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Interfacial Synthesis in the Preparation of Reverse 
Osmosis Membranes 

J . E .  CADOTTE, R.S. K I N G ,  R . J .  MAJERLE, and R . J .  PETERSEN 

FilmTec Corporat ion 
15305 Minnetonka Boulevard 
Minnetonka, Minnesota 55343 

ABSTRACT 

Reverse osmosis membranes a r e  c u r r e n t l y  f i n d i n g  i n c r e a s i n g  u s e  
i n  t h e  product ion  of p o t a b l e  water from s a l t - l a d e n  water s o u r c e s ,  
and i n  t h e  p u r i f i c a t i o n  and r e c y c l e  of i n d u s t r i a l  p rocess  waters. 
Most r e v e r s e  osmosis membranes a r e  comprised e i t h e r  of  poly- 
amide hollow f i b e r s  o r  c e l l u l o s e  a c e t a t e  s h e e t  f i l m s .  A new 
type  of r e v e r s e  osmosis membrane, made by t h e  i n t e r f a c i a l  
s y n t h e s i s  of u l t r a t h i n  membranes d i r e c t l y  on microporous support  
media, i s  being explored.  Two types  of i n t e r f a c i a l l y  formed 
membranes a r e  s p e c i f i c a l l y  d e s c r i b e d .  One is based on an 
u l t r a t h i n  polyamide b a r r i e r  l a y e r  made by i n t e r f a c i a l  r e a c t i o n  
of polyethylenimine wi th  i s o p h t h a l o y l  c h l o r i d e .  The b a r r i e r  
material is supported by a heat-polymerized i n t e r m e d i a t e  zone 
of polyethylenimine,  supported i n  t u r n  by a microporous poly- 
s u l f o n e  s u b s t r a t e .  The second membrane c o n s i s t s  of a poly- 
amide formed from p i p e r a z i n e  and a mixed a c y l  h a l i d e  r e a g e n t .  
T h i s  nonpolymeric amine l e a d s  t o  a d i f f e r e n t  s u r f a c e  t e x t u r e  and 
t h e  absence of a n  i n t e r m e d i a t e  zone between t h e  b a r r i e r  f i l m  
and t h e  microporous polysul fone  s u b s t r a t e .  This  l a t t e r  mem- 
brane e x h i b i t s  e x c e l l e n t  water f l u x e s  ( a s  h igh  as  4.0 m3/m2-day 
a t  100 atm) under seawater  r e v e r s e  osmosis test c o n d i t i o n s ,  and 
shows very  h igh  r e j e c t i o n  (99+%) of inorganic  s a l t s  c o n t a i n i n g  
polyvalen t  an ions .  D i f f e r e n c e s  i n  t h e  morphology of t h e  s a l t  
b a r r i e r  l a y e r s  f o r  t h e s e  two c a s e s  a r e  d e s c r i b e d ,  and t h e  r e s u l t -  
i n g  e f f e c t s  on membrane d e s a l i n a t i o n  p r o p e r t i e s  a r e  d i s c u s s e d .  
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INTRODUCTION 

CADOTTE ET AL. 

Reverse osmosis i s  a process  whereby water  i s  forced by p r e s s u r e  

through a semipermeable membrane counter  t o  t h e  normal d i r e c t i o n  of 

osmotic f low.  I n  t h e  c a s e  of water d e s a l i n a t i o n ,  t h e  semipermeable 

membrane must possess  a p a r t i c u l a r l y  dense b a r r i e r  l a y e r  t o  r e j e c t  

d i sso lved  s o l u t e s  i n  t.hr water ,  such as  sodium c h l o r i d e .  Rather low 

d i f f u s i v e  p e r m e a b i l i t i e s  f o r  water  through such dense s t r u c t u r e s  

a r e  the  expected norm. 

Reverse osmosis became a commercially f e a s i b l e  process  upon 

t h e  development of t h e  asymmetric, o r  a n i s o t r o p i c ,  membrane by Loeb 

and S o u r i r a j a n .  (') 

c e l l u l o s e  a c e t a t e  having about 39 percent  a c e t y l  c o n t e n t .  I t  w a s  

c a s t  i n  such a fash ion  a s  t o  develop a dense s u r f a c e  s k i n  about  0.25 

Dm t h i c k  on top o f  a porous s t r u c t u r e  50 t o  150 pm t h i c k .  The bulk 

of t h e  membrane contained about 55 t o  60 p e r c e n t  void space,  wi th  

pores  ranging from g r e a t e r  than 1000 i\ on t h e  bottom (coarse)  s i d e  

of t h e  membrane t o  l e s s  than 100 i\ i n  t h e  zone immediately under ly ing  

t h e  s u r f a c e  l a y e r .  Considerable  v a r i a t i o n  i n  t h e s e  parameters  o c c u r s ,  

This  membrane was formed from a s o l u t i o n  of 

however, depending upon t h e  method of membrane f a b r i c a t i o n .  Kest ing (2) 

has provided an e x c e l l e n t  review of t h e  v a r i o u s  r o u t e s  t o  asymmetric 

c e l l u l o s e  a c e t a t e  membranes and t h e i r  r e s u l t i n g  p h y s i c a l  s t r u c t u r e s .  

Although asymmetric c e l l u l o s e  a c e t a t e  membranes f i n d  broad com- 

merc ia l  a p p l i c a t i o n  today,  t h e s e  r e v e r s e  osmosis membranes s u f f e r  

severe  drawbacks. These inc lude  l i m i t e d  pH s t a b i l i t y ,  s u s c e p t i b i l i t y  

t o  b i o l o g i c a l  a t t a c k ,  compaction a t  h igh  p r e s s u r e s  (which reduces  

water f l u x ) ,  wet-dry i r r e v e r s i b i l i t y  ( i n  most bu t  n o t  a l l  t y p e s ) ,  

and an upper temperature  o p e r a t i n g  l i m i t  a t  about  35OC (95°F) .  

One approach toward improved membrane performance was t o  fab- 

r i c a t e  t h e  s u r f a c e  s k i n  and t h e  porous support  l a y e r  a s  two s e p a r a t e  

e n t i t i e s ,  then  combine them t o  achieve  maximum performance. By t h i s  

method, each layer  could be opt imized s e p a r a t e l y ,  t h e  s u r f a c e  l a y e r  
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REVERSE OSMOSIS MEMBRANES 729 

f o r  r e v e r s e  osmos i s  p r o p e r t i e s  and t h e  p o r o u s  u n d e r l a y e r  f o r  d u r a b i -  

l i t y  and compact ion r e s i s t a n c e .  T h i s  approach  w a s  s u c c e s s f u l l y  

deve loped  f o r  c e l l u l o s e  a c e t a t e  b a r r i e r  l a y e r s  d e p o s i t e d  on micro-  

po rous  p o l y s u l f o n e  (poly[oxy-1,4-phenylenesulfonyl-1,4-phenylene]) 

s u b s t r a t e s .  ( 3  '') Q u a l i t i e s  of i n c r e a s e d  water f l u x  and d e c r e a s e d  

s e n s i t i v i t y  t o  compact ion were ach ieved  by t h i s  approach ,  b u t  t h e  

o t h e r  drawbacks of c e l l u l o s e  acetate  membranes remained.  

I n t e r f a c i a l  s y n t h e s i s  a p p e a r s  t o  be  a p romis ing  method f o r  de- 

p o s i t i o n  o f  u l t r a t h i n  b a r r i e r  f i l m s  i n  s i t u  on mic roporous  p o l y s u l -  

f o n e  s u b s t r a t e s .  T h i s  pape r  d e s c r i b e s  s e v e r a l  r e v e r s e  o s m o s i s  

membrane c o m p o s i t i o n s  t h a t  have been s u c c e s s f u l l y  p r e p a r e d  by i n -  

t e r f a c i a l  methods.  Also d e s c r i b e d  are  r e s u l t s  of  s c a n n i n g  e l e c t r o n  

microscopy s t u d i e s  on t h i n - f i l m  polyamide c o m p o s i t e  membranes, w i t h  

p a r t i c u l a r  a t t e n t i o n  t o  p ipe raz ine -based  polyamide c o m p o s i t i o n s .  

Var ious  t h i n - f i l m  compos i t e  membranes c a n  be  p r e p a r e d  by 

i n t e r f a c i a l  d e p o s i t i o n  of  u l t r a t h i n  po lymer i c  b a r r i e r  f i l m s  on mic r -  

p o r o u s  p o l y s u l f o n e  s u b s t r a t e s .  To be  f u n c t i o n a l  i n  water d e s a l i n -  

a t i o n ,  however,  t h e  i n t e r f a c i a l l y  formed b a r r i e r  l a y e r s  must have a 

b a l a n c e  of  h y d r o p h i l i c  and hydrophobic  g r o u p s .  They must  a l s o  con- 

sist o f  a f a i r l y  r i g i d  chemica l  s t r u c t u r e  o v e r a l l  t o  resist  compac- 

t i o n  unde r  h i g h  p r e s s u r e .  

T a b l e  1 i l l u s t r a t e s  s e v e r a l  t y p e s  of s u c h  Aro- 

matic polyamines and p o l y p h e n o l i c s  c a n  be  p r e p a r e d  by a g a s - l i q u i d  

i n t e r f a c i a l  r e a c t i o n ,  u s i n g  formaldehyde v a p o r .  An a c i d  c a t a l y s t  i n  

t h e  r e s o r c i n o l  s o l u t i o n  i s  needed .  These membranes were s imply  p re -  

pa red  by expos ing  t h e  impregnated p o l y s u l f o n e  s u p p o r t s  t o  formaldehyde 

vapor  i n  c l o s e d  P e t r i  d i s h e s .  S i m i l a r l y ,  a r o m a t i c  p o l y e s t e r  and po ly -  

amide membranes c a n  be  p repa red  by exposure  t o  h e a t e d  v a p o r s  of 

a c i d  c h l o r i d e s ,  as i l l u s t r a t e d  i n  t h e  case o f  s o r b i t o l .  

