9 Summary and Discussion

9.1 Summary of the Current Work

The use of supercritical fluids for the extraction of organic compounds has been a
commercid process for many years. More recently, supercriticad fluids are recelving wide
atention in manufacturing processes as deaning solvents and reaction media This
ressarch work has investigated the use of supercritical solvents in yet another area of
potentid manufacturing application: the removad of polymer coatings by (supercriticd)
solvent swelling.

The Supercritical Fluids Facility & LANL has engaged in experimentd work on a
wide range of polymer coatings, applied to a range of subdraes. Hidoricdly, the
experimental approach has been largely trid and error, snce no method was available to
predict, the effect of a given solvent compostion, a arbitrary processng conditions, on
an abitray polymer/substrate combination. This meant that the amount of necessary
experimentation is usudly quite large. The gStuaion was doubly problematic Snce even
the data obtained from successful experiments could not be used to benefit subsequent
goplications, involving other polymers and/or solvent sysems.  Consequently, the focus
of this work has been the devdopment of a modd framework, which explains the past
experimental results, and which can incorporate these results so that predictions could be

made on untested polymer/substrate combinations.
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This raises the quedtion as to what the ultimate god of such a predictive modd
framework should be. It is intended that the modd developed in this work be able to
reduce the amount of experimenta trids required to achieve a particular supercritica
solvent/polymer interaction. Because of the nature of the equipment required to conduct
high-pressure  experimentgprocesses,  diminating even a few expeimenta runs
represents a dgnificant cost savings, not only in terms of manpower, but dso more
importantly in terms of equipment, as high-pressure sysems are relatively expensve to
maintain and operate.

The model framework, developed and presented in the previous chapters of this
dissertation, is built upon (1) the assumption that the molecular interactions present in a
three-component system  (solvent/cosolvent/polymer) can be accurately described by a
suitable combination of the molecular interactions present in a matrix of two-component
gysems, (2) a means of describing the molecular interactions present in the various two-
component systems that is valid over a wide range of temperatures and pressures, and (3)
the method used to describe the molecular interactions in the pure components is largey
independent on the identity of the pure component. The method chosen to describe the
molecular interactions for the pure components is the three-component solubility
parameter concept proposed origindly by Crowle®®® and Hansen (HSP).*®'  This
particular approach was chosen over severd dternate possbilities (Section4-2) because
it has been shown to provide a relaively good description of the solubility behavior of a
wide range of liquid and gaseous solvents and polymer systems. As a result, a fairly large

indudrid following has been built up, incdluding the publishing of numerous compilaions
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of measured and/or cdculated <Olubility parameters, as wdl as well-developed
calculation methods, in the absence of tabulated values.

The development of the modd required the development of a methodology for
expressing HSP vdues for solvents and cosolvents in the gaseous, liquid, and
supercritica fluid phases, as wel as polymers. The gpproach adopted in this work was to
fird determine a st of ambient-condition HSP's for the solvent, and then to devise a
method of extending this sngle point in solubility parameter space to any abitrary
temperature and pressure. This entalled the verification of previoudy avalable
temperature derivative functions, and, for the derivation of nove pressure derivative
functions. Such a methodology was developed and demondrated for pure solvents and

cosolvents, usng CO2 as an example. CO» has been extensvely studied and its use as a

supercriticd  flud is wdl edadlished in  high-pressure  chromatography and  fluid
extraction gpplicaions. The resulting ability to express molecular interactions, in terms
of HSP's, for a pure fluid solvent in a way which unites the liquid, gas, and supercritical
phases, represents an advancement in understanding the role of solvents in both existing
goplications, as wdl as the new, proposed, application (polymer coatings remova). It is
important to note that the equations developed are not specific to any particular
compound and are gpplicable to any solvent, cosolvent, or polymer HSP's,

Following the development of temperature- and pressure-dependent HSP's for the
pure components, methodologies were developed to combine these pure component
HSP's to describe the six, unique pairs of components present in a ternary system

(Section 2.3). Also required at this step was the development of a method to describe the
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influences of not only temperature and pressure, but dso sweling into the resulting
polymer HSP's.

