8 Comparison of Theoretical Model with Experiments

8.1 Equipment

8.1.1 Photoresist Removal from Silicon Wafers

Polymer coating removd experiments were conducted on two different
components. (1) dlicon wafers (see Sectionll), and (2) anodized aduminum
photoconductor drums (see Section 1.2). All experiments were performed a the
Supercriticd  Fluids Fecility a the Los Alamos Nationa Laboratory, utilizing two
experimenta setups. Experiments on the remova of photoresst from sglicon wafers were
caried out in a commercid 10liter high-pressure vessel. This vess is pat of a
computer controlled, closed-loop system, having red-time temperature and pressure
control and a variable-gpeed internal impedller. The sysem operates in a dynamic mode
with a flow rate of 2.7 lite/hr. Temperature control is maintained through a “process
logic control” feedback loop with inputs from one thermocouple a the top of the pressure
vessel and one thermocouple in the vessd bottom (+ 2°C).  Equipment maximum
temperature and pressure limitations are 90°C and 3000 psi, respectively. Figure 8-1(a)
shows a view of the vessd, a the far right-hand sde of the cabinets, dong with the
asociated gas handling equipment and computers. Figure 8-1(b) is a view indde the
vesse. An 8 dlicon wafer can be seen mounted in the vessdl, dong with ahigh-pressure

color CCD camera.
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(@) (b)

Figure 8-1. (a) View of the Los Alamos National Laboratory Supercritical Fluids
Facility, showing the automated, 10-liter pressure dystem. (b) View inside the 10-liter
high-pressure reaction vessel.

Expeiments on many photoresst polymers have been conducted a the
Supercriticd  Huids Facility, usng various combinations of T, P, and cosolvents.
However, only the PMMA photoress was aufficiently characterized in terms of
composition to adlow a comparison between experimenta results and the predictions of
the HSP modd. The remaning photoresst polymers were ether of unknown initid
compostion, or had been subjected to trestments such as ion implantation or plasma

etching, again resulting in an unknown overdl composition.

8.1.2 Polymer Removal from Photoconductor Drums
Experiments on the removd of polymer coaings from the aduminum
photoconductor drums were conducted in a purpose-built, 105ml bench-top high

pressure vessd. A schematic illudration of this equipment is shown in Figure 8-2(a) and

(b).
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Figure 8-2. Schematic illustration of the 105 ml bench top supercritical fluid system
used for the photoconductor drum experiments. (a) CO) source, pumps, and cosolvent

injection/mixing system. (b) High pressure cleaning vessel, temperature controls, and
depressurization vessel.

Unlike the 10-liter vessd system, the bench top system was suitable only for gatic
(non-continuous flow) experiments. However, the bench top syslem does dlow for easy
changing of cosolvents, minimum cosolvent usage (based on volume fraction), and rapid
depressurization.  The rate of depressurization was recognized to be an important varigble

ealy in the experimentd testing. The sweling of a polymer with CO2 reaults in a

decrease in polymer/polymer molecular interactions, as described in Chepter 6, and a

reduced polymer solubility parameter. Additiona disruption of  polymer/polymer
8-193



intramolecular interactions can adso occur through specific interactions with the

solubilized CO2 and/or cosolvent.  Upon depressurization, the solubilized COo, begins to

expand as the vessdl pressure decreases.  This expanson of the gas, and the reduced
hydrogtatic pressure exerted on the polymer, often results in a temporarily-enhanced
polymer sweling effect. Before the polymer/polymer interactions can be reestablished,

gress cracks, bubbles or complete debonding of the polymer film can occur as the CO»

rapidly desorbs. Rapid depressurization rates were not possble usng the 10-liter vessd,
athough upgrades to the system are currently underway.

The pressure in the 105 ml vessd was controlled with two 1SCO high-pressure
gyringe pumps, esch with its own controller.  The first pump, ‘ISCO A’ in Figure 8-2(a),
pressurized and supplied pure CO2 to pump ‘ISCO C', which was used as a vessd for the
mixing the COo and cosolvent. Intermediate to pump ‘ISCO C' is an injection valve,
located to allow the CO» to deliver a messured amount of cosolvent to the mixing vessd
and pump. The number of cosolvent injections was determined based on the desired
overdl mixture compogtion, with the injection loop supplying a maximum of 25ml of
cosolvent per injection.  The cosolvent concentration typicaly varied from 2 to
3.8 val.%. The volume of each syringe pump is 266 ml.

The vessd was hegted to the desired processing temperature with an externd hesat
tape. The vessd temperature was monitored with an externd thermocouple, and adjusted
to maintain the desred temperature during the experiment. Precise temperature control
was not possble with this sstup, but observed fluctuaions were less than + 7°C.
Equipment maximum temperaure and pressure limitations are 100°C and 3000 psi,

respectively
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8.2 Results

8.2.1 Photoresist Removal from Silicon Wafers

Silicon wafers, 3" in diameter, coated with approximately 12-14 nm of PMMA
photoresst were supplied by Agilent Technologies. The resst was identified by Agilent
as a podtive acting photoresist (as described in Section1.1), which had been baked at

160°C. Two remova experiments were conducted, with the trestment conditions shown

in Table 8-1.

Table 8-1. Experimental conditions of the PMMA photoresist removal experiments.

Resist T (°C) P (psi) cosolvent vol.% | Time (min)

PMMA 50 3000 butylene 19 10
carbonate

PMMA 60 3000 propylene 0.6 20
carbonate

Butylene carbonate and propylene carbonate, Figures8-3 and 8-4, are organic
cyclic eders supplied by Hunstman Corporatiion. Both cosolvents contain carbonyl

functiona groups, which are expected to act as Lewis basesin CO».

O

H
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Figure 8-3. Butylene carbonate, HSP values™°: =170 MPa]/Z, & =6.1 MPam, and
oh = 9.8 MPa"”.
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Figure 8-4. Propylene carbonate, HSP values™': dj = 20.0 MPa'”, g =1 8.0 MPa'”,
and d, = 4.1 MPa"".

An asreceived, photoress-coated slicon wafer is shown in Figure 8-5(a), while
Figure 8-5(b) shows a smilar wafer after the successful remova of the polymer coeating

using CO2/propylene carbonate at the conditions noted in Table 8-1.

(a) (b)
Figure 8-5. (a) Silicon wafer coated with PMMA photoresist, (b) Silicon wafer stripped
of photoresist coating.

Figure 8-6 (a) and (b), shows higher magnification optical images of the edges of
an untreated, Figure 1-6(a), and treated, Figure 1-6(b), silicon wafer. The left-hand image

clearly shows the boundary of the polymer coating.
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Figure 8-6. (a) As received silicon wafer coated with PMMA photoresist. (b) Silicon
wafer stripped of photoresist coating after treatment with CO)/propylene carbonate

(0.6 % v/v) at T = 60°C and P = 3000 psi.
Table 8-2 gives the HSP vdues of the COo/cosolvent mixture, calculated using

egn. (6-22), as well as HSP vaues of the PMMA, ad the vaue of Ra, cdculated usng
egn. (5-20) in Section 5.2.1. Recdl that Ra is the distance (expressed as a radius) from

the HSP vaue of PMMA a T and P, to the HSP vaue of the CO2/cosolvent mixture & T

and P. For clarity, egn. (5-20) is given aan as egn. 8-1, with the cdculation of Ra for

the firgt treetment condition shown in Table 8-1.
(Ra)z =4(d,, - ddl)2 + (dp2 - dpl)2 +(d,, - dh1)2 (8-1)
(Ra)? = 4(10.7 - 10.3) + (5.8- 4.4)* + (4.0- 4.8)°
(Ra)? =3.24
Ra =18

Table 8-2. HSP values of the solvent mixture and PMMA and Ra at the treatment
conditions.

T P Solvent Mixture HSP’s PMMA HSP’s Ra
°C) | (psi) (MPa"?) (MPa"?) (MPa"?)
di o) d di o) ch
50 3000 10.3 4.4 4.8 10.7 5.8 4.0 1.8
60 3000 9.3 43 45 11.2 5.9 4.0 4.3
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For the two treatment conditions shown in Table 81, the PMMA is predicted to
be sgnificantly plasticized, with Tg estimated to be —125°C, usng egn. (6-12). In
addition, the distance between the HSP values of the solvent mixture and of the MMA,
identified by Ra (see Table 8-2), is below the reported PMMA interaction radius of
8.6 MPa?.%%2  The PMMA interaction radius noted in the literature, R = 8.6 MPa'?,
was determined on the basis of the dissolution behavior of PMMA in a range of liquid
solvents.  An interaction radius based on the swdling behavior of PMMA in a SCF is

unknown. However, because of the enhanced diffuson of SCFs, an interaction radius

larger than that noted for liquid solvents is anticipated. Therefore, the reported liquid
interaction radius, R", will be assumed to be aminimum radiusfor SCF's, R".

