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Inorganic Membrane Technology 

R. R. McCAFFREY, R. E. McATEE, A. E. GREY, C. A. ALLEN, 
D. G. CUMMINGS, A. D. APPELHANS, R. B. WRIGHT, and J .  G. JOLLEY 

IDAHO NATIONAL ENGINEERING LABORATORY 
EG&G IDAHO, INC. 
P. 0. BOX 1625 
IDAHO FALLS, IDAHO 8341 5 

ABSTRACT 

The o b j e c t i v e  o f  t h i s  program i s  t o  develop a v a r i e t y  
o f  i n o r g a n i c  based h i g h  temperature separa t i on  membranes. 
Organic membranes a re  1 i m i  t e d  by temperature (<lOO"C) and 
chemical  environments,  and a re  u n s u i t a b l e  f o r  h i g h  tempera- 
t u r e  a p p l i c a t i o n s .  The h i g h e r  temperature s t a b i l i t i e s  o f  
i n o r g a n i c  m a t e r i a l s  make them i d e a l  cand ida tes  f o r  h i g h  
tempera ture  membrane a p p l i c a t i o n s .  Polymers w i t h  i n o r -  
gan ic  backbone s t r u c t u r e s ,  such as t h e  polyphosphazenes, 
a r e  be ing  examined f o r  mid-temperature membrane separa t i on  
a p p l i c a t i o n s  (100OC - 350°C). M e t a l l i c  and ceramic mem- 
brane m a t e r i a l s  a r e  be ing  examined f o r  h i g h  tempera ture  
separa t i on  a p p l i c a t i o n s  (35OoC - 1000°C). The l i q u i d  and 
gas membrane t e s t  systems developed f o r  t h i s  program a r e  
descr ibed.  P r e l i m i n a r y  r e s u l t s  on t h e  separa t i on  proper -  
t i e s  o f  p o l y [ b i  s (2,2,2 trif 1uoroethoxy)phosphazenel mem- 
branes a r e  r e p o r t e d  f o r  d i l u t e  aqueous methanol, e thano l ,  
i sopropano l ,  and phenol feedstreams. 

INTRODUCTION 

The success fu l  a p p l i c a t i o n  o f  membrane separa t i on  techno logy  
f o r  water  d e s a l i n a t i o n  i l l u s t r a t e s  t h e  promise t h a t  membrane techno logy  
c o u l d  h o l d  f o r  a v a r i e t y  o f  i n d u s t r i a l  separa t i on  processes. I n  a 
recen t  rev iew  o f  membrane techno logy  severa l  areas i n  which membranes 
cou ld  p rov ide  a s u b s t a n t i a l  enhancement f o r  energy conserva t i on  
m a t e r i a l s  recove ry  and waste stream process ing  were i d e n t i f i e d .  
Most commercial membranes a v a i l a b l e  today  a r e  o rgan ic  based polymer 
membranes. These membranes a r e  g e n e r a l l y  o n l y  s t a b l e  a t  temperatures 
below 100°C, nar row pH ranges ( n e u t r a l ,  and i n  t h e  absence o f  o rgan ic  
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874 MC CAFFREY ET A L .  

so lven ts  and t h e r e f o r e  would n o t  be s u i t a b l e  f o r  many i n d u s t r i a l  
processes s ince  t h e y  would n o t  s u r v i v e  i n  t h e  adverse environments 
encountered i n  most i n d u s t r i a l  process streams. There i s  a need 
then f o r  t h e  development o f  membranes which w i l l  meet t h e  demands 
o f  t h e  i n d u s t r i a l  process environments.  Membranes capable o f  w i t h -  
s tand ing  t h e  adverse process environments a re  expected t o  be based 
on i n o r g a n i c  m a t e r i a l s ,  s ince  t h e y  a r e  g e n e r a l l y  more r e s i s t a n t  t o  
chemical  a t t a c k  and e x h i b i t  h i g h e r  thermal  s t a b i l i t i e s  than o rgan ic  
m a t e r i a l s .  

The o b j e c t i v e  o f  t h i s  s tudy  i s  t o  deve lop  a v a r i e t y  o f  i n o r g a n i c  
based membranes ab le  t o  s u r v i v e  i n  h i g h  temperatures and va r ious  
chemical  environments.  Two membrane systems a r e  be ing  examined: 
1) mid-temperature membranes s t a b l e  up t o  350°C, and 2) h igh-tempera- 
t u r e  membranes s t a b l e  f rom 350°C - 1000°C. I n  search ing  f o r  i n o r g a n i c  
m a t e r i a l s  t h a t  cou ld  s u r v i v e  t h e  harsher  environments i n  these two 
tempera ture  ranges, i t  was determined t h a t  i n o r g a n i c  based polymers 
(polyphosphazenes) would be s t a b l e  i n  t h e  mid-temperature range, 
and t h a t  m e t a l l i c  and ceramic m a t e r i a l s  would be s t a b l e  i n  t h e  h i g h  
temperature range. Thus, polyphosphazene m a t e r i a l s  were chosen f o r  
i n v e s t i g a t i o n  o f  mid-temperature membrance a p p l i c a t i o n s ,  and m e t a l l i c  
and ceramic m a t e r i a l s  were chosen f o r  i n v e s t i g a t i o n  o f  h igh- tempera ture  
membrane separa t i on  a p p l i c a t i o n s .  

I no rgan ic  Membrane Program i s  summarized i n  t h i s  paper. I n  P a r t  A 
t he  syn thes i s ,  c a s t i n g ,  and t e s t i n g  o f  mid-temperature polyphosphazene 
membranes i s presented .  
The d e t a i l s  o f  i n i t i a l  s t u d i e s  on s p u t t e r  depos i ted  m e t a l l i c  high-temp- 
e r a t u r e  membranes, and t h e  exper imenta l  membrane gas t e s t  c e l l  apparatus 
a r e  presented  i n  P a r t  B o f  t h i s  paper.  

