Abstract

WHITTIER, RACHEL ELIZABETH. Transport Properties of Polystyrene Solutions
Swollen with Carbon Dioxide. (Under the direction of George W. Roberts and Douglas J.
Kiserow.)

The viscosity and diffusion coefficient of polystyrene (PS) in
decahydronaphthalene (DHN) were measured in the presence of CO, to investigate the
effect of CO, on the transport properties of polymers in solution. The viscosity of 1-15
wt% PS in DHN was measured, using a moving piston viscometer. The effects of CO,
pressure (0 to 3000 psi), polymer concentration (1-15 wt%), temperature (33-150°C), and
molecular weight (126 to 412 kDa) on viscosity were investigated. Viscosity
measurements of PS in DHN showed the viscosity increase with increasing concentration
was described by the Martin equation. Addition of 30-40 wt% CO, resulted in the
maximum viscosity reduction for all temperatures, polymer concentrations, and molecular
weights. Viscosity reduction was greatest for high molecular weight polymer, high
polymer concentrations, and low temperatures. At the highest CO, pressures, the viscosity
of all polymer solutions converged to approximately 1-3 cp. The viscosity of PSYDHN/SFg

was also measured. The viscosity reduction with SFg was approximately the same as that

with CO..

In addition, the diffusion coefficient of 0.5- 1.25 wt% 412,000 M » PSin DHN was
measured from 25-150°C. The diffusion coefficient results were extrapolated to zero

concentration to determine the infinite dilution diffusion coefficient, Do. The

hydrodynamic radius was calculated from Do. The hydrodynamic radius increased with



temperature, indicating an increase in solvent quality of DHN with increasing temperature.
Upon addition of CO, to 0.75-1 wt% 412,000 M. PS in DHN, the diffusion coefficient
increased, approximately doubling in value. The decrease in viscosity and increase in

diffusion coefficient with CO, show that CO, is effective as a facilitator of improved

transport.
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Chapter One: Introduction

Polymer transport can limit the productivity of many polymer applications,
specifically the hydrogenation of unsaturated polymers[1]. Hydrogenation is a method to
produce polymers that, with typical polymerization methods, have costly and time
intensive synthesis techniques [2]. However, the kinetics of heterogeneous hydrogenation
reactions can be limited by the mass transport of both H, and polymer to and within the
catalyst particle, especially at high polymer concentrations [1]. In order to interpret the
results of polymer hydrogenation experiments, the transport properties of solutions of the
polymer to be hydrogenated must be known. A specific polymer hydrogenation reaction
of interest is the hydrogenation of polystyrene (PS) in decahydronaphthalene (DHN) [1].
Therefore, the viscosity and diffusion of PS in decahydronaphthalene solutions was

investigated to aid in the understanding of PS hydrogenation reactions.

1.1  Applicationsof Improved Transport in Polymer Hydrogenation

Hydrogenation reactions are a growing area of polymer synthesis. The primary
benefit of hydrogenation reactions is the ability to produce polymers that either cannot be
made with typical polymerizations or are very costly to produce [3]. In addition to
increasing the ease of synthesis, hydrogenation reactions provide the opportunity to control
the physical properties of the reaction products. Modified physical properties include:
glass transition temperature, tensile strength, stability, elasticity [4], tacticity, optical
properties [5], gas permeability, an improved resistance to fluids at high temperatures [6],

and molecular weight distribution [7].



There are two principle methods of hydrogenation: homogeneous catalysis and
heterogeneous catalysis. Homogeneous hydrogenation is the more prevalent method,
probably because the reaction conditions are mild compared to heterogeneous
hydrogenation [8]. However, heterogeneous hydrogenation is increasingly being used for
polymer hydrogenations as more is learned about viable catalysts and the transport
mechanisms of the reactants [6]. Hydrogenation by heterogeneous catalysis involves the
use of acatalyst in adifferent phase than the reacting species, usually a solid catalyst and a
liquid reactant. Typically, heterogeneous catalysts are transition metals, such as palladium
[1, 7]. Advantages of heterogeneous hydrogenation include variable catalyst properties,
very high conversions, and products that retain the major structure of the reactants [3, 9].
However, the yield of the hydrogenation reactions can be limited by the mass transport of
the reactants. Increasing the rate of mass transport will help to make heterogeneous
hydrogenation a viable polymer synthesis alternative. The application on which this

current study is focused is the hydrogenation of PS using a heterogeneous catal yst.

1.2 Carbon Dioxide and Hydrogenation Reactions

Decreasing the viscosity of the polymer solution and increasing the polymer
diffusion coefficient can improve polymer and H, mass transport in heterogeneous
hydrogenation reactions. To improve the hydrogenation reaction rate and selectivity, CO,
can be used to decrease the viscosity of the polymer solution [10] and increase the polymer
diffusion coefficient, thus increasing the rates of transport. For improved mass transport,
CO, can be used as a processing aid in heterogeneous hydrogenation reactions, although it

has been primarily used in homogeneous hydrogenation applications. For example, CO,
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has been used in the homogeneous hydrogenation of nitrile butadiene rubber to improve
the transport of the catalyst entrapped in the polymer [11], as well as in the homogeneous
hydrogenation of 1-butene [12]. Carbon dioxide has previously been used to improve
conversions and yields and in other heterogeneous catalysis applications, such as
oxidations [13]. Due to the success of CO, in improving homogeneous hydrogenations
and heterogeneous oxidations, it is expected that similar results will be seen in

heterogeneous hydrogenations.

1.3 Advantages of Using Carbon Dioxide

Carbon dioxide, while an anti-solvent for PS and many other polymers, is soluble
in many organic solvents and has been shown to decrease the polymer solution viscosity
[10, 14]. Carbon dioxide is environmentally benign, relatively inexpensive, easily
recycled, non-toxic compared to most organic solvents, has low viscosity, and has a low
critical temperature (30.9°C), making it an ideal choice for use as a processing aid. In
addition, CO, has been used in a variety of green chemistry applications, including
polymer hydrogenation reactions and polymerization reactions [15]. Typically, to improve
transport by reducing the viscosity of a polymer in solution, more solvent would be added
to dilute the solution and decrease viscosity. Using CO, to improve transport can reduce

the quantity of environmentally harmful solvents used in processing.

1.4 Motivation

Viscosity and the diffusion coefficient are important properties that describe polymer

and solvent interactions. Both are a reflection of solvent power and polymer chain
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dimensions in solution.  In addition, the diffusion coefficient can be used to calculate the
hydrodynamic radius of the polymer chains. In many cases, viscosity and diffusion limit
the rate, selectivity, and yield of polymer reactions. Therefore, a study of polymer
transport in solution will aid in improving these polymer reactions. Using CO, as a means
to improve transport brings the added benefit of an environmentally friendly process.

Much of the previous work involving the transport of polymers in solution was done
at low temperatures and pressures. However, heterogeneous hydrogenation reactions
typically require high temperatures and pressures. Expanding the study of polymer
viscosity and diffusion to an increased pressure and temperature range will enable a better

determination of the transport mechanisms at reaction conditions.

1.5 Research Objective

The goal of this study is to measure the viscosity and diffusion coefficient of PSin
decahydronaphthal ene and determine the effect of temperature, polymer concentration, and
CO, concentration. Polystyrene in decahydronaphthalene was chosen as a model system
because of the interest in hydrogenating PS to obtain polycyclohexylethylene [1].
Investigations into the transport properties of this solution will aid in improving the
kinetics of that hydrogenation reaction and will also provide insight into the use of CO, as

afacilitator of improved transport.
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Chapter Two: Viscosity of Polymer Solutions

2.1 Viscosity Nomenclature

The viscosity of polymer solutions is typically evaluated in dimensionless form, to
negate the effect of solvent viscosity in comparisons at different polymer concentrations.

The following definitions will be used throughout the text, where 7 is solution viscosity

and 1, is solvent viscosity.

Relative Viscosity 7, =
Ui

S

D=0 _p g
s

Specific Viscosity 77, =

2.2 Intrinsic Viscosity

Intrinsic viscosity, [/7] , isdefined, below, in the limit of zero concentration [1].

= [—'7_’75}? [”—S"] 2.1)
imo\ 715G ¢ ¢

It is a measure of the molecular weight effect on polymer solution viscosity and can be

used to calculate M. To determine the intrinsic viscosity, viscosity is measured at
different polymer concentrations for very dilute solutions and the results extrapolated to
zero concentration.

Two equations are used to extrapolate viscosity measurements to infinite dilution.
In the optimum case, both will intersect at zero concentration. The first is attributed to

7



Huggins [2] and is a power series, which is usualy truncated after two terms because the

concentrations are small.

—2=[p]+ k[ e+ (22)
The second is attributed to Kraemer [3].
In
% =[n] + k[ %c (2.3)
The constants in these two equations are related by
1
k'+k''== 2.4
> (2.4)

The intrinsic viscosity is defined for the pervaded volume of the polymer, taking
into account the solvent contained inside the radius of the polymer chain. The Flory-Fox
equation [1] relates intrinsic viscosity to polymer coil radius.

R 3/2
=A%)
e @5)
p= 0.01588(N)(Ej =3.62x10*
Here, Ry istheradius of gyration, M is molecular weight, and N is Avagadro’s number.
Intrinsic viscosity varies with molecular weight by the Mark-Houwink relationship,

shown below, where typically 0.50<a<0.80, with a=0.5 at the theta point [1].

