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Rolitruded Poly(Aryl Ether Ether Ketone) (PEEK)
for Membrane Applications

R.J. CIORA,JR. and J. H. MAGILL*
DEPARTMENT OF CHEMICAL AND PETROLEUM ENGINEERING
UNIVERSITY OF PITTSBURGH

PITTSBURGH, PENNSYLVANIA 15261, USA

ABSTRACT

An investigation of the transport and separation of several permanent gases
(CO,, N2, CHy, and H;) and vapors (H;0 and ethanol) in unprocessed and roll-
truded poly(aryl ether ether ketone) (PEEK) thin films has been conducted to
evaluate PEEK for membrane applications requiring thermally and chemically
stable materials. Transport coefficients and separation factors have been deter-
mined at permeation temperatures ranging from 40 to ca. 180°C. The gas transport
coefficients were found to increase by up to 30% depending on the processing
conditions. Actual separation factors, determined for a CO2/N, gas mixture (24.6
vol% CO;), were depressed slightly in comparison to the ideal values obtained
from pure component data. In contrast, water and ethanol vapor permeabilities
declined between 10 and 15% as a result of processing. For a 39.1 wt% vapor
mixture of H>O in EtOH, ideal and actual separation factors, determined at 130°C,
were in good agreement. In contrast, order of magnitude improvements in the
actual versus ideal separation factors were found for 11.7 and 7.6 wt% mixtures
of H,O in EtOH in both unprocessed and rolltruded PEEK. A comparison with
other membranes considered for high temperature vapor dehydrations suggests
that PEEK may be an excellent polymer for these applications.

Key Words. Poly(aryl ether ether ketone) (PEEK) for high tem-
perature gas and vapor membrane applications; Effects of rolltru-
sion processing on transport and separation in PEEK

* To whom correspondence should be addressed.
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INTRODUCTION

Operating costs in both pervaporation and vapor permeation separa-
tions depend significantly upon the permeate condenser temperature.
Since most of these applications require condenser temperatures below
ambient and hence, expensive refrigeration and vapor compression tech-
nology, operating costs can be substantial. By raising the condenser tem-
perature 30 to 50°C above ambient, low cost air-cooled condensers may
be substituted, so that considerable capital and operating cost savings
can be realized. However, raising the condenser temperature implies a
concommitant increase in the feed side temperature. For example, in the
pervaporation or vapor permeation of azeotropic water/ethanol mixtures,
feed side temperatures in excess of 150°C would be necessary to deliver
>99.5% ethanol with a permeate condenser operating at >50°C. The prob-
lem is that the nonporous polymeric membranes available today lack the
degradative stability and/or mechanical integrity necessary for use at tem-
peratures in excess of ~130 to 150°C and/or in harsh chemical environ-
ments (1). Although a number of engineering plastics can be utilized at
temperatures in excess of 150°C in demanding chemical environments,
they are unavailable as membrane materials because they are not amena-
ble to solution-based membrane-forming technologies (2).

The semicrystallizable aromatic engineering polymer, poly(aryl ether
ether ketone) or PEEK, has been found to possess superior thermal/me-
chanical stability as well as resistance to hydrolytic and chemical attack
at temperatures in excess of 200°C. However, PEEK and other high per-
formance polymers are usually intractable or require solvents that are
generally characterized as noxious and/or flammable, and temperatures of
250 to 350°C are needed to achieve appreciable dissolution (3-5). Hence,
fabrication of ultrathin films is difficult. Interestingly, the need for ultra-
thin films less than 1 to 5 wm in thickness, for instance, is alleviated
to some extent not only by (i) the high permeabilities and selectivities
encountered in high temperature vapor and liquid membrane separations
but also by (ii) the reduced capital and operating costs associated with the
permeate condensers. For these membrane applications, novel rolltrusion
solid-state processing technology (6, 7) can now be used effectively to
generate rugged permselective membranes from solvent-resistant, com-
mercially available, engineering polymers.

In several recent papers (8—11) the influence of the rolltrusion process-
ing temperature and draw ratio on the transport and selectivity of gases
in isotactic polypropylene (iPP) has been detailed. It has been demon-
strated that rolltrusion processing generally improves membrane selectiv-
ity (11) based upon penetrant size, but in some instances reduces the
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permeability (8-10). However, because of the unique process-induced
morphological features, the maximum ca. 7-fold drop in gas permeability
observed in rolltruded iPP is much smaller than the ca. 10 to 1000-fold
decline reported in uniaxially drawn films of similar polymers formed at
comparable draw ratios (12-15). In addition, macrovoid formatjon created
via crazing (stress whitening) or induced through rolltrusion processing
has been demonstrated, for instance, to improve gas permeability in iPP
without sacrificing membrane selectivity (10, 11).

