. In obtaining Eq(3.6) we have assumed that the largest term in
Eq(3.3) is a pgood approximation to the entire summation. This concept,
also termed the Mean-Field approximation, is appropriate when substances
far from the critical region are considered. [The derivation of this
approximation maybe obtained from standard Statistical-Mechanics texts,

for example Huang (1963) or Landau and Lifschitz (1980).]

The number of configurations, g(N,,N,,r,,z), of placing N, holes and
N, molecules on a lattice with a total interaction energy of E(N,,N;,r,,z)
must now be enumerated. For pure components, Panayiotou and Vera (1982)
have shown that assuming a random mixing of holes and molecules causes
relatively small errors as compared to case where a non-random mixture of
species is assumed. In our formulation, therefore, we employ the random mixture
hypothesis for pure components and obtain the combinatorial term following

Guggenheim (1954),

z/2
(Ny + ry;Ny)! (N, + N,qy)!
8(No :Nl 'rltz) = (3.7)
Ng! N1 (N, + Nyx,)!

where the exclamation mark (!) stands for a generalized factorial, i.e., al=
I'(a+l). An expression for the configurational energy, E(N,,N,,r, ,2z) may also

be derived.
E(Ny,N,,r,,2) = Ny (-€y4) (3.8)

where N, , represents the number of nearest neighbour 1-1 segment interactions.

On substituting expressions for N,, we can show that,
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N,q,
E(N,,N, ,x,,z)= (2/2)N;q; X ——— X(-€54) (3.9)
N,+ N;q,

Here the first term represents the number of contacts that segments of
molecules (species 1) experience, and the second represents the probability
that a 1 segment has another 1 segment as its nearest neighbour. Using
Eqs(3.7)-(3.9) in Eq(3.6) we obtain the explicit expression for the

configurational contribution to the canonical partition function for this

ensemble,

z/2
N N, + ,N)! [ N, +Nyqy)! B N, q,

0, = XT)1? exp| - N,q ¢, — (3.10)

Nt Nt N, +Nr,)! 2 N, + N, q,

It must be emphasized here that we do not need to use the ¢ parameter
that was suggested by Prigogine (1957) to account for the external degrees
of freedom for a chain molecule. Since this class of lattice models are
not based on a cell model type partition function, the question of how the

external and internal degrees of freedom are separated is never encountered

(Sanchez and Lacombe, 1976).

The bridge from the canonical partition function to thermodynamics is

thrpugh the use of standard statistical-mechanics,
A= -kT £n Q (3.1D)

where A is the total Helmholtz energy of the system. The EOS and related
thermodynamic quantities can then be obtained through familiar techniques

(Modell and Reid, 1983).



oA
P=-— (3.1)
v |T,N,
kT 34nQ,
- X (3.12)
Vu dN, T,N,
where V, the total volume of the system is defined as,
V=v,(No+ r;N;) (3.13)
Using the following reducing parameters
z
- €, = P'vy = RT" (3.14)
2
an EOS for a pure component is obtained, i.e.,
P v z v+ (q,/r,) -1 92
— = fn + — An - (3.15a)
T v-1 2 v T
J

Here ©® is the effective surface area fraction of molecules in the lattice,

9 = q,N, /(No+ q;N;) = (q,/x,)/[Vv + (q,/11)-1] (3.15b)

and the tilde [~] denotes a reduced variable. All quantities except v in
the EOS are reduced by the parameters in Eq.(3.14). The specific volume v

is ncn-dimensionalized by v*, the molecular hard-core volume, which is

defined by the equation,

v' = Nyr,vy, or r; = v'/(Nyvy) (3.16)
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Expressions for the chemical potential of a pure component can also be

derived from Eq.(3.11),

dA

b= (3.2)
an, |1,V

However, A as derived in Eq (3.11) is a function of (T,N,,N,), while the
derivative in Eq (3.2) is taken at constant (T,V). We may translate Eq(3.2)
into the appropriate framework by employing the chain rule for partial

differentiation,
dA dA JA

dA = —— dT + — dN, + — dN, (3.17)
aT |Ny,N, N, |T,N, dN, |T,N,

On employing Eqs(3.17) and (3.11) on Eq.(3.2) one may show that,

By ~ - aﬂnﬂc
- — = 1, (P/T) + (3.18)
kyT aN, |T,N,
r,P -
- () + |——] + fng, - fn® - r,(l-z/2) fn LE (9, /ry) -1
T 3
9 02 2qlﬂ
- + (3.19)
T T

where 7(T) represents a temperature dependent function which is constant
for a species distributed between phases at equilibrium. Eqs.(3.15) and
(3.19) are identical to Panayiotou and Vera's (1982) results.



92

3.2.2 Determination of pure component parameters

In the pure component EOS [Eq.(3.15)] there are apparently four
independent, unknown parameters: we chose z,vH,v' and €,,. As stated
earlier a lattice cell here does not have the function usually assigned it
in the lattice fluid theories, namely to hold one chain segment. In the
present context the lattice merely serves to describe the number of ways
neighbours in space can mutually be arranged. It is, however, mandatory,
that the cells are neither excessively small nor large since Eq.(3.3) only
has meaning if the cells are large enough that a small, compact molecule such
as water or carbon dioxide does not occupy many adjacent sites (no "internal
surfaces"). Also the cells must be small enough to allow only one small
molecule or chain segment to reside in a cell. These arguments lead to a
choice of a cell volume in the range 5-30 A3 ( 3x1076-18x10"% m® mole™!).
A related question is the value to be chosen for z, the lattice coordination
number. The lattice, having lost its literal meaning in the lattice fluid
theories, mnevertheless imposes its connectivity on the fluid phase. In
three dimensions, the only case of interest here, a lower bound is the
value for the simple cubic (or von Neumann) lattice with z=6. An upper
bound is clearly the number of nearest neighbours a closest packing of
identical spherical objects provides, i.e., z=12. Hence, z must fall in the

range 6-12. We set z=10 and vy= 9.75x10"% m® mole ! (corresponding to 16.2

A? fcell).

To model real substances we need to determine e¢,, and v'. For a pure
component below its critical point the technique of Joffe et al. (1970)
was employed. This involves the matching of chemical potentials of the
component across the liquid and vapour phases at the vapour pressure of
the substance. Also, the actual and predicted saturated liquid molar volumes

were matched,

By = By (3.20a)

v, (actual) = v, (predicted) (3.20b)

The equation set (3.20) was solved by the use of Newton’s method to yield
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the pure component parameters. (The computer programs used to obtain the
pure component properties are presented qualitatively in Appendix III.) In

the context of the solution of Eqs (3.20) it is important to remember two

facts:

- The absolute values of ¢,; (J/mole) and v' (m®/mole) are different
by approximately 8 orders of magnitude (see Table 3.1). For ease of
implementation, therefore, the two parameters must be scaled so that
the elements of the solution vector are of the same order of magnitude.
- v*, the hard core volume, must always be smaller than v the molar
volume. To prevent the Newton solver from straying into infeasible
regions (i.e., v¥>v), therefore, we chose £n(v/v"-1) as the independent

variable rather than v".

In Table 3.1 we list values of ¢,,/k; and v' for some common chemicals. (The
values of €,,/k; and v" are temperature dependent functions.) Also, the
specific choice of lattice parameters (z and vy) was found to have little
effect on the capability of the EOS to reproduce pure component vapour-
liquid equilibrium (VLE) in the limits stated above (3x10 ®<v,<18x107% m’

mole™1; 6<z<12).

The EOS must not be used in the vicinity of the critical point of the
pure component since the mean-field approximation was evoked in its derivation.
However, as for all classical EOS, the standard criteria for the critical
point can be written. The critical point of a pure substance may be represented
mathematically as the point where its isothermal compressibility and its

partial derivative with respect to volume simultaneously diverge.

3P/3v]y = 3%P/3v:], = 0O at T=T,, P=P, (3.21)

When we use the lattice EOS in this equation set, the predicted critical
point can be obtained. An analysis of the lattice EOS with the Buckingham-
Pi theorem shows that there must be 5 dimensionless groups in the reduced

EOS. We define four of these groups as,
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Table 3.1: Pure Component Parameters for some
common chemicals. z=10, vy= 9.75x10°% n? mole™ 1

Chemical T (K) v’ (m® mole™ 1) (e;,/kg) (K)

Water 283 17.28x10°8 432.6
293 17.82x10°8 422.9

413 19.45%x10°8 328.4

Methanol 293 56.97x10°6 190.5
Ethanol 283 55.28x10°6 163.3
293 55.27x10°8 163.0

413 59.75x10° 6 136.5

n-Propanol 293 71.51x10°° 147.5
n-Butanol 293 86.82x10°6 140.9
n-Octanol 293 148.73x10° 8 129.9
t-Butanol 293 87.59x10°8 123.6
n-Heptane 293 128.56x10°6 98.9
n-Decane 293 184.60x10°6 101.0
n-Tetradecane 293 257.40x10°8 106.3
Acetone 293 68.44x10°6 123.9
Benzene 293 82.68%x10°6 119.9
Aniline 327 88.68x10°° 158.0
Naphthalene 308 106.07x10° 6 146.9
Anthracene 323 113.65x10° 6 188.7
Benzoic Acid 313 94.,93x10°6 202.2
Formic Acid 294 37.07x10°8 219.5
Acetic Acid 293 55.83x10°8 177.4
Chlorobenzene 293 98.89%x10°8 124 .4
Cyclohexane 293 97.40x10°° 108.6
o-xylene 293 111.86x10°8 120.1
0

p-xylene 293 113.68x10° 6 117.

1. All vapour pressure and liquid density data from Reid et al.(1977)
2. Additional data on ¢,, and v*, for ethanol and water as a function of
temperature are presented in Table 3.3.

-~ o~

Z, = Pvy/RT = P/T (3.22a)
Z = Pv/RT (3.22b)
Z" = Pv'/RT (3.22¢)
¢ = €,/RT (3.224)

The coordination number, z, is then chosen as the fifth dimensionless group.

The EOS can be formally rewritten as,
r,(24,2",2,8,2) = 0 (3.23)

Application of the critical point criteria with the EOS will thus yield two
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equations which are expressed as,

Tz(ZH,Z‘,Z,f,Z) =0 (3.2&3)
753(24,2",2,8,2) = 0 (3.24b)

The equation set Eq. (3.23)-(3.24) must be solved simultaneously to yield
the pure component critical point as defined by the lattice EOS. If it is
assumed that the z value is a constant (equal to 10 in our case) then it
can be seen that we are solving 3 equations with four unknowns. The equation
set (3.23)-(3.24) has been solved with the use of a Newton's method and
yields solutions in terms of a single parameter [chosen to be (Zy),  in our

case]. The formal solution to these equations can then be represented as,

z, = (Pv/RT), = £(Zy), (3.25a)
o = (€1,/RT), = g(Zy), (3.25b)
o = (BV'/RT), = h(Zy), (3.25¢)

It should be noted that one can obtain different values for the critical
compressibilities (Z_,) by selecting different values of v; (and therefore
Zy). Also, the critical compressibility of a material is a function of its
critical pressure and temperature, thus allowing the lattice EOS to incorporate
system specific thermodynamic properties (P, and T, ) in the calculation of
parameters at the critical point. This is in contrast to two-parameter
cubic EOS which predict a substance independent Z . The point to be made
here is that the predicted critical compressibility is not constant, but
varies according to the critical point of the pure substance under

consideration. Typically, this number ranges between 0.25 and 0.29.

Pure component parameters for supercritical components were obtained by
fitting experimental P-v data on an isotherm to Eq.(3.15). (A modified
Fletcher-Powell Algorithm was used in these data fitting routines.) Data
for the substances tested (ethane, carbon dioxide) suggest that the computed
v* is only a weak function of temperature, and ¢,, is a constant within
regression error. For supercritical components modelled in this work, v* and

€,, are assumed to be constant in the vicinity of the critical point
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Table 3.2: Pure Component Parameters for ethane and carbon dioxide above
their critical temperatures. z=10, vy= 9.75x10°% nP mole™ 1,

Chemical T (K) v’ (m® mole 1) €,1/kg (K)
Ethane 310-370 5.553x10° 3 73.732
Carbon Dioxide 310-370 3.872x107 5 82.026

1. Carbon Dioxide P-v data from Angus et al.(1976)
2. Ethane data from Goodwin et al.(1976)

[typically, T-T, < 60K}. In Table 3.2, we present pure component parameters

for ethane and carbon dioxide above their critical temperatures.

Pure component vapour pressure data for polymeric substances are not
available. Hence, we used the parameters given by Panayiotou and Vera
(1982) for polymers, obtained by fitting the EOS to the thermal expansion

coefficient, isothermal compressibility and thermal pressure coefficient

of pclymeric systems.

In summary, we have determined pure component properties in most
instances (except polymers) by employing P-v data, rather than by fitting
the EOS [Eq(3.15)) to properties obtained by taking temperature derivatives
of thermodynamic functions (as thermal expansion coefficients). Parameters
determined in the former fashion (i.e., by fitting to P-v data) are more
appropriate for phase equilibrium calculations since they ensure that
model predictions will always converge to the correct pressure limits when
the mixture is essentially a pure component (i.e., when the mixture is

infinitely dilute in the other components).

3.2.3 Discussion

The EOS given by Eq.(3.15) differs from the one suggested by Sanchez
and Lacombe (1976), since the latter was developed for lattices with large
coordination number. While this later approximation simplifies calculations
and frees the model from the arbitrariness of a chosen value of z, a large

value of z is physically unrealistic since this means that a molecule has
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an infinite number of neighbours. The EOS therefore, will be inappropriate
for the modelling of real VLE systems in the high z limit (see section on
Mixtures: Results and Discussion). If z is set to infinity in Eq.(3.15),
we recover Sanchez and Lacombe’s (1977) lattice-fluid ECS,

(3.26)
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Eq.(3.15), therefore, is simply the lattice fluid EOS for finite values of

Z.

In the dilute limit, Eq.(3.26) is identical to the result one obtains
from the Flory approximation (1941, 1942) for the configurational part of
the canonical partition function, f, [see Eq.(3.6)]. This is clear if one
terms the '"holes" as "solvent" (with €, ,,-501v = €poly-solv =0) and,
also, if one makes the assumption of a dilute "solution" and employs the
following definitions:

7 -1

V=gt T=x?',r =n,,,, B/T =P,,v,/RT (3.27)

osm s

Here, ¢,,, is the volume fraction of the polymer, x is the Flory-Huggins

interaction parameter, n  , the degree of polymerization, P, , the osmotic

po
pressure of the solution and v, the molar volume of the solvent. One then
recovers the Flory equation for the osmotic pressure (Flory, 1953) from

Eq.(3.26),
Pyem= -(RT/v,) [An(1- ¢, 01) + (1 - 1/n,,1)8,01 +x82,,1, 2 —w, ¥ —=(3.28)

To understand qualitatively the behaviour of the pure component EOS, it
is examined in the limiting case of small molecules, i.e., when q, r—1.

Then, Eq.(3.15) reduces to the form,



B % !
- = An [————] - , r=q-=1 (3.29a)
T

z=E2Y _3 1n[ v } — (3.29b)

- 7, - Z, (3.29¢)

This second term in Eq (3.29b), Z_, can be rewritten as,

P,V (P*'v*?) a

(3.30)

P - — = -

RT v2 v2

where Z, is termed the "attractive" contribution to the compressibility, Z
(=Pv/RT), since it has the same form as the attractive term in the van der
Waals EOS (van der Waals, 1873). On examining the data for P" and v' for
ethanol and water, and computing the parameter a in Eq.(3.30) it was found
that for temperature variations over a range of 150 K, this parameter
always changed by less than 3% although the computed values of v* and ¢,,
themselves showed a 7% variation (see Table 3.3). In the limit of small
molecules, therefore, the lattice EOS has an "attractive" term that closely

approximates the characteristic of the van der Waals type attractive term.

On expanding the "repulsive” term in Eq.(3.29), Z;, in a Taylor series we
obtain,

Zy = (Pgv/RT) = -vAn(l-p) = 1 + p/2 + p2/4 + - -~ (3.31)

wherein p = 1/v, and the series is valid for p =0. Now expanding the van
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Table 3.3: Pure Component parameters for ethanol and water at several
temperatures ( z=10, vy=9.75 x 10°% m*mole 1)

Ethanol Water
T(K) €, v' 2vya/z €11 v'  2vya/z
283 1357.59 1.20 1954.93 3596.56 0.96 3314.59
293 1355.47 1.20 1951.88 3516.20 0.97 3308.39
303 1314.34 1.22 1956.26 3438.16 0.98 3302.01
313 1294.18 1.23 1957.96 3362.54 0.96 3098.92
323 1274.90 1.24 1960.29 3289.36 0.99 3223.90
333 1256.49 1.24 1931.98 3218.53 1.00 3218.53
343 1238.87 1.25 1935.73 3150.14 1.01 3213.46
353 1222.04 1.26 1940.11 3083.99 1.02 3208.58
363 1205.89 1.27 1944.98 3020.02 1.03 3203.94
373 1190.43 1.27 1920.04 2958.16 1.04 3199.55
393 1161.42 1.29 1932.72 2840.43 1.06 3191.51
413 1134.68 1.30 1917.61 2730.13 1.08 3184.42
433 1109.83 1.31 1904.58 2626.57 1.10 3178.15
€,7 is in units of J/mole, v' in units of cm® g'!, and a in units

of Jm® (mole) 2,

der Waals repulsion term [= RT/(v-b), where b plays the same role as v"' in

Eq.(3.15)]) around p=0, afrer defining p= 2b/v, we obtain,

Zg = [V/v-b] = 1 + p/2 + p2/he2) 4 -+ (3.32)

On comparing Eqs.(3.31) and (3.32) we see that the repulsion terms in the
low-density range (p =0) are identical. Differences do appear at high
densities, however; they are caused by the presence of the logarithmic
functionality in this lattice-model’s repulsive term. In summary, therefore,
the lattice EOS behaves similar to the van der Waals EOS at low densities

in the case of small molecules.

At very low densities, (p << 1), we can show by expanding the two logarithmic
terms in Eq(3.15a), that we recover the ideal gas limit i.e.,

P(xv)/RT — 1, as p — 0 (3.33)

where (rv) defines the molar volume of a solute with r segments.
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Figure 3.1: A schematic representation of the position of the lattice EOS
relative to existing techniques.

From the above discussion it is clear that the EOS in Eq.(3.15) is a simple
extension of well known EOS (van der Waals, 1873; Flory, 1941, 1942;
Huggins, 1941, 1942; Sanchez and Lacombe, 1976, 1977; Okada and Nose,
1981a, 1981b; Panayiotou and Vera, 1982). It reduces in some limits to
well known EOS both for polymer molecule and small molecule EOS (Figure
3.1) thus suggesting that it has the correct functional form for applications
to systems of interest. (The lattice EOS may be used to yield a UNIQUAC
type activity coefficient model for multicomponent mixtures as shown in
Figure 3.1; this will be discussed in Section 3.3.2.) It also has the
merit that it has only two adjustable parameters per pure component. It is
expected that the physical realism built into this EOS will allow for
reliable fits to experimental data using a minimum number of adjustable

parameters, when it is extended to mixtures.
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3.3 MIXTURES

3.3.1 Theoretical Development

Consider a mixture of N; holes and N, molecules of type i (i=1,n), placed
on a lattice having the same values of the coordination number (z) and the
cell size (vy) as the pure component lattices. Molecules of type i (i=1,n)
have r, segments and interact with nearest-neighbour segments of molecules
j with an interaction energy -¢,, (with ¢,,=0, for all j). Pairwise additivity
of interaction energies is assumed. The canonical partition function for this
ensemble can be formally represented as in Eq.(3.5). We again make the mean-

field approximation and write,

a, = [Hz\iN‘] g(No, Ny}, {r ).z, le; ) exp[-BE(Ny, (N ), (x;},2,(€,5))] (3.34)

where Eq.(3.34) 1s analogous to Eq.(3.6) and the braces, ()}, denote the
sets of all values of the enclesed symbol. The A, -factors, accounting for
the internal degrees of freedom in the chains, are again assumed to be
functions of temperature only. E(No'(Nt"[ri)’z'(‘u)) represents the
total potential energy of the system. To be consistent with the pure
component EOS, in the following derivation, we assume that holes mix
randomly.® Molecular segments, however, are allowed to mix non-randomly,
and the partition function, therefore, has to incorporate terms that

account for this effect. For convenience we can rewrite Eq.(3.34) in the form,

0, =II>‘1N1 B My, (N ), (1 ),2, ey 3 )) B Mo (N ), (xy 0,2, (e y )exp[-BE(NG, (N ), (1, ),2, (e, ;1)) (3.35)

8 The extension to the case where holes mix non-randomly is simple,
in principle. For pure components, this has been done by Panayiotou and

Vera (1982).
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where g; represents the number of configurations in a case where molecules
mix randomly, and gy is a factor that corrects the combinatorial term for
the effects of the non-random distribution of molecules.’ We separate the
random and the non-random contributions to g into a product, assuming that
the effect of non-randomness on the number of configurations are small,
i.e., we assume that gy, is a small perturbation about the random value of

1. gz can be represented, following Guggenheim (1954), as

z/2
(Ng + Yr,N )t | (Ng+ YNy q,)!
g ™ (3.36)
N,! I NI (Np+ 2N, xr,)!

while gyp is represented following Panayiotou and Vera (1982) as,

nNy, 1 MRy, /2)1]
- (3.37)

Enr N n 5
nN,  t (R, /2)1]
where
ﬁgd = Ngd/g = (2/2)(N1q1)61 (i=j) (3.38a)

= 2(z/2) (N, q,)9, (ix}) (3.38b)

Here Ngd represents the number of i-j segment contacts on a "hole free" basis,
in the case where all molecular segments mix randomly and N, , are the number
of 1-j contacts in the non-random case.’ 51, is area fraction of species i

in the lattice on a hole-free basis,

7 It must be emphasised, that, in all cases, summation indices (i,j,k,1)
go from 1 to n, the number of components. If holes were assume to mix non-
randomly, then the indices would go from O to n, where O would then refer
to holes.
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Ny q

ZNJ a

(3.38¢c)

[«
-
H

We introduce the nonrandomness correction, Tyy, for the distribution of the
segments of species i about the segments of species j. It is defined by the

equation,

N (3.39)

- WO
13 = Nig Ty

where the ﬁid's must satisfy the mass balance constraints (Panayiotou and

Vera, 1981),

Ny, + § Ny, = Nyzq, , for all i (3.40)

Since all the unlike interactions N;, (i»j) must equal N;,,

r,, =T,, , i=j (3.41)

1) J1i

The potential energy of the system, E(NO,[Ni),(ri),z,{eij)), under the

assumption of the pairwise additivity of interaction energies is,

E=93) N,(-¢,) (3.42)

where 0 represents the total surface area fraction of the lattice occupied
by molecular segments [= Zqu;/(N0+EN1q1)]. To determine the non-randomness
corrections, therefore, we must substitute Eqs.(3.36)-(3.42) in Eq.(3.35)
and maximize @1, with respect to all the I'y;’'s (ixj). (The remaining I';,’'s
(i=j), can then be determined from the mass balance constraint, Eq.(3.40).]
The resulting equations are also known as the quasi-chemical equations
(Guggenheim, 1954) and can be represented, following the notation of
Abusleme and Vera (1986), as,
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Ffj - Ty, T,, exp(dbe,,/kyT), 1] (3.43a)
= T, T, £, (3.43b)

where

Deyy = (egy + €5y - 2€,4) (3.44)

For a multicomponent system, the resulting equations are a coupled set of
quadratic equations. Clcarly, these allow for an analytically closed form
solution only in the case of a two-component system. However, if it is
recognized that a value of £,, different from unity represents a departure
from randomness then we can expand Eq.(3.43a) as a multi-dimensional
Taylor series in terms of the small parameters (§,;-1) (i#j). The general

first order solution to the ejuation set [Eq.(3.43a)] is,

Ty, = 1+ (L -£,,)/2 + (1/2) T}, (1-€5,)9,9, - (1/2) L(1-¢,,)9,

- (1/2) } (1-€,,)9, (3.45)

where 51 is the surface area fraction of the segments of i molecules, on a
hole free basis (=N, q, /XNi q, ). This approximate solution to the quasi-chemical
equations has been tested against exact numerical solutions and it was found
that it is within 5% over most of the ranges tested for 3 and 4 component
systems. Higher order solutions for these equations exist in the literature
(Mickeleit and Lacmann, 1983) and these can be used if greater accuracy is

desired.

On using Eq.(3.45) in the equation for the total energy of the system
[Eq.(3.42)] one obtains,

E = -(2/2) (1N, q, 190 18,8 €5, + (/21D 8,005, €55 Gxn* €yn Eon- €5x))  (3.46)

We now define the mixing rule for the mixture parameter ¢,, in terms of
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the pure component parameters,

ey = (-E)/(9 (2/2)[)N;q,]) (3.47)
= [Zzéjékejk + (1/2) XXZZéjékézém €5k Cxm* €5n- €on- €510 (3.48)

Mixing rules for q,, ry and vy are defined as,

Qy = 20 Xy (3.49)
ry = 0ty X% ' (3.50)
vy = WV X, (3.51)

where x, is the mole fraction of component i in the relevant phase. The only
unknown quantities in the set of equations (3.47)-(3.51) are the "unlike
segment" interaction energies, ¢,;. A suitable combining rule for this

parameter is cuggested by Eq.(3.44),

€33 T €44 yi=] (3.52)
- 0‘5(611+€JJ)(1'613)’ ir]j

61J, is thus a mzasure of the departure of the mixture from randomness, i.e.,
when §,,'s are zero the mixture is random since the appropriate §,; is then

identically equal to unity.

The mixture EOS and related thermodynamic quantities can now be derived by
the use of techniques presented earlier [Eqs(3.12) and (3.18)]. Reducing
parameters for this derivation are defined in a manner analogous to Eq.(3.14)

and the system volume defined as in Eq.(3.13).

(z/2)ey = RT" = P'vy (3.53)
¥V = (Ng+ IN, x,)vy (3.54)

We present here the final expressions for the EOS and the chemical potentials

of a component i in the mixture,
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gt

z v + (q,/r;) -1 92 93
+ — £n - +
v -1 2 v T 2T ey,

£n

[ZZZZéiédékél

Lo U I -
1

X(&yyheyy+ €y phey = & be - £y 0e,, ) /kgT] - (2/8)0% YYTT0, D0, 9, %

(€506, 3285 9- €34 €xp) + (1- &30 (28, pheyy - & j0ey - & phey ) /KT

(3.55)

", r,P -
- = - 7, (T) + [ = } + Inq, - fnd9, - r,(l-z/2) Ln v + (qu/ry) -1
kg T T v

q; 9* q;9
- + [ ZZ@JeiJ- ZZéjékéﬂémejk(€km+EJm°€£m-€jk) + zzz&dékélx
T TeM

Loy X (€ +E5 e g1 728 p-2850) + ey X6+ € -850 ) ey X (&g 5 +€y 3-8y -

Eer) + 0(1-0)2222536k52§m63k(fkmAekm+£JmAeJm-§£mAc£m-EJkAejk)/kBT]
+(z/8)q1XZZZZZ éjékéﬂém((1'£Jk>(afjm-zejk-3€£m+£1m-2€ji"€£l) - (1-€ )%
(21081 -Epm) - (1-€,1)(2630-E 5 ~Egm)) +(2/8)q, 8(1-0)TTYY. B, D, D49, /kTx

(kaACJk(2€Jm’63k‘fjm)'(l'fjk)(zfijme‘ejkAfdk‘fijfjm)) (3.56)
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The first three terms in the mixture EOS are identical to the terms in the
pure component EOS [Eq.(3.15)]. The additional terms in Eq.(3.55) account
for the non-random distribution of molecule segments. In Eq.(3.56), 7, (T)
is a temperature dependent function [same as the +(T) for the appropriate
pure component i in Eq.(3.19)], and the last two terms account for the

non-random distribution of molecular segments.

For all binary mixtures examined, simpler forms of Eqs.(3.55) and (3.56)
may be used with little loss of accuracy. For example, in Eq(3.55), for
all binary mixtures tested, it was found that the 4%P and 5" terms which
represent the contributions of the non-randomness terms, are always &
orders of magnicude smaller than the first three terms. These last two terms
in Eq(3.55) may thus be neglected. This approximation, shown below, has
been tested for binary mixtures only, however, and may not be sufficiently

accurate for mixtures with more than two components.

P v z | ¥+ (q/5) -1 92
P I I - — (3.57)
T V-1 2 v ¥
I r. P 3
-2 o o+ || + anq, - (08) - x, (1-2/2) gn S (Gu/Ta) - 1
a 9 4y0 - s
-4 [Zzﬂjeu- ZZZLZﬂdﬂkogeme“<ekm+e3m-egm-fjk>] (3.58)

It is to be noted that the simplified mixture EOS [Eq(3.57)] has exactly the
same functional form as the pure component EOS [Eq(3.15)], but that Eq
(3.58) is slightly different from Eq (3.16). Panayiotou and Vera’s EOS for
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binary mixtures is identical to Eq (3.57) although they state that they

had explicitly accounted for the non-random distribution of molecular
segments. An approximation must thus have been made by Panayiotou and Vera
for them to have obtained the same formal expression for both the pure

component and binary mixture EOS.

3.3.2 Discussion

The chemical potential expression for individual species in a
multicomponent mixture has been presented in Eq.(3.56). If we were to
consider the high-density limit (i.e., essentially no holes in the lattice)
and derive activity coefficients from this chemical potential functionality
we would obtain a functional form similar to UNIQUAC (Abrams and Prausnitz,
1975). The main differences in our formulation and the one of Abrams and

Prausnitz are:

1. The UNIQUAC equation has been derived by employing the Staverman (1950)
expression for the combinatorial term, developed for mixtures of molecules
of arbitrary sizes and shape. This factor is similar to the one employed
in our derivation, but does not explicitly account for the coordination
number z.

2. Pure component EOS have not been derived in the development of UNIQUAC;
instead, only activity coefficient expressions for components in a binary
or higher mixture have been presented. The UNIQUAC equation, therefore,
does not lend itself to be readily applied to mixtures with supercritical

components.

However, the more relevant observation is the fundamental similarity of
the lattice EOS and the UNIQUAC formulation, which is highlighted by the
increasing use of UNIQUAC-type activity coefficient expressions in group-
contribution schemes like UNIFAC (See Reid et al., 1977 and appropriate
references therein.) A problem frequently encountered in the application of

UNIFAC schemes is the non-availability of an EOS that is thermodynamically
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consistent with the activity coefficients of mixture components. One
potentially promising route to improve on existing techniques, therefore,
will be to employ these same group contribution methods to the lattice
EOS, which may then be employed as a predictive tool for the correlation
of the multi-phase behaviour of complex mixtures at supercritical temperatures

(where UNIQUAC is not appropriate) and elevated pressures.

3.3.3 Implementation Aspects

The expressions derived for the mixture EOS and the chemical potential
of component i in a multi-component mixture were used to model the phase

equilibria of binary mixtures. A set of non-linear equations were obtained;

at constant T,P (3.59)

Eq (3.59) is valid for all components i across all phases s and t. These
equations were solved by the use of Newton’s method to yield the equilibrium
phase compositions. In the solution of the equation set (3.59) we must also

solve the EOS to obtain the phase molar volumes.

The algorithm used, therefore, was an imbedded Newton'’'s method, with the
internal loop utilized to solve the EOS for volume and the external loop for
the convergence of the mole (or mass) fractions of the different species.

Some relevant aspects of the solution procedure are:

- To ensure that the solution vector of mixture compositions ( O<x, <1,
for all i) did not stray into infeasible regions, each element in the
open set (0,1) was mapped into a (-»,») set. The one-to-one mapping

employed was,
Y, = tan[(x,-0.5)xn) (3.60)

- For subcritical temperatures, it was found that the solution of
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EOS for volume had a familiar van der Waals type shape, with only
three real roots. This fact, which is not apparent from the complex

functional form of the EOS, allows for a relatively easy search for

phase volumes.

The computer programs used in the solution of the phase equilibrium problem

were written in standard FORTRAN 77 and are described in Appendix IITI.

3.3.4 Results and Discussion

The capability of the lattice EOS to fit experimental VLE data
for mixture of molecules was examined next. Mixtures of small molecules
(acetone-benzene, ethanol-water) were considered first. In Figures 3.2 and
3.3 a comparison is made between the fitted and experimental low-pressure
VLE data for these systems (Weisphart,1975; Pemberton and Mash, 1978). An
excellent fit to the data is obtained in both cases, with the use of one

binary parameter (613).

The interesting aspect of this modelling is the temperature independence
of §,;. It has been shown above that, for pure components consisting of
small molecules, the lattice EOS has an attractive term with an essentially
temperature independent "van der Waals" parameter, a. Extending this argument
to mixtures results in the prediction of the temperature independence cof

6,, for binary mixtures of small molecules.

In examining the sensitivity of the model to the assumed value of z, it was
found that, for the ethanol-water system, the model results were insensitive
to z values in the vicinity of z=10 (i.e., for 4 < z < 15). For unrealistic
values of z (z >15), however, the model was incapable of even qualitatively
fitting mixture VLE behaviour. It is speculated that the reason for the
failure of the model in the 1limit of large z lies in the fact that a
molecular segment is presumed to have more nearest neighbours than possible

even in a cubic closed packed lattice.
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1986).

In Figures 3.3 and 3.4 we compare the relative quality of fits to the
experimental data for the ethanol-water system from the lattice EOS and a
modified Peng-Robinson EOS (Panagiotopoulos, 1986). From visual inspection,
it can be deduced that, for this system, the lattice EOS performs almost
as well as the more conventional technique. The advantage of the lattice
EOS is the constant value of the interaction parameter, 613, that has been
employed; in the Peng-Robinson EOS the adjustable parameter (613) is a

temperature-dependent function.

The capability of the lattice EOS in the modelling of the VLE of mixtures
of molecules of different sizes at a moderate pressure was examined next. The
results for the H,S-n-heptane system at 310 K and 352 K are shown in Figure
3.5 (Ng et al., 1980). For the temperatures considered, it is seen that there
is good agreement between the correlation and the experimental data. The
lattice model thus provides the capability to obtain good, quantitative

fits to experimental VLE data for binary mixtures of molecules below their
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critical point.