[7]= kM= (2.6)



2.3 Solvent Power

The viscosity of polymer solutions is affected by the interactions between polymer
and solvent. Solvent quality isindicative of these polymer-solvent interactions. There are
three types of solvents: theta, good, and poor. In a theta solvent, the polymer is in an
unperturbed state and the second viria coefficient, Ay, is zero. The temperature at which
the polymer is in this unperturbed state is called the theta temperature. The theta
temperature for PS in trans-decalin was reported to be 18.2-21.0°C [4-6]. For
thermodynamically good solvents, A,>0, the polymer-solvent interactions increase, and the
chain expands. Conversely, for thermodynamically poor solvents, A,<0, the polymer-

polymer interactions are more favorable, and the chain contracts from its unperturbed state.

24 Literature Review: Viscosity of Polymer Solutions

The viscosity of polymer solutions has been shown to vary as a function of
concentration and molecular weight [7, 8]. The effect of concentration can be classified
into one of three ranges: dilute, moderately concentrated, and concentrated [9]. For each of
these concentration regimes, the type of viscometer used varies depending on the
application. The primary viscometers used for polymer solutions in the moderate
concentration regime, which is the focus of this work, include the modified Couette-type
viscometer [10], suspended level Ubbelohde viscometer [7, 11], modified Ostwald

viscometer [12], and the falling cylinder viscometer [13].



24.1 Concentration Effect on Polymer Solution Viscosity

For dilute polymer solutions the viscosity scales with concentration as expressed by

the Huggins and Kraemer equations (Equations 2.2 and 2.3). When 7, <07

(approximately), the Huggins and Kraemer equations can be truncated after the second

term. However, for greater values of 7, the higher order terms in ¢ are needed to

describe the increasing concentration dependence [9].
Phillies [14] found that zero-shear viscosity varies exponentially with concentration

and molecular weight in the dilute solution regime, shown in Equation 2.7.
n=n,explac’M”) 2.7)
Here, 7. is the solvent viscosity and a,v, and y are scaling factors. When y is forced to

zero to remove the M dependence, the values for the other parameters range from
0.50<0<40.2 and 0.45<v<0.90 for various polymer solutions [14].

Dilute polymer solutions have been extensively studied and are fairly well
understood. The dilute nature of the solution allows the assumption that polymer chains
only interact with the solvent and not with each other. However, at higher polymer
concentrations, the polymer-polymer interactions become more prevalent and must be
taken into account when relating viscosity to concentration. The increasing interaction of
polymer chains, which can be strongly dependent on the type of polymer and/or solvent,
prevents viscosity/concentration relationships that are applicable to all polymer solutions.
Therefore, the viscosity/concentration relationships established for the moderately

concentrated regime are primarily empirical and not theoretical [9].
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The dimensionless concentration, c[/7] , can indicate the concentration regime of the
polymer solution and is useful in evaluating the moderate concentration regime. For
moderate concentrations, in the range 1< c[/7] <10 [15], where the polymer chains begin to

overlap, the Martin equation describes the viscosity.

'7,7_ %= = [ explid) (28)

Above the coil overlap region, the concentration is in the entangled regime, where
interactions between mol ecules become significant towards the viscosity [15].
Phillies [14] found that, for some moderately concentrated solutions, zero-shear
viscosity followed a power-law trend with increasing concentration.
n=nc’M” (2.9)
As previousy mentioned, Phillies found the dilute solution viscosity to increase
exponentially with concentration. When the polymer concentration increased from dilute
to concentrated, the transition from one type of viscosity/concentration behavior to another
was not gradual. Instead, a clear shift occurred in the curve between the dilute and more
concentrated regimes. This transition between solution-like to melt-like occurred at

c[/7] >20. Additionally, another indication of the transition was that 77, >>1000[14].

Concentrated polymer solutions have melt-like properties, as opposed to solution-

like properties. Experimentally, concentrated polymer solution viscosity varies with M by

n=KM", where v =3.4for M>M,, the critical molecular weight [9].
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2.4.2 Viscosity of Polystyrene Solutionsin Literature

For PS (8,7OO<MV <2,400,000; unreported PDI) in toluene, Poh and Ong [11]
found that zero-shear viscosity at 25°C increased with increasing polymer concentration
and that there were three concentration regimes, each with a different viscosity behavior.
Viscosity increased at a faster rate with concentration for the higher concentrations, at a
given molecular weight. The viscosity increase with concentration was also greater at
increasing molecular weights. From their plot of viscosity versus concentration (Figure
2.1) they identified a critical concentration and three concentration regions. non-entangled

(dilute), transition (moderate concentration), and entangled (high concentration). These

concentration regimes for 8,700 M, are regions A, B, and C, respectively, in Figure 2.1.
The dashed lines representing regions A and C meet at the critical concentration, where
viscosity began to increase rapidly with concentration. The same three concentration
regimes are present at each molecular weight, but result in different critical concentrations
at each molecular weight. Above 50 kg/m®, viscosity was linearly dependent on
concentration at all molecular weights. This linearity allowed Poh and Ong to superpose
their concentration and molecular weight data to obtain a master curve. Superposition was
achieved by determining the slope, b,of log c vslog M at several viscosities. Then the data

was superposed onto a curve of log 77 vs logcM °. They found b=0.65 for PSin toluene at

25°C.
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Figure2.1. Variation of zero-shear viscosity with concentration for PSin tolueneat 298 K for the
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2.4 x10°[11].

Yeo and Kiran [13] measured the viscosity of PS (MW =50,000; PDI=1.06) in
toluene for 3,5, and 7 wt% polymer from 47-87°C. They found viscosity to follow an

exponential relationship with temperature.

_ E
n= Aexp( RT) (2.10)

Here, E is the flow activation energy, and was found to be approximately 9 kJ/mol over the

pressure and concentration range.

2.4.3 Viscosity of Polystyrene-Decalin Solutionsin Literature

Gandhi and Williams [7] investigated PS (M » =51,000 and 420,000; PDI=1.06) in

90% trang/10% cis-decalin at 25°C, for concentrations up to 30 g/dL (approximately 30

13



wt%). The concentration effect on viscosity was described by the Martin equation
(Equation 2.8), up to a concentration of 20 g/dL (approximately 20 wt%). Above this
concentration there was deviation from the equation, possibly an indication of aggregation
or entanglement of the polymer chains. The following equation described the molecular
weight effect on viscosity.

n, =t(em?) (2.11)
The value of a was varied until all molecular weight data, plotted as 77, versus cM?,

collapsed onto a single curve. Gandhi and Williams found that a=0.68 for PS in
thermodynamically good solvents, but for PS in decalin a=0.5. The value for a is thought
to be indicative of solvent power and possibly decreased to a=0.5 because decalin was a
theta solvent for PS at their experimental conditions.

Gandhi and Williams [7] aso found the effect of solvent to be quite powerful, as
the solvent influences the polymer interactions, even at high polymer concentration. In a
thermodynamically poor or theta solvent for PS, such as decalin at 25°C, the polymer-
polymer interactions dominate the polymer-solvent interactions. The viscosity may
increase faster with concentration in poor solvents because, as concentration increases, the
polymer segments have more self-interactions than they would in a good solvent. In Figure

2.2, their results for 77,,0f PSin both toluene and decalin show a crossover concentration.

At this point, the viscosity of PSin the poor solvent becomes greater than that in the good

solvent. Beyond the crossover concentration, the polymer interactions do not appear to

14



depend on molecular weight, as indicated by the fact that the crossover concentration did

not change significantly with more than an eight-fold change in molecular weight.

104

03—

102}~

PS

Filled points correspond
te higher M

o] 5 10 15 20 25 30 35
c, g/dl

Figure 2.2. Viscosity of PS solutions at 25°C in decalin and toluenefor M, 420,000 (filled points) and
51,000 (open points) [7].

Wolf and Jend [10] found that for 8-14 wt% PS (Mn =110,000; PDI=1.06) in trans-
decahydronaphthalene, the viscosity increased with increasing concentration. The best

description of this viscosity increase was found with the following equation.

I .
=g+ kA Ing, (3.12)
Cc
Their data could not be extrapolated to infinite dilution to determine the intrinsic viscosity
because the lower concentrations deviated from this relationship.

Streeter and Boyer [12] investigated the viscosity of PS (MW =370,000; unreported

PDI) in severa solvents, including decalin, at 25°C. The Huggins and Kraemer equations

15



were applicable for concentrations of less than 2% PS. For concentrations of 2-12%, their
results were described by the Martin equation (Equation 2.8). Similar to Gandhi and

Williams, Streeter and Boyer also found crossover concentrations. The values of 77, /c

were lower for poor solvents, such as decalin, than good solvents at low concentrations.

However, 7., / cbecame greater in poor solvents than good solvents at above the crossover

concentration.