In the current study the effects of rolltrusion processing on the transport
and selectivity of several gases (Hz, CO,, N,, and CH,4) and vapors (H,O
and ethanol) in PEEK over temperatures ranging from 40 to 200°C have
been determined. Although solvent uptake and swelling of PEEK at tem-
peratures to ca. 100°C have been investigated in recent years (16-22),
these studies have been focused primarily upon the effects of penetrant
sorption on the physical properties of this polymer. Consequently, little
consideration has been given to its possible use as a membrane material
until now. Applications of PEEK membranes have been limited to room
temperature micro- and ultrafiltration separations (3, 4). In this paper we
demonstrate that films of rolltruded PEEK can be used successfully for
the separation of gases and more especially vapors at temperatures well
in excess of 100°C.

THEORY

The flux of gases, vapors, and liquids through nonporous polymers can
be described by the three-step solution-diffusion model. One-dimensional
component fluxes can be determined using (23)

of;
Ji = _Disigz_ n

where D; is the diffusion coefficient, f;is the fugacity, and s; is the solubil-
ity of penetrant i in the membrane. The overall transport of material across
a membrane is termed the permeability which is defined as

Lk
(pit — Pip)A

where p; is the partial pressure of component i, A is the membrane area,
h is the membrane thickness, and the subscripts ‘‘f”” and ‘‘p’’ indicate
the feed and permeate side of the membrane, respectively.

For an ideal system in which the polymer does not interact with the
penetrant, f; = p;, and D; and s; are independent of penetrant concentra-
tion. Under these conditions Eqgs. (1) and (2) can be combined so that P;

)

i



11: 38 25 January 2011

Downl oaded At:

902 CIORA AND MAGILL

is the product of D; and s;. Ideal behavior is typical of permanent gases
in polymers at temperatures above T, and estimates of P;, D;, and s; can
be made using the time lag method already described elsewhere (24).

Nonideal systems are characterized by concentration and/or time-de-
pendent transport coefficients which are typical of vapor and liquid trans-
port through polymers. Estimating any of the transport coefficients using
the time lag method (24) is difficult and can be accomplished only when
(i) a model equation for the D; and s; is assumed and (ii) the transport
coefficients are independent of time. Details specific to each vapor consid-
ered in this study (H,O and EtOH) are given later.

Penetrant transport generally occurs through the amorphous phase of
the polymer. In semicrystalline polymers the diffusivity and solubility are
often normalized by the amorphous volume fraction, a,, so that

S = QaSa (3)
and
D = a.D, 4)

where s, and D, are the solubility and diffusivity in the amorphous material
(component subscripts have been dropped for brevity). Since all of the
PEEK films considered in this study are semicrystalline, we report only
amorphous transport coefficients.

Significant variations in the polymeric morphology arise through rolltru-
sion processing. The amorphous chain immobilization (or chain stiffness)
constant, 8, and the diffusive pathway tortuosity, 7, are two empirical
factors that are employed to relate changes in the transport behavior and
properties to variations in the polymer morphology.

Based upon the molecular theory of diffusion of Pace and Datyner (25,
26), it is reasonable to assume a correspondence between the activation
energies and B. Therefore, as in previous papers (9—11), changes in the
activation energies of each penetrant in rolltruded PEEK are used to as-
sess the effect of processing on .

The tortuosity represents the added diffusive path length of a penetrant
resulting from circumvention of impermeable regions in the polymer, such
as crystallites. As a result of solid-state processing, the crystallinity as
well as the crystallite size, distribution, and orientation can be significantly
altered, thereby influencing 7. Relatively impermeable amorphous regions
that are also created via solid-state processing have been invoked to ex-
plain changes in the transport coefficients of rolltruded (9-11) and other
solid-state processed films (12-15) that exceed those changes predicted
by variations in the activation energies and the crystallinities encountered
in this research. To account for the added diffusive pathlength, Eq. (4)
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becomes

D = 5)

It is known that the ability of a membrane to separate components from
a mixture is given by the actual separation factor

xi/xj
yily;
where x; and y; are the feed and permeate concentrations of component

i, respectively. In the ideal system this reduces to a ratio of the permeabil-
ities of the fast to slow gas, or

actual _
T =

(6)

, P,
alfe?! = P, (7)

Differences between the actual and ideal separation factors are not uncom-
mon and can be traced to nonideal penetrant/penetrant or polymer/pene-
trant interactions. The extent of these interactions can be assessed by
examining deviations of the mixture permeability (P[M*) from the pure
component permeability (P;) of component i. The PP can be determined
using

prix = 2 prix (®)

where PRix is the total mixture permeability.

