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HYDRODYNAMIC A N D  SIZE EXCLUSION C!iROMATOGRA?HY 
OF PARTICLE SUSPENSIONS - A R E V I E W  

A.  Husain,, A . E .  Hamielec and J. Vlachopoulos 
Department o f  Chemical Engineering 

McMaster University,  Hamilton, Ontario,  Canada 

ABSTRACT 

P a r t i c l e  chromatography u s i n g  packed beds  h a s  a t t r a c t e d  
considerable  a t t en t ion  i n  recent  years.  While, s i z e  separat ion i n  
hydrcdynamic chromatography ( H D C )  occurs i n  the  i n t e r s t i t i a l  voids 
o f  3 nonporous packed bed ,  s e p a r a t i c n  i n  s i z e  e x c l u s i c n  
chrcmatography (SEC), which involves the  use of  a porous packed 
bed ,  r e s u l t s  predominant ly  from t h e  s e l e c t i v e  permeat ion  o f  
p a r t i c l e s  i n  the  pores.  In  t h i s  paper,  t h e  developments i n  t h e  
understanding cf these prccesses a re  c r i t i c a l l y  examined and 
shortcomings o f  present theory a re  p i n t e d  ou t .  Signal de t ec t ion  
and methods o f  chromatogram in t e rp re t a t ion  a re  reviewed. 

INTRODUCTION 

Chromatographic  s e p a r a t i o n  o f  c o l l o i d a l  p a r t i c l e s  u s i n g  

packed beds is  approximately ten years o ld .  Though, vast  s t r i d e s  

have been made i n  the  understanding of  t he  separat ion process ,  

some basic problems s t i l l  remain, per ta in ing  p a r t i c u l a r l y  t o  the 
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296 HUSAIN, HAMIELEC, AVD VIACHOPOL'LOS 

h o l d u p  o f  c c l l o i d  p a r t i c l e s  i n  t h e  p a c k e d  b e d s  and t h e  e x c e s s i v e  

b r o a d e n i n g  of C o l l G i d  p e a k s .  Y h i l e ,  u r , d e r s t a n d a b l y ,  t h e  e a r l i e r  

w o r k s  were m a i n l y  q u a l i t a t i v e ,  a d e q u a t e  t h e o r y  now ex i s t s  t G  

e n a b l e  q u a n t i t a t i v e  p a r t i c l e  s i z e  m e a s u r e m e n t .  A number ;f 

a p p l i c a t i o n s  h a v e  been  r e p o r t e d  wh ich  d e m o n s t r a t e  t h e  c o n s i d e r a b l e  

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

These i n c l u d e  d e t e c t i o n  of  p a r t i c l e  a g g l c m e r a t i o n  ' *  ', n e a s u r e m e r , t  

o f  p a r t i c l e  g r o w t h  k i n e t i c s  ' * 3 * ' ,  s w e l l i n g  e f f e c t s  , p t c .  2 

I n  t h i s  p a p e r ,  we c r i t i c a l l y  r e v i e w  t h e  t h e o r e t i c a l  a rd  

e x p e r i m e n t a l  d e v e l o p m e n t s  a s  r e g a r d s  c o l l o i d a l  s e p a r a t i o n s  i r ,  

p a c k e d  b e d s .  New i n s i g h t  i s  p r o v i d e d  and  f u t u r e  r e s e a r c h  t h r s J s t  

i s  s u g g e s t e d  t o  resolve p r e s e n t  b o t t l e - r A e c k s .  

R E V I E W  OF EXPERIMENTAL INVESTIGATIONS 

Hydrodynamic  c h r o m a t o g r a p h y  ( H D C )  is a t e c h n i q u e  G r i g i r , a l L y  

d e v e l o p e d  b y  S m a l l '  t o  e f f e c t  c o l l o i d a l  s i z e  s e p a r a t i o n  i n  

n c n p o r c u s  packed b e d s .  It is o n l y  f a i r  t o  p o i n t  o u t  t h a t ,  s i m i l a r  

d e v e l o p m e n t s  u s i n g  p o r o u s  b e d s  a p p e a r e d  co t  a s  an  e x t e n s i o n  o f  H D C  

b u t  t h r o u g h  an  i n d e p e n d e r , t  s t u d y  b y  K r e b s  and W u n d e r l l c h  , t h r e e  

y e a r s  p r i c r  t o  S m a l l ' s  p u b l i s h e d  work .  U n d o u b t e d l y ,  l a t e r  wcrks 

u s i n g  p o r o u s  b e d s  were i m m e n s e l y  f a c i l i t a t e d  b y  S m a l l ' s  

o b s e r v a t i o n s  o f  HDC b e h a v i o u r .  S t u d i e s  o n  HDC h a v e  s i n c e  Seer,  

5 

a c t i v e l y  p u r s u e d  b y  S t o i s i t s  e t  a16  and McHugh and c o - w o r k e r 3  7 , 8 , 9  

whose major c o n t r i b u t i o n  i s  t h e  d e v e l o p m e n t  o f  a t h e o r y  t o  e x p l a i n  
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HDC AVD SEC OF PARTICLE SUSPENSIOKS 29 7 

C G l l G i d  m ig ra t ion .  S i z e  exc lus ior ,  chromatography (SEC) which 

u t i l i ses  porous beds ,  i s  capab le  o f  i nc reased  r e s o l u t i o n  compared 

t o  HDC, provided t h e  packing is j u d i c i o u s l y  chosen .  I t  i s  not 

s u r p r i s i n g .  t h e r e f o r e ,  t h a t  i t  has  r ece ived  c o n s i d e r a b l e  a t t e n t i o n  

i n  r e c e n t  yea r s .  

We now, b r i e f l y ,  d i s c u s s  t h e  exper imenta l  develcpmer,ts i n  HDC 

and SEC. Since ,  s i m i l a r  o b s e r v a t i o n s  have been made i n  b o t h ,  t h e  

p r i n c i p a l  r e s u l t s  o f  t hese  i n v e s t i g a t i o n s  a r e  b r i e f l y  summarised 

a t  t h e  end o f  t h e  d i s c u s s i o n .  