Findly, the various two-component HSP descriptions were used to mode the
bahvior of two codings remova goplications involving different
solvent/cosolvent/polymer systems.  Severd organic compounds were evauated as mode
cosolvents, including a least one example each of a non-polar fluid, a Lewis acid, and a
Lewis bae. Thee examples, dlow the evaduation of the rdative magnitude of
intermolecular effects that can be expected when deding with a generdized supercriticd
fluid/polymer sysem. With the solvent and cosolvent(s) thus fully described by HSP's,
mixture values are devel oped.

The polymers evauaed in this work were sdected from two example
goplications. These polymers are pure and relatively wel characterized. In addition,
exiging expeimentd daa was avalable for evauaing polymer/solvent interactions,
goecificdly polymer swdling in a supercritical fluid.  This is necessxy in order to
incorporate the change in polymer volume (due to swelling) nto the polymer HSP vaues.
Further, as was the case for the polymers evaduated here, the behavior of polymers in a
supercriticd fluid environment can vary. As will be discussed in the following section, a
paticular polymers behavior may be predicted with an gppropriate polymer/fluid EOS,
however, for the development of a descriptive methodology, the use of experimenta data
dleviates the potentia of overlgpping models generating a desired outcome,

Use of HSP vdues for new gpplicaions generdly involve matching parameters
between two (or more) components in terms of some previoudy defined radius of

interaction. The radius of interaction used for the polymers in this research are based on
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the dissolution behavior of these polymers in organic liquid solvents, R™. The direct
aoplicability of this radius for polymer/supercriticd fluid interactions is not known, but
based on the results of this work, a larger interaction radius (R°") appears to be

avalable for the prediction of favorable interactions. As with the database generated
ovatime and as a result of numerous polymer/liquid evaduations for the determination of
R the cregtion of a Smilar database for polymer/supercritical fluid systems, R, will
be necessary to increase the usability of the model framework devel oped here.

Chapter 8 serves as a compilaion and review between the observed, experimental
results, and the effects that would be predicted by the current modd. In the first generd
goplication, photoresst on dlicon wafers, the experimenta result was known and the
mode predicted favorable results for both the experimental conditions — in agreement
with experiments. The second generd gpplication, polymer film on duminum drums an
gpplication where the answer was not known, but the polymer was well characterized, the
mode predictions were consstent with experimental results at different temperatures and
pressures.

Results of the research indicate dgnificant promise in the use of supercritica
fluds for replacement of organic liqud solvents for polymer coaing removd
goplications.  In terms of the goa of reducing the amount of required experimentation,
predictive capabilities are atanable for supercriticd fluid/polymer sysems, where the
seps undertaken in this work are carried out and no equipment limitations in terms of

temperature or pressure are encountered.  Specifically, full characterization of the solvent
and polymer in terms of HSP vaues, and matching these components such that Ra < R,

dlows the devdopment of a very narowly defined experimenta matrix. This is a
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sgnificant improvement over the current tria and error gpproach, and greetly reduces the

required experimentation.

If equipment limitations are a factor, or if reduction of the required temperaure
and/or pressure is dedrable for a particular application, this research demondrates that
the use of cosolvents, specificdly cosolvents chosen to target specific interactions (Lewis
acidlbase) with the polymer, broadens the temperature and pressure range where
favorable effects are achievable A complete understanding of these effects, and a
quantitative incorporation of these interactions into the modd framework will required
further research and is a consideration in Section 9.2

It is highly unlikdy that a predictive modd will ever be deveoped that would
diminate dl experimentation, smply because of the range of solvents, cosolvents, and
polymers that would be encountered in red applications. However, it is entirdy possble
that the proposed model framework could be expanded and refined to encompass more
and more experimenta dtuations, and provide increasng levels of predictive accuracy.
To achieve this goa of a comprehensive modd, the areas of expertise that would need to
be enlisted will be described.