Because the Tg of PMMA is dgnificantly depressed a both of the trestment
conditions noted in Table 8-1, favorable swelling conditions exist (i.e. CO2 sorption and
polymer swdling increase with incressng pressure). In addition, for both trestment

conditions the Ra value (see Table 82) is less than the R vaue noted for dissolution of

PMMA in liquid solvents. Therefore, based on the fact that 7T, > 7, ”2and Ra < R,

the modd framework predicts favorable conditions for the promotion of coaing removad
by polymer swelling for both of the experimenta treatments in Table8-1. These
predictions are in agreement with the experimenta results, where successful remova of
the PMMA photoresist from the silicon wafers was achieved.

Figure 87 shows, in schematic form, the modd predictions of the HSP vaues for

PMMA and CO»/butylene carbonate mixture, and CO2/propylene carbonate mixture.
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Figure 8-7. Predicted PMMA and CO) mixture HSP values as the temperature varies
from 25 to 100°C and at 3000 psi.

From Figure 8-7, the HSP vadues of PMMA can be seen to approach those of the
solvent as the temperature is increased, up to a temperature of approximaely 70°C.
Above 70°C, the PMMA HSP vaues begin to increase with increasing temperature. At

the two treatment conditions of T=50°C and 60°C and P=3000 pd, the radius of
interaction is minimized, i.e, Ra < R < R’ | and the predicted conditions are optimal
for experimenta testing.

It should aso be noted thet the distance between the HSP values of pure CO» and

of the PMMA, a the given experimentd conditions, is Re=19 and 4.5MPa’?

respectively. The estimated depression in Ty and the match of HSP vaues, as quantified

by Ra, indicates that pure CO2 should also be a“good” solvent for PMMA.
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8.2.2 Polymer Removal from Photoconductor Drums

Aluminum photoconductor drums were provided by Lexmark Corporaion with
three coating schemes, as seen in Fgurel-2; (1) PC only, (2) poly(vinyl butyrd) only,
and (3) poly(vinyl butyrd) and PC,. The drums, origindly 12 inches long, were cut into
linch lengths so that one of each of the three types of coated drums could be run
smultaneoudy in the 105 ml pressure vesse. The vessd, with the drums placed inside,
was hesated to the desired processing temperature with an externa heet tape. The vessd
temperature was monitored with an externd thermocouple, and adjusted to mantain the
desred temperature during the experiment. This externad thermocouple temperature was

assumed to equa the drum temperature throughout the experiment. COy or
COolcosolvent mixture was injected a the desred experimental pressure, but for all

experiments the temperaiure of the solvent was initidly equal to room temperature
(approximately 25°C). At the end of each experiment the CO2 or COo/cosolvent mixture
temperature was assumed to equa the temperature noted by the externa thermocouple.

All experiments using the bench top sysem were conducted for 20 minutes a
gatic (non-flowing) conditions, followed by two pressure pulses, 3000 to approximately
1000 psi, or 1500 to 1000 pg; followed by a rapid depressurization to atmospheric
pressure.  The experimenta conditions are given in Table 8-3. Also given in Table 8-3

are the HSP vdues for pure CO2 or CO»x/cosolvent mixture (initidl and find conditions),

PC, and PVB a the experimentd conditions. Unlike the wafer experiments discussed
earlier, where the solvent and polymer temperatures are assumed to be equd throughout

the experiment, the COy and/or COp/cosolvent mixture temperature, and consequently

the HSP vaues of the solvent, vary from vadues a room temperaure (gpproximatey
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25°C) to the find experimentd temperature (see Table 8-3). Therefore, there is an initia
radius of interaction, Ra; and a find radius of interaction, Ray, reflecting the range of
conditions between the solvent and polymer HSP's, where each Ra is the distance from
the HSP's of the polymer a T and P to the HSP's of pure CO2 or CO2/cosovlient mixture
at itsinitid and find T and P.

Presentations of the modd results include plots of the HSP values of the solvent
(pure CO2 or COo/cosolvent mixture) at the initid and find experimentd T and P, as
well as the polymer HSP vdues a the experimental T and P. These HSP vaues,
representing a point in three-dimensiond solubility parameter space, can be represented

in atwo-dimensond diagram using fractiona solubility parameters,

= 8-2

e 62
dP

=— 7 8-3

I e ®3)
dH

= 8-4

U hrsrrarrs 64

Plots of fractiond solubility parameters, such as Figure 8-9, are known as a Teas
plot.>®>®  The fractiond solubility parameters, as given in a Tess plot, dong with the initidl
and find tota solubility parameters, completdly define the extent of HSP matching
between the solvent and polymer as the solvent temperature varies from room
temperature to the fina experimentd temperaiure. In terms of fractiond parameters on
the Teas plots, congderation must be given to the proximity of the points as well as the

totd solubility parameter vdue.  As an ad in making this comparison, the initid and
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find Ra vaues are given, as well as the R for the polymer, which, again, is the radius of
(dissolution) interaction of the respective polymer in liquid solvents Optimum
conditions are predicted for7,, > 7,” and Ra< R’ (where R’ is assumed to be

> R Photographs of the treated drums are dso included for each experiment.
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Table 8-3. Experiment conditions of temperature, pressure and cosolvent concentrations for the photoconductor drum
experiments.

T| P cosolvent vol. Mix HSP Mix HSP PC HSP (MPa"?) PVB HSP (MPa'?)

°C)| (pd) % (MPa"?) (MPa"?) Ra; = initid radius Ra; = initid radius

(intid) (findl) Ray = initial redius Ray= initid radius
dy o | o oy & | o oy & | oh | Ra; Raf d o o Ra; Raf
45| 1500 | none 10.7|45]50]| 67 |37 40| 16 | 56|64 108 189]166|7.0| 114|137 214
45| 3000 | none 122147|53|106|45|48(163|57|68] 84 [116]167|70[115[11.2] 141
75| 1500 | none 10.7 45|50 24 |25 26| 156|56(6.1] 99 [ 268 16.2|69]11.3]13.7] 29.3
75| 3000 | none 12214753 78 [39|41|160|56][6.7] 7.8 [16.7]16.3]6.9|11.4|11.2] 187
100| 1500 | none 107 45|50 1.8 |22|22]146|54]|57] 79 [26.0]159]6.8]11.3]13.7] 300
100| 3000 | none 122 47|53 57 |35 35|152[55(6.6] 6.2 [19.4[16.0|69]11.3]11.2] 22.3
75| 3000 | hexane 100|124 42]48] 84 [35[37|160|56|6.7| 77 [ 156|163[6.9] 114 | 106| 17.9
40 | 1500 | ethanol 38 [109[47|55| 85 [4.2|50|160(|56|65]103]152(16.7|7.0] 115|133 17.9
40 | 3000 | ethandl 38 [123[49|58|112[47|54|164| 57|68 82 [106]168]7.0| 115|108 13.0
85| 1500 | ethanal 38[108[47][55| 27 [26]3.0[153|55[6.0| 90 [256]16.0[69]11.3|12.1] 283
75| 3000 | ethanal 38 [123[48|58| 80 [40|45|160(|56[68| 75|163[163|69]11.4|100][ 182
100| 1500 | ethanal 28 1109(47|55] 21|24 26|146]|54|58] 7.7 [ 253[159(6.8] 113121 29.2
100| 3000 | ethanol 28 [123[49|58| 59 |36 39|152|55|66| 6.0 |189[160(69]11.3| 9.7 | 196
40 | 1500 | acetone 38 [109[47|51| 85 |42|45|160|56[65]104]153[16.7|7.0]115|135]( 18.1
40 | 3000 | acetone 38| 123[49]54|112|47|50][164|57]68]| 83 |107]168[7.0[115|11.1] 132
85 | 1500 | acetone 38 [109[47|51| 80 [41]42|153|55[6.0| 91 |257[160(6.9] 113|123 285
75| 3000 | acetone 38 1234954 26 |27 25[160(|56|6.7| 76 |162|163[6.9]11.4(10.3| 183
40 | 3000 | cyclohexanone | 1.5 [ 12.3|4.7|53[11.1|45| 49[164|57|6.8| 84 | 108]16.8|7.0]11.5|11.2]| 134
65 | 1500 | cyclohexanone | 2.6 | 108 45|50 33 [ 28] 28| 157| 56| 62| 99 [ 252|163 69| 114 129] 27.7.
65 | 3000 | cyclohexanone | 2.6 | 1234753 89 |41] 44| 161]|56]6.7] 7.8 [147|16.4]6.9|11.4]105] 16.8
75| 3000 | cyclohexanone | 2.6 | 123 47|53 85 | 41| 42| 16.0[56|6.7| 75 [ 152 163|6.9|11.4| 10.3] 174
100| 1500 | cyclohexanone | 2.6 | 10.8 45|50 2.2 [ 23| 23| 146|54[57| 76 | 253|159 6.8[ 11.3]12.1] 29.3
100[ 3000 | cyclohexanone | 2.6 | 12.3|4.7| 53| 45|59] 36| 152|55[6.6| 6.0 | 188|16.0[6.9]11.3] 9.8 | 218
40| 3000 | THF 30 [123[|47|54|112|45| 501645768 83 |107[168|7.0] 115|111 13.2
75| 1500 | THF 28 1108(45(51] 30[26]28[156(|56(61] 96 |257|162(69] 114127 282
100| 1500 | THF 20 | 108[45(51] 21|23 23]146|54|57| 77 |255|159(6.8] 113|122 295
100| 3000 | THF 20 [123[|47|54| 59 |35 36|152|55(|66| 6.1 [190[160(69]11.3| 9.8 | 21.9
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Prior to discussng the results of the coatings remova expeiments on the
photoconductor drums a few comments regarding the poly(vinyl butyra) coating are
necessty. While the surface of the gdlicon wafers were nearly atomicaly smooth, the
surface of the photoconductor drums are anodized to provide a desired surface roughness
and protective oxide coating. This surface roughness, combined with the thinness of the
PVB coating (~ 1nmm), produces a mechanicd bond between the PVB and the drum
aurface, in addition to any chemicd bond. The modd framework developed here,
however, does not account for subgtrate/polymer interactions nor mechanica bonding.
The extreme thinness of the PVB coating results in a very limited ability of the PVB to
swvel, making this specific combination of subgrate and polymer a particularly difficult
gopliction for the current modd, which consders only intermolecular forces of
attraction between the polymer and solvent).  Visud results of the treatments on the PVB
film are induded in the following figures, however no direct comparisons with the HSP
model are made.

