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Temperature Sensitive Gels as Size Selective Absorbants 

ROBERTO F. S. FREITAS*, and E. L. CUSSLER 

UNIVERSITY OF MINNESOTA 
DEPARTMENT OF CHEMICAL ENGINEERING AND MATERIALS 

MINNEAPOLIS, MINNESOTA 55455  
SCIENCE 

ABSTRACT 

We have used c r o s s l i n k e d  polymer g e l s  as e x t r a c t i o n  s o l v e n t s  
f o r  aqueous s o l u t i o n s .  The g e l s  swe l l  t o  many t imes  t h e i r  
d ry  weight by a b s o r b i n g  w a t e r  a n d  low m o l e c u l a r  w e i g h t  
s o l u t e s ,  b u t  e x c l u d i n g  p r o t e i n s  and o t h e r  h igh  molecular  
weight  s o l u t e s .  The swol len  ge l  is removed by f i l t r a t i o n .  
When i t  is s l i g h t l y  warmed, i t  c o l l a p s e s ,  r e l e a s i n g  most of 
t h e  absorbed  m a t e r i a l .  Th i s  sudden change of s w e l l i n g  wi th  
tempera ture  occur s  because t h e  g e l  is near  a c r i t i c a l  p o i n t .  
A f t e r  t h e  g e l  i s  s e p a r a t e d  f rom t h e  d e s o r b e d  w a t e r  by 
f i l t r a t i o n ,  i t  i s  cooled  and then  can be r eused .  

I N T R O D U C T I O N  

A wide  v a r i e t y  of  s e p a r a t i o n  t e c h n i q u e s  are  a p p l i e d  i n  t h e  
chemical i n d u s t r y .  However, when d e a l i n g  wi th  d i l u t e  aqueous s o l u t i o n s  
of o r g a n i c  o r  b i o l o g i c a l  m a t e r i a l s ,  such  a s  p r o t e i n s ,  t h e  e x i s t i n g  
technology is  expens ive  and l i m i t e d  t o  sma l l  s c a l e  use. 

We have overcome t h i s  by s y n t h e s i z i n g  c r o s s l i n k e d  polymer g e l s  
which can be used as e x t r a c t i o n s  s o l v e n t s .  The p rocess  r e l i e s  on two 
f a c t s :  f i r s t ,  t h a t  t h e s e  g e l s  can absorb  many t imes  t h e i r  weight i n  
w a t e r ,  exc lud ing  h igh  molecular  weight  s o l u t e s ,  such  a s  p r o t e i n s ;  and 
second,  t h a t  t h e  g e l s  s w e l l i n g  c h a r a c t e r i s t i c s  are a v i o l e n t  f u n c t i o n  
of t empera tu re ,  so t hey  can be e a s i l y  r egene ra t ed  and reused .  

*Permanent address :  Department of Chemical Engineer ing ,  Uni ve r s idade  
Fede ra l  d e  Minas Gera i s ,  Belo Hor izonte ,  Minas Gera i s  30000. B r a z i l .  
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91 2 FREITAS AND CUSSLER 

A s i m p l i f i e d  diagram of our  new process is seen  i n  F i g .  1 .  Small  
g e l  beads are added t o  a s o l u t i o n  of macromolecules. These b e a d s  
s w e l l ,  abso rb ing  many times t h e i r  weight i n  s o l v e n t ,  bu t  exc luding  
s o l u t e .  The r a f f i n a t e ,  now a more concen t r a t ed  s o l u t i o n ,  i s  s e p a r a t e d  
from t h e  swol len  g e l  by f i l t r a t i o n .  The swol len  g e l  is  now regene ra t ed  
by a s l i g h t  i n c r e a s e  i n  t empera tu re ,  which c o l l a p s e s  t h e  g e l ,  r e l e a s i n g  
t h e  absorbed s o l v e n t .  Th i s  c o l l a p s e d  g e l ,  a f t e r  be ing  s e p a r a t e d  from 
t h e  e x t r a c t ,  i s  r eady  t o  be used aga in .  