1. Supercritical (and high-pressure) fluids, including the desgn and operation of high
pressure experimenta  equipment; solubility parameters, including the development of
equipment to make measurements on both fluids and polymers, polymer chemidry,
including the measurement of compodtion (if the polymer is not pure) Tg (and its
vaiation with both T and P), molecular weight, morphology (degree of crysdlinity),
cross-link dendty, as wdl as measurements of thermd expandon coefficient and

compressihility, and their temperature and pressure variaion (if extensve PVT data
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are not avalable or are not measured). Expertise in polymer equations of state might
well be required to ether transform the measured PVT into a form amenable to
automation, or to make use of data available for asmilar polymer.

2. Organic chemidry, to understand the behavior of conventiona liquid solvents, as wdl
as the behavior of solvent mixtures, and perhaps the synthess of new solvents
tailored to specific Stuations.

3. Thermodynamics, including the measurement of PVT data over a useful range of T
and P, and the determination or development of methods to predict physica
parameters such as therma expanson coefficient and compressibility, as well as ther
temperature and pressure variaion, especidly for those compounds intended as the
minority component of a supercritica solvent.

It will dso be necessary to generate vapor-liquid equilibrium measurements for
binay (or higher-order) solvent-cosolvent systems in which published data are not
avallable.

Phase equilibria models, including VLE modds, will have to be brought to bear
which can accommodate the behavior of complex, possbly multicomponent, liquid-
liquid and liquid-polymer sysems. This would most certainly include modds for
describing phase equilibria behavior of polymers exposed to supercritica fluids, such
as swelling, solvent sorption, and gass trangtion depression.

All of these areas have been touched on in the basc mode developed in this

work. It remains only to incorporate these improvements. This will be discussed as

future work.
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9.2 Suggestions for Future Work

The devdopment of HSP values for CO» was initiatled with totd solubility
paameter values determined usng fundamenta thermodynamics and a CO EOS. The
use of a more accurate COp EOS, such as that given by the IUPAC®®? may be available

and an area of future research may explore this issue in greater detall. However, the

methodology developed in this work is not limited to, nor is it specific to, COo.

Therefore, depending on the particular gpplication, solvent sdlection can include a range
of fluids for which the same framework considered here can be used. Appendix D
contains an aternative EOS reference for CO9, as well as EOS references for other fluids
which might see use as a supercritica fluid solvent: argon, nitrogen, water, ammonia, and
toluene,

The use of thermodynamics for the devdopment of solubility parameter vaues
for a given fluid, however, requires condderation in the applicability of equeting interna
pressure to cohesive energy densty. As noted in Chapter 4, these two quantities are
fundamentdly differert, especidly for highly polar fluids or molecules which exhibit
gpecific interactions.  Therefore, future work should include research into a means of
ether evauding directly through a corrdaion with other properties the ratio of internd
pressure to cohesive energy dendity (). A proposed concept is a relaionship correating
n with afluids dielectric congtant.

For the determination of the CO» HSP vaues an extensve evaudion of COo gas

solubility was conducted (Appendix B, Table B-3) and from this one set of HSP vaues
was derived. Two comments are worth noting in this determination. Fird is the method

used for optimizing the data set. More sophisticated optimization techniques are, of
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course, available, however the focus of this work was to illustrate the idea of the
determination of a set of HSP's udng solubility data. If additiond experimentation deata

were made avalable on the solubility of COo in a wider range of solvents for which the
CO2 oolubility were high, such improved optimization techniques would be worth
pursuing. A more difficult, athough perhaps more interesting issue is the implicit
assumption of equeting the HSP vaue to that of the solvent in which it is found to have

the grestest solubility, and whether there is such a thing as a perfect solvent for CO2. In

a “perfect” solvent, the solvent/solvent forces and solute/solute forces must be of smilar
type and magnitude if solvent/solute interactions are just as likely to occur as the sdf-
asociations, in essence an ided mixture. And yet HSP's do not necessarily represent al
the subtleties of intermolecular interactions, they are indead a generalized tool whose use
has been promoted by their baance between accuracy and smplicity.  Solvents,

therefore, which exactly match the HSP's of CO», may not even then represent dl of the

intermolecular interactions of that compound! These theories could be pursued with
research directed towards building or manufacturing “perfect” or “ided” solvents, and
subsequently  polymers as wel, to devedlop compounds which result in HSP vaues (or
some other quantification of intermolecular interactions) for COo.