The model was then applied to two-phase compositionally symmetric binaries
with a supercritical component and a liquid solute. In Figure 3.6, the
model calculations are compared to experimental data for the carbon dioxide-
acetone system at two temperatures [313K and 333K; Katayama et al,1975;
Panagiotopoulos, 1986]. A single, temperature independent binary interaction
parameter was employed in the fitting of the model to data. Fits to the
data are in good agreement with the measured data and correlations using
the modified PR EOS (Figure 3.7 from Panagiotopoulos, 1986), outside the
critical region. Since the model formulation makes use of the mean-field

approximation, it is not expected to perform well in the critical region.
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It has been suggested that a lattice model can be made to fit the behaviour
of substances in the vicinity of the critical point, with the use of a
"decorated lattice model” (Gilbert and Eckert, 1986). This genre of models
builds the critical exponents into the problem, and thus can model the critical
region with greater accuracy. For our purpose, however, the near-critical

region (i.e., IT-TCI/T°<O.1, IP-Pc|/Pc<O.1) has not been considered.

In Figure 3.8, the model behaviour is compared to experimental data for the
benzoic acid-carbon dioxide binary at three temperatures [318K, 328K and 343K,
Schmitt,1984]. Since the solid benzoic acid phase is crystalline, in our
modelling of this system it was therefore assumed that the solid phase was
pure. (The two phases in equilibrium are therefore compositionally asymmetric).

Outside the critical region, the lattice EOS provides a good fit to the

!
() T ] T I T T 1

-

T TTITHT
Lp

10"
\u
lXI

|

IREI

T TTTY
>3

107

T
<
L L

10"
o>
el

T

10°

[ IIII“|
S|

Mole Fraction Benzoic Acid

10°

T T TTIm
i

I ' 1 '
10 20 30

Pressure (MPa)

Figure 3.8: Lattice model predictions ( ) compared to experimental data
on the benzoic acid-C0, at (V) 318K, (&) 328K and (0O) 343K with §, 4 = 0.12
(318K), 0.10(328K) and 0.092(343K).

107

Q
N
S




116

Q = T I T =
[ o b AT -
- P
y 2 E el
- - g
C - -
0. | i
27
Pl O -
c © E =
.Q - -
e - .
Q = -
O -
=
QL Ok -
o T :
= . -
Il" -
9 I T IS SN S SR [
] 90 180 270 A60

Messure (bar)

Figure 3.9: Lattice model predictions ( ) at with experimental data on
the naphthalene-CO, at (0O) 318K and (a) 328K with 6y = 0.14 (318K) and
0.135(328K).

measured data. In the critical region, however, at one pressure, the
equation of state predicts the presence of a three phase region. This is
the cause for the discontinuity of the curves in the region of sharp rise
in solubility. Similar behaviour is also observed for the naphthalene-CO,
system (Tsekhanskaya et al., 1964; Figure 3.9) at two different temperatures.

The model also provided a good fit to the volumetric properties of other
solid-supercritical systems. In Figure 3.10 and 3.11, we show plots of the
solubility of acridine and anthracene respectively, in carbon dioxide as
function of density at two different temperatures. The goodness of fit
displayed by these plots along with Figure 3.12 and 3.13 suggests that the
lattice model EOS has the correct functicnal form to reproduce the P-v

properties of dilute binaries in the supercritical region.

In summary, for solid-supercritical fluid systems, the lattice model can

reproduce experimental data to within experimental accuracy outside the
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critical region. Volumetric properties of these systems are also well

predicted.

For the eight different systems examined, covering a range of pressures and
phase behaviour, the capability of the lattice EOS to correlate phase
equilibria for mixtures of "small" molecules is comparable to traditionally
employed techniques (for example the single parameter Peng-Robinson EOS).
While we do not present quantitative comparisons {as average absolute
deviations or standard deviations), the point to be emphasised is the
utility of the lattice EOS, developed mainly for the correlation of mixtures
of molecules of disparate sizes, to model mixtures of small molecules of

essentially the same size.

3.4 EXTENSION TO POLYMER-SCF SYSTEMS

Since we will be dealing with the equilibrium of polymers of a known
molecular mass distribution and an SCF, we need the pure components parameters
associated with each of the mixture components. Parameters for the SCF were

obtained by fitting P-v data on the respective isotherms, as stated before.

Parameters for polystyrene above its glass transition temperature
(~380K) are available in the existing literature (Panayiotou and Vera, 1982).
These parameters were employed in our modelling in the temperature range 313-
333K, with the following two assumptions:

(1) ¢, and v' (in units of m® kg !) were assumed independent of chain
length. This assumption has been made due to lack of thermodynamic data for
polymers of different chain lengths.

(ii1) As the presence of compressed gases reduces the glass transition
temperature of a polymer (Wang et al., 1982) we assume that polystyrene in
the temperature range 313-333K, in the presence of supercritical ethane,

is above its glass-transition temperature.

The validity of these assumptions will be examined in Chapter 4, when the

model is employed for the correlation of experimental data for the polystyrene-
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ethane system.

We now examine the predictions of the lattice EOS with respect to polymeric

systems at some well known limits:

Ideal "Macromolecular" Gas Mixture: Under the assumption of an energetically

non-interacting gas mixture with one small and one large component, at

approximately zero pressure, one may show from Eq (3.59) that,

By - ~
- —— = 9, (T) + Inq, - &n9; (qy/ry)/v (3.61)
ky T

wherein the definition of 8, [Eq (3.38c)] has been employed. Since we have
a small component in the gas-phase, we approximate q,/ry to unity. On

using the definition of an ideal gas,

Pv/T = 1 (3.62)

we may reduce Eq(3.61) to the form,

py = 7' (T) + kyTAn(d, P/q,) (3.63)

which now represents the "Ideal Macromolecular Gas Limit". This should
contrasted to the chemical potential definition for an ideal-gas mixture

(16M),
py = 7' (T) + kyTAn(Px,) (3.64)

It is to be noted in this context that Eq(3.63) explicitly accounts for
the difference in sizes between the component molecules with the presence
of q, (a size parameter) and 9, , the surface area fraction of the component
macromolecule. Also, Eq(3.63) will reduce to the ideal-gas limit [Eq(3.64)]
when the two mixture components are small and of approximately the same

size since ¥, may be reylaced by x, and q, is approximately equal to 1.
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Eq(3.63) thus redefines, in a more general fashion, the ideal gas mixture

from which the conventional IGM may be deduced as a limit.

Ideal "Macromolecular" ILiquid Solution: If we examine a dense phase,

energetically non-interacting mixture of a small molecule and a macromolecular

compound, from Eq.(3.58) we can show that,

py = n'(T,P) + kyTend, /q, (3.65)

This should be contrasted to the normally employed definition of the ideal

solution for mixtures of small molecules,
gy = n'(T,P) + kyThnx, (3.66)

Again, Eq(3.65) may be reduced to Eq(3.66) under the special assumption
that the mixture components are of the same size and small. Eq(3.65)
therefore represents a more general definition of an ideal solution, and
is valid for mixtures of molecules of differing sizes, while Eq(3.66), the

familiar expression, is valid only in special cases.

The implication of these two definitions will be the need for the
reformulation of mixture thermodynamics to include mixtures of molecules
of disparate sizes. In essence, we need to redefine quantities as fugacity
(;) and activity (a) so that polymer mixtures may be managed with the same
set of operational definitions used for mixtures of small, equally-sized

molecules.
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CHAPTER 4

SOLUBILITY OF POLYMERS IN SUPERCRITICAL FLUIDS:
MEASUREMENT, RESULTS AND DISGUSSION

4,1 EXPERIMENTAL APPARATUS

The experimental apparatus employed for the measurement of solubilities
of polymer chains in SCF was a flow-through apparatus shown schematically

in Figure 4.1. The main features of the setup are discussed below:

- SCF Feed: The SCF from the tank is pumped to pressure by a diaphragm
compressor (Aminco, J46-13411 rated to 70 MPa) and fed into a 2 litre tank
that served as a surge vessel. Pressure in the tank was maintained to *0.5

bar with a pressure controller (Ashcroft, 0-37 MPa).

- Extraction Column: The polymer to be extracted was loaded into a

2.54 cm diameter column (Autoclave Engineers, 316 Stainless Steel) which
is maintained isothermally in a water bath with a mixer-stirrer (Thermomix
1460) and at constant pressure with a pressure regulator (Matheson, Model
#3064, to within * 0.5 bar). All lines downstream of the column were
maintained at the temperature of water bath to prevent precipitation of
any polymer dissolved in the SCF. [This was achieved by recirculating water
from the bath through jackets that surrounded the lines using a centrifugal
pump (March Manufacturing, Model TE-MDX-MT-3).]

- Measurement of Temperature and Pressure: The pressure in the reactor
was monitored continuously with a Heise pressure gauge with an accuracy of

+0.01 MPa (Heise gauge, 0-40MPa) and the temperature measurements were

performed with iron-constantan thermocouples accurate to 10.2K.

- Safety Considerations: The column was equipped with a rupture disk
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Figure 4.1: A Schematic representation of the solubility apparatus.

(Autoclave Engineers) rated at 40 MPa; this limit was less than the rating
of the extraction column (50 MPa). The tubing volume was small, less than
ca. 10% of the volume of the column. Therefore, the tubes were not specifically
protected against pressure surges. Also, the holding vessel for the SCF
was equipped with a rupture disk (Autoclave Engineers). All vessels were
equipped with vent valves so as to ensure that the entire system could be
manually vented to the hood in less than 2 min. A combustible gas detector

(Sears Gas Alarm) was installed in the laboratory to warn the operator of

possible leaks in the system.

- Operating Procedure: Gas from the surge tank was introduced into
the bottom of the extraction column in a continuous fashion. The flow rate
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of the SCF through the extraction vessel was maintained at a value (~ 1
standard liter/minute) such that the gas removed from the top of the column
was in "equilibrium" with the polymer. This "loaded" SCF phase was then
flashed to atmospheric pressure with a metering valve (Autoclave Engineers)
which was maintained at a temperature at least 20K above the glass-transition
temperature of the pure polymer to prevent "plugging". The precipitated
polymer was collected in U-tubes, subsequently dissolved in a measured
amount of tetrahydrofuran (E.M. Sciences, TX0282-1, Omnisolv Grade) and
analyzed by Size Exclusion Chromatography (Hewlett Packard liquid chromatograph
model 1090A with Waters' Ultrastyragel columns #10570, 10571 and 10572 in
series) for total mass and degree of polymerization distribution (see
Appendix I for the procedure employed in the chromatographic analysis).
The integrated gas flow was measured with a dry-test meter (Singer, DIM

115).

- Materials Used: High purity ethane (99.9%, Matheson Gas Products),

carbon dioxide (99.9%, Matheson Gas Products) and a gas mixture (87%
ethane, 13% propane by mole, Matheson Gas Products) were the SCF used in
the experiments. Heptane (Mallinckrodt) was also employed as a solvent in
our tests. Two narrowly distributed polystyrene standards (Pressure Chemicals,
M, = 2060 g mole’!, M,/M,~1.2 and M, = 800 g mole !, M, /M ~1.25) were the
polymers used in the experiments. For the chromatographic analysis,
tetrahydrofuran stabilized with 20 ppm hydroquinone (E.M. Sciences, TX0282-

1, Omnisolv Grade) was used.

4.2 RESULTS AND DISCUSSION

4.2.1 Results at a Single Pressure

It is the goal of this section to understand the solubility of
polymers, on the basis of chain length, into an SCF phase. We begin by
examining qualitative trends for the solubility of polystyrene chains in
supercritical ethane. In Figure 4.2, chromatograms for an unextracted

polystyrene (M, ~2060 g mole ') and 4 extracts (each obtained successively
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by contacting the initially unextracted polymer with approximately 10
standard litres of ethane at 25 MPa and 333K), are presented. There are

two important trends that may be noted from this figure:

- Although the unextracted polystyrene has a narrow molecular weight
distribution (with M ~2060 g mole 1), and hence has little of the low
molecular weight oligomers, the extracts are concentrated in the low
molecular weight species. This suggests that ethane under these
conditions is a very selective fractionating medium for polystyrene
on the basis of chain length, with the smallest oligomers being the
most soluble. The concept of preferential solubility of lower molecular
weight compounds from a mixture into an SCF has been used in the
past to fractionate a polydisperse polymer on the basis of molecular

weight (McHugh and Krukonis, 1986).

i e N N\ ANNNN— ]

U.V. Detector Signal (Arbitrary Units)

t i L1t ¢t 111 1 1 [ N T N O

100 1000 10000
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Figure 4.2: Chromatograms, (from top to bottom), for an unextracted
polystyrene, and 4 successive extracts obtained by contacting the polymer
with 4 X ~10 standard liters of ethane at 25 MPa and 333K.
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- As one proceeds from samples 1 to 4 (the first to the last), the
relative quantities of dimer are lower in each successive extract.
This reduction in the relative concentration of dimer may be due to
diffusional limitations in the polymer which prevent the SCF from
contacting and extracting the dimer to its equilibrium value in the

gas-phase (See Section 4.3.1).

In summary, therefore, qualitative trends obtained from these experiments
suggest that ethane is a powerful fractionating medium for polystyrene
chains on the basis of molecular mass, with the smallest oligomers being
the most soluble in the SCF phase. To quantify this result we define a
partition coefficient, K,, for the distribution of a polymer of chain
length 1 betweén an SCF-phase and a polymer-phase,

K, = w/ v} (4.1)

where wj is the mass fraction of the i-mer in the solvent phase (in units
of kg i-mer/kg solvent) while w; is the mass fraction of the same i-mer in
the SCF-free polymer phase (in units of kg mer/kg SCF-free solid). This
is in contrast to Kj!9 as defined in the current literature for the solubility

of polymers in liquid solvents,
Keld = ' /ul (4.2)

where the mass fractions of the appropriate chain in both phases (with the

solvent) are used to calculate the separation factor, K{!¢.®

8 We employed the solid-phase compositions on a SCF-free basis in Eq(4.1)
due to the difficulty encountered in the measurement of the amount of SCF
dissolved in the polymer phase in our experimental setup. Since the amount
of SCF dissolved in the polymer does not vary much with average molecular
mass of the polymer employed (for masses >~600 g mole”!, see Section
4.3.2) our definition of K,, Eq (4.1), will incorporate all the essentisl
physics regarding the solubility of polymer chains in SCF.
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Figure 4.3: Experimental data for the partition coefficients of different
styrene oligomers between a polymer-rich phase and an ethane-rich phase at
25 MPa and 333K. (O) is data obtained with a polymer of average molecular
mass of 2060, and (A) from a polymer of molecular mass 800.

In Figure 4.3, then, we examine the variation of K, with polymer chain
length when a polystyrene sample is extracted with ethane at 25 MPa and
333K. The data presented were obtained from polystyrenes of M ~ 2060 g
mole-! (from Figure 4.2) and 800 g mole”!. There are three important

results that may be deduced from the analysis of this figure :

- The sharp, monotonic decrease of K, with chain length observed on
this graph verifies the strong fractionating ability of SCF under
these operating conditions, as deduced from Figure 4.2.

- There is a log-linear dependence of the partition coefficients on
molecular weight. This result along with experimental information on
the behaviour of partition coefficients in liquid and liquid-like
solvents [Eq{2.6) and Figure 2.1] suggest the validity of the
relationship,
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Rog,, (Ry) = A(T) + R(T) X, (4.3)

between K, and the chain length of the relevant polymer, X,, for
fractionation of polymers using liquids or SCF as extraction media.
Here A(T) and B(T) are temperature dependent constants. An important
difference between our results and the information in the existing
literature is that the data presented here are for individual chain
lengths, while, in the past, reported results have been based on
average molecular weight data only. Since Eq(4.3) and correspondingly
Eq(2.6) for conventional solvents are strictly valid only on a mer
by mer basis. Figure 4.3, to our knowledge, thus represents the
first cohplete data for the solubility of individual polymer chains
into extracting solvents.

- The measured values of K, for the various oligomers from both the
polystyrene samples fall on the same straight line. This has important
connotations. First, it demonstrates that the partitiocn coefficient
of any chain from the polymer-rich phase to the supercritical phase
is independent of the composition of the parent polymer. Figure 4.3
therefore, confirms that the observed linearity represents a general,
universal behaviour for the solubility of polystyrene chains into
supercritical ethane at these operating conditions. In addition, the
composition-independence of K, in Figure 4.3 implies that the equilibrium
solubility of a polystyrene chain into a supercritical ethane phase
occurs as if the condensed phase were an ideal solution. In essence,
therefore, we are dealing with a linear combination of independent
quasi-binaries of SCF with the individual chain length polymers. We
shall use this important deduction as a starting point in our modelling.

In modelling the experimental data a Statistical-Mechanics based Lattice
Model EOS (Chapter 3) was employed. In Figure 4.4, the experimental data
presented in Figure 4.3 are compared to the results obtained from the
lattice EOS for these two-phase quasi-binary systems. A single interaction
parameter, §,, (=0.018), independent of chain length was employed. The

model results are in good agreement with the experimental data at all
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Figure 4.4: Comparison of the lattice model predictions ( ), with
experimental partition coefficient data for the polystyrene-ethane system
at 333K and 25 MPa [(O) and (4)].

chain lengths beyond a relative molecular mass of 1200 g mole”!. The
reason for the disagreement between the model and experiment below this

molecular weight is speculated to be due to two factors.

- First, we assume that segments of all polystyrene chains interact
with the same energy per contact area, €,, (Section 3.4). Clearly, this
assumption breaks down for shorter chains when end effects become
important.

- Alsc, the results shown in Figure 4.4 are valid only as long as
there are two phases in equilibrium; however, pure styrene monomer
is completely soluble in ethane at pressures greater than 9.0 MPa at

333K (see Chapter 7). Results predicted with a two-phase, quasi-
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binary model are therefore unreliable for the smallest oligomars.

In summary, results obtained for the solubility of polystyrene chains in
ethane at 25 MPa and 333K verify that supercritical ethane is a strong
fractionating medium for polystyrene on the basis of chain length. An important
conclusion from this study is that the polystyrene phase in contact with
SCF ethane behaves as an ideal solution. This result allows for the easy
correlation of experimentally measured partition coefficients with the
lattice EOS, since we may now deal with a linear combination of several n-
mer-SCF quasi-binary mixtures rather than a multicomponent polymer-SCF
equilibrium. Modelling results using this assumption show that we can
reproduce experimental trends, above a certain chain molecular mass, with

a single adjustable parameter, §,,, that is independent of chain length.

4.2.2 Results from Conventional Solvents

We now compare the fractionating power of supercritical ethane
to conventionally employed solvents (liquids and ideal gases). In Figure
4.5 we present a plot of the equilibrium solubilities of polystyrene
chains in n-heptane at 298 K. These data were obtained from the polystyrene
sample with M, ~2060 g mole™!, On the same plot we also show the fractionation
expected if an ideal gas (ethane, in this case) at a pressure of 1 MPa and
333K were used as a solvent. With the use of a gaseous solvent, pronounced
fractionation on the basis of polymer chain length is obtained, as indicated
by the large slope of the line of £n K vs molecular weight. However, the
loading of polystyrene chains in the gas phase is low. On the other hand,
liquid solvents offer poor fractionation as suggested by the small absolute
value of the slope of the fogK vs. molecular mass. However, these solvents
afford higher loadings of polymer. The two lines shown in this figure thus
represent the two extreme cases of fractionation that can be achieved
through the use of conventional solvents. Since the solvent-power of gas
and liquid solvents cannot be altered easily, these also represent the
fractionation that is normally achievable with such solvents. In contrast,

ethane at 25 MPa and 333K has a behaviour intermediate between a gas-like
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Figure 4.5: Comparison of the partitioning behaviour of n-heptane (298K)
and ethane (at 1 MPa and 333K) for polystyrene oligomers between a polymer-
rich phase and a solvent-rich phase. (0) aire experimental data and the
line through the points is a best-fit straight line. Ethane results are
simulated from the ideal gas law.

and a liquid-like solvent. Thus, the use of SCF solvents permits one to
access regions in the partition coefficient diagram that are not approachable

with conventional solvents.

We will now examine the sensitivity of the fractionating ability of
SCF to the following changes in operating conditions.

(1) Pressure (8.5-34 MPa)
(11) Temperature (313-333K)
(iii) Solvent (CO,, ethane, and a mixture of ethane and propane)

Predictions from the lattice EOS will also be presented to explore the

relevance of this theoretical tool for the correlation of experimental data.
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4.2.3 Results at Different Pressures
4.2.3.1 Experimental and Modelling Results

The partitioning ability of an SCF is expected (o be a strong
function of operating pressure since the density (and hence the solvent
power) of the SCF has been shown to vary from gas-like to liquid-like in a
continuous fashion with increasing pressure (see Figure 1.1, Paulaitis et
al, 1983). The partitioning behaviour of an SCF solvent with respect to
polymers, is therefore expected to vary from gas-like ("strong" fractionation,
"poor" loading) to liquid-like ("poor" fractionation, "good" loading) in a

continuous fashion as one increases pressure.

InFigure 4.6 we present averaged experimental data for partition coefficients
of polystyrene chains as a function of chain molecular mass at several
ethane pressures between 8.5 and 34 MPa, at 333K. (The lines through the
points are best fit straight lines.) Again, these include data from both
the 800 and 2060 g mole™! polystyrene samples (detailed results are presented
in Appendix II). The partition coefficient data from Figure 4.5 ( with n-
heptane at 298K, and ethane at 1MPa and 333K as solvents) are also shown

for comparison.

At all examined pressures we have a log-linear dependence for K, on the chain
molecular mass. At the lowest pressure (8.5 MPa), the partition coefficient
line is steep, indicating a pronounced fractionation. As one proceeds to
higher pressures the density and solvent power of ethane approach a liquid-
like value. The loading of the SCF phase with polystyrene chains of higher
masses thus increase; however, the fractionation obtained becomes less

selective.
The data in Figure 4.6 were fitted to a line of the form,

fog,,(K,) = C, - (Degree of Polymerization), X C, (4.4)
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Figure 4.6: Experimental data for the solubility of polystyrene in various
solvents. [The lines are best-fits.] (+) are data for partition coefficients
in n-heptane at 298K. All other data are at 333K with ethane as solvent.
(0) at 8.5 MPa, (b8) 10 MPa, (x) 15 MPa, (V) 25 MPa and (0) 34 MPa. The line
with o points is ethane at 1 MPa.

and the "best fit" values of C, and C, are shown in Table 4.1. The dependence
of C, [the slope in Eq(4.4)] on pressure reflects the strong dependence of
the selectivity of the supercritical ethane on operating conditions. G,
however, does not follow a trend explainable in a similarly simple fashion,

and the observed variations may only be the result of experimental error.
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Table 4.1
Variation of C, and C, with »nressure at 333K
Pressure (MPa) Co 103¢,
8.5 -0.74 4,23
10.0 -0.08 4,17
15.0 0.16 3.19
25.0 -0.34 1.92
34.0 -0.16 1.37

Experimental data for the partitioning of polystyrene chains in ethane at
the 3 different pressures (10, 15, and 34 MPa) were correlated with the
lattice model EOS. The single interaction parameter (§,,) employed at
these different pressures, at all chain lengths, was the same as the §,, value

obtained by fitting experimental data at 25 MPa (i.e., §,,=0.018). In
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Figure 4.7: Comparison of the lattice model predictions [6,,=0.018 ( )1,
with experimental partition coefficient data for the polystyrene-ethane
system at 333K and (a) 10 MPa, (+) 15 MPa, (V) 25 MPa and (O) 34 MPa.
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essence, the model results at these three pressures are predictions. The
results of the lattice model at 10, 15, 25 and 34 MPa are compared to
experimentally measured pavtition coefficients in Figure 4.7. The important
point in this context is the utility of the mean-field lattice EOS in the
quantitative correlation of experimental data for the polystyrene-ethane
system across variations in pressure and polymer chain length with a

single adjustable parameter, §,,, that is independent of these variables.

Although the lattice model EOS quantitatively reproduces most of the
relevant features of the partition coefficient diagrams,it must be used only
outside the immediate vicinity of the critical point of the SCF (ca. |T-
Tcl/Tc < 0.05 and |p-pc|/pc < 0.05) since the EOS is a mean-field equation.

For this reason, modelling results at a pressure of 8.5 MPa are not presented.

The data in Figure 4.6 were cross-plotted so that the variation of the
partition coefficient with pressure could be observed for different chain
length polymers (Figure 4.8). The lattice model reproduces the experimental
trends accurately for the examined polystyrene chain lengths. At the
lowest molecular mass presented, (624 g mole™! in this case), the partition
coefficients increase rapidly at a pressure around 8 MPa (corresponding to
p.) and begin to level off at higher pressures (ca. 10 MPa). This is
consistent with observed trends for the solubility of small molecule
compounds in SCF (e.g., naphthalene or acridine in supercritical CO,, see
Section 3.3.4), where a sharp increase in solubility is observed in the
region where the density of the SCF increases rapidly. As one proceeds to
the higher molecular mass chains this increase in solubility is not as
steep and also extends to higher pressures. For example, model predictions
for the partition coefficient of the polystyrene chain of molecular mass
2040 g mole ! show that its solubility is still increasing at a relatively
high pressure of 40 MPa. The behaviour of macromolecular compounds in SCF
is thus qualitatively very different in character from the behaviour of

small molecule compounds.
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To reiterate the usefulness of the EOS in the modelling of the partition
coefficients of polystyrene into ethane, we present in Figure 4.9 a plot of
cutoff molecular mass at different pressures, both from experiment and
model predictions. A cutoff molecular mass represents the polymer chain of
the largest molecular mass that could be detected in the SCF phase after
it was contacted with the polymer sample. (The criterion used for determining
this molecular mass was to find the polymer chain that had a K, value of
10"%). Again, model predictions (obtained with §,,=0.018), outside the
critical region of the solvent, are seen to be in good agreement with
experimental results. An interesting implication of this diagram is that
as pressure is increased, the cutoff molecular mass rises, and, at a pressure
of 50 MPa it is at a molecular mass of ca. 10,000 g mole!. At these

elevated pressures, as expected, ethane begins to behave akin to a conventional

liquid solvent,
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as a function of pressure.

4.2.3.2 Theoretical Aspects

There are two results presented in section 4.2.3.1 that need to
be understood theoretically to generalize the results obtained from the
polystyrene-ethane system to any polymer-SCF equilibrium. They are,

(1) The linearity of £n K, vs polymer chain length, X,
(i1) The dependence of K, on pressure, for all X,.

(i) The linearity of fn K, vs polymer chain length: To explain the
observed linearity for the partition coefficients with polystyrene chain

lengths, at all ethane pressures, it must be realized that we are dealing
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with a situation where polymers of all chain lengths and the SCF are at a
thermodynamic equilibrium between the two phases. The mathematical condition
that represents this phase equilibrium is an equality of chemical potentials

of each component in both phases,

Bscr = Mscr (4.5a)
PZ - p: (4.5b)

The expression for the chemical potential of a component in a binary mixture,

as obtained from the lattice EOS, has been presented in Eq. (3.58).

] + fnq, - n®d, - r,(l-z/2) In v + (qb:/rM) -1

v

e U

q; 92 q,9
- — 4 " [ 2261513- ZXZZZéjékézémedk(Ekm+€3m-€zm-€jk)] (3.58)
T €y

We now make some reasonable approximations and examine Eq(4.5) under the

assumption of independent n-mer-SCF quasi-binaries,

(i) We hypothesise that non-randomness corrections do not make
significant contributions to p, under these conditions., i.e, we assume
that all §,, =1.

(ii1) For simplicity, it is also assumed that phase volumes (v, in
units of cm®g l) and the ratio q,/ry, are essentially independent of the
specific polymer chain length considered in the n-mer-SCF equilibrium.

On applying Eq (3.58) in Eq (4.5b) under these approximations, we may show
that,
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(8 /9}) = o + a,q, (4.6)

where a, and a, are SCF specific constants that are indcpendent of polymer
chain length, X,, but are functions of pressure (P) and temperature (T).
Eq(4.6), thus represents a general result obtained from the lattice EOS
for a polymer-SCF quasi-binary, contingent on the assumptions stated earlier.
To deduce the experimental relationship between K, and X,, [Eq (4.4)], from
Eq (4.6) it must be realized that q, is the effective chain length of the
polymer. Also, the ratio of area fractions of the polymer in the two

phases may be related to the ratio of the respective weight fractions, i.e.,

By = (%,9,)V/L(xyq,)Y ~ wi/X (MW), (4.7a)

é: = (xiqi)’/Z(qud)s ~ ["‘ £(P)] (4.7b)

where it has been assumed that the polymer chains are present in dilute
concentrations in the SCF phase, and that the weight of the SCF dissolved
in the solid phase is independent of the polymer chain length. On substituting
Eq(4.7) in Eq(4.6) we obtain a result identical to Eq (4.4).

In(K,) = In(w]/w}) ~ &, + €,X, (4.8)

The functionality of the partition coefficient of a polystyrene oligomer
on its chain length as deduced from Figures 4.3 and 4.6 [Eq(4.4)] therefore
represents a general result that may be expected from all polymer-SCF
systems that do not violate the general assumptions made in the derivation
of Eq(4.8). Although several assumptions have been made in deriving Eq(4.8),
none are unreasonable within the framework of the systems examined. Clearly,
exceptions will arise when the assumptions made break down; a specific
case being a situation where the loading of polymers in the SCF become

large.
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(ii) The dependence of K, on Pressure: In Figures 4.4 and 4.8 it has been
shown that K, for polystyrene chains increase with increasing ethane pressure.
Also, we have shown that as one proceeds to longer chain length polystyrenes
the region of rise in solubility (when plotted against pressure) becomes
less pronounced and extends to higher pressures. At this point, therefore,
we would like to investigate the theoretical reasons for the manifestation

of these phenomena.

Partition coefficients, as defined in Eq(4.1), are the ratio of the
weight fraction of the specific polymer chain length in the SCF phase to
the corresponding weight fraction in the SCF-free solid phase. The pressure
derivative of #nK may therefore be shown to be related to the corresponding

rate of change of the mole fraction of the polymer in the SCF phase,

(4.9)

alnl(i] ‘ 3fn(wy /wi) ] dAn[x] (MW), /(MW) g P] ]
T,o T,o T,o

ar , ar , ar )

" Here, o implies that the derivatives are taken along the saturation curve,
and the translation from weight fractions to mole fractions has been
achieved through the use of Eq(4.7). (MW), and (MW)g.p represent the
molecular weights of the polymer chain and the SCF respectively. The
derivative dinxy/dP]; ,, under the assumption of a pure solid phase has

been shown to take the form (Kurnik, 1981),

(4.10)

44nxy v -V,
aP . ] T,o RT

outside the critical region of the solvent. Vi represents the molar volume
of the solute, and V; represents the partial molar volume of the polymer in
the SCF-phase. We employed Eq (4.10) in Eq (4.9) as an approximation, with
the clear understanding that this assumption of a pure solid was not
appropriate in the case of the polystyrene-ethane system. However, the
approximation would be more reasonable if the quantity of SCF dissolved in
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the solid phase did not change substantially with pressure. From this

mathematical procedure, one may then show that,

(4.11)

In the past it has been shown for polymeric systems that V; scales
approximately linearly with the chain length of the polymer in consideration
(Abraham and Ehrlich, 1975). On employing this fact along with the assumption

that V§, the molar volume of the solute, also scales with X;, one can finally

show that,

d£nK, (Vi - V)

- ] o RX ———— (4.12)
ap J1,0 RT

The pressure derivative of the partition coefficient of a polystyrene
chain (into supercritical ethane), therefore, scales linearly with its
chain length. So, although the isotherms for low molecular weight compounds
(as the monomer and dimer) essentially level out at pressures greater than
~15 MPa, the isotherms for higher molecular weight polymers will continue
to rise since their rate of increase with pressure is magnified by their

chain lengths, as suggested by Eq(4.12).

To examine the validity of Eq(4.12) and the assumptions made in its
derivation, in Figure 4.10 we present plots of the quantity (1/X,)d4nK, /dP], ,
against pressure for three different polystyrene chain lengths (of molecular
weight 624, 1040 and 2080 g mole '), as predicted from the lattice model.
If Eq.(4.12) were valid we would obtain a single curve that is independent
of polyiner chain length. Results shown in Figure 4.10 illustrate that this
result is strictly valid near the critical density of ethane. At higher
pressures, however, discrepancies arise, but the point to be emphasised
here is the remarkable agreement of the slopes for the different chain lengths
in the vicinity of the sharp rise in the density of the solvent SCF. The
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Figure 4.10: Lattice Model Predictions with 6,,=0.018 for the quantity
(1/X,)34nK, /oP], , (in units of bar !) for the solubility of polystyrene
chains (of molecular weights a. 624, b. 1040 and c. 2080 g mole ') in ethane
at 333K.

important deduction that may be made on the basis of Figure 4.10 is that
the qualitative differences noted in the behaviour of small and large
molecular weight compounds when dissolved in SCF is a manifestation of the
difference in chain lengths of the solutes. While Eq (4.12) stresses the
differences in behaviour between a small and a macromolecular compound,
the identical value of slopes noted in the pressure regime < 20 MPa verifies
the'presence of a pgoverning universality determining the solubility of
different sized molecules in SCF.

In summary, the following conclusions may be drawn from the experimental
and theoretical results that have been presented to demonstrate the sensitivity

of the partitioning behaviour of SCF to chauges in operating pressure:
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- Results at all ethane pressures show that the partition coefficient
of any chain length polystyrene, K,, is independent of the composition
of the polymer phase. The polystyrene phase in contact with ethane
therefore, behaves as an ideal solution at all operating pressures.
- As the pressure of operation is increased, the solvent quality of
an SCF varies continuously from gas-like to liquid-like. The use of
an SCF solvent thus allows one to access regions of the partition
coefficient diagram that could not be obtairned by the use of conventional
gas or liquid solvents.

- The partition coefficient vs chain molecular mass curves are log-
linear at all pressures examined, with the absolute value of the
slope of the line decreasing as pressure was increased. This is
another manifestation of the approach of the SCF to 1liquid-like
behaviour as P is increased.

- All experimental data for the polystyrene-ethane system, outside
the critical region of the SCF, have been correlated with a lattice
model EOS with a single adjustable parameter, §,,, that is independent
of chain length and pressure.

- Through the use of simple thermodynamic arguments we have shown
that the lattice EOS predicts the log-linear behaviour of the partition
coefficient vs chain molecular weight line observed for the polystyrene-
ethana system. This relationship is expected to be valid generally
across most commonly encountered polymer-SCF systems.

- We have shown that the behaviour of the solubility isotherms (K,
plotted against P), of polystyrene chains of high molecular weight
are qualitatively different from the character displayed by the
corresponding curves for small molecules. However, if we account for
the size of the polymer molecule, then the presence of a certain
universality can be demonstrated in the solubility characteristics

of different chain length polymers.
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4.2.4 Results at Different Temperatures

Temperature of operation affects the partition coefficients of
polystyrene chains dissolving into ethane in two opposing directions:

(1) Since the vapour pressure of substances increase with increasing
temperature, a larger amount of each chain length polymer may be expected
to be in the SCF phase at equilibrium, if the pressure and density of
the SCF remained unchanged.
(ii1) As the temperature of a SCF-polymer mixture is increased, at
constant pressure, the density of the SCF will decrease (see Figure
1.1). It has been shown, in Section 4.2.2 that the fractionating
behaviour of SCF becomes more "gas-like" as its density is decreased.
This effect will, therefore, reduce the loading of polymer chains in

SCF as temperature is increased.