EXPERIMENTAL
Film Preparation

Samples of amorphous PEEK were obtained in sheet form from ICI,
Wilton, UK. The sheets were annealed under tension at 210°C for 2 hours
to induce crystallization and to remove internal stresses. Two annealed
films were rolltruded at processing temperatures of 230 and 285°C to a
draw ratio* (DR) of approximately 4 using the rolltrusion apparatus de-
scribed elsewhere (6, 7). The properties of the rolltruded and an unpro-
cessed (annealed) film are given in Table 1. Experimental density determi-
nations were made using a density gradient column of EtOH and
chloroform at 25°C. Measurements of the sample mass before and after
the density determinations revealed undetectable uptake of either EtOH

* The draw ratio is calculated as the ratio of the initial cross-sectional area of the film to
the final cross-sectional area after rolitrusion.



11: 38 25 January 2011

Downl oaded At:

904 CIORA AND MAGILL

TABLE 1
Pertinent Characteristics of the PEEK Films Used in This Study
7, DR aa
°C) (—) p (g/em?) (—) %TM®
NA“ 1.0 1.2915 0.87 0
230 3.7 1.3039 0.65 350
285 4.0 1.3070 0.68 320

¢ Unprocessed annealed film.
b Percent improvement in the tensile modulus compared with the unprocessed film. Mea-
surement temperature is 80°C.

or chloroform. From the density, amorphous volume fractions were esti-
mated using the equation

a, = 12.8205/p — 9.154 9)
due to Blundell and Osborn (27).

Permeation/Separation Factor Measurements

The PEEK films were installed in the permeation cell as described else-
where (8). The amorphous transport coefficients, P,, D,, and s,, for sev-
eral pure gases (Hz, CO,, N>, and CH, [>99.9%]) and vapors (deionized
H>O0 and anhydrous ethanol [EtOH]) and mixtures of CO2/N (26.4 vol%
C0O,) and H,O/EtOH (39.1, 11.6, and 7.6 wt% H,O in the vapor phase)
were determined at temperatures in the range of 40 to ca. 180°C. We have
previously conducted studies to 225°C with H,, N3, and CO; in rolltruded
PEEK (8).

Gas permeation experiments were conducted at 75 psia, since little pen-
etrant pressure dependence of the transport coefficients was noted in the
range of 20 to 200 psia above and below the giass transition of the polymer.
Pure component and mixed vapor permeation experiments were per-
formed under saturated and superheated conditions. Since the permeate
pressure was kept below 10 torr for all of the experimental runs, p; , was
assumed to be low enough to be neglected in the determination of the
permeability using Eq. (2). A Hewlett-Packard 5880A series gas chromato-
graph was utilized to determine the feed and permeate compositions, so
that actual separation factors could be obtained.

The permeation apparatus and its operation are discussed elsewhere
(8). An external thermostatted feed tank (Tiax = 170°C, control: +0.3°C)
and a liquid N, trap for permeate collection have been added to permit
saturated and superheated vapor experiments to be conducted.
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RESULTS
Permeation

The permeation temperature dependence of the amorphous permeabil-
ities and, if obtainable,* the diffusivities and solubilities of the pure gases
in the annealed and rolitruded PEEK films are shown in Figs. 1, 2, and

* Diffusivities and solubilities were not obtained in some instances because the time lags
were too short.

10’ E
]
| Processing e
Temperature
Y E Unprocessed
] o
5
) 10'
S ]
EJ -
« ]
A J
10 3
] 2
1 ©=C0,/N,[mix]
104 v =0
i ®=H,0[Grayson&Wolf]
1  ®=EtOH
310- ——— T : , —
20 22 2.4 2.6 2.8 3.0 3.2 3.4

1000/T [K™]

FIG. 1 Amorphous permeabilities plotted as a function of inverse temperature in unpro-
cessed and rolltruded PEEK.
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FIG.2 Amorphous diffusivities plotted as a function of inverse temperature in unprocessed
and rolltruded PEEK.

3, respectively. To reduce the clutter in these figures, the actual data
points are shown only for the unprocessed film for each penetrant. The
remaining data points for the films processed at 230 and 285°C are illus-
trated by best line fits only. Figure 1 also displays the amorphous perme-
abilities of saturated water and ethanol vapor in the various PEEK films.