Figure 8-8 shows examples of the three types of polymer-coated drums prior to

trestment by supercritical fluid solvents.
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Figure 8-8. Untreated aluminum photoconductor drums with polymer coatings;
(left) ~ 1 vm —thick  poly(vinyl  butyral)  coating only, (center)~ 25 rm —thick
polycarbonate coating only, (right) ~ 25 nm —thick polycarbonate coating over ~ I rm —
thick poly(vinyl butyral) coating.

8.2.2.1 Pure CO»

Photoconductor drums coated with PC only, PVB only, and PC/PVB were treated
with pure COo a T=45°C, 75°C, and 100°C, and P=1500psi and 3000 ps. The
resulting HSP vaues for CO9 (initid and fina) and PC & these conditions, are plotted in
Figures8-9, 811, and 8-13. Also indicated on these Teas plots is the initid Ra; vaues
and the find Ray velues, where Ra is the distance from the HSP value of PC a T and P
(open symbols), to the HSP values of CO» & its initid and find T and P (filled symbols),
cdculated usng egn. (5-20) in Section 52.1. The R vaues indicated for PC>*

represent the interaction radius for the polymer, based on its dissolution behavior in a

range of liquid solvents. A corresponding interaction radius for PC in a SCF system is
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not known, R, but its vaue is expected to be greater than, due to the increased

diffuson capabilities of a SCF solvent versus aliquid solvent.

0.0 0.0

00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10

dp . dp
® CO2, 25 to 45°C, 1500 psi ©  PC,45°C, 1500 psi B COy, 2510 45°C, 3000 psi O pc, 459, 3000 psi
1/2 1/2
= - d7=18.1 MPa*? Ro=55
dr=12.6t08.6 MPa'’, Ra=10.8t018.9 dr 47 = 14110125 MPa"”, Ra=8410116 dy=18.6 MPa™ Ro=5.5

(@) ()
Figure 8-9. (a) HSP values of CO» and PC, atT = 25 to 45°C and P = 1500 psi. (b) HSP
values of CO» and PC, at T = 25 to 45°C and P = 3000 psi.

Visud results of the pure COo trestments, a the temperature and pressures

indicated in Figure 8-9(a) and 8-9(b), are shown Figure 8-10(a) and 8-10(b).

(@ (b)

Figure 8-10. Appearance of polymer coated photoconductor drums treated with pure
COyat(a) T =25 to 45°C, P = 1500 psi, (b) T = 25 to 45°C, P = 3000 psi.
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(@) ®)
Figure 8-11. (a) HSP values of CO» and PC at T = 25 to 75°C and P = 1500 psi. (b)
HSP values of CO» and PC at T =25 to 75 °C and P = 3000 psi.

Visud results of the pure COp treatment, a the temperature and pressures

indicated in Figure 8-11(a) and 8-11(b), are shown Figure 8-12(a) and 8-12(b).

(@) ®)

Figure 8-12. Appearance of polymer coated photoconductor drums treated with pure
COrat (a) T =25 to 75°C and P = 1500 psi, (b) T = 25 to 75°C and P = 3000 psi.
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Figure 8-13. HSP values of CO» and PC at T = 25 to 100 °C and P = 1500 psi. (b) HSP
values of CO» and PC at T = 25 to 100 °C and P = 3000 psi.

Visud results of the pure COp treatment, at the temperature and pressures

indicated in Figure 8-13(a) and 8-13(b), are given in Figure 8-14(a) and 8-14(b).

(@) (b)
Figure 8-14. Appearance of polymer coated photoconductor drums treated with pure
COrat (a) T =25 to 100°C and P = 1500 psi. (b) T =25 to 100°C and P = 3000 psi.
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8.2.2.1.1 Observations of Polymer Coating Removal Experiments using Pure
CO;

The results of the experiments described in Figures8-10, 8-12, and 8-14 are
ranked in Table 8-4, based on a visua assessment of the effect of the treatment on the PC
coaing. Since the ultimate objective of these experiments is the remova of the polymer
coating through polymer swdling, a treatment is judged to have a favorable effect if the
treetment results, in order of decreasng dgnificance; complete coating remova
(debonding), surface cracking, flaking, bubbling, or discoloration of the PC coating. The
polymer glass trangtion temperature a the trestment conditions, Tg, is determined using
egn. (6-16). Column4 in the table shows the difference between the treatment

temperature, TCOZ’ and Ty of the polymer a the trestment temperature. In columns 5
and 6 give the initid and find Ra vaues Ra; and Ray, representing the distance
(expresed as a radius) between the initid HSP values of COs, to the polycarbonate HSP

vdues & T=25 °C and P, Ra;, and between the find HSP vaues of CO» to the

polycarbonate HSP values, RagaT and P.

Table 8-4. Results of polymer removal experiments using pure CO).

Tco,|Pco,| Polymer Ty at DT Ra; Ray R Exp.

0 N (T P, (T -To)| (MPa'?)| (MPa'? 12 result

(0) | (ps) |(Tcoy Peoy) (TCO2~ Tg)| (MPa'™)| (MPa"™)| (MPa'?)

100 | 3000 54.3 45.7 6.2 19.4 55 debonded

100 | 1500 85.6 14.4 7.9 26.0 55 bubbled

75 | 3000 88.0 -13.0 7.8 16.7 55 discolored

75 | 1500 103.0 -28.0 9.9 26.8 55 discolored

45 | 3000 88.0 -43.0 8.4 11.6 55 discolored

45 | 1500 103 -58.0 10.8 18.9 55 dight
discoloring
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Two important observations of the experimenta summary presented in Table 8-4

are the increesingly favorable effects on the coating with increesng DT (T(;o2 - Tg) and

the increesingly favorable effects on the coaing as Ra; decresses. As discussed in
Chapter 6, absorption of CO2 swdls the polymer only when in the polymer is in its
rubber state, i.e., Tco, > Tg As (TCO, - Ty increases, it is expected that the amount of
002 absorption during swdling will increese, as would the amount of mechanicd

disuption of the polymer during depressurization. Also, as discussed ealier,
experiments conducted in the bench top set-up did not include prehedting of the ®lvent.
Therefore the HSP vdues of the solvent vary from the initid vaues shown in Table 8-3
to the find vaues, dso shown in Table 83. The exact path of these values is dependent
on the heating rate of the solvent, which could not be measured in his work. However,
the initid and find vdues are avaldble dlowing the cdculation of both an initid and
find Ra vdue. From a review of Table 8-3, increasingly favorable effects are seen as the
intid Ra; values decrease and DT increases. These results are entirely congstent with
moded predictions, where favorable effects are predicted as the polymer is plastized and
Ra (whether initid or find) gpproaches Ro.