To quantify these results we begin by writing the derivative d4nK, /8(1/T)]p ,

in the form,

dEnK, dAnK, dAnK, ap
] = ] + ] X ] (4.13)
a(1/T)’ P,o a(1/T)’P,p ap P, T 3(1/T)’P,o

The first term in Eq(4.13) will only contain the effects of temperature on
the vapour pressure of the pure polymer chain. In other words, this term
represents the negative of the enthalpy of sublimation of the polymer

chain under these conditions, and would always be negative in sign,

d LK, AH®vP
] - (4.16)
P,p

a(1/T) R

Then, thz second term in Eq (4.13) represents the effects of changing
solvent density on K, . Clearly, this term should be positive for all
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Figure 4.11: Experimental partition coefficient data for the polystyrene-
ethane system at 25 MPa and (O) 313K, (A) 323K and (+) 333K. The lines
represent best fit straight lines.

conditions considered since it is a product of two positive factors. The
exact dependence of partition coefficients on temperature will therefore

be governed by the dominant term in Eq (4.13).

In Figure 4.11, .ne averaged K, values for polystyrene chains into ethane
at a pressure of 25 MPa and three different temperatures (313, 323 and 333K
respectively) are presented. Data for this graph were obtained from
polystyrenes of M ~ 2060 and 800 g mole !, exactly as in the previous

experiments.

The partition coefficient curves for the polystyrene-ethane system are not
as sensitive to temperature changes as they are to variations in pressure.

This could be due to the fact that, at these conditions, ethane has an
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essentially liquid-like density (~300 kg m %) which is not very sensitive

to relatively small changes in temperature.

Data at these three temperatures were fitted to an equation of the form

presented in Eq.(4.4) and the results are reported in Table 4.2.

Table 4.2: Variation of C, and C; with temperature at 25MPa

Temperature (K) Cy 10%c,
313 -0.11 1.73
323 -0.08 1.82
333 -0.34 1.92

The lattice model EOS was again used to fit the experimental data. It was
found that the same value of 613 (= 0.018) that was used at 333K could be
used over the temperature range of interest. Data fits obtained with this
value of the binary interaction parameter are demonstrated in Figure 4.12.
The lattice model thus allows for the quantitative reproduction of experimental
data for the polystyrene-ethane system across variations in chain length,
pressure and temperature with one apparently constant value of the interaction
parameter, §,,. The utility of the lattice model in the correlation of such
systems, in principle, 1is emphasised by its capability of predicting
quantitative trends by fitting it to a single datum point for the system of

interest.

An interesting feature of Figures 4.11 and 4.12 is that the curves
corresponding to lower temperatures fall above the ones at higher temperatures.
Also C,, the slope of the K, line (in Table 4.2), shows that the fractionating
power of an SCF becomes more "gas-like" as one proceeds to higher temperatures.
From the discussion presented earlier in this section it is inferred that
the small effect of changes in SCF density due to temperature variations

dominate the variation of K, observed in these experiments.
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Figure 4.12: Comparison of the lattice model predictions [§,,=0.018, ( )]
with experimental partition coefficient data for the polystyrene-ethane
system at 25 MPa and (A) 313K, (+) 323K and (V) 333K.

This would imply that a lower temperature would afford a higher loading of
the longer polystyrene chains (than a higher temperature). This apparently
anomalous result can be understood if the lattice model predictions for
the solubility of a single molecular mass polystyrene chain (1040 g mole !
in this case) in ethane are examined as a function of pressure and temperature
(Figure 4.13). It is seen that the predictions at lower temperatures always

lie above the corresponding curves at higher temperatures, verifying
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that changes in SCF density determine the behaviour of partition coefficients

with variations in temperature.

This result should be contrasted to corresponding results obtained for the
solubility of a low molecular weight compound in an SCF (e.g., acridine or
anthracene in CO,, see Figures 3.10-3.13. In these diagrams, the mole
fraction of the solute in the gas-phase plays a role analogous to K; in
Figure 4.13.) In the case of small solutes there is a region in the diagram,
called the retrograde region, where the lower temperature solubilities are
higher than at higher temperatures. At higher pressures, however, an
opposite trend has been observed. In the case of a macromolecular species

this opposite effect at high pressures is not seen, suggesting again that
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the behaviour of macromolecular compounds in SCF is very different from

that of small molecule solutes.

In conclusion, variations of temperature in the range examined do not
have a pronounced effect on the partition coefficients of the different
polystyrene chain lengths in ethane at 25 MPa. As temperature is increased,
the density (and hence the solvent power) of the SCF becomes more "gas-
like", and the loading of polymer chains in the fluid-phase decrease. Data
obtained at the three different temperatures (313, 323 and 333K) have been
correlated across changes in chain lengths and temperatures employing the
lattice EOS with one adjustable parameter that is independent of operating
conditions. The potential of the lattice EOS as a predictive tool for this
system across variations in temperature, pressure and chain length is thus
verified, since the EOS can correlate data across all states with a single

value of the interaction parameter, §,,.

4.2.5 Results with different solvents

The effect of the variation of solvent quality on the partition
coefficient curves was also examined. Ethane and two other solvents were
used: CO,, one of the popular supercritical solvents, and a mixture of
ethane and propane (ca. 87:13 by mole). Since propane is a liquid under
the experimental conditions its partitioning behaviour with respect to
polystyrene chains is expected to be similar to n-heptane. A mixture of
ethane and propane was used to examine if the fractionation obtained with
this system corresponded to a behaviour between ethane and a conventional
liquid solvent. The averaged experimental data for the partition coefficients
of polystyrene chains of various molecular masses in the different gases

at 333K and 25 MPa along with lattice model fits are shown in Figure 4.14.

Carbon dioxide is seen to be the worst solvent at these conditions. One
reason for this could be attributed to the fact that at 25 MPa CO, is at a
lower reduced pressure (and hence lower reduced density), than the other

two solvents. However, a comparison of ethane and CO, at the same reduced
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for the fractionation of polystyrene chains with: (a) ethane (§,,=0.018),
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pressure (i.e., ethane at 17 MPa and CO, at 25 MPa) showed that €O, is
still a poorer solvent than ethane (see Appendix II). The mixture of
ethane and propane, however, is a better solvent (and consequently a
poorer fractionating medium) than pure ethane. This leads us to the important
conclusion that a "better" solvent may be obtained simply by adding a small

quantity of a higher member of the same homologous series to a relatively

poor solvent.

The experimental data in Figure 4.14 have been modelled by the lattice EOS.
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Again quantitative fits were obtained with the use of a single adjustable
parameter per binary, across variations in polymer chain length. However,
the different systems are not modelled with the same value of the interaction

parameter, §,,.

4.3 EXPERIMENTAL AND THEORETICAL CONSIDERATIONS
4.3.1 The Role of Diffusion

An equilibrium solubility of an oligomer in the SCF phase can be
measured when the gas phase is in equilibrium with the bulk of the condensed
phase. A high average molecular mass polymer with a narrow molecular mass
distribution has relatively small quantities of both low and very high
molecular weight chains. The small concentrations of the lowest molecular
mass chains in the 2060 g mole ! polystyrene used (M,/M,~1.2), coupled
with their inherently high solubilities ensures that the surface of the
polymer will be depleted in these oligomers when it is contacted with an
SCF. With respect to these oligomers, equilibrium between the bulk and
surface of the condensed phase will then have to be reestablished by
diffusional processes. In Figure 4.1 we have demonstrated that for four
runs performed successively, the dimer concentrations in the extracts decrease
monotonically. It is clear that, in these runs, the measured concentration

of dimer in the extract phase represents a diffusionally controlled value.

For chains with molecular weights close to the peak molecular mass
in the distribution, diffusion is no longer controlling because sufficient
material is present on the particle surface to saturate the gas phase.

Solubility data of the polystyrene chains in ethane at 25 MPa and 333K,
measured under transport limitations, are presented in Figure 4.15. (These
data were measured with the polystyrene sample with M ~ 2060 g mole 1).
Ethane was placed in contact with the polystyrene for 25 hours before

sampling.
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The measured solubility of the trimer is 7x1073° kg/kg ethane. As
expected, the measured solubility of the tetramer is dramatically lower.
As one progresses to higher molecular masses, the observed solubility is
seen to rise due to the larger quantity of the oligomer being present in
the parent polymer. The solubility reaches an equilibrium value, as deduced
from the linearity of solubility plot, around a molecular mass of 1200 g
mole !. Most reported equilibrium solubilities from the polystyrene of
molecular mass 2060 g mole™! are therefore, only for oligomers of mass

higher than 1200 g mole™!.

To obtain a mathematical understanding of the relative time scales
involved in the diffusional process we examine, as a simple model, the
diffusion of a low concentration oligomer out of an inert polymer sphere
of radius R, which is placed in contact with an infinite quantity of SCF.

The governing transport equation for this process, in spherical coordinates

is,
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Figure 4.15: Measured solubilities of various oligomers of a polystyrene
of average molecular mass 2060 g mole ! in ethane at 25 MPa and 333K.
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(4.15)

where c, is the concentration of species A at any radial distance r from
the centre of the sphere, at any time t. D is the diffusion coefficient of
the species A, assumed to be independent of c, and r. The boundary conditions

for this problem are,

at t=0, for all r, C, = Cao (4.16a)
for all t, r=0, dc,/3r = 0 (4.16b)
for all t (= 0), r=R, c, =0 (4.16c¢)

While the solution to this problem has been performed by the use of a standard
separation of variables technique, no final results are reported here. We
however, examine the characteristic diffusion time associated with this

formulation,
tp = R%2/D (4.17)

If we use reasonable estimates for polymer particle diameter (~200 pm) and
the diffusion coefficient for the dimer (~ 10712 cm?s™!) we obtain diffusion
times of 10* s. Under these assumptions, therefore, the equilibration of
dimer between the SCF phase and the bulk of the polymer phase requires a

time of the order of a few hLours.

This observation has important practical connotations when it is desired
to strip low molecular mass oligomers from high molecular weight polymers.
Under these conditions, it is not an equilibrium solubility but one controlled
by transport restrictions that is of primary significance.
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4.3.2 Quantity of SCF dissolved in Polymer

In the definitionof K, , [Eq(4.1)], the solid phase weight fractions
of polystyrene chains have been used on an SCF-free basis. The implicit
assumption in using SCF-free solid phase compositions is that this definition
of K, incorporates all the physics necessary in describing the fractionation
process. This supposition will be justified, if we can show that the
quantity of SCF dissolved in the polymer phase does not change with variations
in the molecular weight of the polymer.

The equilibrium solubility of SCF in the polystyrene phase cannot be
measured in our apparatus since it is not possible .for us to sample the

solid phase when it is contacted with the extracting fluid. We therefore
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Figure 4.16: Lattice model predictions for the solubility of ethane in
polystyrene at 8.5 MPa end 333K, with §,,~ 0.018.
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employed the lattice EOS to estimate the variation of the amount of SCF
dissolved in the solid phase, as the molecular weight of the polymer
changed. In Figure 4.16 we show lattice model predictions for ethane
solubilities in different molecular mass polystyrenes at 8.5 MPa and 333K
(6,, =0.018). The quantity of ethane dissolved in the polystyrene phase
(in units of g ethane/g polymer) levels out asymptotically to a value of
0.25 g ethane/g polymer. At a molecular weight of 800 g mole ! the solubility
has a value of 0.32 g ethane/g polymer, while at 2000 g mole™! the
corresponding number is 0.26 g ethane/g polymer. Since we employ polystyrenes
of M, 800 and 2060 g mole™!, therefore, the assumption of using solid

phase compositions on a SCF-free basis will not cause large errors.

4.3.3 Sensitivity of Lattice Model Predictions

The lattice model fits to experimentally measured partition
coefficients were obtained with the use of a single adjustable parameter,
§,,. In this section we examine the sensitivity of the lattice model
predictions to changes in §,,.

We examine a single case: the solubility of polystyrene chains in a
ethane-propane mixture (ca. 87:13 by mole), which was correlated with the
lattice model with a §,, =0.03. On performing a sensitivity analysis we
show that,

dlog, oK,
—-———————] - 2.39 - 3.32 X% (4.18)

Eq(4.18), which represents a generally observed qualitative trend for the
polystyrene-SCF mixtures examined in this work, shows that both C, and C,
[the slope and intercept defined in Eq(4.4)] as predicted by the model are
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sensitive to the actual value of §,,. This proves further that the lattice
model is appropriate for the modelling of polymer-SCF equilibria since we

can reproduce accurately both the intercept and slope of the K, vs X, line

with the use of a single adjustable parameter, 6,,.
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CHAPTER 5

SOLUBILITY OF POLYMERS IN SUPERCRITICAL FLUIDS:
SUMMARY OF EXPERIMENTAL AND MODELLING RESULTS

In Chapter 4 we have presented experimental measurements for the
solubility of polystyrene chains in SCF at several operating conditions. Also,
these data have been correlated with a statistical-mechanics based lattice
equation of state that was developed to model mixtures of molecules of
disparate sizes (Chapter 3). In this chapter we summarize the important results

related to the fractionation of polymers using SCF.

5.1 SOLUBILITY OF POLYMERS IN CONVENTIONAL SOLVENTS

First, we examined the solubility of polystyrene in conventional
solvents: liquids and ideal-gases. A partition coefficient, K,, was defined
for the distribution of a polymer of chain length i between the solvent

phase and the polymer phase,
R, = w}/w} (4.1)

Here w; represents the mass (or weight) fraction of the relevant chain
length polymer in the appropriate phase: v represents the solvent phase
composition and s represents the polymer phase compositions on a solvent

free. basis.

When the partition coefficients obtained from the solubility of

n-heptane were plotted against the chain molecular

weight the resultant relationship was a log-linear one. Alternately, the
partition coefficients of any mer may be correlated to its chain length

polystyrene chains in

X, , by the equation,
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Rog, oK, = A(T) + B(T) X, (4.3)

This relationship between K, and X, has already been reported in the
literature. However, the data presented here are for individual chain
lengths, while in the past results based only on average molecular weights

have been reported for liquid solvents.

Analysis of the results obtained from the solubility of polystyrene
in n-heptane at 298K [Figure 4.5] show that liquid solvents are poor
fractionating media for polymers on the basis of molecular weight, and
hence allow for a relatively large loading of the longer chains in the
solvent phase. With the use of a gaseous solvent, however, good fractionation
can be obtained, but the loading of polymers in the gas phase is 1low.
Liquid and gaseous solvents thus represent the two extreme cases of

fractionating behaviour obtainable by the use of conventional solvents.

5.2 SOLUBILITY OF POLYMERS IN SCF

We then examined SCF to explore the possibility of obtaining a
fractionating behaviour intermediate between a gaseous and a liquid-like
solvent. To this end we employed ethane at 25 MPa and 333K to solubilize
two different polystyrene samples (M,~ 2060 g mole™!, M,/M,~ 1.2; M, ~ 800
g mole™?!, M,/M,~ 1.1). The important results from this investigation are

summarized below:

- Data, when plotted as £nK, vs. polymer chain length [Figure 4.3],
show that SCF are intermediate in their fractionating behaviour
under these conditions; i.e., the partition coefficients for different
chain length polymers lie between the values obtained from n-heptane
and an ideal gas. Data in this figure also demonstrate that Eq(4.3),
which is valid for conventional solvents is also applicable to the
ethane-polystyrene system at 25 MPa and 333K.

- In Figure 4.3 it is also seen that K, values obtained from the two
different polystyrene samples fall on the same straight line. K,,
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therefore, is essentially independent of the composition of the parent
polymer, suggesting that the polymer phase in contact with the ethane
behaves as an ideal solution. We employ this important deduction as
the starting point in our modelling since we may now deal with a
linear combination of several n-mer-SCF quasi-binaries rather than a
multicomponent polymer-SCF equilibrium.

- Solid phase compositions have been employed on a solvent-free
basis in the definition of K, [Eq (4.1)]. From a theoretical analysis
we show that the quantity of SCF dissolved in the polymer does not change
appreciably with polymer molecular weight for the samples employed
in our experiments. This definition of K; will, therefore, incorporate
all the essential physics regarding the solubility of polymers into
SCF.

- Modelling of the experimental data has been performed with a
statistical-mechanics based lattice model equation of state with the
use of a single adjustable parameter, §,,. We show that all data at
this operating condition, above a molecular of ~1200 g mole!, can
be correlated with a constant value of §,, (= 0.018). Also, in this
modelling it has been assumed that polystyrene under all experimental
conditions is at a thermodynamic equilibrium state; i.e., we assume

that the polymer is above its glass transition temperature.

The sensitivity of the partitioning behaviour of SCF to changes in following

operating conditions was then studied:

(1) Pressure ( 8.5-34 MPa)
(2) Temperature (313-333 K)

(3) Solvent (CO,, ethane and a mixture of ethane and propane).
Results from these experiments are summarized below.

a. Changes in Pressure: The density (and hence the solvent power) of an
SCF changes continuously from gas-like to liquid-like as its pressure is
raised. Increases in pressures were thus effected to verify the approach

to liquid-like behaviour of supercritical ethane.
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Results reported in Section 4.2.3.1 demonstrate that as the ethane
pressure is increased from 8.5 MPa to 34 MPa (at 333K) the partition
coefficients of the various styrene oligomers increase and continuously
approach the value obtained in the experiments conducted with n-heptane.
As expected, the behaviour of the SCF approaches a liquid-like character as
its pressure is increased. As at 25 MPa, the data at all pressures show a
log-linear dependence of K, on chain length. A theoretical analysis with
the lattice EOS also showed that the log-linear dependence of K, on polymer
chain length is- a universal result that is expected to be valid across

most commonly encountered polymer-SCF systems.

Data obtained at these pressures were correlated with the statistical
mechanics based lattice EOS, at all chain lengths and pressures, employing
the same value of §,, (= 0.018) that was employed at 25 MPa. The lattice
EOS thus provides us with a predictive tool for the polystyrene-ethane
system since it can correlate experimental data across variations in

pressure and chain length (above 1200 g mole !) using a constant value of

815

On plotting the data for different chain length polymers on a K, vs
pressure basis we showed that the behaviour of the isotherms for macromolecular
compounds is qualitatively different from the character of the corresponding
curves for small molecule solutes. For example, for the lowest molecular
mass considered (624 g mole ! in this case), the partition coefficients
increases rapidly at a pressure around 8 MPa (corresponding to p, of the
SCF solvent) and begin to level off at pressures near 10 MPa. However,
model predictions for the partition coefficient of the polymer chain of
molecular mass 2040 g mole™! show that its solubility does not rise very
sharply at 8 MPa, but that it is still increasing at a relatively high

pressure of 40 MPa,

From a theoretical analysis we showed that although the K, vs P
curves for different chain length polymers have different qualitative
natures, if we examined the quantity (1/X,)d4nK,/d8P],,, as a function of
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pressure then the data for all molecular weights collapse to a single
curve. We thus have demonstrated the existence of a governing universality
in the behaviour of different polystyrene chain lengths when they were

dissolved into supercritical ethane.

b. Variations in Operating Temperature: Changes in the temperature of
operation affect the partitioning of polymer chains into an SCF due to two

conflicting effects. First, as temperature increases at a constant pressure,
the vapour pressures of compounds increase. This effect should enhance the
solubility of materials into SCF. However, the density of the SCF decreases
with increasing temperature making the partitioning behaviour of the fluid

more "gas-like",

Data presented in section 4.2.4 show that the partition coefficients
for all chain length polystyrenes (with ethane as the SCF) decrease slightly
as temperature is raised from 313K to 333K. This illustrates that the
dominant effect of changing temperature is a reduction in the solubilities
of the different chain length polymers due to a decrease in the density of
the fluid phase.

The 1lattice EOS was employed for the correlation of experimental
data at the three different temperatures (313, 323 and 333K respectively).
It was found that the value of §,, employed at 333K could also be used for
quantitatively fitting experimental trends at the other two temperatures.
The lattice EOS thus allows us to model the polystyrene-ethane system across
variations in chain length, pressure and temperature with a single interaction

parameter (§,,) that is independent of these variables.

c. Data obtained using different solvents: The effect of the variation of
solvent quality was also ;xamined. Three different solvents were employed
in the analysis (CO,, ethane and a 87:13 by mole mixture of ethane and
propane at 25 MPa and 333K). Data for these systems were also correlated
by the lattice EOS, again by using a single value of §,, across variations
of chain length for each system.
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Of the three solvents studied, CO, was shown to be the most gas-like
under these conditions. A reason for the poor solvent nature of CO, can be
understood when the interaction parameter employed in the lattice EOS for
the polystyrene-CO, is examined (=0.08). The corresponding §,, value for
the polystyrene-ethane system is (.018. Since a large value of §,, implies
that the interaction between unlike molecule segments 1is energetically
less favourable than the energy of interaction between like segments, this
offers an explanation for the relatively poor solvent quality of supercritical

carbon dioxide.

Since propane is a liquid solvent at these operating conditions, a
mixture of ethane and propane is expected to display a fractionation
behaviour intermediate between ethane and a conventional liquid solvent.
Experimental results for the ethane-propane mixture show that it indeed is
a more liquid-like solvent than ethane at 25 MPa and 333K. This deduction
also suggests that, the effect of pressure on the partitioning behaviour of
a SCF can be duplicated by adding varying quantities of liquid additives

tc an SCF solvent.
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CHAPTER 6

MODELLING OF PRECIPITATION POLYMERIZATION
IN SUPERCRITICAL FLUIDS

6.1 INTRODUCTION

Reactions in supercritical fluids (SCF) represent a nascent
discipline and to date little work has been done in this area. A review
paper by Bala Subramaniam and McHugh (1986) documents the existing
literature in this field. To our knowledge, precipitation polymerization
reactions in SCF have not been reported. In the ensuing discussion,
therefore, we will attempt to focus our attention on the two areas of

interest to us, viz.

- The existing literature in the field of precipitation
polymerizations in liquid solvents.
- A review of modelling homogenous, single-phase polymerization

reactions conducted at high-pressure.

The goal of this chapter is to combine the existing knowledge in these
areas along with the theory developed for the partitioning of polymers
into SCF (Chapters 3 and 4) to predict average molecular masses, molecular
mass distributions and other relevant information for precipitation

polymerization reactions in SCF.

6.1.1 Modelling of Precipitation Polymerization Reactions

There exists almost no references in the literature on the modelling
of precipitation polymerization reactions. This is attributable to the
fact that in the case of precipitation polymerizations in liquid solvents,

the product polymer is seldom glassy and hence reaction continues in the
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coacervate phase. The final polymer compositions are thus system dependent:
the number of particles, the surface area to volume ratios of the
particles, stirring rate etc., may become the dominating effects. The
understanding of these two aspects hinge on the appreciation of the
relevant nucleation phenomena that govern the formation of precipitate
particles. Fitch and Tsai (1970) present a theoretical approach to the
modelling of the nucleation process. Ray and Jain (1975) and Barrett and
Thomas (1975) attempt to explain the phenomenon of precipitation in a
qualitative manner. According to both these groups the nucleation process
can occur either due to "self nucleation" (when a chain becomes so long
that it can nucleate by itself) or "aggregate nucleation" (when several
chains aggregate and form a nucleus). Ray and Jain (1975) state that the
controlling nucleation process is dictated by temperature, with self
nucleation controlling at high temperatures. They also claim that, at low
temperatures perhaps 10-25 chains aggregate and form a stable nucleus that

then precipitates.

Barrett and Thomas (1975) present a detailed review of the variety of
theoretical techniques used to model dispersion polymerization systems,
including the nucleation process. The dynamically controlled threshold
molecular weight for precipitation has been calculated in this work using
a theory of homogenous nucleation (Nielsen,1964). The knowledge of the
solubility of chains in the specific solvent is required in order that
this theory may be applied. This solubility was obtained using the
Flory-Huggins model for the excess Gibbs energy of the mixture (Flory,
1953,1941,1942; Huggins, 1941,1942). The threshold chain length also
depends on the kinetics of the propagation step and on the surface tension
of the polymer-solvent interface. Subsequent to the first particle being
formed, the concept of homogenous nucleation is no longer relevant since
the particles formed now act as nuclei for the growing oligomers in
solution. This fact has been substantiated by the evidence that, after the
initial nucleation burst, the number of particles remains essentially
constant (Hoffman, 1976). The oligomers in solution thus, can be captured
by the existing particles either "irreversibly", or can participate in an
"equilibrium" with the particle surface. Theories exist for both these

1}
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processes but they have not been substantiated with experimental data

(Fitch and Tsai, 1970).

The precipitated polymer has chains that are both terminated and
unterminated. If the threshold of precipitation is higher than the average
degree of polymerization achieved in the solution phase, then, most of the
chains that precipitate will be terminated. If,on the other hand, the
degree of polymerization is higher than the threshold, most of the
precipitated oligomers will have active chain ends. The reactivity of the
unterminated radicals in the precipitate is determined by the quantity of
monomer present in the precipitate, the nature of the solvent and the
temperature of operation. The temperature of operation is an important
variable since, in the case of polymers below their glass transition
temperature, as the temperature is reduced, the chains tend to coil and

occlude the radicals thus reducing their reactivity.

6.1.2 Reactions in High-Pressure Gases

The understanding of reactions under high-pressure entails the
appreciation of the structure and properties of the reaction transition
state. Eckert (1972) provides an overview of the field and teaches the
relationship between the structure and properties of the transition state
and the measured activation volumes. Ehrlich (1971) and Abraham and Ehrlich
(1975) also demonstrate that the proper understanding of the activation
volumes of the reactants and transition state is essential for the
interpretation of reaction rate parameters for the bulk polymerization of

ethylene at elevated pressures (~100 MPa).

In transition state theories (Moore and Pearson, 198l) a bimolecular

reaction can be represented as,
A+ B — (AB)} —— AB (6.1)
[ SR

where a true thermodynamic equilibrium has been assumed between the
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transition state, (AB)!, and the reactants A and B. The reaction rate for
this bimolecular reaction, k., can be expressed in terms of the transition

state and reactants as
k, = (kgT/h) K} (6.2)

where k, is the Boltzmann’s constant, T the temperature in Kelvin, h the

Planck’s constant and Kg is the equilibrium constant between the activated

complex and the reactants based on concentrations (Ehrlich, 1971).

[AB¢ ]
KY = ——— (6.3)
[A](B]

where the square brackets represent concentrations. This constant can be

rewritten following Ehrlich (1971) as,

pE(ABY) /P4 (ABY) ~
K} = (6.4a)

[pE(A)/P(A) Ix[pE(B)/P$(B)]

where the fundamental relationship between the fugacity of a component (f),
and its corresponding fugacity coefficient (¢) has been invoked. p is the
molar density of the SCF mixture and P the operating pressure. Now, we may

rewrite Eq.(6.4a) as,

R = —— — (6.4b)
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where K% is the equilibrium constant based on fugacities, defined in
fashion analogous to Eq.(6.3). K& is then the equilibrium constant based
on fugacity coefficients. The pressure dependence of k_, the reaction rate
constant, can now be derived from standard thermodynamics, through the use

of the equation set (6.2)-(6.4) (Ehrlich,1971).

dfnk_ }
] — L v Gy RT- Ry) (6.5)

ap  T,y,

Here, y, is the mole fraction of component A in the mixture, &« the
isothermal compressibility of the reacting mixture and overbars denote the
partial molar volumes of the appropriate mixture component. In
precipitation polymerizations conducted in vicinity of the critical point
of the solvent, two facts are of significance: the isothermal compre-
ssibility, «;, is very large. Also, in this regime, the partial molar
volumes of dilute, non-volatile components can take on large values,
negative or positive (Eckert, 1972; Abraham and Ehrlich, 1975). The value

of the reaction rate constant, k therefore, can take on values in this

r?

regime, very different from values in liquid solvents.

For the bulk polymerization of ethylene at elevated pressures (~100 MPa at
T~400 K), however, Ehrlich and Mortimer (1970) report propagation rate

constant values, k_, of the same order of magnitude as those found in the

p ’
polymerization of vinyl polymers in liquid solvents. Abraham and Ehrlich
(1975) emphasise, therefore, that the anomalous values of reaction rate
constants due to pressure effects are valid only in the immediate region

around the critical point of the solvent.

Apart from the effect of the solvent on the absolute value of reaction
rate constants, Ehrlich and Mortimer (1970) suggest that the mechanism of
a free-radical initiated polymerization in high-pressure gases is similar
to the corresponding reaction mechanism in liquid solvents. That is, the

steps occurring normally in a free-radical polymerization system: free-
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radical initiation, propagation and termination due to addition and
disproportionation all happen in this system. This is a rational
conclusion, since the steps involved are chemical in nature and it is
reasonable to assume that we cannot affect the chemical steps in a kinetic
process purely by physical means, as in this case. However, SCF have been
used to alter the selectivity of a reaction towards the formation of a

desired product over an undesired one (Subramaniam and McHugh, 1986).

6.2 MODELLING OF SCF PRECIPITATION POLYMERIZATION

The time evolution of a precipitation polymerization reaction in an
SCF can be thought of as occurring in three, distinct phases:

- Initially, the reaction mixture, composed of a known quantity of
SCF, monomer and initiator is in a single-phase, homogenous solution.
Reaction begins through the decomposition of initiator to form free-
radicals. These free-radicals then add monomer to form longer chain-
radicals in a propagatiex step. The reaction is terminated by a
bimolecular addition or disproportionation [Eqs.(2.9)-(2.13)].

- As the reaction proceeds in time, the concentrations of polymer
chains (in principle, both terminated and unterminated) increase, and
at some point they nucleate to form a second, solid phase.

- Subsequent to this precipitation step, at all times, polymers of
all chain-lengths equilibrate across the two phases, following a
partition law. A relevant example would be the partition law
presented in Chapter 4 for the distribution of polymer chains between
a coacervate-phase and an SCF-phase; however, partition coefficients
for the various chain length polymers, as determined from reaction
experiments (presented in Chapter 7) will be employed. Reaction
continues to occur in the SCF phase; it is assumed that no reaction

occurs in the precipitate-phase.

We shall now formulate each of these steps into a mathematical model and
discuss the solution procedure adopted to solve the set of equations so

obtained.
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A point to be emphasised in this case, is that we assume that no reaction
occurs in the precipitate phase. Extrapolation of the results of Wang et
al., (1982) suggest that the glass transition temperature for polystyrene
in the presence of CO, at our temperature of operation (333K, P > 10 MPa)
is in the vicinity of 325K (see Figure 6.1). So, while the coacervate may
not necessarily be a glass at these conditions, its viscosity is still
very high, suggesting that the reaction rate in this phase may be very
small. These same trends may be expected from ethane, and we assume this
to be valid since no data exists to show the effect of ethane on the
glass-transition temperature of polystyrene. [This assumption will be
verified in Section 7.2.3.1.] Also, it must be highlighted that if reaction
were to occur in the precipitate phase, then, a model for the reaction may

need to be system specific.
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Figure 6.l: Glass transition temperatures of polystyrene at different
temperatures and CO, pressures (Wang et al., 1972)
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6.2.1 Modelling of a Polymerization prior to precipitation
The modelling of a single-phase polymerization involving initiation,

propagation and termination is available in the existing literature [Flory,

1953; Odian, 1985]. The following reactions are assumed to occur in this

step,
k,

I — 2R’ (6.6)
k,

R® +M ——— RM' (6.7)
ky

RM, + M —— RM. , (for any x > 0) (6.8)

where k, refeqé to rate constant of the initiation step and k, for the
chain-propagation reaction. Also, note that steps (6.7) and (6.8) have the
same reactiorn rate constant, kg, although Flory (1953) has suggested that
these two rate constants may be different. These reactions are followed by

the termination of the propagating radicals.

k
t
RM, + RM; —— P,y + Py, (6.9)

where P ,, and P ,, are terminated chains, one of which contains a double
bond. In this context, it must be stressed that the termination mechanism
in Eq(6.9) represents the extinction of free-radicals by a
disproportionation mechanism. It is the underlying assumption therefore,
that the termination of radicals by addition is not a significant step in
our model. The rationale for this assumption will be investigated in
Section 6.4. The general rate equations governing this reaction sequence

can be written following Flory (1953) as,

d[1]
— = -k, [I] (6.10)
dt
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d[R" ]
=k, {I] - kp[M][R‘] - kt[R‘]xX[RM;] (6.11)
dt
d{RrM; ]
p - kp[M][RM;_I] - kp[M][RM;] - kh[RM;]XZ[RM;] (6.12)
t
d[Py,,]
-—j;——_— - kg[RM;]XZ[RM;] (6.13)
t

There are a few points that need clarification in the formulation of the

equation set (6.10)-(6.13).
-In Eq.(6.6) ié is seen that an initiator molecule dissociates to form two
free-radicals. However, in Eq.(6.11), it is formulated that only one free-
radical reacts with the monomer. In the formulation of free-radical
mechanisms, a factor f is normally introduced to account for the fraction
of the free-radicals created, that add a monomer in a propagation step.
Flory (1953) states that the initiator efficiency, f, is around 60%. For
convenience, therefore, f, is taken to be 0.5, and together with the
factor 2 incorporated in the numerical value of k,.
- The reaction rates, in Eq.(6.10)-(6.13), are written in terms of
concentrations. Erickson (1987) has suggested that for mixtures in the
vicinity of their critical points it is more appropriate to rewrite these
equations in terms of fugacities. However, Ehrlich and Mortimer (1970)
suggest that the use of fugacities are more appropriate for reactions in
systems at gas-like densities. Since the issue is still unclarified, we
will proceed to work with concentrations, but choose to obtain order of
magnitude estimates for the change in reaction rate constants (due to
pressure effects) from fugacities. This, and other ramifications of using
fugacities rather than concentrations will be discussed in section 6.4.
- In Eq.(6.13), it has been assumed that chain termination occurs only by
disproportionation. It will be shown in Section 6.4 from the use of
transition state theories that the free radicals in the system are
terminated mainly by disproportionation since the rate constant for the
termination by addition step is slowed due to the presence of the SCF
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solvent.

In this context, it must be recognized that to maintain a mass balance we
need to formulate an equation that will ensure the conservation of mass

for the monomer.
[M] = [M], - Yx[RM;] - )x[P.] (6.14)

Here [M], is the initial monomer concentration, and [M] represents the
monomer concentration at any instant of time. The formulation of the rate
expressions in a single-phase reaction medium is now complete. We must
highlight here that several, simplifying assumptions have been made in the
preceding formulation. This must be placed in perspective when it is
recognized that the thrust of this work is aimed at obtaining an
understanding of the important underlying phenomena in this new area of
research. All assumptions are therefore made towards retaining the
important points in the mathematical model, while avoiding complexities,
which at this point would only lead to relatively small corrections in the

ultimate solution.