The effect of feed vapor activity on the transport of water in PEEK
was also examined. Figure 4 shows the permeability and the normalized
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FIG.3 Amorphous solubilities plotted as a function of inverse temperature for unprocessed
and rolltruded PEEK.

reciprocal time lags (h?/6L,) of H,O plotted as a function of feed vapor
activity (p/psae) for unprocessed (U) and rolltrusion processed (P) PEEK
at permeation temperatures of 130 and 160°C. The concentration depen-
dence of the time lags hinders the determination of the actual diffusivities
(and solubilities) of water in PEEK. However, throughout this paper, the
D, and s, for H,O vapor are approximated from these time lags and are
reported as ‘‘apparent’ values. Apparent diffusivities and solubilities of
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FIG. 4 Permeabilities and normalized time lags (L.) or apparent diffusivities of water vapor
plotted as a function of feed activity (p/psa) for rolltruded and unprocessed PEEK.

saturated water vapor are plotted in Figs. 2 and 3 for comparison with
the gases. Grayson and Wolf (16) have also studied the transport of H,O
in PEEK via liquid immersion studies, and their data are also plotted in
Figs. 1 to 3.

Compared with gas and water vapor, the permeation of EtOH vapor is
considerably more complicated. Figure 5 shows typical time lag plots for
EtOH at various temperatures in PEEK rolltruded at 285°C. Note that
the abscissa is a reduced time scale expressed as the ratio of the actual
over the total experimental run time. Total experimental run times for
each permeation temperature are given in Fig. 5. For all permeation tem-
peratures, the permeability (proportional to the slope) is initially low and
remains relatively constant up to some induction time, ;. At this stage a



11: 38 25 January 2011

Downl oaded At:

ROLLTRUDED POLY(ARYL ETHER ETHER KETONE) 909

10 71
Temperature o D
Processing: 285°C

1Permeation: 130°C O ff = 8.2 hrs.
110°C AN ff = 16.6
8 - 90 C [:Iif= 51.5
o
-
2
o
—
>
©v
2]
o
“
Q
2
o
ot
£
-
o
o
1.0

t/4, -]

FIG. 5 Normalized time lag plots for ethanol in PEEK rolltruded at 285°C. The kink in
each plot corresponds to the induction time, ¢;.

step increase in the permeability is observed. The permeabilities of EtOH
reported in Fig. 1 were determined from the slope of the data at times
greater than 4 in Fig. 5. However, since time lags cannot be obtained
from Fig. S, “‘apparent’ diffusivities and solubilities for EtOH in PEEK
are not reported.

From the slopes of the data in Figs. 1.to 3, permeation and diffusive
activation energies (E, and E4) and heats of solution (A H,) were evaluated
and are given in Table 2 for each film at permeation temperatures above
and below T,. This temperature agrees well with the glass transition tem-
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TABLE 2
Values of E4 and A H; in Unprocessed and Rolltruded PEEK. E,’s for EtOH Are Also
Listed for the Other Penetrants, E, Can Be Determined from E, = Eq + AH,

Ea <T,. >T,,

(kJmol) T, =NA® T, =230 T,=285 T,=NA® T,=230 T,=285
N, 41.3 41.9 413 57.4 57.9 58.6
CO, 38.2 38.9 38.6 55.8 55.9 56.1
CH, 45.5 45.4 45.5 67.5 67.1 68.8
H, 20.1 20.0 20.5 — — 33.7
H-0 433 0.9 2.9 433 4.9 429
AH, <T,, >T,,

(kifmol) T, = NA® T, =230 T, =285 T,=NA" T,=230 T,= 285
N> -153 ~15.6 ~15.1 -35 -338 -4.0
CO; -249 -25.4 -25.2 -15.0 -15.6 ~15.2
CH, ~18.6 ~18.6 ~18.4 -11.8 ~11.6 -12.0
H, -15 -03 -16 — — ~0.1
H,0 -343 -337 -33.6 ~343 ~337 -33.6
Eq <T,. >T,,

(k¥mol) T, = NA* T, =230 T, =28 T,=NA* T,=230 T, =285

EtOH 72.7 72.9 73.3 — — —

¢ Unprocessed PEEK film.
® Data unavailable.

perature of 148°C for PEEK as measured by DSC in our labs. No such
“break’’ in the transport coefficients is observed for H,O, and pure com-
ponent data are not available for EtOH permeation above the T, of PEEK.

To characterize better the influence of rolltrusion processing on the gas
and vapor transport coefficients, the ‘‘X-fold’’ changes in the P,, D,, and
s, of rolltruded compared to unprocessed PEEK are plotted as a function
of permeation temperature in Figs. 6, 7, and 8, respectively. This conven-
tion has been adopted in previous papers (10, 11) so that increases or
decreases in the transport coefficients of equal magnitude appear as equiv-
alent deflections (though opposite in direction) from the baseline value of
1.0, which represents the unprocessed film. The small step in several of
the curves between 140 and 150°C corresponds to the glass transition
temperature. Additionally, the symbols in Figs. 6 to 9 do not represent
individual data points, but instead are used as simple visual aids or mark-
ers for each penetrant.
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FIG. 6 X-fold change in the gas and vapor permeability of the rolltruded films compared
to the unprocessed film plotted as a function of permeation temperature,

Separation Factors

Ideal and actual separation factors for the CO,/N, system are shown
in Fig. 9. The ideal values have been determined from the pure component
permeabilities of Fig. 1. Differences between the ai4*#' and o2 can be
attributed to deviations of the mixture permeability of component |,
P™*_ from its pure component value, P;. Figure 10 shows these deviations
plotted as the **X-fold”’ changes (denoted A P;) of PR&ixand P&, from the

pure component values for the unprocessed and rolltruded PEEK films.
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FIG. 7 X-fold change in the gas and vapor diffusivity of the rolltruded films compared to
the unprocessed film plotted as a function of permeation temperature.