Where a r o m a t i c  p o l y e s t e r  and polyamide membranes are  i n v o l v e d ,  

however,  t h e  b e s t  r e s u l t s  are g e n e r a l l y  r e a l i z e d  th rough  u s e  of  hexane 
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7 30 CADOTTE ET AL. 

'TABLE I .  Examples of Exper imen ta l  Semipermeable  Membrane 
Composi t ions P repa red  by I n t e r f a c i a l  Methods 

Membr me 
Type 

p o l  yamine 

p o l y e s t e r  

polyphenol  

polyamide 

p o l y e s t e r  

p o l y e s t e r  

Aqueous 
Reac tan t  

r e s o r c  i n o  1 

r e s o r c i n o l  

p i p e r  a z  i n  e 

s o r b i t o l  

s o r b i t o l  

: r o s s l i n k i n g  
Agent 

formaldehyde 
vapor  

i s o p h t h a l o y l  
c h l o r i d e  i n  

hexane 

formaldehyde 
vapor  

i s o p h t h a l o y l  
c h l o r i d e  i n  

hexane 

t e r e p h t h a l o y l  
c h l o r i d e  i n  

hexane 

t r i m e s o y l  
c h l o r i d e  vapor  

I Rever se  Osmosis 
I Prop  

S a l t  R e j  
(73 

97 

40 

75 

98 

97 

60 

ties* 
Water Flux 
m3 /m2-day) 

1.8 

1.8 

1 . 7  

1.1 

0 .9  

4 . 0  

* Data from 16 hour  tests w i t h  3.5% s y n t h e t i c  s e a w a t e r  a t  100 a t m  
p r e s s u r e  and 25°C.  

s o l u t i o n s  of t h e  c o r r e s p o n d i n g  a r o m a t i c  a c y l  h a l i d e s .  Examples of 

t h e s e  are a l s o  i l l u s t r a t e d  i n  T a b l e  1. 

From r e l a t e d  work i n  r e v e r s e  osmosis, it w a s  a p p a r e n t  t h a t  

polyamides posses sed  p a r t i c u l a r l y  p romis ing  s e m i p e r m e a b i l i t y  c h a r a c -  

t e r i s t i c s  n e c e s s a r y  f o r  water p r o d u c t i o n  and s a l t  r e j e c t i o n . ( 7 )  In -  

t e r f a c i a l  fo rma t ion  of polyamides upon porous  s u b s t r a t e s  t o  p roduce  

r e v e r s e  osmos i s  membranes h a s  also been d e s c r i b e d ,  a l t h o u g h  s a l t  re- 

j e c t i o n s  g r e a t e r  t h a n  85 p e r c e n t  were n o t  a c h i e v e d . ( 8 )  

c i a l l y  u s e f u l ,  r e v e r s e  osmos i s  membranes s h o u l d  e x h i b i t  s a l t  r e j e c t i o n s  

of a t  least  95 p e r c e n t  f o r  b r a c k i s h  water t r e a t m e n t  and 98.5 p e r c e n t  

To b e  commer- 
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REVERSE OSMOSIS MEMBRANES 731 

f o r  seawater d e s a l i n a t i o n ,  w h i l e  p r o v i d i n g  water t h r o u g h p u t  r a t e s  

( f l u x e s )  of  a t  least  0.40 m /m -day ( a b o u t  10 g a l l o n s  p e r  s q u a r e  f o o t  

of membrane are? par dav)  a t  normal  u s e  p r e s s u r e s .  

3 2  

I n  o u r  r e s e a r c h  e f f o r t ,  t h e  i n t e r f a c i a l  f o r m a t i o n  of  u l t r a t h i n  

polyamide membranes was i n v e s t i g a t e d ,  u s i n g  mic roporous  p o l y s u l f o n e  

a s  a p r e f e r r e d  mic roporous  s u p p o r t  l a y e r .  T a b l e  2 c o n t a i n s  d a t a  

o b t a i n e d  i n  i n i t i a l  t r i a l s  of  t h i s  approach .  These d a t a  (which ac- 

t u a l l y  p r e - d a t e  t h e  d a t a  i n  T a b l e  1) r e v e a l  t h e  d i f f i c u l t y  i n v o l v e d  

i n  p r e p a r i n g  s a l t - r e t e n t i v e  membranes by i n t e r f a c i a l  polyamide mem- 

b r a n e  s y n t h e s i s .  I n  a l l  cases i n v o l v i n g  monomeric d i a m i n e s ,  s a l t  

r e j e c t i o n s  were f a r  below u s e f u l  l e v e l s .  Only i n  t h e  case of  a 

po lymer i c  amine, p o l y e t h y l e n i m i n e ,  w a s  a membrane o b t a i n e d  showing 

p romise  f o r  r e v e r s e  osmos i s  d e s a l i n a t i o n .  

The f i n d i n g s  i n  T a b l e  2 f o r  membranes made from monomeric d i a -  

mines were n o t  p a r t i c u l a r l y  s u r p r i s i n g ,  however.  Morgan, i n  h i s  

r e v i e w  of c o n d e n s a t i o n  polymers ,  (9) s t a t e d  t h a t  washed b u t  u n d r i e d  

TABLE 11. Rever se  Osmosis Pe r fo rmance  of Membranes P r e p a r e d  by 
I n t e r f a c i a l  R e a c t i o n  of T e r e p h t h a l o y l  C h l o r i d e  w i t h  
V a r i o u s  Amines 

Am i n e  

h y d r a z i n e  

1.2-ethanediamine 

1,3-propaned i amine  

1,6-hexaned i amine  

1,3-diaminobenzene 

1,4-diaminobenzene 

p i p e r a z  i n e  

pol  ye  t h y l e n  imine  

Reve r se  O s m o s i s  
S a l t  R e j e c t i o n  

(%) 

** 
** 
30 

8 

1 2  

38 

74 

96 

Performance'! 
Water Flux 
(m3/m2-day) 

** 
** 
9 . 5  

4 .2  

1.1 

2.2 

2.4 

1.2 

* T e s t  c o n d i t i o n s  100 a t m ,  3.5X s y n t h e t i c  seawater, 25OC. 

** Too b r i t t l e  t o  t es t .  
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732 CADOTTE ET AL. 

f i l m s  of 6/10 polyamide p repa red  by u n s t i r r e d  i n t e r f a c i a l  s y n t h e s i s  

were r e a d i l y  permeable  t o  i n o r g a n i c  s a l t s  and small d y e  m o l e c u l e s .  

A t  f i r s t  g l a n c e ,  t h e r e f o r e ,  membranes w i t h  poor  s a l t  r e j e c t i o n  capa-  

b i l i t i e s  a r e  t o  be expec ted  v i a  i n t e r f a c i a l  polyamide s y n t h e s i s .  

The l a s t  two c a s e s  i n  T a b l e  2 ,  p i p e r a z i n e  and p o l y e t h y l e n i m i n e ,  

have been examined i n  d e t a i l ,  and c o n d i t i o n s  have now heen deve loped  

t h a t  p r o v i d e  h i g h  s a l t  r e j e c t i o n  membranes i n  b o t h  cases. S t u d i e s  

on the p o l y e t h y l e n i m i n e  case have been r e p o r t e d  by u s  i n  r e c e n t  

y e a r s .  (''-I2) 

been s t u d i e d  of l a t e  by u s ,  and are  t h e  main s u b j e c t  of  t h i s  p a p e r .  

D i f f e r e n c e s  i n  t h e  manner of t h e i r  b e h a v i o r  ( p i p e r a z i n e  v s .  p o l y e t h -  

y l en imine )  i n  r ega rd  t o  i n t e r f a c i a l  f o r m a t i o n ,  membrane morphology, 

and subsequen t  p r o p e r t i e s  are d i s c u s s e d  i n  t h i s  p r e s e n t a t i o n .  

P i p e r a z i n e  polyamide r e v e r s e  osmos i s  membranes have  

EXPERIMENTAL METHODS 

To p r e p a r e  t h e  mic roporous  p o l y s u l f o n e  s u b s t r a t e ,  a 1 5 - p e r c e n t  

s o l u t i o n  of  p o l y s u l f o n e  (Union C a r b i d e  C o r p o r a t i o n ,  Grade P-3500) 

i n  dimethylformamide was drawn o u t  on a f l a t  g l a s s  p l a t e  u s i n g  a 175 

urn k n i f e  gap. The p l a t e  was immedia t e ly  immersed i n  a water b a t h  a t  

room t e m p e r a t u r e  i n  one  smooth motion.  Wi th in  30 seconds ,  a w h i t e  

microporous s h e e t  formed and s p o n t a n e o u s l y  l i f t e d  away from t h e  g l a s s  

s u r f a c e .  A f t e r  f i v e  m i n u t e s ,  t h e  p o l y s u l f o n e  s u p p o r t  w a s  removed, 

r i n s e d  w i t h  f r e s h  water ,  t h e n  s t o r e d  i n  d e i o n i z e d  water u n t i l  u s e d .  

The t o p  s u r f a c e  ( a i r  s i d e )  was used  as  t h e  s u p p o r t  s u r f a c e  f o r  

membrane fo rma t ion .  