The c u r r e n t  s t a t u s  of t h e  Idaho Na t iona l  Eng ineer ing  Labora to ry  

De ta i  1 s o f  t h i s  work a re  p resented  e l  sewhere. ( 2 )  

PART A :  POLYPHOSPHAZENE MID-TEMPERATURE MEMBRANES 

Background 

Ino rgan ic  polymer m a t e r i a l s ,  such as t h e  polyphosphazenes, were 
chosen f o r  i n i t i a l  i n v e s t i g a t i o n  o f  mid-temperature membrane separa t ions .  
The phosphazene polymer c o n s i s t s  o f  a con jugated  phosphorous-ni t rogen 
double bond backbone system w i t h  two s i d e  groups a t tached  t o  t h e  
phosphorous atoms. These polymers can be e a s i l y  m o d i f i e d  w i t h  a 
v a r i e t y  o f  s ' de  groups by n u c l e o p h i l i c  s u b s t i t u t i o n  and exchange 
r e a c t i o n s .  (33 There a re  t h r e e  types  o f  polyphosphazene backb ne 
s t r u c t u r e s :  1) l i n e a r ;  2 )  c y c l o l i n e a r ;  and 3)  c y c l o m a t r i x . ( 4 ~  The 
l i n e a r  o rgano-subs t i t u ted  polyphosphazene m a t e r i a l  i s  syn thes ized 
f rom t h e  r i n g  c leavage po lymer i za t i on  o f  t h e  c y c l i c  t r i m e r  ( u s u a l l y  
hexachlorocyclotr iphosphazene)  and subsequent s u b s t i t u t i o n  w i t h  t h e  
d e s i r e d  s i d e  group. The o t h e r  two polymers c y c l o l i n e a r  and c y c l o m a t r i x  
a re  prepared by  r e a c t i n g  t h e  c y c l i c  t r i m e r  w i t h  a d i f u n c t i o n a l  monomer. 
The type o f  polymer ob ta ined  i s  dependent on t h e  mole r a t i o s  o f  t h e  
r e a c t a n t s  used and a v a i l a b l e  r e a c t i v e  s i t e s  on t h e  t r i m e r .  The chemical  
and thermal p r o p e r t i e s  o f  t h e  polymer a re  found t o  
bo th  t h e  polymer backbone s t r u c t u r e  and s i d e g r o u p s . ~ 3 * 4 ~  Th is  d i v e r s i t y  
i s  a t t r a c t i v e  f o r  membrane s t u d i e s  s ince  i t  perm i t s  t h e  t a i l o r i n g  
o f  membranes, w i t h  c e r t a i n  chemical  and phys i ca l  p r o p e r t i e s ,  f o r  
s p e c i f i c  separa t ions .  

e r l a t e d  t o  
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I N O R G A N I C  MEMBRANE TECHNOLOGY 875 

The l i n e a r  polymers were chosen f o r  i n i t i a l  inves t iga t ion  because 
extensive information on  the synthesis  and  physical p roper t ies  of 
the polymers was ava i lab le  in the l i t e r a t u r e .  The f i r s t  candidate 
membrane material t o  be synthesized was the l i n e a r  poly[bis(2,2,2, 
trifluoroethoxy)phosphazene] ( P T F E P ) .  PTFEP was chosen f o r  the i n i t i a l  
study presented in  this  paper, because i t  i s  reported in the l i t e r a t u r e  
t o  be a f i lm former, chemically r s ' s tant  t o  various so lvents ,  a n d  
has a h i g h  melting point  (243"C).751 A summary of the synthes is ,  
cast ing procedure, and membrane diffusion experiments a re  presented 
in  the following sect ions of Part A of t h i s  paper. 

Ex pe r i men t a 1 

Synthesis and polymer charac te r iza t ion .  A modifi a ion of 
Allcock 's  procedure was used in the synthesis  of P T F E P . t S F  Hexachloro- 
cyclotriphosphazene was polymerized in  vacuum a t  250°C f o r  48 hours. 
The polymerized material was then dissolved in  dry benzene a n d  added 
dropwise t o  a tetrahydrofuran solut ion o f  sodium t r i f luoroe thoxide .  
The mixture was refluxed f o r  40 hours and upon cooling a c i d i f i e d  
t o  a pH of 4-5 with H C 1  t o  neut ra l ize  any unreacted base. The polymer 
mixture was then f i l t e r e d  and washed with water and ethanol t o  dissolve 
occluded sodium chlor ide.  After  the polymer was a i r  dr ied i t  was 
pur i f ied  with benzene in a Soxhlet ex t rac tor  f o r  48 hours ( t h e  benzene 
ex t rac t ion  separated the oligomers from the polymer). 
18-21% o f  the  white f ibrous polymer were obtained using the  above 
method ( y i e l d s  a r e  based on a dichlorophosphazene monomeric u n i t ;  
the  best y i e l d  obtained was 19.4 g (20.6%) of P T F E P ) .  

A Perkin Elmer s e r i e s  1420 r a t i o  recording Infrared Spectrometer 
was used f o r  the  IR ana lys i s  of PTFEP f i lms .  
c a s t  from a tetrahydrofuran solut ion onto sodium chlor ide c r y s t a l s .  
The observed IR v ibra t ions  confirmed polymer formation a s  they agreed 
very well with those re or ted in  the i e r a t u r e  (P-N: 
P-0-C:885 cm-1, 960 a n - ? ,  1425 A Perkin Elmer Dif fe ren t ia l  
Scanning Calorimeter (DSC-2) was used in  the  thermal ana lys i s  of 
the polymer samples. 
i n  the  range of 30°C - 260°C. 
( f i r s t  order t r a n s i t i o n )  and 238°C (melting point)  agree very well 
w i t h  
t u r e .  f 67 

Yields of 

The polymer f i lms were 

1285 cm-l; 

Polymer samples were heated a t  a r a t e  of lO"/min 
The two t r a n s i t i o n s  observed a t  80°C 

h thermal c h a r a c t e r i s t i c s  of the polymer reported in  the l i t e r a -  

Casting. The r e s u l t s  of a cas t ing  study indicated t h a t  membranes 
c a s t  from 1% polymer so lu t ions  i n  e thyl  ace ta te  produced dense nonporous 
uniform membranes which e e s u i t a b l e  f o r  the diffusion experiments 
performed in  t h i s  study.727 These membranes were c a s t  using a knife 
cas t ing  apparatus .  The knife cas t ing  apparatus, shown in Figure 1, 
consisted of a n  A0 Reichart Microtome (Model 860) with a cas t ing  
platform and a sage pump dr ive system f o r  uniform movement of the 
knife assembly. 
t o  hold the cast ing media in  posi t ion.  
ment t o  the appropriate  f e e l e r  gauge. 
cas t ing  apparatus a t  a knife height o f  100 vm with 1% polymer solut ion 
in  e thyl  ace ta te  and tetrahydrofuran were found t o  be 0.25 wr and 
0.47 Fm th ick ,  respect ively.  Film thicknesses were determined oravi-  
met r ica l ly  on g lass  cover s l i d e  subs t ra tes  (24 mm x 64 m m )  using a 
Mettler (Model AE163) micro balance. 

