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AND TiOZ CERAMIC MEMBRANES 
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U n i v e r s i t y  of Wisconsin 
Madison, Wisconsin 53706 

M. D. Moosemil ler  
C. G.  H i l l ,  Jr.1 
Department  of Chemical Eng inee r ing  
U n i v e r s i t y  of Wisconsin 
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ABSTRACT 

Supported and unsupported y-AlzO3 and Ti02 ce- 
ramic membranes have been p repa red  by s o l - g e l  
t e c h n i q u e s  from a l k o x i d e  p r e c u r s o r s .  S e v e r a l  
physico-chemical  p r o p e r t i e s  of t h e s e  m a t e r i a l s  
have been determined.  N2 s o r p t i o n  a n a l y s i s  h a s  
been used t o  de t e rmine  po re  s i z e  d i s t r i b u t i o n s  
and mean pore  s i z e s .  P a r t i c l e  s i z e s  of s o l s  a s  
measured by " i n  s i t u "  q u a s i - e l a s t i c  l i g h t  s c a t -  
t e r i n g  a r e  d i s c u s s e d  i n  t h e  l i g h t  of SEM ana ly -  
ses of t h e  s i n t e r e d  membranes p repa red  from 
t h e s e  s o l s .  Crack - f r ee  unsupported mono l i th s  
of A1203 w i t h  t h i c k n e s s e s  up t o  100 u m  have 
been prepared.  S i m i l a r l y ,  suppor t ed  A1203 and 
Ti02 membranes w i t h  t h i c k n e s s e s  of 0.5 urn have 
been produced. P r e l i m i n a r y  measurements of t h e  
p e r m s e l e c t i v i  t i es  of suppor t ed  membranes have 
a l s o  been made. 

INTRODUCTION : 

Over t h e  p a s t  two decades membrane s e p a r a t i o n  p r o c e s s e s  have 
been a p p l i e d  w i t h  i n c r e a s i n g  f r equency  t o  s o l v e  s e p a r a t i o n  

1 Author t o  whom cor re spondence  should be a d d r e s s e d  
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1696 GIESELMANN ET AL. 

problems. Industry has u t i l i z e d  such techniques a s  reverse  osmo- 
sis, u l t r a f i l t r a t i o n ,  and e l e c t r o d i a l y s i s  t o  e f f e c t  the  con- 
cen t r a t ion  and f r ac t iona t ion  of a wide va r i e ty  of process f l u i d s ,  
both l i qu id  and gas. Major advantages assoc ia ted  with the use of 
these  processes include high pe rmse lec t iv i t i e s ,  low energy 
requirements r e l a t i v e  t o  a l t e r n a t i v e  separa t ion  techniques, and 
s u i t a b i l i t y  f o r  opera t ion  a t  low temperatures in  processing such 
thermally l a b i l e  ma te r i a l s  a s  pharmaceuticals and foods tuf fs .  
Throughout the time frame i n  question systems based on polymeric 
membranes have dominated the commercial market, but cur ren t ly  
s i g n i f i c a n t  i n t e r e s t  e x i s t s  i n  developing ceramic based systems 
f o r  i n d u s t r i a l  s ca l e  appl ica t ions .  

There a r e  seve ra l  po ten t i a l  advantages to  the u s e  of ceramic 
membranes, p a r t i c u l a r l y  with respec t  t o  t h e i r  s t a b i l i t y  a t  high 
temperatures, i n  harsh chemical environments (e.g., i n  s t rong  
cleaning so lu t ions  o r  i n  the presence of organic so lven t s ) ,  and i n  
the presence of microbes. Consequently a number of research 
groups, both i n  t h i s  country and abroad, a r e  ac t ive ly  pursuing the 
task of developing permselective ceramic membranes. The present  
paper descr ibes  the r e s u l t s  of some of our  e f f o r t s  to u t i l i z e  so l -  
g e l  technology t o  prepare permselective ceramic membranes and t o  
cha rac t e r i ze  some of t h e i r  fundamental p roper t ies .  