S i m i l a r  p rocesses  wi th  g e l s  which a r e  n o t  r eused  o r  w i th  m a t e r i a l s  
whose r e g e n e r a t i o n  c o s t s  a r e  p r o h i b i t i v e ,  l i k e  s i l i ca  g e l ,  have been 
p e r i o d i c a l l y  sugges t ed  (F lod in  2. ( I ) ,  1960; Jacobson and Branton ,  
1977 ( 2 ) ;  Anderson g 3.. 1979 ( 3 ) ;  Vartak g g., 1983 (4)). Gels 
whose s w e l l i n g  v a r i e s  a b r u p t l y  wi th  t empera tu re  have a l s o  been d e s c r i -  
bed ( I l a v s k y  5 G . ,  1982 ( 5 ) ;  Hirokawa and Tanaka, 1984 ( 6 ) ) .  O u r  
p rocess  combines t h e s e  f e a t u r e s .  

T h i s  paper  d i s c u s s e s  t h e  va r ious  a s p e c t s  involved  i n  t h i s  new 
s e p a r a t i o n  technique .  Af t e r  d e s c r i b i n g  t h e  g e l  s y n t h e s i s ,  w e  w i l l  
focus  our  a t t e n t i o n  on  t h e  two major p o i n t s  upon which t h i s  p rocess  
r e l i e s :  t h e  g e l s '  s w e l l i n g  and t h e i r  s e l e c t i v i t y .  

EXPERIMENTAL 

Gel s y n t h e s i s .  We have s y n t h e s i z e d  two d i f f e r e n t  g e l s ,  t h e  f i r s t  
be ing  a copolymer of N,N-diethylacrylamide and sodium methac ry la t e ,  
and t h e  second,  poly(N-isopropylacrylamide). The copolymer of N , N -  
d i e thy lac ry lamide  and sodium methac ry la t e  was prepared  from lOOcm3 of a 
m i x t u r e  which  c o n t a i n e d  8cm3 of t h e  monomer N,N-diethylacrylamide, 
0.40g of t h e  c r o s s l i n k i n g  agen t  N,N'-methylenebisacrylamide, 1 .94cm3 of 
a 0.96M s o l u t i o n  of sodium methac ry la t e ,  0.02g of ammonium p e r s u l f a t e  
and 0.02g of sodium m e t a b i s u l f i t e .  The poly(N-isopropylacrylamide) was 
ob ta ined  by adding 8g of t h e  monomer N%sopropylacrylamide, 0.1OOg of 
t h e  c ros s1  ink ing  agen t  N ,  N' -methylenebisacrylamide , 0.005g of mmoni um 

Collapsed gel 

Feed, C ,  Swollen gel 

r-------- 
; Dry gel Raffinate 

Fig .  1. Diagram of  a t empera tu re - sens i t i ve  g e l  e x t r a c t i o n  process. 
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TEMPERATURE GAS AS S I Z E  SELECTIVE ABSORBANTS 913 

p e r s u l f a t e  and 0.0058 of sodium m e t a b i s u l f i t e  i n  enough wa te r  t o  make 
lOOcrn3 of s o l u t i o n .  Both s y n t h e s i s  were c a r r i e d  o u t  i n  oxygen-free 
atmosphere,  and f u r t h e r  d e t a i l s  are  g i v e n  e l s e w h e r e  ( F r e i t a s  and  
C u s s l e r ,  1986 ( 7 ) ;  I l a v s k y  g g . ,  1982 ( 5 ) ) .  Af t e r  p r e p a r a t i o n ,  t h e  
g e l s  were c u t  i n t o  lmm p i e c e s  and d r i e d  i n  a vacuum oven. 

Swe l l ing  exper iments .  We a r e  i n t e r e s t e d  i n  answering, b a s i c a l l y  
two q u e s t i o n s  about s w e l l i n g :  1 )  How much can t h e  g e l s  s w e l l  i n  
aqueous s o l u t i o n  o r ,  i n  o t h e r  words, how many t imes  can they  absorb  
t h e i r  weight i n  water?  2 )  How much i s  t h e  change i n  s w e l l i n g  a t  
d i f f e r e n t  temper a t  ur es?  