A vacuum l i n e  was i n s t a l l e d  in  the  cast ing platform 

Membranes c a s t  with the knife 
Knife height was s e t  by adjust-  
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876  MC CAFFREY ET A L .  

Knife 

Microtome 

Modified microtome for knife casting 
Platform 
leveling 
blocks S 

Glass 

2860 

F igu re  1. K n i f e  c a s t i n g  apparatus.  

L i q u i d  c e l l  t e s t  system and d i f f u s i o n  exper iments.  The l i q u i d  
c e l l  t e s t  system developed a t  t he  Idaho Na t iona l  Eng ineer ing  Labora to ry  
can produce pressures  up t o  2.07 x 107Pa (3000 p s i ) ,  w i t h  a 6.9 x 
106Pa (1000 p s i )  p ressure  drop  across  t h e  membrane and Incone l  porous 
suppor t ,  and m a i n t a i n  cons tan t  temperature i n  t h e  t e s t  c e l l  up t o  
350°C. Feed s t ream f l o w  can range f rom a few m l / m i n  up t o  one l i t e r / m i n  
(Reyno ld 's  number i s  >ZOO0 t o  i n s u r e  t u r b u l e n t  f l o w ) .  The system 
i s  cons t ruc ted  o f  Incone l  and designed t o  handle a wide range o f  
feeds tock  s o l u t i o n s .  The feed s o l u t i o n  i s  i n t roduced  i n t o  t h e  c e l l  
i n  a p a r a b o l i c  chamber designed t o  p rov ide  a f l o w  f i e l d  o f  u n i f o r m  
v e l o c i t y .  
and across  t h e  membrane. The e f f e c t i v e  area f o r  t r a n s p o r t  th rough 
t h e  membrane i s  6.5 cm2. The permeate s i d e  i s  designed s i m i l a r l y  
and t h e  permeate i s  f l u s h e d  f rom t h e  c e l l  d u r i  

The feed s o l u t i o n  passes th rough a porous f l o w  d i s t r i b u t o r  

d i f f u s i o n  exper iments 
i n  a cont inuous  mode w i t h  a d i l u t i o n  s o l u t i o n .  ?Y 1 

Membranes were c a s t  on Incone l  t e s t  c e l l  suppor t  p l a t e s  u s i n g  
t h e  k n i f e  techn ique p r e v i o u s l y  descr ibed.  The th i ckness  o f  t h e  mem- 
branes t e s t e d  were approx imate ly  0.25 pm ( c a s t  f rom e t h y l a c e t a t e )  
and 0.50 pm ( c a s t  f rom t e t r a h y d r o f u r a n ) .  
ments t h e  membranes were p r e t e s t e d  w i t h  a p ressure  d i f f e r e n t i a l  o f  
3.5 x lO5Pa (50  p s i )  across t h e  membrane, f o r  20 minutes.  
t h a t  leaked were r e j e c t e d .  Aqueous feed s o l u t i o n s  o f  0 .1  M methanol, 
e thano l ,  i sopropano l  and phenol were used. The c a r r i e r  s o l u t i o n  
was nanopure water .  Feed f l o w  r a t e s  were approx imate ly  20 ml/min 
and permeate f l o w  r a t e s  were 1.0 ml/min f o r  t he  d i f f u s i o n  exper iments.  
A p o s i t i v e  p ressure  d i f f e r e n t i a l  o f  3.5 x 104Pa ( 5  p s i )  was main ta ined 
across  the  membrane and measurements were made a t  i n t e r v a l s  i n  t h e  

Before  t h e  d i f f u s i o n  e x p e r i -  

Membranes 
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INORGANIC MEMBRANE TECHNOLOGY 877  

range of 25°C - 180°C. 
using a Perkin Elmer Sigma 18 gas chromatograph t o  determine the 
alcohol concentrat ions.  

The feed and permeate solut ions were analyzed 

Results and Discussion 

The diffusion f lux  f o r  each alcohol species  was calculated from 
the experimental measurements using equation (1) .  

where F i s  the f lux ,  C2 i s  the concentration of the d i f fus ing  species  
on the permeate s i d e ,  A i s  the membrane area a n d  V / t  i s  the  flow 
r a t e  of the permeate. The diffusion coef f ic ien t  can be c 1 ulated 
from F i c k ' s  d i f fus ion  equation using the calculated f l u x . a 7 j  

D i s  the d i f fus ion  coef f ic ien t  f o r  t h a t  species ,  C 1  i s  the concentra- 
t ion  of the d i f fus ing  species  on the feed s ide  of the membrane a n d  L 
i s  the membrane thickness .  This assumes diffusion i s  independent 
of concentrat ion.  

Using the normal temperature dependence of diffusion which f o r  
membranes can be derived from the Parlin-Eyring diffusion model, 
the diffusion coef f ic ien t  can be represented a s  a function of tempera- 
t u r e  and d i f  usion ac t iva t ion  energy of the d i f fus ing  species  (equa- 
t ion  3) . (298 i 

D = Do exp(AEa/kT) (3 )  

where AEa i s  the  ac t iva t ion  energy of diffusion f o r  the d i f fus ing  
species ,  T i s  the  temperature, k i s  the  Boltzmann constant ,  and  Do i s  
a diffusion c o e f f i c i e n t  constant. The exponential term i s  general ly  
considered t o  be the probabi l i ty  of an atom, ion o r  molecule moving 
from one s t a b l e  posi t ion t o  another w i t h i n  the  membrane. 
energy represents  the energy b a r r i e r  the d i f fus ing  p a r t i c l e  must 
pass in  i t s  movement. 