A va r i e ty  of prepara t ive  methods has been used t o  f a b r i c a t e  
both supported and unsupported ceramic membranes formed of Ti02 
and A1203 (1-11). O u r  research program is di rec ted  toward pro- 
ducing ceramic membranes of Ti02 and y-Al2O3 having a des i red  pore 
s i z e ,  pore s i z e  d i s t r i b u t i o n ,  and predic tab le  sur face  p rope r t i e s  
by con t ro l l i ng  the suspension and i n t e r f a c i a l  chemistries of the 
precursor so l s .  To t h i s  end our major ob jec t ives  a re :  1. to  
understand the major so lu t ion  va r i ab le s  (pH, ion ic  s t r eng th ,  
s p e c i f i c  so lu t e  e f f e c t s ,  e tc . )  con t ro l l i ng  s o l  and ge la t ion  
chemis t r ies ,  s ince  these s o l s  and ge l s  serve a s  precursors to  
ceramic membranes, and 2 .  to study the e f f e c t s  of these va r i ab le s ,  
a s  wel l  a s  s i n t e r i n g  condi t ions ,  on the p rope r t i e s  of the f i n a l  
ceramic membranes (both supported and unsupported). 
e f f o r t  i n  t h i s  a rea  (12) focused on how various prepara t ion  proto- 
c o l s  influenced the tendency of the ge l s  to  form crack-free 
membranes. The present  paper concerns the physico-chemical and 
permselective proper t ies  of membranes formed from Ti02 and Al2O3. 

O u r  e a r l i e r  

MATERIALS AND METHODS : 

Ma t e r  i a 1s 

Titanium tetraisopropoxide was obtained from Aldrich Chemical 
Company while aluminum tri-sec-butoxide was obtained from Alfa 
Chemical Company. 
were AR grade. 
t ion .  Water used i n  reac t ions  was deionized using a M i l l i - Q  water 
p u r i f i c a t i o n  system (Mi l l ipore  Corp.). 

Both e t h y l  alcohol (absolu te )  and isopropanol 
A l l  chemicals were used without fu r the r  pu r i f i ca -  
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PHYSICO-CHEMICAL PROPERTIES OF CERAMIC MEMBRANES 1697 

Table  1. Compositions of Clays Used t o  Prepare  Membrane Suppor ts  
(Weight Percentages)  

Component 'OM-4' B a l l  Clay 'AP-Green' F i r e  Clay 

s €02 
A1203 
T i 0 2  

Fe203 
CaO 

MgO 
Na2O 
K2 0 

Loss on I g n i t i o n  
Bulk Densi ty  ( g / c c )  

55.6 
28.6 

1.8 
1.0 
0.1 
0.4 
0.1 
1.1 

11.4 
0.62 

55.23 
38.11 

2.05 
1.55 
0.32 
0.71 
0.16 
1.45 

1.26 
10 .o 

Clays used i n  t h e  p r e p a r a t i o n  of membrane suppor ts  were 
obta ined  from P a o l i  Clay Company and had the  composi t ions g iven  i n  
Table  1. 

The polye thylene  g l y c o l s  used i n  the  p e r m s e l e c t i v i t y  s t u d i e s  
were obta ined  from Aldr ich  Chemical Company. T h e i r  nominal mole- 
c u l a r  weights  were 200, 1000, and 8,000. Another model system 
used i n  t h i s  phase of the  r e s e a r c h  was a 98-99% pure bovine serum 
albumin wi th  a molecular  weight  of 66,000 obta ined  from Sigma 
Chemical Company, 

Methods f o r  Product ion  of Membranes 

The Ti02 and A1203 membranes were prepared us ing  t h e  s o l - g e l  
technique  descr ibed  i n  a prev ious  paper (12) .  
p r o t o c o l  i s  summarized i n  F i g u r e  1. 
y i e l d e d  T f O  
meric  Ti(OHj4 s o l s  and p a r t i c u l a t e  y-Al00H sols. 

The exper imenta l  
The i n d i c a t e d  approaches 

and y-Al203 membranes from both p a r t i c u l a t e  and poly- 

A n a l y t i c a l  Methods 

Polye thylene  g lycol .  Aqueous s o l u t i o n s  of PEG were analyzed 
f o r  c o n c e n t r a t i o n  us ing  a N i c o l e t  Model 60SX F o u r i e r  t ransform 
i n f r a r e d  (FTIR) spec t rometer  equipped w i t h  a c y l i n d r i c a l  i n t e r n a l  
r e f l e c t a n c e  c e l l .  A u s e f u l  peak was the  C-0  s t r e t c h i n g  band a t  
1080 t o  1090 cm-l. The d i f f e r e n c e  between t h e  absorbances a t  the  
peak and a t  t h e  base l i n e  ( a s  measured a t  1200 t o  1210 cm-1) was 
l i n e a r l y  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  of PEG i n  t h e  s o l u t i o n .  
However, t h e  base l i n e  v a l u e s  changed from day t o  day on the 
instrument .  Thus f o r  each day t h a t  a n a l y s e s  were conducted, high 
and low c o n c e n t r a t i o n  s t a n d a r d s  were tes ted  f o r  absorbance. The 
c o n c e n t r a t i o n s  of t h e  exper imenta l  samples were determined by 
i n t e r p o l a t i o n  between t h e  s t a n d a r d s .  
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Metal alkoxide 
Alcohol 
Water 
Acid 
Heat 
WISC: Bridging anions 