6.2.2 Modelling of Nucleation Phenomena

As stated earlier, there exist theories based on classical
thermodynamics (Modell and Reid, 1983) which predict particle sizes and
threshold concentrations of different chains in a supersaturated phase. To
predict the rate of nucleation, these theories require a knowledge of the
degree of supersaturation, and surface tension between the mers in the
solid, precipitate phase and the gas-phase (Nielsen,1964). Due to these

prerequisites, therefore, the implementation of such a model is not easy.

An alternate formulation would be to allow the single phase
polymerization, described in the preceding section, to proceed until a mer
of a certain length reaches its spinoidal, or its limit of stability. The
limit of stability of a polymer of any given chain-length, in a mixture
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with n components, can be obtained by the solution of an algebraic equation

of the type,
Y$T er = 0 (6.15)
where y{}] ,4,, represents the second partial derivative of the nth

U (the internal energy). More

details of this calculation are presented in Modell and Reid (1983) and

Kumar and Reid (1986). To be able to obtain numerical values for the

Legendre transform of the basis function,

limits of stability we need to have an appropriate EO0S. The lattice EOS

presented in Chapter 3 would be an appropriate tool in this context.

In the application of the model to real precipitation polymerization
systems this calculation would be of importance in the determination of the
number of particles, the particle sizes and other relevant information.
However, these aspects lie beyond the scope of this work since we are at
this point, interested primarily in predicting the molecular mass
distributions of the polymers in the precipitate and the SCF phase. It was
found in our analysis with the model that the final, product molecular
mass distributions were independent of the theory of nucleation selected,
and depended primarily on kinetic rate constants and partition coefficient

data (See Chapter 7 for details).

In the course of this work, therefore, a simple theory of nucleation was
employed. This involved the location of the first chain length that reached
its binodal concentration in the gas-phase. The binodal concentration of a

chain can be determined from the partition law,

Log, o (K;) = Log, o (Wy/ws) = G, - C; X, (4.4)

by setting w? equal to unity. We would like to emphasised here, that this
"theory of nucleation" is appropriate only in this context. If more
detailed information such as particle sizes, or volume to surface area
ratios of the particles formed are desired then a more exact theory of

nucleation, as outlined earlier in this section must be employed.
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6.2.3 Modelling subsequent to precipitation

Following precipitation, it is assumed that the solid phase is inert
and no further reaction occurs in this phase; the reaction set, Eq.(6.6)-
(6.9) continues to be valid in the SCF phase. It is assumed that the
polymer chains in the SCF and the precipitate phase are always at
thermodynamic equilibrium. (Experimental data will be examined in Chapter
7 to verify this assumption.) The differential equation set Eq.(6.10)-
(6.13) will now have to be reformulated to allow for the presence of the

solid phase that is in equilibrium with the reaction-phase.

In this case, the initiator mass balance equations can be written in a

difference form‘as,

([I]t+At,'[I]t)(Mw)I/Pscp = 'kglllb At(Mw)I/Psc}' -
MW (mg [T ypey - (mg [T1))/Rypscr  (6.16)

where pg.p is the density of the SCF (in kg m ?) and (MW); is the relative
molecular mass of the initiator. K,, is the partition coefficient of the
initiator between the gas-phase and the precipitate-phase and m, is the
mass of precipitate per unit mass of the SCF phase. The left hand side of
Eq(6.16) represents the net accumulation of the initiator in the SCF phase
(in units of kg initiator/kg SCF), between times t and t+at. The first
term on the right hand side is the destruction of initiator to form free-
radicals in the same time period, and is analogous to the appropriate term
in Eq(6.10). The second term then represents the rate of precipitation of
initiator into the precipitate phase in the appropriate time interval, t
to t+at.

Dividing Eq.(6.16) by At and taking the limit as at — 0, the final
differential equation for the concentration of the initiator in the SCF-

phase can be obtained.
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m, d[1] [I] dm,
) — = -k [1]- —
K, dt K, dt

(6.17)

(1+

dm,/dt represents the rate of change of the mass of the solid phase (per
unit mass of SCF phase) as a function of time. In a fashion similar to
Eqs.(6.16) and (6.17) we can now develop the governing differential

equations for the radicals and polymers of all chain lengths in the gas-

phase.
m, d[R"] [R"] dm,

1+ —) =k, [I] - k,IM][R"] - Kk, [R*JY[RMC] - —— (6.18)
K, dt K, dt
m, d[RM;] [RM;(] dms

(1+ ) =k, [M][RM;_; ] -k, [MJ[R"] - k[RM;Ix)[RM] - — (6.19)
K, dt K, dt

m, d[Px+1] [Px+1] dms

(1+ ) = k, [RM; ]}, [RM; ] - (6.20)

| dt K, dt

In these equations, K, represents the partition coefficient of the polymer
chain of length x monomeric units. In this formulation, we have assumed
that unterminated radicals and terminated polymer chains of the same chain
length partition between the SCF phase and the polymer phase in exactly
the same fashion. To complete this representation, the mass balance

equation for the monomer is,

[M] = [M], -Yx[RM;] -Yx[P,] -m, [MI/K, -Yx[X,]m /K, (6.21a)
= ([M], - ¥ x[2 ) (Q+m /K )}/ (14mg /K, ) (6.21b)

where [A;] is the concentration in the gas-phase of all species of chain-

length i (i.e., both terminated and unterminated chains) and (MW); is the
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molecular mass of the species.

['\1] = [RM;-ll + [Px] (6-22)
The time derivative of the monomer concentration, [M], can now be easily
obtained from Eq.(6.21). The only unknowns in Eq.(6.21) are m;, and dm, /dt.
m, can be tracked simply by closing the mass balances for each mer at every
instant of time. The calculation of dm,/dt, however, is not

straightforward. It must be remembered that polymer chains in the SCF and
the precipitate phase are in equilibrium at all times. Since,

Ky = wy/vj (4.1)
is always valid, we can write that,
W: = [Aj,](Mw)i/PscpKi (6.23)

where wj is the mass fraction of the it" mer in the precipitate phase.

Since the wi must always add up to unity, we get,

LIA 1MW), /pgcpKy = 1 (6.24)
or that,
Yd[A, 1/dt (MW), /pgcpK, + d[M}/dt (MW), /pgceK, = O (6.25)

The respective derivatives required in Eq.(6.25) can now be obtained from
Eq.(6.17)-(6.21), and it is seen that the only unknown is dm,/dt.
Analytical expressions can thus be obtained for this derivative,

dm kp[M]Z(Mw)i([RM;-z] - [RM;-q])(Kl'xi'm,)/(ms'”(i)

dt LI, 1MW), K, /(m, +K, K, + [M]/K,

(6.26)
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where the summation in the numerator goes from 2 to infinity. The
mathematical formulation for the polymerization subsequent to precipitation

is now complete.

6.2.4 Digression: A Steady-State Model

In the past it has been common practice to model free-radical
polymerization processes as reactions in which radicals are at a steady
state (Flory, 1953; Odian, 1985; Froment and Bischoff,1979). This
simplifying assumption has been found to work relatively successfully for
the understanding of conventional single-phase, free-radical
polymerizations. This genre of models has an advantage in that it allows
for a closed form, analytically tractable solution to the set of algebraic
equations that'govern a steady state polymerization. Controlling variables
can thus be identified, and experiments designed with these criteria. It
was therefore our aim to explore the feasibility of using a steady-state

model for the better understanding of our system.

Prior to precipitation, the steady-state model may be derived by assuming
that all radical concentrations as dictated by Eqs.(6.11) and (6.12) must
be at a steady state. The left hand sides of these two equations must
therefore be set to zero to obtain the "steady-state" radical concentration
profiles preceding precipitation. In this time period, however, it must be
realized that terminated polymer chains will not be at a steady-state
since polymers will be formed continuously by the termination of radicals.
In this model, therefore, the rate equation for polymer chains, Eq.(6.13),
will continue to be valid. Radical concentrations may be obtained from
sol?ing Eqs.(6.11) and (6.12) after setting the respective derivatives to

zero,

k, [M] R} _, ]
[RM,_,] = (6.27)
k, [M] + k,XT[RM;]
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On summing Eq.(6.11) and (6.12) for all values of x, one may show that,
LIRM;] = (K, k, [I])1/2 (6.28)
Thus,
K, [M] [RM}_, ]

[RM;_,] = - (6.29)
k, [M] + (k k, [1])Y/

- (k1 [.I]/kp[M]) e'(x (kikt,[I])llz/kp[M]) (6.30)

~ (& [T)/k, [M]) e */¥er (6.31)

where v, [= kp[M]/(kikt[I])*] is the kinetic chain length obtained during
the reaction. We now examine the appropriateness of the application of
this "steady-state" model to SCF precipitation polymerizations before

precipitation. Two cases may be envisaged:

- If v,, is larger than (1/C;) [in Eq.(4.4)], then this model
suggests that precipitation must occur at zero time. In this case,
the "steady-state" model is, therefore, be invalid until the instant
of precipitation.

- However, in the special case where v_ ; is smaller than (1/C,), this
model will predict non zero precipitation times and may thus be used

to predict gas-phase concentrations prior to precipitation.

Subsequent to precipitation, let us assume that all concentrations
(on a monomer and initiator free basis), in both phases are constant. The
steady state model thus assumes that all mers, not including the monomer
and the initiator, are at quasi-steady states. The only change then, will

correspond to a increase in mass of the solid due to precipitation. On
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solving the algebraic equation set [Eq.(6.17)-(6.21)], obtaiuned by setting
the left hand sides to zero, we obtain the steady-state gas phase

concentrations,

(ky /k,) ([11/[M])
[RM;] = (6.32)
N( 1+ (k,/k) (LIRML])/IM]) + (dm,/dE)/K Kk, [M])
J

k, L[RM; ]
[Prsy] = Keyy — [RM;] (6.33)
(dm, /dt)

This also allows for the definition of dm,/dt eas,

dm, k, [T]
- M (6.34)

dt PscF

where M, is defined through the expression,

1 L my (MW),
M, - - (6.35)

L v/ (M), L n,

w, and n, are the weight fraction and the number fraction of the x*? mer in
the precipitate phase, respectively, and (MW), its molecular mass. It is
seen that the rate of precipitation is proportional to the average
molecular mass of the solid in equilibrium with the SCF-phase, and that

the appropriate average is the number averaged molecular mass of the

precipitated polymer.
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The accuracy and validity of the assumptions made in the derivation of
this model will be discussed in Chapter 7, where it is employed for the
correlation of experimental data obtained from SCF precipitation

polymerizations.

6.3 IMPLEMENTATION ASPECTS

The implementation of the transient model was performed in three
stages. At time 0, it was assumed that only monomer and initiator were
present in the SCF phase. Initially, the reacting mixture was a homogenous
single phase, and the relevant rate equations [Eqs (6.10) to (6.13)] were
solved by a marching technique, where time was incrementally increased and
the set of eqqations iterated upon to yield the radical and terminated

polymer concentrations at that time.

The instant cf precipitation, then, was determined when an appropriate
chain length polymer reached its binodal concentration. At this instant,
this chain was assumed to form a second phase. Also, all other chains were
assumed to precipitate, such that the gas and the precipitate phases were
in equilibrium. The mass of the precipitate, m,, at this instant was

obtained by performing a mass balance on the whole system, i.e.,

X [Ai]’q(Mw)i/pSCF + Z wim‘ - lell(Mw)i/Pscy (6.36)

where [),]°? represents the concentration of it? chain-length subsequent
to the precipitation, in the SCF-phase. [),] is the concentration of the
same mer prior to precipitation, and [);]°? and w; are related through
Eq.(6.23). The mass of the solid, m,, was obtained at the instant of
precipitation by the iterative solution of Eq.(6.31); a simple, bisection
method was found to be robust enough to deal with this solution.

Subsequent to this step, the transient model was solved by the numerical
integration of Eq.(6.18)-(6.21), again through the use of the same marching
technique used earlier. The mass of the precipitate was updated through the



181

use of Eq.(6.26). A variable integration step had to be used, with the

step size determined through the equation,
At << m,/(dm,/dt) (6.37)

A variable time step was necessary since, at the instant of precipitation,
the time derivatives of concentrations were large and picking a large time
step causes numerical instabilities to appear in the solutions for the

concentrations of the chains in the precipitate phase.

6.4 REACTION RATE CONSTANTS FROM ACTIVATED STATE THEORIES

To obtain the relative rates of the different kinetic steps in an SCF
polymerization it must be realized that the partial molar volumes of dilute
components in SCF, normally, have large negative values. From the
LeChatelier principle, a bimolecular reaction which yields a single product
molecule, such as the propagation or the termination by addition step, are
unfavourable under these conditions. The overall manifestation of this
effect is a reduction in the propagation (or termination by addition) rate
constant. By extension, an opposite behaviour may be observed in a kinetic
step, like the initiation reaction, where the initiator dissociates to
form two free radicals. Also, steps like the termination by
disproportionation, wherein two molecules react to form two product
molecules, will not be affected dramatically by the presence of a SCF

component in the mixture.

We now attempt to obtain an order of magnitude estimate for the value
of the propagation rate constant under these conditions, using an activated
state theory developed by Ehrlich (1971). Eqs. (6.2) and (6.4) provide
mathematical expressions relating the reaction rate constant, k , in terms
of the fugacities and fugacity coefficients of the reactants and the
activated state. Now, K} is independent of pressure since it is based on a

unity reference state (Ehrlich,1971). Eqs (6.2)-(6.4) thus imply that,
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(k PR} /p) = £(P) (6.38)

We may now expand Kl in terms of the fugacity coefficients of the

respective mixture components,

#(AB)?
Ky »o —mm™MmMm——— (6.39)

¢(A) ¢(B)

Let us now assume that all the three fugacity coefficients to be of the
same order of magnitude: approximately 10°* or smaller [T,~1.5, P_~1.5,
under infinitely dilute conditions (Debenedetti and Kumar, 1986a,1986b)].
K&, thus, under supercritical conditions, is of the order of 10% or larger.
Under the conditions where precipitation polymerizations are conducted,
i.e., for ethéne at ~ 15MPa and 333K, p is of the order cf 10 mole m3.
For conventional liquid solvents, K; lies between 0.1 and 1 at pressures of
0.1 MPa and densities of ~10* mole = 3. Using Eq.(6.33) suggests therefore,
that

(k:)scr ~ [1071-1072] (kr)llq (6.40)

The reaction rate constants for the propagation and the termination by
addition steps for a polymerization in a SCF solvent, in the vicinity of
its critical point, are approximately 2 orders of magnitude smaller than

the corresponding values in a liquid solvent.

By the same rationale let us now examine the effect of the use of SCF on
the rate of the initiation step. The initiation step may be thought of as

occurring in the following manner,
I — (R°R*)} — 2R’ (6.41)

Application of Eq.(6.38) will immediately suggest that the initiation step
will not be affected substantially due to the presence of the SCF solvent,
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i.e.,
(k,)SCF -~ (k,)lis (6.42)

It has been suggested by Subramaniam and McHugh (1985) that the initiator
step will be accelerated due to the lower viscosity of the SCF, which
reduces the so called "cage-effect". While this may be true, the point to
be emphasised here is that the relative rates of initiation and propagation
in the reaction mechanism in SCF solvent are substantially altered from

the corresponding values in conventional, liquid solvents.

In summary, the use of activated state theories suggest that for the
polymerization reactions in SCF solvents near their critical points, the
ratio of reaction rate constants based on concentrations for the
propagation step to the initiation step is approximately 2 orders of
magnitude smaller than corresponding values in liquid solvents. Also, the
rate of termination by addition under these conditions is substantially
smaller than in liquid like conditions. The other rate constants remain
relatively unaltered, suggesting that termination by disproportionation is
probably the dominant termination mechanism in this regime. Since the
ratio of the propagation to the initiation rate constant is reduced in SCF
solvents as compared to liquid solvents, it is to be expected that smaller
kinetic chain lengths would result in SCF polymerizations. The use of SCF
flulds as solvents for polymerization reactions, therefore, offers us a
probe of the mechanism of free-radical polymerizations, since the presence
of the SCF selectively affects the rates of some steps, while leaving the

others essentially unaltered.
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CHAPTER 7

PRECIPITATION POLYMERIZATIONS IN SUPERCRITICAL FLUIDS:
MEASUREMENT, RESULTS AND DISCUSSION

7.1 EXPERIMENTAL APPARATUS

Experiments to demonstrate the feasibility of precipitation
polymerization reactions in SCF were carried out in two different setups,
both of which are discussed below. The first incorporated a reactor that
allowed for the visual observation of the reaction medium, but could not
be used for obtaining quantitative data. The second apparatus then corrected

this problem; however, no visual observation was possible.

7.1.1 Reactor Setup Allowing Visual Observation

A schematic representation of this setup is shown in Figure 7.1. The

main elements of this apparatus are:

- Reactor: A high pressure optical cell (Jerguson gage model 19-TCH-
40) was used as the reactor. The cell is a rectangular channel of approximate
dimensions 32cm X 1.3cm X 1.3cm (internal volume ~ 50 ml), between two
high-strength borosilicate glass plates and a 316 stainless steel enclosure.
The cell afforded a full view of the contents of the reactor and was used
to monitor the onset of precipitation, which manifested itself as a increased

turbidity in the contents.

- Recirculation System: The reaction mixture was removed from the bottom
of the gage and recirculated externally to the top of the reactor with a
double head minipump (Milton Roy, double head, explosion proof, 46/920

ml/hour minipump) to ensure complete mixing of the contents.
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Figure 7.1: Schematic of apparatus with visual observation

- SCF_feed: The solvent gas from the cylinder was pumped to the
necessary pressure by a diaphragm compressor (Aminco, J46-13411) and fed

into a 2 litre tank that served as a surge vessel. This vessel ensured
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that required quantities of the SCF at pressure were available when necessary.
The SCF, from this tank, was introduced into the bottom of the Jerguson
gage through 1/8%" inch, 316 stainless steel tubes.

- Temperature Control: The reactor was placed in a silicone oil bath

(Dow Corning DC200) and thermostatically controlled to *0.01K with a
Thermomix 1460 temperature controller. All recirculation tubes were jacketed

with heating tape to ensure that they were isothermal.

- Measurement of Temperature and Pressure: The pressure in the reactor
was monitored continuously with a Heise pressure gauge with an accuracy of
+0.01 MPa (Heise gauge, 0-40MPa) and the temperature measurements were

performed with iron-constantan thermocouples accurate to *0.2K.

- Safety Gonsiderations: The reactor was equipped with a rupture

disk (Autoclave Engineers) with a burst pressure of 30 MPa which was
smaller than the pressure rating of the Jerguson gage (35 MPa). The tubing
volume was small, <ca. 10% of the reactor volume, and therefore, the tubes
were not specifically protected against pressure surges. Also, the holding
vessel for the SCF was equipped with a rupture disk (Autoclave Engineers).
All vessels were equipped with vent valves so as to ensure that the entire
system could be manually vented to the hood in less that 2 min. A combustible
gas detector (Sears Gas Alarm) was installed in the laboratory to warn the
operator of possible leaks in the system. Other safety devices such as

rubber gloves and eye goggles were also constantly employed.

Operating Procedure: A known quantity of freshly distilled styrene
(Polysciences, stabilized with 20 ppm hydroquinone) mixed with AIBN
(Polysciences, 99% pure) was metered into the sight gage by the minipump.
The SCF was now introduced into the reactor at the desired pressure. The
contents were recirculated until the solution was homogenous and in a single-
phase. Recirculation continued and after approximately 15 min, the solution
turned turbid due to the precipitation of polymer chains from solution.
Later, ca. after 15 more minutes, the solution turned clear again and

small particles of precipitate were deposited on the walls of the reactor.
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The experiment was continued for an additional 4-6 hours. Small quantities
of filtered reacting mixture (ca. 25 pl) were obtained using a sampling
valve (Valco Instruments, 6 port HPLC valve) at different times during the
course of the reaction. This sample was subsequently flashed to atmospheric
pressure, where the dissolved styrene and other oligomers in the SCF phase
dropped out of solution. This precipitate was collected in a U-tube and
analyzed by SEC. (See Appendix I for details of the SEC analysis.) No
reliable analysis of the gas phase polymers could be obtained since the
quantities of the monomer and the oligomers in the 25 pl SCF sample were
extremely small. This situation could have been alleviated by obtaining a
larger SCF-phase sample; however, if macroscopic samples (-~ 1 ml) were

taken, the conditions in the reactor would not remain unchanged.

At the end of the reaction, the Jerguson gage was flushed with fresh
ethane, and finally vented. Since the precipitated polymer was deposited
on the walls of the reactor, it was not blown out by this venting process.
The precipitated polymer was dissolved in THF (Omnisolv Grade, EM Sciences,
TX0282-1) and analysed by SEC. Since a large quantity of THF was required
to wash the reactor thoroughly the sample was too dilute to be analyzed
successfully by SEC. The product polymer in this THF was not concentrated
further i.e., by heating or vacuum distillation, since it was believed
that the polystyrene would react further in this step. The time and effort
required to prepare the reactor after a reaction also made the use of this
setupinefficientfordatacollection.(Resultsobtainedfromtheseexperimats
are summarized in Section 7.2.1). An alternate experimental apparatus was
therefore employed for determining quantitatively the gas and solid phase

compositions.

7.1.2 An Alternate Experimental Setup

The new technique was planned to improve on the deficiencies of the
older method and was chosen to satisfy the following criteria:
- The reactor should hold enough material to determine both the SCF-

phase and polymer-phase compositions accurately and reproducibly.
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- Reactor contents must be stirred to maintain spatially uniform
concentrations of all species in the reactor.

- The setup should be so designed so that experiments could be run
without constant observation.

- Pressure and temperature in the reactor should be monitorable,

preferably continuously.

The new setup consisted of a 150 ml, 316 stainless steel sampling vessel
rated to 34.5 MPa, that served as a reactor (Whitey, 50D4-150). This reactor
was equipped with two valves (Nupro, SS-4PDM4-F4) for charging the vessel
and subsequent sampling. Reactor pressure was monitored by pressure gauges
(Matheson, 0-35 MPa) and each vessel was equipped with a release valve,

that could be set for any desired operating pressure (Nupro,SS-4R3A1-G).

Initially, the reactor was charged with styrene, AIBN and ethane and
the quantitieg of 2ach determined by weighing. The vessel was then placed
in a thermostatically controlled, variable speed shaker bath (Blue M) to
ensure that the contents were isothermal and well stirred. The water bath
temperature was determined by a mercury thermometer of accuracy *0.1K, and
subsequently monitored by an iron-constantan thermocouple. The reaction
could be conducted for any desired length of time since the reaction is
conducted in the hood and the release valve can be set so that the contents

can be maintained at the desired pressure.

At the end of the reaction, the vessel was flushed with fresh ethane
at operating conditions. The displaced reaction mixture is vented to
atmospheric pressure through a flashing valve, when the dissolved monomer,
initiator and oligomers drop out of solution and are collected in a cold U-
tube. The reactor is vented and subsequently washed with a small, carefully
measured quantity of THF which is then analyzed by SEC. The SCF-phase
sample, in the U-tube, is also dissolved in THF and analyzed by SEC.
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7.2 EXPERIMENTAL RESULTS

7.2.1 Preliminary Polymerization Experiments

Initial experiments in the Jerguson sight gage were conducted
at relatively high concentrations of monomer (~ 20 wt$ monomer and ~0.1 wt%
of initiator) at 12 MPa and 333K with ethane as the SCF solvent. Under these
conditions, it was demonstrated that the concept of precipitation
polymerization in SCF is a sound one. The time evolution of such a reaction,
as observed from these experiments, can be summarized into three distinct

time regimes:

- At the outset, the mixture of SCF, monomer and initiator are
present in a single, homogenous phase.

- After a small duration of time, ca. 15 min after commencement, the
solution turns turbid. This turbidity is believed to be due to the
precipitation of a product polymer that is insoluble in the SCF-phase.
- Subsequently, after approximately another half an hour, the solution
became clear. We believe this change was due to deposition of the

product polymer onto the walls of the Jerguson sight gage.

No further, visible changes occurred in the reactor contents (with continuous
recirculation), even after 10 hours. As stated earlier, no quantitative
data were obtained from this experimental setup, and the alternate technique

was used in all subsequent reactions.

Precipitation polymerization of styrene in liquid n-heptane under
comﬁarable operating conditions, (i.e., all variables except pressure were
maintained at similar values in both reactions), were also performed to
contrast the mechanism of precipitation polymerizations in SCF to similar
reactions in liquid solvents. It was observed that, qualitatively, the
reaction mechanism in both systems seemed to follow similar time evolutions,
i.e., the three time regimes discussed earlier also occur for reactions in

n-heptane although the time for initial turbidity was longer (~ 2h). This
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suggests that the use of SCF solvents, at least in principle, do not alter
the physical processes that occurred in such reactions. However, the time
scales in the reaction are smaller for SCF solvents, and this fact can be
attributed to the relatively "poorer" solvent quality of SCF as compared
to liquid solvents (In this context, a poorer solvent is one that affords

better fractionation than liquid solvents, at the expense of solute loading).

7.2.2 Solubility of Monomer and Radical Initiator in SCF

Since the monomer, in relatively high concentrations, was found to
be soluble in ethane at 12 MPa at 333K, no experiments were conducted to
measure the VLE behaviour of styrene in ethane. Preliminary experiments
for the solubility of styrene in CO, have been conducted (McHugh and
Krukonis, 1986) and show that styrene and CO, are completely miscible
under similar operating conditions (i.e., 12 MPa and 333K).

The styrene-ethane system (or the CO,-styrene systeﬁ), when viewed
on a P-T projection has a continuous mixture critical 1line between the
critical points of the two mixture components. This mixture, which 1is
classified as Type I in the notation of Rowlinson and Swinton (1982), must
therefore display complete miscibility above a certain pressure, at each
supercritical temperature. A rough estimate of this pressure, at temperatures
close to the critical point of ethane (305K), is the pressure that corresponds
to the maximum change in density on the relevant isotherm (for example ~8.5
MPa at 333K). This argument is meant to be qualitative and if one desires
to use operating pressures near the pressure of complete miscibility,
careful experiments must then be performed to understand the phase behaviour

of this binary mixture in this regime.

The solubility of the free-radical initiator (AIBN) in ethane at 333K and
at several pressures has, however, been measured in this work. In Figure
7.2, experimental solubility data for AIBN in ethane along with predictions
from the lattice model EOS are presented. The data shown are in the form
of partition coefficients, defined as in Eq(4.1). (The partition coefficient
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Figure 7.2: Solubility of AIBN in ethane at 333K. (D) are experimental data
and ( ) is the lattice model prediction with € ;5 = 1590 J mole !,

v'= 0.7 cc/g and k, ;=0.07.

in this case, therefore, represents the mass fraction of AIBN in the SCF
phase.) Figure 7.2 shows that AIBN is soluble to approximately 0.6 wt% in

ethane under operating pressures of greater than 12 MPa at 333K,

In this context, the solubility of AIBN in ethane shows the trends
with pressure expected for the solubility of small molecule solutes in
SCF: i.e., that it increases sharply in the vicinity of the critical
density of ethane, and subsequently levels out at a near constant value.
This is in sharp contrast to the behaviour of polymeric chains of relatively
high molecular mass (~2080 g mole™! for polystyrene) in SCF under at the same
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temperature, wherein the solubility is seen to rise even at pressures near

50 MPa (see Figure 4.8).

Another point to be emphasised is that, although the molecular mass
of AIBN (162) is approximately that of a styrene dimer (208), the partition
coefficients for the two are dramatically different. For example, at 333K

and 12 MPa,
K (AIBN) ~ 0.006 (7.1a)
K (Dimer) ~ 0.35 ‘ (7.1b)

It is therefore, reasonable to expect that a ternary mixture of AIBN,
ethane and styrene (monomer or dimer) will not behave as an ideal solution,
and the effects of solution non-idealities have to be accounted when the
modelling of the polymerization reaction is considered. Also, since the
polymerization process is initiated by a free-radical formed by the thermal
dissociation of an initiator molecule, there must be a initiator group at
the end of each oligomeric chain. Short chain length polymérs, therefore,
should feel the effect of this end-group when they partition between the SCF-
phase and the polymer-phase in a polymerization reaction. (These aspects

will be considered in sections 7.2.3.1 and 7.3.2.)
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7.2.3 Results from Alternate Polymerization Apparatus

7.2.3.1 Analysis of a Base Case

We begin our analysis of results from the "quantitative"
polymerization experiments by considering results at a single set of
operating conditions (viz. pressure, temperature, monomer concentration,
initiator concentration, and reaction time); we chose experiments wherein
styrene was polymerized in supercritical ethane at 333K and 17 MPa as the
base case. It was found that a certain minimum monomer concentration was
necessary to observe the presence of a precipitate phase. Experiments
conducted with 1.65 wt% monomer (AIBN concentration was 5.83x10°° gm/gm
ethane), within the accuracy of the experimental technique, did not show
the presence of a precipitated polymer at reaction times upto 24 hours. At
this operating condition, apparently, no polymer precipitation occurs,
and, this is attributable to the fact that the concentrations of oligomers
produced will be smaller at lower [M]. It is reasonable to visualize therefore,
that at this operating condition, the oligomer concentrations in the SCF
phase are so small that they do not reach their saturation concentrations
during the course cf the reaction and thus do not nucleate out of the SCF-

phase to form a precipitate,

Experiments were conducted at a higher monomer concentration (3.33
wt$ monomer), while all other variables were held at the same values as in
the earlier set of experiments (i.e., 5.83x1075 gm initiator/gm ethane, 17
MPa and 333K). Under these conditions, at all reaction times examined (16h
< t ., ,< 44 h), a precipitate polystyrene phase with a composition distinct
from the SCF phase was observed. In Figure 7.3, SEC traces for the product
polymer and the polymer chains in the SCF are shown (t_,  =24h). Both
traces have large peaks corresponding to the monomer and dimer (or AIBN),
thus indicating that both phases are constituted essentially of the monomer
and the initiator. However, the more significant fact is the presence of a
peak in the precipitate phase corresponding to a molecular mass of ~10C0.
Also, the SCF-phase trace essentially is "cutoff" (i.e., returns to the

base line) at a molecular mass corresponding to the peak molecular mass in



194

the precipitate-phase. This verifies the presence of a strong cutoff in
solubility of polystyrene chains in the SCF-phase on the basis of chain
length. Although, for all examined reaction times, the same qualitative
trends were obtained from the SEC traces, for smaller reaction times, the
peak at a molecular mass of 1000 in the precipitate phase is attenuated,
indicating a lower conversion of monomer to precipitated polymer. Intuitively,
since we would expect the conversion to scale directly with some simple
function of reaction time, this is not an unexpected result. (The effect

of reaction time on polymer compositions is discussed later in this section.)
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Figure 7.3: SEC traces for the product, precipitate polymer ( ) and
gas-phase polymers (----) at 17 MPa, 333K, for the precipitation polymerization
of 3.33 wt$ styrene in ethane initiated with AIBN for a reaction time of 24
hours. The two chromatograms are plotted on arbitrary scales and have

different spans on the y-axis.
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To understand further the mechanism of precipitation polymerization
reactions, the SEC curves in Figure 7.3 were analyzed to obtain mass
fractions of individual mers in each of the two phases. In Figure 7.4, we
show the solid-phase (in units of gm. mer/gm. ethane-free solid) and gas-phase
polymer compositions (in units of gm.mer/gm.ethane) as obtained from this

analysis. Some conclusions can be made by examining these results:
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Figure 7.4: Compositions of the product, precipitate polymer (O; in units
of gm. mer/gm. ethane-free solid) and gas-phase polymers (A, in units of
gm mer/gm. ethane) at 17 MPa, 333K, for the precipitation polymerization
of 3.33 wt? styrene in ethane initiated with AIBN for a reaction time of
24 hours.
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- As stated earlier both phases are predominantly composed of monomer
and dimer.

- Solid phase compositions show a peak in the vicinity of molecular
mass ~ 1000. Beyond this molecular mass, the mass fraction of chains
in this phase drop off in a log-linear fashion. Calculation of
average molecule masses show that M,~850, and M,/M,~1.25. (Monomer
and dimer peaks have not been included in this calculation.)
Precipitation polymerization reactions in SCF under these conditions,
thus allows one to synthesise polystyrene with a relatively narrow
molecular mass distribution, narrower than could have been obtained
from solution polymerization reactions in liquid solvents with
radical initiators. [In the case of an "ideal" fiee-radical, liquid-
phase solution polymerization, M,/M, ranges between 1.5 and 2,
depending on the termination mechanism, disproportionation or addition
(also see Chapter 2).]

- The gas-phase compositions decrease in an essentially log-linear
fashion with increasing chain molecular mass. Also, as stated earlier
the quantity of chains above molecular mass ~ 1000, is too small to
be detected by the analysis technique employed. To appreciate the
shape of the molecular mass distribution in this phase, one must
realize that in the gas-phase there are two competing steps: chain
propagation [Eqs (6.7) and (6.8)] vs. precipitation of the relevant
chain into the solid-phase. Qualitatively, it would be reasonable to
expect that longer chains would preferably partition into the solid-
phase. The rate of propagation of chains thus decreases with increasing
chain length due to the reduced concentrations of longer chains in
the gas-phase. The controlling aspect, therefore, is the governing
law for the partitioning of chains between the solid-phase and the
SCF-phase.

To infer the underlying partitioning law therefore, in Figure 7.5, we show
the partition coefficients [defined as in Eq.(4.1)] calculated from data
presented in Figure 7.4. These values are then compared to the partition
coefficients for polystyrene chains between a polymer-phase and an ethane-

phase under the same pressure and temperature conditions, as measured in
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the solubility experiments [discussed in Section 4.2]. Some important points

can be deduced by the examination of Figure 7.5:

- For molecular masses of 400-1100, there is a remarkable agreement
between the partition coefficients measured in solubility experiments
and in the precipitation polymerization reactions. These chains,
thus, are at thermodynamic equilibrium across the two phases in a
polymerization reaction, and that this equilibrium is defined by the
partiticning behaviour of pure polystyrene chains between a polymer-
phase and an SCF-phase.