The experimental r e s u l t s  and condi t ions of the PTFEP diffusion 
s tudies  a r e  presented in Table 1. The f lux  a n d  the diffusion coef f i -  
c i e n t s  calculated (using the  data  in  Table 1) f o r  each alcohol a re  
summarized in Table 2. 
( log D) vs 1 / T  i s  presented in  Figure 2 f o r  e thanol .  Similar l i n e a r  
p lo ts  were a l s o  obtained f o r  methanol and isopropanol. The r e s u l t s  
of these p lo ts  show t h a t  the three  alcohols  follow the Parlin-Eyring 
Model by exhib i t ing  a l i n e a r  re la t ionship  between the log (Di) vs 1 / T  
(equation 3 ) .  The diffusion constant ,  D o ,  and ac t iva t ion  energies ,  

AE,,  ca lculated from the y- intercept  and slope of the log Do vs 1 /T  
p lo ts  a r e  presented in  Table 3. 

The ac t iva t ion  

A logarithmic plot  of the diffusion coef f ic ien t  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



878 

T A R L E  1 
PTFEP E x p e r i m e n t a l  O i C f u s i o n  Data3 
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0 . 9 7  19 .10  

1 .07  21.40 
0 .96  19.70 
1 . 0 0  20. no 
0 .91  18 .20  

0 . 4 7  
0 . 4 7  
0.47 
0 . 4 7  
0.47 
0 . 4 7  

0 . 4 7  

0 . 2 5  
0 . 2 5  
0.47 
0.47 
0 .47  
0 . 7 5  
0 . 7 5  

0 .25  

0 . 2 5  
0.47 
0 . 4 7  
0 . 4 7  
0.47 
0 . 4 7  
0.47 
0 . 4 7  

0 . 4 7  

0 .75  

0 . 2 5  

0. 25 

0.47 

2.4 
3 . 0  

1 3 . 1  
1 1 . 6  
10 .3  
8 .1  
9 . 6  

216.0 
287 .0  
287.0 
18. I 
7 1 . 2  
23 .5  
41.7 
59.0 
5 2 . 3  

311.0 
397 .0  
253.1 
135.4 
127.7 
129.0 

3 5 . 6  
39 .2  

195.0 
473.0 
330 .0  

13.0 

5 . 4  
4 . 3  
4 . 6  

23.6 
2 0 . 9  

15 .5  
17 .5  
21 .4  

309 .0  
410 .0  
412 .0  

2 5 . 5  
29.6 
31.5 
5 6 . 6  
80.5 
72.7 

453 .0  
590.0 
441 .0  
192 .1  
181 .2  
182.7 
48.0 
55 .6  

281.0 
678 .0  
477.0 

20.0 

5 . 0  
3 . 1  
3.1 

32.2 
26.9 
2 3 . 8  
1R 8 
21.7 
31.4 

398.0 
532 .0  
536 .0  

78 .7  
34 .9  
35.7 
7 3 . 2  

107.7 
9 5 . 1  

538 .0  
701.0 
389.0 
239.8 
224.8 
226.9 

59 .1  
11 .1  

360.0 
892 .0  
611.0 

3480 
3670 
3693 
3602 
3747 
2939 
3784 
3696 
3547 
3452 
3337 
3040 

3683 
3372 
3848 
3261 
3666 
3885 
4135 
3717 
3574 
3526 
3471 
3561 
347 1 
3463 
3491 
3503 

48R9 
5100 
5203 
5707 
5552 
4470 
5506 
5346 
5712 
5134 
4907 
4347 

5343 
4817 
5755 
4773 
5437 
5805 
6254 
5945 

4997 
4983 
5112 

5099 
5174 

5013 

5107 

5704 

6203 
6430 
6537 
6693 
6958 
5809 
7025 
G R O J  
G689 
6879 
6165 
5534 

667 1 
6136 
7159 
5878 
6800 
691R 
7572 
7019 
6403 
6349 
6376 
6527 
6184 
6419 
6576 
6537 

a k m b r a n e  a r e a  6.5cm2; T = t e m p e r a t u r e ;  V = sample volume; ? = membrane t h i c k n e s s ;  
C7 = permeate c o n c e n t r a t i o n  (PPM); C1 ~ feed c o n c m t r a t i o n  (PPM); m = meihonol ;  
e = e t h a n o l ;  i = i s o p r o p a n o l .  

The a c t i v a t i o n  energ ies  o f  t h e  t h r e e  a l c o h o l s  t a b u l a t e d  i n  Table 3 
a re  a l l  sma l l .  Th i s  suggests t h a t  t h e r e  i s  l i t t l e  b i n d i n g  energy 
between t h e  PTFEP membrane and the  d i f f u s i n g  species.  The a c t i v a t i o n  
energ ies  o f  t h e  t h r e e  a l c o h o l s  a re  a l s o  q u i t e  c lose  thus  i t  i s  concluded 
t h a t  t h e r e  i s  l i t t l e  s t e r i c  hinderance between the  a l c o h o l s  and t h e  
PTFEP membrane d u r i n g  d i f f u s i o n  th rough t h e  membrane. In  o t h e r  words 
these r e s u l t s  i n d i c a t e  t h a t  t h e  d i f f u s i o n  pathways w i t h i n  t h e  membrane 
a re  l a r g e r  than the  d i f f u s i n g  spec ies  (methanol ,  e thano l  and i sop ro -  
pano l ) .  Th i s  can be e a s i l y  seen when t h e  a c t i v a t i o n  energ ies  f o r  
d i f f u s i o n  o f  each a l coho l  i n  PTFEP a r e  compared w i t h  t h e  a c t i v a t i o n  
energ ies  f o r  d i f f u s i o n  o f  va r ious  atoms, molecules and ions  i n  s o l i d  
potassium c h l o r i d e .  

The a c t i v a t i o n  energ ies  f o r  t h e  i o n s  d i f f u s i n g  th rough KC1 i n  
Table 4 a re  h ighe r  than t h e  a c t i v a t i o n  energ ies  c a l c u l a t e d  f o r  t h e  
a l c o h o l s  i n  PTFEP. 
s i o n  th rough an i o n i c  c r y s t a l  than a polymer because o f  t h e  h i g h e r  
degree o f  o r d e r  and pack ing  i n  t h e  c r y s t a l .  I t  i s  i n t e r e s t i n g  t o  

One would expec t  h i g h e r  energy b a r r i e r s  f o r  d i f f u -  
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2.2 2.4 2.6 2.8 3.0 3.2 3.4 

1/T (l/deg K) x loT3 

F i g u r e  2: Measured d i f f u s i o n  c o e f f i c i e n t  f o r  e thano l  
and l i n e a r  f i t  t o  da ta .  