On the basis of a polycarbonate interaction radius of 5.5 MPa'? (again, based on
polycarbonate dissolution in organic liquid solvents) and T =45°C, the modd predicts

thet a pressure of 9200ps is required to achieve an Ray of 52MPa'”, a veue

intermediate between the HSP values of pure CO» and the HSP values of polycarbonate.
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8.2.2.2 COy2/Hexane

Hexane, Figure8-15, is a nonpolar solvent, and is not expected to exhibit any

specific Lewis acidbase interactions with COp, PC, or PVB. This compound is not

identified as a (pure) solvent for either PC or PVB, which are both reported to be

insoluble in diphatic hydrocarbons >

NN

Figure 8-15. Hexane, HSP values®’ d; = 14.9 MPa"”, d =0.0 MPaI/Z, and
g, = 0.0 MPa'”.

The HSP vdues given in the caption of Figure8-15 are ambient condition vaues
and are taken from the literature. To adjust these parameters for temperature and
pressure effects, we use the HSP equations derived in Section5.3 and summarized in

Table 5-8. These equations are given again asegns. 8-5to 8-11.

2 N
é d, s s a € d o &ld 6 u
dzzédd+geﬂ"9DT ae‘ﬂ_dg DPy édp+8 pi DT+8 ”i DPU
e el g eTPg o g &g ¢ g
, (8-5)
é ) 0
+édh+geﬂd"2DT+gd]h—DPu
a e 17 g, e 1P g ¢
where
S92 - 125d,a.a0d G4l =1254,b  (8:6)and (87)
eﬂT bP eﬂP bT
d 6 5 &d 6 5
ad, 2 = d, 29 and ¢—22 =g EO (8-8) and (8-9)
T 'é2e  §IP; 24
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d, 5 5 d, 6 ®.32" 10°b b o
Ao F3 10°+28 g Tl o 8222 0 P D2 8 10)and (811
e 17T g, e 29 e 1P g, & a 2 5

The data necessary for these adjusments are the therma expansion coefficient, a(T),

and isothermd compressibility, b of the pure cosolvent compound. The thermd
expansion coefficient is first used to adjust for temperature with egn. (8-12),%°8
a(T) = agl- -2 (8-12)
e T:r %]

where ¢ = 0.000728, m =-0.7219, and T, = 507.43 K.>*® Next, the pressure adjustment

is made usng the compressibility. Isotherma compressibility vaues for dl the cosolvent

560 however, the vaiation of b with

compounds have been made a high pressures,
temperature, in the pressure range of interest, is not known, and a condant vaue is
assumed in each case. A compressibility vaue of 0.000117 (bar’)*®' was used for

hexane. The adjusted HSP vaues for hexane are shown in Table 8-5.

Table 8-5. HSP values for hexane, adjusted for temperature and pressure.

T(K) | aDE') | bar’) | Pbar) dh <) ch
298 0.001379 | 0.000117 1 14.9 0.0 0.0
348 0.001679 | 0.000117 200 13.8 0.0 0.0

An HSP vaue for the COo/hexane mixture is caculated usng egn. (6-22). The
resulting HSP vaues for the COg/hexane mixture (initid and find), and for PC a
T=75°C and P=3000ps ae plotted in Figures8-16(a) and 816(b). Also indicated on
the plots are the resulting Ra (initid and find) vaues, from egn. (5-20), where Ra is the
distance from the HSP value of PC a T and P (open symbols), to the initid and find HSP

value of COp/hexanea T and P (filled symbols).
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(@)
Figure 8-16. HSP values of COy/hexane and PC at T = 25 to 75°C and P = 3000 psi.

Visud results of the treatment using the COp/hexane mixture, a the temperature

and pressure indicated in Figure 8-16, are given in Figure 8-17.

Figure 8-17. Appearance of polymer coated photoconductor drums treated with a
COy/hexane  mixture at T=25 to 75°C and P =3000psi, hexane

concentration = 10 vol.%.
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8.2.2.2.1 Observations of Polymer Coating Removal Experiments using
COy/Hexane Mixtures.

Only one treatment was conducted using a COp/hexane mixture, Table 8-6. The
result of this treetment did not Sgnificantly differ from that usng pure COp. This is an

expected outcome, as no specific interactions between hexane and PC are anticipated.
The only added benefit of hexane addition is a dight increese in the disperson

component of the mixture HSP's.

Table 8-6. Treatment conditions and results on polycarbonate coating using
COy/hexane mixture.

Tco,| Pco,| Polymer Tgat DT Ra; Ray R Exp.
©c) | (ps) |(Tcop Pcoy)| (TCo - TQ| MPa'”)| (MPa'”)| (ppa'?)|  TeSul
75 | 3000 88.0 -13.0 7.7 15.6 55 | discolored

8.2.2.3 CO3/Ethanol

Ethanol, Figure8-18, is a Lewis acid (see Table6-1) and therefore specific
interactions with Lewis bases are possble. PVB®®? is reported to have partia solubility
in ethanol, and while not identified specificadly, acohols are reported to be nonsolvents

for PC.563

N

OH

Figure 8-18. Ethanol, HSP’s 564dj = 15.8 MPa'”?, d =838 MPa'? and d, = 19.4 MPa"?*.

The thermd expanson coefficient, a(T), of ethanol is determined from egn. (8-13)

with @ =0.000611, m =-0.7633, and T, =516.25K>®, The isotherma compressibility
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value used for ethanol is 0.000063 (bar’).>%®  Adjusted HSP values for ethanol are shown

in Table 8-7.

Table 8-7. HSP values for ethanol adjusted for temperature and pressure.

T(K) | )K" | bdar') | P(bar) o ) h
298 0.001178 | 0.000063 1 15.8 8.8 194
313 0.001244 | 0.000063 100 15.6 8.8 19.0
313 0.001244 | 0.000063 200 15.7 8.8 19.2
348 0.001437 | 0.000063 200 14.6 85 17.8
358 0.001506 | 0.000063 100 14.1 84 17.2
358 0.001506 | 0.000063 200 14.3 8.5 17.3
373 0.001625 | 0.000063 100 135 8.3 16.5
373 0.001625 | 0.000063 200 13.6 8.3 16.6

An HSP vdue for the COp/ethanol mixture is caculated usng egn. (6-22). The
resulting HSP vaues for the COo/ethanol mixture (initid and find), and for PC a
T =40°C and P=1500 ps and 3000 ps ae plotted in Figures8-19(a) and 819(b). Also
indicated on the plots are the resulting Ra vdues, from egn. (5-20), where Ra is the
distance from the HSP vaue of PC a T and P (open symbals), to the initid and find HSP

value of CO»/ethanol a T and P (filled symbols).
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Figure 8-19. (a) HSP values of COy/ethanol and PC, at 25 to 40 °C and 1500 psi,
(b) ) HSP values of COy/ethanol and PC, at 25 to 40 °C and 3000 psi.

Visud results of the trestment usng the COo/ethanol mixture, at the temperature
and pressures indicated in Figure 819(a) and 819(b), are given in Figure 8-20(a) and &

20(b).

(@) ®)

Figure 8-20. Appearance of polymer coated photoconductor drums treated with a
COy/ethanol  mixture at (a) T=25 to 40°C, P =1500psi, and ethanol

concentration = 3.8vol.%, (b)T=25 to 40°C, P =3000psi, and ethanol
concentration = 3.8 vol.%.
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The resulting HSP vaues for the COo/ethanol mixture (initid and final), and for
PC a T=85°C and P=1500ps; and & T=75°C and P=3000ps are plotted in
Figures8-21(a) and 821(b). Also indicated on the plots are the resulting Ra vaues, from
egn. (5-20), where Ra is the distance from the PC HSP vaue a& T and P (open symbols),

to theinitial and find HSP value of CO2/ethanol at T and P (filled symbols).