I n  o r d e r  t o  answer t h e  f i r s t  q u e s t i o n ,  w e  p l aced  d ry  g e l  i n  a 
known volume of water a t  a g iven  t empera tu re .  We s e p a r a t e d  t h e  swo l l en  
g e l  from t h e  s o l u t i o n  us ing  a s t a i n l e s s  s teel  s c r e e n  a t t a c h e d  t o  a rod .  
The swol len  g e l  was then  weighed, 

I n  o r d e r  t o  answer t h e  second q u e s t i o n ,  w e  p l aced  a d ry  sample of 
g e l  wi th  known weight (0 .2  - 1.Og) i n  a 250cm3 g radua ted  c y l i n d e r ,  
add ing  aqueous s o l u t i o n  a t  pH = 7.5,  s e a l i n g ,  immersing t h e  c y l i n d e r  i n  
a b a t h ,  and va ry ing  t h e  t empera tu re  of t h e  ba th  i n  a range t h a t  covered 
t empera tu res  from 8 o C  t o  80°C f o r  t h e  N,N-diethylacrylamide/sodi urn 
me thac ry la t e  g e l ,  and from 8 0 C  t o  36OC f o r  t h e  N-isopropylacrylamide. 
The volume of t h e  g e l  swo l l en  t o  equ i l ib r ium was r e a d  a t  each  tempera- 
t u r e  wi th  a ca the tomete r .  

S e p a r a t i o n  e x p e r i m e n t s .  Gel  s e p a r a t i o n  exper iments  used t h e  
f o l l o w i n g  s o l u t e s :  v i t amin  B-12 (S igma) ,  p o l y s t y r e n e  l a t e x  (Poly- 
s c i e n c e s ) ,  p o l y e t h y l e n e  g l y c o l s  w i t h  d i f f e r e n t  m o l e c u l a r  w e i g h t s  
( A l d r i c h )  , po lye thy lene  oxide  ( P o l y s c i e n c e s ) ,  b l u e  dex t r an  (S igma) ,  
ovalbumin (S igma) ,  g e l a t i n  (G-7, F i s h e r ) ,  sodium pen tach lo ropheno la t e  
p repa red  by mixing s t o i c h i o m e t r i c  amounts of sodium hydroxide ( F i s h e r )  
and pentachlorophenol  (S igma) ,  and a s o l u t i o n  of monoclonal a n t i b o d i e s  
i n  normal growth media.  

The gene ra l  p rocedure  was s i m i l a r  t o  t h e  one  used t o  s t u d y  g e l  
swe l l ing .  Dry g e l  wi th  known weight was pu t  i n  a s o l u t i o n  with known 
c o n c e n t r a t i o n  i n  a graduated  c y l i n d e r .  The g e l - s o l u t i o n  m i x t u r e  was 
s t i r r e d  f o r  30 minutes on a wrist a c t i o n  shaker  o r  by n i t r o g e n  sparg-  
i ng .  The g e l ,  now swol l en ,  was, s e p a r a t e d  from t h e  r a f f i n a t e  us ing  t h e  
s teel  s c r e e n ,  and both  g e l  and r a f f i n a t e  were weighed. The g e l  was 
then  c o l l a p s e d  by warming, and t h e  e x t r a c t  was s e p a r a t e d .  The weights  
of t h e  c o l l a p s e d  g e l  and of t h e  e x t r a c t  were measured, a s  well as t h e  
c o n c e n t r a t i o n s  of bo th  t h e  r a f f  i n a t e  and e x t r a c t .  