Inert electrolvte 

Peptization 

Colloidal suspension 

\ Dip 81 Dry / Evaporate 

I I 

I Gel I 
I I 

Sinter 1 
I I 

Supported cake 

1 Sinter 

I Supported membrane 

F i g u r e  1. P r e p a r a t i o n  p r o t o c o l  

Albumin. Concentrations of albumin i n  aqueous so lu t ion  were 
determined by a t o t a l  s o l i d s  ana lys i s .  

Equipment. The apparatus used to  determine the permselec- 
t i v i t y  c h a r a c t e r i s t i c s  of the ceramic membranes was a standard 
t e s t  loo which cons is ted  of the following components: ( s ee  
Figure 2P : 
o u t l e t  flow dampener, high pressure  r e l i e f  valve,  2 0 . 6  mm I.D. by 
22 cm-long pressure c e l l ,  needle valve back pressure r egu la to r  
( f o r  high cor ros ion  s e r v i c e ) ,  Tescom Model 2 6 - 3 2 2 5 - 2 4  springloaded 
back pressure regula tor  ( f o r  low cor ros ion  se rv ice ) ,  r e t c n t a t e  
flow rotameter,  permeate c o l l e c t o r ,  and copper tubing c o i l  i n s ide  
an MGW Lauda RC20 Model T - 2  water bath ( f o r  recycled 
r e t en ta t e l f eed  temperature cont ro l ) .  

feed cy l inder ,  LEWA p o s i t i v e  displacement pump wi th  

The pressure c e l l  housed a tes t - tube  shaped supported 
membrane. 
compressed a g a i n s t  both the supported membrane and the housing. 
The f i t t i n g s  r e su l t ed  in a pressure- t igh t  i s o l a t i o n  of the feed 
(high pressure) and permeate (low pressure) streams. 

Cajon f i t t i n g s  allowed a rubber '0 '-r ing t o  be 
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Feed 
Cylinder 

Pressure 
Cell With 

Supported Membrane 
Test-TUbe-Type 

V - TI 
. . .  & 

g 

. .  . .  . -  . .  . .  , .  . .  . .  

- 
Back Pressure 

Regulator 
. .  

Relief 
Valve * .  

Permeate 
Needle Collector 
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., 

Water gi 
Retentate 

Flow Rotameter 

Figure 2. Schematic diagram of permeability test apparatus. 

RESULTS AND DISCUSSION 

Electron Microscopy Studies 

A scanning e l ec t ron  photomicrograph of the top surface of a 
t yp ica l  unsupported A1203 membrane is shown in Figure 3a. Dimples . 
o r  c r a t e r s  which form during the drying process a s  water evaporates 
a c t  a s  regions of s t r e s s  concentration with po ten t i a l  adverse 
e f f e c t s  on the proper t ies  of the u l t i m a t e  membrane. However, when 
the s o l  is s l i p c a s t  onto a porous support, a more homogeneous 
membrane with no dimples is formed (see  Figure 3b). 
i r r e g u l a r i t i e s  i n  Figure 3b a r e  due t o  the rough surface of the 
underlying c lay  support, no t  the membrane. Apparently the dr iv ing  
force  and the mechanism f o r  solvent removal during s l ipcas t ing  to  
prepare supported membranes a r e  s u f f i c i e n t l y  d i f f e r e n t  from those 
involved i n  preparing unsupported membranes to  prevent dimples and 
c r a t e r s  from forming. I n  the former case water is absorbed i n t o  
the pores of the support by cap i l l a ry  ac t ion ,  while i n  the l a t t e r  
case the water is evaporated over a period of 8-10 days. Both our 
work and r e s u l t s  obtained by other  workers (13) ind ica te  tha t  sup- 
po r t s  may a l t e r  surface aggregation processes. 