0.0

¥ > > ¥ ¥ > > > > 0.0 Y v 4 v > > > ¥ > >
00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 10

dp dp

®  Mix, 25to 85°C, 1500 psi O pc, 85°C, 1500 psi B Mix, 25 to 75°C, 3000 psi g PC, 75°C, 3000 psi

dy =131t045MPa'? Ra=9.0t0256 d; =17.3MPa'’ Ro=55 4 =145t010.1MPa’? Ra=75t016.3 dr=183MPa's Ro=55

(@) (b)
Figure 8-21. (a) HSP values of COj/ethanol and PC, at T =25 °C to 85°C and
P = 1500 psi. (b) HSP values of COj/ethanol and PC at T =25C to 75 °C and

P = 3000 psi.
Visud results of the trestments usng the COo/ethanol mixture, a the temperature
and pressures indicated in Figure 8-21(a) and 821(b), are given in Figure 8-22(a), and &

22(b).
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@ (b)

Figure 8-22. Appearance of polymer coated photoconductor drums treated with a
COy/ethanol  mixture at (a) T=25 to 85°C, P =1500psi, and ethanol

concentration = 3.8 vol.%, (b)T=25 to 75°C, P =3000psi, and ethanol
concentration = 3.8 vol.%,.

An HSP vdue for the COo/ethanol mixture is caculated usng egn. (6-22). The
resulting HSP vaues for the COplethanol mixture (initid and find) and for PC a

T =100°C and P= 1500 psi and 3000 psi are dotted in Figures 8-23(a) and 8-23(b). Also
indicated on the plots are the resulting Ra vaues, from egn. (5-20), where Ra is the
distance from the HSP value of PC a T and P (open symbols), to the initid and find HSP

value of COp/ethanol a T and P (filled symbols).
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Figure 8-23. (a) HSP values of COy/ethanol and PC at T = 25 to 100°C and P = 1500
psi. (b) HSP values of COy/ethanol and PC at T = 25 to 100°C and P = 3000 psi.

Visud results of the treatments using the COo/ethanol mixture, at the temperature

and pressures indicated in Figure 823(a) and 823(b), are given in Figure 8-24(a) and &

24(b).

(@) ()
Figure 8-24. Appearance of polymer coated photoconductor drums treated with a
COy/ethanol  mixture at (a) T=25 tol100°C, P =1500psi, and ethanol

concentration = 2.8 vol.%, (b)) T=25 to100°C, P =3000psi, and ethanol
concentration = 2.8 vol.%.
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8.2.2.3.1 Observations of Polymer Coating Removal Experiments using
COy/Ethanol Mixtures

The results of the experiments described in Figures8-20, 8-22, and 8-24, are
ranked in Table 8-8 according a visud assessment of the effect on the PC coating, from

most favorable to least favorable.

Table 8-8. Experimental results of polymer coating removal using CO»/ethanol

mixtures.

TCO2 PCQ2 Polymer Tgat DT Ra; Raf R:q Exp.
©C) | (ps) |(Tcop Pcoy)| (Tcop - TQ| (MPa'?) |(MPa'”) | (vpg'?)|  Tet
100 | 3000 54.3 45.7 6.0 18.9 55 debonded
100 | 1500 85.6 14.4 7.7 25.0 55 debonded
85 | 1500 91.1 -6.1 9.0 25.3 55 debonded
75 | 3000 88.0 -13.0 75 16.3 55 debonded
40 | 1500 88.0 -63.0 10.3 15.2 55 flaking
40 | 3000 103.0 -48.0 8.2 104 55 cracked

The reaults for the COol/ethanol mixtures are smilar to those seen for the pure

CO2 expeiments in that favorable effects become more pronounced as (TC02 - Tg)

increases and the difference between Ra and R is minimized. However, the addition of

a cosolvent capable of Lewis acid/base interactions with the polymer, appears to
ggnificantly enhance the effects on the PC coaing.  Specificdly, with the ethanol
cosolvent, debonding of the PC coating occurred a dl temperature and pressure
conditions, except those a T=40°C. This behavior suggests an increased sorption due to
specific interactions between the cosolvent (ethanol) and PC that promote the emovd a
conditions of temperature and pressure not possible with pure CO».

Tageting this type of behavior is of dgnificant importance to Indudrid
goplications.  Specificdly, the &bility to achieve a desred result, polymer coating

removal, a lower pressures and temperatures directly results in lower capita equipment
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cogts (thinner pressure vessd wall thickness) and increased throughput (larger vessdl

gze).

8.2.2.4 CO7/Acetone

Acetone, Figure 8-25, is expected to act as a Lewis base in CO», and could participate

in specific interactions with Lewis acids, such as PVB. However, acetone should not
exhibit specific (favorable) interactions with PC, which should aso act as a Lewis base.

Pure acetone is reported to be a nonsolvent for both PC*® and PVB.>%®

@

N

Figure 8-25. Acetone, HSP values’ a;=15.5 MPa]/Z, d =104 MPaw, and
g, = 7.0 MPa'”.

The therma expanson coefficient for acetone, a(T), is determined usng egn. (8-13)

with  =0.000798, m =—-0.701, and T, =508.2 (K)°°. The isotheema compressibility

value used for acetone is 0.000061 (bar’).>™ HSP values for acetone, adjusted for T and

P effects, are shown in Table 8-9.

Table 8-9. HSP values for acetone adjusted for temperature and pressure.

T(K) | an)K')| bar’) | P(bar) o % ch
298 0.001482 | 0.000061 1 15.5 10.4 7.0
313 0.001561 | 0.000061 100 15.2 10.3 6.8
313 0.001561 | 0.000061 200 15.3 10.3 6.9
348 0.001793 | 0.000061 200 14.0 10.0 6.3
358 0.001876 | 0.000061 100 134 9.9 6.1
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An HSP vaue for the COp/acetone mixture is caculated using egn. (6-22). The
resulting HSP vaues for the COplacetone mixture (initid and find) and for PC a
T=40°C and P=1500ps and P=3000 ps ae plotted in Figures8-26(a) and 826(b).
Also indicated on the plots are the resulting Ra vaues, from egn. (5-20), where Ra is the
distance from the HSP vdlue of PC & T and P (open symboals), to the initid and find HSP

value of COp/acetoneat T and P (filled symbols).

0.0
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d

®  Mix, 25 to 40°C, 1500 psi R 0 PC, 40°C, 1500 psi B Mix, 25 to 40°C, 3000 psi D O PC, 40°C, 3000 psi
— 1/2 —
47 =12910105MPa™? Ra=104t0153 dr=182MPa™ Ro=55 14310131 MPa’2 Ra=8310107 4y =186 MPa'2 Ro=55

(@) (b)
Figure 8-26. (a) HSP values of COy/acetone and PC at T=25 to 40°C and
P = 1500 psi. (b) HSP values of COj/acetone and PC at T=25 to 40°C and

P = 3000psi.

Visud realts of the COo/acetone treatment, at the temperature and pressures

indicated in Figure 8-26(a) and 8-26(b), are given in Figure 8-27(a) and 8-27(b).
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Figure 8-27. Appearance of polymer coated photoconductor drums treated with a
COy/acetone mixture at (a) T=25 to 40°C, P =1500psi, and acetone

concentration = 3.8 vol.%, (b)) T=25 to 40°C, P =3000psi, and acetone
concentration = 3.8 vol.%.

The resulting HSP values for the COo/acetone mixture (initid and find) and for
PC at T=85°C and P= 1500 psi; and T= 75°C and P= 3000 ps are plotted in Figures 8-
28(a) and 8-28(b). Also indicated on the plots are the resulting Ra vaues, from egn. (5-
20), where Ra is the distance from the HSP vaue a T and P of PC (open symbals), to the

initia and find HSP value of COy/acetonea T and P (filled symbols).
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Figure 8-28. (a) HSP values of COj/acetone and PC at T=25 to 85°C and
P = 1500 psi, (b) HSP values of COj/acetone and PC at T=25 to 75°C and
P = 3000 psi.

Visud results of the treatments usng the COpl/acetone mixtures, a the
temperature and pressures indicated in Figure 8-28(a) and 828(b), are given in Figure 8-

29(a) and 8-29(b).

(@) (b)

Figure 8-29. Appearance of polymer coated photoconductor drums treated with a
COy/acetone mixture at (a) T=25 to 85°C, P=1500psi, and acetone

concentration = 3.8 vol.%, (b)) T=25 to 75°C, P =3000psi, and acetone
concentration = 3.8 vol.%.
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8.2.2.4.1 Observations of Polymer Coating Removal Experiments using a
CO3/Acetone Mixture

On the basis of visud observations, Table 8-10 gives a ranking of the results of

the experiments using COp/acetone mixtures, according to most favorable to lesst

favorable effect on the PC coating.

Table 8-10. Results on Polycarbonate coating to CO»/acetone experiments.