TABLE 3 
A c t i v a t i o n  Energy Data f o r  D i f f u s i n g  Species i n  PTFEP 

;i E, DO 
Alcohol Species (eV) (cmZ/sec) 

Met ha no 1 0.38 2 . 2  10-4 

Ethanol 0.37 1.2 x 10-4 

Isopropanol 0.39 2.8 x 10-4 
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I N O R G A N I C  MEMBRANE TECHNOLOGY 881 

TABLE 4 
Comparison o f  Activation Energies for Oiffusion in 

Pol y bi s ( tri f 1 uoroethoxy) phosphazene and KCL. 

Ionic o r  
IE a  No1 ecul gr 

Substrate Di ffusant (eV) radii ( A )  

T F E P  
STFEP 
PTFEP 
<c 1 
KC 1 
YC 7 
YC1 
YC' 
%C1 
KC1 
KC1 
KC 1 

CH30H 
CH3CH20H 
CH3CH( CH3)OH 
Kr 

Li' 
Na' 
K+ 
Cd2+ 
Pb2' 
Cej+ 
c1- 

i120 

0.38 
0.36 
0.39 
2.1 
0.80 
1.52 
1.75 
2.15 
0.54 
1.:8 
1 .03 
2 .25  

l.la 
1.7a 
2. la 
1.69 
1.36 
0.60 
0.95 
1.33 
0.97 
0.84 
1.03 
1.31 

34101ecular radii were calculated using covalent bond lengths and covalent 
radii; cylindrical shapes were assumed and the smallest molecular radius 
3 f  the alcohol is given. 

n o t e  t h a t  t h e  i o n s  d i f f u s i n g  th rough KC1 have r a d i i  comparable t o  
t h e  c y l i n d r i c a l  r a d i i  c a l c u l a t e d  f o r  t h e  a l coho ls .  Th i s  would suggest 
then t h a t  t h e  lower  a c t i v a t i o n  energ ies  f o r  d i f f u s i o n  th rough PTFEP 
a r e  a t t r i b u t e d  t o  t h e  pack ing  s t r u c t u r e  and d e f e c t s  w i t h i n  t h e  polymer 
membrane. The loose  pack ing  s t r u c t u r e  and d e f e c t s  ( r e l a t i v e  t o  an 
i o n i c  c r y s t a l  would c r e a t e  l a r  e pathways f o r  t h e  d i f f u s i o n  o f  t h e  
a l c o h o l s  th rough t h e  membrane.y2) 

Table 5 g i v e s  t h e  r a t i o  o f  methanol d i f f u s i o n  c o e f f i c i e n t s  t o  
e thano l ,  i sopropano l  and phenol i n  t h e  tempera ture  range o f  25-179°C 
( o n l y  two temperatures a r e  r e p o r t e d  f o r  pheno l ) .  

than t h e  o t h e r  a l c o h o l s .  I n  t h e  range 100°C - 179°C methanol d i f f u s e s  
f a s t e r  than t h e  o t h e r  a l c o h o l s .  
t a l l i n e  t r a n s i t i o n  a t  about 83°C. 
c o e f f i c i e n t  r a t i o  o f  methanol t o  t h e  o t h e r  a l c o h o l s  appears t o  be 
a f f e c t e d  i n  t h e  tempera ture  range where t h e  polymer undergoes a t r a n s i -  
t i o n  f rom a c r y s t a l l i n e  s t a t e  t o  a mesomorphic s t a t e .  
because f u r t h e r  s t u d i e s  a r e  needed, no reasons a r e  g i ven  f o r  t h e  
cause o f  t h i s  phenomena. The r a t i o  o f  d i f f u s i o n  c o e f f i c i e n t s  f o r  
phenol i s  h i g h e r  than t h e  e thano l  and isopropano l  r a t i o s .  T h i s  cou ld  
i n d i c a t e  t h a t  t h e  phenol mo lecu la r  c ross -sec t i ona l  a rea  i s  approaching 
t h e  s i z e  o f  t h e  i n t e r s t i t i a l  spaces i n  t h e  polymer a v a i l a b l e  f o r  
d i f f u s i o n .  Larger  spec ies  ( i . e . ,  sugar )  shou ld  be t e s t e d  t o  see 
i f  t h e i r  d i f f u s i o n  i s  i n h i b i t e d  and t o  de termine whether a PTFEP 
membrane would be u s e f u l  i n  t h e  separa t i on  o f  l a r g e  molecules.  

I n  t h e  tempera ture  range o f  25°C - 73°C methanol d i f f u s e s  s lower  

PTFEP undergoes a f i r s t  o r d e r  c rys -  
The change i n  t h e  d i f f u s i o n  

A t  t h i s  t ime, 
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TABLE 5 
R a t i o  o f  D i f f u s i o n  C o e f f i c i e n t $  

MC CAFFREY ET A L .  

Temp 
('C) 

25 0.88 

73 0.78  
53 0.80 

100 1.1 
123 1.0 
129 1.0 

1.4 
0.80 

1.1 
1.1 
1.0 

0.79 

N A  
Y A  
N A  

1 .4  
1 . 1  
:I A 

= methanol; e = e rhano l ;  i = isopropanol; p = pbenol 

Conclusions 

Based on t h e  r e s u l t s  of  t h e  d i f f u s i o n  exper iments t h e  f o l l o w i n g  

1 )  

2)  

conc lus ions  a r e  made: 

P o l y  b is( t r i f1uoroethoxy)phosphazene i s  a s t a b l e  membrane 
m a t e r i a l  up t o  180°C f o r  a t  l e a s t  f i v e  hours.  

PTFEP i s  h i g h l y  permeable t o  methanol, e thano l ,  i sopropano l  , 
and phenol .  High d i f f u s i o n  c o e f f i c i e n t s  and low a c t i v a t i o n  
energ ies  were observed. 

I n t e r s t i t i a l  s i t e s  w i t h i n  t h e  membrane a re  l a r g e r  than 
t h e  methanol, e thano l  and isopropano l  molecules s ince  no 
s e l e c t i v i t y  was demonstrated i n  t h e  d i f f u s i o n  exper iments.  