A .  HYDRODYNAMIC CHROMATOGRAPHY 

Hydrodynamic chromatography i s  based cn S m a l l ' s  d i s c o v e r y  

t h a t ,  t h e  r a t e  o f  c o l l o i d  t r a n s p o r t  th rough a nonporous packed bed 

depends on t h e  s ize  o f  t h e  c o l l o i d ,  t h e  s ize  o f  t h e  p a r t i c u l a t e  

m a t e r i a l  t h a t  c o n s t i t u t e s  t h e  packed bed, and  t h e  f lowra te  arid 

composition o f  t h e  e l u a n t .  "he r a t e  o f  mig ra t ion  o f  a c o l l o i d  may 

be conven ien t ly  expressed  b y  a d imens ion le s s  q u a c t i t y ,  t h e  RF 

n u m b e r .  It i s  t h e  r a t e  o f  mig ra t ion  o f  a c o l l o i d  peak r e l a t i v e  t o  

a marker s p e c i e s .  

F igu res  1 and 2 show R F  d a t a  measured b y  Small a s  a func t ion  

o f  t h e  p a r t i c l e  d iameter  o f  po lys ty rene  l a t i c e s :  t h e  parameters  i n  

t h e  r e s p e c t i v e  p l o t s  a r e  t h e  packing s i ze  and t h e  i o n i c  s t r e n g t h  

o f  t h e  e l u a n t .  S i g n i f i c a n t l y ,  RF i s  always g r e a t e r  than  u n i t y ,  

i . e . ,  p a r t i c l e s  move f a s t e r  th rough t h e  bed thar, t h e  e l u a n t .  The 
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t 

FIGURE 1: The dependence of RF on l a t e x  p a r t i c l e  

d iameter  and packing d i ame te r  i. 

d a t a  a r e  e a s i l y  understood i f  t h e  packed bed i s  viewed a s  a s y s t e n  

of p a r a l l e l  c a p i l l a r i e s .  Depending cn the  i o n i c  s t re f ig th  o f  t h e  

e l u a n t ,  t h e  c o l l o i d a l  f o r c e s  can e i t h e r  enhance o r  h i r d e r  t h e  

average  v e l c c i t y  of  t h e  p a r t i c l e .  Decreasing t h e  i o n i c  s t r e n g t h ,  

i n c r e a s e s  t h e  volwne o f  t h e  r e l a t i v e l y  slow moving f l u i . ?  it? t h e  

v i c i n i t y  o f  t h e  c a p i l l a r y  w a l l  from which p a r t i c l e s  a r e  

e f f e c t i v e l y  excluded. Obviously,  l a r g e r  p a r t i c l e s  a r e  excluded t o  

a g r e a t e r  e x t e n t .  Consequently,  t h e  mean v e l o c i t y  o f  t h e  p a r t i c l e  

exceeds t h a t  o f  t h e  f l u i d :  t h e  f a c t o r  i n c r e a s e s  w i t h  t h e  r a t i o  o f  

p a r t i c l e  s ize  t o  c a p i l l a r y  r a d i u s  (o r  packing d i a m e t e r ) .  A t  h igh  

i o n i c  s t r e n g t h ,  van der Waals f o r c e s  cause  t he  l a r g e r  p a r t i c l e s  tc; 

spend a g r e a t e r  f r a c t i o n  of  t h e i r  t ime i n  t h e  s lugg i sh  wall  

r e g i o n s ,  so t h a t  t h e  R dependence on p a r t i c l e  s i z e  may r e v e r s e .  F 
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HDC AND SEC OF PARTICLE SUSPENSIONS 299 

FIGURE 2:  The e f f e c t  of t h e  i on ic  s t rength  of the 

eluant  on the R of polystyrene l a t i c e s .  Eluant 

concentrat ion moles per l i t e r  of N a C 1 .  A, 1 . 7 6  x 

lo-'; B ,  9 x 

F 

C, 2 . 9 6  x lo'*: D ,  4 . 6  x 

E ,  1.7 x F, 4.25 x l o e 4 .  

The experimental observations of Small were subsequently 

confirmed by McHugh e t  a 1  7 . Additionally,  the  peak variance has 

beer, shown t o  be a decreasing function of  p a r t i c l e  s i t e  10 . 

6. SIZE EXCLUSION CHROMATOGRAPHY 

Krebs and Wunderlich' were the f i r s t  t o  repor t  a separat ion 

of pcilymethyl methacrylate and polystyrene l a t i c e s  using silica 
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300 HUSAIN, HAMIELEC , AND VWCHOPOULOS 

o ge l  having very l a r g e  pores (500-50,000 A ) .  Tnis was follcwed b y  

t h e  work of  Caylor and James" who f r a c t i c n a t e d  pclymeric l a t i c e s  

and inorganic  c o l l o i d a l  s i l i c a ,  u s i n g  cclumr,s packed with pcrcus 

g l a s s  and water ccmpat ib le  pclymeric parcus g e l s .  ell 3r8d 

Fa gue l 2 ~  l 3  e x p e r i m e n t i n g  w i t h  p c r c u s  g l a s s  pack i r ,g  ( C P G ,  

500-3000'A pore s i z e ) .  found i t  necessa ry  t o  add e l e c t r c l y t e  a s  

wel l  a s  s u r f a c t a n t  t o  t he  aqueous e l u a n t .  In t h e  abser,ce c f  

e l e c t r o l y t e ,  t h e  c o l l o i d s  could not  sample t h e  pore valume. Peak 

b r o a d e n i n g  was o b s e r v e d  t o  be  more e x t e n s i v e  t n a r ,  i n  s i z e  

exc lus ion  chromatography o f  pol p e r  molecules .  