Tco,|Pcoy Polymer Ty at DT Ra; Ray R" Exp.
©c) | () |(Tcoy Pcoy) |(TCOo - Tg | (MPa™?) | (MPa'”) | ypg'?) et
85 | 1500 91.1 -6.1 9.1 25.7 55 flaking
40 |3000 88.0 -48.0 8.3 10.7 55 cracked
40 | 1500 103.0 -63.0 10.4 15.3 55 bubbled
75 |3000 88.0 -13.0 7.6 16.2 5.5 | discolored

As with experiments discussed previoudy, the depresson of the polymer Tg to

below the treatment temperature, TCOZ, leading to enhanced polymer sorption and

swelling, promotes the most favorable results  However, unlike the COo/ethanal

mixture, where the potentid for gpecific cosolvent/polymer interactions exig,
experimental results with the acetone (a Lewis base) cosolvent, a the same treatment

temperature and pressure, produce far less favorable results.

8.2.2.5 CO3/Cyclohexanone

Cyclohexanone, Figure 8-30, is expected to act as a Lewis base in COy, and could

participate in specific interactions with Lewis acids, such as PVB. Pure cyclohexanone is

reported to be a solvent for both PVB®’? and PC°",
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Figure 8-30. Cyclohexanone, HSP values’™ - d; = 17.8 MPaI/Z, d =63 MPa"?, and
g, = 5.1 MPa'”.

Parameters used for determining the coefficient of thermd expandon of

cyclohexanone are « =0.000563, m =-0.7283, and 7,=629.15K. The isotherma

compresshility vaue used for cyclohexanone®” is 0.000066 (bar’). Adjusted HSP

vauesfor cyclohexanone are shown in Table 8-11.

Table 8-11. HSP values for cyclohexanone adjusted for temperature and pressure.

T(K) | an)K')| bbar’) | P (bar) o e ch
298 0.000898 | 0.000066 1 17.8 6.3 5.1
313 0.000929 | 0.000066 200 17.8 6.3 5.1
328 0.000962 | 0.000066 200 17.5 6.3 5.0
338 0.000986 | 0.000066 100 17.1 6.2 4.8
338 0.000986 | 0.000066 200 17.2 6.2 4.9
343 0.000998 | 0.000066 100 17.0 6.2 4.7
348 0.001011 | 0.000066 200 17.0 6.2 4.8
363 0.001053 | 0.000066 100 16.4 6.1 4.6
373 0.001082 | 0.000066 100 16.1 6.1 4.5

With the HSP values for both CO» and cosolvent adjusted for temperature and
pressure, an HSP vaue for the COo/cyclohexanone mixture is caculated usng egn. (6-
22). The resulting HSP vaues for the COo/cyclohexanone mixture (initid and find) and
PC at T=40°C and P3000 psi; and T= 75°C and P=3000 ps are plotted in Figures 8-
31(a) and 8-31(b). Also indicated on the plots are the resulting Ra vaues, from egn. (5

20), where Ra is the distance from the HSP value of PC or PVB a T and P (open

symboals), to the initid and find HSP value of COo/cyclohexanone a& T and P (filled

symbals).

8-226



¥ > > > > > > > > 0.0
¥ ” > ” > ” ” ” > ” * 0.0 00 01 02 03 04 05 06 07 08 09 10
00 01 02 03 04 05 06 07 08 09 10

dp
d . .
® Wix 2510 400C, 3000 psi ©  pC, 409C, 3000 psi B Mix, 25to 75 °C, 3000 psi O pc, 759C, 3000 psi
) 1 — 2 -
4 =13410130MPa"> Ra=8410108 ¢ =186MPal? Ro=55 dr =123t010.3MPa" Ra=75t0152 dr =182 MPa% Ro=55

(@) ®)
Figure 8-31. (a) HSP values of COy/cyclohexanone mixture and PC at T= 25 to 40°C
and P = 3000 psi. (B) HSP values of CO)y/cyclohexanone mixture and PC at T= 25 to
40°C and P = 3000 psi.
Visud results of the COso/cyclohexanone treatments, a the temperature and

pressures indicated in Figure8-31(a) and 8-31(b), are given in Figure8-32(a) and 8-

32(b).

(@) (b)

Figure 8-32. Appearance of polymer coated photoconductor drums treated with a
COy/cyclohexanone mixture at (a) T =25 to 40°C, P = 3000 psi, and cyclohexanone

concentration = 1.5vol.%, (b)) T=25 to 75°C, P =3000psi, and cyclohexanone
concentration = 2.6 vol.%.
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The resulting HSP vaues for the COaglcyclohexanone mixture (initid and find)

and for PC at T=65°C and P= 1500 psi and P= 3000 ps are plotted in Figures 8-33(a)
and 8-33(b). Also indicated on the plots are the resulting Ra vaues, from egn. (5-20),
where Ra is the distance from the HSP vaue of PC a T and P (open symbals), to the

initid and find HSP vaue of CO»/cyclohexanone at T and P (filled symbols).
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Figure 8-33. (a) HSP values of COy/cyclohexanone mixture and PC at T= 25 to 65°C
and P= 1500 psi. (B) HSP values of CO»/cyclohexanone mixture and PC at T= 25 to
65°C and P = 3000 psi.

Visud results of the COo/cyclohexanone treatments, a the temperature and
pressures indicated in Figure8-33(a) and 8-33(b), are given in Figure8-34(a) and 8-

34(b).
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(@) (b)

Figure 8-34. Results of COj/cyclohexanone treatment of polymer coated

photoconductor drums. (a) T=25 to65°C, P = 1500psi, and cyclohexanone
concentration = 2.6 vol.%. (b) T=25 to 65°C, P =3000psi, and cyclohexanone
concentration = 2.6 vol.%.

The resulting HSP vaues for the COsglcyclohexanone mixture (initid and find)
and for PC at T=100°C and P= 1500 psi and P= 3000 ps are plotted in Figures 8-35(a)
and 8-35(b). Also indicated on the plots are the resulting Ra vaues, from egn. (5-20),
where Ra is the distance from the HSP value of PC a T and P (open symbals), to the

initid and find HSP value of COx/cyclohexanone at T and P (filled symbols).
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Figure 8-35. (a) HSP values of COy/cyclohexanone mixture and PC at T = 25 to 100°C
and P = 1500 psi. (B) HSP values of COy/cyclohexanone mixture and PC at T= 25 to

100°C and P = 3000psi.
Visud results of the COo/cyclohexanone trestments, at the temperature and

pressures indicated in Figure8-35(a) and 8-35(b), are given in Fgure8-36(a) and 8-

36(b).

(@ (b)

Figure 8-36. Results of COj/cyclohexanone treatment of polymer coated

photoconductor drums. (a) T=25 to 100°C, P =1500psi, and cyclohexanone
concentration = 2.6 vol.%. (b) T=25 to 100°C, P = 3000psi, and cyclohexanone
concentration = 2.6 vol.%.
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8.2.2.5.1 Observations of Polymer Coating Removal Experiments using
CO7/Cyclohexanone Mixtures

On the bads of the visud obsarvations, the results of the experiments shown in
Figures 8-32, 834 and 8-36, are ranked in Table 8-12 according to most favorable to

least favorable effects on the PC coating.

Table 8-12. Results on polycarbonate coating to CO»/cyclohexanone experiments.

Tco,| Pco, Polymer Tg at DT Ra;, Ray, R Exp.
0 N (T P (T -To) | (MPa?)| (MPa'”? 12y results
) | () | Tcop Pcoy)| (TCOg - Tg | MPa"?)| (MPa'™”)| (vpa'?)
100 | 3000 54.3 45.7 6.0 18.9 5.5 | debonded
65 | 3000 88.0 -23.0 7.8 14.7 5.5 | debonded
75 | 3000 88.0 -13.0 7.5 15.2 5.5 flaking
100 | 1500 85.6 14.4 7.6 25.3 55 cracked
65 | 1500 103.0 -38.0 9.9 25.2 5.5 cracked
40 | 3000 88.0 -48.0 8.4 10.8 5.5 | discolored

The results obtained with the COo/cyclohexanone mixtures follow a smilar trend

to those discussed previoudy for pure CO2 and COg/ethanol, with a strong correlation

between favorable effects on the polymer coating and DT = (TCOZ' Tg). The result

which contradicts this trend is the one conducted a T= 100°C and P=1500 pd. Smadl
aurface cracks in the PC coating were evident, however, a the completion of this
particular experiment the drum components were noted to have been in contact with
liquid cyclohexanone.  This was not a result noted with other experiments and

solvent/cosolvent mixtures.  The solubility of cyclohexanone in CO2 was not evauated at

dl experimenta temperature and pressures, however, as a Lewis base with a carbonyl
functiond group, some level of solubility is expected. However, this solubility is reduced

a higher temperatures and lower pressures, and the molecular weight of cyclohexanone
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is larger than the other Lewis base cosolvents evauated in this study, which is a rough
indicator of lower solubility.