3) 

PART B: METALLIC HIGH TEMPERATURE MEMBRANES 

Background 

The use o f  membranes i n  separa t i on  processes w i t h  extreme cond i -  
t i o n s  of temperature,  p ressure  and w i t h  aggress ive  m ix tu res  (chemica l ,  
abras ive ,  and even m i c r o - b i o l o g i c a l )  a r e  becoming i n c r e a s i n g l y  impor tan t .  
Due t o  t h e  h i g h  temperatures (350OC - 1000°C) and pressures  i n v o l v e d  
i n  many o f  t h e  env i s ioned  separa t i on  processes, m e t a l l i c  and ceramic 
membranes appear t o  be t h e  o n l y  m a t e r i a l s  capable o f  s u r v i v i n g  under 
these c o n d i t i o n s .  Much o f  t h e  exper imenta l  work d e a l i n g  w i t h  meta ls  
has been concerned w i t h  t h e  permeat ion and d i f f u s i o n  o f  gases i n  
connect ion  w i t h  t h e i r  a p p l i c a t i o n s  i n  va r ious  areas o f  vacuum techno logy  
and as vacuum vessel  m a t e r i a l s  f o r  use i n  f u s i o n  energy dev ices .  
Some of these t o p i c s  were d iscussed i n  a rev iew  a r t i c l e  by P e r k i n s . ( g )  
R e f r a c t o r y  me ta l s  such as tungs ten  and molybdenum, and many o f  t h e  
more permeable me ta l s  such as copper, n i c k e l ,  i r o n  and a l l o y s  c o n t a i n i n g  
these me ta l s  have been w i d e l y  s tud ied .  
s tud ied  o n l y  i n  t h e  c o n t e x t  o f  t h e i r  p o t e n t i a l  use as vacuum m a t e r i a l s ,  
and i n  most cases f o r  t h e  permeat ion and d i f f u s i o n  o f  hydrogen and 

Genera l l y ,  t hey  have been 
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I N O R G A N I C  MEMBRANE TECHNOLOGY 883 

i t s  i so topes ,  oxygen, n i t r o g e n ,  and i n  some cases carbon monoxide. 
Pa l l ad ium and p a l l a d i u m - s i l v e r  a l l o y s  a r e  w i d e l y  used t o  p u r i f y  hydrogen, 
and s i l v e r  i s  q u i t e  permeable t o  oxygen; however, v e r y  l i t t l e  work 
has been done on t h e  development o f  metal  membranes t o  separa te  more 
complex process streams. 
t o  be developed as membranes used t o  separa te  more complex mult icomponent 
gas streams. I t would appear t h a t  t h e  p r e p a r a t i o n  o f  c r a c k - f r e e  
m e t a l l i c  and ceramic f i l m s  w i t h  u l t r a - f i n e  pores and w i t h  c o n t r o l l a b l e ,  
nar row pore  s i z e  d i s t r i b u t i o n  i s  a ma jo r  o b s t a c l e  t o  overcome i n  
o r d e r  t o  p repare  membranes possessing t h e  d e s i r e d  separa t i on  s e l e c t i v i t y .  
Work t o  da te  has been d i r e c t e d  toward t h e  p r e p a r a t i o n  o f  t h i n  metal  
f i l m s  by  s p u t t e r  d e p o s i t i o n  techn iques  which possess m i c r o s t r u c t u r e s  
p o t e n t i a l l y  s u i t a b l e  f o r  use as membranes. 

Ceramic based membranes a r e  o n l y  now beg inn ing  

The m o t i v a t i o n  f o r  i n v e s t i g a t i n g  t h e  use o f  t h i n  f i l m s  as membranes 
arose f rom t h e  r e c o g n i t i o n  t h a t  va r ious  f i l m  m i c r o s t r u c t u r e s  can 
occu r  as a r e s u l t  of  t h e  c o n d i t i o n s  used d u r i n g  t h e  s p u t t e r  d e p o s i t i o n  
o f  t h e  t h i n  f i l m .  
d e s i r a b l e  s i t u a t i o n  wherein a c o n t r o l l a b l e ,  smal l  pore s i z e  s t r u c t u r e  
w i t h  a narrow s i z e  d i s t r i b u t i o n  may be c rea ted  i n  t h e  f i l m  which 
would a c t  i n  t u r n  as a m i c r o s t r u c t u r a l  mechanism t o  ach ieve  membrane 
s e l e c t i v i t y .  
n u c l e a t i o n  and subsequent growth o f  t h e  f i l m  by t h e  s p u t t e r  depos i ted  
atoms. Nuc lea t i on  o f  t h e  imp ing ing  atoms w i l l  depend on t h e  atom-sub- 
s t r a t e  i n t e r a c t i o n s  and t h e i r  su r face  m o b i l i t y .  
a l s o  de termined by  t h e  su r face  m o b i l i t y  o f  t h e  d e p o s i t i n g  atoms, 
t h e i r  a tomic  arrangement on condensat ion and any subsequent rear range-  
ment o f  t h e  s t r u c t u r e .  For f i l m s  which have become cont inuous ,  when 
t h e  mean f r e e  p a t h  between c o l l i s i o n s  o f  t h e  d e p o s i t i n g  atoms i s  
l a r g e  and t h e i r  su r face  m o b i l i t y  i s  low, t h e  growth o f  t h e  d e p o s i t  
w i l l  be c o n t r o l l e d  by t h e  geometry o f  t h e  sur face .  
t h e  h i g h  spots  and shadowing o f  t h e  l ow  spots  w i l l  produce a columnar 
m i c r o s t r u c t u r e  c o n s i s t i n g  o f  v e r y  f i n e  g r a i n s  o f  t he  m a t e r i a l .  Th i s  
i s  o f t e n  r e f e r r  d t o  as Zone 1 i n  t h e  zone model proposed by Movchan 
and 0emchishin.TlO) T h i s  zone forms a t  l ow  T/Tm va lues  where T i s  
t he  tempera ture  o f  t h  
t h e  f i l m  m a t e r i a l . ( l l e  It i s  a l s o  promoted by an e leva ted  pressure  
o f  t h e  gas used t o  induce s p u t t e r i n g  o f  t h e  cathode t a r g e t  ( u s u a l l y  
a rgon) .  
w i t h  domed tops  which a r e  separa ted  by vo ided boundar ies .  It i s  
t h e  d iameter ,  a rea  number d e n s i t y  and u n i f o r m i t y  o f  these vo ided 
boundar ies which w i l l  be va r ied ,  c o n t r o l l e d  and e x p l o i t e d  f o r  t h e  
p r e p a r a t i o n  o f  t h e  t h i n  f i l m  membranes. 