The methods used f o r  t h e  a n a l y s i s  of t h e  s o l u t i o n s  were spec t ro -  
photometry u s i n g  a Perkin-Elmer model 139 (v i t amin  8-12, b lue  dex t r an  
and sodium pen tach lo ropheno la t e )  , r e f r a c t o m e t r y  us ing  a Brice-Phoenix 
d i f f e r e n t i a l  r e f r a c t o m e t e r  (po lye thy lene  g l y c o l s ,  po lye thy lene  ox ide  
and ova lbumin) ,  e v a p o r a t i o n  t o  d r y n e s s  ( p o l y s t y r e n e  l a i i c e s  and  
g e l a t i n ) ,  and enzyme l i n k e d  immunosorbant a s say  (monoclonal an t ibody) .  
Details a r e  g iven  e l sewhere  (Gehrke, 1986 (8) ;  F r e i t a s ,  1986 ( 9 ) ) .  

Poly(N-isopropylacrylamide) g e l s  w i t h  d i f f e r e n t  amoun t s  of 
c r o s s l i n k i n g  were s y n t h e s i z e d  a n d ,  f o l l o w i n g  t h e  same p r o c e d u r e  
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Gel 

N,N-dlethylacrylamlde/ 
sodlum methacrylate 

Poly(N-lsopropylacrylamlde) 

FREITAS AND CUSSLER 

Dry gel Swollen gel1 
welght. g welght, g X 

0.581 30.058 51.7 
0.947 49.248 52.0 
1.243 85.719 52.9 

0.234 7.122 30.4 
0.728 22.323 30.7 
1 .SO2 44.701 29.8 

TABLE I 
Degree of swelling, X(s), at 25 . C 

(aqueous solution, pH = 7.5) 

d e s c r i b e d  a b o v e ,  t h e y  were used  t o  c o n c e n t r a t e  s o l u t i o n s  of v i t a m i n  
B-12 and p o l y e t h y l e n e  g l y c o l  3,400. 

RESULTS AND DISCUSSION 

Gel s w e l l i n g .  The r e s u l t s  i n  T a b l e  I show t h a t  a t  25"C, t h e  
c o p o l y m e r  of N , N - d i e t h y l a c r y l a m i d e  and sodium m e t h a c r y l a t e  a b s o r b s  
water t o  a p p r o x i m a t e l y  f i f t y  times i ts  d r y  w e i g h t  w h i l e  t h e  poly(N- 
i s o p r o p y l a c r y l a m i d e )  g e l  a b s o r b s  t o  a b o u t  t h i r t y  times its d r y  w e i g h t .  
Moreover ,  t h e  d e g r e e  of s w e l l i n g  is  i n d e p e n d e n t  of t h e  i n i t i a l  mass of 
g e l .  

F i g u r e s  2 and  3 show t h e  v a r i a t i o n  of g e l  volume w i t h  t e m p e r a t u r e  
f o r  t h e  poly(N-isopropylacrylamide) and f o r  t h e  copolymer o f  N ,  N -  
d i e t h y l a c r y l a m i d e  a n d  s o d i u m  m e t h a c r y l a t e ,  r e s p e c t i v e l y .  I n  b o t h  
f i g u r e s ,  V is  t h e  volume of t h e  swollen g e l ,  and Vo i s  t h e  volume of 
t h e  d r y  g e l .  Both g e l s  s h r i n k  as t e m p e r a t u r e  i n c r e a s e s .  The poly(N- 
i s o p r o p y l a c r y l a m i d e )  g e l  c o l l a p s e s  by a f a c t o r  of  a b o u t  t e n ,  from 25OC 
t o  3 5 O C ,  h a l f  of t h i s  c o l l a p s e  t a k i n g  p l a c e  w i t h i n  a O . Z 0 C  r a n g e  o r ,  
between 33.2"C and 33.4"C ( c f .  F i g .  2 ) .  The copolymer of N,N-diethyl-  
a c r y l a m i d e  and sodium m e t h a c r y l a t e  a l s o  shows a d r a m a t i c  change i n  
s w e l l i n g  w i t h  t e m p e r a t u r e ,  b u t  a t  a lower r a t e  t h a n  t h e  i s o p r o p y l -  
based  g e l  ( c f .  F i g .  3 ) .  We h a v e  n o t  o b s e r v e d  t h e  d i s c o n t i n u i t y  i n  
s w e l l i n g ,  r e p o r t e d  by o t h e r s ,  f o r  t h i s  copolymer ( I l a v s k y  eJ g., 1982 
( 5 ) ) .  