25 Literature Review: Viscosity of Polymer Solutionsand CO,

The viscosity of a polymer solution is known to decrease with the addition of CO,
[13, 16]. Li et al. [16] investigated dilute solutions (<1wt%, approximately) of PS in
toluene at 35°C and found that viscosity decreased linearly with increasing CO, pressure,
up to 609 psi. Viscosity depended on CO, pressure to a greater degree in more
concentrated solutions, presumably because CO, is an anti-solvent for PS and reduced the
interactions between the polymer and solvent. Intrinsic viscosity is highest when the
polymer is fully extended. Li et a. found that the intrinsic viscosity decreased as the CO;
pressure was increased. This suggested that the addition of CO, increased the polymer-
polymer interactions, reducing the extension of the polymer chains. From an analysis of
Ay, the second virial coefficient, they found that the solvent power of toluene decreased
with increasing CO, pressure. This was further confirmed by calculating the mean-square
radius of gyration and observing that it decreased with increasing amounts of COs,,

indicating the polymer was | ess attracted to the solvent.
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Yeo and Kiran [13] investigated the viscosity of 3-7 wt% PS (MW =50,000;
PDI=1.06) in toluene with CO, as a function of concentration, temperature, and pressure.
Consistent with Li et a.'s work, they found the viscosity of the polymer solutions
decreased with increasing CO, concentration, with greater viscosity reduction for higher
polymer concentrations. The viscosity reduction also decreased with increasing
temperature because of the decrease in toluene viscosity with temperature. Since addition
of CO, dilutes the polymer solution, they investigated whether viscosity reduction was due
to this decrease in overall polymer concentration or to the anti-solvent power of CO,.
Carbon dioxide decreased the viscosity to values beyond those expected from dilution of

the polymer solution.

2.6 Phase Equilibrium Calculations

The solubility of CO, in decahydronaphthal ene varies with temperature and pressure.
To fully evaluate viscosity results with CO, over a range of temperatures and pressures, the
Peng-Robinson equation of state was used to estimate the amount of CO, dissolved in
trans-decalin at operating conditions (Figure 2.3). PS was not taken into account in these
calculations. Its effect on CO, solubility was assumed to be negligible for the polymer
concentrations used in thiswork. The binary interaction parameter, k;;, was determined by
an iterative method. Values for k; were varied until the values of the calculated CO,
solubility matched reported phase equilibrium data [17], which occurred for k;=0.125. It is
difficult for the Peng-Robinson equation to converge at the mixture critical point.

Therefore, calculations were made as close to the critical point as possible. The dotted
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Figure 2.3. Vapor-liquid equilibria for CO, in trans-decalin, calculated with Peng-Robinson
equation of state, using k;;=0.125.

lines in the figure are provided as a visual aid to connect the bubble point and dew point
curves. The solubility of CO, in trans-decalin decreases with increasing temperature. For
example, at a constant pressure of 1000 psi, the mole fraction of CO, in the liquid phase
decreases from 0.66 at 33°C to 0.26 at 150°C, as indicated by the dashed arrows in Figure

2.3. In Section 2.8.3 the viscosity results with CO, are compared at constant CO, pressure,
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using these phase equilibria calculations. Vaues of the calculated CO, mole fractions are

listed in Appendix B.

2.7 Experimental Methods

Decahydronaphthalene (76% trans/24% cis) was purchased from Sigma-Aldrich.

Two different PS samples, with M, of 126,000 and 412,000, each havi ng a PDI of 1.05,
were purchased from Polymer Source, Inc. Molecular weights were verified using intrinsic
viscosity and gel permeation chromatography. The chromatograph results are provided in

Appendix A.

2.7.1 Viscometer Operation

A Cambridge Applied Systems SPL 440 viscometer was used to measure the
viscosity of PS in decahydronaphthalene solutions. The stainless steel viscometer
measures viscosity based on a moving piston (Figure 2.4). Magnetic coils on either end of
the cylindrical measurement chamber apply an aternating magnetic force of constant

magnitude to move a piston back and forth in the fluid sample. The viscometer measures

Figure 2.4. Viscometer cross-section showing piston operation [18].
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the time it takes for the piston to move the length of the measurement chamber and uses
this time to calculate the viscosity. Three different diameter pistons were used, as
appropriate for the viscosity range of interest: 0.25-5 cp, 5-100 cp, and 50-1000 cp. A
resistance temperature detector (RTD) located at the bottom of the chamber measured the
temperature of the sample. This viscometer is accurate to within 1% of the measurement
range (e.g. 0.05 cp for the 0.25-5 cp range or 1 cp for the 5-100 cp range).

The shear rate is a function of piston diameter and fluid viscosity. Due to the
constant magnitude of the magnetic force on the piston, the shear rate cannot be controlled

with this viscometer. The smallest shear rate was estimated to be 21s* (15wt% PS;

412,000 M, at 33°C) and the largest shear rate was 8383 s* (1wt% PS; both M » at 150°C
and with CO,). Shear rate calculations are detailed in Appendix A.

The calibration of the viscometer was verified using standards provided by the
manufacturer.  During this process, it became apparent that accurate viscosity
measurement is very sensitive to cleaning procedures and to temperature gradients in the
sample. When cleaning, it is important to repeatedly flush the viscometer with the
measurement sample to be certain that no cleaning solvent remains in the viscometer.
Especialy for high temperature measurements, the viscometer had to be operated in a
mechanical convection oven to control the temperature gradients caused by viscous heating
from the movement of the piston inside the measurement chamber.

The viscosity of the pure solvent, polymer solutions, and polymer solutions with
CO, was measured with the SPL 440 viscometer. For the pure solvent and polymer

solutions, the sample was loaded and the appropriate piston used for the viscosity range.
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The oven used for heating had a spatial uniformity of +0.9°C at 150°C. The standard
deviation of temperature was measured by the RTD and that of viscosity was measured by
the viscometer. The viscosity was recorded when the standard deviation of sample
temperature was less than 0.1°C and that of viscosity was less than 1%. Viscosity was
measured with each piston stroke and reported data points represent an average of the
results from the previous 20 piston cycles.

For polymer solutions with CO,, the viscometer was connected to a high-pressure
view cell so that the phase behavior of the polymer/solvent/CO, system could be

monitored (Figure 2.5). The view cell and viscometer were filled with polymer solution,

Fressure transducer

CO4 Input

Thermocouple—]|

Wiscometer

!:I— Manual Pump

Figure 2.5. Viscometer and view cell.
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leaving a headspace above the solution in the view cell. Carbon dioxide was added to the
system with an Isco syringe pump at a set pressure and the volume of the CO, added was
measured from the pump. The polymer/solvent/CO, solution was circulated through the
viscometer several times using a manual pump. Viscosity measurements were taken
approximately one hour after pumping, when the system was assumed to be at equilibrium.
The volume of the system is constant; therefore increasing pressures of CO, are achieved
by adding increasing amounts of CO, to the system. Viscosity was measured for both
polymer molecular weights from 33 -150°C and 1-15 wt% PS. The CO, pressure at which
the polymer would precipitate from solution was measured at each temperature. Viscosity
measurements were made over a range of CO, pressures, while staying below the
precipitation pressure. The highest CO, pressure was 3000 psi at 150°C.

As pressure increases, the viscosity measurement chamber expands slightly, which
affects the viscosity calculated by the viscometer. To correct for this, the manufacturer

provided an equation to determine the corrected viscosity.

d,-d, +461x10°P)""
N =y (2.13)

d.—d,
Here, d. and d, are the diameters of the measurement chamber and piston, respectively, in
thousandths of an inch, P is pressure in psig, 7,, is the measured viscosity in cp, and 7.is

the corrected viscosity. The corrected viscosity does not deviate substantially from the
measured viscosity for the relatively low pressures used in this work. The highest

correction was a 7% increase of the measured viscosity.
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2.7.2 Intrinsic Viscosity
Intrinsic viscosity of PS in decahydronaphthalene was measured for PS samples of

126,000 M, at 40°C and 412,000 M, at 40°C and 90°C using a Rheotek RPV-1

Automated Viscometer. The calculations are detailed in Appendix A.

2.8 Resultsand Discussion

2.8.1 Decahydronaphthalene Viscosity
The viscosity of decahydronaphthalene was measured at 33°C, 60°C, 90°C, and 120°C

with the Cambridge SPL 440 viscometer. In Figure 2.6, the experimental results are

compared with literature values [19]. Experimental results are between the curves for the

\ « DHN Viscosity (76% trans, 24% cis)

cis

Viscosity (cp)

0 50 100 150
Temperature (°C)

Figure 2.6. Measured viscosity of decahydronaphthalene compared with literature values of the pure
cisand transisomers[19].
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cis and trans isomers. However, they are quite close to the curve for trans
decahydronaphthalene, which is consistent with the 76% trans/24% cis composition of the

decahydronaphthal ene used for this research.

2.8.2 Polystyrene-Decahydronaphthal ene Viscosity

The viscosity of solutions of 2-15 wt% PS in decahydronaphthalene was measured
for both polymer molecular weights from 33-150°C. From Figure 2.7 it can be seen that,

at a given temperature, viscosity increases with increasing polymer concentration and
increasing M. Additionally, at a constant concentration, viscosity decreases with
increasing temperature. This viscosity decrease is due to the decrease in solvent viscosity
with increasing temperature.

In Figure 2.8, the viscosity results shown in Figure 2.7 are plotted in terms of
relative viscosity, further illustrating the viscosity increase with increasing polymer
concentration and increasing molecular weight. Expressing the results in terms of 7,
isolates the effect of polymer concentration on viscosity. For example, 77, corrects for the
change in solvent viscosity with temperature, as shown in Figure 2.8 by the overlap of
N, a several temperatures for both M,. The viscosity increase with increasing M is
especialy evident in Figure 2.8. At the lower concentrations of 2 wt% and 3 wt% PS, the
viscosities of both M , are the same order of magnitude. Upon concentration increase, to
10 wt% and 15 wt% PS, the viscosity of the 412,000 M, solution is approximately an

order of magnitude greater than the viscosity of the 126,000 M, solution. In addition, at a
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given temperature, the viscosity of the 412,000 M, solution increases faster with

concentration than the viscosity of the 126,000 M solution.