Another key in the gpplicability of this research is characterization of polymers to
be processed by a solvent. This is because while the prediction of favorable or

unfavorable interactions with COo can be initiated from an andyss of the polymer

chemica dructure, including type and locetion of functiona groups, the polymer's

behavior following the sorption of CO» is difficult b predict. As exhibited in two of the

polymers sudied in this work, PMMA and PC, very different behavior can occur as a
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result of changes in temperature and pressure during CO9 sorption.  From the literature, it
was obsarved that PMMA initidly solubilizes a large amount of COp, reaulting in
consderable swdlings and dgnificant depressons in Tg However this behavior changes
with incressng temperature, where PMMA  sorption of COo decreases, a behavior

charecteristic of systems possessing a lower critical solution temperature.  Alterndively,

PC sorption of COo increases with increasing temperature, a behavior of systems

possessng an upper criticd solution temperature.  Further understanding in  these
opposite behaviors is necessary, and the contribution of collaborative efforts with a
polymer scientist would be extremely vauable in continuing this work.

The need for a modd to describe polymer sorption behavior was circumvented by
the use of experimenta sorption data available in the literature.  An improvement in this
goproach however, would be the use of modes which can be used to describe equilibrium
behavior of polymer phases exposed to gases, such as swelling, solvent sorption, and
glass-trangtion temperature depresson for glassy and rubbery polymers. Modes for
polymer phase equilibrium caculations fdl into two generd aress, latice theories and
cubic EOS's.

Lattice theories have been developed from the quasicryddline nature of
polymers.  For athough polymers are conddered liquid like when in a rubbery State, each
molecule aso tends to stay in a smdl region, a more or less fixed podtion in space, about
which it vibrates back and forth. The quascryddline picture of the liquid Sate supposes
molecules to St in a regular aray in space, caled a lattice, and therefore theories of
polymers and polymer mixtures are caled lattice theories®®® One of the best known

atempts to formulate a modd for these systems was the Flory-Huggins lattice modd.>%4
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Other lattice theories evolved out of this work, including the SanchezLacombe
EOS*®5°8¢ gnd the Panayioutou-Vera EOS.%87°%8  Alternatively, polymer/fluid systems are
aso modded with cubic EOSs. Two references for this type of gpproach include: (1) a
modification of the SRK EOS,>® and (2) amodification of the PR EOS.>%

A suggestion in future work would incorporate these theoreticd methods, to
devdop a larger polymer/SCF database.  This will quickly expand the polymer/solvent
systems which can be evauated and grestly enhance the models usability. The successful
incorporation of modeled data can potentidly include EOS for dl the systems evauated.
Such sysems would include (1) Pure Huids (either liquid or gas) EOS, such as the
Huang EOS used in this work or those referenced in appendix D; (2) Vapor/Liquid
Equilibria for supercritical fluid/cosolvent mixtures such as the RedlichKwong EOS, the
Soave-RedlichKwong EOS, or the Peng-Robinson EOS, with appropriate mixing rules,
(3) Pure polymer EOS as outlined in Section 55.1; and (4) Polymer/Huid Equilibria
discussed above.

Systems that are not suited to theoreticdl modeling must dso be addressed.  This
will require equipment and experimentation techniques capable of generating the data
needed to optimize the conditions for the desred effect. Specific measurements required
include;, polymer glass trandtion behavior in the SCF or SCF mixture environment,
polymer sorption of the SCF or SCF mixture as a function of temperature and pressure,
and polymer sweling as a result of solvent sorption as a function of temperature and
pressure.  Additiondly, purpose built equipment, capable of precisdly measuring the
temperature of the polymer film, as wel as the solvent throughout the experiment is

essntid. This in combinaion with a visud indication, or some other experimenta
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evidence of precisdly when the polymer coating is removed or effected in a dedrable
manner, is necessty to accurately develop experimental and ultimately indudrid testing.
Thisis aso necessary for building a supercriticd fluid radius of interaction database.