Also, unlike the COplethanol mixture, where the potentid for specific
cosolvent/polymer  interactions  exist, experimentd results with the (Lewis base)
cyclohexanone cosolvent, for a range of temperature and pressures, produce less

favorable reaults.

8.2.2.6 CO7/Tetrahydrofuran

Tetrahydrofuran (THF), Figure8-37, is expected to act as a Lewis base in CO» and

therefore specific interactions with Lewis acids, such as PVB, ae possble.  Pure, liquid

THF is reported to be a solvent for both PVB®"® and PC>"".

O

L

Figure 8-37. Tetrahydrofuran (THF), HSP values’’® o = 16.8 MPa'?, d, = 5.7 MPa""?,
and d, = 8.0 MPa"”.

The HSP's given in the caption of Figure8-37 are ambient condition values and

are taken from the literature. These parameters are adjusted for temperature and pressure
effects as described in Section7.22. The thema expanson coefficient, aT), is
determined from egn. (8-13) with « = 0.000685, m = -0.7088, and T, = 540.15 K>"®. An
isothermd compressibility vadue for THF could not be locaed, and the vdue for

cyclohexanone was assumed, based on the gmilarity of their chemicd dructures.

Adjusted HSP values for THF are given in Table 8-13.
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Table 8-13. THF HSP values adjusted for temperature and pressure.

T(K) | aD)(K') | bar’) | P (bar) o % o
298 0.001209 | 0.000066 1 16.8 57 8.0
313 0.001265 | 0.000066 200 16.7 57 7.9
333 0.001351 | 0.000066 200 16.1 5.6 7.6
343 0.001399 | 0.000066 100 15.6 55 7.4
373 0.001572 | 0.000066 100 14.5 54 6.8
373 0.001572 | 0.000066 200 14.6 54 6.9

An HSP vdue for the COo/THF mixture is cdculated usng egn. (6-22). The
resulting HSP vaues for the COo/THF mixture (initid and find) and for PC a T=75°C
and P=1500ps; and T=40°C and P=3000 ps are plotted in Figures8-38(a) and &
38(b). Also indicated on the plots are the resulting Ra vaues, from egn. (5-20), where Ra
is the digance from the HSP vaue of PC a T and P (open symbals), to the initid and

find HSP vaue of COp/THF a T and P (filled symbols).

> > > > > > > + 0.0
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10

. i
®  Mix, 25 to 75°C, 1500 psi © 0  PC, 75°C, 1500 psi B Mix, 25 to 40°C, 3000 psi D O PC, 40°C, 3000 psi

- 1/2 - - 1/2 -
d =128t048MPa™, Ra=9.610257 d;=17.7MPa™, RO=55 4 =14210130MPa'’? Ra=831010.7 dr=186MPa"’ Ro=55

(@) (b)
Figure 8-38. (a) HSP values of CO»/THF and PC at T= 25 to 75°C and P = 1500 psi.
(b) HSP values of CO»/THF and PC at T = 25 to 40°C and P = 3000 psi.
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Visud results of the COo/THF trestment, a the temperature and pressures

indicated in Figure 8-38(a) and 8-38(b), are given in Figure 8-39(a) and 8-39(b).

(@) ®)

Figure 8-39. Appearance of polymer coated photoconductor drums treated with a
CO»/THF  mixture at (a) T=25 to 75°C, P=1500psi, and THF

concentration = 2.8 vol.%, (b)) T=25 to 40°C, P =3000psi, and THF
concentration = 3.0 vol.%.

The resulting HSP values for the CO/THF mixture (initid and find) and for PC
a T=100°C and P=1500ps and P=3000ps are plotted in Figures8-40(a) and 8-
40(b). Also indicated on the plots are the resulting Ra vaues, from egn. (5-20), where Ra
is the digance from the HSP vaue of PC a T and P (open symbals), to the initid and

find HSPvaue of COo/THF & T and P (filled symbols).
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4 =1281038MPa”% Ra=7.710255 d; =166MPa'? Ro=55  ¢r=1421077MPa’’ Ra=61to19 d¢r =175MPa’s, Ro=55
(@) (b)

Figure 8-40. (a) HSP values of CO»/THF and PC T= 25 to 100°C and P = 1500 psi
(b) HSP values of CO»/THF and PC T = 25 to 100°C and P = 3000 psi.

Visud results of the COo/THF treatments, a the temperature and pressures

indicated in Figure 8-40(a) and 8-40(b), are given in Figure 8-41(a), and 8-41(b).

(@) (®)
Figure 8-41. Appearance of polymer coated photoconductor drums treated with a
CO»/THF  mixture at (a) T=25 tol100°C, P=1500psi, and THF

concentration = 2.0vol.%, (b)) T=25 to 100°C, P =3000psi, and THF
concentration = 2.0 vol.%.
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8.2.2.6.1 Observations of Polymer Coating Removal Experiments using
CO»/THF Mixtures

On the basis of the visud obsarvations, the results of the experiments shown in
Figures8-39, and 8-41, are ranked in Table 8-14, according to most favorable to least

favorable effects on the PC coating.

Table 8-14. Results of polymer removal experiments using CO»/THF mixtures.

Tco,| Pco, | Polymer Ty at DT Ra; Ray R Exp.

0 ~ (T, P (T - Tg) |(MPa'?)| (MPa"? 12 result
©C) | (ps) |(Tcoo Pcoo)|!!CO2 (MPa'”) (MPa™™ )| (MPa'"?)

100 | 3000 54.3 45.7 6.1 19.0 55 | debonded
100 | 1500 85.6 14.4 7.7 25.5 55 | debonded
75 | 1500 103.0 -28.0 9.6 25.7 55 | debonded
40 | 1500 88.0 -48.0 8.3 10.7 5.5 | discolored

The results of the COo/THF mixtures are very smilar to the results usng the

CO2/cydohexanone mixtures in thet the effects on the PC correlate strongly with DT
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8.2.2.7 Comparison of Polymer Coating Removal Experiments — Photoconductor Drums

Table 8-15. Overall results on Polycarbonate coating removal experiments, ranked according to the effect on the PC coating.

Cosolvent Tco, | Pco, | Polymer Tgat DT Ra; Ray R Exp.
(°C) (s) | (Tcoy Pcoy) (Tco,-Tg | (MPa"?) | (MPa'?) (MPa"?) resut
ethanol 100 3000 54.3 45.7 6.0 18.9 55 debonded
ethanol 100 1500 85.6 14.4 1.7 25.3 5.5 debonded
ethanol 85 1500 91.1 -6.1 9.0 25.3 5.5 debonded
ethanol 75 3000 88.0 -13.0 7.5 16.3 55 debonded
cyclohexanone 100 3000 54.3 45.7 6.0 18.9 55 debonded
THF 100 3000 54.3 45.7 6.1 19.0 5.5 debonded
THF 100 1500 85.6 14.4 1.7 25.5 55 debonded
CO2 100 3000 54.3 45.7 6.2 194 5.5 debonded
cyclohexanone 65 3000 88.0 -23.0 7.8 14.7 5.5 debonded
THF 75 1500 103.0 -28.0 9.6 25.7 5.5 debonded
cyclohexanone 75 3000 88.0 -13.0 7.5 15.2 55 flaking
ethanol 40 1500 103.0 -63.0 10.8 15.2 55 flaking
acetone 85 1500 91.1 -6.1 91 25.7 55 flaking
cyclohexanone 100 1500 85.6 14.4 7.6 25.3 55 cracked
ethanol 40 3000 88.0 -48.0 10.6 10.6 5.5 cracked
acetone 40 3000 88.0 -48.0 8.3 10.7 55 cracked
cyclohexanone 65 1500 103.0 -38.0 9.9 25.2 55 cracked
CO2 100 1500 85.6 14.4 7.9 26.0 55 bubbled
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acetone 40 1500 103.0 -63.0 104 153 5.5 Bubbled
acetone 75 3000 88.0 -13.0 7.6 16.2 5.5 discolored
COo 75 3000 88.0 -23.0 7.8 16.7 5.5 discolored
THF 40 3000 85.6 -48.0 8.3 10.7 5.5 discolored
CO2 45 3000 88.0 -43.0 8.4 116 5.5 discolored
cyclohexanone 40 3000 88.0 -48.0 8.4 10.8 5.5 discolored
CO2 75 1500 103.0 -28.0 9.9 26.8 5.5 discolored
hexane 75 3000 91.1 -16.1 1.7 15.6 5.5 discolored
COo 45 1500 103.0 -58.0 10.8 18.9 5.5 discolored
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Table8-15 is a ranking of dl of the photoconductor drum polymer coating
remova experiments. The results, ranked according to the most desirable (top) to least
desrable (bottom) effect on the PC coating, are based on visud observations. The
ranking in Table 8-15 clearly indicate that, of the cosolvents examined, ethanol produces
the best results for the PC coatings remova application. This supports the concept
discussed in Section3.4 where it was noted that specific interactions, such as Lewis
acidlbase interactions, generdly have a greater influence than the combined van der
Wadls interactions. Direct comparisons of experimenta results a the same temperature
and pressure, using a Lewis acid or Lewis base cosolvent, are shown in Figures 842 and
8-43.