Figure 2. 9 shows a comparison of the present experimental data with data taken by
Streeter and Boyer [12]. Streeter and Boyer’s measurements were made for 370,000 Mu
PS (unreported PDI) at 25°C, while the present data is for 412,000 M, (432,600 M) PS

at 33°C. The viscosity measured in this research is dightly lower in magnitude than the

literature data, but increases similarly with concentration. Although literature values are of

alower My and temperature, the present viscosities may be lower in magnitude than the

literature viscosity because the literature polymer may have a higher PDI. A broad

1000

B Streeter and Boyer

(370,000 M,, 25°C) ",
A These Experiments

(432,600 M,, 33°C) .

100 |

Viscosity (cp)

10
A

0 5 10 15 20
PS concentration (wt%)

Figure 2. 9. Comparison of experimental data (432,600 M , at 33°C) with data of Streeter and
Boyer[12] (370,000 M  at 25°C).
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molecular weight distribution could increase the viscosity beyond that of a polymer at a

lower M or temperature.

In Figure 2.10, experimental data is plotted as described by Gandhi and Williams
[7] to determine the value of ain 77, =f (cM a). As previously discussed for Figure 2.8,
each molecular weight PS solution has a different magnitude of 77, , especially at high
polymer concentrations. By investigating 7, =f(cM a), the increase in 1n,due to
molecular weight was evaluated. The value of a was varied until the individual 77, curves

collapsed onto a single curve for both molecular weights. Consistent with literature results

[7], asuccessful correlation occurred for a=0.5. This correlation held over the entire

1000

M 30°C 126000 M,

A 90°C 126000 M,

@ 120°C 126000 M,

030°C 412000 M, g
A 90°C 412000 M,

100} ©0120°C 412000 M,

] E a=0.5
¢

Relative Viscosity
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Figure 2.10. Relative viscosity of PSin DHN as a function of cM®® at 33°C, 90°C, and 150°C.
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temperature range and can be used to correct for the variation in viscosity with molecular
weight, for moderately concentrated solutions of similar polydispersity.

For the moderate polymer concentration regime studied in this work, the Martin
eguation (Equation 2.8) describes the effect of polymer concentration on viscosity. Using
measured intrinsic viscosity values at 40°C and 90°C, experimental data was tested against
the Martin equation, shown in Figure 2.11. Results show that the Martin equation does
describe the increase of viscosity with polymer concentration. From Figure 2.11, the
dimensionless concentration, cf7], is in the range 1<cfy] <10, indicating the range of
concentrations measured is in the coil overlap region. The slope, k, of the lines in Figure

2.11 isthought to be indicative of the solvent quality, with asmaller slope indicating a

100 \ I
® 412,000 M, 90°C
m 412,000 M, 40°C
A 126,000 M, 40°C
-1
c
nelnl | ]
n-n
S = k
e [l exp(kd )
1 | | | |
0 2 4 6 8 10

cn]

Figure2.11. Measured solution viscosity and intrinsic viscosity plotted using Martin equation.
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thermodynamically better solvent [20]. The values for k are shown in Figure 2.11. The
results at 90°C show that the slope of the line, or k, decreases with increasing temperature.
This shows that the solvent quality of decahydronaphthal ene increases with temperature, as
expected.

Further testing the concentration regime, Figure 2.12 shows that the present data may
be in the transition region described by Poh and Ong [11]. From Figure 2.1, as previously
discussed, Poh and Ong's similar curve for PS in toluene showed a transition region
between dilute and entangled concentration regimes. They determined the critical
concentration by finding the intersection of lines drawn tangent to the two distinctly
different sloping portions of the curve. A similar analysis of the present experimental data
is shown in Figure 2.12. A curve was fit to the 150°C data. The dashed lines in Figure
2.12 are extrapolated from this curve and show the critical concentration, where viscosity
began to increase rapidly with concentration, can be approximated at 10 wt% PS. From
this figure, the present data appears to be in the transition, or moderately concentrated,
regime. This agrees with the ideas put forth by Phillies[14], that the polymer solution isin

the solution-like regime until 77, >>1000. In Figure 2.8 it is shown that the relative

viscosities are less than 1000, and therefore in the solution-like regime.
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Figure 2.12. Viscosity of 412,000 M » PSin DHN showing transition region described by Poh and
Ong[11].

2.8.3 Polystyrene-Decahydronaphthalene-CO, Viscosity

The viscosity of 1, 3, 85, 10, and 12.5 wt% PS in decahydronaphthalene was
measured at 33°C, 90°C, and 150°C in the presence of CO,. Carbon dioxide pressure was
increased to just below the precipitation point for each temperature, or 1000 psi, 2000 psi,
and 3000 psi, respectively. Viscosity was significantly reduced by the addition of CO,.
The reduction was evaluated in terms of PS concentration, temperature, and M.

Figure 2.13 and Figure 2.14 show the isothermal viscosity decrease at several PS
concentrations, over a range of CO, pressures, for both molecular weight polystyrenes.

The PS concentrations are the initial solution concentrations before the addition of CO..

30



The weight fraction of CO, in decahydronaphthalene at these conditions was estimated
using the Peng-Robinson equation of state, as described in Section 2.6, and is shown on the
top axis of the figures. For both molecular weights, a greater decrease in viscosity
occurred at higher polymer concentrations, which is consistent with other reported work
[13, 16]. At increasing PS concentrations, the polymer chains become more overlapped
and at 10 wt% and 12.5 wt% PS are nearing the beginning of the entanglement regime.
Carbon dioxide causes the polymer chains to contract, acting as an anti-solvent for PS.
The resulting viscosity reduction due to decreased polymer-solvent interactions is more
dramatic for the polymer concentrations that are beginning to overlap. In addition, Figure
2.13 and Figure 2.14 show that at high CO, pressures the viscosities over the concentration
range converge at approximately 1-3 cp. As the CO, concentration increases, the
concentration effect on viscosity is minimized and all concentrations between 2-12.5 wt%
PS have similar viscosity.

Although the rate of viscosity decrease depends on initial PS concentration,
viscosity for all concentrations approached values on the order of severa centipoise once
the CO, pressure was increased to the maximum value. These pressures correspond to
approximately 30-40 wt% CO; in decahydronaphthalene at each of the three temperatures.
As shown in Figure 2.3, the solubility of CO, in decahydronaphthalene varies with
temperature. Therefore, the maximum CO, pressure is different for each temperature.
However, when normalized with the wt% CO, scale, the viscosity reduction trends with

CO, pressure are the same at al temperatures. Upon addition of 30-40 wt% CO,, the
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viscosity of the polymer solutions was reduced to several centipoises, regardless of the
origina polymer concentration or molecular weight.

Figure 2.15 and Figure 2.16 show the viscosity reduction at constant concentration
for severa temperatures over a range of CO, pressures. The viscosity reduction was
greatest for lower temperatures for al molecular weights and concentrations. As shown in
the vapor-liquid equilibrium curves (Figure 2.3), CO; solubility in decahydronaphthalene
decreases with increasing temperature. Therefore, viscosity reduction with CO, is
diminished, at a fixed CO, pressure, at higher temperatures because less CO; is dissolved

in the solution.

Figure 2.17 shows that viscosity reduction with CO; is similar for both M, at 33°C.
At 90°C and 150°C, the viscosity of the 412,000 Mn polymer solution decreases at a
greater rate with CO, pressure than the 126,000 Mn polymer solution. Initially, the

412,000 M, polymer solution has a much higher viscosity than the 126,000 M. solution,
but with the addition of CO, to approximately 800 psi, the viscosities of both samples
become comparable. By using CO,, the viscosity of the polymer solution can be

controlled such that a high molecular weight PS can have the same viscosity as a lower

Ma polymer. This effect is mostly seen at higher concentrations.
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wt%, (c) 8.5wt%, and (d) 12.5wt% PSin DHN.
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2.8.4 Polystyrene-Decahydronaphthal ene-Sulfur Hexafluoride Viscosity
Viscosity reduction with sulfur hexafluoride was measured to evaluate the

uniqueness of viscosity reduction with CO,. The viscosity of 3 wt% 412,000 Mn PSin
decahydronaphthalene was measured at 90°C and 150°C in the presence of SFs. The
results are shown in Figure 2.18. The decrease in viscosity is about the same with both
gases. However, further studies are needed to effectively compare the respective viscosity
reductions at |lower temperatures.

Sulfur hexafluoride (T.=46°C, P.=537 psi) and CO;, (T=31°C, P.=1070 psi) have
similar critical conditions.  However, they have different phase equilibria with
decahydronaphthalene. The phase diagrams of mixtures of CO, and decahydronaphthalene
were discussed in Section 2.6. Studies of the phase equilibria of SFg and cis
decahydronaphthalene show this mixture exhibits gas-gas equilibria of the second kind
[21]. In acomparison of supercritical SFs and CO, in cis-decahydronaphthalene, CO, was
reported to be a better solvent for hydrocarbons, such as decahydronaphthalene [21].
Considering these solubility differences between the gases, further SFg solubility
information is needed to compare viscosity reductions at similar mole fractions of

dissolved gas.
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2.9 Conclusions

The viscosity of 1-15 wt% PS in decahydronaphthalene was measured and agrees

with the values previously reported for PS in DHN. The viscosity increases with
increasing concentration and molecular weight. At high concentrations, the 412,000 Mn
had a viscosity an order of magnitude greater than that of the 126,000 Ma. The viscosity
increases with molecular weight, as described by 7, =f(cM 0'5), and increases with

concentration, as described by the Martin equation. The concentration range investigated
is in the coil overlap region, between dilute and fully concentrated regimes. The
experimental results followed these trends over the entire temperature range.