Hamielec and S i n g h "  p r e s e n t e d  t h e  f i r s t  c o m p r e h e c s i  ve 

t h e o r e t i c a l  and exper imenta l  i n v e s t i g a t i o n  of  SEC. Usir,g P e r G u s  

g l a s s  a n d  s i l i c a  packi r ,g  ( 1 0 0 - 3 0 , 0 0 0  A p o r s  s i z e ) ,  t h e y  

e s t a b l i s h e d  a t  l ow i o n i c  s t r e n g t h ,  t h e  u n i v e r s a l i t y  r ~ f  t h e  

p a r t i c l e  d i ame te r - r e t en t i cn  volume c a l i b r a t i c n  c u r v e .  Tne s l ~ p  

o f  t h e  c a l i b r a t i o n  curve  was e s s e n t i a l l y  indeper,dent o f  t h e  e l u a n t  

f l o u r a t e ;  however, i t  became smal le r  ( co r re spond ing  t c  a be t te :  

r e s o l u t i o n )  w i t h  a r e d u c t i o n  i n  packing s ize .  h e  e f f e c t s  c f  t h e  

mobile phase f l cwra te  and  l a t e x  p a r t i c l e  s i z e  or, peak va r i ance  a r e  

shown i n  Table 1. Ana ly t i ca l  expres s ions  were de r ived  t c  c o r r e c t  

measured diameter averages  fc r  imper f e c t  r e s o l u t i o n  . 

0 

Na gy l o *  l 5  i n v e s t i g a t e d  t h e  chromatography c f  p o l y s t y r e c e  

l a t i c e s  us ing  porous g l a s s  packing m a t e r i a l s  ( C P C  500-:0,000 ' A  

and F r a c t o s i l  25,000 A pore s i z e ) .  I n  a d i s t i n c t  d e p a r t u r e  frcm 
0 

previous  p r a c t i c e ,  o ~ l y  e m u l s i f i e r  ( i o n i c )  was added t c  t h e  
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HDC AND SEC OF PARTICLE SUSPENSIONS 301 

TABLE 1 

Peak BroadeEing Data for Polys tyr  er,e L a t i c e s  Measured by Hamie lec  

and Sir.gh 1 4  

E l  uan t n o  wr a t e Chromatogram Var iance  ( m e L )  
( mL / m  i n  PS 1000 'A PS 2340 'A PS 3120 'A 

0.94 
2.58 
7.50 

23.09 20.66 19.39 
29.75 29.69 27.88 
34.  Q7 32.89 29.34 

aqueous e l u a n t ,  r e s u l t i n g  i n  s i & r t i f i c a n t l y  reduced m a t e r i a l  less 

w i t h i n  t h e  packed bed. Whi l e  t h e  ior , ic  s t r e n g t h  e f f e c t s  observed 

w i t h  the  F r a c t o s i l  system were s i m i l a r  t o  those  i n  HDC ar*d may be 

expla ined  afialogously , R F  f a c t c r s  i n  gene ra l  were compara t ive ly  

higher due t o  p a r t i a l  a c c e s s i b i l i t y  of  t h e  pores  t o  the  d i f f u s i n g  

c c l l o i d s  ( a  marker s p e c i e s  i s ,  houever ,  a b l e  t o  sample t h e  e n t i r e  

pcre  volume). 

J o h n s t o n  e t  a l l 6  r e c e n t l y  r e p o r t e d  t h e  f e a s i b i l i t y  o f  

chrcmatographing po lys ty rene  l a t i c e s  us ing  porous CPC co lunns  

(1000 and 3000'A pore s i z e ) .  A r e d u c t i o n  i n  packing s i z e  caused a 

small  i nc rease  i n  R whi le ,  s i g n i f i c a n t l y  i n c r e a s i n g  sample l o s s .  

In g e n e r a l ,  t h e  peak va r i ance  inc reased  w i t h  p a r t i c l e  s i z e ,  

a t t a i n e d  a maximum and then s t a r t e d  t o  d e c r e a s e ,  ana logous  t o  t h e  

behaviour of  polymer molecules ( t h e  da t a  i n  Table 1 shows o c l y  t h e  

d e c r e a s i n g  t r e n d ) .  An a t t e m p t  w a s  made t o  c o r r e l a t e  t h e  

s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  chromatograms c f  narrow d i s t r i b u t i o n  

F' 
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302 HUSAIN, HAMIELEC, AND VLACHOPOULOS 

l a t i c e s  w i t h  t h e i r  mean r e t e n t i o n  volumes .  Such an a t t e m p t  i s  

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

e q u a t i n g  t h e i r  s p r e a d i n g  f u n c t i o n s  w i t h  t h e  c c r r e s p o n d i n g  measured  

chromatograms.  This c o n d i t i o n  i s  n o t  f u l f i l l e d  f o r  t h e  C c w  

l a t i c e s  u s e d ,  a s  c a n  e a s i l y  be  d e m o n s t r a t e d  t h e o r e t i c a l l y  . 17 

H u s a i n  e t  a l l 8  a l s o  e x a m i n e d  t h e  c h r o m a t o g r a p h y  o f  

p o l y s t y r e n e  l a t i c e s  u s i n g  p o r o u s  CPG c o l m n s  (1000, 2000 and  3000 

0 A p o r e  3 i z e ) .  They a d v o c a t e d  t h e  merits o f  c a l i b r a t i n g  COl~t’nnS 

i n d i v i d u a l l y  t o  weed o u t  t h o s e  w i t h  i n a d e q u a t e  peak r e s c l u t i o n  and 

s i g n i f i c a n t  p a r t i c l e  h o l d u p .  Gmmcn w i t h  p r e v i o u s  o b s e r v a t i ~ r ~ s ,  

t h e  e x t e n t  o f  skewing  i n  t h e  chromatcgrams o f  Garrow d i s t r i b u t i o a  

l a t i c e s  was o b s e r v e d  to i n c r e a s e  w i t h  p a r t i c l e  s i z e .  

K i r k l a n d ”  i n v e s t i g a t e d  t h e  p r o p e r t i e s  o f  s m a l l  p o r o u s  s i l i c a  

m i c r o s p h e r e s  ( l ess  t h a n  10 Y compared w i t h  a p p r o x i m a t e l y  35 u CX 

p a c k i n g  s i z e ,  p o r e  s ize  less t h a n  75 nm) and s u p e r f i c i a l l y  p o r o u s  

p a r t i c l e s  ( s o l i d  c o r e ,  p o r o u s  c r u s t ,  p a c k i n g  s i z e  l e s s  t h a n  25 u )  

f o r  c h a r a c t e r i z i n g  i n o r g a n i c  s i l i c a  s o l s  i n  t h e  r a n g e  1-50 nm. 