In Figure 842, a greater effect on the PC coating (partid debonding) & observed

when a Lewis acid cosolvent is used versus the effect when a Lewis base is used

(bubbling).

DT =T, - T, =-63C DT =T, - T, =-63C
Ra =11 to 15.2 MPa"” Ra =11 to 15.2 MPa"”
(@) (b)

Figure 8-42. (a) Results of COy/Lewis acid treatment of polymer coated photoconductor

drums, T= 25 to 40°C, P = 1500 psi, and ethanol concentration = 3.8 vol.%. (b) Results
of COy/Lewis base treatment of polymer coated photoconductor drums, T = 25 to 40°C,

P = 1500 psi, and acetone concentration = 3.8 vol.%.
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In Figure 843, a Smilar comparison is made a a higher experimental temperature

(85°C)

DT =T, - T, =-6°C DT =T, - T,7*=-6"C
Ra = 9.5 to 25.3 MPa'? Ra = 9.5 to 25.7 MPa"”?
(a) (b)

Figure 8-43. (a) Results of COy/Lewis acid treatment of polymer coated photoconductor

drums, T= 25 to 85°C, P = 1500 psi, and ethanol concentration = 3.8 vol.%. (b) Results
of COy/Lewis base treatment of polymer coated photoconductor drums, T =25 to 85°C,

P = 1500 psi, and acetone concentration = 3.8 vol.%.

Again, the result with the Lewis acid cosolvent, debonding of the PC coating, is
ggnificantly better than the result observed with the Lewis base cosolvent, flaking of the
PC coating. The initid and find Ra vaues, representing the distance (expressed as a
radius) between the initid solvent mixture HSP vaues to the PC HSP vdue (Rg;), and
between the find mixture HSP vaues to the PC HSP vaue (Raﬁ, a T and P, ranged from
an initid vaue of 95 to a find vdue of approximaely 25MPa'? versus vaues in
Figure8-42 of 11 to 15.2 MPa'”?. An optimum radius of interaction, R*“", that can be
used to design test conditions for the PC/SCF is unknown, athough, as discussed earlier,
it is expected to be greater than the optimum radius of interaction for the dissolution of

PC in liquid solvents, R” =5.5. Based on the results in Figure 842(a) and 843(a) an
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optimum vealue of Ra for the COp/ethanol/PC system appears to lie between 11 to

9.5 MPa'”.

Another set of comparisons, of experimenta results a the same temperature and
pressure, using a Lewis acid or Lewis base cosolvent that is a known solvent for the PC,

are shown in Figures 8-44 and 8-45.

DT =T, - I, =-13C DT =T, - I, =-13C
Ra=75t016.3 Ra=75t015.2
(@) (®)

Figure 8-44. (a) Results of COy/Lewis acid treatment of polymer coated photoconductor

drums, T= 25 to 75°C, P = 3000 psi, and ethanol concentration = 3.8 vol.%. (b) Results
of COy/Lewis base treatment of polymer coated photoconductor drums, T =25 to 75°C,

P = 3000 psi, and cyclohexanone concentration = 2.6 vol.%.

As seen in the previous figure, the result with the Lewis acid cosolvent,
debonding of the PC coating, is dgnificantly better than the result observed with the
Lewis base cosolvent, flaking of the PC coating. This aso indicates a difference between
supercriticd and liquid solvent environments, as wel as the change in the polymer
behavior in the two environments. For dthough identifying typica liquid solvents that
are noted to be good solvents for a particular polymer can 4ill provide information in
determining the HSP vadues of a polymer a amospheric conditions, these same liquid

solvents do not necessarily represent good cosolvent sdections for the supercritica fluid
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goplication discussed here.  In Figure 8-45, a dmilar comparison is made a a higher

temperature (100°C).

DT = TCOZ _ TgCOZ - 460C DT = TCOZ _ TgCOZ - 460C
Ra=621t0189 Ra=621t018.9
(a) (b)

Figure 8-45. (a) Results of COy/Lewis acid treatment of polymer coated photoconductor

drums, T=25 to 100°C, P =3000psi, and ethanol concentration = 2.8 vol.%.
(b) Results of CO)y/Lewis base treatment of polymer coated photoconductor drums,

T =25 to 100°C, P = 3000 psi, and cyclohexanone concentration = 2.6 vol.%.

As the temperature is increased from 75°C to 100°C, favorable effects on the PC

coating are observed with either a Lewis acid or Lewis base cosolvent. At these
conditions, the radius of interaction required for PC/SCF sysems with Lewis base

12

cosolvents aso begins to emerge, and appears to be between 6.2 and 7.5 MPa"~, as

determined from the comparison of Figure 8-44(b) and Figure 8-45(b).

In schematic form, the mode predictions of HSP vaues for PC and CO2 are

plotted in Figure 8-46.
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—@— Polycarbonate 25°C to 100°C, 3000 psi

—1#- CO3 25°C to 100°C, 3000 psi
—£x- CO2 25°C to 100°C, 1500 psi

Figure 8-46. Predicted HSP values for PC and CO> as the temperature varies from
T=251to 100°C at P = 1500 psi and 3000 psi.

From Figure8-46 it can be seen that the HSP vaues of PC decrease with
increasing temperature and pressure, and are nearest to the HSP values of COo when the
CO» and/or COo/cosolvent enters the pressure vessel at 25°C and 3000 psi. As the COo,
and or COo/cosolvent temperature increases from these initid conditions, to the find

vessd temperature, the solvent HSP va ues decrease, away from the PC values.

In addition to the proximity of the match in HSP's between the PC and solvent,
pladitization of the polymer a the experimenta temperature and pressure is a factor in
predicting favorable results.  From Table 8-4, and in the preceding images, it is observed

that the grester the DT (7, - 7,?), in combingion with a smaler Ra, the more

favoradle the effect on the PC coating. This emphasizes the importance of polymer
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swvdling, which can be dgnificant when the polymer is in a rubber rather than glassy
sate. In addition, the relationship between Ra and DT should be appreciated. Whereby,
the ability to swdl the polymer, which occurs primarily above the polymer Tg aso
affects the polymer HSP vaues in a manner that promotes a favorable interaction radius.

Thisis readily seen in Fgure 8-46 where the HSP values of PC, adjusted for temperature,
pressure and swelling due to CO» absorption (D ¥ “°?), approach those of CO».

In terms of the mode framework, complete characterization of the binary pairs
(solvent/solvent, polymer/polymer, and solvent/polymer) in terms of HSP vadues dlows
for optimization of experimental conditions of temperature and pressure to ensure
Ra< R, or Ra< R’ (if known), where R < R’*. This dtuaion, however,
assumes experimenta  capabilities that are not limited by temperature or pressure. Where
temperature or pressure limitations are encountered, the experimenta results observed in
this work indicate the enhanced favorable results are achievable by targeting specific
interactions (Lewis acid/base) between a cosolvent and the polymer. This has direct
effect not only on the dedgn and condruction on new equipment, but adso dlows
fadlities with exiding equipment to operae supercriticd fluid/polymer coating remova
applications without new cogtly capital expenditures.

A direct effect of these interactions is the use of ethanol as a cosolvent in the

PC/CO2 codtings remova gpplication where remova of the PC coating was achieved in a

Ra range of 95 to 11 MPa"?, versus a Ra range of 6.2 to 7.5 MP4Y? for the

PC/CO2/cyclohexanone system, and a vaue of less than 6.2 MPa"? for pure CO2 or

5.5 MPa'” for aliquid solvent.
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