Upon addition of CO,, the viscosity was significantly reduced. Greatest viscosity
reduction occurred for highest polymer concentrations, highest polymer molecular weights,
and lowest temperatures. The uniqueness of CO, for viscosity reduction was evaluated by
comparing viscosity reduction with CO, to viscosity reduction with SFs.  From these
studies, it appears that CO, can be a valuable tool to control the viscosity of polymer
solutions to magnitudes that dramatically improve the transport of polymers in solutions,

specificaly for polymer hydrogenation reactions.
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Chapter 3: Diffusion Coefficient Measurements

3.1 Dynamic Light Scattering Theory

Dynamic light scattering (DLS) is a technique to determine diffusion coefficients of
polymers in solution by measuring the fluctuations of the intensity of the light scattered
when a laser beam strikes the solution [2]. The intensity is related to the diffusion

coefficient, D, by an autocorrelation function. A typical DLS experimental setup is shown

in Figure 3.1. An incident beam, with a wavelength much larger than the diameter of the
particles, strikes the particles and light is scattered due to the continuous random motions
of the particles. A photomultiplier detects the light that is scattered at a specified angle, 6,
and an autocorrelator analyzes the data. The output is the autocorrelation function versus

time.

Detector

S
Polymer(>4
solution

Laser

Figure 3.1. Typical light scattering experimental setup.

For homodyne light scattering, where only the scattered (as opposed to scattered

and unscattered) light is collected, the autocorrelation function is Equation 3.1 [2]. This
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equation is valid for single relaxation times, such as those for the very low polydispersity
(PDI=1.05) polymers used in this work. In this equation, | is the intensity of scattered
light. The scattering vector, g, is found from Equation 3.2, where n is the refractive index

of the solvent, A is the wavelength of the incident light in vacuo, and & is the scattering

angle.

A 2

q=|q = 4—msin(€j (3.2)

The correlation time, 1, isrelated to g and D by the following relationship.

- 2q1D 33
Plugging Equation 3.3 into 3.1 and combining variables, the resulting autocorrelation
function is shown below.
(1(a,0)1 (1)) = [Aexp(— qZDt)]2 +B (3.4)
Here, the constants are defined as follows:
a={1ao)’)-(1fa0))" @5

B=(1(q.0))

The intensity, or left hand side of Equation 3.4, is measured over time and a curve is fit to
a plot of the intensity versus time. A typical DLS autocorrelation function is shown in
Figure 3.2. The diffusion coefficient is determined by fitting Equation 3.4 to the curve

shown in Figure 3.2.
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Figure 3.2. Typical DLSintensity autocorrelation function. Resultsshown arefor 1 wt% 412,000
M. PSin DHN at 60°C. Thelinethrough the pointsisafit of Equation 3.4

The Stokes-Einstein equation, Equation 3.6, relates the diffusion coefficient to the

hydrodynamic radius, Ry, of the particle.

kg T

=B 3.6
6”’73D0 ( )

H

Here, kg is Boltzmann’'s constant, T is absolute temperature, /), is the solvent viscosity, and
Do is the infinite dilution diffusion coefficient. This equation is valid for dilute polymer

solutions, where the polymer chains are assumed to be spherical.
The diffusion coefficient is related to concentration by the following equation.

D =D,(1+kyc+---) (3.7)
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Here, Do is the diffusion coefficient at infinite dilution and kp is the dynamic second virial

coefficient. Thisrelationship isvalid for concentrations below the overlap concentration.
The overlap concentration, C*, is the concentration at which the polymer coils
become entangled with each other and polymer-polymer interactions become prevalent.
Below C*, individual polymer coils are distinct from one another and primarily interact
with solvent molecules. The overlap concentration is related to the radius of gyration, Ry,

by the following relationship.

C* = $ (3.9)

w

Here, M wisthe wei ght average molecular weight and N is Avagadro’s number [3]. Since
Ry is proportional to Ry for monodisperse polymers, Ry can be used to estimate C*. Using
Ry as an estimate for C* errs towards greater values for C* because R4<Ry [3]. It is

important to use concentrations less than C* when measuring D so that the measured

diffusion coefficient is of asingle polymer chain, and not a group of chains.

To determine Do, measurements of D are made at several concentrations below C*

and the results extrapolated to zero concentration. The infinite dilution diffusion

coefficient can then be used to calculate Ry. In addition, the slope of the D versus ¢ curves
describes the polymer-solvent interactions. The slope, or Dokp, is negative for polymersin

poor solvents and positive for those in good solvents [4].
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3.2 Literature Review

3.2.1 Hydrodynamic Radius

The hydrodynamic radius is a measure of polymer coil size. It indicates the
prevalence of polymer-solvent interactions, which can be combined with viscosity results
to better define the transport of the polymer chains in solution. As interactions between
polymer and solvent increase, Ry increases.

The hydrodynamic radius has been shown to vary with molecular weight by a
power law relationship, R, = AM"”. Typically, for PS in good solvents, A is in the range

0.0106-0.0218 and v isin the range of 0.50-0.575 [5, 6].

3.2.2 Infinite Dilution Diffusion Coefficient
There have been several previous studies of the diffuson of PS in
decahydronaphthalene. These studies covered a Mn range of 167,570-745,000 and a

temperature range of 18-110°C [1, 7-9]. Reported Do values are compared with

experimentally measured results in Section 3.5.

3.2.3 Diffusion Coefficient and Temperature

The diffusion coefficient is an exponential function of temperature [1], where E is
the diffusion activation energy.

D = Aexp(- E/RT) (3.9)

a7



Kotera, et al. [1] reported that E was 3.16 kcal/mol for 1.2 g/dL PS (150,000 M;

PDI=1.87) in trans-decalin,.

3.2.4 Diffusion and CO,

To the author’ s knowledge, there are no reported studies of the diffusion of polymers

in solvents containing CO..
3.3 Experimental Methods

A Coherent Innova 70 Argon laser at 514 nm wavelength was used with a
Brookhaven Instruments Corporation digital correlator to measure the diffusion coefficient
of PS in decahydronaphthalene. Materials used are described in Section 2.7. The polymer

solution was loaded into a custom-built high-pressure measurement cell (Figure 3.3) with

Water to push down piston

() (b)

Argon laser

Figure 3.3. High pressure DL S measurement cell (a) and cross section (b).
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sapphire windows positioned to allow multi-angle light scattering. For these experiments,
light was scattered at 90°. Ethylene-propylene and Buna-N o-rings were used to seal the
piston and ends of cell for high-pressure measurements. Heating bands were used to heat
the cell and the temperature was controlled to +/- 0.5 °C. The intensity of scattered light
was measured for 10 minutes for each experiment.

For measurements with CO,, a known mass of CO, was added to the polymer
solution in the cell. The headspace above the piston was filled with water. The pressure
was varied using a manually operated piston screw pump to push down the water, thus
moving the piston inside the cell and controlling the pressure. All measurements were
made with the pressure high enough so that the polymer/solvent/CO, solution was in one

phase.

3.4 Refractivelndex

The refractive index of amaterial, n, isthe ratio of the speed of light in a vacuum to
the speed of light in that material. The refractive index of decahydronaphthalene is 1.475,
as reported by Sigma Aldrich [10], and used at all temperatures because n does not change
significantly with the temperatures used in thiswork [11].

In DLS, the refractive index of the solvent is used in calculating D. Therefore, the

refractive index of mixtures of CO, and decahydronaphthalene must be known for this
work. The refractive index of CO, changes with temperature and pressure. However, the
refractive index of CO, does not change substantially with wavelength [12]. The

refractivity, L, of CO, was shown to be 6.60 cm*/mol at 632.8 nm over the range 4-104°C
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and up to 1400 psi [13]. Therefore, a constant value of 6.60 cm*mol was used for all
temperatures and pressures in this work. The refractivity of decahydronaphthalene was
calculated to be 43.43 cm*/mol, using n=1.475 and p = 0.896 g/cm’.

Refractivity is found from Equation 3.10.

I__lnz—l
on®+2

(3.10)

The refractive index of a mixture can be found by the Lorenz-Lorentz relationship,

asfollows[12].

mix 1
n2 +2 = lom'x(Llwl + |—2W2) (3.12)

Here, L is the refractivity and w is the weight fraction of each mixture component. The
density of the CO,-decahydronaphthalene mixture at experimental temperatures and
pressures was cal culated using the Peng-Robinson equation of state.

The mixture refractive indices were calculated using Equation 3.11 and used to

cadculate D for PS solutions with COs.
3.5 Resultsand Discussion

3.5.1 Diffusion Coefficient of Dilute Polystyrene Solutions

The diffusion coefficient of 412,000 M, PSin decahydronaphthal ene was measured
for solutions of 0.5-1.25 wt% polymer and from 25-150°C. The results are shown in

Figure 3.4. There are several trends shown in thisfigure. First, D increases with
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Figure 3.5. Diffusion coefficient of 412,000 M, PSin
DHN versus /T for several PS concentrations.
Straight lineisfit of Equation 3.9 for 1 wt% PS.

Table 3. 1. Activatign ener gy of diffusion
for 412.000 M » PSin DHN.