The sur face  

Electron photomicrographs of t yp ica l  f r ac tu re  edges of unsup- 
ported A1203 membranes a r e  shown i n  Figure 4. These photographs 
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1700 GIESELMANN ET A L .  

a 

b 

F i g u r e  3 .  Photomicrographs of s u r f a c e  of  unsuppor t ed  alumina membrane. 
a .  m a g n i f i c a t i o n  4800. 
b .  m a g n i f i c a t i o n  2000. 
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a 

b 

F i g u r e  4 .  Pho tomic rnyraphs  of f r a c t u r e  e d g e  of u n s u p p o r t e d  a lumina 
membrane. 
a .  magnif i c n t  i u n  4800. 
t i .  ma g n i f  i c a t  i o n  30000. 
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1702 GIESELMANN ET AL. 

show no voids o r  defec t  s t r u c t u r e s  i n  the bulk membrane. 
i nd ica t e  a reasonably cons tan t  p a r t i c l e  s i z e  (ca. 50 nm) and 
shape. 
determination of p a r t i c l e  s i z e  i n  the precursor s o l  by photon 
c o r r e l a t i o n  spectroscopy. 
conclude t h a t  these p a r t i c l e s  a r e  e i t h e r  aggregates o r  primary 
p a r t i c l e s ,  the  agreement i n  s i z e  between these two a l t e r n a t i v e  
measurements i nd ica t e s  t h a t  the p a r t i c l e s  imaged i n  microscopy are 
the same a s  those measured i n  the precursor suspension a f t e r  soni- 
ca t ion  f o r  20 minutes. 

They 

This  resul t  is i n  exce l l en t  agreement wi th  an independent 

Although one cannot d e f i n i t i v e l y  

We have a l s o  obtained scanning e l ec t ron  photomicrographs of 
supported A1203 membranes a f t e r  they have been used t o  u l t r a f i l t e r  
t e s t  so lu t ions .  Figure 5a is a perpendicular view of the support  
used f o r  the alumina membranes. Based on t h i s  and o ther  photo- 
micrographs, the e f f e c t i v e  pore s i z e  of the support appears to  be 
about a micron. It should be noted t h a t ,  i n  general ,  coverage of 
the support  sur face  by the ceramic membrane is q u i t e  complete i n  
s p i t e  of the high degree of i r r e g u l a r i t y  of the underlying s u r -  
face. The high degree of coverage can be seen i n  the cross- 
s ec t iona l  view shown i n  Figure 5b. ( I n  t h i s  case the support had 
been dipped i n t o  the s o l  and a i r  d r ied  four times p r i o r  to  c a l c i -  
na t ion  a t  500 C . )  Another perspec t ive  on the ex ten t  of the 
coverage by the membrane is indicated in  Figures 6a and 6b. 
Photomicrograph 6b is a close-up of the cen te r  portion of Figure 
6a. In  Figure 6b the lower r i g h t  portion appears to  be uncoated 
clay.  Incomplete coverage of the support by the membrane would 
expla in  the f a c t  t h a t  the supported membrane destroyed t o  ob ta in  
these photomicrographs exhib i ted  unusually high permeation r a t e s  
compared to  o ther  membranes prepared i n  a s imi l a r  fashion. 

Scanning e l ec t ron  photomicrographs were a l s o  obtained f o r  
T i 0 2  membranes, both supported and unsupported. 
the support were obtained, although s i g n i f i c a n t  cracking and 
macropore formation were noted. Perpendicular views a r e  shown i n  
Figures 7a and 7b. The l a t t e r  photomicrograph is t h a t  of a 
cracked edge, ind ica t ing  the t i t a n i a  sur face  and the underlying 
c lay  support. 

Good coverages of 

Sorption and Pore S ize  Di s t r ibu t ion  Measurements 

BET adsorption measurements were ca r r i ed  ou t  f o r  a va r i e ty  of 
unsupported membranes. Nitrogen was used a s  the adsorbate i n  a l l  
ins tances ,  Typical da ta  a r e  shown i n  Figure 8. These data 
correspond to  a boehmite xerogel precursor and the unsupported 
ceramic membrane formed by f i r i n g  the xerogel a t  500 C f o r  24 
hours. Equivalent r e s u l t s  a r e  obtained a f t e r  only 1 hour a t  
500 C. Conventional BET ca l cu la t ions  lead t o  the  assoc ia ted  pore 
s i z e  d i s t r i b u t i o n s  shown i n  Figures 8c and 8d. The g e l  exh ib i t s  
primarily microporosity. Heating to  500 C en larges  the pores t o  
an approximate modal s i z e  of 4 nm. This increase is no t  unex- 
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a 

b 

F i g u r e  5. Photomicrographs d e p i c t i n g  cove rage  of c l a y  s u p p o r t  by 
A1 0 membrane. 
a.* ? e r p e n d i c u l a r  view of c l a y  suppor t  ( ~ 3 0 0 0 ) .  
b. Cross  s e c t i o n  view of membrane and s u p p o r t  ( ~ 5 0 0 0 ) .  
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1704 GIESELMANN ET AL. 