and pressures  t o  3.5 x 106Pa (500 p s i )  necess i ta tes  c a r e f u l  des ign  
and spec ia l  m a t e r i a l s  s e l e c t i o n .  The wide range o f  exper imenta l  
work i n  t h e  area o f  gas permeat ion a t  near ambient temperatures has 
r e s u l t e d  i n  a wide va i e t y  o f  apparatus f o r  measur ing t h e  t r a n s p o r t  

The American S o c i e t y  For T e s t i n g  M a t e r i a l s  (AS M has a recommended 
i n  t h e i r  s tandard  

f o r  gas permeat ion  measurements (ASTM D-1434-11). Two t e s t  systems 
have been designed, one f o r  p r e l i m i n a r y  scop ing  s t u d i e s  and a second 
more complex system f o r  d e t a i l e d  t r a n s p o r t  s tudy .  These systems 

C e r t a i n  o f  these m i c r o s t r u c t u r e s  may l e a d  t o  t h e  

The m i c r o s t r u c t u r e  o f  t h e  f i l m  i s  determined by  t h e  

Growth i n  t u r n  i s  

Depos i t i on  on 

subs t ra te ,  and T, i s  t h e  m e l t i n g  p o i n t  o f  

The columnar s t r u c t u r e s  u s u a l l y  c o n s i s t  o f  tapered c r y s t a l s  

T e s t i n g  o f  these m e t a l l i c  membranes a t  temperatures up t o  1000°C 

parameters.  Hwang(I2 7 has presented  an overv iew o f  va r ious  des igns .  

appara tus  des ign ,  o r i g i n a l l y  proposed by Stern  u 1 
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884 MC CAFFREY ET A L .  

and the preliminary r e s u l t s  of i n i t i a l  membrane fabr ica t ion  s tudies  
a re  discussed in the  following sec t ions .  

Experimental 

Membrane preparat ion.  The current  sput te r  deposition system 
cons is t s  of a Kurt J .  Lesker Co. Model KJL-UCV-18/6 o i l  diffusion 
pumped vacuum system which houses an Enerjet ,  Inc. Torus-10 g u n  assem- 
bly.  One of the high temperature, low pressure membrane t e s t  systems 
was designed using V C R  couplings (Cajon Company), and thus the membrane 
subs t ra te  ( i . e . ,  the  subs t ra te  onto which the metal membrane was 
d i r e c t l y  s p u t t e r  deposited) consis ted of an SS-16-VCR-2-0.5M VCR 
f i l t e r  gasket. This i s  a nominal one inch (3.6cm; 1.41 i n .  O D )  s t a i n -  
l e s s  s t e e l  gasket i n t o  which a 0 . 5  micron pore s ize  s t a i n l e s s  porous 
f i l t e r  (2.3cm; 0.89 in .  O D )  has been fusion bonded. One s ide  of 
the porous f i l t e r  was machined even with the gasket surface in order  
t o  provide a f l a t  surface on which t o  deposi t  the metal f i lm.  
t i a l l y  t h i s  assembly provides a porous mechanical support f o r  the 
f i lm which allows the appl icat ion of a d i f f e r e n t i a l  pressure across 
the  metal f i lm.  I t  a l so  provides a convenient means o f  seal ing the 
metal membrane i n t o  the t e s t  c e l l .  

Films of vanadium a n d  aluminum of 1 t o  10 microns in thickness 

Essen- 

( a s  monitored by a quartz  c r y s t a l  o s c i l l a t o r )  have been deposited 
on the VCR f i l t e r  gasket assembly t o  determine t h e i r  adherence, micro- 
s t r u c t u r e  and He leak-rate  (as determined using a He vacuum leak 
d e t e c t o r ) .  Preliminary r e s u l t s  ind ica te  t h a t  pin-hole-free th in  
f i lms of vanadium a t  a 1 micron thickness  level can be prepared. 
However, the vanadium f i lm when exposed t o  laboratory a i r  over a 
period of a week has been observed t o  f lake  of f  the subs t ra te .  This 
has s i m i l a r l y  been observed f o r  the aluminum f i lms .  Work i s  continu- 
ing on the reproducible preparation of the  t h i n  supported f i lms .  
Determining t h e i r  microstructure as  a function of the s p u t t e r  deposi- 
t ion  parameters and t h e i r  e f fec t iveness  a s  membranes f o r  gaseous 
separat ions i s  planned. 

c lose ly  follow the major design c h a r a c t e r i s t i c s  of previous systems727, 
with the exception t h a t  temperatures up t o  1000°C a n d  pressures t o  
3.5 x 106Pa (500 p s i )  can be accomodated. A simple system f o r  perform- 
ing preliminary scoping s tudies  has been constructed with commercially 
ava i lab le  Cajon VCR s t a i n l e s s  s t e e l  f i t t i n g s .  This system provides 
a n  overpressure on the  feed s ide  of the membrane and can provide 
a vacuum on the permeate s ide .  
t o  approximately 1 .0  x lO7Pa a t  500°C. 
o f  the  c e l l  i s  4 cm2 of porous s t a i n l e s s  s t e e l .  
with a small clam-shell furnace. 

Membrane t e s t  c e l l s .  The membrane t e s t  c e l l s  and support s y s t  m 

Material propert ies  l i m i t  the system 
The e f f e c t i v e  t ranspor t  area 

The c e l l  i s  heated 

A second, more v e r s a t i l e  system i s  cur ren t ly  being constructed. 
This system i s  designed t o  provide c lose ly  control led temperatures 
u p  t o  1000°C and  pressures t o  3.5 x 106Pa (500 p s i ) ,  t o  maintain 
gas concentration and t o  accommodate corrosive gases. 
a schematic diagram of the system. 

Figure 3 shows 
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b 

u 

vacuum ‘i 
1 system 

test gas 
bottle 

1 
Figure 3. High  temperature, h i g h  pressure 

gas system f o r  membrane charac te r iza t ion .  

The feed stream can provide e i t h e r  a f ixed gas flow r a t e  o r  
a s tagnate  volume. 
t e s t  c e l l  and within the t e s t  c e l l  the  temperature i s  control led 
with a computer based feedback system. 
within an isothermal chamber surrounded by a b l a s t  sh ie ld .  The c e l l  
i s  constructed of Inconel and i s  based on a Greylock f i t t i n g  design. 
The membrane support i s  a porous metal d i s c  s e t  i n t o  the Greylock 
seal ing gasket .  
Gas sampling ports a r e  located on  the feed,  re ten ta te  and permeate 
streams. 