PS
Concentration E
(Wt%) (kcal/mol)
1.25 4.24
1.00 4.04
0.75 3.88
0.50 3.69
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increasing temperature. As described in Section 3.2.3, D increases exponentialy with

increasing temperature. Experimental data was tested against Equation 3.9, shown in
Figure 3.5. Results show that Equation 3.9 describes the increase in D with increasing
temperature. The resulting values for E, the activation energy of diffusion, are shown in

Table 3.1. The activation energy of diffusion is of similar magnitude as the previously

reported value [1] of 3.16 kcal/mol. The reported value is for 1.2 g/dL (approximately 1
wt%) 150,000 M, PSintrans-decalin. Sincethe experimentally measured PSis of greater
M, than that reported in the literature, a slightly higher E was needed for diffusion of the

higher M, PS.

The second trend in Figure 3.4 is the increasing slopes of the curves with increasing
temperature. The negative ope at 25°C indicates the poor or theta solvent regime. The
positive slope at higher temperatures indicates the good solvent regime. From these
slopes, decahydronaphthal ene becomes a better solvent for PS as temperature increases.

The D results in Figure 3.4 were extrapolated to zero concentration to determine Do,

as indicated by the straight lines through the points. The intercepts of the lines drawn

through the resultsin Figure 3.4 are Do. These experimentally determined values of Do are

compared with literature values in Figure 3.6. The measured values agree with previously

reported values [1]. There are few reported results for Do of PS in decahydronaphthalene

above the theta temperature, or 18-21°C [1, 7, 8]. These results of Do up to 150°C are
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unigue in extending the range of diffusion coefficient measurements for PS in

decahydronaphthal ene solutions.

Using experimentally determined Do, Ry was calculated using Equation 3.6. The
results are shown in Figure 3.7. The hydrodynamic radius increases with temperature,
indicating that the polymer chains are expanding. Chain expansion is most likely due to an
increase in solvent quality. The experimental results are of similar magnitude to previously
reported Ry results for PS (179,000 Muw; PDI=1.07) in trans-decalin [14]. Previously
reported results were 9.11nm, 9.39 nm, and 9.68 nm a 20°C, 30°C, and 40°C,
respectively.

The overlap concentration was cal culated using the Ry results for the 412,000 Ma
PS. The results, calculated with Equation 3.8, are shown in Table 3.2. From these resullts,

it is clear that the concentrations used in measuring D were below C*. In addition, C*

decreases with increasing temperature. The polymer chains expand at higher temperatures,
as evidenced by Ry. Therefore, the polymer chains begin to overlap at lower polymer

concentrations at higher temperatures.

Table3.2. Overlap concentration for 412,000 M , PSin DHN.

Temperature

o) C* (Wt%)
25 4.70
60 4.30
90 3.90
120 2.85
150 2.22




A similar measurement of D was attempted with the 126,000 M. PS. However, an
accurate measurement, in agreement with literature, could not be achieved. The diffusion
coefficient of 126,000 M, PSin decahydronaphthal ene should be significantly higher than
that of 412,000 M. PS, due to the large difference in molecular weight. However,
measured values of both M, PS were very similar. Molecular weights of both polymers
were verified by intrinsic viscosity measurements and GPC. Therefore, difficulties in D
comparisons do not result from an inaccurate reporting of Ma.

To investigate the possibility of sample contamination by large particles, the

126,000 M. PS samples were filtered with a 0.2 um syringe filter. A comparison of

14

12

0.8

D x10’ (cm?s)

0.6

04

+ Unfiltered in vial

0.2 . L
4 0.2 micron filter in vial

A 0.2 micron filter in cell

0

0 0.2 0.4 0.6 0.8 1 12 1.4
Concentration (wt% PS)

Figure 3. 8. Diffusion coefficient of 126,000 M , PSin DHN at 25°C. Thetrianglesrepresent
measurementsfor solutionsfiltered with a 0.2um filter.
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unfiltered and filtered solutions of several PS concentrations is shown in Figure 3.8. These
measurements were made with the polymer solutions in vials, as opposed to the high-

pressure measurement cell. From Figure 3.8, there is a significant increase in D for the

filtered polymer solution. The high-pressure measurement cell was used to verify the

repeatability of these results for 0.25 wt% PS. There was again an improvement in D.

From these results, it appears the 126,000 M. PS may be contaminated with particles

>0.2um in diameter. To obtain accurate measurements, it is recommended that the

126,000 M PS befiltered before loading it into the measurement cell.

3.5.2 Diffusion Coefficient of Dilute Polymer Solutions with CO,

The diffusion coefficient of 0.75-1.0 wt% 412,000 M, PSin decahydronaphthalene
solutions was measured in the presence of CO, from 25-150°C. The concentration of CO;
was varied from 10-40 mol%. The PS concentrations reported are the initial
concentrations before addition of CO,. Unless otherwise stated, measurements were made

at pressures corresponding to a one-phase mixture of PS-CO,-decahydronaphthalene.
Figure 3.9 shows D results for 1 wt% 412,000 Mn PS a 25°C over a range of
pressures and CO, concentrations. The pressure was varied to confirm that D does not

change with pressure in the one-phase region. The pressures required to achieve one phase
at a given temperature and CO, concentration were identified from phase equilibrium

calculations (Section 2.6). In the one-phase region, D does not change with pressure, up

to 1300 psi.
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Figure 3.9. Diffusion coefficient as a function CO, concentration for 1 wt% 412,000 M. PSin
DHN at 25°C.

Theincrease in D with increasing CO, concentration is evident by taking the results
of Figure 3.9 and plotting them as a function of CO, concentration. This increase of D

with CO, concentration is shown in Figure 3.10. Upon addition of the largest amount of

2.5

20 r
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1.0 r

D (x10’ cm?/s)

05

0.0
0 20 40 60

Mol% CO,

Figure 3.10. Diffusion coefficient asa function of CO, concentration for 1 wt% 412,000 M ,
PSin DHN at 25°C.
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CO,, 42 mol%, D increased significantly, from 0.59 x 107 t0 2.16 x 10" cm?/s.

Figure 3.11 shows the D increase for 1 wt% 412,000 M. PS in

decahydronaphthalene upon addition of 40 mol% CO,, as a function of temperature. The

diffusion coefficient increases significantly, increasing approximately the same amount at

each temperature.
7
A 0mol% CO,

6 42mol%Co, A

5 |
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Figure 3.11. Diffusion coefficient of 1 wt% 412,000 M, PSin decahydronaphthalene.
Figure 3.12 shows the increase in D of 0.75 wt% 412,000 M. PS in
decahydronaphthalene upon addition of 10 mol% CO,. The increase with 10 mol% CO; is
less than with 40 mol% CO, for 1 wt% PS. Similarly to 1 wt% PS, there is approximately

the sameincrease in D at each temperature.
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Figure 3.12. Diffusion coefficient of 0.75wt% 412,000 M , PSin decahydronaphthalene.

In Figure 3.13, the experimental data shown in Figures 3.11 and 3.12 was tested

against Equation 3.9. Results show that D increases exponentialy with increasing

temperature, as described by Equation 3.9. The resulting values for E are shown in Table
3.3. The calculated values for E show that it is more dependent on CO, concentration than
PS concentration. The activation energy for diffusion calculated for a range of PS
concentrations, without CO, and shown in Table 3.1, increased with increasing PS
concentration. However, E for PS in CO,/decahydronaphthalene has the opposite trend,
decreasing with increased polymer concentration. This decrease is due to each polymer
concentration being in a solvent with a different amount of CO,. The 40 mol% CO,

solution has alower E than the 10 mol% CO, solution.
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Table 3.3. Activation energy of diffusion for 412,000 M , PSin DHN/CO,.

PS CO,
Concentration Concentration (kcal/mol)
(Wt%) (mol%)
1.0 42 1.92
0.75 10 2.68
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3.6 Conclusions

The D of 0.5-1.25 wt% 412,000 M, PS in decahydronaphthalene was measured
from 25-150°C and agrees with values reported in the literature. Using measured D, Do

and Ry were calculated. The hydrodynamic radius increased from 16 nm at 25°C to 21 nm
at 150°C, indicating the solvent quality of decahydronaphthalene improved with increasing
temperature. The overlap concentration was estimated and results verified that all D

measurements were made at sufficiently dilute polymer concentrations. Upon addition of

CO, 10 0.75 and 1 wt% PS in decahydronaphthalene, D increased. The increasein D was

the same at al temperatures. Additionaly, the diffusion coefficient increased with
increasing CO, concentration. From these results, it appears that CO, can be used to

significantly increase the diffusion in PS solutions.
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Chapter Four: Conclusions

4.1 Conclusions

The viscosity and diffusion coefficient of 126,000 M, and 412,000 M, PS in
decahydronaphthalene were measured to determine the effects of temperature, polymer

concentration, and CO, concentration. The viscosity decreased and D increased with

increasing temperature. The solvent quality increased with temperature, as evidenced by
intrinsic viscosity measurements and Ry calculations. Increasing the polymer

concentration caused viscosity to increase. The effect of polymer concentration on D
changed with temperature. At 25°C, D decreased with polymer concentration, but from
60-150°C, D increased due to the reduction in solvent viscosity with increasing

temperature. Upon addition of CO; to the PS solutions, a significant viscosity decrease
and D increase occurred. The viscosity decreased and D increased the most with the

largest CO, concentrations. The effect of CO, on polymer transport is thought to be due to

adecrease in solvent quality from adding CO..

4.2 Impact

This investigation into CO,-facilitated transport improvements is applicable to
polymer hydrogenation reactions. These studies included polymer concentrations and
temperatures that are typically used in polymer hydrogenation reactions. For example,

concentrations up to 10 wt% PS have been used in the hydrogenation of PS, whichisin the
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concentration range of this work. The quantitative knowledge of how CO, affects
viscosity and the diffusion coefficient should enable the ability to tune the properties of the
reaction solvent with CO,. Knowing the desired starting polymer concentration for a
reaction, the results of this study will indicate what CO, concentration is necessary to

improve the reaction transport.