The f a c t  t h a t  t h e s e  g e l s  c o l l a p s e  w i t h  i n c r e a s i n g  t e m p e r a t u r e  
s u g g e s t s  t h a t  t h e y  behave a s  polymers  w i t h  lower  c r i t i c a l  s o l u t i o n  
t e m p e r a t u r e  ( M a l c o l m  a n d  R o w l i n s o n ,  1957 ( 1 0 ) ;  Dieu,  1954 ( 1 1 ) ) .  
L i n e a r  poly(N,N-diethylacrylamide) a n d  l i n e a r  p o l y ( N - i s o p r o p y l -  
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Fig. 3. Swelling of copolymer N,N-dicthyl- 
acrylamice/sodium methacrylate g e l .  

915 

a 

*a8 
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Temperature, C 

Fig. 2 .  Swelling of P o l y  ( N -  
iaopropylacrylamide) gel. 
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18 
32 
97 
98 
98 
97 
85 
10 
30 
58 

ac ry lamide ) ,  r e a d i l y  s o l u b l e  i n  water a t  low t empera tu re ,  s e p a r a t e  from 
s o l u t i o n  a t  29-30°C and 3 1 ° C ,  r e s p e c t i v e l y  (Ulb r i ch  and Kopecek, 1979 
( 1 2 ) ;  Heskins and G u i l l e t ,  1968 ( 1 3 ) ) .  Such behavior  i n d i c a t e s  a h igh  
t empera tu re  dependence of t h e  polymer-solvent i n t e r a c t i o n  parameter x ,  
i n c r e a s i n g  wi th  t empera tu re .  We b e l i e v e  t h a t  our sys tems behave i n  an 
analogous way, i . e . ,  t h a t  x i n c r e a s e s  wi th  tempera ture .  

Gel s e l e c t i v i t y ,  Table  I1 summarizes t h e  r e s u l t s  ob ta ined  f r m  
t h e  e x t r a c t i o n  e x p e r i m e n t s .  T h e s e  r e s u l t s  a r e  e x p r e s s e d  a s  an 
e f f i c i e n c y  of ge l  e x t r a c t i o n ,  17, which r e p r e s e n t s  t h e  degree  t o  which a 
s o l u t e  i s  e x c l u d e d  f rom t h e  ge l  a s  water is absorbed. T h u s ,  an  
e f f i c i e n c y  of 100% means t h a t  t h e  g e l  absorbs  no s o l u t e :  t h e  s o l u t e  is 
comple te ly  excluded f r m  t h e  g e l .  

51 
15 
84 
89 
97 
Q9 
90 
5 

18 
25 

The low s e p a r a t i o n  e f f i c i e n c y  ob ta ined  f o r  urea  and t h e  h igh  
s e p a r a t i o n  e f f i c i e n c y  ob ta ined  f o r  t h e  b lue  dex t r an  a r e  c o n s i s t e n t  with 
t h e  hypo thes i s  t h a t  we a r e  d e a l i n g  wi th  a s i z e - s e l e c t i v e  s e p a r a t i o n  
process .  The g e l  can be imagined t o  be a swol len  mesh through which 
s m a l l  s o l u t e s  can  f r e e l y  move, whi le  l a r g e  s o l u t e s  a r e  exc luded .  
F u r t h e r  ev idence  f o r  t h i s  p i c t u r e  is g iven  i n  F igu res .  4 and 5. F i g u r e  
4 shows t h a t ,  f o r  a g e l  wi th  a f i x e d  amount of c r o s s l i n k i n g ,  t h e  
s e p a r a t i o n  e f f i c i e n c y  g r a d u a l l y  i n c r e a s e s  with s o l u t e  molecular  weight .  

TABLE I1 

Selectivity of extractions using temperature sensitive gels. 