Where it is necessary to use cosolvents to promote polymer coatings removal,
experimenta results in Chapter 8 indicate that cosolvents capable of interactions such as
hydrogen bonding or Lewis acidbase complexing with the polymer should be
consdered. However, the ability to predict this type of enhanced interaction was not
quantified in this research. Therefore, a suggestion for future research is an incorporation
of the cosolvent effect (above the dight increese in the mixture HSP vaues), into the
modd framework. Such incorporation might take the shape of a quantified cosolvent
“factor”, developed from an expanded cosolvent experimental matrix or investigations
into the partitioning of the cosolvent towards the polymer phase. A method currently
being used to measure the partitioning of cosolvents is an in-Stu Fourier trandform IR
and UV-vis spectroscopy.®®!  This type of data, for incluson of a more developed modéd
would be ussful.

Figue 9-1 illusraes the use of the modd framework, for any
solvent/cosolvent/polymer  system, and briefly touches upon potentid areas of future

work.

9-256



Characterize the polymer

+ Chemical structure
- TQ

Identity

Interaction radius known?
= Cross-link density
= Molecular waight

= Palydispersity

v

CO1-079

Determine HSP's for the pure polymer

v

Select solvent

A) Equipment constraints

B} Solvent database

= Allowable T and P -l Solvent 1 HSP's = fT.F) acid/base
= Material compatibility Solvent 2 HSP's=fTP) acid'base

database | | |
Solvent n HSP's = T P) acid/base

v

Experimental data available:
Measured

* Tg = fisolvent] (T depression)
* [solvent] = ATcq, Peo,) —=(solubility)

= AV = [solvent] —=(swelling)
= HSP's = f[T,P, [AV])

Modeled

Determine HSP's of the polymer in the solvent
(Solvent-Polymer Interactions)

No experimental data available:
Measurements required

» Tg = fsolvent]— (T4 depressian)
« [solvent] = fiTcq,,Poo,) ={solubility)

= AV = fsolvent]—(swelling)
= H5P's = f[T,P, [AV])

* Tg = fsolvent] (AT Model, i.e. Chow)

*« Polymer/gas VLE ECS

* [solvent] = fiTeq,.Pea, ) —=(solubility)

« AV = flsolvent]—(swelling)
= HSP’s = f(T,P, [AV])

g

No:
Reselect solvent or
select cosolvent

Compare pure solvent HSP's to
Polymer HSP's in the sovlent

is Ra=Ro
and Tg < Tco_:?

+
Yes:

(Model predicts favorable
interactions)

Y

9-257




= | Select cosolvent

« Allowable T and P

{ A} Equipment constraints

= Material compatibility database

{1) expected acid/base characteristics of the polymer
{2) degree of mismatch of the pure polymer and pure solvent HSP's

B) Cosolvent database
Cosolvent 1 HSP's = {T.F)
Cosolvent 2 HSP's = {T.P)

I
Cosolvent n HSP's = AT,P)

acid/base
acid/base

|
acid/base

Y

Evaluate cosolvent/polymer interactions
versus cosolvent/solvent interactions =

{cosolvent/polymer favored over cosolvent/solvent)

Y

Use phase-equilibria (VLE) modeling to

determine the degree of cosclvent solubility in the solvent

Mo to all
Reselect cosolvent

v

Based on the expected solubility,
determine the mixture HSP's

Y

Figure 9-1 Model framework flow diagram.

Can sufficient cosolvent be
solubilized to bring HSP's of
solvent/cosolvent mixture in line with
the polymer H5P's at some T&P?

Or

Is the cosolvent partitionad into the polymer
such that the mixture HSP's are in line
with the polymer HSP's at some T&P?

Or

Are the polymer HSP's futher effected
due to ternary system consequences, i.e.,
enhanced swelling, resulting in
favorable mixture/polymer HSP's at
some T&PT

Yes to any

(Model predicts favorable

interactions)

=

9-258

coi-ota