4.3 Recommendation for Future Studies

The diffusion coefficient of 126,000 M, PS should be investigated more fully.

Filtering the polymer solution with a 0.2 um filter should solve the problem of inaccurate

D results. Measurements of D for 126,000 M » PS in decahydronaphthalene will enable
a determination of the effect of M, on diffusion coefficient. In addition, D with CO, can

be investigated for the 126,000 M. PS. A full range of D measurements for both Ma PS

over arange of temperatures and PS concentrations will allow the calculation of Ry at each

Mn,. Comparison of the size of the 412,000 M. PS, both with and without CO,, will
indicate how CO; is affecting the solvent quality.

Additional combinations of polymers and solvents could be investigated to
determine if there is asimilar transport improvement with CO; for other polymer solutions.
For example, the results of this work should be applicable to other linear polymers in

solution, such as polycarbonate.
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Appendix A: Data Analysis

A.1. Polymer Molecular Weight Verification

Figure A.1 shows the Size Exclusion Chromatography (SEC) anaysis of the two

molecular weight polystyrenes used in thiswork. This SEC data was provided by Polymer

Source, Inc, upon purchase of the polymer from them.

P3580-S

0.05

0.04

0.03

0.02

0.01

0.00

-0.01 T T T T T T T T T

P627-8

B

10 12 14 16 18 20 22 24 26 28
Ve (ml)

Size exclusion chromatograph of polystyrene:
M, =126000 M,=132000 Pi=1.05

30

T T T T T T
10 12 14 16 18 20 22 24

Ve (ml)
Size exclusion chromatograph of polystyrene:
M,=412000, M,=432600, PI=1.05

Figure A.1. SEC of the two polystyrenes used in thiswork, provided by Polymer Source, Inc.
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To further verify the molecular weight, the polystyrenes were analyzed by Gel
Permeation Chromatography (GPC), using tetrahydrofuran as the mobile phase. The

results are shown in Figures A.2 and A.3.

Project Name  GPC3 Report Method Name GPC_Proc
User Name System Current Date 5/14/04
Seftware Version 3.20

Sample Information

SampleName PS1 Sample Type Broad Unknown
Vial 59 Date Acquired 5/13/04 10:24:43 PM
Injection 1 Acq Method Set  GPCMTHSET
Injection Volume  150.00 ul Processing Method PM_040302
Channel 410 Date Processed  5/14/04 2:23:42 PM
Run Time 45.0 Minutes
Auto-Scaled Chromatogram
100.00] ﬁ
3
80.00 1
i
60.004 | !
i fi
] I i
2 w00 | !
1 ! [
n i
20,007 Pt i
0.00- e — e
1 iV
-20.00—: '-f
000 500 1000 | 1500 2000 2500 3000 B0 000 | 4500
Minutes
GPC Results
Dist Name Mn Mw MP Mz Mz+1 | Mv | Polydispersity | MW Mariar 1 | MW Marker 2
1 138421 | 150779 | 160755 | 158602 | 164570 1.089273
2

Figure A.2. GPC resultsfor 126,000 M, PS.
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Project Name  GPC3 Report Method Name GPC_Proc
User Name System Current Date 5/14/04
Software Version 3.20
Sample Information
SampleName PS2 Sample Type Broad Unknown
Vial 80 Date Acquired 5/13/04 11:13:08 PM
Injection 1 AcqMethod Set  GPCMTHSET
Injection Volume  150.00 ul Processing Method PM_040302
Channel 410 Date Processed  5/14/04 2:23:42 PM
Run Time 45.0 Minutes
Auto-Scaled Chromatogram
80.00- |
60.00-] g
1 ‘ol
i ,
40 oo; i !
] || I
2 ] { i
20.00- | | B
] ! ‘\. ]l ',
1 Y N I
0.00 Py \‘MF_‘: ] \\’ e
] VY
] y
-20.00- i
000 500 1000 1500 2000 2500 00 3800 4000
Minutes
GPC Results
Dist Name Mn Mw MP Mz Mz+1 | Mv | Polydispersity | MW Marker 1 | MW Marker 2
1 392523 | 419123 | 448524 | 440799 | 459086 1.067766

Figure A.3. GPC analysis of 412,000 M , PS.

45.00
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A.2. Shear Rate Calculations

The shear rate, y, in the viscometer is a function of piston diameter and fluid
viscosity and cannot be controlled over a wide range with this viscometer. The shear rate
was calculated using information shown in Table A.1, provided by Cambridge Applied
Systems. The gray highlighted cells show the theoretical coefficients used to calculate
shear rate. An example calculation is provided below. The following pages summarize the

y derivation provided by Cambridge.

Example Calculation

For 4.5 cp viscosity and 0.25-5 cp piston:

. _ Theoretical Coefficient _ 2262.53278

- =502.79s™
Viscosity (cp) 4.5
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I D i

|_ Daverage"
i Dpi ston !
Piston
dy x=0

_Ldp x=-ai XFa

Figure A.4. Viscometer cross-section.
Refer to Figure A.4 for the following equations. Shear rate is defined as the
gradient of the velocity.

dx dt

For asmall movement, dp, of the piston, the shear rate becomes the following expression.

,_ddydp

= A2
dx dp dt (A-2)

When the piston moves down, the volume of fluid moved down by the piston, V,, is equal

to the volume of fluid moved up into the annulus, V,.

1
Vp = Z D ﬁiston dp (A3)
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Va

™D A
IDaverage T k(a2 - X2 )jX

-a

1
= k;i)average{azx "3 XS}

average

a

= kii)average(ae’ BEJEIPE —Ea3j
3 3

4

=—kma’D (A4
3 average
V, =V,
1 _4 s
Z D piston dp - 5 kra Daverage (AS)

In Equation A.5, k isrelated to dy, a small movement in the y-direction. The equation of

the line defining the parabola, showing the flow in the annulus, relates these terms.

_ W (A.6)

Substituting Equation A.6 in to Equation A.5 and rearranging,

1 ., _4 dy 3

Z IDpistondp - g a2 _ X2 B Daverage
ﬂ _ 3(32 - X2 )D Eiston (A7)
dp 16a°D

average
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Substituting Equation A.7 in to Equation A.2, gives the expression for calculating shear

rate.

d 3(a2 - XZ)D§iston dp

dX 162°D,q, dt
2
= Dpan dp (A.8)
16a°D____ dt

average
The magnitude of the shear rate is shown below. Here, L isthe 2-way piston stroke length

and T isthe 2-way piston stroke time.

6XD§iston L
N=———— A.9
|y| 16a°D T (A-9)

average

The average shear rate occurs when x=a/2, resulting in the final equation used to calculate

the average shear rate in the viscometer.

. 3D2i on |—
|y|average = 2 e T (A].O)
16a“D T

average
The minimum shear rate for each piston occurs at the maximum viscosity for that range.
This is the shear rate calculated from Equation A.10. The theoretica coefficient reported
by Cambridgein Table A.1 isthe product of shear rate and viscosity.

Theoretical coefficient = 77, | e

Table A.1 aso lists empirical coefficients. These coefficients are provided by Cambridge.

They are based on y measurements and differ from the theoretical coefficients. For this

work, theoretical coefficients were used in all calculations. The | y|average is calculated by

dividing the theoretical coefficient by the measured viscosity.
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TableA.1l. Data provided by Cambridge Applied Systemsfor the calculation of shear ratein the SPL
440 viscometer .

Data for 440 series sensor with ViscoPro 2000 electronics

D= 0.314+0.001 in., Dygon =listed value +0.0005"

Range: .25-5cP 5-100 cp 50-1000cp
Dyiston (iN) 0.309 0.3 0.284
D (in) 0.314 0.314 0.314
L (in) 0.32 0.32 0.32
T(sec) 26 26 26
Daverage (iN) 0.3115 0.307 0.299
a (in) 0.00125 0.0035 0.0075
Average shear rate at full

scale of viscosity (S'l) 452.706556 55.22629999 11.0667696
Theoretical coefficient 2263.53278  5522.629999 11066.7696
Emperical coefficient 2738.87467  6682.382299 13390.7912

Ms. Angelica Sanchez measured the viscosity of 2 wt% and 10 wt% 412,000 Ma

PS in decahydronaphthalene as a function of shear rate. The viscosity was measured in a

stress-controlled rheometer, TA AR2000. An auminum, conical concentric cylinder

geometry was used. The following list outlines details of the geometry.

Stator inner radius 15.0 mm
Rotor outer radius 14.0 mm
Cylinder immersed height 42.0 mm
Gap 5920 pm

The results are shown in Figure A.5. Using data provided by Cambridge, the shear

rate estimated for 2 wt% and 10 wt% PS was 460 s* and 50 s, respectively. From Figure

A.5, the viscosity is in the Newtonian region for these shear rates. Therefore, it appears

that there may be very little shear thinning for most of the viscosity measurements.