a 

b 

" i g u r e  6 .  P e r p e n d i c u l a r  view of A1203 membrane d ipped  4 t i m e s .  
a .  m a g n i f i c a t i o n  600. 
b .  m a g n i f i c a t i o n  3600. 
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a. b .  

F igure  7. E l e c t r o n  photomicrographs of supported Ti02 membranes. 
a. P e r p e n d i c u l a r  view ( ~ 4 0 0 0 ) .  
b. P e r p e n d i c u l a r  view of cracked edge (~5000) 

pected  because t h i s  m a t e r i a l  undergoes a c a l c i n a t i o n  r e a c t i o n ,  b u t  
no r e a l  s i n t c r i n g  o r  d e n s i f i c a t i o n  occurs  a t  t h i s  temperature .  
Mercury porosimetry measurements on a membrane prepared from a s o l  
of a s i m i l a r  composi t ion gave a modal pore s i z e  of about  4.5 nm 
(141,  a r e s u l t  which i s  i n  very good agreement w i t h  our  f i n d i n g s .  

The pore  s i z e  d i s t r i b u t i o n s  shown i n  F igure  8 were performed 
on t h e  a d s o r p t i o n  branch of the  isotherm.  F igure  9 shows t h e  pore 
s i z e  d i s t r i b u t i o n s  r e s u l t i n g  from both t h e  a d s o r p t i o n  and desorp- 
tion branches of t h e  n i t r o g e n  isotherm.  
ceramic shown i n  F i g u r e s  8b and 8d. D i s t r i b u t i o n s  from d e s o r p t i o n  
branches are always much narrower than those  from a d s o r p t i o n  
branches;  t h e  former emphasizes t h e  neck o r  narrow reg ions  of  t h e  
pore s t r u c t u r e  whereas t h e  l a t t e r  more p r o p e r l y  c h a r a c t e r i z e s  the  
o v e r a l l  morphology of t h e  pore s t r u c t u r e .  In  cases where a 
s i e v i n g  mechanism is r e s p o n s i b l e  f o r  t h e  p e r m s e l e c t i v i t y  of 

The sample is t h e  A1203 
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Sorption Isotherm 

GIESELMANN ET AL. 

Pore Size Distribution 

SSA=245  m2/g 
P.31.9 96 

0 

Ceramic 

.. 

SSA=215 m2/g 
I P=49.2 96 I 

Relative pressure 

Figure 8. Adsorption isotherm (N2) and pore s i z e  d i s t r i b u t i o n  data 
f o r  xerogel precursor and s in t e red  unsupported alumina 
membrane. 

membranes, i t  is des i r ab le  t o  cha rac t e r i ze  both branches of the 
isotherm. The desorption branch charac te r izes  the "bottlenecks" 
while the adsorption branch provides usefu l  information f o r  those 
systems where there  a r e  wide va r i a t ions  in  the cross sec t iona l  
a rea  of the pore along i t s  length. 

Figure 10 i l l u s t r a t e s  the e f f e c t  of va r i a t ions  of the i n i t i a l  
HNO3 to  t o t a l  aluminum r a t i o s  i n  the precursor so lu t ion  on the 
pore s t r u c t u r e  of an unsupported A1203 membrane f i r e d  a t  500 C. 
The data i n  Figure 10a were obtained from the sample 'prepared with 
the l e a s t  amount of ac id  t h a t  could be used t o  obtain a s t a b l e  
so l .  This sample had a very good t o t a l  poros i ty  ( 5 8 % ) ,  b u t  i t s  
pore s i z e  d i s t r i b u t i o n  was very broad and the g e l  cracked while 
drying. When more ac id  was added, membranes which remained i n t a c t  
during drying were produced. These membranes exhibited somewhat 
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I 
DESORPTION BRANCH 

F i g u r e  9. Pore  s i z e  d i s t r i b u t i o n s  corresponding t o  t h e  a d s o r p t i o n  
and d e s o r p t i o n  branches of an a d s o r p t i o n  i so therm (N2) 
f o r  an alumina membrane. 

narrower pore s i z e  d i s t r i b u t i o n s ,  y e t  r e t a i n e d  good p o r o s i t i e s  
(ca .  50%). 