I n t e r f a c i a l  membrane s y n t h e s i s  was accompl i shed  u s i n g  u n s t i r r e d ,  

n o n d i s p e r s i o n  methods.  S t a r t i n g  w i t h  p o l y e t h y l e n i m i n e ,  i n t e r f a c i a l  

polyamide membranes were made u s i n g  i s o p h t h a l o y l  c h l o r i d e .  T h i s  

reactant gave h i g h e r  wa te r  f l u x e s  t h a n  t e r e p h t h a l o y l  c h l o r i d e  ( T a b l e  

2) w h i l e  p r o v i d i n g  e q u i v a l e n t  s a l t  r e j e c t i o n s .  The p o l y e t h y l e n i m i n e  

used i n  t h i s  s t u d y  w a s  Tydex 12 ,  made by Dow Chemical Company. I t  
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REVERSE OSMOSIS MEMBRANES 7 3 3  

i s  no longer  a v a i l a b l e  from t h i s  source ,  but an e q u i v a l e n t  grade  may 

be obta ined  from Cordova Chemical Company, Sacramento, C a l i f o r n i a ,  

o r  purchased from l a b o r a t o r y  chemical supply houses. A mjcroporous 

polysul fone  suppor t  w a s  immersed i n  a s o l u t i o n  of 0 . 6 7 %  by weight of 

polyethylenimine i n  deionized water f o r  two minutes ,  t h e n  dra ined  f o r  

an equal  t i m e .  The support  f i l m  was then covered wi th  a s o l u t i o n  of 

0.5% i sophtha loyl  c h l o r i d e  i n  hexane. A f t e r  removal from t h e  hexane 

s o l u t i o n ,  t h e  coated s u b s t r a t e  was heat-cured i n  an oven a t  110°C f o r  

15 minutes .  

P i p e r a z i n e  polyamide membranes were formed by s i m i l a r  methods. 

In one v e r s i o n ,  a microporous polysul fone  s u b s t r a t e  w a s  s a t u r a t e d  

wi th  a n  aqueous s o l u t i o n  of  1.0% p i p e r a z i n e ,  1.0% of a n  i n o r g a n i c  

a c i d  a c c e p t o r ,  and 0.5% dodecyl sodium s u l f a t e .  Excess reagent  was 

e i t h e r  drained o f f  o r  was "squeezed" of f  by means of a low durometer 

rubber  r o l l e r .  A s u i t a b l e  squeeze r o l l e r  w a s  fashioned from a 

l e n g t h  of g l a s s  tub ing  i n s e r t e d  through l a t e x  rubber  tub ing .  The 

impregnated polysul fone  s u b s t r a t e  was then  covered wi th  0 . 1  t o  1 . 0  

percent  by weight i s o p h t h a l o y l  c h l o r i d e  i n  hexane f o r  20 seconds.  

The r e s u l t i n g  th in- f i lm composite membrane w a s  d ra ined  and a i r -  

d r i e d  a t  room temperature .  V a r i a t i o n s  of t h i s  membrane were a l s o  

made wherein p a r t  or  a l l  of t h e  i s o p h t h a l o y l  c h l o r i d e  was rep laced  

by t r imesoyl  c h l o r i d e  (benzene-1,3,5-tricarboxylic a c i d  c h l o r i d e ) .  

P o t e n t i a l  a c i d  a c c e p t o r s  inc lude  sodium hydroxide,  sodium carbonate ,  

and sodium phosphate. I n  one c a s e ,  N,N'-dimethylpiperazine was 

used as an a c i d  a c c e p t o r .  In t h e  absence of any such a d d i t i v e ,  

p i p e r a z i n e  w a s  used a s  a n  a c i d  a c c e p t o r  i t s e l f .  

I n  a second v e r s i o n ,  t h e  polysul fone  suppor t  w a s  coa ted  w i t h  

a 1:l water :  isopropanol  s o l u t i o n  c o n t a i n i n g  2.0 percent  su l fona ted  

polysul fone ,  1 .0  p e r c e n t  p i p e r a z i n e  and 2 .0  p e r c e n t  N,N'-dimethyl- 

p iperaz ine .  The s u l f o n a t e d  polysul fone  w a s  prepared by t rea tment  

of t e n  p a r t s  Udel P-3500 r e s i n  i n  dichloromethane w i t h  f i v e  p a r t s  

c h l o r o s u l f o n i c  a c i d ,  decant ing ,  washing t h e  p r e c i p i t a t e d  polymer 
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7 34 CADOTTE ET AL. 

w i t h  add i t  i o n a l  d i c h l o r o m e t h a n e ,  t h e n  n e u t r a l i z i n g  w i t h  aqueous  

t r i e t h y l a m i n e .  The c o a t e d  s u p p o r t  f i l m  was i n t e r f a c i a l l y  r e a c t e d  

w i t h  i s o p h t h a l o y l  c h l o r i d e  as  h e f o r e  t o  p roduce  a p i p e r a z i n e  po ly -  

amide membrane, fo l lowed  by a h e a t - c u r e  a t  110°C f o r  1 5  m i n u t e s .  

T h i s  v e r s i o n  c o n t a i n e d  a h y d r o p h i l i c  s u l f o n a t e d  p o l y s u l f o n e  sub- 

l a y e r  between t h e  s u p p o r t  f i l m  and t h e  polyamide b a r r i e r  l a y e r .  

These membranes were t e s t e d  i n  a h i g h  p r e s s u r e  r e v e r s e  osmo- 

sis test  l o o p ,  d e c r i b e d  e l s e w h e r e .  (13) 

a t m  (1500 p s i )  f e e d w a t e r  p r e s s u r e  and 2 5 O C  t e m p e r a t u r e ,  and 3.5 

p e r c e n t  by we igh t  s y n t h e t i c  seawater (made w i t h  "Sea-Sal t" ,  Lake 

P r o d u c t s  Company, S t .  L o u i s ,  MO) , e x c e p t  a s  o t h e r w i s e  s t a t e d .  

Cross f low w a s  m a i n t a i n e d  a t  abou t  1000 f o l d  g r e a t e r  t h a n  membrane 

f l u x  t o  avo id  c o n c e n t r a t i o n  p o l a r i z a t i o n  e f f e c t s  a t  t h e  membrane 

s u r f a c e .  Membrane specimens were r u n  unde r  test c o n d i t i o n s  f o r  

1 6  t o  24 h o u r s  b e f o r e  t a k i n g  f l u x  and s a l t  r e j e c t i o n  measurements .  

Test c o n d i t i o n s  were 1CO 

For s c a n n i n g  e l e c t r o n  microscopy s t u d i e s ,  samples  4 c m 2  

were o b t a i n e d  from p o l y s u l f o n e  s u p p o r t s  b o t h  w i t h o u t  membrane and 

w i t h  i n t e r f a c i a l  membranes d e p o s i t e d  upon them. The samples  were 

s t o r e d  24 h o u r s  i n  a vacuum d e s s i c a t o r  p r i o r  t o  mounting t o  

i n s u r e  e v a p o r a t i o n  o f  any s u r f a c e  m o i s t u r e ;  c r i t i c a l  p o i n t  d r y i n g  

was n o t  n e c e s s a r y .  A specimen 8 mm i n  d i a m e t e r  was c u t  from e a c h  

sample and mounted, w i t h  t h e  g l o s s y  ( a i r  o r  membrane) s u r f a c e  

f a c i n g  up ,  u s i n g  c o n d u c t i v e  s i l v e r  p a i n t .  The mounted spec imens  

were a g a i n  vacuum d e s s i c a t e d  t o  a l l o w  t h e  p a i n t  t o  d r y  t h o r o u g h l y .  

E i g h t  i n c h e s  of w i r e  w i t h  a 1:l r a t i o  of g o l d  t o  g o l d :  p a l l a d i u m  

( 6 0 : 4 0 )  were t h e n  e v a p o r a t e d  o n t o  t h e  spec imens  a t  40 V i n  a 

vacuum o f  1.8 x lo-' t o r r  u s i n g  a Denton Vacuum E v a p o r a t o r .  

Specimens were s u b s e q u e n t l y  obse rved  u s i n g  a F l i t a c h i  Model 450 

s c a n n i n g  e l e c t r o n  mic roscope .  

REVERSE OSliOSIS TEST RESULTS 

T a b l e  3 c o n t a i n s  r e v e r s e  osmos i s  t e s t  d a t a  on t h e s e  v a r i o u s  

membranes. P o l y e t h y l e n i m i n e  i n t e r f a c i a l l y  c r o s s l i n k e d  by i soph-  
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REVERSE OSMOSIS MEMBRANES 

L 

Acyl Chlor ide  
Amine Reagent Concentrat ion 

0.67% polyethylenimine 0.5% 

1.0% p i p e r a z i n e ,  0.93% NaOH 1.0% 

1.0% p i p e r a z i n e ,  0.93% NaOH 0.1% 

2.0% sul fona ted  polysul fone ,  
2.0% p i p e r a z i n e ,  2.0% N , N ’ -  
d i m e  thvlD iDeraz ine  0.1% 

7 35 

TABLE 111. Reverse Osmosis Performance of Membranes from 
Polyethylenimine and P i p e r a z i n e  I n t e r f a c i a l l y  
Reacted wi th  I sophtha loyl  Chlor ide  

Wa er Flux 
(m 5 /m2-day) 

1 .0  

0.37 

0.86 

0.81 

S a l t  R e j  
(XI 

99.3 

96 

98 

98.4 

t h a l o y l  c h l o r i d e  w a s  found t o  g i v e  s a l t  r e j e c t i o n s  i n  excess  of 99 

percent  when t e s t e d  wi th  s y n t h e t i c  seawater .  These sa l t  r e j e c t i o n s  

could be obta ined  r o u t i n e l y  a s  s k i l l  developed i n  t h e i r  prepa-  

r a t i o n .  Water f l u x e s  f o r  t h i s  membrane averaged 1.1 m /m -day 

under t h e  tes t  c o n d i t i o n s  s t a t e d .  