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

r e s o l u t i o n  b e c a u s e  o f  r a p i d  e q u i l i b r a t i o n  o f  slowly d i f f u s i r , g  

c o l l o i d s  w i t h  t h e  p o r e s .  The e f f e c t  o f  f l o w r a t e  on p e a k  

b r o a d e n i n g  and t h e  ro l e  o f  i o n i c  s t r e n g t h  i n  c c l l o i d  s e p a r a t i o n  

were o b s e r v e d  t o  b e  s i m i l a r  t o  t h o s e  i n  e a r l i e r  s t u d i e s .  

A b r i e f  summary  o f  t h e  m a i n  r e s u l t s  o f  t h e  a b o v e  

i n v e s t i g a t i o n s  i s  now g i v e n  under  t h r e e  c l a s s i f i c a t i c n s :  p e a k  

s e p a r a t i o n ,  peak b r o a d e n i n g  and m a t e r i a l  l o s s .  
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Peak Separation 

303 

1. 

2. 

3. 

4.  

5 .  

The p a r t i c l e  diameter-retention volume ca l ib ra t ion  curve,  i n  

genera l ,  i s  composed of two l inea r  segments: a segment a t  low 

re ten t ion  vo lmes ,  beyond the exclusion l i m i t  of  the  porous 

packing, corresponds t o  HDC s i ze  separa t ion ,  while,  a segment 

a t  h i g h  re ten t ion  volumes corresponds t o  SEC s i z e  separat ion.  

The ca l ib ra t ion  curve is i n sens i t i ve  t o  f lowrate  va r i a t ions .  

Increasing the ionic  s t rength of the aqueous e luant  causes a 

s h i f t  i n  the  ca l ib ra t ion  curve t o  high re ten t ion  volunes due 

t o  increased a c c e s s i b i l i t y  of the column voids. A t  low ion ic  

s t r eng th ,  a universal  ca l ib ra t ion  i s  obtained. 

Reducing the packing s i z e  improves peak separa t ion .  

SEC i s  not l imited b y  a m i n i m u m  p a r t i c l e  s i ze .  However, t he  

e f fec t iveness  of separat ion in HDC decreases  a s  the r a t i o  o f  

p a r t i c l e  t o  cap i l l a ry  diameter approaches zero.  

Peak Broadening 

1 .  I n  g e n e r a l ,  peak va r i ance  i n c r e a s e s  w i t h  c o l l o i d  s i z e .  

r e a c h e s  a maximum and then  s t a r t s  t o  d e c r e a s e  a s  t h e  

exclusion l i m i t  of the porous colunn is  approached. I n  HDC, 

i t  decreases w i t h  increasing p a r t i c l e  s i z e .  

2. An increase i n  flowrate causes increased p e a k  broadening i n  

SEC. I n  H D C ,  the  e f f e c t  i s  not known. 

3. In S E C ,  d ispers ion increases  a t  higher ionic  s t rength  due to  

i n c r e a s e d  pore p e r m e a b i l i t y .  A s i m i l a r  e f f e c t  may be 
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304 HUSAIN, HAMIELEC, AND VWCHOPOULOS 

expected i n  HDC; however, no exper imenta l  da t a  have been 

r e p o r t e d .  

4. Tne chromatograms of  narrow d i s t r i b u t i o n  p a r t i c l e  s t a c d a r d s  

a r e  gener a1 1 y skewed . 

Mate r i a l  Loss 

1. I n c r e a s i n g  t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  o f  t h e  e l u a n t  

dec reases  sample recovery .  However, i f  t h e  i o n i c  strer,gt:? is 

ad jus t ed  b y  a d d i t i o n  o f  an i o n i c  e m u l s i f i e r  ( w i t h i n  limits), 

m a t e r i a l  l o s s  i s  reduced. 

2.  Sample l o s s  i n c r e a s e s  w i t h  c o l l o i d  s i z e .  

3. Reduction i n  t he  s i z e  o f  t h e  packing ,  enhances m a t e r i a l  l css .  

While f a c t o r s  governing p e a k  s e p a r a t i o n  a r e  f a i r l y  wel l  

understood. t hose  t h a t  a f f e c t  peak broadenir,g and p a r t i c u l a r l y  

sample recovery  a r e  n o t .  A sys t ema t i c  s t u d y  t o  de termine  t h e  

r o l e s  o f  c o l l o i d  composi t ion ,  packing t y p e ,  pore s i z e ,  o p e r a t i r a g  

tempera ture  e t c .  i s  r equ i r ed  t o  acqu i r e  a be t te r  unde r s t acd ing  of  

these phenomena. 

DETECTION OF COLLOIDAL PARTICLES 

One o f  t h e  most widely used d e t e c t o r  i n  t h e  chromatography o f  

c o l l o i d a l  p a r t i c l e s  i s  the  t u r b i d i t y  d e t e c t o r .  Depending on t he  

wavelength,  t h e  r e s u l t i n g  s i g n a l  i s  d u e  e i t h e r  t o  a combinaticn o f  

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

s c a t t e r i n g  . D i  f f e r e n t i  a 1  r e  f r  a c  t o m e t r  y h a s  some i n h e r  er, t 
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HDC AND SEC OF PARTICLE SUSPENSIONS 305 

drawbacks i n  i ts  appl ica t ion  t o  p a r t i c l e  chromatography and has 

been u s e d  much l e s s  extensively.  Eb th  modes of de tec t ion  a re  no*l 

b r i e f l y  examined. 

A. N R B I D I M E T R I C  DETECTION 

The t u r b i d i t y  of very small p a r t i c l e s  (small r e l a t i v e  t o  the  

wavelength of l i g h t )  i s  proportional to  the s i x t h  power o f  the  

p a r t i c l e  diameter while,  f6r la rger  p a r t i c l e s ,  t he  dependence i s  

lower. As a consequence, the s m a l l  p a r t i c l e  s ignal  is  r e l a t i v e l y  

weak, thcugh i t  can be augmented b y  u s i n g  shor te r  wavelengths. 