F i g u r e  11 i n d i c a t e s  t h e  e f f e c t  of i n c r e a s i n g  the  con- 
c e n t r a t i o n  of t h e  i n e r t  e l e c t r o l y t e  NaNO3 from 0 t o  0.1 M. 
pore s i z e  d i s t r i b u t i o n s  of t h e  f i r s t  t h r e e  samples a r e  very simi- 
l a r  t o  one another .  These g e l s  formed crack  f r e e  membranes which 
had p o r o s i t i e s  of about  50%. 
b u t i o n  broadened c o n s i d e r a b l y  and t h e  t o t a l  p o r o s i t y  i s  only 17%. 
T h i s  g e l  a l s o  cracked whi le  drying.  

The 

For  sample l l d  t h e  pore s i z e  d i s t r i -  
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H/AI= ,048 

% 

H/AI = .074 

- 
Sr 

- s v  
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0 

L 
10 210 3'0 4'0 5'0 

Figure  10. E f f e c t  of molar r a t i o  of HNO3 to to ta l  aluminum on 
t h e  pore s i z e  d i s t r i b u t i o n  of an unsupported alumina 
membrane. 

Combinations of phosphoric  and n i t r i c  a c i d  were u t i l i z e d  i n  
a n o t h e r  series of hydrolyses .  The n i t r i c  a c i d  served  to p e p t i z e  
t h e  sol p a r t i c l e s  w h i l e  t h e  phosphoric  a c i d  was added to  determine 
i t s  e f f e c t  on t h e  pore s i z e  d i s t r i b u t i o n  v i a  p o t e n t i a l  enhancement 
of the  degree of o r d e r i n g  of t h e  p a r t i c l e s .  Anderson e t  e l .  (15)  
have shown t h a t  phosphoric  a c i d  forms b r i d g e s  between g o e t h i t e  
(a-FeOOH) p a r t i c l e s  and i n c r e a s e s  t h e  c r y s t a l l i n e  o r d e r  i n  t h e  
r e s u l t a n t  aggrega tes .  However, t h e  pore s i z e  d i s t r i b u t i o n s  of t h e  
membranes i n  q u e s t i o n  were very  similar. A l l  of these  g e l s  
remained i n t a c t  and had p o r o s i t i e s  of about  50%. While t h e  BET 
r e s u l t s  i n d i c a t e  t h a t ,  i n  c o n c e n t r a t i o n s  up t o  10-3M, phosphate  
a d d i t i o n s  d i d  n o t  seem t o  have any s i g n i f i c a n t  e € f e c t ,  they do n o t  
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(NaN03) = 0.00 1 M 
- 
sr 5- 

0 I I I 

15- 
(NaN03)=0.01y - s v  10- 

6r 5-  

0.- I 1 1 I 

l b  20 d0 4'0 50 C 

Tp (A)  

a 

b 

C 

d 

1 

Figure  11. E f f e c t  of i n e r t  e l e c t r o l y t e  c o n c e n t r a t i o n  on t h e  pore 
s i z e  d i s t r i b u t i o n  of a n  unsupported alumina membrane. 

n e c e s s a r i l y  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  a t  h igher  c o n c e n t r a t i o n s  
phosphate  may cause  o r d e r i n g  and/or  a f f e c t  the  f i n a l  pore s i z e  
d i s t r i b u t i o n .  F u r t h e r  experiments  are planned i n  t h i s  a rea .  

The e f f e c t  of s i n t e r i n g  temperature  on t h e  pore s i z e  d i s t r i -  
bu t ion  of A1203 membranes i s  depic ted  i n  F igure  1 2 .  I f  the  s i n -  
t e r i n g  temperature  is  r a i s e d  from 500 t o  800 C t h e  p o r o s i t y  of the  
A1203 membranes remains s u b s t a n t i a l l y  c o n s t a n t  a t  about  50%, b u t  
t h e  pore s i z e  d i s t r i b u t i o n  broadens s i g n i f i c a n t l y  w i t h  t h e  modal 
pore s i z e  i n c r e a s i n g  from ca. 4.0 t o  ca. 7.5 nm. A t  t h e  same time 
t h e  s p e c i f i c  s u r f a c e  a r e a  decreased from 260 t o  150 m2/g. 
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Figure 1 2 .  Effect of sintering temperature on the mean pore size 
and the pore s i z e  distribution of an unsupported 
alumina membrane. 