74



10

Viscosity (cp)
(6]

¢Runl
® Run 2

0 200 400 600 800 1000

Shear rate (s™)

@)

150

145

140

= = =
N w w
a1 o a1l
T T T
»>
>
>
>
>
>

Viscosity (cp)

=

N

o
T

110

ARunl

105
A Run2

100

0 100 200 300 400 500

Shear rate (s)
(b)

Figure A.5. Viscosity of (a) 2wt% 412,000 M, PSin DHN and (b) 10 wt% 412,000 M, PS
in DHN over arange of shear ratesat 33°C.
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A.3. Intrinsic Viscosity Measurement

Intrinsic viscosity of PS in decahydronaphthal ene was measured for PS samples of

126,000 M, at 40°C and 412,000 M, at 40°C and 90°C using a Rheotek RPV-1
Automated Viscometer. The concentration of PS solutions measured was 0.00200 g/mL -
0.00600 g/mL. The viscosity measurements were extrapolated to zero concentration, as
described in Section 2.2, with the intercept being the intrinsic viscosity. Figures A.6 and
A.7 show the results for each of the three samples measured. Calculated intrinsic viscosity

values are listed in Appendix B.

|

Calculation Results
Sample Name: PS 25 Printed 2/18/04 9:36:11 AM

0.00000 0.00101 0.00202 0.00302 0.00403 0.00504
inherent Viscosity Reduced Viscosity Intrinsic Viscosity: 30.765
Concentration (g/mL)

Figure A.6. Intrinsic viscosity resultsfor 126,000 M , PSin decahydronaphthalene at 40°C.
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Calculation Results

Sample Name: PS412-90 Printed 2/18/04 9:43:07
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Figure A.7. Intrinsic viscosity resultsfor 412,000 M, PSin decahydronaphthalene at (a) 40°C
and (b) 90°C.
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Appendix B: Tables of Results

B.1. Mole fraction of CO; in trans-decalin.

TableB.1 Liquid (x) and vapor (y) mole fractions of CO, in trans-decalin, calculated using Peng-

Robinson equation of state, with k;;=0.125.

25°C 33°C
P (psi) x CO, y CO, P (psi) x CO, y CO,
50 0.040 0.999 15 0.011 0.996
200 0.157 1.000 50 0.036 0.999
400 0.305 1.000 100 0.072 0.999
600 0.450 1.000 200 0.141 1.000
800 0.610 0.999 400 0.273 1.000
850 0.663 0.999 600 0.398 1.000
890 0.727 0.999 800 0.523 0.999
900 0.762 0.999 850 0.555 0.999
900 0.588 0.999
1000 0.662 0.998
1050 0.708 0.998
90°C 150°C
P (psi) x CO, y CO, P (psi) x CO, y CO,
15 0.006 0.941 15 0.003 0.593
50 0.020 0.981 100 0.028 0.933
200 0.081 0.994 200 0.057 0.963
400 0.157 0.996 600 0.165 0.981
600 0.227 0.996 1000 0.263 0.983
800 0.294 0.996 1200 0.309 0.982
900 0.325 0.996 1600 0.394 0.979
1000 0.356 0.996 2000 0.473 0.974
1200 0.414 0.995 2200 0.510 0.971
1400 0.468 0.993 2400 0.546 0.967
1600 0.519 0.991 2800 0.616 0.956
1800 0.567 0.988 3000 0.650 0.949
2000 0.611 0.984 3200 0.685 0.940
2200 0.652 0.977 3600 0.761 0.910
2400 0.691 0.968
2600 0.728 0.956
2800 0.765 0.939
2900 0.783 0.929
2920 0.789 0.927
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B.2. Viscosity Results

Table B.2. Viscosity of 2-15wt% PSin decahydronaphthalene.

412,000 M, PS in DHN

Temperature (°C)

126,000 M,, PS in DHN

Concentration Viscosity

Temperature Concentration Viscosity
°C) (Wt% PS) (cp)
34.73 1.90 4.85
34.43 2.98 7.586
33.62 4.97 15.74
34.72 9.97 105.4
34.96 15.02 520.0
60.48 1.90 3.392
60.27 2.98 5.089
60.52 4.97 6.906
61.03 9.97 61.85
60.92 15.02 283.8
90.21 1.90 2.221
90.3 2.98 3.247
90.38 4.97 5.026
91.1 9.97 36.19
91.21 15.02 180.5
119.2 1.90 1.158
119.7 2.98 1.939
120 4.97 4.058
120.1 9.97 24.84
120.3 15.02 113.2
149.1 1.90 0.964
147.3 4.97 2.14
148.2 9.97 16.07
150.1 15.02 88.04

(Wt% PS) (cp)
35.8 2.01 3.69
33.51 2.97 4.66
34.66 5.00 7.47
34.18 10.04 23.15
34.16 15.25 75.82
59.74 2.01 2.57
60.5 2.97 2.97
59.95 5.00 4.94
61.35 10.04 13.79
60.27 15.25 38.63
90.24 2.01 1.72
89.47 2,97 1.96
90.15 5.00 3.33
90.12 10.04 8.82
90.29 15.25 22.85
120.2 2.01 1.15
120 2.97 1.41
119.7 5.00 2.23
119.4 10.04 6.10
119.1 15.25 15.23
149.4 2.01 0.76
149.5 2.97 1.03
149.8 5.00 151
146.7 10.04 4.45
147.8 15.25 10.61
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Table B.3. Viscosity of decahydronaphthalene (76% trans/24% cis).

Temperature Viscosity

(’C) (cp)
31.49 1.885
57.14 1.283
89.77 0.815
118.1 0.607

Table B.4. Intrinsic viscosity of PSin decahydronaphthalene.

Intrinsic Viscosity

M, T(°C) (mL/g)
126000 40 30.765
412000 40 55.994
412000 90 71.57
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Table B.5. Viscosity of PSin decahydronaphthalene at varying CO, pressures.

12.5 wt% PS

2.97 wt% PS 8.5 wt% PS

1.16 wt% PS

412,000 M,, PS in DHN with CO,

CO, ] ]
Tempoerature Pressure Viscosity
33.0 15 224.5
36.03 733 41.33
90.0 15 78.44
91.27 788 15.97
91.79 1473 7.32
90.81 1949 3.18
147.3 15 36.33
149.9 770 5.96
150.3 1539 4.23
33.47 15 54.17
36.7 789 16.90
90.0 15 22.36
90.06 848 4.16
91.77 1507 2.35
91.83 1911 1.43
150.0 15 9.86
150.7 789 2.94
148.9 1490 1.68
149.7 1989 0.46
150.4 2852 0.35
31.46 15 7.27
36.34 805 3.79
88.1 15 3.25
91.78 799 1.50
91.91 1468 1.09
91.88 1975 0.58
148.5 15 1.10
150.2 806 0.89
150.4 1555 0.36
150.5 1961 0.35
150.6 2960 0.28
33.6 15 3.82
36.29 793 1.68
91.46 15 1.52
90.83 803 1.09
91.78 1435 0.64
92 1979 0.41
149 15 0.84
149.3 775 0.41
150.3 1444 0.36
150.6 1912 0.30
150.7 3007 0.29

10 wt% PS

8.5 wt% PS

3.1 wt% PS

1.1 wt% PS

126,000 M,, PS in DHN with CO,

CO, ] )
Tempoerature Pressure Viscosity
33.09 15 23.35
36.31 744 6.08
91.16 15 7.22
92.03 715 4.72
92.13 1366 257
145.9 15 3.62
149.9 715 3.00
150.5 1426 2.30
150.6 1812 2.01
35.32 15 20.09
34.87 783 6.09
89.7 15 6.39
91.62 765 3.68
92.01 1515 2.05
914 1926 0.57
148.2 15 2.33
149.7 792 1.90
150.2 1465 0.61
150.5 1931 0.67
150.4 2898 0.47
33.78 15 4.95
35.94 787 1.66
91.31 15 1.92
91.71 796 0.80
91.53 1122 0.47
89.23 1443 0.63
91.78 1998 0.37
150.0 15 0.95
149.6 929 0.84
150.1 1348 0.52
150.5 2004 0.43
150.5 2992 0.33
33.47 15 2.69
36.32 779 1.33
91.15 15 1.43
92.11 826 0.99
90.44 1415 0.75
91.95 1968 0.48
147.6 15 0.93
150.5 722 0.81
148.5 1421 0.64
150.7 2836 0.44
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B.3. Dynamic Light Scattering Results

Table B.6. Diffusion coefficient of 412,000 M , PSin decahydronaphthalene.
PS

Concentration Temperature D x10
(Wt%) °C) (cm?s)
0.50 25 0.60
0.50 60 1.30
0.50 60 1.16
0.50 90 1.98
0.50 120 2.72
0.50 150 3.80
0.75 25 0.58
0.75 60 1.25
0.75 60 1.21
0.75 90 1.92
0.75 120 2.91
0.75 150 3.94
1.00 25 0.58
1.00 60 1.27
1.00 90 2.04
1.00 120 3.06
1.00 150 4.28
1.25 25 0.53
1.25 60 1.38
1.25 60 1.33
1.25 90 2.05
1.25 90 2.01
1.25 120 3.03
1.25 150 4.32

Table B.7. Infinite dilution diffusion coefficient and hydrodynamic radius of 412,000 M, PSin

decahydronaphthalene.
Temperature D x10
°C) (cm’/s) Ry (nm)
25 0.68 15.98
60 1.15 16.45
90 1.94 17.00
120 2.54 18.87

150 3.43 20.52




Table B.8. Diffusion coefficient of 412,000 M , PSin decahydronaphthalene with CO..

PS CO, ,
Concentration Concentration Temperature Pressure D x10
(Wt%) (mol%) (°C) (psia) (cm2/s)
1.00 42 25 1230 2.16
1.00 42 90 1986 45
1.00 42 150 2378 5.87
0.75 10 25 606 1.39
0.75 10 90 999 3.43

0.75 10 150 1671 5.22
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