However, f o r  obtainicg p a r t i c l e  s i ze  d i s t r i b u t i o n s ,  t he  r e l a t i v e  

s i g n a l  r a t h e r  t h a n  t h e  a b s o l u t e  s i g n a l  i s  o f  i n t e r e s t .  

Calculat ions b y  S i l eb i  and Mchgh9 indica te  t h a t ,  a change o f  

wavelength o r  r e f r ac t ive  icdex r a t i o  ( co l lo id  t c ,  medium) h a s  a 

small influence on the r e l a t i v e  s ignal  for nonabsorbing p a r t i c l e s .  

However, t h e  r e l a t i v e  s i g n a l  i s  c o n s i d e r a b l y  improved a t  

absorption wavelengths due to  a s ign i f i can t  enhancement i n  the  

ex t inc t ion  coe f f i c i en t  o f  s m a l l  p a r t i c l e s .  These theo re t i ca l  

deductions were experimectally subs tan t ia ted  b y  Nagy 1 0 * 1 5  using 

polystyrene l a t i c e s .  

Apprec iab le  e r r o r  m a y  r e s u l t  I f i f  i n s t r u m e n t s  which a r e  

per fec t ly  su i t ab le  fclr ordinary absorption measurements a re  used  

f o r  t u r b i d i t y  measurements wi thout  proper  mod i f i c a t i o n s  and 

precautionsff2'. While such e r r o r s  were believed t o  be neg l ig ib l e  

b y  e a r l i e r  workers , t h e i r  e x i s t e n c e  was unequ ivoca l ly  9 
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306 HUSAIN, HAMIELEC, MID VLACHOPOULOS 

d e m o n s t r a t e d  by  H u s a i n  e t  a l l 8  who compared  t h e  detectcr  r e s p o n s e  

t o  a s u s p e n s i o n  of p o l y s t y r e n e  s p h e r e s  w i t h  t h e  respor,se t c  a 

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

i m p u r i t i e s  ( s u c h  a s  r e s i d u a l  s t y r e n e  rncnomer i n  p o l y s t y r e n e  

p a r t i c l e s )  and a d d i t i v e s  ( s u c h  a s  e m u l s i f i e r )  may c a u s e  t h e  

m e a s u r e d  e x t i n c t i o n  c o e f f i c i e n t  t c  d i f f e r  from t h e o r e t i c a l  

c a l c u l a t i o n s  b a s e d  o n  Mie t h e o r y .  T h e  d i s c r e p a n c y  may 

t h e o r e t i c a l l y  be a c c o u n t e d  for b y  e m p l o y i n g  an e f f e c t i v e  i r n a g i n a r  y 

r e f r a c t i v e  i n d e x  r a t i o  $ 
10.15 

B. DIFFERENTIAL REFRACTOMETRY DETECTION 

Based on  Mie t h e o r y ,  Z i m m  and  D a n d l i k e r * ’  d e r i v e d  a g e n e r a !  

r e f r a c t i v e  i n d e x  e x p r e s s i o n  g f v e n  b y  

3 where  c is  t h e  w e i g h t  c o n c e n t r a t i o n  i n  gms/cm , p i s  t h e  p a r t i c l e  

d e n s i t y ,  a is a d i m e n s i o n l e s s  s ize  p a r a m e t e r  ( a = n D / k ,  where D a n d  

X are r e s p e c t i v e l y ,  t h e  p a r t i c l e  d i a m e t e r  and w a v e l e n g t h  i r ,  t h e  

m e d i u m ) ,  qm and ns are  t h e  r e f r a c t i v e  i n d i c e s  o f  t h e  medium ar,d 

d i s p e r s i o n ,  r e s p e c t i v e l y ,  and a and  b a r e  f u n c t i o n s  o f  a a n d  rn 

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

a b o v e  e q u a t i o n  does n o t  c o n t a i n  t h e  r e s t r i c t i o n  t h a t  a b e  sma l l .  

In  t h e  l i m i t  a s  a * 0. it  r e d u c e s  t o  

P 

n n 
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HDC AND SEC OF PARTICLE SUSPENSIONS 307 

In  accordance w i t h  equations ( 1 )  and (2). dns/dc i s  expected t o  be 

independent of c and a t  smal l  values of a ,  t o  be independent of a 

a s  wel l .  

Measurements b y  S i l e b i  and McHugh' show a s u r p r i s i n g  

agreement of  measured data  w i t h  equation ( 2 )  for polystyrene 

l a t i c e s  a s  la rge  a s  350 nm. Subsequent data  (measured by Nagy'') 

from the  same laboratory ind ica te  t h a t ,  d n  /dc reverses  in s ign  

w i t h  increasing p a r t i c l e  s i z e ;  i t s  implication i s  t h a t  the s igna l  

1 3  i s  n u l l  for sane intermediate p a r t i c l e  s i z e .  C o l l  and Fague 

observed t h a t  dns/dc was independent of  c for a g i v e n  l a t e x ,  

though i t s  va lue  i n c r e a s e d  l i n e a r l y  w i t h  p a r t i c l e  d i a m e t e r .  

Neither Nagy nor Coll and Fague were able  to  explain the i r  r e s u l t s  

s a t i s f a c t o r i l y .  In te rpre ta t ion  of t h e i r  data  i s  complicated due 

t o  t h e  use of a broad wavelength source.  

S 

It i s  the  au thors '  opinion t h a t  , these seemingly conf l i c t ing  

data  a re  i n  fac t  consis tent  w i t h  the Z i m m  and Dandliker equation. 