Note that the mixture permeability of CO, declines by ca. 1.3-fold in
comparison with its pure component value; no change is observed for N».

The ideal H,O/EtOH separation factors, ai§$8 rion, are also given in
Fig. 9. These have been calculated from the saturated vapor permeabilities
given in Fig. 1. Values for ai{$8 g.ou above the T, of PEEK have been
estimated assuming that the permeation activation energy, E,, of EtOH
is invariant above and below T,. Although this is unlikely, such an approxi-
mation gives the maximum expected value of a8 g.on at temperatures
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FIG. 8 X-fold change in the gas and vapor solubility of the rolltruded films compared to
the unprocessed film plotted as a function of permeation temperature.

greater than the T, of PEEK and is useful for comparing ideal and actual
separation factors. The actual separation factors, aff8%:.0n, are given in
Fig. 9 and Table 3, and have been determined for permeation temperatures
of 130 and 160°C in the unprocessed film and the film rolltruded at 7, =
285°C. All vapor mixture separation runs made at 130°C were performed
at the saturation pressure of the mixture, whereas the run at 160°C was
conducted at p/psa, = 0.67. Table 3 also contains the actual permeabilities
of each component in the mixture (P/M*) calculated from Eq. (8) and the



11: 38 25 January 2011

Downl oaded At:

914 CIORA AND MAGILL

1 ..Unprocessed H,0/EtOH
1 T.=230°C ,
1 T =285°C ideal

10
7.6% H,0,(P)—,

7.6% H,0,(U)—> o
11.7% H,0,(p) —>V

[ S R SN W W BN |

e,

A (-]

7.6% H,0,(P)

53]
39.1% H,0,(P)—
39.1% H,0,U)

10

CO,/N,

[ R TN S A |

ol

1o

et f

4*10° , . : .
1.95 2.15 2.35 2.55 2.75 2.95 3.15
1000/T [K™]

FIG. 9 Ideal and actual separation factors plotted as a function of inverse temperature for
CO-/N: and H-O/EtOH systems in unprocessed and rolltruded PEEK.

permeabilities of saturated H.O and EtOH vapor P;* from Fig. 1. Table
3 also contains the permeability of H,O at a vapor pressure which corre-
sponds to the partial pressure of H.O in the mixture, Pifo (as opposed
to the saturated vapor permeabilities, see Fig. 4).
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TABLE 3
Actual Separation Factors for Several Feed Concentrations of H-O in EtOH for
Rolltruded and Unprocessed PEEK. Also Given Are the Mixture Permeabilities (P™)
and Saturated Vapor Permeabilities (P*") for Both Penetrants. The Permeability of H,O
in PEEK at a Vapor Pressure Comparable to That of the Mixture Is Given by Pii,o

mix sat

Ph,o0/ Py,o!
T, Ta X0 ity eon Piou Py Pio
°C) °C) (Wt%) (—) (barrer) (barrer) (barrer)
285 130¢ 39.1 60 204/3.38 385/6.02 ~230
285 130 11.6 490 232/0.47 385/6.02 ~100
285 130 7.6 790 331/0.42 385/6.02 ~80
285 160 7.6 89 374/4.23 520/NA? ~120
(o 130 39.1 53 223/4.42 407/6.8 ~230
U 130 7.6 590 394/0.67 407/6.8 ~80

“ Permeation temperature.
¢ Data not available.
¢ Unprocessed PEEK film.
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FIG. 10 Differences between the mixture and pure component permeabilities of the CO,/
N, mixture in unprocessed and rolltruded PEEK.



11: 38 25 January 2011

Downl oaded At:

916 CIORA AND MAGILL

DISCUSSION

Unlike isotactic poly(propylene) (9-11), Figs. 1 to 9 show that the gas
and vapor transport properties and the selectivity of PEEK are only
slightly altered under the rolltrusion conditions employed here. In Table
4 changes in the transport properties of N, in rolltruded PEEK are com-
pared to rolltruded iPP for a similar processing temperature range and
draw ratio. Variations in the transport properties of iPP resulted from
changes in the polymer morphology due to rolltrusion (9, 10). These in-
cluded changes in the microvoid content, diffusive pathway tortuosity
(associated with crystallinity changes, crystallite orientation, and the for-
mation of impermeable amorphous regions), and amorphous chain stiff-
ness. Although more subtle, these morphological changes are consistent
with the observed variations in the transport properties of PEEK.