- Partition coefficients for the monomer, dimer and trimer in the
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Figure 7.5: Comparison of partition coefficients of polymer chains between
the polymer-rich phase and the SCF-phase as measured in solubility experiments
( ), and precipitation polymerization reactions (8) with 3.33 wt# styrene
in ethane with AIBN as radical initiator at 17 MPa and 333K.
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polymerization experiments, however, are smaller than in the solubility
experiments. It is believed that the presence of the initiator,
which has a partition coefficient much smaller than the dimer molecule,
modifies the behaviour of the smallest chains. This modification may
be manifested in two different ways:

(a) Since the initiator dissociates and, then propagates to form
longer chains by addition to monomer, thé end group for each oligomer
chain necessarily possesses an initiator group. The partitioning
behaviour of all chains, therefore, are influenced by the presence
of the initiator group, with the smallest chains feeling the effect
of this "end-group" the most. Since the partition coefficient of the
AIBN is smaller than the corresponding styrene oligomer, the addition
of this end-group will reduce the partition coefficient of a chain
as compared to a "pure" polystyrene chain of the same degree of
polymerization.

(b) Since the monomer and initiator molecules are dissimilar in
properties (for example styrene, a liquid, is completely soluble in
ethane under these conditions, while AIBN is soluble to only 0.6 wt%
in ethane), it is expected that a ternary mixture of styrene-AIBN-
ethane must necessarily possess some solution non-idealities, which
might manifest themselves as a lower partition coefficient for the
monomer and possibly the smallest chains. At higher molecular masses,
the polymer chains and AIBN are now qualitatively similar in partitioning
behaviour and hence do not feel the influence of solution non-idealities.
- Beyond a molecular mass of ~1000, the agreement between the partition
coefficients measured in reaction and solubility experiments is not
very good. This may be a manifestation of the lack of accuracy in our

analysis technique in measuring mass fractions less than ca. 1078,

In summary, the phenomenon of precipitation polymerization in SCF is
believed to be governed by a dynamic equilibrium of polystyremne chains of
different molecular masses between the solid, precipitate-phase and the
SCF-phase. Fer molecular masses greater than ~400 the equilibrium partition
coefficients as measured in the solubility experiments control this
fractionation, while below this molecular mass the equilibrium is affected

due to the presence of dissolved initiator.
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Figure 7.6: Composition of precipitate polymer, on a first three mer-free
basis, for different reaction times for the precipitation polymerization of
3.33 wt® styrene in ethane, initiated with AIBN at 17 MPa and 333K. (a) is
for t_ .= 16 h, and (O) for t_, = 44 h.

It has already been mentioned that results obtained at different
reaction times have the same qualitative trends. Experiments were performed
for reaction times between 16 and 44 hours under the same operating conditions
(i.e., 5.83x10°5 gm initiator/gm ethane, 3.33 wt% monomer at 17 MPa and
333K) to quantify these similarities. It was found that in all these
reactions the p-oduct polymer had different concentrations of monomer and
initiator, corresponding to different conversions. However, when data were
examined on a first three mer-free basis,? the precipitate phase compositions

were found to be essentially independent of reaction time. Compositions of

9 We employ compositions on a firs: three mer-free basis since the
AIBN elution time in the chromatographic analysis overlaps the peak
times for the dimer and trimer.
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the precipitate phase at two different times, on a first threec-mer free
basis are shown in Figure 7.6, to demonstrate this fact. Although the
precipitate phase contains approximately 30 wt% monomer, no broadening of
the molecular mass distribution seems to occur as one proceeds to longer
reaction times, 1i.e., no Tromsdorff effect is observed. The reason for

this is speculated to be due two factors:

- The precipitate phase has a high viscosity due to the presence of
the higher molecular mass chains and initiator (the precipitate has
~20 wt% initiator, which is essentially crystalline in the pure
state). The presence of these materials ensures that little diffusion
of monomer occurs to the unterminated chains. Therefore, no reaction
can occur in this phase.

- Also, v_,, the kinetic chain length, is small in this case due to
the relatively small value of (kp/kl), as shown in Section 6.4. Most
precipitated chains, therefore, will be terminated, providing a
plausible explanation for the absence of reaction in the precipitate

phase.

Convincing arguments for the absence of reaction in the precipitate phase
may be provided only if macroscopic quantities of polymer are synthesised

and analyzed for unterminated radicals, say by ESR.

The main results from the polymerization experiments at 17MPa, 333K,
3.33wt% monomer and 5,.83x10°3 gm AIBN/gm.ethane are:
- The concept of precipitation polymerization in SCF solvents is
feasible and product polymers of a narrow molecular mass distribution
may ~2 synthesized by this technique.
- The governing mechanism in these reactions is a thermodynamic phase
equilibrium of polymer chains (of molecular masses > 300 g mole 1)
between the SCF-phase and precipitate-phase. This equilibrium is
dictated by the pressure and temperature of operation for a chosen
polymer-SCF system, as discussed in Chapter 4.
- The presence of initiator, which has a partition coefficient that

is approximately two orders of magnitude smaller than the styrene
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oligomer of a corresponding chain molecular mass, apparently governs
the partitioning of low-molecular mass chains (molecular mass <300),
between the precipitate-phase and the SCF-phase.

- Since the precipitate molecular mass distributions do not broaden
as one proceeds to larger reaction times we assume that little or no

reaction occurs in this phase at these operating conditions.

The effect of other operating conditions on the product polymer compositions
must now be studied to complete this analysis. For this purpose, the
influence of the changes in the following variables on the precipitate

compositions were examined:

Pressure (12MPa, 17MPa and 25MPa)

Monomer Concentration ( 3.33 wt%, 5.0 wt% and 6.66 wt%)
Initiator Concentration (5.83x1077, 2.90x10°% and O gm/gm. SCF)
Temperature ( 333K and 343K)

a 0 o owp

The results from these investigations are presented in the following

sections of this chapter.

7.2.3.2 Experiments at Different Pressures

Precipitation polymerization reactions were carried out at
different pressures to understand the effect of "solvent-quality" on the
composition of the product polymer. It has been demonstrated in Chapter 4
that as pressure is increased, the solvent-character of an SCF moves from
gas-like (low solubility, "strong" fractionation) to liquid-like (high
solubility, "poor" fractionating power). At higher pressures, the solvent
is less discriminating with respect to the fractionation of chains on the
basis of molecular mass between an SCF-rich phase and a polymer-rich phase.
At higher pressure, therefore, it is expected that the product obtained

will be of a broader molecular mass distribution.

In Figure 7.7, the molecular mass distributions on a first three
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Table 7.1: Molecular mass data for precipitated-polystyrene at different
ethane pressures at 3.33 wt% styrene concentrations and 333K

with AIBN as radical initiator.

Operating Pressure M, M,, M, /M,
(MPa)
12.0 844 1017 1.20
17.0 850 1063 1.25
25.0 938 1193 1.27
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Figure 7.7: Composition of precipitate polymer, on a first three mer-free
basis, at different pressures for the precipitation polymerization of 3.33
wt$ styrene in ethane, initiated with AIBN at (0O)12 MPa, (A)17 MPa and (o0)25

MPa and 333K.
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mer-free basis, for the precipitation polymerization of 3.33 wt% styrene
at three pressures of ethane (12, 17 and 25 MPa at 333K) are shown. The
corresponding average molecular masses are tabulated in Table 7.1. As was
anticipated, when one proceeds to higher operating pressures, the molecular
mass distribution of the precipitate phase are seen to become broader.
(This is indicated by the smaller slope of the molecular mass distributions
at high chain lengths.) An interesting poine about the three pressure
results shown in Figure 7.7 is that the peak molecular mass, apparently,
is independent of the operating pressure and occurs in the vicinity of
molecular mass ~1000 (i.e., degree of polymerization ~ 10). The peak
molecular mass is, in the ranges of operation considered, probably determined
by the kinetics of the reaction, along with the gross operating conditions,
while being relatively unaffected by the density changes due to pressure
variations. The‘breadth of the molecular mass distribution, in contrast,
is sensitive to the operating conditions, and is governed essentially by
the pressure of operation. This is a direct implication of the responsiveness
of the solvent power of an SCF solvent to relatively small changes in operating

pressure, as discussed in Chapter 4.

The partitioning behaviour of polystyrene chains between a polymer-
rich and an SCF-rich phase in a precipitation polymerization reaction with
an ethane solvent at 17 MPa and 333K has been presented in Figure 7.5. To
study the effect of pressure on this partitioning behaviour, in Figures 7.8
and 7.9 we present experimental data for the compositions of the two phases;
comparison of measured partition coefficients in the polymerization reaction
and solubility experiments . 12 MPa and 25 MPa (monomer concentration is
3.33 wt% and AIBN concentration is ~ 5.8x10°> gm/gm. ethane, and T is
333K) are also shown in Figures 7.10 and 7.11. Data at these two pressures
corroborate the information regarding the partitioning behaviour obtained
from experiments at 17 MPa, i.e., that the first three-mers have partition
coefficients significantly smaller than the K values measured in solubility
experiments. At 12 MPa it is seen that beyond the first three mers, agreement
between the partition coefficients is excellent. At 25 MPa, the agreement
is not as good, and the reason for this disagreement is speculated to be

due to experimental error.
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Figure 7.8: Compositions of the product, precipitate polymer (O; in units
of gm. mer/gm.SCF-free solid) and gas-phase polymers (A, in units of gmmer/gm.
ethane) at 12 MPa, 333K, for the precipitation polymerization of 3.33 wt#$
styrene in ethane initiated with AIBN for a reaction time of 24 hours.
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Figure 7.9: Comparison of partition coefficients of polymer chains between
the polymer-rich phase and the SCF-phase as measured in solubility experiments
( ), and precipitation polymerization reactions (b4) with 3.33 wt$ styrene
in ethane with AIBN as radical initiator at 12 MPa and 333K.
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Figure 7.10: Compositions of the product, precipitate polymer (4; in units
of gm. mer/gm.SCF-free solid) and gas-phase polymers (O, in units of gm mer/gm.
ethane) at 25 MPa, 333K, for the precipitation polymerization of 3.33 wt?
styrene in ethane initiated with AIBN for a reaction time of 24 hours.
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Figure 7.11: Comparison of partition coefficients of polymer chains between
the polymer-rich phase and the SCF-phase as measured in solubility experiments
( ), and preciritation polymerization reactions (a) with 3.33 wt8 styrene
in ethane with AIBN as radical initiator at 25 MPa and 333K.
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To recapitulate, therefore, the variationof pressure causes essentially
no change in the peak of the molecular mass distribution of the precipitated
polymer. However, the breadth of the molecular mass distribution is increased
as one proceeds to higher pressure, illustrating the approach to liquid-
like behaviour of the SCF-solvent. The partitioning of chains between the
SCF-phase and the precipitate-phase, beyond a chain length of 3, apparently
follows the same behaviour as noted in the solubility experiments. The
unusual behaviour of the first three mers is attributed to the presence of
the initiator that is of a chemical character different from that of the

monomexr.

7.2.3.3 Experiments at Different Monomer Zoncentrations

The variation of the precipitate molecular mass distribution with
changes in the initial monomer concentration in the SCF-phase constituted
the next stage of our experimental work. Monomer concentration is an

important variable, for two different reasons.

- The rate of formation of radicals and terminated chains, both
before and subsequent to precipitation, have been shown to depend
directly on the concentration of monomer (see Section 6.2 for
mathematical arguments). It is expected, therefore, that the final
product molecular mass distributions will be affected by changes in
monomer concentrations. However, the exact nature of these changes
cannot be deduced since the equations presented in Section 6.2 are
complicated, and a functional dependence of molecular mass distributions
on [M] cannot be immediately derived.

- It is known that polystyrene chains of all molecular weights are
soluble in styrene in all proportions. The addition of finite quantities
of monomer is thus expected to modify the solvent power of supercritical
ethane, and to have an effect similar to the modification of the
fractionation ability of ethane, by the addition of propane, as
demonstrated in Chapter 4. As one proceeds to higher monomer

concentrations, therefore, it is expected that the precipitate
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polymer will possess larger quantities of longer chain molecules. In
this sense, therefore, an increase in monomer concentration will

have an effect similar to increasing the operating pressure.

In Figure 7.12, we demonstrate the molecular mass distributions of the
precipitate polymer formed by polymerizing styrene at three different
concentrations (3.33, 5.0 and 6.66 wt%) in supercritical ethane (at 17 MPa
and 333K) with AIBN (5.83x10°3 gm/gm. ethane) as the radical initiator.
Again, molecular mass distributions on a first three mer-free basis are
independent of reaction time for all examined monomer concentrations.
Polymer concentrations in both phases must therefore reach constant values

at a relatively early time (i.e.,for t,  <<8 h). This also implies that
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Figure 7.12: Composition of precipitate polymer, on a first three mer-free
basis for different monomer concentrations for the precipitation polymerization
of styrene in ethane, initiated with AIBN at 17 MPa and 333K. (O) is at
3.33 wt2 , (8) 5.0 wtg and (o) 6.66 wt8 monomer.
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Table 7.2: Molecular mass data for precipitated-polystyrene at different
monomer concentrations at 17 MPa ethane pressure and 333K with
AIBN as radical initiator.

Monomer concentration M M, M, /M,
wt$ of SCF-phase

3.33 850 1063 1.25

5.00 1006 1249 1.24

6.66 1123 1404 1.25

almost no reaction occurs in the precipitate phase. The point to be emphasised
in Figure 7.12, is that the peak molecular mass, again, is not a function
of the variable which has been altered in these experiments, i.e., monomer

concentration. This confirms the surmise that the peak molecular mass is
controlled, to a large extent, by the chosen precipitation polymerization
system, and is basically not affected by relatively small variations in
operating conditions. The average molecular weight, in contrast, shifts to
higher molecular masses at higher [M]. The molecular mass distributions of
the precipitate polymers are relatively narrow, and the absolute numbers
for M, and M, /M, listed in Table 7.2 demonstrate the shift of the molecular
mass distribution to higher average molecular masses with increasing [M].
An interesting point to be noted in Table 7.2 is that, as one proceeds to
higher monomer concentrations, M,, the number averaged molecular mass
increases, as does M,, the weight averaged molecular mass. However, their
ratio, the polydispersity, which is a measure of the breadth of the molecular
mass distribution, remains relatively unchanged. This is in sharp contrast
to the results presented in Table 7.1 where both M, and M, /M, increase as

one goes to higher operating pressures.

To understand these phenomena we examine the variation of the number
fractions of the different chain-length polymers in the precipitate phase

at the different monomer concentrations in Figure 7.13.
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Figure 7.13: Composition on a mole fraction basis precipitate polymer, on
a first three mer-free basis for different monomer concentrations for the
precipitation polymerization of styrene in ethane, initiated with AIBN at
17 MPa and 333K. (0) is at 3.33 wt% , (A) 5.0 wt% and (V) 6.66 wt% monomer.

Again data are presented on a first three mer-free basis. This Figure
reiterates two facts that were illustrated in Figure 7.12.
- The peaks in the precipitate phase for all three monomer concentrations
are approximately at a molecular mass ~ 1000.
- The molecular weight distributions, at high molecular masses, drop off
less sharply at higher monomer concentrations (as compared to data at
lower monomer concentrations.) To be able to close the mass balances (Xw;
=1), therefore, the curves at higher monomer concentrations must be less
concentrated in the low molecular mass chains. This trend is clearly
illustrated in Figure 7.13. The other interesting aspect of this diagram
is that the three molecular mass distributions cross over at approximately
the peak molecular mass in the distribution. The suggests that the phenomena
controlling this peak molecular mass are important in the understanding

of precipitation polymerization reactions.

Here, we make some observations regarding the mechanism of precipitation
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polymerizations on the basis of Figure 7.13:

- The concentrations of the various mers (in units of mole £°1!) in the
precipitate and the SCF phases canuot have a simple, linear dependence on
the monomer concentration. This is clear because a linear dependence for
the concentrations of the various mers would dictate that precipitate
compositions (on a mole or mass fraction basis) and hence, M, , would be

independent of the monomer concentration. For example,

Z n, (MW),
M, = — (7.1)

Z n,

would be independent of [M] if the various n,'s (the moles of species i in
the relevant phase) depended linearly on the monomer concentration. Also,
if this were true, then, M, and consequently M /M would also be independent

of monomer concentrations.

- It is not possible to explain the shape of the molecular mass distribution
as shown in Figure 7.13 as an effect of only the variation of the solvent
power of the SCF due to the addition of the monomer. If the change in
solvent power alone were the controlling variable, then, while the higher
molecular mass chains would be present in larger quantities, the concentrations
of the lower molecular mass chains, including the molecular weight
corresponding to the peak, must be relatively reduced to account for the
mass balance constraints. The fact that the concentration of the peak in
the molecular mass distributions is essentially insensitive to changes in
[M] suggest that some other phenomenon must occur at this point in the

distribution to balance the effect of the change in solvent quality.

We now attempt to achieve a mathematical understanding of the changes
occurring in the precipitate molecular mass distribution as monomer
concentrations are increased. At low molecular masses, in the gas phase,
from Eq.(6.32),
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(ky /k,) ([I1/[M])
[RM]] = (6.32)
HC 1+ (k,/k,) (R[RM1/[M]) + (dm,/de)/K Kk, [M])
3

By assuming that ktxZ[RM;]/Kp[M] <<1,1% and that at the low molecular mass
end the third term in the denominator is <<l [since dm,/dt<<l], we can show

that,
[RM;] ~ Kk, [1]/K, [M] (7.2)

independent of x. This result can be understood qualitatively by realizing
that the rate of propagation of radicals is dependent directly on monomer
concentration [Eq.(6.12)]. Therefore, although "larger" quantities of a
specific chain are produced at higher monomer concentrations, a corresponding
"larger" fraction is lost in the formation of longer chains. The kinetic
chair lengths, as defined in Eqs(6.30) and (6.31) are larger, suggesting
that longer.chains will be produced in larger quantities as [M] is increased.
So, 1f no precipitation were to occur, the obtained molecular mass distribution

would be flatter and tend to higher molecular masses.

From Eq.(7.2) we can make twc conclusions regarding the behaviour of the
rolecular mass distributions of the precipitate polymer compositions at
the lowest molecular masses:

(a) From Eq.(7.2) it is clear that as monomer concentiations increase,
the concentrations of the smallest oligomers in the gas phase decrease.
Also, the terminated polymer concentrations in SCF phase, which are
proportional to [RM,], must decrease with increasing [M]. The mass
fraction of each oligomer in the solid phase will also drop when [M]

increases,

10 The rationale for this is that k [M][RM; ], which is the propagation
rate of any radical x is larger than the termination rate of the radicals,
k, [RM} |xY[RM]] (see Table 7.4, for absolute numbers).
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wh = ([RM;_, J+ [P, ] IX(MW), /pscpK, & 1/[M]K, (7.3)

(b) We now attempt to rationalize the initial increase of polymer
concentrations with chain length in the precipitate, as demonstrated
in Figures (7.12) and (7.13). It has been shown in Chapter 4 that K,

decreases as one proceeds to higher x, [Eq.(4.4)],
Log, o K, = Rog, o (wy/wy) = Gy - G X (4. 4)

From Eqs(7.2) and (7.3), at the low molecular mass end the mass fraction
of chains in the solid phase increases with increasing chain length,

i.e.,
wt o 1007C*C %]y (7.4)

The derivation of Eq(7.4) is contingent on the assumption that the
last term in the denominator of Eq.(6.32) is much smaller than 1, which
will be wvalid for the smallest chain lengths. As one proceeds to
higher chain lengths, however, the last term in the denominator in
Eq.(6.32) (corresponding to precipitation), increases and is of order
1 or higher. Beyond this molecular mass, gas phase compositions drop
off exponentially with increasing chain length as do the solid phase
compositions. The behaviour of long-chain molecules are therefore
governed by the precipitation phenomenon and, also, the need to complete
the mass balance in each of the two phases. The peak in the solid
phase molecular mass distribution therefore, represents the point
where the reaction in the gas-phase goes from kinetic control [Eq.{7.4)]
to precipitation control [Eq.(6.32)].

Qualitatively, the change of the shape of the precipitate polymer
molecular mass distributions with monomer concentration can thus be explained.
However, the effect of the addition of relatively large quantities of monomer
to supercritical ethane on the partitioning behaviour of the SCF-phase has
not been addressed. To appreciate this, we present in Figure 7.14 and

7.15, partition coefficients for polystyrene chains between the precipitate-
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Figure 7.14: Comparison of partition coefficients of polymer chains between
the polymer-rich phase and the SCF-phase as measured in solubility experiments
( ), and precipitation polymerization reactions (8) with 5.0 wt3 styrene
in ethane with AIBN as radical initiator at 17 MPa and 333K.
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Figure 7.15: Comparison of partition coefficients of polymer chains between
the polymer-rich phase and the SCF-phase as measured in solubility experiments
( ), and precipitation polymerization reactions (O) with 6.66 wt8 styrene
in ethane with AIBN as radical initiator at 17 MPa and 333K.
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phase and the SCF-phase as calculated from polymerization experiments at
5.0 and 6.66 wt% styrene in ethane at 17 MPa and 333K, respectively. These
results are then compared to partition coefficients of polystyrene chains

in pure ethane at the same temperature and pressure of operation as measured

in solubility experiments.

Results in Figure 7.14 and 7.15, in essence, are in accordance with
trends obtained in the experiments at 17MPa and 333K at lower monomer
concentration. These plots suggest that partition coefficients for polystyrene
chains are not affected due to the increased concentration of monomer in
the experiments. Results in Figure 7.14 for the 5.0 wt% monomer, do show
some variation, but results for the 6.66 wt% monomer revert to the same
trends demonstrated by the reaction with 3.33 wt$% monomer (Figure 7.5). Ve
conclude, therefore, that these experiments do not provide enough evidence
to study the effect of increased monomer concentration on the partitioning
behaviour of the SCF phase, at least for the oligomers in the molecular
mass range 400-1100. For our modelling, therefore, we assume that the

presence of up to 7.0 wt% monomer has little effect on the fractionating

behaviour of the SCF.

In summary, the effect of changes in monomer concentration on the
precipitation polymerization of styrene in ethane are:

- Average molecular masses (M, and M,) of the precipitated polymer
increase as one increases monomer concentration. However, the
polydispersity, M,/M,, remains unchanged. The variation of monomer
concentration, therefore, allows one to synthesise polymers of
different average molecular masses while not changing the polydispersity
of the product.

- Neither the position nor the concentration of the peak molecular mass
in the precipitate phase are sensitive to variations in monomer
concentration. This can be qualitatively explained when it is recognized
that the peak molecular mass corresponds to the point where the
reaction in the gas phase goes from kinetic control to precipitation
control, and therefore must remain unchanged as long as the fractionation

power of the solvent remains relatively unchanged.
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- The partitioning behaviour of the SCF for polymers of molecular
mass 400-1000 remains essentially unchanged due to the addition of
up to 6.66 wt$ monomer. This is in contrast to experimental results
presented in Chapter 4, where the addition of 10 mole% propane to
ethane is shown to cause a significant change in the partitioning
behaviour of the SCF. However, more careful solubility experiments
must be performed with styrene-ethane solvent mixtures before this
point may be clarified. Also, measurements of the partition coefficients
from polymers synthesised in SCF polymerization reactions would help

in resolving this issue.

7.2.3.4 Reactions at Different Initiator Concentrations

The rcate of creation of free radicals, at any instant of time
depends linearly on the concentration of the initiator in the reaction
medium [Eq.(6.10)]. Innormal, single-phase solution polymerization reactions,
therefore, the change in initiator concentrations serves to change the
time scale of the reaction [Eq.(6.11)-(6.13), or see Flory, 1933 for
mathematical details]. Also, the average molecular masses of the product

may be affected when initiator concentrations are varied (Bovey and Winslow,

1979),

M, = (1+£)/(1-&) (7.5a)
M, = 1/(1-¢) (7.5b)
M, /M, = 14 (7.5¢)

where, ¢, is the time-independent probability that a given radical will
probagate rather than terminate and, in this case, is defined through the

equation,

1
¢ - (7.6)

1+ (kyk, [11)%/k, [M]




216

It has been assumed in the formulation of Eq.(7.6) that disproportionation
is the only termination mechanism. Frequently, ir a liquid phase reaction,
¢ is close to 1 since propagation is favoured over termination. Changes in
[1], therefore, have very smsll effects on the average molecular masses or

polydispersity of the product polymer.

SCF precipitation polymerizations were conducted at different [I],
to study the effect of initiator concentrations on the molecular mass
distributions of the precipitated polymer. It was observed that, as long
as some initiator was present (~5x10"% to 6x10°° gm AIBN/gm ethane at
3.33 wt% monomer at 17 MPa and 333K), the molecular mass dirstribution of
the product polymer, on a first three mer-free basis, remain unchanged.
This is consistent with results obtained from solution polymerization.
Also, qualitatively, the conversion of monomer to precipitate polymer was
reduced as initiator concentration decreased. Results for these experiments
have not been rresented due to their inaccuracy, especially when [I] was

very small.

In the case when there was no initiator present, however, no polymer
was found in the SCF-phase, and hLence no precipitate phase was observed
even after reaction times of ~ 180 h. This experimental outcome suggests
that the dominant initiation mechanism is the formation of free-radicals
by the dissociation of initiator (i.e., thermal initiation by the addition

of two monomers to form a free-radical is, for all practical purposes, absent).

In summary, the presence of finite quantities of initiator (at {M] >
3.33 wts at 17 MPa and 333K), therefore, does produce a precipitate polymer
whose composition on a first three mer-free basis is independent of the
initiator concentration. Qualitative results show that the conversion of
the monomer to precipitated polymer scales linearly with the initiator

concentration at any given reaction time.
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7.2.3.5 Experiments at Different Temperatures

The variation of operating temperature is anticipated to affect

an SCF precipitation polymerization in two ways:
- As temperature increases, at a given pressure, the density of the
SCF phase decreases. The effect of this phenomenon is to make the

fluid phase a stronger fractionation medium, i.e., its behaviour
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Figure 7.16: Composition on a mole fraction basis precipitate polymer, on
a first three mer-free basis for different monomer concentrations for the
precipitation polymerization of styrene in ethane, initiated with AIBN at
17 MPa and 3.33 wt% monomer at (A) 333K and (O) 343K.
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Table 7.3: Molecular mass data for precipitated-polystyrene at two temperatures
at 3.33 wtg styrene concentrations with AIBN as radical initiator

at 17MPa.
Operating Temperature M, M, M, /M,
(K)
333 850 1063 1.25
343 884 1039 1.18

becomes more gas-like (see Chapter 4). This will result in narrower
molecular mass distributions for the product polymer.

- As temperature increases, the reaction rate constants, and hence the
reaction rates are expected to increase. The manifestation of this
phenomenon will be in the broadening of the precipitate molecular
mass distribution, and also result in higher conversions of monomer

to precipitate polymer at any given reaction time.

With respect to the molecular mass distribution of the precipitate,
therefore, the increase of operating temperature has two conflicting
phenomena, and the overall effect of a temperature change will depend on which

of these two steps dominate.

Data in Figure 7.16 and Table 7.3, show that the compositions of the
precipitate polymer phase at the two temperatures, 333K and 343K respectively,
are essentially unchanged within experimental error. It can be inferred
therefore, that the two competing mechanisms discussed earlier balance
each other for this temperature change (10K). Data not shown, however,
demonstrate that the conversion of nionomer to polymer at a reaction time

of 24 h is higher at 343K than at 333K (~0.7% at 343K to ~0.3% at 333K).

The increase of operating temperature potentially may have an undesired
effect i.e., as temperature is increased, the product polystyrene which could
have been below T, at lower temperatures, now is an "equilibrium liquid".
The diffusion of monomer through the polymer which has some unterminated
chains is thus easier, and the reaction rate in the precipitate phase

could be increased. The manifestation of this effect would be the broadening
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of the molecular mass distribution at higher temperatures. However, at the
two temperatures examined, no broadening of the molecular mass distribution
seems to occur suggesting that the diffusion of the monomer to unterminated
polymer chains still does not occur. At even higher temperatures (~ 373K),

it is expected that appreciable reaction may occur in the precipitate phase.

7.3 MODELLING OF EXPERIMENTAL DATA

7.3.1 Single Phase Reactions

In Section 7.2.3.1 we stated that a minimum monomer concentration
is necessary to observe experimentally the presence of a precipitate phase
polymer. Reactions conducted at approximately 1.5 wt% styrene monomer fall
below this thfeshold monomer concentration and yield no precipitate. These
data have not been used up to this point since they were not directly
relevant to the understanding of SCF precipitation polymerizations. We
may, however, as we discuss below, use data obtained for these single phase
reaction conditions to determine, independently, the ratio of kinetic rate

constants.

It has been shown by Flory (1953) and others (Bovey and Winslow,
1979, Odian, 1985) that the composition of polymer produced by single-phase
polymerization may be modelled by a most probable distribution with a
propagation probability, &, as stated in Section 7.2.3.4,

1 1
£ - - (7.6)
1+ (kK [I])¥/k, M) L+ (1/vey)

The composition of the product polymer, in the single-phase polymerization

may thus be computed by the expression,
Wy = x6%71(1-¢)2 (7.7

and the probability of propagation, £, be obtained by fitting Eq(7.7) to
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Table 7.4: Data obtained from the single phase polymerization of styrene

in ethane at 333K and various pressures.

P (MPa) 3 Ver §§>§gi;:rp (Ve1d11q/Werdscr
13 0.39 0.639 0.0488 64.72
17.5 0.46 0.852 0.0658 48 .58
20 0.50 1.000 0.0764 41.38

experimental data obtained in these experiments. Values of ¢ and other

related quantities are reported in Table 7.4.

Several conclusions about the mechanism of polymerizations in SCF

may be drawn by examining Table 7.4:

- The probabilities of propagation, £, increase as one proceeds to
higher pressures. This is consistent with the fact that the behaviour
of SCF becomes more liquid-like at higher pressures. In this context
it must be remembered that the probability of propagation in normal
liquid-phase polymerizations are frequently higher than 0.99.

- At low monomer concentrations, the kinetic chain lengths in SCF
systems are small, and frequently of order 1. This is a direct
manifestation of the reduced value of kp , which ensures that termination
of reacting chains is a more dominant phenomenon in SCF polymerizations
than in liquid phase polymerizations. Kinetic chain lengths in the
case of SCF systems are compared to liquid systems at similar values
of [I] and [M] in the last column of Table 7.4, where it is seen
that kinetic chain lengths in SCF are approximately 2 orders of
magnitude smaller than in liquid systems.

- Use of this data also allows us to specify the ratio (kikb)*/kp in
SCF systems. In the correlation of experimental data for the
precipitation polymerization using the transient model, therefore,

we have an independent check of the values of the fitted parameters:

k, , kp and k, (see Section 7.3.2 and 6.2).

- In Eq(7.5), it has been shown that the polydispersity of the
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resultant polymer sample is (1+{). Therefore, polymers produced in a
single phase reaction, under SCF conditions, have smaller

polydispersities than corresponding values than in an "ideal" liquid-

phase reaction, where M /M ~ 2.

7.3.2 The Transient Model

In Chapter 6, we have presented two models for the correlation of
experimental data obtained in the SCF precipitation polymerization reactions.
We begin our modelling by considering data obtained by the polymerization
of 3.33 wt% styrene in ethane at 17 MPa and 333K.
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Figure 7.17: Comparison of precipitate polymer compositions, on a first
three mer-free basis for the precipitation polymerization of 3.33 wt%
styrene in ethane, initiated with AIBN at 17 MPa and 333K. (b) and (0O)
represent experimental data, while ( ) is prediction of transient model.
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It has been shown in section 7.2.3.1, that the partition coefficients
of the first three mers are smaller than the measured partition coefficients
in the solubility experiments (see Chapter 4). To account for this effect
we must use the true partition coefficients, as measured in the polymerization
experiments for the first three mers, while using K, from solubility data
for the other mers. Also, arguments presented in Section 6.4, suggest that
while k, (the termination rate constant) has a value that is in the same
order of magnitude as corresponding values in liquid solvents, k, ( the
propagation rate constant) is 1-2 orders of magnitude smaller in SCF than

in liquid systems.

With a knowledge of these facts we proceed to model the base case
(17 MPa, 333K, 3.33 wt$ styrene in ethane with 5.83x10"3 gm AIBN/gm. ethane),
with the use of the transient model developed in Section 6.2. In Figure
7.17, the experimental data for the precipitate phase composition (on a
first three mer-free basis) are compared to the fit obtained from the
transient model (with k,=8x107% s°!, k,= 1.0 2 mole !s™1, k,= 4x10° £
mole ! s~ 1, (kikt)"*kpa 0.559). Under these conditions, the agreement between
experiment and theory is excellent and is within the experimental error.
All facets of the behaviour of the experimental data are reproduced by the
model, implying that the correct physics have been included in its formulation.

Of the three parameters used, it was observed that k, controls the
position of the maximum in the molecular mass distribution and k, the
shape of the molecular mass distribution at high molecular masses. As in
the case of liquid phase polymerization reactions, k, essentially affects
only the rate of conversion of monomer to precipitate polymer. The sensitivity
of the model results to variations in the fitted parameters will be discussed

later in this section.

The mechanism of precipitation polymerization as predicted by this
model, at this operating condition, can be depicted in the following steps:
- Initially, only monomer and initiator are dissolved in the SCF-phase
and are present in a homogenous solution. Radicals and terminated

polymer chains are then formed, and the absolute quantities of each
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at any instant of time can be obtained by numerically integrating
the equation set Eq.(6.10)-(6.14).

- At zero time there are no oligomers in solution (except the monomer);
with increasing time the SCF phase compositions rise and, at the
instant of precipitation the plot of gas pb se oligomer concentrations
vs molecular mass is tangential to the binodal curve. This occurs at
t.xn=180 s where the concentration of the polymer chains of degree
of polymerization 50 reaches its binodal value and thus precipitates
out of solution. The SCF phase polymer compositions at the instant of
precipitation and the binodal concentration of each mer are shown in

Figure 7.18 to illustrate this point.
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Figure 7.18: Comparison of the model predictions for the gas phase (—),
and the binodal polymer compositions (----) at the instant of precipitation
(180 s) for the polymerization of 3.33 wt$% styrene in 17 MPa ethane at
333K with AIBN as radical initiator.
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- Beyond this instant in time, two phases (an SCF phase and a polymer
phase) are in equilibrium, and reaction continues only in the gas
phase. Solid-phase compositions, on a first three mer-free basis,

are found to be essentially independent of time.

We may also determine the composition of the SCF phase polymer in equilibrium
with this "time independent" precipitate phase. In Figure 7.19, a comparison
is presented between the experimentally measured SCF phase compositions
and the model predictions. The agreement between the model and experiment
is good at low molecular masses; at higher molecular masses the model has
the right qualitative trend, although the quantitative agreement is poor.
The point to be emphasised is that model is fitted to precipitate phase
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Figure 7.19: Comparison of SCF-phase polymer compositions, on a first
three mer-free basis for the precipitation polymerization of 3.33 wt#
styrene in ethane, initiated with AIBN at 17 MPa and 333K. (3) represent
experimental data, while ( ) is prediction of transient model.
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Table 7.5: A Comparison of rate constants obtained from fitting the proposed
kinetic mechanism to experimental data obtained from the
precipitation polymerization of 3.33 wt% styrene in ethane at
17 MPa and 333K to corresponding rate constants for the
polymerization of styrene in liquid benzene at 333K and 0.1MPa.