Calculat ions ind ica te  t h a t ,  depending on t he  values o f  m and a ,  

d o  /dc may e i t h e r  increase w i t h  p a r t i c l e  s i z e  o r  decrease and 

eventually change sign 

S 

21,22 

Differen t ia l  refractometr y shows a l e s s  dramatic dependence 

on p a r t i c l e  s i ze  than turbidimetry of nonabsorbing p a r t i c l e s .  The 

advantage is, however, negated b y  the  requirement of' a higher 
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308 H U S A I N ,  HAMIELEC, XED VLACHOPOULOS 

sample c o n c e n t r a t i o n  compared t c J  t h e  amount necessa ry  f o r  a 

photometric d e t e c t i o n .  This i s  d u e  t o  the  l i m i t e d  s e n s i t i v i t y  cf  

a v a i l a b l e  d i f f e r e n t i a l  r e f r a c t c m e t e r s .  With t h e  advent o f  mcre 

s e t i s i t i v e  d e t e c t o r s ,  t h i s  drawback w i l l  l i k e l y  be overcGme. 

THEORETICAL ANALYSIS OF PEAK SEPARATION 

A t h e o r e t i c a l  a n a l y s i s  o f  peak s e p a r a t i o n  and brcader, ing 

provides  an i n s i g h t  i n t o  t h e  causes  o f  imperfec t  r e s o l u t i c r ,  i n  

chromatographic p rccesses  , While theor  y adequa te ly  p r e d i c t s  peak 

s e p a r a t i c n  i n  H D C ,  a s i m i l a r  comprehensive t r ea tmen t  i s  l ack l r ,g  

f o r  SEC. Attempt t o  p r e d i c t  peak broadening has a t  b e s t  beer. 

d i sma l  . Now, l e t  u s  b r i e f l y  examine t h e  t h e o r i e s  prcpased tc 

exp la in  peak s e p a r a t i o n  i n  HDC and SEC. 

10 

A. HYDRODYNAMIC CHROMATOGRAPHY 

Two approaches have been taken t o  model t he  r o l e  o f  CG l o i d a l  

f o r c e s  i n  HDC. ?he c a p i l l a r y  model, f i r s t  proposed by %a 1' and 

d e v e l o p e d  i n  s e v e r a l  s o u r c e s  s i n c e  6 *  7' 8' 23 ,  c o n s i d e r s  t h e  

i n t e r s t i t i a l  s p a c e  a s  a s y s t e m  o f  i n t e r - c o n n e c t i n g  p a r a l l e l  

c a p i l l a r i e s  o f  equal  r a d i i .  I n  t he  second approach proposed b y  

Buffham, t h e  speed of  a chromatographic t r a n s i e n t  is c a l c u l a t e d  

from the  behaviour of a c o l l o i d a l  suspens ion  i n  equ i l ib r ium i n  the  

v i c i n i t y  o f  a p lane  i n t e r f a c e .  Buffham's t heo ry  y i e l d s  r e s u l t s  

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

c o n s t i t u t i n g  t h e  HDC colum. 
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'-EX AND SEC OF PARTICLE SUSPENSIONS 309 

According to  t h e  c a p i l l a r y  model, t h e  average  v e l o c i t y  o f  t h e  

p a r t i c l e  i s  c a l c u l a t e d  b y  weight ing  t h e  l o c a l  p a r t i c l e  v e l o c i t y ,  

v ( r ) ' w i t h  t h e  c o n c e n t r a t i o n  a t  t h a t  p o s i t r c n  ( t h e  r a d i a l  

c o r x e n t r a t i o n  d i s t r i b u t i o n  may be shcwn t o  be  a b l t m a n n ) .  t o  

g i v e  

P Z  

R-a 

0 
I v ( r )  e x p C -  $(r) /C:Tlr  d r  

P Z  - 
v =  

P R-a 
I e x p [ - $ ( r ) / ~ T ] r  d r  

0 

( 3 )  

where t h e  upper i n t e g r a t i o n  l i m i t  accounts  f c r  the  i n a b i l i t y  o f  a 

p a r t i c l e  t o  approach t h e  c a p i l l a r y  wall  c l o s e r  than  its r a d i u s ,  a .  

v ( r )  i s  given by  a modified P o i s e u i l l e  equa t ion  which t a k e s  t h e  

wall  e f f e c t  i n t o  account .  The i n t e r a c t i o r ,  energy  term, $ ( r )  i s  
P Z  

t h e  supe rpos i t i on  o f  t h e  dcuble  l a y e r  r e p u l s i v e  and van der Walls 

a t t r a c t i v e  p o t e n t i a l s .  Tne average  v e l o c i t y  o f  an i o n i c  marke r ,  

v is  ob ta ined  b y  t a k i n g  t h e  l i m i t  of t h e  above i n t e g r a l s  a s  t h e  

p a r t i c l e  r a d i u s  t e n d s  t o  z e r o .  R F  i s  t h e n  c a l c u l a t e d  from i t s  

d e f i n i t i o n  

- 
m 

?he cor responding  expres s ion  f o r  R F  de r ived  b y  Buffham i s  

g iven  b y  
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310 HUSAIN, HAMIELEC, AND VLACIIOPOLZOS 

wnere V i s  t h e  volume o f  t h e  m o b i l e  phase  and A i s  t h e  s u r f a c e  

a r e a  o f  t h e  p a c k i n g .  In t h e  above e q u a t i o n .  t h e  R dependence  or, F 
p a c k i n g  d i a m e t e r  is m a n i f e s t e d  b y  t h e  p r e s e n c e  o f  A.  

Both t h e o r i e s  a d e q u a t e l y  p r e d i c t  t h e  v a r i a t i o n  cf A w i t h  

p a r t i c l e  d i a m e t e r  o v e r  a wide r a n g e  o f  i o n i c  s t r e n g t h .  U n l i k e  t h e  

c a p i l l a r y  model ,  e q u a t i o n  (5) p r e d i c t s  an i n c r e a s e  i n  R w i t h  

h y d r a u l i c  r a d i u s  ( V / A )  or p a c k i n g  d i a m e t e r ,  c o n t r a r y  t o  t h e  

o b s e r v e d  dependence .  h i s  m a r k s  t h e  d i s t i n c t  f a i l i n g  c f  t h e  

e q u i l i b r i u m  a p p r o a c h .  