3 2  

The p o l y ( p i p e r a z i n e  isophthalamide)  t h i n - f i l m  composite mem- 

brane could be made t o  g ive  seawater  s a l t  r e j e c t i o n s  i n  excess  of 

95 percent  under c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s .  These included 

us ing  f r e s h  r e a g e n t s  and making s u r e  t h a t  t h e  i s o p h t h a l o y l  c h l o r i d e  

was pure.  Qual i ty  of t h e  microporous polysul fone  suppor t  was a l s o  

important .  The suppor t  f i l m  had t o  be f r e s h ,  f r e e  of p i n h o l e s  

and o t h e r  d e f e c t s ,  and c a s t  from f r e s h ,  c l e a r  po lysul fone  so lu-  

t i o n s .  Even s o ,  s a l t  r e j e c t i o n s  above 97 percent  were v e r y  d i f -  

f i c u l t  t o  o b t a i n .  

Use of s e l e c t e d  water-soluble  polymers as  a d d i t i v e s  i n  t h e  

membrane s y n t h e s i s  improved membrane s a l t  r e j e c t i o n s  t o  a s  h igh  

as 98.5 p e r c e n t ,  which represented  t h e  lower l i m i t  f o r  s i n g l e -  

pass  seawater d e s a l i n a t i o n .  The c a s e  i n  Table  3 i n v o l v i n g  t h e  use  

of su l fona ted  polysul fone  i s  t h e  b e s t  example of t h e  phenomenon. 
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CADOTTE ET AL.. 7 36 

A t  i t s  b e s t ,  t h e  p i p e r a z i n e  i s o p t h a l a m i d e  membrane gave  f l u x e s  

T h i s  w a s  c o n s i d e r e d  t o  be  a m a r g i n a l  pe r fo rmance  o f  1 .0  m3/m2-day. 

f o r  commercial  a p p l i c a t i o n .  When t r i m e s o y l  c h l o r i d e  w a s  s u b s t i -  

t u t e d  f o r  i s o p h t h a l o y l  c h l o r i d e ,  however,  membrane f l u x e s  were 

enhanced d r a m a t i c a l l y .  Yet, p e c u l i a r  sa l t  r e j e c t i o n  r e s u l t s  were 

obse rved .  R e s u l t s  are  i l l u s t r a t e d  i n  F i g u r e s  1 and 2 .  In simu- 

l a t e d  seawater performance tests, t h e  f l u x ,  i n i t i a l l y  a t  1 . 0  m3/  

m2-day f o r  t h e  p i p e r a z i n e  i s o p h t h a l a m i d e  membrane, i n c r e a s e d  t o  

3 .4  m3/m2-day f o r  t h e  p i p e r a z i n e  t r imesamide  membrane w i t h  a peak 

f low of  abou t  4.0 m3/m2-day f o r  t h e  50:50 b l e n d .  

of t h e  s y n t h e t i c  seawater by t h e  b a r r i e r  l a y e r  dropped immedia t e ly  

a t  low l e v e l s  of t r i m e s o y l  c h l o r i d e  a d d i t i o n  t o  t h e  i s o p h t h a l o y l  

r e a g e n t ,  f a l l i n g  i n t o  t h e  r a n g e  of  60 t o  70 p e r c e n t  f o r  most of  

t h e  membrane combina t ions .  

S a l t  r e j e c t i o n  

4.0 

3.0 - 
? 
E 2.0 
c3 
E 

a c 1.0 

N 

- 
K 

I I I I I I I I  100 + 
\- 1 

Test Conditions: i 3.5% Synthetic seawater 

100 atm 1 
25OC 

I I I I I I I I I  

20 40 60 80 100 
Trirnesemide Fraction [weight % I  

FIGURE I. Seawa te r  D e s a l i n a t i o n  F l u x  and S a l t  R e j e c t i o n  
a s  a Func t ion  of I s o p h t h a l o y l  and Tr imesoy l  
Con ten t  i n  P i p e r a z i n e  Polyamide Membranes. 
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100 

4.0 

- 3.0 
0 
h 

li 

E 
$ 2.0 

- 
n a 

1.0 

- 
- 
- 

- 
- 

Test Conditions: 

98  

.- 5 
94  .- a! a 

c) 

92  2 

90 
0 20 40 60 80 100 

Trimesamide Fraction [weight %I 

FIGURE 11. Brackish Water Desa l ina t ion  Flux and S a l t  
Re jec t ion  as  a Funct ion of I sophtha loyl  
and Trimesoyl Content i n  P i p e r a z i n e  Polyamide 
Membranes. 

Simulated brackish  water  t e s t s  wi th  0 .5  percent  magnesium 

s u l f a t e  a t  14 a t m  (200 p s i )  e x h i b i t e d  t h e  same type  of f l u x  curve ,  

showing a maximum of 3 .1  m3/m2-day f l u x  a t  a weight r a t i o  of 2:l 

i s o p h t h a l o y l  c h l o r i d e :  t r imesoyl  c h l o r i d e  i n  t h e  hexane s o l u t i o n .  

S a l t  r e j e c t i o n s ,  i n i t i a l l y  good a t  about 94 percent  f o r  t h e  pip- 

e r a z i n e  isophthalamide th in- f i lm composite membrane, a c t u a l l y  

increased  t o  t h e  99 percent  l e v e l  upon t h e  s u b s t i t u t i o n  of t e n  

percent  of i s o p h t h a l o y l  c h l o r i d e  by t r imesoyl  c h l o r i d e  i n  t h e  

i n t e r f a c i a l  r e a c t a n t  s o l u t i o n .  A t  g r e a t e r  a d d i t i o n  l e v e l s  of 

t r imesoyl  c h l o r i d e ,  t h e  magnesium s u l f a t e  r e j e c t i o n  remained above 

99 p e r c e n t ,  i n  d i r e c t  c o n t r a s t  t o  t h e  seawater  r e j e c t i o n  d a t a .  

Thus, whi le  g r e a t l y  enhancing f l u x ,  t r imesoyl  c h l o r i d e  a l s o  

caused an unexpected divergence i n  s a l t  b a r r i e r  p r o p e r t i e s  toward 

s imulated seawater v e r s u s  s imulated brackish  water .  
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738 CADOTTE ET AL. 

( X i  

In a subsequen t  expe r imen t ,  a s i n g l e  d i s c  of  p i p e r a z i n e  

t r i m e s a m i d e  membrane w a s  s e q u e n t i a l l y  t e s t e d  toward a ser ies  of 

i n o r g a n i c  s a l t  s o l u t i o n s  unde r  r e v e r s e  osmos i s  c o n d i t i o n s  a t  14 

a t m  and 25'C. R e s u l t s  of  t h e s e  t es t s  a r e  shown i n  T a b l e  4 .  

These d a t a  show t h a t  t h e  s a l t  r e j e c t i o n  is h i g h l y  dependen t  on 

t h e  v a l e n c e  c h a r g e  of t h e  a n i o n .  D i v a l e n t  a n i o n s  (e.g. s u l f a t e )  

are  r e j e c t e d  by t h e  b a r r i e r  l a y e r  v e r y  e f f e c t i v e l y .  Monovalent 

a n i o n s  ( e .g .  c h l o r i d e )  are  r e j e c t e d  p o o r l y .  The c a t i o n  c h a r g e  

h a s  l i t t l e  o r  no e f f e c t  on t h e  s a l t  r e j e c t i o n  of t h i s  membrane. 

F lux  (m3/m2-day) 

These r e s u l t s  imp l i ed  t h a t  t h e  p o l y p i p e r a z i n e a m i d e  b a r r i e r  

l a y e r  i n  t h e s e  i n t e r f a c i a l l y  formed membranes c o n t a i n e d  pendan t  

c a r b o x y l a t e  g roups  when t r i m e s o y l  c h l o r i d e  w a s  u sed  as a n  i n t e r -  

f a c i a l  r e a c t a n t .  S u b s e q u e n t l y ,  a 1 . 0  p e r c e n t  s o l u t i o n  of t r i-  

mesoyl c h l o r i d e  in hexane w a s  s t i r r e d  r a p i d l y  w i t h  water f o r  30 

minu tes .  H y d r o l y s i s  of a c i d  c h l o r i d e  g roups  l i b e r a t e d  h y d r o c h l o r i c  

a c i d ,  which w a s  e x t r a c t e d  i n t o  t h e  water phase .  S e p a r a t i o n  of t h e  

water and t i t r a t i o n  w i t h  b a s e  showed t h e  p r e s e n c e  of  83 p e r c e n t  of  

T M L E  I V .  R e j e c t i o n  of  V a r i o u s  S o l u t e s  by a 
P i p e r a z  i n e  Trimesamide I n t e r f a c i a l  
Membrane 

S o l u t e  Used i n  
T e s t  Loop 

0.1% MgSO4 

0.1% N a C l  

0.5% N a C l  

0.5% Na2S04 

0.5% b1gso4 

0.5% MgC12 

Reverse Osmosis Test Data* 
S a l t  R e i e c t i o n  1 

98.0  

7 0  

50 

97.8 

4 6  

97 .9  

1.4 

1 . 3  

1 . 7  

1 . 7  

1.3 

1 . 3  

9; Test c o n d i t i o n s :  14 atm, 25°C.  
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REVERSE OSMOSIS MEMBRANES 