Reaction medium k, k k
P t
(s™1) (£ mole 1s™1) (2 mole 1s™1)
Benzene 1x10°3 100 5%108
Ethane 8x10°6 1 4x103

data, and so the SCF phase compositions are predictions. Also, the disagreement
between the experimental data and model predictions are at a molecular
mass where the concentrations of the relevant mer is small (ca. < 107%
gm/gm. ethane) and is thus at the limit of resolution of the analytical

technique employed.

The kinetic parameters employed in fitting the model to the experimental
data at 17 MPa (i.e., k,,k; and kp) are listed in Table 7.5, and are
compared to corresponding numbers for the polymerization of styrene in a
conventional liquid solvent. As suggested in Section 6.4, the k, and k,
values in the two systems are essentially the same, while k, is approximately
2 orders of magnitude smaller in SCF. It has been suggested in the existing
literature (for example, Subramaniam and McHugh, 1986; Eckert, 1972) that
the rate of the initiation and termination steps may indeed be higher in
SCF than in 1liquid phase systems due to the increased diffusivity of
species in SCF. Since we have fit three variables to one set of compositions,
the kinetic constants listed in Table 7.5 do not necessarily reflect
absolute values, but rather represent order of magnitude estimates for
these parameters. The point being stressed here, however, concerns itself
with the anomalously small value of k, in SCF systems, a phenomenon that
has not been suggested in the literature to date. This unusually small
value of the propagation rate constant is the dominant effect in SCF
polymerization reactions, since it this constant that dictates the "growth
rate" of the polymer chain as compared to the termination rate. The effect
of enhanced initiation and possibly, termination rates, are therefore even

furthered by this unusually small value of propagation rate constant,
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resulting in smaller reaction rates for the monomer and relatively low

average molecular mass polymers.

If the operating pressure is to be increased to the order of
approximately 50 MPa, the SCF must now begin to behave increasing like a
liquid solvent as indicated in the solubility experiments. The liquid like
behaviour of the SCF solvent under such conditions is thus expected to
lead to higher propagation rates and hence higher average molecular mass
polymers. This same effect, may, in principle, may be achieved by the
addition of liquid additives (viz. propane), as suggested by the fractionation
experiments. In summary, the effect of SCF solvents on the reaction rate
will be a maximum at the critical point of the solvent (where partial
molar volumes will be the most negative) and will be progressively smaller
as one proceeds to higher pressures wherein the SCF is anticipated to

behave akin t6 a liquid solvent.

A related issue is the width of the molecular mass distribution (as
expressed by M_ /M ) of the precipitate polymer, which is smallest at low
pressures (near P ) and increases as the operating pressure is increased.
The explanation for this may be understood by the examination of Egs.(7.5)
and (7.6), which are valid in the SCF phase. However, in the case of a
precipitation polymerization, the probability of propagation, §, must
account for the "termination" of chains due to precipitation from the
reacting phase. The probability of propagation, £, is, therefore, now chain
lengh dependent due to the inherent chain length dependence of the
precipitation rate, i.e. at a quasi-steady state,

k, [M] [RM; ]
£, = (7.7)
kp[M][RM;] + kt[RMQ]XZ[RM;] + [RM] ]/K, dm_ /dt

The probability of a propagation, beyond a certain chain length, will be
controlled by the K, term, making the dependence of £, on chain length i,
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an exponential one.

For fluids near the critical point therefore, the probability of
propagation to longer chain lengths becomes smaller as one proceeds to
longer chain lengths, due to the inherently strong fractionation ability
of fluids in this regime. Polymers in the SCF phase (and hence the precipitate-
phase) must have a narrowly distributed molecular weight distribution. As
one proceeds to higher operating pressures, the partitioning behaviour of
the SCF is less pronounced, and hence higher concentrations of longer
chains are produced. The net effect of this phenomenon is that polymers of
a broader molecular mass distribution are produced. In the limit of very
high pressure, the SCF behaves akin to a liquid solvent. The precipitation
rate is therefore essentially a constant across chain lengths, leading to
a constant value of ¢. The polydispersity of polymers produced in a SCF
precipitation polymerizations at very high pressures will therefore be
close to the ideal value of 2. Also, as pressure increases, the kp value
is expected to increase and approach liquid-like values (as the partial
molar volume anomaly begins to disappear.) The rate of polymerization is
thus anticipated to rise with an increase in the operating pressure.
However, this is compensated by a broadening of the molecular mass
distributions. Also, at higher pressures higher average molecular mass

polymers will result.

The model predictions for the precipitate polymer at the two other
operating pressures, viz. 12 and 25 MPa are shown in Figures 7.20 and
7.21. An excellent fit to the experimental data is obtained at the two
other pressures with essentially the same parameters employed in the
modelling at 17 MPa. This again confirms the surmise that the behaviour of
precipitation polymerization systems under these conditions is dominated
by the small value of k,, and any variations caused by the changes of the
kinetic constants with pressure is overshadowed by this unusually small

value of kp.
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Figure 7.20: Comparison of precipitate po.ymer cumpositions, on a first
three mer-free basis for the precipitation polymerization of 3.33 wt$
styrene in ethane, initiated with AIBN at 12 MPa and 333K. (OQ), (&), (V)
and (x) represent experinental data, while (- ) is prediction of transient

model. )
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Figure 7.21: Comparison of precipitate polymer compositions, on a first
three mer-free basis for the precipitation polymerization of 3.33 wt$
styrene in ethane, initiated with AIBN at 25 MPa and 333K. (&) and (0O)
represent experimental data, whiie ( ) is prediction of transient model.
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Model results for the reactions at 17MPa at the different monomer
concentrations (5.0 and 6.66 wt%) are presented in Figures 7.22 and 7.23.
The partitioning law used in these cases was the same as was employed in
the correlation of the polymerization data of 3.33 wt% styrene. As can be
seen the agreement between the model and experiment is good at the low
molecular masses but there is some disagreement as one proceeds to larger
molecular masses. The region of disagreement is one where no experimental
data on the partition coefficients can be measured in the polymerization

experiments, due to the low concentrations of the corresponding mers in the

SCF phase.
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Figure 7.22: Comparison of precipitate polymer compositions, on a first
three mer-free basis for the precipitation polymerization of 5.00 wt#
styrene in ethane, initiated with AIBN at 17 MPa and 333K. (O) and (4)
represent experimental data, while ( ) is prediction of transient model.
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Figure 7.23: Comparison of precipitate polymer compositions, on a first
three mer-free basis for the precipitation polymerization of 6.66 wt$
styrene in ethane, initiated with AIBN at 25 MPa and 333K. (0O) and (b)
represent experimental data, while ( ) iIs prediction of transient model.

It is speculated that at this high molecular mass end the partitioning
behaviour of individual chains i1s modified due to the presence of a larger
quantity of the monomer, with the larger chains feeling the effect more
substantially than the small chains. This situation may be clarified
further if solubility experiments were to be conducted with polymer obtained

under polymerization conditions.

To understand the sensitivity of model results to changes in the
three parameters: k‘,kp and k., the variations of the precipitate polymer
compositions at 17 MPa and 333K (3.33 wt$% styrene in ethane) were examined
with changes in the kinetic constants. In Figures 7.24, 7.25 and 7.26 the
model predictions for different values of k,, k, and k,, respectively, are

examined. It is to be noted that the predictions of the precipitate phase
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compositions on a first three mer-free basis are relatively insensitive to
variations in the values of k, and k,. However, the model predictions are
sensitive to variations in the propagation rate constant, kp, and when the
k, value is raised from 1.0 2 mole !s™! to 5 £ mole !s™!, the predicted
compositions are different, even qualitatively. The variations of model
predictions to changes in the kinetic constants may be summarized in the

following points:

- The variation of k, (4.0x107® s"!<k,<1.6x10"3% s™!) slightly changes
the position of the maximum in the precipitate polymer composition.
However, the general shape of the curves at the different k, values
are the same suggesting that k, values do not change the qualitative

shape of the curves.
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Figure 7.24: Comparison of predicted precipitate polymer compositions, on
a first three mer-free basis for the precipitation polymerization of 3.33
wt% styrene in ethane, initiated with AIBN at 25 MPa and 333K for different
value of k,. (---) 4.0x10°% s, (——) 8x10°% s, (— - —) 1.6x10°° s~1,
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Figure 7.25: Comparison of predicted precipitate polymer compositions, on
a first three mer-free basis for the precipitation polymerization of 3.33
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Figure 7.26: Comparison of predicted precipitate polymer compositions, on
a first three mer-free basis for the precipitation polymerization of 3.33
wt$ styrene in ethane, initiated with AIBN at 25 MPa and 333K for different
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- The precipitate composition, however, is very sensitive to changes
in k,, and when kp is changed from 0.5 £ mole !s™! to 5.0 £ mole~!
s”! the maximum is seen to change from about a degree of polymerization
of 10 to approximately 20. Also, the peak becomes flatter as one
proceeds to higher kp. The predicted molecular mass distributions in
the precipitate phase (and hence the SCF-phase) are thus dependent
strongly on the k, value employed in the modelling.

- Changes in the termination rate constant, k,, also, do not have an
appreciable effect on the predicted molecular mass distribution.
Variations of k, do not effect the peak in the molecular mass
distribution, although the shape of the distributions are altered

somewhat by changes in k, .

In summary, therefore, thz transient model may be employed to estimate
quantitatively all observed trends in the precipitate polymer composition
with variations in pressure at low monomer concentrations. At higher
monomer concentrations, however, the model predictions, especially at high
molecular masses, is not very good and may be attributed to the fact that
the addition of large quantities of the monomer may change the partitioning
behaviour of the SCF solvent. Gas phase polymer concentrations are also
well reproduced at the low molecular mass end; at higher molecular masses
the trends are qualitatively reproduced although there is no quantitative
agreement between the model predictions and the experimental data. The
model predictions are sensitive to variations in k,, and changes in this
variable alter the peak molecular mass and the shape of the molecular mass
distribution of the precipitate polymer. Variations in k, and k,, however,
do not have as pronounced an effect as variations in k,, although changes

in these variables do cause some changes in the absolute numbers predicted.
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7.3.3 The Steady-State Model

In Section 6.2.4 we have developed a steady-state model for the
modelling of SCF precipitation polymerization reactions in a fashion
analogous to steady-state models for single-phase liquid polymerizations.
In this section we examine the fits to experimental data obtained by

employing this steady-state model and examine its utility in this context.

We do not utilize the steady-state model to predict precipitation
times, and molecular mass distributions until after the instant of
precipitation. This is because our interest is in mainly obtaining the
compositions of the precipitate and SCF-phase polymers at large times,
which we have shown in Section 7.2.3.1 to be time independent when examined

on a first three mer-free basis.

In the correlation using the steady-state model, we employed essentially
the same values of k,, k, and kp that were utilized in the transient model
for the correlation of the precipitation polymerization results for 3.33
wt$ styrene in ethane at 17 MPa and 333K. (We present results at only one
operating condition, as an example. The predictions at the other pressures
have essentially the same trends.) In Figure 7.27 and 7.28, we demonstrate
the fits obtained by employing the steady-state model. It can be observed,
that in contrast to the transient model, the steady-state model gives an
exceilent fit to the gas-phase data, while the precipitate-phase compositions
are not well correlated. There are two possible reasons for this behaviour

of the steady state model:

- Both, the transient and the steady-state models, fit the experimental
data quantitatively only in a single phase. The disagreement of the
models is seen to be accentuated at molecular masses >1000, where we
have no measured partition coefficient data from the precipitation
experiments. It is our surmise that polymers of molecular mass >
1000 are present in such small quantities (ca. < 10”* mass fraction)
in the precipitate phase that equilibrium between the two phases may
not be achieved due to diffusional limitations (as discussed in
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Figure 7.27: Comparison of precipitate polymer compositions, on a first
three mer-free basis for the precipitation polymerization of 3.33 wt$
styrene in ethane, initiated with AIBN at 17 MPa and 333K. (O) and (&)
represent experiment, while ( ) is prediction of the steady-state model.
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Figure 7.28: Comparison of SCF polymer compositions, on a first three mer-
free basis for the precipitation polymerization of 3.33 wt$% styrene in
ethane, initiated with AIBN at 17 MPa and 333K. (0O) and (A) represent
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Chapter 4) . This provides us with the rationale of expecting quantitative
fits by our models to data from only a single phase. This disagreement
may be resolved by the inclusion of diffusion control in any future
models that may be developed. A related problem then would be the
accurate measurement of diffusion coefficients of the polymer chains
as a function of pressure, temperature and chain length.

- An important question to be answered relates to the difference in
behaviour of the transient and the steady-state models for the
prediction of the compositions of the two equilibrium phases. It is
seen (in Figure 7.17) that the transient model fits the precipitate
phase well, a fact that may be rationalized when it is realized that
this model is fit to precipitate polymer compositions. However, the
steady-state model is seen to correlate the SCF phase data with
parameters employed in the transient model. One likely solution may
be that the transient equations for the SCF phase [Eq.(6.27)-(6.35)],
for the low molecular mass polymers, do not feel the effect of the
solid phase, since m, and dm,/dt <<1. In essence therefore, we solve
two uncoupled problems, the gas-phase and precipitate-phase compositions.
For the steady-state model, however, from Eq.(6.32), it is clear that
the gas-phase compositions depend directly on the soclid-phase
compositions through dm,/dt. In this case therefore, the solution of
the equations yielding the compositions of the two phases are not
decoupled. This may partially explain the discrepancy in the results

obtained from the two models.

In summary, therefore, there exist differences between the predictions
of the two models. It is the conclusion of this work, therefore, that this
inconsistency between the models may be caused due to our lack of knowledge
of the partitioning behaviour of polystyrene chains above a molecular mass
of 1100 g mole™! in the polymerization experiments. Experimental results
obtained in the measurement of partition coefficients in Chapter 4 suggest
that diffusion of polymer chains in the coacervate phase may be an important
effect for chains present in small quantities. These chains may thus not
be at a true, thermodynamic equilibrium across the SCF and the precipitate

phases, under reaction condition. It is our anticipation that model predictions
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would be more consistent if diffusion limitations were incorporated in the

formulation.
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CHAPTER 8

PRECIPITATION POLYMERIZATIONS IN SUPERCRITICAL
FLUIDS: SUMMARY

Results have been presented in Chapter 7 to demonstrate the viability
of SCF precipitation polymerizations to produce polymers of a narrow
molecular mass distribution. Also, models developed in Chapter 6 have been
employed to correlate quantitatively experimental data on the compositions
of the SCF and precipitate polymers. The main results of Chapter 6 and 7

are summarized below.

8.1 SINGLE PHASE POLYMERIZATION RESULTS

It has been demonstrated that an initiator is necessary to observe,
experimentally, the presence of any polymer in the SCF phase. Also a
minimum concentration of monomer (~3.3 wt$ monomer in ethane at 17 MPa and

333K) is required to observe the presence of a precipitate polymer phase.

Reactions conducted below the minimum monomer concentration yield no
precipitate phase polymer, at least within the accuracy of our experiments.
Data from these single phase reactions may be employed to evaluate the
probability of propagation of a radical of chain length i to form a chain
of length i+l, £,, under these conditions. {;, in its most general form is

defined as,

Rate of propagation of radicals of length i
£y - (8.1)
Rate of propagation + Rate of termination of radicals

For the case of a single phase polymerization we have observed, (following

Flory (1953) and others [Odian (1985); Bovey and Winslow (1979)]) that &,
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is independent of chain length. Also, we have shown that under supercritical
conditions the dominant termination mechanism is disproportionation (Section

6.4). Under these assumptions, we may rewrite £, independent of i as,

1
£ = (7.6)
1+ (kK [1]1)¥/k, [M]

where k, , kp and ¥k, represent the initiation, propagation and termination
rate constants, respectively. The molecular mass distribution of the polymer
produced in a single phase reaction may therefore be represented by a

"most probable distribution", following Flory (1953), i.e.,

vy = x€%T1(1-6)2 (7.7)

In Table 7.4 we showed £ values obtained by fitting Eq(7.7) to data from
the single phase polymerizations in an SCF. It was observed that { values
were small (~0.5) under these conditions, much smaller than in conventional
liquid phase solvents (where £ is frequently greater than 0.99). The
anomalous properties of dilute components in a supercritical mixture reduces
the absolute value of k, relative to the corresponding values in a liquid
solvent and explain the unusually small value of € (Section 6.4). Accordingly,
the rates of propagation of radicals relative to termination in an SCF are
smaller than in conventional, 1iquid-phase systems and polymers of relatively
small average molecular mass, i.e., small values of the kinetic chain
length, v_,, are obtained. Consequently, the polydispersity of the product

polymer,

M, /M, = 1+€ (7.5¢)

is smaller in SCF solvents than for polymers produced in liquid phase
polymerizations. Polymers pcoduced in SCF are therefore, of a smaller

average molecular mass and have narrower molecular mass distributions than
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polymers synthesized in liquid phase reactions.
As pressure is increased the character of a SCF solvent becomes more
iiquid-like, and hence the polymers synthesized at hLigher pressures (still

in a single phase polymerization) have polydispersities approaching the
liquid-like value (ideally, 2.0).

8.2 SCF PRECIPITATION POLYMERIZATION: RESULTS

8.2.1 Experimental Results

SCF Pclymerization reactions conducted with styrene (above a minimum
concentration, ca. 3.33 wt% at 17 MPa and 333K) in ethane demonstrate the
presence of a precipitate polymer phase, with a composition distinct from
the polymer in the SCF phase. Analysis of these two, different polymer
samples show that the dominant components even after reaction times of 48
h, in both the SCF and coacervate phases are monomer and initiator, verifying
that conversions are low, even at relatively large reaction times. This is
an independent check of the low value of probabilities of propagation, as

deduced from the single phase polymerization experiments.
From the precipitation polymerization experiments, we ﬁay deduce apparent

"partition coefficients" for the different chain length oligomers between

the SCF phase and the solid phase. These partition coefficients, defined as,

(8.2a)

Weight fraction of chain i in SCF phase
(8.2b)

Weight fraction of chain i in SCF-free precipitate phase

were then compared to corresponding partition coefficients for the respective
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chains as measured in solubility experiments under the same conditions of
pressure and temperature. For polystyrene chains above a molecular mass of
400, the partition coefficients deduced from the two experiments were
identical, within experimental error. The governing mechanism in a
precipitation polymerization reaction therefore, is a dynamic equilibrium
of polymer chains across the two phases. For molecular masses greater than
~400 the equilibrium partition coefficients, as measured in the solubility
experiments govern this fractionation, while below this molecular mass the
equilibrium is influenced due to the presence of dissolved initiator
(either due to the presence of solution non-idealities, or the influence

of initiator-fragments present at the end of each chain).

A probler: frequently encountered in liquid phase precipitation polymerizations
is an enhanced reaction rate in the precipitate phase (as compared to the
liquid phase) due to the increased concentrations of unterminated radicals
in the precipitate. This phenomenon, known as the Tromsdorff effect, is
undesired due to the resultant broadening of the molecular mass distribution
of the precipitate polymer. In contrast, the time evolution of precipitation
polymerization reactions of styrene in ethane described in Section 7.2.3.1
suggests that there is no significant reaction in the precipitate-phase,
since the precipitate molecular mass distributions do not broaden as one
proceeds to larger reaction times. Two arguments can be made for this lack

of Tromsdorff effect in SCF polymerizations:

- Small values of kinetic chain lengths, v_,, are encountered at the
monomer concentrations employed in the experiments. The majority of
chains in the precipitate phase may thus be terminated, and it is
therefore unlikely that further reactions occur in the precipitated
polymer.

- Also, Flory (1953) has suggested that the presence of a Tromsdorff
effect requires a minimum amount of plasticization of the polymer-
phase. It is s.eculated that the poor solvent quality of the SCF
coupled with t e fact that the polymer is close to its glass transition
temperature (Ts) ensure that the coacervate is not plasticized at

the operating conditions considered.
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It is for these reasons that we observe no reaction in the precipitate
phase although it contains ca. 30 wt% of monomer and also contains ca. 10
wt$ initiator. No quantitative data exist to substantiate these claims, and

we suggest two possible routes for the resolution of this problem:

- Macroscopic quantities of polymer must be synthesised and analyzed
for unterminated radicals, say by ESR.

- Experiments must be designed so that a SCF precipitation polymerization
may be conducted under conditions where the kinetic chain length,
V.1, 1s larger than the peak molecular mass in the precipitate. In
this case, a larger fraction of polymer chains in the precipitate

will be unterminated, allowing us, in principle, to observe a Tromsdorff

effect.

The sensitivity of the precipitate polymer compositions to changes in
operating conditions (viz., pressure, temperature, monomer concentration
and initiator concentration) were also studied, and we summarize below the

results of these investigations:

a. Pressure: The pressure of operation determines the fractionating behaviour
of the SCF solvent. As one proceeds to higher pressures, the solvent-
character of an SCF moves from gas-like (low solubility, "strong"
fractionation) to liquid-like (high solubility, "poor" fractionating
power). At higher pressures, therefore, it is expected that the precipitate
obtained will be of a broad-~-~ molecular mass distribution, since the
solvent now is less discrimi...cing with respect to the fractionation of
chains on the basis of molecular mass, between an SCF-rich phase and a

polymer-rich phase.

Experimental results presented in Section 7.2.3.1 for three operating
pressures (12, 17 and 25 MPa) show that, indeed, as one proceeds to higher
pressures, the product polymers are of a broader molecular mass distribution.

Also, the average molecular mass of the precipitate polymer increases with

increasing pressure.
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From the experimental results at the three pressures, it was also deduced
that the partition coefficients for polystyrene chains of molecular masses
greater than ~400 as measured in the reaction experiments are identical to
corresponding results obtained from the solubility experiments. For lower
molecular mass chains, however, the partition coefficients as measured in
the polymerization experiments are smaller than those from the solubility

results.

Also, in all experiments conducted to examine the effect of pressure (all
conducted at 3.33 wt% styrene in ethane, at 333K with 5.84x10°° gm AIBN/gm
ethane), there was no observable broadening of the precipitate molecular
mass distribution with increasing reaction time implying that the Tromsdorff

effect does not manifest itself at the examined pressures.

b. Monomer_ Concentration: Initial monomer concentration is an important

variable due to two reasons. First, since the kinetic chain length, v_,,
increases linearly with [M], it is expected that longer chain polymers may
be produced in the SCF. phase at higher monomer concentrations. Also, since
polystyrene chains are completely soluble in styrene, an increase in
monomer concentration is expected to make the fractionation character of
the SCF phase more liquid-like. The implication of both these statements
is that the average molecular mass of the precipitated polymer should

increase as [M] increases.

SCF precipitation polymerizations were conducted at three monomer
concentrations ( 3.33 wt%, 5.0 wt$ and 6.66 wt% styrene in ethane at 17
MPa and 333K). Results at the three conditions illustrate that the average
molecular mass of the precipitate polymer does increase; however, their
polydispersities, M, /M , are essentially independent of [M]. Also, at
these conditions, there is no observed broadening of the precipitate molecular
mass distribution at all reaction times, implying that no autoacceleration

effects are experienced.

An interesting point concerns itself with the relative insensitivity of
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the position and composition of the peak in the molecular mass distribution
of the precipitate phase to changes in operating conditions. We have
presented arguments to show that this peak represents the point where the
SCF-phase polymer compositions change from kinetic control to precipitation
control, i.e., below this molecular mass the molecular mass distribution
of the SCF polymer is determined by the rates of propagation of radicals,
while above this molecular mass the rate of precipitation determines the SCF-
phase composition. The lack of sensitivity of the peak molecular mass to
variations in operating conditions, therefore, implies that this change in
control, from kinetic to precipitation, is essentially independent of the
operating conditions employed in a SCF polymerization.

c. Other Variables Examined: Variations of precipitate compositions to changes

in temperature and initiator concentration were also examined. It was
found that initiator concentration (0<[I)<5.84x10"% gm/gm ethane) and
temperature (333K-343K) did not affect the composition of either the SCF
or the precipitate phase. However, it was observed that higher values of both
variables resulted in higher conversions of monomer to product polymer.
The rationale for this is provided in sections 7.2.3.4 and 7.2.3.5

respectively.

8.2.2 Modelling Results

In Chapter 6, we have presented two models to correlate experimental

data obtained from SCF precipitation polymerizations.

8.2.2.1 The Transient Model: The fundamental assumption in the
formulation of the transient model is that concentrations of both radicals
and precipitated polymer chains are time dependent. The time evolution of
a precipitation polymerization in this framework may be pictured to occur

in three, distinct stages:

a. Initially, the reaction mixture of SCF, monomer and initiator is

a single-phase, homogenous solution. Reaction begins through the
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decomposition of initiator to form free-radicals which then add
monomer to form longer chain-radicals in a propagation step. The
reaction maybe terminated by a bimolecular addition or by
disproportionation [Eq.(2.9)-(2.13)].

b. As the reaction proceeds in time, the concentraiions of polymer
chains, terminated and unterminated, increase and, at some point, they
nucleate to form a second, solid phase.

c. Subsequent to this precipitation step, polymers of all chain-
lengths equilibrate between the two phases following the partition
law as discussed in Section 8.2.1 for the distribution of polymer
chains between a coacervate-phase and a SCF-phase. Reaction continues

to occur in the SCF phase but not in the precipitate-phase.

Each of these steps have been formulated into a mathematical model. A
salient feature of the model, within the scope of this work, is its lack
of sensitivity to the assumed nucleation model (step b). We have observed
in our use of the model that the final compositions of the two equilibrium
phases are essentially governed by the reaction rate constants, viz. k,,k;
and k,, and the underlying equilibria of polymer chains between the SCF
and coacervate-phases. In the implementation of the model, therefore, a
simple nucleation model has been employed to capture qualitatively the
essential features of the phase separation phenomenon. This involved the
delineation of the first chain length that reached its binodal concentration
in the gas-phase. The binodal concentration of a chain was determined from

the partition law,
Rog,, (K, ) = Rog,o(wy/wz) = C; - G X, (4.4)

by setting wi equal to unity. The qualitative nature of this model, in
predicting nucleation time, must be emphasised in this context, and if more
detailed information such as particle sizes, or volume to surface area
ratios of the particles formed, is desired, then a more exact theory of

nucleation, as outlined in Section 6.1 must be employed.

A question related to the implementation of this model to correlate SCF
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polymerizations is to obtain an order of magnitude estimate of the reaction
rate constants, k,, k, and k, (both by addition and disproportionation) in
SCF solvents, relative to corresponding values of these constants in
liquid-phase polymerizations. To interpret the effect of SCF solvents on
reaction rate constants, it must be realized that dilute components dissolved
in a supercritical fluid frequently have large, negative partial molar

volumes. On examining the relevant reactions in a polymerization process,

I — 2R’ .~ (Initiation) (2.9)

RM; + M — RM_,, (Propagation) (2.12)
RM; + RMy —— P, ., (Addition) (2.13a)
— Py + Py (Disproportionation) (2.13b)

in the context of the LeChatelier principle, it is immediately clear that
the rate constant for termination by disproportionation will not be affected
dramatically by the large negative partial molar volumes of the reactants
and products. In contrast, a bimolecular reaction which &ields a single
product molecule, such as the propagation or the termination by addition,
are unfavourable under these conditions. The overall manifestation of this
effect is a reduction in the propagation (or termination by addition) rate
constant., By extension, an opposite behaviour may be observed in the
initiation reaction, where the initiator dissociates to form two free

radicals.

By employing typical values for SCF solvents, through the use of the
Activated States theory, we have shown that the propagation and termination
by addition steps will have rate constants that are typically 1-2 orders
of magnitude smaller than in liquid solvents. Also the initiation and the
disproportionation steps are essentially unaffected. The consequence of

these anomalous kinetic rate constants are:

1. The rate of polymerization in SCF relative to liquid phase solvents
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is small at the lowest pressures. However, as pressure is increased
the polymerization rate will increase and approach the "liquid-like"
value.

2. Polymers of a low average molecular mass and narrow molecular
mass distributions will be produced. In the past, special chemistry
was needed to synthesize low molecular mass polymer standards. SCF,
thus are convenient media for the synthesis of such low volume, high

value-added products.

The transient model for SCF polymerization reactions has been used to
correlate successfully precipitate polymer compositions and also to reproduce
qualitatively the molecular mass distribution of the polymers in the SCF
phase at several pressures. Kinetic parameters obtained by fitting the
model to experiment follow the trends expected for these constants relative
to corresponding numbers in liquid solvents. However, the model predictions
for different monomer concentrations are not as satisfactory (see Section

7.3.2).

8.2.2.2 The Steady-State Model: In the past it has been common
practice to model free-radical polymerization processes as reactions in
which rates of the formation and loss of radicals are at a steady state
(see Section 6.2.4). It was our aim to explore the feasibility of using a
steady-state model for our reaction system due to the inherent simplicity

of dealing with the algebraic equations rather than differential equations.

We chose to employ the steady-state approximations only in cases where
there were two phases at equilibrium, viz. this model was used only subsequent
to precipitation due to the fact that all experimental data for SCF

precipitation polymerizations were available only at long times.

The important assumption in this formulation was, therefore, that subsequent
to precipitation all concentrations (except monomer and initiator), in
both phases are constant, as suggested by experimental findings. The only
change with time then, corresponds to an increase in mass of the solid due

to precipitation. On solving the algebraic equation set obtained by setting
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the time derivatives in the transient model equations [Eq.(6.17)-(6.21)]
to zero, we obtain the time-invariant compositions of the radicals and

terminated polymer chains in both the SCF and the precipitate phases.

We employed this model to correlate the experimental data for a variety
of conditions using essentially the same parameters as employed in the
transient model. The fits obtained to the SCF phase compositions on a
first three mer-free basis were satisfactory, but the coacervate-phase
compositions were not well predicted. The reason for this is speculated to
be the effect on the partitioning behaviour of polymers present in small
quantities in the coacervate phase, that may be dominated by the effects
of diffusion of polymer chains in this phase. These chains may thus not be
in a true, thermodynamic equilibrium between the SCF and the precipitate
phases under reaction conditions. It is our anticipation that model predictions

will be more consistent if this feature of diffusion limitations were

incorporated in the formulation.

At this time, therefore, the steady-state model is not adequate to represent

the phenomena occurring in a SCF precipitation polymerization.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 CONCLUSIONS

There are four important conclusions that may be drawn from the

results of the work.

We have shown that supercritical fluids (SCF) are powerful fractionating
media for polymers and that this fractionating power may be modified from
gas-like to liquid-like with relatively small changes in pressure, or by

the addition of small amounts of liquids as co-solvents.

Data .obtained for the solubility of polystyrene in SCF have been
correlated with a statistical-mechanics based lattice model equation of state
which was developed to model mixtures of molecules of disparate sizes. The
lattice EOS reproduced all experimentally observed trends for the polystyrene-
ethane system across variations in pressure, temperature and polymer chain
length with a single apparently constant value of a binary interaction

parameter, §,,, in most cases.

Precipitation polymerization reactions have been conducted in SCF to
demonstrate the viability of this novel synthesis scheme to produce polymers
of a low average molecular mass and a relatively narrow molecular mass
distribution. In the analysis of data from these reaction experiments we
also verified that polymer chains in these experiments partition themselves
across the reacting SCF phase and the precipitate phase following the same
partition law as measured in the solubility experiments (This result is
invalid for the smallest chain lengths). Also no reactions occur in the
precipitate phase suggesting the absence of a Tromsdorff effect in the

coacervate. As one proceeded to higher pressures or monomer concentrations,
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the average molecular weight of the precipitate increased suggesting the
approach to liquid-like behaviour of the SCF solvent.

Data from the precipitation polymerizations have been quantitatively
correlated with a transient model developed for this purpose. On fitting
this model to experiment, and independently from activated state theories,
we have shown that SCF solvents selectively modify the reaction rate constants
for specific kinetic steps in the reaction mechanism thus allowing for the
synthesis of pblymers of molecular weight distributions significantly

different from polymers produced in liquid-phase systems.

9.2 RECOMMENDATIONS FOR FUTURE WORK

There are several aspects of the examined work that need to be
clarified or explored in greater detail. Below are listed some of the
areas which potentially may help in understanding the unresolved aspects

of SCF precipitation polymerizations:

- Pure polystyrene and ethane were employed in the solubility
measurements. However, in the precipitation experiments we have
suggested that the fractionation power of the SCF solvent may change
as one uses larger quantities of monomer. Solubility experiments
with SCF mixtures of ethane and styrene must be performed to delineate
the effect of changing monomer concentration on the partitioning

ability of SCF.

- In Chapter 7 we have suggested that the addition of AIBN to a
mixture of styrene-polystyrene-ethane may result in solution non-
idealities that cause the short polymer chains to have smaller
partition coefficients as compared to a case where no AIBN is present.
Solubility measurements for polystyrene mixed with AIBN will help
clarify this issue.

- Also, in Chapter 7 we proposed that the lower partition coefficients



251

for the small chain length oligomers may be due to the presence of
an AIBN end group on each chain. Fractionation experiments must be
conducted with polystyrene samples produced in the precipitation
polymerization reactions to explore this possibility. A related
question then is to understand the effect of diffusion on the solubility
of the long chain polymers (that are present in weight fractions
less than ca. 10°3) into the SCF phase.

- In all our studies with the polystyrene-ethane system we have
demonstrated the presence of a log-linear dependence for K, on X,.
In the existing literature it has been shown for liquid solvents
that this log-linear behaviour tends to break down as one proceeds
to higher molecular weight polymers. It would be relevant to examine
the solubility of higher molecular weight polymers in SCF to probe
if the linearity at low molecular weights does extend to the longer

chain length polymers.

- In the modelling of solubility data using the lattice EOS we
assumed that the polystyrene phase is always at thermodynamic equilibrium
state., The implication of this statement is that the polymer phase
is above its glass-transition temperature. To date, however, few
data exist that illustrate the effect of polymer chain 1length,
solvent SCF concentrations, pressure or temperature on the T, of
such polymers. A potentially interesting problem is the measurement
and the subsequent modelling of the glass transition temperatures of

polymers as a function of these operating variables.

- Also, in the modelling we assumed that the multicomponent polymer-
SCF equilibrium could be treated by a linear combination of n-mer-
SCF quasi-binaries. Although this assumption is satisfactory above a
polymer molecular weight of ~800 g mole!, below this molecular
weight end effects become dominant. A possible remedy for this issue
is to model the polymer-SCF system as -a multicomponent system,
possibly by using concepts of continucus thermodynamics. Also, end

effects should be accounted for in the determination of the pure
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component parameters of the various chain length polymers.