Gases

Figure 8 shows that rolltrusion can improve gas solubility by as much
as 30% in PEEK, which is comparable with the increases observed in
rolltruded iPP (9, 10). A large uniform increase in the average amorphous
chain separation is unlikely to account for this change, since it would
result in significant reductions in the activation energies, E4 and A H,.
Instead, microvoids may be induced in the rolltruded PEEK sample as
adduced and confirmed already for iPP (9, 10). However, it is unlikely
that the general improvement in the s, as the ‘‘processing temperature’’

TABLE 4
Comparison of the Changes in Selected Transport Properties of Rolltruded PEEK and
iPP (10) for Permeation Temperatures above the T,. Draw Ratio Is ca. 4 in All Films

PEEK iPP

T, = 285°C T, = 230°C T, = 125°C T, = 50°C

Eq4 (kJ/mol)® -0.4 +0.7 +35.0 +4.7
A H, (kJ/mol)* -0.2 +0.2 ~3.1 +0.2
D, (cm?/s)® NC¢ 1.20 ¢ 1.6 6.7
S, (cm3{stp}/cm?/s)® 1.211 1.15% 1.71 1.21

@ Activation energies are given as the difference between the rolltruded and original film
(i.e., rolltruded ~ original).

b D, and s, given as X-fold change. Arrow indicates increase or decrease.

¢ No change.
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is raised (see Fig. 8) is due to a simultaneous increase in microvoid con-
tent. On the contrary, previous results with rolltruded iPP (9, 10) [as well
as the general temperature dependence of macrovoid formation via craz-
ing in iPP, PEEK, and other polymers (28)] indicate that the formation
of voidlike defects is actually reduced as the processing temperature is
raised. Therefore, variations in the amorphous chain stiffness and/or the
fraction of impermeable amorphous material, not microvoid formation,
probably accounts for the processing temperature dependence of the s,
as discussed below.

The negligible size dependence of the improvement in the D, of N,
CO,, and CH, following rolltrusion at processing temperatures of 230 and
285°C (see Fig. 7) and the small variations in the activation energies (see
Table 2) indicate that the amorphous chain stiffness associated with diffu-
sive transport increases only marginally at the two processing tempera-
tures considered to date, hence this result suggests that the formation of
impermeable amorphous regions accounts for the processing temperature
dependence of s,. We have shown already (9, 10) that the fraction of
impermeable amorphous material increases as the processing temperature
is lowered in rolltruded iPP (9, 10). A similar temperature dependence is
expected in PEEK,* and this would be expected to yield a reduction in
the 5. as the processing temperature is lowered. This is consistent with
the observed trend in Fig. 8.

An increase in the fraction of relatively impermeable amorphous mate-
rial with decreasing processing temperature, however, is expected to pro-
duce a concomitant rise in the tortuosity, 7, and drop in the D,. This result
contrasts with the improvement in the D, as the processing temperature
is increased as illustrated in Fig. 7. There are two likely sources for this
trend, namely, (i) microvoid formation and/or (ii) increased crystallite ori-
entation [which reduces the 1 (10)]. Both factors would be expected to
improve the D,. Additionally, the predicted temperature dependence of
each factor (9, 10) is consistent with the trend in the D, displayed in Fig.
7.

Vapors

The P, of H,O vapor in PEEK declines following rolltrusion over the
entire range of vapor pressures considered as shown in Figs. 4 and 6. The
P, of saturated EtOH vapor is similarly depressed (Fig. 6). The data in
Figs. 7 and 8, respectively, suggest that the reduction in the P, of water

* More extensive measurements will be made over a wider span of processing conditions
to resolve this trend.
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vapor results from a drop in the apparent s,, which is correspondingly
larger than the observed increase in the apparent D,.

Since the s, of the gases increased following rolitrusion, this drop in
water vapor solubility is unexpected. However, water is expected to be
a more efficient plasticizer of PEEK than the gases studied in this work.
It seems that rolltrusion enhances polymer stability and at the same time
hinders the ability of H,O to plasticize PEEK, and hence this is responsi-
ble for the reduced s, values,.

The apparent D, of H,O, shown in Fig. 7, increases as a consequence
of rolltrusion processing. An increase in the microvoid content and a de-
crease in the tortuosity (due to crystallite orientation) most likely contrib-
ute to this improvement in D,, as observed for the gases.