F 

F 

8. SIZE EXCLUSION CHROMATOGRAPHY 

Cue t o  t h e  complex f l o w  p a t t e r n  i n  a p o r o u s  packed b e d ,  t h e  

a t t e n d a n t  d i f f i c u l t y  i n  p r e d i c t i n g  t h e  rn igra t ior ,  r a t e  o f  a c o l l o i d  

i s  o b v i o u s .  Nagyl0 ' lS a t t e m p t e d  t o  s i m p l i f y  t h i s  problem by  u s i n g  

v e r y  l a r g e  p o r e s  r e l a t i v e  t o  t h e  c o l l o i d  sizes b e i n g  s e p a r a t e d .  

'Their a n a l y s i s ,  t h e r e f o r e ,  assumes  t h a t  a l l  p a r t i c l e s  enter  t h e  

p o r e s  and a c c o r d i n g l y ,  d e s c r i b e s  o n e  extreme of  SEC where a l l  

s p e c i e s  permeate  t h e  porous  m a t r i x .  A f l o w - t h r o u g h  bank model was 

c o n s i d e r e d  (see F i g u r e  3 ) .  The s p a c e s  be tween t h e  banks  have z e r o  

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

t r a j e c t o r i e s .  me p r o b a b i l i t y  o f  a p a r t i c l e  e n t e r i n g  a t u b e  a t  

t h e  s t a r t  o f  a bank is assumed equal t o  t h e  r a t i o  o f  f l o w  t h r o u g h  

a l l  s u c h  t u b e s  t o  t h e  t o t a l  f l o w r a t e  t h r o u g h  a l l  t u b e s  i n  t h e  

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

I capillary 
pore 

column capillary 
packing 

FIGURE 3 :  A bank model of a SEC column. 

where R arid R , t h e  s e p a r a t i o n  f a c t c r s  cor responding  t o  t h e  
F . i c  F,pc 

i n t e r s t i c e s  and pores  r e s p e c t i v e l y ,  a r e  c a l c u l a t e d  a s  b e f o r e ,  

V V .  and V r e p r e s e n t  t h e  pcre  volume, i n t e r s t i t i a l  volume and 
pc’ 1c  

t o t a l  vcid volume, r e s p e c t i v e l y .  

Ncu, i t  i s  shown t h a t  t h e  resu l t  i n  equa t ion  ( 6 )  may be 

obta ined  us ing  a s impler  model. which r e g a r d s  t h e  colume voids a s  

a system o f  p a r a l l e l  c a p i l l a r i e s  o f  t he  i n t e r s t i t i a l  and pore type 

(nc mixing reg ion  i s  cons idered  and c a p i l l a r i e s  a r e  con t inuous  

a c r o s s  the  l eeg th  o f  t h e  cclurnr,). The peak r e t e n t i o n  volume of  

t h e  c c l l o i d  peak, V i s  given b y  
P 

- 
i c  ‘ic t i c  v = ripe Qpc f p c  + n 

P ( 7 )  
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312 HLJSAIN. HtLhiIELEC, AND VLXCHOPOULOS 

where n ,  Q and f denote  t u b e  n u m b e r ,  f l o w r a t e  ar,d ave rage  

r e s i d e n c e  t ime ,  r e s p e c t i v e l y .  I t  f o l l o w s ,  t h e r e f o r e ,  t h a t  

where V t h e  r e t e n t i o n  volume o f  a marker peak, i s  equal t o  V .  

I f  the  l eng th  o f  t h e  column i s  L and c r o s s - s e c t i o n a l  a r e a  c f  a 

c a p i l l a r y ,  A, then  

m '  

The der ived  resu l t  is i d e n t i c a l  t o  equat ion  ( 6 ) .  Tne apparer,: 

equiva lence  o f  t h e  two models i s  a d i r e c t  consequence c f  assi~r.ii".?, 

i n  t h e  bank mcdel, t h e  p r o b a b i l i t y  t h a t  a p a r t i c l e  t r a v e l s  th rough 

a given t u b e .  The re fo re ,  i t  is not s u r p r i s i n g  fc r  c a l c u l a t i c r , s  

based cn equat ion  ( 6 )  t o  agree  r a t h e r  poor ly  w i t h  exper imenta l  

d a t a  s i n c e ,  t h e  e q u i v a l e n t  model ( w h i c h  a l l c w s  no f l u i d  

i n t e rmix ing)  cons idered  h e r e ,  i s  ha rd ly  r e p r e s e n t a t i v e  o f  t h e  f low 

process  i n  a packed column. 

Nagy c i t e s  s e v e r a l  r e a s o n s ,  c h i e f  amcng which i s  t h e  slcw 

d i f f u s i o n  c o e f f i c i e n t  o f  c o l l o i d s ,  t o  j u s t i f y  t h e  use  o f  a flow 
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24 
model a s  opposed t c  a d i f f u s i c r ,  mcdel. As poir,ted out b y  % a l l  , 

s e p a r a t i c r ,  b y  f lcw seems u n l i k e l y ,  s i r ace  very l i t t l e  f l u i d  would 

f low through the  ex t remely  f i r , e  pcres  o f  t h e  packing, when t h e  

much l e s s  r e s t r i c t e d  pathway arcur,d t h e  p a r t i c l e s  i s  a v a i l a b l e  t o  

i t .  We sugges t  t h a t ,  s i r , ce  the  e q u i l i b r i u m  theory  f o r  HDC is 

e s s e n t i a l l y  independent o f  t h e  ccmplex flow gecmetry ,  i t  may be 

p o s s i b l e  t c  extend t h e  t r ea tmen t  t o  p r e d i c t  c o l l o i d  behaviour i n  

SEC. 

CALCULATION OF PARTICLE SIZE DISTRIEUTIONS 

Axial d i s p e r s i o n  i s  a s e r i c u s  imper fec t l cn  ir, t h e  a n a l y s i s  O f  

p a r t i c l e  s i z e s  Sy chrcmatcgraphy. I t  causes  t h e  e l u t i o n  o f  a 

s i n g l e  s p e c i e s  t o  cccu r  cver  a r ange  o f  r e t e n t i o r ,  v o i m e s .  