Acid 
Acyl H a l i d e  Accep to r  

t r i m e s o y l  C h l o r i d e  none 
Na2C03 

N a O H  

i s o p h t h a l o y l  none 
c h l o r i d e  N a 2 C 0 3  

N a O U  

739 

'Reverse Osmosis T e s t  Data* 
S a l t  R e j e c t i o n  F lux  

( n  (m3/m2-day) 

88  1 . 5  
5 4  2 . 3  

28 1 . 2  

55 2 .3  
80 0 .69  

97 0.29 

one e q u i v a l e n t  of h y d r o c h l o r i c  a c i d .  The d i a c y l  c h l o r i d e  form 

remained s o l u b l e  i n  hexane,  m a i n t a i n i n g  a c l e a r  s o l u t i o n ,  and t h i s  

s o l u t i o n  was a c t i v e  i n  t h e  p r e p a r a t i o n  of i n t e r f a c i a l l y - f o r m e d  

p i p e r a z i n e  polyamide f i l m s .  I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  f a c i l e  

h y d r o l y s i s  of one of t h e  a c y l  h a l i d e  g roups  on t h e  t r i m e s o y l  

c h l o r i d e  r i n g  o c c u r s ,  b u t  t h a t  f u r t h e r  h y d r o l y s i s  i s  slowed t h e r e -  

a f t e r .  I l y d r o l y s i s  a s  a competing r e a c t i o n  w i t h  polyamide f o r -  

mat ion i n  t h e  i n t e r f a c i a l  c o n t a c t  zone cou ld  o c c u r  and r e s u l t  i n  

c a r b o x y l a t e  i o n  f o r m a t i o n  i n  t h e  p i p e r a z i n e  t r imesamide  mem- 

b r a n e s .  

T a b l e  5 shows t h e  e f f e c t  o f  a c i d  a c c e p t o r s  i n  t h e  aqueous  

p i p e r a z i n e  phase  upon r e v e r s e  osmos i s  p r o p e r t i e s  of  r e s u l t i n g  

membranes. When t r i m e s o y l  c h l o r i d e  w a s  r e a c t e d  i n t e r f a c i a l l y  

w i t h  p i p e r a z i n e ,  t h e  t i g h t e s t  membranes w i t h  t h e  h i g h e s t  s a l t  

r e j e c t i o n s  o c c u r r e d  as  a f u n c t i o n  of t h e  f o l l o w i n g  a c i d  a c c e p t o r  

o r d e r :  none> sodium ca rbona te>  sodium hydrox ide .  For i s o p h t h a -  

l o y l  c h l o r i d e  unde r  i d e n t i c a l  c o n d i t i o n s ,  t h i s  o r d e r  w a s  r e v e r s e d .  

Acid a c c e p t o r s  appea red  to promote t h e  h y d r o l y s i s  s i d e  r e a c t i o n  

on t r i m e s o y l  c h l o r i d e ,  l e a d i n g  t o  p o o r e r  s a l t  r e j e c t i o n s  i n  t h e  

f i n a l  i n t e r f a c i a l  membrane a s  t h e  b a s i c i t y  o f  t h e  a c i d  a c c e p t o r  

i n c r e a s e d .  D
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740 CADOTTE ET AL. 

Addit ion of sodium dodecyl s u l f a t e  s u r f a c t a n t  t o  t h e  aqueous 

p i p e r a z i n e  s o l u t i o n  d i d  not  s i g n i f i c a n t l y  change any of t h e  p e r f o r -  

mance d a t a  of t h e  membrane formed from t r imesoyl  c h l o r i d e  and 

p iperaz ine .  For t h e  i s o p h t h a l o y l  c h l o r i d e - p i p e r a z i n e  series, 

a d d i t i o n  of 0.5 percent  t o  1 .0  percent  of t h e  s u r f a c t a n t  improved 

s a l t  r e j e c t i o n s  s i g n i f i c a n t l y ,  but  a t  about a 40 percent  l o s s  i n  

membrane f l u x .  Thicker  membranes appeared t o  r e s u l t .  

I f  carboxyl ic  a c i d  groups are p r e s e n t  i n  polypiperazineamide 

membranes conta in ing  t h e  t r imesoyl  group, then  such,membranes 

should show a pH dependence r e l a t i n g  t o  t h e  i o n i z a t i o n  s t a t e  of 

t h e s e  pendant groups. Table 6 shows t h e  e f f e c t  of feedwater  pH 

TABLE I V .  E f f e c t  of Feedwater pH on t h e  Reverse Osmosis 
P r o p e r t i e s  of t h e  9:l 1sophthaloyl :Trimesoyl  
Polypiperazineamide Membrane 

:ncreasing 
PH 

Iec r eas ing 
PH 

7.9 

8.8 

9.9 
11.0 

11.9 

8.0 

6.8 

5.2 

2.6 

2.2 

Reverse Osmos 

(%) (m3/m2-day' 
; a l t  R e j .  Flux 

Example 1 

93 0.66 

92 0.65 

92 0.63 
91 0.66 

89 0.67 

Example 3 

89 0.65 

90 0.31 

89 0.26 

90 0.22 
91 0.21 

T e s t  Data* 
a l t  R e j .  -Flux 

(Z) (mJ/mL-day 

Example 2 

96 0.46 
94 0.45 

94 0.56 

94 0.44 
94 0.45 

Example 4 
91 0.66 

91 0.34 

91 0.33 

91 0.30 

91 0.30 

t Test condi t ions :  40 atm, 1% sodium c h l o r i d e ,  25°C. 
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REVERSE OSMOSIS  MEMBRANES 741 

on examples of a 9 : l  copolyamide of p i p e r a z i n e  wi th  i s o p h t h a l o y l  

and t r imesoyl  c h l o r i d e s  r e s p e c t i v e l y .  Two test  samples were 

taken from n e u t r a l  t o  pH 11.9 ;  f l u x  and s a l t  r e j e c t i o n  were essen-  

t i a l l y  cons tan t  through t h i s  range.  Two o t h e r  samples were taken 

from pM 8.0 down t o  pR 2 .2 ;  f l u x  dropped d r a m a t i c a l l y  f o r  both 

examples between pH 8.0 and 6.8, a s  t h e  conversion of c a r b o x y l a t e  

s a l t s  t o  f r e e  carboxyl ic  a c i d  groups began t o  t a k e  p l a c e ,  reducing 

membrane swel l ing .  Again sa l t  r e j e c t i o n s  remained c o n s t a n t .  

In a n o t h e r ,  s e p a r a t e  example of polypiperazineamide membrane 

conta in ing  higher  carboxyla te  conten t  ( h i g h e r  t r imesoyl  s u b s t i -  

t u t i o n ) ,  i n  which sa l t  r e j e c t i o n s  were i n i t i a l l y  60 t o  70 p e r c e n t ,  

t h e  same type of f l u x  decrease  occurred upon changing pH.from 

8.0 t o  5 .5 ,  but  s a l t  r e j e c t i o n  increased  t o  90 p e r c e n t .  

SCANNING ELECTRON PICROSCOPY 

Both t h e  polysul fone  support  and t h e  polypiperaz ine  membranes 

were examined i n  d e t a i l  and c h a r a c t e r i z e d  by scanning e l e c t r o n  

microscopy. F igure  3 shows d i f f e r e n t  a s p e c t s  of t h e  microporous 

polysul fone  support  l a y e r .  Figure 3a c o n s i s t s  of a c r o s s -  

s e c t i o n  of t h e  upper l a y e r s  of a th in- f i lm composite r e v e r s e  

qsmosis membrane made by i n t e r f a c i a l  polymerizat ion.  In  t h i s  

example t h e  s u r f a c e  b a r r i e r  layer i s  about 3000 1 t h i c k .  

of t h e  polysul fone  i s  i n d i s t i g u i s h a b l e  from t h e  membrane c o a t i n g  i n  

t h i s  photomicrograph, but t h e  porous s u b s t r u c t u r e  of t h e  polysul fone  

can be seen.  

The s u r f a c e  

F igure  3b i s  a photograph of t h e  top  s u r f a c e  of t h e  polysul fone  

support  m a t e r i a l  i t s e l f ,  magnified 20,000 X.  This  s u r f a c e  resembles  

a l a y e r  of s p h e r i c a l  p a r t i c l e s  fused toge ther .  Micropores p r e s e n t  i n  

t h i s  s u r f a c e  l a y e r  w e r e  measured by both scanning and t ransmiss ion  

e l e c t r o n  spectroscopy and were found t o  average  about  330 A diameter .  

Figure 3c i l l u s t r a t e s  t h e  porous s t r u c t u r e  under ly ing  t h i s  dense  

s u r f a c e  l a y e r .  

. 
This  c ross -sec t ion  r e v e a l s  a m a c r o r e t i c u l a r  po lysul -  
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744 CADOTTE ET AL. 

f o n e  s t r u c t u r e  r e sembl ing  a n  open c e l l  foam. A c c u r a t e  c r o s s - s e c t i o n s  

l i k e  t h i s  were d i f f i c u l t  t o  a c h i e v e  w i t h o u t  smear ing  o r  s e r i o u s  

de fo rma t ion .  T h i s  specimen was p r e p a r e d  by t e a r i n g  of  t h e  p o l y s u l -  

f o n e  mater ia l  w h i l e  immersed i n  l i q u i d  n i t r o g e n .  F i g u r e  3d shows 

t h e  bottom s i d e  of  a mic roporous  p o l y s u l f o n e  s u p p o r t  f i l m .  Large 

p o r e s ,  d i v e r s e  i n  d imens ions  and t y p i c a l l y  r a n g i n g  from 20,000 t o  

40,000 A ,  were p r e s e n t .  

a smooth g l a s s  p l a t e  d u r i n g  quenching of  t h e  f i l m  i n  water. 