I 

Solute 

Sodlum 

Vltamln 5 1 2  
Ovalhumln 
Polyethylene oxlde 
Gelatln 
Blue dextran 
Polystyrene latex(b) 
Polyethylene glycol 

Pentachlorophenolate 

Monoclona antlbody 

Molecular 
Welght 

eo 

207 
1,355 

4 5 . m  
000,ooo 

2.m.000 

400 
3.400 
8.000 
18.500 

180.000 

Gel EBlclencles, ?)(a) 

~~~ 1 Copolymer or N.N- 
Polv (N-Is01 dlethYlacrflamlde and 

propylacrylamlde 1 sodlum methacrylate 

81 80 

88 l -  
measured concentmtlon change 

that expected from gel volume change 
(a) 11 = 100 x 

(b) Thls latex had 8 dlameter of 0.06 pm 
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Fig. 4 .  Separation efficiency as a 
function of molecular weight. 
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Fig. 5. Separation efficiency as a 
function of amount of crosslinking. 
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918 FREITAS AND CUSSLER 

Figure  5 shows t h a t ,  f o r  a f i x e d  s o l u t e  molecular  weight ,  t h e  sepa ra -  
t i o n  e f f i c i e n c y  g r a d u a l l y  i n c r e a s e s  wi th  amount of c r o s s l i n k i n g .  I n  
t h e  f i r s t  c a s e ,  t h e  s i z e  of t h e  mesh i s  kept cons t an t  whi le  t h e  s o l u t e  
s i z e  i .ncreases ,  s o  more and more is exc luded .  I n  t h e  second case, t h e  
s o l u t e  s i z e  i s  kept cons t an t  whi le  t h e  mesh s i z e  dec reases ,  s o  more and 
more s o l u t e  is  excluded. 

We b e l i e v e  t h a t  l a r g e  s o l u t e s  l i k e  p o l y e t h y l e n e  o x i d e  a r e  
comple te ly  excluded by t h e  g e l s .  The f a c t  t h a t  t h e  r e s u l t s  o b t a i n e d  
f o r  s e p a r a t i o n  e f f i c i e n c i e s  a r e ,  i n  some c a s e s ,  much lower than  t h e  
100% expec ted  f o r  complete e x c l u s i o n ,  can be a t t r i b u t e d  t o  t h e  e n t r a i n -  
ment of smal l  amounts of r a f f i n a t e  between t h e  ge l  p a r t i c l e s .  A more 
complete d i s c u s s i o n  of t h i s  problem is  g iven  e l sewhere  ( F r e i t a s  and 
C u s s l e r ,  1986 ( 7 ) ) .  

I f  t h e  g e l  is a p o l y e l e c t r o l y t e ,  s e p a r a t i o n s  a r e  a l s o  based on 
e l e c t r o s t a t i c  charge .  T h i s  i s  i n d i c a t e d  by t h e  r e s u l t s  f o r  sodium 
pen tach lo ropheno la t e  shown i n  Table  11. The s e p a r a t i o n  e f f i c i e n c y  f o r  
t h i s  s a l t  i s  much h ighe r  when us ing  t h e  i o n i c  copolymer of N,N-diethyl- 
acry lamide  and sodium methac ry la t e  (51$) ,  t han  when us ing  t h e  non-ionic 
Poly(N-isopropylacrylamide) ( 1  a%),  

CONCLUSION 

We have developed c r o s s l i n k e d  polymer g e l s  t h a t  can be used as 
e x t r a c t i o n  s o l v e n t s .  These g e l s  abso rb  smal l  s o l u t e s  and exc lude  l a r g e  
ones .  The i r  s e l e c t i v i t y ,  which i s  p r i m a r i l y  based on s i z e ,  can be 
improved by changing t h e  number of c r o s s l i n k s  i n  t h e  network. Because 
the  g e l s  are c l o s e  t o  a lower conso lu te  p o i n t ,  they  can be e a s i l y  
r egene ra t ed  by a s l i g h t  i n c r e a s e  i n  tempera ture .  
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