Grayson and Wolf (16) studied the sorption of liquid water in semicrys-
talline, unoriented PEEK for permeation temperatures ranging from 35
to 95°C. Considering that the driving forces for saturated water vapor and
liquid water permeation are equivalent at constant temperature (equiva-
lent activity), the 15 to 20% discrepancy shown in Fig. 1 between their
data and ours is somewhat unexpected. However, large differences be-
tween vapor and liquid permeabilities have been reported in other poly-
mer/penetrant systems (29) due to differences in the plasticizing capabili-
ties of solvent vapors and liquids.

Anomalous Permeation of EtOH

Determination of the apparent diffusivities and solubilities of ethanol
in PEEK was impossible using the time lag method because of the time-
dependent nature of the permeation. The sharp increase in EtOH flux
shown in Fig. 5 is indicative of Fickian Case 11 sorption kinetics (30).
Case II kinetics are identified by a step change in the concentration profile
(termed the **front’’) of the penetrant in the polymer. Ahead of the front,
penetrant transport is controlled by normal Fickian diffusion into the un-
swollen polymer. However, behind the diffusion front, the polymer is
swollen, producing a significant enhancement in the permeability of the
penetrant. Since the front advances with time through the polymer, the
permeability exhibits a step change at some induction time, #;, as observed
for EtOH in Fig. 5. Similar kinetics have been observed with other organic
liquids (CH,Cl», CHCls, toluene, benzene) during sorption experiments
in PEEK (17, 18).

Case I kinetics have been associated with depression of the glass transi-
tion temperature, T, of the polymer below the experimental permeation
temperature by the penetrant (16, 30). A rough estimate of the dependence
of the glass transition temperature of a polymer on penetrant concentra-
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tion can be made using the Fox (31) equation given by

I wy We

Tg.r B Tgsp Tg.s

where T, T, p, and T, s are the glass transition temperatures of the swol-
len polymer, the pure polymer, and the penetrant, respectively, and w,
and w; are the weight fractions. Values for T, ¢ of small molecules can be
obtained from Fedors (32), and the T; of PEEK is ca. 148°C. Grayson and
Wolf (16) used this equation to estimate the weight fraction of benzene
and toluene necessary to depress the glass transition temperature of amor-
phous PEEK below the experimental sorption temperature of 95°C. The
calculated weight fractions correlated well with the observation of a transi-
tion from Case II to Case I kinetics during desorption of these organic
liquids from PEEK (16).

This equation may be used to account for the differences in permeation
kinetics of EtOH and H,O. Unfortunately, we cannot obtain the solubility
of EtOH in PEEK from the time lag plots. Nevertheless, Fig. 11 shows
that a linear relationship exists between the s, and the Lennard—Jones
potential, e/k, of several penetrants in unprocessed PEEK for a permea-
tion temperature of ca. 100°C. From this figure the solubility of EtOH in
PEEK is estimated as 0.45 cm’[STP}/cm?®cmHg given that the (e/k) of

(10)

10’ { Toluene -
"af 3 d
e y
g JH,0 =
o> 1074
£ 3
L ]
E -4
%“) lo"z_: C02 | ?
é f CH, .
s N
0
*0F we H,
310 l — ,
0.0 100.0 2000 300.0 400.0
g/k [K™]

F1G. 11 Dependence of the gas and vapor solubility on penetrant Lennard—Jones parameter
in unprocessed and rolltruded PEEK at ca. 100°C.
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EtOH is ca. 391 K (33). According to Eq. (10), a solubility of only 0.15
cm’[STPl/ecm?/cmHg (3.6 wi%) Is necessary to depress the glass transition
temperature of PEEK below 100°C, in accordance with the observation
of Case II kinetics. In contrast, water solubility of ca. 1.2 cm3[STP)/cm?/
cmHg (5.8 wt%) is needed to depress the T, of PEEK below 100°C. From
Fig. 3 the apparent solubility of H,O in PEEK at this temperature is
significantly lower based upon our data and that of Grayson and Wolf, so
that Case II Kinetics are neither predicted nor observed for this penetrant.

Separation Factors

Figure 9 shows that the actual separation factors for the CO,/N, mixture
are depressed relative to their ideal values. This is attributed to a decrease
in the mixture permeability of CO, (P®,) compared with its pure compo-
nent value as displayed in Fig. 10. As established in iPP (11), a reduction
in the PES in PEEK may be influenced by the presence of N> which
suppresses (or ‘‘screens’’) CO- plasticization of PEEK. Variations in the
processing conditions in this investigation do not appear to influence sig-
nificantly the separation factors, which is not unexpected considering the
marginal influence of the effect of processing conditions on the gas trans-
port coefficients.