Figure 13. Effect of sintering temperature on the mean pore s i ze  
and the porosity of an unsupported t i tania  membrane. 
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0.35 

0.30 - 

0.25 - 

0.20 - 

0.15 - 

0.10 - 

0.05 - 

0.00 I I I I 

Figure 14. Permeate f l u x  data a t  100 ps ig  and 25 C f o r  supported 
alumina and t i t a n i a  membranes. 

An increase  i n  s i n t e r i n g  temperature a l s o  broadens the pore 
s i z e  d i s t r i b u t i o n  of the t i t a n i a  membranes. The e f f e c t  of t e m -  
pera ture  on the mean pore s ize  and on the poros i ty  of unsupported 
Ti02 membranes fs shown i n  Figure 13. Unlike the  s i t u a t i o n  f o r  
the A1203 membranes, the poros i ty  of the Ti02 membranes decreases 
s i g n i f i c a n t l y  a s  the s i n t e r i n g  temperature is increased. In  both 
cases ,  however, the mean pore s i z e  increases  with increas ing  
temperature. 

Permselec t iv i ty  Measurements 

Permeation r a t e  and r e j ec t ion  measurements were conducted for  
a series of supported A120 
thicknesses. 
following compositions: 

and Ti02 membranes of various 
The s o l s  use] t o  prepare the membranes had the 

T i t an ia  So l  -- Alumina Sol  -- 
0.5M Tota l  A 1  0.27811 To ta l  T i  
0.035M NO3- O . l l l M  NO3' 

pH 3.9-4.0 pH 1.3 
1 0 - 5 ~  H3P04 
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100 

ao 

60 

40 

20 

0 
0 4 8 12 16 20 

NUMBER OF DIPS 

Figure  15. R e j e c t i o n  of po lye thylene  g l y c o l s  by supported alumina 
membranes. 

The water  soaked s u p p o r t s  were dipped i n t o  t h e  s o l s  and d r i e d  
us ing  t h e  procedure shown i n  F igure  1. They were f i r e d  a f t e r  
every  f o u r t h  d i p  i n  o r d e r  t o  f i x  t h e  membrane for t h e  permselec- 
t i v i t y  tests. E l e c t r o n  photomicrographs of the  r e s u l t i n g  
suppor ted  membranes suggested t h a t  t h e s e  f o u r  d i p s  i n t o  t h e  s o l  
u l t i m a t e l y  l e d  t o  membranes w i t h  t o t a l  t h i c k n e s s e s  of ca. 1.0 and 
0.6 microns f o r  alumina and t i t a n i a ,  r e s p e c t i v e l y .  

Evidence t h a t  t h e s e  systems behaved l i n e a r l y  w i t h  r e s p e c t  t o  
the number of d i p s  was provided by checking the  permeabi l i ty  of 
t h e  supported membranes t o  pure water .  For  a convent iona l  
membrane t r a n s p o r t  model t h e  permeat ion r a t e  of a s o l v e n t  should 
be i n v e r s e l y  r e l a t e d  t o  t h e  th ickness  of t h e  membrane. I f  t h e  
increment  i n  membrane t h i c k n e s s  formed by each d i p  is uniform, t h e  
permeate f l u x  should be i n v e r s e l y  r e l a t e d  t o  t h e  number of dipa.  
S i n c e  t h e  t o t a l  resis tance  t o  t r a n s p o r t  through t h e  Supported 
membrane c o n s i s t s  of two c o n t r i b u t i o n s  - t h a t  due t o  t h e  suppor t  
and t h a t  due t o  the  membrane proper  - a p p r o p r i a t e  experiments  can 
g e n e r a t e  t h e  d a t a  necessary  t o  determine t h e  e q u i v a l e n t  r e s i s t a n c e  
of the support .  I f  one carries o u t  measurements of t h i s  type ,  i t  
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i s  p o s s i b l e  t o  c r e a t e  a p l o t  of permeate f l u x  v e r s u s  t h e  r e c i p r o -  
c a l  of the  number of d i p s  c o r r e c t e d  f o r  t h e  c o n t r i b u t i o n  of t h e  
s u p p o r t  t o  t h e  o v e r a l l  r e s i s t a n c e  ( s e e  F i g u r e  14). Such a p l o t  
i n d i c a t e s  t h a t  t h e  t i t a n i a  membrane i s  c l e a r l y  much more permeable 
t o  w a t e r  than is t h e  alumina membrane, even a l lowing  f o r  t h e  d i f -  
f e r e n c e s  i n  t h e  c o n c e n t r a t i o n s  of t h e  p r e c u r s o r  s o l s  employed i n  
t h e  p r e p a r a t i o n  of t h e s e  membranes. 