- An interesting observation made in the precipitation experiments
regards the lack of a Tromsdorff effect in the coacervate phase. We
have suggested that the reason for this phenomenon is due to the
inherently small kinetic chain lengths encountered in SCF precipitation
polymerizations which ensure that most precipitated chains are
terminated.
a. Convincing arguments for the absence of reaction in the
precipitate phase may be provided only if macroscopic quantities
of polymer are synthesised and analyzed for unterminated radicals,
say by ESR.
b. Another possible route to study the lack of a Tromsdorff effect
would be to increase the monomer concentration. It must, however,
be remembered that the addition of monomer to ethane will have
the same effect on the fractionating ability of the SCF as was
achieved by the addition of propane to ethane in the solubility
experiments, as reported in Chapter 4. While the need for
careful design of experiments is crucial, it is nevertheless
significant to analyze experiments under higher [M] since there
are only‘tw0 possible outcomes:
- A Tromsdorff effect may be observed.
- If there is no [M] effect, then we can obtainhigher precipitation
rates. If the presence of a large number of unterminated radicals
is discovered in the coacervate phase in any of these experiments,
then this precipitate may be employed to form block copolymers
with small average degrees of polymerization with other monomers,

again in an SCF solvent.

- We have inferred from our experimental data and modelling that the
kinetic rate of propagation in an SCF is much smaller than in liquid
solvents. However, a direct independent technique for the measurement

of reaction rate constants must be devised to substantiate this claim.

- A steady-state model was formulated to correlate experimental data
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from the precipitation polymerizations. However, we have shown that
this model does not accuracely fit the experimental trends. The reason
for the failure of the steady-state model is not clear at this
juncture, and further study of this lack of agreement may help
improve our understanding of the complex mechanism of SCF precipitation

polymerizations.
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NOTATION

Attractive parameter in the van der Waals EOS (Jm®mole™?)
Activity of component [Eq(3.NN)]

Total Helmholtz energy of system (J)

Constants, [Eq(4.3)]

Concentration of chain transfer agent [Eq(2.14)]
Absorbance [Eq(2.2)]

Volume parameter in the van der Waals EOS (m®mole™!)
Generalized property [Eq(0.2)]

Molar absorbance

Solute concentration in SCF phase [mole m™3; Eq(2.1)]
Specific heat (J mole ! K1)

Constants [Eq(4.4)]

Diffusivity (m? s 1)

Optical length of sample cell (m)

Potential energy of the system of molecules

Fugacity of a component (MPa)

Combinatorial term in Canonical Partition function
Plauck'’s constant

Enthalpy of sublimation (J mole 1)

Light intensity [Eq(2.2)]

Initiator concentration (mole £°1)

Boltzmann's constant (J mole™! K™ 1)

Initiation rate constant (s~ 1)

Partition coefficient of polymer of chain length i
Partition coefficient of polymer of chain length i as defined
in the existing literature [Eq (4.2)]

Reaction rate constants [Chapter 6]

Propagation rate constant (£ mole ! s™!)

Termination rate constant (£ mcle ! s™!)

Rate constant of a bimolecular reaction (£ mole! s 1)
Mass of precipitate per gm of SCF (gm./ gm. SCF)
Monomer concentration (mole £°1)

Initial monomer concentration (mole £271!)

Molecular weight (g mole™?!)

Number averaged molecular weight (g mole 1)

Weight averaged molecular weight (g mole™?!)

Molecular weight of polymer of chain length i (g mole™!)
Molecular weight of initiator (g mole™!)

Number of segemnts per polymer molecule (Notation of Flory, 1953)
Concentration of polymer of chain length i (mole £°1)
Number of moles

Number of mixture components [Chapter 3]
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P Pressure (Nm 2)

Poem Osmotic pressure (Nm 2)

(p, ] Concentration of polymer of chain length i (mole £71)

q Effective chain length of a chain molecule, accounting for the

connectivities of the segments

r Radial position [Eqs(4.15), (4.16)]
r Number of segments per molecule
r, Rate of polymerization (mole £°! s71)
R Universal gas constant (J mole ! K1)
R Radius of sphere [Eqs(4.16), (4.17)]
R* Radical formed by dissociation of initiator
[RM; ] Concentration of radical with x monomeric unit (mole £71)
Sc Schmitt number (= v/D)
t Time (s)
t Logarithm of absorbance [Eq (2.3)]
At Time step in integration [Eq(6.37)]
ty Half life (s)
tp Characteristic diffusion time (s)
toxn Reaction time (s)
T Temperature (K)
Ts Glass Transition Temperature (K)
u,w Constants in cubic EOS [Eq(3.3)]
v Phase molar volume (m® mole™?!)
vy Lattice unit cell size (m® mole™?!)
Ve Molar volume of solvent (m® mole !; Notation of Flory, 1953).
v Hard core volume (m® mole 1)
v Total volume of system (m®)
Vy Lattice unit cell volume (m® mole™!)
w, Weight fraction of chain length i (gm mer/gm of phase)
Xy Mole fraction
X Chain length of polymer
y{“’ ntP Legendre Transform
Y, Mole fraction of species i
z Lattice coordination number
zq Number of external contacts per molecule
Z Compressibility (Pv/RT) (dimensionless)
GREEK
ag , 0y Constants [Eq(4.6)]
Thermodynamic temperature (=1/k;T)
7(T) Term in chemical potential accounting for internal degrees of
freedom of a chain molecule
r Non-randomness correction [Eq(3.46)]
8U Binary interaction parameter in EOS [Eq(3.52)]
§',6"! Reference state chemica potentials [Eqs(3.63), (3.54)]
Aey = 2e - £54- €
€ Interaction energy between molecule segments (J mole™!)
¢ = ¢,,/RT
Ny .0, Constants [Eq(2.5)]

n',n"! Reference state chemical potentials [Egqs(3.65), (3.66)]
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9 Surface area fractions of molecules

Ky Isothermal compressibility (bar™?!)

A Wavelength [m; Eq(2.2)]

by Function accounting for the number of internal degrees of
freedom of a chain molecule

{2l Concentration of all species of chain length i (mole £71)

B Chemical potential

v Kinematic viscosity (m? s™1!)

v, Stoichiometric coefficient [Eq(6.5)]

Vo, Kinetic chain length in a polymerization reaction

Constant [Eq(2.6)]
€0,€, Constants [Eq(4.8)])
Term in the quasi-chemical equation [Eq.(28a)]

H Probabilty of propagation [Chapter 7 and 8]
n = 3,14152654
p Density ( mole m™3)
Pscr SCF density (kg m™?)
o Separation factor [Eq(2.6)]
o Derivative taken on saturation curve [Eq(4.13)]
Oy Separation factor for infinite chair length polymer

Ti17T2,73 Functional equation representation [Eqs(3.23), (3.24)]
Canonical Partition Function

0, Configurational contribution to the canonical partition function
X Flory-Huggins parameter

] Fugacity coefficient

é, Volume fraction of species i

® Weight fraction of SCF in polymer [Eq(4.7b)]

¥, Transformed mole fractions for Newton-Raphson search [Eq(3.60)]
SUPERSCRIPTS

' Phase dilute in polymer

' Phase concentrated in polymer

i Reduced quantity

* Reducing quantity

- Surface area fractions on a hole-free basis

} Activated State

” Property in a mixture

0 Random configuration of molecule segments and holes

liq Property in liquid solvent

s Condensed phase property

s,t Phase identity [Eq (3.59)]

SCF Property in SCF solvent

v Gas phase property

SUBSCRIPTS

0 Species 0, holes

1 Species number 1

11 Contacts between segments of two molecules of species 1

a Attractive property [Eq.(17)]
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Critical property

Concentration based equilibrium constant [Chapter 6]
Equilibrium property

Equilibrium constant based on fugacities [Chapter 6]
Species 1

Contacts between segments of an i1 molecule and a j molecule
Species j

Kinetic energy contribution

Liquid phase property

Liquid phase property

Mixture property

Non-random configuration of molecule segments
Osmotic term

Polymer property

Random configuration of molecule segments

Repulsive contribution [Egs.(3.31), (3.32)]

Solvent property (Flory-Huggins formulation)

Solvent property

Property of supercritical fluid

Vapour phase property

Polymer chain length (used interchangably with i)
Reaction rate constant based on fugacity coefficients
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APPENDIX I

CALIBRATION OF THE SIZE EXCLUSION CHROMATOGRAFPH

AI.1 Introduction

Size exclusion chromatography was performed on a high-performance
liquid chromatograph (a Hewlett Packard 1090A with a 254 nm UV detector,
and a refractive index detector) installed with ultrastyragel columns
(Waters, THF loaded # 10570, 10571 and 10572) and equipped with an autosampler.
Data from the chromatograph was collected on an IBM-XT computer with an
A/D board (DT2805, 12 bit) using ASYST software. The data collection was
triggered externally by the chromatograph, and could be set up so as to
collect data at any desired rate (a standard rate of 2 Hz per channel was
found to be adequate). The computer program for the collection and storage
of data is shown in Section AI.3. The raw chromatographic data was subsequently
analyzed by a program written in FORTRAN 77 (presented in Section AI.3)

for peak areas, peak elution times and other relevant variables.

AI.2 Calibration of SEC

The first set of calibrations performed on the SEC relates to the
determination of the elution times of polymers of different molecular
weights. For this purpose various polystyrene standards from M, ~ 700 to
600,000 were employed (Scientific Polymer Products, Polymer calibration
kit). Using the elution times for the various peaks a standard fn M vs
elution time relationship was deduced. In Figure AI.l1 we show these data,
along with a orthogonal polynomial of order 3 fitted to the elution time
data for peak molecular masses of < 13,000. It is seen that for molecular
weights of < 5000 the graph displays a linear regime. It is in this regime
that molecular weights of unknown samples may be determined unequivocally.

At larger molecular weights, the curve is no longer linear suggesting that
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we are approaching the limit of resolution the columns employed.

A related calibration involves the correlation of the mass of polymer
injected, to the area under the chromatograms. We used dilute solutions (<
0.7 wt%) of two different polystyreme standards (M,~ 700, M /M -~ 1.2,
Scientific Polymer Products; M ~ 2060, M /M ~ 1.1, Pressure Chemicals)
which were injected into the SEC in various amounts ranging 2x1076-6x1073
gm of polymer. The area under the UV Detector signal curve, plotted against
elution time, between the base lines (in units of [mVxmin/100)) was then
correlated to the mass of polymer injected. In Figure Al.2 we demonstrate
the quality of this correlation. As can be seen the calibration curve in
this regime is always linear, and independent of the mass and the molecular
weight of the polymer sample. This curve thus represents a universal mass

calibration for polystyrene in our SEC apparatus.
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Figure AI.l: UV Detector calibration curve for the determination of the
molecular mass of polymer chains as a function of elution time.
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Al.3 Program used in ASYST software for data collection

INTEGER SCALAR NRUN
INTEGER SCALAR NCOUNT
INTEGER SCALAR NPTS
INTEGER SCALAR NSUBFILES
INTEGER SCALAR NBEGIN
INTEGER SCALAR NEND
INTEGER SCALAR NFILE.COUNT
INTEGER SCALAR NSYNC.PERIOD
INTEGER SCALAR NRUN.COUNT
INTEGER SCALAR BEGIN.CHAN
INTEGER SCALAR END.CHAN

INTEGER DIM[ 20 ] ARRAY N/SEC
INTEGER DIM[ 120 ] ARRAY DATA
INTEGER DIM[ 40 ] ARRAY CHAN
INTEGER DIM[ 20 ] ARRAY GAIN
INTEGER DIM[ 20 ] ARRAY NCHAN
INTEGER DIM[ 1 ] ARRAY DUMMY

REAL DIM[ 20 ] ARRAY TIME
REAL DIM[ 120 ] ARRAY XAXIS

REAL SCALAR SYNC
REAL SCAILAR ELAPS.TIME
REAL SCALAR TIME.INCREMENT

DIM[ 20 , 20 ] STRING.ARRAY FILE.NAME

DT2800
0 1 A/D.TEMPLATE DATA.CHNL
0 0 A/D.TEMPLATE DUMMY.CHNL

¢ INPUT

0 NRUN :=
0 NCOUNT :=
0 TIME :=
0 N/SEC :=
0 CHAN :=
0 NCHAN :=

CR ." # of runs to be run ?" #INPUT
NRUN :=

BEGIN
NCOUNT 1 + NCOUNT :=

CR ." Enter file name" "INPUT
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FILE.NAME "[ NCOUNT } ":=

CR ." Enter time in minutes for run" #INPUT
TIME [ NCOUNT ] :=

CR ." Enter # of samples/sec " #INPUT
N/SEC [ NCOUNT ] :=

CR ." Enter begin channel " #INPUT
CHAN [ NCOUNT 2 * 1 - ] :=

CR ." Enter end channel " #INPUT
CHAN [ NCOUNT 2 * ] :=

CR ." Enter A/D board gain " #INPUT
GAIN [ NCOUNT ] :=

CR ." Enter # of a/d channels " #INPUT
NCHAN [ NCOUNT ] :=-

NCOUNT NRUN >=
UNTIL

: FILEOPEN

FILE.TEMPLATE

8 COMMENTS

TIME [ NRUN.COUNT ] 60. * N/SEC [ NRUN.COUNT ] * NPTS :=
NPTS NCHAN [ NRUN.COUNT ] * NPTS :=

NPTS 120 / NSUBFILES :=

INTEGER DIM[ 120 ] SUGBFILE
NSUBFILES TIMES
END

FILE.NAME "[ NRUN.COUNT ] DEFER> FILE.CREATE
FILE.NAME "[ NRUN.COUNT ] DEFER> FILE.OPEN

’

: PLOT
XAXIS []RAMP
XAXIS 1. - XAXIS :=

XAXIS 127 / TIME [ NRUN.COUNT ] * XAXIS :=
VERTICAL GRID.OFF
HORIZONTAL GRID.OFF

1000 DATA :=
4100 DATA [ 2 ] :=
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XAXIS DATA XY.AUTO.PLOT

: DATA.ACQ

0 DATA :=
0 ELAPS.TIME :=
1000, N/SEC [ NRUN.COUNT ] / 50. / SYNC :=

CLEAR.TASKS

1 NFILE.COUNT :=
NRUN.COUNT 2 * 1 - NBEGIN :=

NRUN.COUNT 2 * NEND :=

CHAN [ NBEGIN ] 1 * BEGIN.CHAN :=

CHAN [ NEND ] 1 * END.CHAN :=

DATA.CHNL BEGIN.CHAN END.CHAN RESET.A/D.CHNLS
DATA.CHNL GAIN [ NRUN.COUNT ] A/D.GAIN
DATA . CHNL

DATA CYCLIC TEMPLATE.BUFFER

DATA.CHNL A/D.INIT

DUMMY.CHNL

DUMMY TEMPILATE.BUFFER
DUMMY.CHNL EXT.TRIG
DUMMY.CHNL A/D.INIT
DUMMY.CHNL A/D.IN>ARRAY

DATA.CHNL 1 TASK A/D.IN>ARRAY
50 TASK.PERIOD

SYNG 1 TASK.MODULO
PRIME.TASKS

TRIGGER.TASKS

BEGIN
NFILE.COUNT NSUBFILES >=

BEGIN
?BUFFER. SWITCH
UNTIL

NFILE.COUNT SUBFILE
DATA ARRAY>FILE

NFILE.COUNT 1 + NFILE.COUNT :=
UNTIL
STOP.TASKS



-e

FILE.CLOSE

: MAIN

0 NRUN.COUNT :=
INPUT

BEGIN

NRUN.COUNT 1 + NRUN.COUNT :

NRUN.COUNT NRUN >=
FILEOPEN
PLOT
DATA .ACQ
UNTIL



273

ATl.4 Program for the integration of SEC data

R Rk bbbk b kbbb bttt

c
¢ December/30/1985 11:08pm

c
CHEERAEE NN RRRERDERRERRRRRRR RN

implicit real(a-h,o0-2)

real time(3600),inrism(3600), inuvsm(3600),timel(360)

real inri(3600), inuv(3600),diffuv(360),diffri(360), rmwuv(3600)
real rmwri(3600), diff2uv(360),diff2ri(360),uvcalib(10),ricalib
1(10),abase(20),bbase(20),peakstart(20),peakend(20),uvwtcal (20),
lriwtcal(20)

integer beginloc(20),endloc(20),istart(20),iend(20)
character*20 filel

R F AR AR A ARk kA FE kbbbt
c .
c Files are opened here

Cc
CHE A ET R AT T R h bbbkt etk

write (*,*) 'Enter input filename'’
read (*,’'(a)’') filel

open (1,file=filel)

open (2, file='calibin’)

open (3, file='slicesri'’)

open (4, file='out’)

open (7, file='slicesuv’)

open (11, file='diff’')

open (12, file='uvpeaks')

open (13,file='ripeaks’)

ekttt kkd kbl kbt

c
c inputs

c .
CHFF R XX R RN h b h kb bbhdklkbktbkt ity

write (*,*) ' initial time 7'
read (*,*) timeinit
10 read (1,*) t,pl,p2
if (t.ge.timeinit) then
read (1,*) (time(i),inuv(i),inri(i),i=1,2000)
go to 11
else
go to 10
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endif
11 read (2,%*) cutupuv,cutupri
read (2,%*) cutdnri,cutdnuv

CHXFHAFAAH AR AR AR R RN HERRRRRNY

c Calibration curves are read as coefficients for orthogonal polynomials.
c nuvpoints represents the uv polynomial order, i.e., nuvpoints= order+l
c similar ideas for the ri curve

CRAFARAR AR T AR TR AR AR R Rd Rt hbhbbhhhhibitt

read (2,%*) nuvpts

read (2,*%) (uvcalib(i),i=1,nuvpts)
read (2,*) nripts

read (2,%) (ricalib(i),i=1,nripts)
read (2,%) nuvwtpt

read (2,%) (uvwtcal(i),i=1,nuvwtpt)
read (2,*) nriwtpt

read (2,*) (riwtcal(i),i=1,nriwtpt)

Xtk ki kbt dkttbkltitkbrbitdit

Data smoothing
data is smoothed by block averaging
9 successive elements in each block

00000

CREXR AL TR AR R R hhkdddhddddbd kb dtddit

j=1

do 100 i=5,1995,9
inrism(j)=(inri(i-4)+inri(i-3)+inri(i-2)+inri(i-1)+
linri({)+inri (A+1)+inri(i+2)+inri(i+3)+inri(i+4))/9
inuvsm(j)=(inuv(i-4)+inuv(i-3)+inuv(i-2)+inuv(i-1)+
linuv(i)+inuv(i+1)+inuv(i+2)+inuv(i+3)+inuv(i+4)) /9
timel(j)=time(i)

write(1ll,*) timel(j),inuvsm(j),inrism(j)

j=i+l

100 continue

kR dkkkkhdhtdkhktththddkhhht
c .
c differentiation of smoothed data

c
ChEFAAdhhbht bbbkt kbbb idbbiit

ncount=j-1

do 101 i =1,ncount-1

diffuv(i)=(inuvsm(i+l)-inuvsm(i))/(timel(i+1l)-timel(i))

diffri(i)=(inrism(i+l)-inrism(i))/(timel(i+1l)-timel(1i))
101 continue
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do 102 i=1,ncount-1
diff2uv(i)=(diffuv(i+l)-diffuv(i))/(timel (i+1)-timel(i))
diff2ri(i)=(diffri(i+1)-diffri(i))/(timel(i+l)-timel(i))
continue

CHRHXA LR A LA A Attt bttt kot

c
[
c
(&

uv detector: identification of peaks
and peak base points.

CRFTE RN R AR H bbbtttk ot ot

103

104

105

106

107

write (4,%) ' U.V. Detector '

write (4,%) ' ccccccmmaano-- !

write (4,%) ' !

ipcoun=0

nbegin=1

do 104 i =nbegin,ncount-1

if (abs(diffuv(i)).ge.cutupuv) then
ipcoun=ipcoun+l
peakstart(ipcoun)=timel(i-1)
beginloc(ipcoun)=i-1

write (4,%) ' peak ',ipcoun, 'starts at ', peakstart(ipcoun)
goto 105

else

go to 104

endif

continue

if (beginloc(ipcoun).lt.nbegin) go to 108

endloc (ipcoun)=0

do 106 i=beginloc(ipcoun)+l,ncount-1

if (abs(diffuv(i)).le.cutdnuv.and.inuvsm(i).1le.4090.0) then

if (abs(diffuv(i-2)).le.cutdnuv.and.abs(diffuv(i-1)).1le.cutdnuv.
land.abs(diffuv(i+l)).le.cutdnuv.and.abs(diffuv(i+2)).1le.cutdnuv)
1then

peakend(ipcoun)=timel (i)

endloc(ipcoun)=i

write (4,%) ' peak ends at ',peakend(ipcoun)

go to 107

else

go to 106

endif

else

go to 106

endif

continue

if (endloc(ipcoun).eq.0) then
endloc(ipcoun)=ncount
peakend(ipcoun)=timel (ncount)
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109

endif

if (endloc(ipcoun).lt. (ncount-10)) then
nbegin=endloc(ipcoun)+5

go to 103
endif

do 109 k=1, ipcoun
do 109 1=1,2000

if (time(i).eq.peakstart(k)) istart(k)=i
if (time(i).eq.peakend(k))

continue

ARkt hdy

c
c
Cc

uv baseline determination

Chb kb kb bk kb dokob bkt

110

write (4,%)
write (&4,%)
write (4,%)
write (4,%)

’

iend(k)=i

' Base line parameters’

’

do 110 k=1, ipcoun

abase(k)=(inuv(istart(k))-inuv(iend(k)))/(time(istart(k))-time(ien

1d(k)))

bbase(k)=(inuv(istart(k))-abase(k)*time(istart(k)))

b(intercept)

write (4,*) k,abase(k),bbase(k)

write (*,%*) abase(k),bbase(k)

continue

At hb bbbttt h bkttt

c
c
c

integration and reporting results

chhbkththktbh bbbt ibkdtit

111

zmom=0.
fmom=0.
thmom=0.

do 114 k=1,ipcoun
do 112 i=istart(k),iend(k)
inuv(i)=inuv(i)-bbase(k)-abase(k)*time (i)

arg=0.0
term=1.0

do 111 j=1,nuvpts
arg=arg+uvcalib(j)*term
term=term*time (i)

continue

r
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113
114

201

202

1141

203

115

116
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rmwuv(i)=10%*arg

if (rmwuv(i).1le.104.0) rmwuv(i)=104.0
if (inuv(i).le.0.0)then

inuv(i)=0.

endif

continue

do 113 i=istart(k)+1l,iend(k)
arg=(inuv(i)+inuv(i-1))*0.5%(time(i)-time(i-1))
zmom=zmom+(arg/(rmwuv(i)+rmwuv(i-1))*2.)
fmom=fmom+arg

thmom=thmom+arg* (rmwuv(i)+rmwuv(i-1))/2.0
continue

continue

smn=fmom/zmom

smw=thmom/fmom

fpoly=smw/smn

write(4,201) zmom, fmom, thmom

format (/,10x, ’'zeroth momemt of distribution’,el5.6,/10x,'first
Imomemt of distribution ',el5.6,/10x,’'second momemt of distrib
lution ’,el5.6)

write (4,202) smn,smw,fpoly

format (/10x,’ number average molecular weight ',£10.3,
1/10x, ' weight average molecular weight ', £10.3

1/10x, ' polydispersity ',£10.3)
wtinj=0.

term=1.0

do 1141 i=1,nuvwtpt
wtinj=wtinj+term*uvwtcal (i)
term=term*fmom

continue

write (4,203) wtinj
format (/,10x,' Weight injected in sample, uv detector’,el5.7,'gm

1)

do 116 j=1,80
cutmw=j*104.0
cutmwlow=cutmw-52.
cutmwhig=cutmw+52.
sum=0,
do 115 k=1, ipcoun
do 115 i=istart(k)+1,iend(k)
if (rmwuv(i).lt.cutmwhig.and.rmwuv(i).ge.cutmwlow) then
sum=sum+( (inuv(i)+inuv(i-1))/2.*(time(i)-time(i-1)))
endif
continue
write (7,%*) cutmw,sum/fmom
continue
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T T PR S F R R T R BT SRR T
C
¢ uv peak determination

(o]
cHERE bbb kbt bbbttt

local=-9

do 120 k=1,ipcoun

istart(k)=beginloc(k)+1

do 120 i=istart(k),endloc(k)

cpeakl=diffuv(i)*diffuv(i-1)

cpeak2=sqrt(abs(cpeakl))

if (cpeakl.lt.0.0.and.cpeak2.ge.20.0.and.diff2uv(i).1lt.-10) then
timepeak=timel (i)

istart(k)=i+10

do 117 j=local+10,2000
if (time(j).eq.timepeak) then
local=j
go to 118
endif
117 continue

118 maxsig=0.
maxpt=1
do 119 j=local-20,local+20
if (inuv(j).ge.maxsig) then
maxsig=inuv(j)
maxpt=j
endif
119  continue

write (12,%) time(maxpt),rmwuv(maxpt)

endif
120 continue

Ak ihbhhbhhihbbhhhbht bk kbt

c
¢ ri detector peak detection

c and determination of base-points
c

cHTER Rttt dddtdtdh bt dhtitt

write (4,%) ' !
write (4,%) ' ri detector '’
write (4,%) ' -ccececnaann '
ipcoun=0
nbegin=~1

121 do 122 i=nbegin,ncount-1
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123

124

125

126

127
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if (abs(diffri(i)).ge.cutupri) then
ipcoun=ipcoun+l
peakstart(ipcoun)=timel(i-1)
beginloc(ipcoun)=i-1

write (4,%) 'peak’, k, ' starts at ', peakstart(ipcoun)
go to 123

else

go to 122

endif

continue

if (beginloc(ipcoun).lt.nbegin) go to 126

endloc(ipcoun)=0

do 124 i=beginloc(ipcoun)+1l,ncount-1

if (abs(diffri(i)).le.cutupri.and.inrism(i).1le.4090.0) then

if (abs(diffri(i-2)).le.cutdnri.and.abs(diffri(i-1)).le.cutdnri.
land.abs(diffri(i+l)).le.cutdnri.and.abs(diffri(i+2)).le.cutdnri)
1then

peakend(ipcoun)=timel (i)

endloc(ipcoun)=i

write (4,*) 'peak ends at ', peakend(ipcoun)

go to 125

else

go to 124

endif

else

go to 124

endif

continue

if (endloc(ipcoun).eq.0) then
endloc(ipcoun)=ncount
peakend(ipcoun)=timel(ncount)
endif

if (endloc(ipcoun).lt.(ncount-10)) then
nbegin=endloc(ipcoun)+5

go to 121

endif

do 127 k=1,ipcoun

do 127 i=1,2000

if (time(i).eq.peakstart(k)) istart(k)=i
if (time(i).eq.peakend(k)) iend(k)=1
continue

Rtk kht kb dbdtth bk ik kit

c
Cc
c

ri baseline determination

Chrkdhhdhkhk Ak r bkt hdhhhrt



do 128 k=1,ipcoun
abase(k)=(inrifistart(k))-inri(iend(k)))/(time(istart(k))-time(ie
1nd(k)))

bbase(k)=(inri(istart(k))-abase(k)*time(istart(k)))

write (4,*) abase(k),bbase(k)
128 continue

R et 2 T e e e e e T Y]
c
c ri integration and reporting results

[
ok kbbb db bbbkttt

zmom=0.
fmom=0.
thmom=0.

do 132 k=1,ipcoun
do 130 i= istart(k),iend(k)
inri(i)=1inri(i) -bbase(k)-abase(k)*time(i)

arg=0.0
term=1.0
do 129 j=1,nripts
arg=argt+ricalib(j)*term
term=term*time (i)
129 continue

rmwri(i)=10%*arg
1f(rmwri(i).le.104.) rmwri(i)=104.0
if (inri(i).le.0.0) inri(i)=0.0

130 continue

do 131 i=istart(k)+l,iend(k)
arg=(inri(i)+inri(i-1))*0.5%(time(i)-time(i-1))
zmom=zmom+(arg/ (rmwri(i)+rmwri(i-1)))*2.0
fmom=£fmom+arg
thmom=thmom+arg* (rmwri(i)+rmwri(i-1))/2.0

131, con?lnue

132 con':.nue

smn=fmom/zmom

smw=thmom/fmom

fpoly=smw/smn

write (4,201) zmom, fmom, thmom
write (4,202) smn,smw,fpoly

wtinj=0,
term=~1.0

280
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204

133

134
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do 1321 j=1,nriwtpt
wtinj=wtinj+riwtcal(j)*term
term=term*fmom

continue

write (4,204) wtinj
format (//.10x,' Wt. injected R.I. detector ',el5.7,' pgms’)

do 134 j=1,40

cutmw=j*104.0

cutmlow=cutmw-52.0

cutmhig=cutmw+52.0

sum=0.0
do 133 k=1,ipcoun
do 133 i=istart(k)+l,iend(k)
if (rmwri(i).lt.cutmhig.and.rmwri(i).ge.cutmlow) then
sum=sum+( (inri(i)+inri(i-1))/2.0*(time(i)-time(i-1)))
endif
continue

write (3,%*) cutmw,sum/fmom

continue

cXhbbbkdkdtkdbttbbhkdtdtk

C
Cc
Cc

ri peak determination

CRFF N FH R kRt d kbbb kbbb btt

135

136

local=-9

do 138 k=1,ipcoun

istart(k)=beginloc(k)+1

do 138 i=istart(k),endloc(k)

cpeakl=diffri(i)*diffri(i-1)

cpeak2=sqrt(abs(cpeakl))

if (cpeakl.1t.0.0.and.cpeak2.ge.50.0.and.diff2ri(i).1t.-10.) then
timepeak=timel (i)

istart(k)=1+10

do 135 j=local+10,2000
if (time(j).eq.timepeak)then
local=j
go to 136
endif
continue

maxsig=0.

maxpt=1

do 137 j=local-20,local+20
if (inri(j).ge.maxsig) then
maxsig=inri(j)
maxpt=]j
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endif
137 continue
write (13,%) time(maxpt),rmwri(maxpt)
write (13,*) time(maxpt)
write(4,*) time(maxpt)
endif

138 continue

end
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APPENDIX II

SOLUBILITY RESULTS: RAW EXPERIMENTAL DATA

In this appendix we present the measured values of partition coefficients
for the different styrene oligomers in various gases at all pressures,
temperatures and solvent gases examined. In each table there is a run
number provided: runs which have a prefix of 800 were data obtained from
the polystyrene standard of M, ~ 800 g mole™!, while a prefix of 200 is
data obtained from a polymer of M ~ 2060 g mole !, Reported partition
coefficients are defined as in Eq(4.1).
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Table AIT.1: Partition coefficients for polystyrene chains in ethane at
333K and 8.5 MPa.
Run # 80037 80040 80042 80043
Chain Mol. Wt
312 1.44E-02 7.38E-03 1.14E-02 1.03E-02
416 4.19E-03
520 9.90E-04
624 4. 28E-04 1.74E-04  1.95E-04 2.84E-04
728 2.32E-04 2.28E-05 8.76E-05 1.44E-04
832 1.15E-04 2.21E-05 1.21E-04
936 3.38E-05 7.10E-06
Table AII.Z2: Partition coefficients for polystyrene chains in ethane at
333K and 10 MPa.
Run # 80017 80018 80019 80020 80021
Chain Mol. Wt
312 2.92E-02 3.87E-02 2.28E-02 2.70E-02 1.91E-02
416 1.30E-02 1.85E-02 1.41E-02 2.06E-02 1.65E-02
520 4,60E-03 6.30E-03 4.64E-03  7.96E-03 5.62E-03
624 1.79E-03 2.22E-03 1.52E-03 3.19E-03 2.06E-03
728 7.57E-04 8.83E-04 5.35E-04 1.24E-03 7.65E-04
832 3.00E-04 3.27E-04 1.64E-04 4.53E-04 2.58E-04
936 1.01E-04 1.11E-04 1.50E-04
1040 2.13E-05 2.10E-05 4.14E-05
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Table AII.3: Partition coefficients for polystyrene chains in ethane at
333K and 15 MPa.
Run # 2001 20084 80024 80025 80026
Chain Mol. Wt
312 5.07E-02 1.33E-02 2.19E-02 1.51E-02
416 3.58E-02 3.25E-02 4.05E-02 4.32E-02
520 1.74E-02 1.77E-02 2.42E-02 2.69E-02
624 1.01E-02 9.15E-03 1.58E-02 1.64E-02
728 5.55E-03 4.92E-03 8.77E-03 8.53E-03
832 ' 9.48E-04 2.60E-03 4.41E-03 4,27E-03
936 1.07E-03 1.42E-03 2.14E-03 2.06E-03
1040 5.61E-04 8.16E-04 1.05E-03 9.91E-04
1144 3.08E-04 4.82E-04 5.46E-04 4 .55E-04
1248 1.55E-04 3.84E=04 3.99E-04 2.67E-04
1352 7.99E-05 1.56E-04 - 1.41E-04 4,17E-05
1456 3.60E-05 2.21E-05 9.51E-05
1560 1.40E-05
Table AII.3 (continued)
Run # . 80027 80028 80029 80048 80049
Chain Mol. Wt
312 7.14E-02 7.56E-02 2.91E-02 9.65E-02 6.24E-02
416 7.34E-02 9.69E-02 5.16E-02 5.15E-02 4,53E-02
520 4.17E-02 5.16E-02 2.68E-02 2.33E-02 2.80E-02
624 2.15E-02 2.59E-02 1.34E-02 1.09E-02 1.54E-02
728 1.16E-02 1.39E-02 7.10E-03 5.41E-03 8.81E-03
832 6.09E-03 7.39E-03 3.67E-03 2.71E-03 4_.78E-03
936 3.09E-03 3.93E-03  1.84E-03 1.30E-03 2.74E-03
1040 1.51E-03 2.13E-03 9.08E-04 5.94E-04 1.33E-03
1144 6.89E-04 1.13E-03 3.66E-04 2.42E-04 6.32E-04
1248 2.43E-04 4.70E-04 4 .63E-05 2.58E-04
1352 3.14E-05
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Table AII.4: Partition coefficients for polystyrene chains in ethane at
333K and 25 MPa.
Run # 2003 20011 20034 20035 20046
Chain Mol. Wt
312 3.55E-02 1.54E-02
416 3.76E-02 1.86E-02
520 2.12E-02 1.42E-02
624 1.57E-02 1.33E-02
728 1.38E-02 1.42E-02
832 9.62E-03 5.15E-03 4 .40E-03 5.70E-03 1.16E-02
936 6.01E-03 4 .34E-03 4,29E-03 5.03E-03 7.84E-03
1040 3.85E-03 3.46E-03 3.74E-03 4.01E-03 5.04E-03
1144 2.64E-03 2.73E-03 3.24E-03 3.12E-03 3.38E-03
1248 1.67E-03 1.93E-03 2.42E-03 2.26E-03 2.11E-03
1352 1.09E-03 1.32E-03 1.72E-03 1.54E-03 1.34E-03
1456 6.85E-04 8.58E-04 1.15E-03 1.04E-03 8.61E-04
1560 4.35E-04 5.41E-04 7.73E-04 6.76E-04  5.56E-04
1664 2,.81E-04 3.54E-04 5.00E-04 4,18E-04 3.48E-04
1768 1.72E-04 2.13E-04 3.07E-04 2.42E-04  2.24E-04
1872 1.01E-04 1.33E-04 1.85E-04 1.34E-04  1.45E-04
1976 6.30E-05 8.04E-05 1.14E-04 6.09E-05 9.76E-05
2080 3.33E-05 4.12E-05 6.60E-05 1.46E-05 6.18E-05
2184 2.24E-05 2.20E-05 1.96E-05 4.85E-05
2288 1.15E-05 1.19E-05 2.47E-06 3.06E-05
2392 1.14E-06 3.98E-06 2.05E-05
2496 1.96E-05
2600 1.10E-05
Table AII.4 (continued)
Run # 8001 8002 8003 8004 8006
Chain Mol. Wt
312 2.97E-02 5.73E-02 8.12E-02 4,21E-02 2.76E-02
416 1.87E-02 4 ,97E-02 9.15E-02 6.54E-02  4.34E-02
520 1.28E-02 2.56E-02 5.19E-02 4,52E-02 3.07E-02
624 8.26E-03 1.28E-02 3.05E-02 3.04E-02 2.08E-02
728 6.72E-03 7.16E-03 1.93E-02 2.03E-02  1.40E-02
832 5.96E-03 4,37E-03 1.23E-02 1.30E-02 9.14E-03
936 5.89E-03 2.72E-03 8.25E-03 8.24E-03 5.87E-03
1040 5.99E-03 5.29E-03 3.77E-03
1144 3.45E-03  2.38E-03
1248 2.36E-03  1.48E-03
1352 1.66E-03 1.03E-03
1456 1.37E-03 3.52E-04
1560 1.13E-03
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Table AII.5: Partition coefficients for polystyrene chains in ethane at
333K and 34.5 MPa.
Run # 2009 20053 20057 20058 20091