In comparison, the aff!8hon’s are enhanced substantially at water
vapor concentrations of 7.6 and 11.7 wt% as shown in Fig. 9 for the
unprocessed and rolltruded films. The data in Table 3 indicate that these
improvements result from large decreases in the PE¥y compared with
the P&y . The sharp drop in the PEigy at 130°C may result from a reduc-
tion in the solubility of EtOH in PEEK below the threshold value needed
to depress the 7, below the permeation temperature. Hence, the two-
stage permeation associated with Case II diffusion is no longer realized,
so that the permeability of EtOH never increases above its value before
the induction time shown in Fig. 5.

In contrast with the PEi$n, the PRYS decreases only slightly compared
with the Pifo and increases dramatically with respect to the permeability
of pure H,O at the same vapor pressure, Pif,o, as shown in Table 3 for
the unprocessed and rolltruded films. Interestingly, the aff'$%k.0n also
increases as the concentration of H,O in the mixture decreases, which is
due exclusively to the improvement in the Pi#% (see Table 3). The im-
provement in the P#% versus its pure component permeability at a compa-
rable vapor pressure, Pifo, and its concentration dependence may result
from two likely sources, namely,

1. Anincrease in the diffusivity of H>O due to plasticization of the PEEK
by EtOH and/or
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2. Adisruption in the ‘‘clustering’’ of H,O due to a combination of lower
vapor activity and the presence of EtOH

Comparison of PEEK to Other Polymers
for Vapor Separation

The removal of small amounts of H,O (<10 wt%) from EtOH and other
organic compounds via vapor permeation has been investigated by several
authors (34-39). Vapor permeation offers several advantages over the
more common pervaporation technique (38, 39). Several of these are

1. No concentration polarization and a more favorable flow distribution

2. Simpler module design since the heat of evaporation need not be sup-
plied

3. Isothermal operation

Furthermore, process streams contaminated with water are in many cases
high temperature (>80°C) vapor streams from distillation columns and
reactors, so that vapor permeation would be more advantageous in terms
of thermal efficiency and hence process economics.

Table 5 shows typical values of the vapor permeability of H,O and
aff'8%kon for several polymers (34-37) at various feed temperatures and

concentrations. In general, results for PEEK membranes compare favora-
bly with other membranes from a permeability and selectivity standpoint

TABLE 5
Vapor Permeabilities of H>O and Actual Separation Factors for H,O/EtOH Mixtures for
Various Polymers Compared with PEEK Considered in This Study

T Pwa!er
Polymer °C) Composition (barrer) QH,0,E10H
PVA/PAN 85 10 wt% H,0 in EtOH ~2260¢ 196
Composite (35, 36)

Kapton-H (34) 75 " 250 1400
Kapton-H (34) 105 " 270 990
BPDA-DDBT (34) 95 " 2480 470
BPDA-DDBT (34) 105 " 1670 540
Kapton-H (37) 120 plpsa = 0.2 (pure H,0) 80 NA
PEEK, T, = 285°C 130 7.6 wt% H,O in EtOH 371 ~790
PEEK, T, = 285°C 160 7.6 wt% H,0 in EtOH 374¢ ~88¢

2 2.5 um active layer of poly(vinyl alcohol) supported on poly(acrylonitrile).
5 NA: Not available.
¢ plpsa for this mixture is 0.67.
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at low water concentrations. Additionally, PEEK offers improved ther-
mal, chemical, and mechanical stability, especially when it is rolltruded.
PEEK, because of its overall stability, is also attractive for tackling more
noxious separations, such as the vapor phase dehydration of acetic acid,
as well as for higher temperature separations above 150°C for which many
polymers prove to be unsuitable.

Rolltrusion membrane fabrication also offers several advantages over
solution casting techniques, including

1. Ease of thin film production
2. Improved strength and creep resistance
3. The avoidance of noxious solvents otherwise needed for film casting

Item 3 also reduces health and safety concerns and eliminates the cost of
solvent recovery. Elsewhere, it has been demonstrated that rolltrusion
processing can be used to craze polymers in order to improve penetrant
permeability in a polymer without sacrificing selectivity (10, 11). These
advantages indicate that rolltruded polymers in general, and PEEK in
particular, may be of practical value for membrane applications where
harsh chemical environments are encountered.

CONCLUSIONS

In this paper rolltrusion processing has been employed in the fabrication
of thin films of PEEK for membrane applications. Variations in the trans-
port properties are found to be consistent with trends already noted by
us, for example in rolltruded iPP films.

The combination of the excellent solvent resistance, improved mechani-
cal properties, and good permeability and selectivity to water and ethanol
vapor at temperatures well above 100°C suggests that rolltruded PEEK
may be useful for membrane applications in harsh thermal and/or chemical
environments for which commercially available polymeric membranes are
simply inadequate.
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