T h i s  s i d e  o f  t h e  f i l m  was i n  c o n t a c t  w i t h  

Microporous p o l y s u l f o n e  s u p p o r t s  f o r  i n t e r f a c i a l l y  formed reverse 

osmos i s  membranes are  obse rved ,  t h e r e f o r e ,  t o  be  h i g h l y  asymmetric 

f i l m s .  The t o p  s u r f a c e  w i t h  i t s  330 ;-diameter mic roporous  p r o v e s  

v e r y  e f f e c t i v e  i n  s u p p o r t i n g  u l t r a t h i n ,  i n t e r f a c i a l l y  formed membranes. 

A 2000 ;-thick i n t e r f a c i a l  membrane c a n  be  suppor t ed  t o  100 atmos- 

p h e r e s  f e e d w a t e r  p r e s s u r e  by t h i s  mic roporous  s u r f a c e  l a y e r  w i t h o u t  

b reak th rough .  The mic roporous  s u b l a y e r  s u p p o r t s  t h i s  s u r f a c e  compo- 

s i t e  zone v e r y  a d e q u a t e l y ,  w h i l e  o f f e r i n g  no r e s t r i c t i o n  t o  t h e  water 

f low t h a t  h a s  come t h r o u g h  t h e  membrane. 

t h i s  p o l y s u l f o n e  s u p p o r t  would b e  a b o u t  25 t o  40 pm t h i c k  and backed 

by a nonwoven p o l y e s t e r  web. 

I n  commercial  p r a c t i c e ,  

F i g u r e  4 c o n t a i n s  scann ing  e l e c t r o n  pho tomic rographs  of  t h e  

s u r f a c e s  of v a r i o u s  p i p e r a z i n e  polyamide membranes, a l o n g  w i t h  a 

po lye thy len imine  i s o p h t h a l a m i d e  membrane. These  s u r f a c e s  r e p r e s e n t  

t h e  s i d e  i n  c o n t a c t  w i t h  t h e  hexane s o l u t i o n  o f  t h e  a c y l  c h l o r i d e .  

The p o l y e t h y l e n i m i n e  i s o p h t h a l a m i d e  membrane, F i g u r e  4 a ,  i s  b a s i c a l l y  

smooth wi th  some o c c a s i o n a l  l o n g i t u d i n a l  r i d g e s .  

p o l y s u l f o n e  d e t r i t u s  were a c c i d e n t a l l y  d e p o s i t e d  o n  t h e  s u r f a c e  of t h i s  

i n t e r f a c i a l  membrane du r in f ;  i ts  p r e p a r a t i o n ,  and are a r t i f a c t s  i n  

t h i s  f i g u r e .  I n  F i g u r e  4b,  t h e  p i p e r a z i n e  i s o p h t h a l a m i d e  membrane, 

i n  c o n t r a s t ,  is v e r y  rugged i n  s u r f a c e  topography .  Although i n t e r -  

f a c i a l  fo rma t ion  t a k e s  p l a c e  u c d e r  q u i e s c e n t  c o n d i t i o n s ,  t h e  s t r u c t u r e  

i n  F i g u r e  4b s u g g e s t s  mixing a t  t h e  i n t e r f a c e ,  r e s u l t i n g  i n  f o r m a t i o n  

of polymer g l o b u l e s  t h a t  become cemented t o g e t h e r .  S u r f a c t a n t  w a s  

White b e a d s  of  
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REVERSE OSMOSIS MEMBRANES 745 

used i n  polypiperazineamide membrane p r e p a r a t i o n s .  I n i t i a l  formation 

a t  t h e  i n t e r f a c e  may have involved i n i t i a l l y  emuls i f ied  p i p e r a z i n e  

isophthalamide,  which then  became i n s o l u b l e  and fused t o g e t h e r .  T h i s  

and t h e  two remaining membranes i n  Figure 4 were prepared us ing  a 1 .0  

percent  aqueous p i p e r a z i n e  s o l u t i o n  c o n t a i n i n g  1 .0  percent  sodium 

hydroxide and 0.5 percent  sodium dodecyl  s u l f a t e .  

reagent  was 1 . 0  p e r c e n t  r e a c t a n t  by weight i n  hexane. 

T h e a c y l c h l o r i d e  

F igure  4c ,  d e p i c t i n g  t h e  s u r f a c e  of t h e  p i p e r a z i n e  t r ime-  

samide i n t e r f a c i a l  membrane, shows a completely d i f f e r e n t  s u r f a c e  

s t r u c t u r e .  The membrane s u r f a c e  t e x t u r e  resul ts  from a s w e l l i n g  

of t h e  membrane d u r i n g  formation.  This  s w e l l i n g  r e s u l t s  i n  an 

expansion of t h e  i n t e r f a c i a l  membrane i n  t h e  p lane  of i t s  forma- 

t i o n .  For t h e  specimen i n  F igure  4c ,  development of a bubbled 

s u r f a c e  p a t t e r n  r e s u l t e d .  Other  p a t t e r n s  such a s  a s e r i e s  of 

c l o s e l y  spaced r i d g e s  were a l s o  seen ,  each one being i n d i c a t i v e  

of t h i s  membrane s w e l l i n g  phenomenon. Between t h e  r i d g e s  t h i s  

membrane p r e s e n t s  a smooth s u r f a c e  not  a t  a l l  reminiscent  of 

t h e  p i p e r a z i n e  isophthalamide membrane. Swel l ing  i s  thought  t o  

occur v i a  formation of pendant sodium c a r b o x y l a t e  groups i n  t h e  

membrane s t r u c t u r e ,  followed by subsequent water  a b s o r p t i o n .  

Fur ther  r e a c t i o n  a p p a r e n t l y  t a k e s  p l a c e  w i t h i n  t h e  sowllen mem- 

brane,  f i x i n g  i t  i n t o  t h i s  convoluted shape permanently. Thus, 

even though t h e  membrane w a s  d e s s i c a t e d  i n  t h e  p r e p a r a t i o n  of 

specimens f o r  scanning e l e c t r o n  microscopy, t h e  r idged  s t r u c t u r e  

remained e x t a n t .  

F igure  4d shows a n  example of a 2:l copolymer of p i p e r a z i n e  

isophthalamide-co-trimesamide r e s p e c t i v e l y .  This  example resembled 

n e i t h e r  membrane of t h e  r e s p e c t i v e  homonolymers o f  F i o i i r -  4b and 

4c,  bu t  was more l i k e  t h e  polyethylenimine isophthalamide membrane. 

This  copolymer membrane, which r e p r e s e n t s  t h e  c a s e  of peak water 

permeabi l i ty  under r e v e r s e  osmosis c o n d i t i o n s ,  a p p a r e n t l y  avoids  

t h e  excess  of c a r b o x y l a t e  groups t h a t  cause  t h e  s w e l l i n g  i n  t h e  

p i p e r a z i n e  trimesamide membrane. 
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The b a c k s i d e  of  t h e  p o l y p i p e r a z i n e a m i d e  membranes, t h e  s i d e  i n  

c o n t a c t  w i t h  t h e  aqueous  p i p e r a z i n e  s o l u t i o n  impregnated i n t o  t h e  

s u r f a c e  of  t h e  p o l y s u l f o n e  s u p p o r t  f i l m ,  w a s  a l s o  examined. The 

p o l y s u l f o n e  was d i s s o l v e d  away  by p l a y i n g  d i c h l o r o m e t h a n e  s o l v e n t  

o n t o  t h e  compos i t e  membrane p l a c e d  f a c e  down o n  a microscopy 

mounting g r i d .  F i g u r e  5a shows t h e  hack s u r f a c e  of  t h e  p i p e r a z i n e  

i soph tha lamide  i n t e r f a c i a l  membrane. S u r f a c e  p r o j e c t i o n s  c o r r e -  

sponding t o  t h e  s i z e  of  t h e  p o l y s u l f o n e  s u r f a c e  mic ropores  were 

no ted .  I n  F i g u r e  5b,  t h e  back s u r f a c e  of  t h e  p i p e r a z i n e  trimes- 

amide membrane does  n o t  show t h i s  p a t t e r n ;  r a t h e r ,  a r i p p l e d  

s t r u c t u r e  was p r e s e n t .  T h i s  s t r u c t u r e  was e v i d e n c e  of membrane 

s w e l l i n g ,  and resembled one  of t h e  a l t e r n a t e  t y p e s  of  r i d g e d  

s u r f a c e  s t r u c t u r e s  obse rved  i n  a d d i t i o n  t o  t h a t  of  F i g u r e  4c. The 

p i p e r a z i n e  i s o p h t h a l a m i d e  membrane as i t  formed remained i n  i n t i m a t e  

c o n t a c t  w i t h  t h e  p o l y s u l f o n e  s u p p o r t  s u r f a c e ,  w h i l e  t h e  p i p e r a z i n e  

t r imesamide membrane l i f t e d  away from t h e  p o l y s u l f o n e  s u r f a c e  as it  

swe l l ed  d u r i n g  t h e  i n t e r f a c i a l  f o r m a t i o n  s t e p .  