The  feed gas i s  preheated pr ior  t o  enter ing the 

The t e s t  c e l l  i s  contained 

The flow area o f  the  membrane support i s  5cm2. 

The permeate stream includes a d i lu t ion  ( f l u s h )  gas system 
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8 8 6  MC CAFFREY ET A L .  

t o  m a i n t a i n  cons tan t  concen t ra t i on  and can opera te  under vacuum. 
The abso lu te  and d i f f e r e n t i a l  p ressure  across t h e  membrane i s  measured 
and c o n t r o l l e d .  A smal l  process computer i s  used f o r  mon i to r i ng ,  
c o n t r o l ,  and da ta  a c q u i s i t i o n .  

PART C: SUMMARY AND FUTURE STUDIES 

Polyphosphazene Membranes 

syn thes ized and c a s t  ‘ n  o sub-micron t h i n  f i l m s .  The r e s u l t s  o f  
a p r i o r  c a s t i n g  s tudy12 i  i n d i c a t e d  t h a t  dense homogeneous t h i n  f i l m s  
s u i t a b l e  f o r  membrane d i f f u s i o n  exper iments were ob ta ined when c a s t  
f rom e t h y l  ace ta te  - PTFEP s o l u t i o n s .  PTFEP membranes were found 
t o  be h i g h l y  permeable t o  methanol, e thano l ,  i sopropano l ,  and phenol 
and s t a b l e  up t o  179°C. 

P o l y [ b i s (  2,2,2 t r i f l u o r o e t h o x y ) p h o s p h a z e n e ]  was s u c c e s s f u l l y  

Fu ture  s t u d i e s  i n c l u d e  t h e  syn thes i s ,  c a s t i n g ,  and t e s t i n g  o f  
o t h e r  l i n e a r  o rgano-subs t i t u ted  polyphosphazene membranes which have 
h i g h e r  thermal s t a b i l i t i e s  and d i f f e r e n t  chemical a f f i n i t i e s  ( i . e . ,  
a r y l o x y  phosphazenes po lymers) .  I n  a d d i t i o n  a v a r i e t y  o f  c y c l o l i n e a r  
and c y c l o m a t r i x  polymers w i l l  be i n v e s t i g a t e d  f o r  membrane a p p l i c a t i o n s .  
These polymers g e n e r a l l y  have h i g h e r  thermal s t a b i l i t i e s  and increased 
chemical  i n e r t n e s s  over  t h e i r  l i n e a r  coun te rpa r t s ,  t hus  i t  i s  env i s ioned  
t h a t  nove l  c a s t i n g  techn iques  w i l l  have t o  be developed. Some o f  
t h e  techn iques  be ing  cons idered a re :  1) glow d ischarge p o l y m e r i z a t i o n  

2)  i n  s i t u  Dhotooo lvmer iza t ion  and i n  s i t u  d e p o s i t i o n  o f  polymer f i l m s  
o f  monomer f i l m s ;  and 3 )  i n  s i t u  s o l i d -  
p o l y m e r i z a t i o n  o f  monomer f i l m s .  

M e t a l l i c  Membranes 

I n i t i a l  s t u d i e s  on t h e  p r e p a r a t i o n  
membranes, u s i n q  s p u t t e r  d e p o s i t i o n  t e c  

i q u i d  and so i i d -gas  chemical  

o f  t h i n ,  c r a c k - f r e e  metal  
n iques have been most encouraq- 

i n g .  The f i l m  t h i ckness  and homogeneity o f  t h e  m e t a l l i c  o r  a l l o y  
membranes produced by t h e  s p u t t e r  d e p o s i t i o n  techn ique cou ld  be e a s i l y  
c o n t r o l l e d .  The a b i l i t y  t o  v a r y  and c o n t r o l  t h e  morphology o f  t h e  
t h i n  f i l m  and i t s  i n f l u e n c e  on t h e  separa t i on  s e l e c t i v i t y  o f  t he  
membranes appears p romis ing  b u t  needs f u r t h e r  study. The s tudy  o f  
t h e  gas molecule/membrane m a t e r i a l  p h y s i c a l  and chemical  i n t e r a c t i o n s  
i s  a l s o  be ing  pursued i n  t h e  des ign  o f  t h e  metal  membranes. These 
i n t e r a c t i o n s  d i r e c t l y  i n f l u e n c e  t h e  adso rp t i on ,  deso rp t i on  and t r a n s p o r t  
o f  t h e  gas molecu les  th rough t h e  membrane. Cor ros i ve  i n t e r a c t i o n s  
between t h e  gas m i x t u r e  and t h e  membrane n o t  o n l y  e f f e c t  t h e  l o n g e v i t y  
o f  t h e  membrane b u t  i t  w i l l  a l s o  e f f e c t  t h e  chemica l /phys ica l  i n t e r a c -  
t i o n s  govern ing  t h e  t r a n s p o r t  o f  t h e  gas molecules th rough t h e  membrane. 
The i n f l u e n c e  o f  these e f f e c t s  w i l l  be s t u d i e d  by su rvey ing  t h e  separa- 
t i o n  s e l e c t i v i t y  o f  a number o f  d i f f e r e n t  metal  membranes w i t h  va r ious  
gas m ix tu res .  The two membrane gas t e s t  c e l l  systems p r e v i o u s l y  
descr ibed w i l l  be used t o  conduct these s t u d i e s .  
p ressure  gas m i x t u r e s  i n  c o n j u n c t i o n  w i t h  h i g h  temperatures w i l l  
be used. 

Both low and h i g h  

Future  s t u d i e s  w i l l  i n v o l v e  t h e  p r e p a r a t i o n  o f  ceramic membranes 
u s i n g  s o l / g e l  techn iques  t o  c a s t  t h i n  l a y e r s  o f  ceramic m a t e r i a l s  
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INORGANIC MEMBRANE TECHNOLOGY aa 7 

w i t h  control led micro-porosity. 
f i lms wil l  a l s o  be s tudied.  The a b i l i t y  t o  prepare crack-free homo- 
geneous f i lms possessing cont ro l lab le  pore s i z e  and a narrow pore 
s i z e  d i s t r i b u t i o n  wil l  be one o f  the  major goals o f  t h i s  e f f o r t .  
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