Chain Mol. Wt

312
416
520
624
728
832
936
1040
1144
1248
1352
1456
1560
1664
1768
1872
1976
2080
2184
2288
2392
2496
2600
2704
2808
2912
3016
3120
3224
3328
3432
3536
3640
3744
3848
13952
4056

NSFPFPORRFENMNWOWCUNOENNAEOOESEENDWS UV

.49E-03
.62E-03
.36E-03
.33E-03
.43E-03
.75E-03
.22E-03
.49E-04
.02E-04
.11E-04
.82E-04
.01E-04
.41E-04
.97E-05
.01E-05
.01E-05
.62E-05
.57E-05
.80E-05
.45E-05
.64E-06
.70E-06
.16E-06
.41E-06

NHENMNWRAPUNOREEFENWESEUNRFREMSNN WU O -

.23E-02
.09E-02
.61E-03
.82E-03
.21E-03
.89E-03
.86E-03
.09E-03
.53E-03
.11E-03
.99E-04
.85E-04
.29E-04
.08E-04
.29E-04
.71E-04
.28E-04
.82E-05
.41E-05
.72E-05
.41E-05
.40E-05
.84E-05
.37E-05
.60E-05
.88E-06

WRFHFFEFNWEAFANIFFEFFHEFNWESEOANORRERNNWSEUAGNN

.62E-03
.32E-03
.27E-03
.09E-03
.28E-03
.43E-03
.70E-03
.08E-03
.57E-03
.18E-03
.64E-04
.34E-04
.69E-04
.46E-04
.50E-04
.88E-04
L44E-04
.09E-04
.30E-05
.25E-05
.65E-05
.45E-05
.66E-05
.88E-05
.53E-05
.59E-06
.48E-06

NNNOUHEPFEFNMNWARAFUAORERFENNWONOFERERNDMWWESREOAGR N O ®

.73E-03
.25E-03
.98E-03
.99E-03
.03E-03
.93E-03
.92E-03
.04E-03
.30E-03
.74E-03
.28E-03
45E-04
.01E-04
.15E-04
.81E-04
.83E-04
.11E-04
.58E-04
.21E-04
.21E-05
.64E-05
.05E-05
.07E-05
.00E-05
.08E-05
.54E-05
.16E-05
.84E-06
.95E-06
.77E-06
.64E-07

WHEMHMNMNNPUNOREFNWONREBEBRODNDWOWO NGO

.48E-03
.88E-03
.79E-03
.20E-03
.94E-03
.87E-03
.06E-03
.48E-03
.04E-03
.49E-04
.24E-04
.75E-04
.65E-04
.91E-04
.38E-04
.95E-05
.43E-05
.32E-05
.03E-05
.81E-05
.63E-05
.85E-05
.01E-05
.59E-06
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Run # 20092 80031 80056 80057 80058
Chain Mol. Wt

312 3.75E-02 2.08E-01 1.12E-01
416 1.80E-01 2.19E-01 1.71E-01 1.08E-01
520 1.61E-01 1.61E-01 1.61E-01 9.49E-02
624 1.22E-01 1.21E-01 1.35E-01 7.84E-02
728 9.10E-02 9.47E-02 1.06E-01 6.17E-02
832 6.52E-02 7.13E-02 7.98E-02 4.61E-02
936 7.23E-03 4.67E-02 5.39E-02 5.88E-02 3.30E-02
1040 6.12E-03 3.42E-02 3.94E-02 4.23E-02 2.31E-02
1144 5.40E-03 2.55E-02 2.91E-02 3.06E-02 1.61E-02

1248 4,.27E-03 1.94E-02 2.12E-02 2.19E-02 1.11E-02
1352 3.34E-03 1.48E-02 1.56E-02 1.56E-02 7.28E-03
1456 2.48E-03 1.33E-02 1.15E-02 1.11E-02 4 ,.54E-03
1560 1.83E-03 1.08E-02 8.64E-03 7.35E-03 2.18E-03
1664 1.31E-03 9.35E-03 6.33E-03 4.23E-03

1768 9.46E-04 4,.24E-03

1872 6.81E-04 2.44E-03

1976 4.78E-04

2080 3.32E-04

2184 2.41E-04

2288 1.72E-04

2392 1.23E-04

2496 8.78E-05

2600 6.37E-05

2704 4,78E-05

2808 3.33E-05

2912 2.51E-05

3016 2.03E-05

3120 1.56E-05

3224 1.04E-05

3328 1.03E-05

3432 9.81E-06

3536 7.50E-06

3640 3.94E-06

3744 4.74E-07

3848

3952

4056
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Table AII.6: Partition coefficients for polystyrene chains in ethane at
313K and 25 MPa.
Run # 80072 80073 80074 80075
Chain Mol. Wt
416 1.64E-01 1.22E-01 9.72E-02 9.29E-02
520 1.14E-01 9.69E-02 9.47E-02 1.08E-01
624 7.40E-02 6.50E-02 6.90E-02 8.38E-02
728 4.91E-02 4,.27E-02 4.64E-02 5.75E-02
832 3.28E-02 2.83E-02 3.06E-02 3.76E-02
936 2.15E-02 1.85E-02 1.98E-02 2.40E-02
1040 1.38E-02 1.19E-02 1.27E-02 1.53E-02
1144 9.01E-03 7.54E-03 8.16E-03 9.77E-03
1248 5.74E-03 4.60E-03 5.18E-03 6.05E-03
1352 3.34E-03 3.21E-03 3.42E-03
1456 1.88E-03 1.78E-03 1.64E-03
Table AII.6 (continued)
Run # 20063 20065 2066
Chain Mol. Wt
1144 5.33E-03 4.,72E-03 5.39E-03
1248 3.80E-03 3.49E-03 4.06E-03
1352 2.71E-03 2.61E-03 3.11E-03
1456 1.93E-03 1.90E-03 2.26E-03
1560 1.34E-03 1.35E-03 1.64E-03
1664 9.08E-04 9.22E-04 1.17E-03
1768 6.09E-04 6.31E-04 8.08E-04
1872 4.14E-04 4.49E-04 5.64E-04
1976 2.65E-04 2.91E-04 3.83E-04
2080 1.62E-04 1.88E-04 2.59E-04
2184 9.98E-05 1.28E-04 1.82E-04
2288 5.51E-05 8.20E-05 1.25E-04
2392 5.27E-05 8.56E-05
2496 3.39E-05 5.53E-05
2600 1.80E-05 3.24E-05
2704 2.20E-05
2808 1.29E-05
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Table AII.7: Partition coefficients for polystyrene chains in ethane at
323K and 25 MPa.
Run # 80060 80062 80063 80064 80065
Chain Mol. Wt
312 1.71E-01 1.32E-01 9.23E-02
416 1.43E-01 1.30E-01 1.05E-01 7.70E-02
520 1.01E-01 9.86E-02 8.52E-02 7.00E-02
624 7.07E-02 7.10E-02 6.25E-02 5.51E-02
728 2.76E-02 5.03E-02 5.05E-02 4 ,40E-02 3.99E-02
832 2.72E-02 3.52E-02 3.49E-02 2.99E-02 2.74E-02
936 2.24E-02 2.38E-02 2.34E-02 1.97E-02 1.80E-02
1040 1.52E-02 1.54E-02 1.54E-02 1.28E-02 1.17E-02
1144 8.86E-03 9.87E-03 1.03E-02 8.43E-03 7.76E-03
1248 4.85E-03 6.22E-03 6.93E-03 5.55E-03 5.15E-03
1352 2.64E-03 3.84E-03 4.,53E-03 3.54E-03 3.41E-03
1456 1.48E-03 2.32E-03 2.93E-03 2.20E-03 2.26E-03
1560 8.70E-04 1.22E-03 1.59E-03 1.20E-03 1.46E-03
1664 5.42E-04 1.04E-03
1768 5.30E-04
1872 1.95E-04
Table AII.7 (continued)
Run # 20068 20070
Chain Mol. Wt
1456 1.18E-03 8.85E-04
1560 8.58E-04 6.54E-04
1664 6.02E-04 4.82E-04
1768 4.10E-04 3.32E-04
1872 2.82E-04 2.34E-04
1976 1.96E-04 1.70E-04
2080 1.25E-04 1.14E-04
2184 8.60E-05 8.58E-05
2288 5.82E-05 6.43E-05
2392 3.75E-05 4 . 42E-05
2496 2.36E-05 3.49E-05
2600 1.61E-05
2704 1.02E-05
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Partition coefficients for polystyrene chains in €O, at

coefficients for polystyrene chains in a mixture
and propane (ca. 87:13 by mole) at 333K and 25 MPa.

Table AII.8:
333K and 25 MPa.
Run # C008003 Cc008004 €008005
Chain Mol. Wt
312 1.31E-02
416 1.85E-02 1.13E-02 1.14E-02
520 1.03E-02 6.91E-03 7.94E-03
624 5.44E-03 3.80E-03 4 .50E-03
728 2.93E-03 2.09E-03 2.47E-03
832 1.48E-03 1.07E-03 1.26E-03
936 7.06E-04 5.22E-04 6.09E-04
1040 3.04E-04 2.49E-04 2.67E-04
1144 1.31E-04 1.18E-04 9.11E-05
Table AII.9: Partition
of ethane
Run # M108003 M108004 M108005
Chain Mol. Wt
416 9.53E-02 6.77E-02 5.43E-02
520 8.46E-02 6.76E-02 5.97E-02
624 7.00E-02 5.99E-02 5.71E-02
728 5.56E-02 5.01E-02 4 .98E-02
832 4.11E-02 3.81E-02 3.89E-02
936 2.93E-02 2.73E-02 2.84E-02
1040 2.12E-02 1.95E-02 2.04E-02
1144 1.56E-02 1.42E-02 1.50E-02
1248 1.17E-02 1.03E-02 1.13E-02
1352 8.84E-03 7.31E-03 8.77E-03
1456 7.25E-03 5.52E-03 7.57E-03
1560 5.83E-03 3.45E-03 6.34E-03
1664 4 ,98E-03 9.19E-04 7.17E-03
1768 1.59E-03 8.24E-03




292

APPENDIX III

COMPUTER FROGRAMS FOR LATTICE EOS

For the implementation of the lattice EOS for the modelling of
mixtures of molecules of disparate sizes we need separate programs for the
determination of pure component parameters, and for phase equilibrium
calculations. A modular approach was adopted so as to use a maximum number
of subroutines commonly in both calculations. These subroutines, along
with an abbreviated description of their purpose are listed in Tables

AIII.1- AIII.3.

The programs are all written in common !'O7TRAN 77 and can run under
IBM Professional Fortran on an IBM-XT or AT microcomputer (with a 8087/80287
coprocessor.) The programs have also been run, with minor modifications, on
a Data General MV4000 system. A fact complicating the implementation of
the lattice EOS is that it does not have a cubic functionality in volume.
Special care was therefore taken to ensure that a robust algorithm was
employed so that convergence is assured in most, commonly encountered

situations.

Copies of all programs can be cbtained either from the author, or

from Professors R.C.Reid or U.W.Suter at MIT.
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Table AIII.1l: Common Subroutines with a brief description of their function.

Name Description

FNEWT Newton-Raphson Solver for a set of non-linear
algebraic equations, for outer loop.

SNEWT Newton Solver for inner loop.

LU Lower-Upper decomposition of Jacobian matrix for
NEWTON.

BACK Solution of algebraic equations by back-substitution.

FUNCT1 Function that provides residues for outer loop.

FUNCT?2 Function residues for inner loop.

EOS Equation of state subroutine. Accepts temperature

and volume and outputs pressure.

Table AIII.2: Subroutines for calculation of e€,, and v* for subcritical

pure components.

Name

Function

ABCAL

NU

Calculates the pure component properties. Inputs
include vapour pressure, temperature, saturated
liquid densities and molecular weight for the
relevant compound. Alss Jnitial estimates for
ellandv*arerequired.Canalsocomputeparameters
at different temperatures with relevant P,T,
liquid density inputs using a =zeroth order
continuation scheme.

Calculates the fugacity of the component in the
relevant phase.
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Table AIII.3: Subroutines for computation of phase equilibria for binary
mixtures.

Name Function

EQUILO Calculates equilibrium phase compositions and
densities. Inputs include T,P, and the pure
component parameters for both the mixture components.
Employs zeroth order continuation for extension
to different pressures.

MIXCAL Calculates mixture parameters, ¢, vg, qy and r,.

THETA Computes the surface area fractions of each
molecular species and also the total surface
area fraction of molecules on the lattice.

FUG Calculates the fugacity of each component in the
relevant phase.
STAB Computes the elements of the stability matrix to

ensure that calculated results follow the Gibbs
Duhem relationship, and also represent stable
equilibrium states.
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APPENDIX IV

PRECIPITATION POLYMERIZATION REAGCTIONS: RAW EXPERIMENTAL DATA

In this appendix we present experimental data obtained when styrene
was polymerized in supercritical ethane in a precipitation mode. In each
table a run number is provided for each column of data; a suffix "ppt" or
"ext" to this number implies that the corresponding numbers are precipitate
phase or SCF phase compositions, respectively. SCF phase compositions are
reported in units of g mer/ g SCF, while precipitate phase compositions
are in units of g mer/ g SCF-free solid. Also, the times for which each
reaction was conducted is shown in the appropriate tables. All reported
experimental data have been obtained when the polymerization was conducted

with an AIBN concentration of 5.84x10"° g/g SCF.
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Table AIV.1: Compositions of the precipitate phase and SCF phase polystyrenes

synthesised in ethane at 333K, 12 MPa and 3.33 wt? monomer.

Run # 91.ppt 91.ext 92 .ppt 92.ext 93.ppt 93.ext
Time (h) 23. 23 20 20 20 20
Mol. Wt

104 3.08E-01 2.10E-02 5.99E-01 1.66E-02 5.59E-01 1.80E-02
208 2.98E-01 1.23E-02 1.86E-01 9.62E-03 2.24E-01 1.15E-02
312 7.33E-02 1.71E-03  3.54E-02 1.71E-03  4.20E-02 2.57E-03
416 1.61E-02 3.31E-04 1.17E-02 3.49E-04  1.52E-02 1.56E-03
520 2.31E-02 1.52E-04 1.06E-02 1.23E-04 1.43E-02 9.67E-04
624  2.97E-02 7.94E-05 1.08E-02 3.78E-05 1.46E-02 4.60E-04
728 3.15E-02 1.95E-05 1.10E-02 1.21E-05 1.41E-02 2.52E-04
832 3.71E-02 2.94E-06 1.50E-02 7.46E-06 1.72E-02 1.63E-04
936 3.80E-02 1.75E-02 1.75E-02 7.53E-05
1040  3.05E-02 1.70E-02 1.54E-02 2.98E-05
1144  2.67E-02 1.73E-02 1.43E-02 1.19E-05
1248 2.11E-02 1.51E-02 1.17E-02 8.57E-07
1352 1.60E-02 1.25E-02 9.24E-03

1456 1.24E-02 1.02E-02 7.40E-03

1560 9.40E-03 7.86E-03 5.68E-03

1664  7.40E-03 6.25E-03 4 .59E-03

1768 5.73E-03 4.78E-03 3.57E-03

1872  4.10E-03 3.39E-03 2.56E-03

1976 3.32E-03 2.70E-03 2.09E-03

2080 2.31E-03 1.85E-03 1.45E-03

2184  1.86E-03 1.43E-03 1.17E-03

2288 1.33E-03 9.64E-04 8.39E-04

2392 1.06E-03 6.77E-04 6.69E-04

2496  7.15E-04 4 42E-04 4.28E-04

2600 5.38E-04 3.10E-04 2.82E-04

2704  3.89E-04 1.87E-04 2.26E-04

2808 2.92E-04 7.06E-05 1.54E-04

2912  2.54E-04 2.97E-05 1.11E-04

3016 1.58E-04 9.96E-05

3120 8.53E-05 4.19E-05

3224  4.C6E-05 1.04E-05

3328 1.39E-05 2.37E-06
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Table AIV.1 (continued)

Run # 96.ppt 96.ext
Time (h) 46 46
Mol. Wt

104 3.03E-01 1.87E-02
208 2.98E-01 1.27E-02
312 5.71E-02 1.50E-03
416  2.34E-02 7.30E-04
520 2.93E-02 4.68E-04
624  3.09E-02 1.97E-04
728 3.07E-02 1,14E-04
832 3.62E-02 7.54E-05
936 3.47E-02 4.62E-05
1040 3.00E-02

1144  2.73E-02

1248  2.22E-02

1352 1.76E-02

1456  1.40E-02

1560 1.08E-02

1664  8.63E-03

1768 6.75E-03

1872 .4.87E-03

1976 3.99E-03

2080 2.83E-03

2184  2.27E-03

2288 1.62E-03

2392  1.25E-03

2496  8.51E-04

2600 5.46E-04

2704  3.85E-04

2808 2.17E-04

2912 1.16E-04

3016 4.63E-05

3120 5.80E-08
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Table AIV.2a: Compositions of the precipitate phase and SCF phase polystyrenes
synthesised in ethane at 333K, 17 MPa and 3.33 wt% monomer.

Run # 80.ext 80.ppt 82 .ext 82.ppt 85.ext 85.ppt
Time (h) 44 44 30 30 16 16
Mol. Wt

104 1.65E-02 3.72E-01 1.43E-02 3.17E-01 1.29E-02 3.85E-01
208 1.13E-02 2.89E-01 8.37E-03 2.28E-01 1.16E-02 2.42E-01
312 3.83E-03 1.15E-01 4.13E-03 7.65E-02 4.39E-03 5.83E-02
416 2.72E-04 3.40E-02 1.58E-03 3.58E-02 1.11E-03 1.59E-02
520 7.14E-05 3.67E-02 1.35E-03 4.41E-02 8.44E-04 2.47E-02
624 7.15E-06 3.00E-02 8.97E-04 3.90E-02 4.69E-04 2.20E-02
728 1.95E-06 2.26E-02 6.90E-04 3.16E-02 4.64E-04 2.08E-02
832 1.67E-06 2.11E-02 3.35E-04 3.25E-02 1.10E-04 2.53E-02
936 1.72E-06 1.70E-02 1.86E-04 3.04E-02 5.58E-05 2.56E-02
1040 6.95E-07 1.23E-02 8.09E-05 2.64E-02 1.94E-05 2.57E-02
1144 1.05E-02 3.68E-05 2.55E-02 2.72E-06 2.69E-02
1248 8.22E-03 1.36E-05 2.18E-02 2.45E-02
1352 6.48E-03 3.68E-06 1.80E-02 2.12E-02
1456 5.27E-03  7.67E-07 1.49E-02 1.79E-02
1560 4.17E-03 1.19E-02 1.44E-02
1664 3.44E-03 9.78E-03 1.17E-02
1768 2.79E-03 7.91E-03 9.32E-03
1872 2.09E-03 5.96E-03 6.86E-03
1976 1.75E-03 4.99E-03 5.63E-03
2080 1.26E-03 3.64E-03 4.03E-03
2184 1.04E-03 3.04E-03 3.21E-03
2288 7.86E-04 2.34E-03 2.35E-03
2392 6.20E-04 1.95E-03 1.80E-03
2496 4 55E-04 1.47E-03 1.33E-03
2600 3.28E-04 1.12E-03 9.15E-04
2704 2.66E-04 9.52E-04 7.28E-04
2808 1.93E-04 7.14E-04 5.07E-04
2912 1.57E-04 6.01E-04 3.91E-04
3016 1.27E-04 4,87E-04 2.55E-04
3120 8.53E-05 3.82E-04 1.83E-04
3224 6.62E-05 3.16E-04 1.47E-04
3328 3.71E-05 2.53E-04 8.05E-05
3432 3.51E-05 1.98E-04 1.49E-05
3536 1.60E-05 1.57E-04
3640 9.88E-06 1.37E-04
3744 2.55E-06 1.27E-04
3848 8.91E-05
3952 8.00E-05
4056 6.24E-05
4160 4 .64E-05
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Table AIV.2a (continued)

Run # 88.ext 88.ppt

Time (h) 16.5 16.5
Mol. Wt

104 1.70E-02 4.36E-01
208 1.13E-02 2.02E-01
312 2.30E-03 6.01E-02
416 4.54E-04 3.21E-02
520 2.23E-04 3.53E-02
624 3.39E-04 3.35E-02
728 2.28E-04 2.34E-02
832 7.11E-05 2.04E-02
936 3.60E-05 1.95E-02
1040 1.11E-05 1.74E-02
1144 2.54E-06 1.79E-02
1248 1.73E-02
1352 1.53E-02
1456 1.35E-02
1560 1.13E-02
1664 9.55E-03
1768 7.93E-03
1872 6.01E-03
1976 5.09E-03
2080 3.71E-03
2184 3.10E-03
2288 2.34E-03
2392 1.88E-03
2496 1.42E-03
2600 1.01E-03
2704 8.37E-04
2808 5.83E-04
2912 4.75E-04
3016 4 ,.04E-04
3120 2.95E-04
3224 2.14E-04
3328 1.46E-04
3432 1.24E-04
3536 9.75E-05
3640 4.69E-05
3744 1.03E-05
3848 8.10E-06
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rable AIV.2b: Compositions of the precipitate phase and SCF phase polystyrenes

synthesised in ethane at 333K, 17 MPa and 5.0 wt% monomer.

Run # 79.ppt  79.ext 99.ppt 99.ext 101.ppt  101l.ext
Time (h) 20 20 7.5 7.5 23 23
Mol. Wt

104 2.53E-02 4.33E-01 2.63E-02 5.40E-01 2.25E-02 4.61E-01
208 1.36E-02 2.12E-01 1.44E-02 2.54E-01 1.47E-02 1.85E-01
312 4.00E-03 5.30E-02 2.79E-03 4.28E-02 3.90E-03 3.92E-02
416 1.71E-03 2.26E-02 1.77E-03 1.67E-02 1.66E-03 9.75E-03
520 1.60E-03 2.11E-02 1.25E-03 3.19E-02 1.67E-03 1.23E-02
624 9.29E-04 1.95E-02 4.82E-04 4 .82E-03 1.27E-03 1.74E-02
728 4.64E-04 1.79E-02 3.31E-04 5.33E-03 8.93E-04 2.05E-02
832 2.80E-04 2.17E-02 2.65E-04 7.02E-03  7.40E-04 2.67E-02
936 9.94E-05 2.42E-02 1.68E-04 7.60E-03 3.88E-04 3.08E-02

1040 3.60E-05 2.34E-02 9.63E-05 8.58E-03 1.64E-04 2.87E-02

1144 1.17E-05 2.39E-02 5.74E-05 9.72E-03  5.41E-05 2.77E-02

1248 1.24E-06 2.16E-02 2.92E-05 9.59E-03 1.31E-06 2.44E-02

1352 1.86E-02 1.52E-05 9.21E-03 2.01lE-02

1456  1.5%E-02 7.66E-06 8.42E-03 1.68E-02

1560 1.31E-02 4 .07E-06 7.35E-03 1.36E-02

1664 1.12E-02 3.02E-06 6.59E-03 1.15E-02

1768  9.42E-03 8.22E-07 5.71E-03  9.64E-03

1872 7.28E-03 4.,60E-03 7.44E-03

1976 6.32E-03 4.13E-03 6.52E-03

2080 4.72E-03 3.18E-03 4.,91E-03

2184 4 ,04E-03 2.79E-03 4 ,30E-03

2288 3.19E-03 2.24E-03 3.48E-03

2392 2.69E-03 1.92E-03 2.98E-03

2496  2.07E-03 1.49E-03 2.37E-03

2600 1.60E-03 1.15E-03 1.81E-03

2704  1.34E-03 9.68E-04 1.62E-03

2808 1.02E-03 6.74E-04 1.27E-03

2912 8.51E-04 5.19E-04 1.11E-03

3016 7.01E-04 4 ,22E-04 9.84E-04

3120 5.22E-04 2.86E-04 7.94E-04

3224  4.30E-04 1.99E-04 6.63E-04

3328 3.57E-04 1.36E-04 5.91E-04

3432  2.65E-04 8.45E-05 4 . H41E-C4

3536 2.08E-04 4 .01E-05 3.88E-04

3640 1.60E-04 8.34E-06 3.26E-04

3744 1.31E-04 3.05E-04

3848  7.84E-05 2.32E-04

3952 6.43E-05 1.92E-04

4056  3.98E-05 1.54E-04

4160 2.96E-05 1.41E-04
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Table AIV.2c: Compositions of the precipitate phase and SCF phase polystyrenes

synthesised in ethane at 333K, 17 MPa and 6.66 wt& monomer.

Run # 1065.ppt 105.ext 106.ppt 106.ext
Time (h) 22 22 18 18
Mol. Wt

104  4.65E-01 4.59E-02 3.65E-01 5.00E-02
208 2.69E-01 1.65E-02 2.96E-01 1.37E-02
312 3.86E-02 6.44E-04  4.13E-02 1.60E-04
416 9.53E-03 2.67E-04 6.75E-03 1.49E-06
520 9.70E-03 1.78E-04  7.49E-03 7.81E-06
624 1.11E-02 1.25E-04 9.91E-03 3.39E-05
728 1.33E-02 1.27E-04 1.28E-02 2.36E-05
832 1.68E-02 1.00E-04 1.88E-02 3.02E-05
936 1.68E-02 5.95E-05 2.16E-02 7.38E-06
1040 1.64E-02 3.44E-05 2.24E-02 3.34E-07

1144 1.63E-02 1.80E-05 2.35E-02

1248 1.49E-02 6.35E-06 2.19E-02

1352 1.34E-02 5.42E-06 1.98E-02

1456 1.20E-02 5.60E-06 1.78E-02

1560 1.04E-02 3.81E-06 1.56E-02

1664  9.46E-03 5.13E-06 1.40E-02

1768 8.41E-03 5.91E-06 1.24E-02

1872 6.94E-03 3.20E-06 1.02E-02

1976 6.42E-03 2.31E-06 9.44E-03

2080 5.08E-03 2.57E-06 7.50E-03

2184  4.63E-03 1.46E-06 6.83E-03

2288 3.88E-03 5.73E-03

2392  3.49E-03 5.16E-03

2496  2.84E-03 4.26E-03

2600 2.32E-03 3.45E-03

2704  2.07E-03 3.10E-03

2808 1.66E-03 2.48E-03

2912 1.48E-03 2.24E-03

3016 1.30E-03 1.99E-03

3120 1.04E-03 1.57E-03

3224 9.18E-04 1.39E-03

3328 8.06E-04 1.22E-03

3432 6.23E-04 9.30E-04

3536 5.44E-04 8.22E-04

3640 4.88E-04 7.32E-04

3744 4 .09E-04 6.41E-04

3848 3.03E-04 4.89E-04

3952 2.64E-04 4 . 46E-04

4056 2.51E-04 3.89E-04

4160 2.30E-04 3.41E-04

4264 1.82E-04 3.00E-04
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Table AIV.2c (continued).

Run # 105.ppt  105.ext 106.ppt 106.ext

Time (h) 22 22 18 18
Mol. Wt

4368 1.58E-04 2.55E-04

4472 1.21E-04 1.91E-04

4576 9,40E-05 1.71E-04

4680 1.52E-04

4784 1.40E-04

4888 1.15E-04

4992 9.77E-05
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Table AIV.3: Compositions of the precipitate phase and SCF phase polystyrenes

synthesised in ethane at 333K, 25 MPa and 3.33 wtg monomer.

Run # 98 .ppt 98 .ext 103.ppt 103.ext
Time (h) 23 23 18 18
Mol. Wt

104 5.38E-01 1.87E-02 3.98E-01 3.24E-02
208 1.63E-01 1.55E-02 2.55E-01 1.43E-02
312 3.34E-02 4.10E-03 5.12E-02 9.33E-04
416 1.14E-02 1.51E-02 1.72E-02
520 1.37E-02 1.03E-03 1.93E-02
624 1.22E-02 6.25E-04 1.80E-02 3.66E-05
728 1.03E-02 5.42E-04 1.73E-02 5.17E-05
832 1.16E-02 3.61E-04 2.15E-02 9.09E-05
936 1.28E-02 2.38E-04 2.25E-02 5.47E-05
1040 1.46E-02 1).59E-04 2.27E-02 4.85E-05
1144 1.79E-02 1.06E-04 2.35E-02 3.32E-05
1248 1.93E-02 6.35E-05 2.15E-02 2.03E-05
1352 1.96E-02 3.46E-05 1.89E-02 1.41E-05
1456 1.89E-02 1.67E-05 1.62E-02 5.48E-06
1560 1.72E-02 7.71E-06 1.35E-02 1.15E-06
1664 1.58E-02 3.04E-06 1.15E-02 8.05E-08
1768 1.37E-02 3.47E-07 9.69E-03

1872 1.09E-02 7.56E-03

1976 9.62E-03 6.63E-03

2080 7.27E-03 5.03E-03

2184 6.24E-03 4.36E-03

2288 4.92E-03 3.49E-03

2392 4.18E-03 3.01E-03

2496 3.20E-03 2.34E-03

2600 2.35E-03 1.85E-03

2704 2.04E-03 1.55E-03

2808 1.54E-03 1.20E-03

2912 1.29E-03 1.03E-03

3016 1.03E-03 8.73E-04

3120 7.30E-04 6.71E-04

3224 6.08E-04 5.63E-04

3328 4.22E-04 4,.57E-04

3432 3.11E-04 3.72E-04

3536 2.47E-04 3.18E-04

3640 1.58E-04 2.57E-04

3744  9.23E-05 2.22E-04

3848 1.77E-05 1.68E-04

3952 1.53E-04

4056 1.37E-04

4160 1.07E-04

4264 8.14E-05

4368 7.41E-05

4472 3.94E-05
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Table AIV.4: Compositions of the precipitate phase polystyrenes synthesised
in ethane at 343K and 17 MPa.}

Run # pol70l.ppt pol702.ppt plo703.ppt
Time (h) 23 20 26
Mol. Wt

104 2.19E-01 1.45E-01 1.52E-01

208 3.09E-01 3.09E-01 3.24E-01

312 8.98E-02 1.38E-01 1.17E-01
416 3.39E-02 5.11-02 4.76E-02
520 3.21E-02 5.58E-02 4,96E-02
624 3.34E-02 6.40E-02 4,57E-02

728 3.62E-02 5.17E-02 4 .33E-02

832 3.92E-02 4 .58E-02 4,23E-02

936 3.69E-02 3.47E-02 3.63E-02
1040 3.27E-02 2.48E-02 2.91E-02
1144 2.89E-02 1.99E-02 2.41E-02
1248 2.35E-02 1.50E-02 1.89E-02
1352 1.88E-02 1.12E-02 1.46E-02
1456 1.49E-02 8.56E-03 1.15E-02
1560 1.15E-02 6.38E-03 8.88E-03
1664 9.09E-03 4,96E-03 7.17E-03
1768 7.03E-03 3.78E-03 5.74E-03
1872 5.08E-03 2.69E-03 4.30E-03
1976 4.19E-03 2.15E-03 3.64E-03
2080 3.01E-G3 1.48E-03 2.70E-03
2184 2.46E-03 1.20E-03 2.28E-03
2288 1.85E-03 8.67E-04 1.80E-03
2392 1.55E-03 6.78E-04 1.52E-03
2496 1.15E-03 5.10E-04 1.18E-03
2600 8.64E-04 3.68E-04 9.14E-04
2704 7.15E-04 2.76E-04 8.02E-04
2808 5.36E-04 2.08E-04 6.28E-04
2912 4 . 41E-04 1.69E-04 5.27E-04
3016 3.66E-0% 1.17E-04 4 . 62E-04
3120 2.62E-04 9.10E-05 3.54E-04
3224 2.63E-04 6.75E-05 3.06E-04
3328 2.11E-04 4 .55E-05 2.78E-04
3432 1.35E-04 3.49E-05 2.10E-04
3536 9.16E-05 2.92E-05 1.84E-04
3640 5.39E-05 1.34E-05 1.78E-04
3744 5.07E-05 1.29E-05 1.52E-04
3848 3.02E-05 4.99E-06 1.13E-04
3952 1.09E-05 2.97E-06 8.64E-05
4056 5.92E-06 1.49E-06 9.14E-05
4160 5.09E-06 7.19E-05

! In these experiments the SCF-phase compositions were not measured.