DISCUSSION 

A s t r o n g  body o f  e v i d e n c e  h a s  been deve loped  i n  t h e  f i e l d  of  

i n t e r f a c i a l  polyamide s y n t h e s i s  t o  i n d i c a t e  t h a t  polymer f o r m a t i o n  

t a k e s  p l a c e  i n  t h e  o r g a n i c  phase.  Thus,  t h e  amine d i f f u s e s  across 

t h e  w a t e r - s o l v e n t  i n t e r f a c e  and reacts w i t h  the a c y l  h a l i d e  i n  t h e  

o r g a n i c  phase .  A smooth polymer f i l m  i n i t i a l l y  forms a t  the inter-  

f a c e .  F u r t h e r  polymer f o r m a t i o n  t a k e s  p l a c e  on t h e  o r g a n i c  s o l v e n t  

s i d e  of  t h e  d e p o s i t e d  f i l m .  T h i s  l a t t e r  s u r f a c e  becomes i n c r e a s i n g l y  

rough a s  polymer f o r m a t i o n  p roceeds .  The polymer f i l m  is  n o r m a l l y  

po rous ,  a l l o w i n g  f o r  t h e  t r a n s p o r t  of  amine r e a c t a n t  and t h e  a c i d  

byproduc t s  a c r o s s  t h e  i n t e r f a c i a l  r e g i o n .  T h i s  a c c o u n t s  i n  p a r t  f o r  

t h e  d i f f i c u l t y  i n  o b t a i n i n g  h i g h  s a l t - r e j e c t i n g  membranes by i n t e r -  

f a c i a l  s y n t h e s i s .  

I n  t h e  case of p o l y e t h y l e n i m i n e ,  however,  t h e  reaction of t h i s  

polyamine w i t h  i s o p h t h a l o y l  c h l o r i d e  a t  t h e  i n t e r f a c e  shou ld  r e s u l t  
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750 CADOTTE ET AL. 

i n  t h e  i n s t a n t a n e o u s  f o r m a t i o n  of  a b a r r i e r  l a y e r  t h rough  which 

f u r t h e r  polyamine,  because  of  i t s  h i g h  m o l e c u l a r  w e i g h t ,  c a n n o t  

p e n e t r a t e .  Thus,  a f t e r  t h e  i n i t i a l  f o r m a t i o n  of a c o n t i n u o u s  f i l m ,  

f u r t h e r  r e a c t i o n  must t a k e  p l a c e  n o t  i n  t h e  o r g a n i c  phase  b u t  in 

t h e  aqueous phase .  Because of t h e  low s o l u b i l i t y  of  i n o p h t h a l o y l  

c h l o r i d e  i n  t h e  aqueous phase ,  a t h i n  s k i n  d e v e l o p s  which o n l y  

s lowly  i n c r e a s e s  i n  c r o s s - s e c t i o n  t h e r e a f t e r .  A graded  s t r u c t u r e  

i s  a l s o  deve loped ,  r a n g i n g  from comple t e  a c y l a t i o n  on t h e  o r g a n i c  

s o l v e n t  s i d e  t o  t h e  b a r e s t  i n s o l u h i l i z a t i o n  on t h e  aqueous f a c e .  

A c t u a l l y  a l a y e r  of  u n r e a c t e d  p o l y e t h y l e n i m i n e  becomes e n t r a p -  

ped between t h e  i n t e r f a c i a l  polyamide d e p o s i t  and t h e  mic roporous  

s u p p o r t  s u r f a c e .  Upon h e a t i n g  i n  a i r  t o  g r e a t e r  t h a n  100°C, t h i s  un- 

r e a c t e d  p o l y e t h y l e n i m i n e  i s  b o t h  d r i e d  and i n s o l u b i l i z e d .  The i n -  

s o l u b i l i z a t i o n  t a k e s  p l a c e  ma in ly  by t h e  s p l i t t i n g  o u t  of  ammonia, 

b u t  a l s o  i n v o l v e s  o x i d a t i o n  and g e n e r a t i o n  of  k e t o n i c  g roups .  (lo*ll) 

The f i n a l  r e s u l t  i s  a t h r e e - l a y e r  s t r u c t u r e  t h a t  c o n s i s t s  of  

a mic roporous  s u b s t r a t e ,  an i n t e r m e d i a t e  l a y e r  o f  i n s o l u h i l i z e d  

p o l y e t h y l e n i m i n e ,  and a s u r f a c e  h a r r i e r  l a y e r  of  d e n s e  polyamide 

material. The i n t e r m e d i a t e  l a y e r  s e r v e s  as a t r a n s i t i o n  zone between 

t h e  p o l y s u l f o n e  s u b s t r a t e  and t h e  polyamide h a r r i e r  l a y e r ,  p r o v i d i n g  

a d d i t i o n a l  s u p p o r t  t o  t h i s  e x t r e m e l y  t h i n  h a r r i e r  s u r f a c e .  The 

f i n a l  compos i t e  t h u s  w i t h s t a n d s  100 a tmospheres  p r e s s u r e  w i t h o u t  

d i f f i c u l t y .  

I n  c o n t r a s t  t o  t h i s  t h r e e  l a y e r  s t r u c t u r e ,  t h e  p i p e r a z i n e  

i soph tha lamide  membrane d o e s  n o t  form a n  i n t e r m e d i a t e  zone between 

t h e  b a r r i e r  l ayer  and t h e  p o l y s u l f o n e  s u b s t r a t e .  I t  i s  i n  d i r e c t  

c o n t a c t  w i t h  t h e  p o l y s u l f o n e  s u r f a c e ,  as i n d i c a t e d  in F i g u r e  5a.  

Furthermore,  t h e  d e s a l t i n g  zone w i l l  t end  t o  be "buried" i n  t h e  poly-  

amide l a y e r ,  b e i n g  c l o s e  t o  t h e  p o l y s u l f o n e  s u r f a c e .  Any s i g n i f i -  

c a n t  d i s c o n t i n u i t i e s  o r  d e f e c t s  i n  t h e  p o l y s u l f o n e  s u r f a c e  s t r u c t u r e  

would t h e r e f o r e  d i s r u p t  t h e  sa l t  b e r r i e r  l a y e r .  T h i s  a f f e c t s  i n  a 
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REVERSE OSMOSIS MEMBRANES 751 

major  way t h e  s u c c e s s  o r  f a i l u r e  i n  a c h i e v i n g  h i g h  s a l t  r e j e c t i o n s  

f o r  p i p e r a z i n e  i s o p h t h a l a m i d e  i n t e r f a c i a l  membranes. I n  t h i s  r e s p e c t ,  

w e  have  e x p e r i e n c e d  c o n s i d e r a b l e  d i f f i c u l t y  i n  f a b r i c a t i n g  poly-  

p i p e r a z i n e a m i d e  membranes by machine p r o c e s s e s ,  and n o t e d  on s e v e r a l  

o c c a s i o n s  t h a t  s u b s t a n d a r d  p o l y s u l f o n e  s u p p o r t  mater ia l  g r e a t l y  

lowered r e s u l t i n g  membrane s a l t  r e j e c t i o n s .  

An i n t e r m e d i a t e  zone can be  b u i l t  i n t o  t h e  po1.ypiperazineamide 

membrane c o n s t r u c t i o n ,  a s  i l l u s t r a t e d  by t h e  u s e  of  s u l f o n a t e d  poly-  

s u l f o n e .  When h e a t e d  t o  13OoC, t h i s  s u l f o n a t e d  p o l y s u l f o n e  polymer 

unde rgoes  i n s o l u b i l i z a t i o n  by i n t r a m o l e c u l a r  s u l f o n e  f o r m a t i o n .  Thus,  

a t h r e e  layer  compos i t e  c a n  be  formed,  c o n s i s t i n g  o f  mic roporous  po ly -  

s u l f o n e  a s  t h e  b a s e  l a y e r ,  i n s o l u b i l i z e d  s u l f o n a t e d  p o l y s u l f n e  a s  t h e  

i n t e r m e d i a t e  l a y e r ,  and a p i p e r a z i n e  i s o p h t h a l a m i d e  i n t e r f a c i a l  mem- 

b rane  as t h e  sa l t  b a r r i e r  o v e r l a y .  T h i s  c o m p o s i t e  membrane e x h i b i t s  

s a l t  r e j e c t i o n s  approach ing  t h e  99 p e r c e n t  l e v e l ,  as shown by t h e  

example i n  T a b l e  3. 

The l a r g e  change i n  p r o p e r t i e s  o f  t h e  p o l y p i p e r a z i n e a m i d e  

membranes a s  a f u n c t i o n  of  t r i m e s o y l  c o n t e n t  d e s e r v e s  comment. The 

s c a n n i n g  e l e c t r o n  pho tomic rographs  d s p l a y e d  a s t r i k i n g  change i n  

morphology as i s o p h t h a l o y l  c h l o r i d e  w a s  r e p l a c e d  by t r i m e s o y l  c h o r i d e  

i n  t h e  membrane p r e p a r a t i o n .  O the r  c o n d i t i o n s ,  which i n c l u d e d  u s e  

of sodium dodecy l  s u l f a t e  as s u r f a c t a n t  and sodium h y d r o x i d e  as  

a c i d  a c c e p t o r ,  remained c o n s t a n t .  We b e l i e v e  t h a t  t h e  r e s u l t s  show 

a two-fold mechanism of  a c t i o n  by t r i m e s o y l  c h l o r i d e  beyond t h a t  of  

i s o p h t h a l o y l  c h l o r i d e  -- i t s  t r i f u n c t i o n a l i t y  and t h e  g e n e r a t i o n  of  

f r e e  c a r b o x y l a t e  g r o u p s  i n  t h e  f i n a l  membrane. 