To determine the  r e j e c t i o n  c h a r a c t e r i s t i c s  of the  suppor ted  
membranes, aqueous s o l u t i o n s  of po lye thylene  g l y c o l  (1% w/w,  mole- 
c u l a r  weights  of 200, 1 ,000 ,  and 8,000) were employed. The tes t  
loop was opera ted  w i t h  t o t a l  r e c y c l e  of r e t e n t a t e  and permeate so 
as t o  main ta in  a c o n s t a n t  composi t ion of t h e  f e e d  stream. S o l u t e  
r e j e c t i o n s  were c a l c u l a t e d  a s  

P e r c e n t  R e j e c t i o n  = 100(1-[Cpermeate/Cfeed]) 

The r e s u l t s  of t h e  experiments  f o r  t h e  supported alumina 
membranes are summarized i n  F igure  15. The r e j e c t i o n  i n c r e a s e s  
w i t h  i n c r e a s i n g  molecular  weight ,  as one would expect .  R e j e c t i o n  
a l s o  i n c r e a s e s  w i t h  i n c r e a s i n g  th ickness  of t h e  membrane, a t  l e a s t  
t o  a p o i n t .  ( I t  was n o t  p o s s i b l e  t o  o b t a i n  more than 40% r e j e c -  
t i o n  of the  polye thylene  g l y c o l  w i t h  a molecular  weight  of 200 
even us ing  membranes which had been dipped a l a r g e  number of 
times.) 

Pre l iminary  measurements of r e j e c t i o n  c o e f f i c i e n t s  f o r  
po lye thylene  g l y c o l  w i t h  a molecular  weight  of 8,000 i n d i c a t e d  
t h a t  t h e  supported Ti02 membranes were n o t  a t  a l l  s e l e c t i v e  ( i . e . ,  
t h e  r e j e c t i o n  c o e f f i c i e n t s  were only 1-3%). 
s o l u t i o n s  of bovine serum albumin were u s e d  as tes t  s o l u t i o n s .  I n  
t h i s  case r e j e c t i o n  C o e f f i c i e n t s  i n  t h e  87-97% range were 
observed. F a i l u r e  t o  achieve  complete r e j e c t i o n  of t h e  albumin 
can be a t t r i b u t e d  t o  t h e  p o s s i b l e  presence of c r a c k s  a n d l o r  macro- 
pores  i n  t h e  s u r f a c e  of t h e  t i t a n i a  membrane. 

Consequently aqueous 

SUMMARY : 

E l e c t r o n  microscopy, BET a d s o r p t i o n ,  and p e r m s e l e c t i v i t y  
measurements were used t o  c h a r a c t e r i z e  supported and unsupported 
Ti0  and A 1 2 0 3  membranes. 
o p t f m i z a t i o n  of membrane p r e p a r a t i o n  procedures  so as t o  produce 
membranes which have t h e  d e s i r e d  morphological  and p e r m s e l e c t i v i t y  
c h a r a c t e r i s t i c s .  We have been a b l e  t o  produce membranes w i t h  pore 
diameters i n  the  35-50 Angstrom range. Our i n i t i a l  r e s u l t s  look 
very promising i n  t h a t  w e  have been a b l e  t o  o b t a i n  very good 
s o l u t e  r e j e c t i o n  w i t h  reasonable  flow rates.  F u r t h e r  work on 
suppor ted  alumina and t i t a n i a  membranes is  i n  progress  wi th  the  
long range g o a l  of l i n k i n g  m o d i f i c a t i o n s  i n  t h e  s u r f a c e  and 
c o l l o i d  chemis t ry  of t h e  p r e c u r s o r  s o l s  t o  t h e i r  concomitant  
e f f e c t s  on the  p e r m s e l e c t i v i t y  c h a r a c t e r i s t i c s  of t h e  f i n i s h e d  
membranes. 

Such measurements can be u s e d  i n  t h e  
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