The trifunctionalityoftrimesoyl c h l o r i d e  r e s u l t s  i n  t h e  in- 

s t a n t a n e o u s  f o r m a t i o n  of a t h r e e - d i m e n s i o n a l  c r o s s l i n k e d  polyamide 

s t r u c t u r e  a t  t h e  i n t e r f a c e  upon e x p o s u r e  of  t h e  hexane s o l u t i o n  of 

t h e  a c y l  c h l o r i d e  t o  t h e  aqueous p i p e r a z i n e  s o l u t i o n .  Thus,  a 

smooth u l t r a t h i n  membrane forms a t  t h e  i n t e r f a c e .  S w e l l i n g  and 
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752 CADOTTE ET AL. 

t h i c k e n i n g  by f u r t h e r  polyamide f o r m a t i o n  t a k e s  p l a c e  on t h i s  i n t e r -  

f a c i a l  membrane w i t h  f u r t h e r  time e x p o s u r e ,  l e a d i n g  t o  t h e  convo lu ted  

s t r u c t u r e  shown i n  F i g u r e  4b. T h i s  a d d i t i o n a l  b e h a v i o r ,  p a r t i c u l a r l y  

t h e  s w e l l i n g ,  i s  promoted by t h e  h y d r o l y s i s  and sa l t  f o r m a t i o n  of 

r e s i d u a l  c a r b o x y l i c  a c i d  c h l o r i d e  g r o u p s  on t h e  t r i m e s o y l  l i n k a g e s  i n  

t h e  polyamide,  and by p rema tu re  h y d r o l y s i s  of  u n r e a c t e d  t r i n i e s o y l  

c h l o r i d e .  

The f o r m a t i o n  o f  p i p e r a z i n e  i s o p h t h a l a m i d e  i s  n o t  l i k e  t h i s .  

Because i s o p h t h a l o y l  c h l o r i d e  is o n l y  d i f u n c t i o n a l ,  l i n e a r  o l i g o m e r s  

are formed i n  t h e  f i r s t  i n s t a n t  of exposure .  These  o l i g o m e r s  are  

p a r t i a l l y  s o l u b l e  i n  t h e  aqueous p h a s e ,  e s p e c i a l l y  t h o s e  t h a t  a r e  

amine-terminated,  (6) and w i l l  a l so  be  e m u l s i f i e d  t o  some e x t e n t  by 

t h e  s u r f a c t a n t .  When m o l e c u l a r  w e i g h t s  of  t h e  o l i g o m e r s  exceed 

s o l u b i l i t y  l i m i t s  and s u r f a c t a n t  e m u l s i f i c a t i o n  p o t e n t i a l ,  p r e c i -  

p i t a t i o n  and f u s i o n  of  t h e  polyamide p a r t i c l e s  t a k e s  p l a c e .  The 

i n t e r f a c i a l  membrane a t  t h i s  p o i n t  would he  r e l a t i v e l y  rough and 

q u i t e  po rous .  F u r t h e r  d i f f u s i o n  of  r e a c t a n t s  t h r o u g h  t h i s  s t r u c t u r e  

would e v e n t u a l l y  p roduce  a t h i c k ,  d e n s e  membrane hav ing  s a t i s f a c t o r y  

s a l t  r e j e c t i o n  c h a r a c t e r i s t i c s .  T h e  r e s u l t i n g  membrane would t h u s  

have t h e  appea rance  of F i g u r e  4a .  

When t r i m e s o y l  and i s o p h t h a l o y l  c h l o r i d e s  are  combined, t h e  

t r i f u n c t i o n a l i t y  of  the  t r i m e s o y l  c h l o r i d e  c o n t r i b u t e s  t o  i n s t a n t -  

aneous f o r m a t i o n  of a smooth,  u l t r a t h i n  i n t e r f a c i a l  f i l m .  T h e  rugged 

t e x t u r e  o f  t h e  p i p e r a z i n e  i s o p h t h a l a m i d e  membrane i s  e s s e n t i a l l y  e l i -  

minated i n  t h e  2:l copolymer of  p i p e r a z i n e  i s o p h t h a l a m i d e - c o - t r i -  

messmide. 

The f a c t  t h a t  w a t e r  f l u x  r e a c h e s  a peak i n  b r a c k i s h  water 

tests w i t h  t h e  2 : l  copolymer ( s e e  F i g u r e  2) i s  of i n t e r e s t .  Two 

e x p l a n a t i o n s  seem p l a u s i b l e .  F i r s t ,  t h e  p i p e r a z i n e  t r imesamide  

homopolymer membrane may have t o o  much c a r b o x y l a t e  i o n  f u n c t i o n a l i t y ,  

such  t h a t  i t  b e g i n s  to  behave a s  a s o f t ,  c o m p r e s s i b l e  g e l  s t r u c t u r e  
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REVERSE OSMOSIS MEMBRANES 753 

when w e t .  

p r e s s u r e  invo lved  would l i m i t  water f l u x .  

Compaction of  t h i s  g e l  s t r u c t u r e  u n d e r  t h e  h y d r o s t a t i c  

The second e x p l a n a t i o n  is more complex. H y d r o l y s i s  and 

membrane s w e l l i n g  a p p e a r s  t o  t a k e  p l a c e  c o n c u r r e n t l y  w i t h  i n t e r f a c i a l  

membrane f o r m a t i o n  i n  t h e  p i p e r a z i n e  t r imesamide  membrane. I t  i s  

l i k e l y  t h a t  r e a c t a n t s  d i f f u s e  i n t o  t h i s  s w o l l e n  membrane and react 

-- i n  s i t u  i n  t h e  membrane s t r u c t u r e .  Thus,  a l t h o u g h  t h e  p i p e r a z i n e  

t r imesamide  membrane was o r i g i n a l l y  a s w o l l e n ,  permeable  polymer 

network,  i t  s u b s e q u e n t l y  became d e n s e  by d e p o s i t i o n  o f  new po ly -  

amide w i t h i n  t h e  s w o l l e n  network.  T h i s  e x p l a n a t i o n  i s  s u p p o r t e d  

by t h e  f a c t  t h a t  t h e  convo lu ted  s u r f a c e  t e x t u r e  of  t h e  membrane 

i n  F i g u r e  4b  r ema ins  f i x e d  even a f t e r  d e s s i c a t i o n .  A f l a t  f i l m  

mere ly  swo l l en  w i t h  water would s h r i n k  back t o  a t i g h t ,  s t r e t c h e d  

f i l m  upon d r y i n g .  For  t h e  h i g h  f l u x  copolymer,  however,  carboxy-  

l a t e  a n i o n  f o r m a t i o n  presumeably o c c u r s  a t  a s lower  ra te ,  so 

t h a t  the  membrane f a b r i c a t i o n  p r o c e s s  i s  f i n i s h e d  b e f o r e  t h i s  

phenomenon begans t o  a s s e r t  i t s e l f .  Then, u n d e r  r e v e r s e  osmos i s  

t es t  c o n d i t i o n s  on t h e  f i n i s h e d  membrane, c a r b o x y l a t e  s a l t  

f o r m a t i o n  and membrane s w e l l i n g  r e a c h e s  a s t a t e  of  c o m p l e t i o n ,  

g e n e r a t i n g  a h i g h  f l u x  membrane. We b e l i e v e  t h a t  t h i s  l a t t e r  

e x p l a n a t i o n  f i t s  t h e  d a t a  b e t t e r .  

I n  summary, t h i n - f i l m  compos i t e  r e v e r s e  osmos i s  membranes c a n  

be  r e a d i l y  p repa red  by i n t e r f a c i a l  p o l y m e r i z a t i o n  t e c h n i q u e s .  T h i s  

approach  behaves w e l l  i n  t h e  p r e p a r a t i o n  of  p o l y e t h y l e n i m i n e  

i s o p h t h a l a m i d e  membranes. I n  f a c t ,  i t  h a s  r eached  a commercial  

s t a g e  i n  t h e  form of  a p o l y e t h e r a m i n e  i s o p h t h a l a m i d e  membrane v e r -  

s i o n ,  tradenamed "PA-300". (14) 

b r a n e  sys t em i s  more d i f f i c u l t  i n s o f a r  as  f a b r i c a t i o n  of h i g h  s a l t  

r e j e c t i o n  membranes i s  t h e  g o a l .  La rge  v a r i a t i o n s  i n  b o t h  p h y s i c a l  

s t r u c t u r e  and r e v e r s e  osmos i s  p r o p e r t i e s  o c c u r  i n  t h i s  sys t em as 

t h e  c o n t e n t  of  t h e  t r i f u n c t i o n a l  t r i m e s o y l  c h l o r i d e  i s  i n c r e a s e d .  

P i p e r a z i n e  t r imesamide  and i ts  copolymers  w i t h  t h e  i s o p h t h a l a m i d e  

The p o l y p i p e r a z i n e a m i d e  mem- 
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behave l i k e  h y b r i d  membranes, p o s s e s s i n g  h o t h  c a t i o n  exchange 

c h a r a c t e r  and r e v e r s e  osmos i s  d e s a l i n a t i o n  p r o p e r t i e s .  They may 

f i n d  u s e f u l n e s s  i n  t h e  treatment of  waters c o n t a i n i n g  p o l y v a l e n t  

a n i o n s ,  or i n  t h e  s e p a r a t i o n  of l a r g e r  c o n s t i t u e n t s  such  a s  i n  

t h e  c o n c e n t r a t i o n  of s u g a r  s o l u t i o n s .  
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