I n t e r p r e t a t i o f i  of a chrcmatogr am m u s t ,  t h e r e f o r e ,  account  for t h i s  

sp read ing .  It i r ,vo lves  an e v a l u a t i o n  o f  i n s t rumen ta l  s p r e a d i n g ,  

and c o r r e c t i o n  o f  t h e  d e t e c t o r  response  t o  o b t a i n  t h e  t r u e  

c o n c e n t r a t i o n s  o f  t h e  component  s p e c i e s .  The measu red  

chromatogr am. F( v )  i s  r e l a t e d  t o  the  true chromatcgram, W( y )  by  

where G ( v - y )  is t h e  normalized sp read ing  func t ion  (uni form)  of  a 

s p e c i e s  w i t h  mean r e t e n t i o n  vo lume ,  y .  Wher, d e t e c t i o n  i s  

t u r b i d i m e t r i c ,  both F ( v )  and W(y)  r e p r e s e n t  t u r b i d i t i e s  wh i l e ,  i n  
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t h e  c a s e  o f  d i f f e r e n t i a l  r e f r a c t c m e t r y ,  :hey r e p r e s e c t  r e f r a c t i v e  

i n d e x  increments .  

Equation ( 9 )  may be s o l v e d  both numer i ca l ly  and a n a l y t i c a l l y .  

Numerically,  i t  i s  Solved e i t h e r  f c r  G ( v - Y ) * ~  (when F ( v )  ar,d 

a r e  known) c r ,  a s  i s  t h e  more usual s i t u a t i o n ,  t h e  i c t e g r a l  

equa t ion  i s  solved f o r  W(y)  (when F ( v !  afid Ci(v-y)  a r e  k r 8 c w a ) ,  

which may then be ccnver ted  i n t o  a p a r t i c l e  s i z e  d i s t r i b u t i c n .  Ir, 

c o n t r a s t ,  a n a l y t i c a l  s o l u t i o n s  enab le  t h e  d i r e c t  c a l c u l a t i o r ,  o f  

mcments o f  t h e  s i z e  d i s t r i b u t i c r ,  f u n c t l a r , ;  t h e  s i ze  d i s t r i b u t i c r ,  

i t s e l f  i s  not  o b t a i n e d .  Both methods o f  s o l u t i c r .  a r e  rdow b r i e f l y  

d i s c u s s e d .  

A .  NUMERICAL SOLUTION OF AXIAL DISPERSION EqUATTOS 

S e v e r a l  n u m e r i c a l  m e t h o d s  h a v e  been  r e p o r t e d  i n  t h e  

l i t e r a t u r e  for t he  s c l u t i o r ,  o f  t h e  i n t e g r a l  equa t i c r , .  These have 

been reviewed b y  F r i i s  and Hamielec26 and more r e c e r , t l y  eva lua ted  

by  S i l e b i  and McHugh' f o r  t h e i r  a p p l i c a t i o n  t 3  p a r t i c l e  

27 
chromatography. They conclude t h a t  a methcd due t o  I sh ige  e t  a 1  

p e r f o r m s  b e t t e r  t h a n  o t h e r  a v a i l a b l e  m e t h o d s .  A p r i n c i p l e  

drawback o f  t h e  methcd. however, i s  i t s  ter.deccy t o  c v e r e s t i a a t e  

t h e  count o f  smal l  p a r t i c l e s  i n  a po lyd i spe r sed  p c p u l a t i o n .  

M o d i f i c a t i o n s  o f  I s h i g e l s  a l g o r i t h m  f a i l  t o  ove rccme  t h i s  

d e f e c t  . Unless a more e f f e c t i v e  method i s  develcped fo r  

c a l c u l a t i n g  W ( y ) ,  i t  i s  p r e f e r a b l e  t o  a p p l y  a n a l y t i c a l  methods t s  

o b t a i n  size i n fo rma t ion .  

17 
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HDC AND SEC OF PARTICLE SUSPENSIONS 315 

TABLE 2 

A Ccmpariscn c f  t h e  Ana ly t i ca l  Methcds f o r  S o l v i n g  t h e  I n t e g r a l  

Equation 

Methcd. 

3 2 1 

A t t r i b u t e s  Hami e l e c  Husain Husain 

?8 e t  a l .  and Singh e t  a l .  29 1 4  

1 .  C a l i b r a t i c n  curve  Linear Nonlinear Nonlinear 

E q n . ( l O )  o r  E q n .  (10) E q n .  ( 1 0 )  o r  
Provder 
and Rosen's 

Provder 

shape func t ion  shape func t ion  

30 30 2. Spreading func t ion  and Rosen's 

3. Light s c a t t e r i n g  
t h e o r y  which may Raylei  gh M i  e Mi e 
be app l i ed  

4, Chemical abso rp t ion  
may be presefit i n  No 
t u b i d i m e t r i c  
d e t e c t i o n .  

5. Diameter averages  
a r e  c a l c u l a t e d  No 
a s  a func t ion  o f  
r e t e n t i o n  volume 

Yes 

Yes 

Yes 

NO 

The r e f r a c t i v e  index d e t e c t c r  (do  /dc = c o n s t a n t )  can be 
t r e a t e d  us ing  a l l  t h e  above methods. However, Method 3 is 
most g e n e r a l .  

S 
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R. ANALYTICAL S O L U T I O N  OF AXIAL DISPERSION EQUATICN 

Three a n a l y t i c a l  methods fo r  s c lv i r , g  t h e  i n t e g r a l  equa t i c r ,  

have been repor ted  1 4 * 2 8 * 2 9 .  n e i r  mair, f e a t u r e s  a r e  ccnpared ir, 

Table 2.  It  i s  impor tan t  t o  r e a l i s e  t h a t ,  t h e  scluticn ceri.Jed 

f o r  a Gaussian spreading  f u n c t i o n ,  Go(  v-y)  i s  e q u a l l y  a p p l i c a b l e  

t o  a whole family of func t iof i s  of  t h e  fcrm 

where c ( y )  i s  ar, unspec i f ied  func t ion  of  y .  ( h i s  can e a s i l y  be 

demonstrated b y  s u b s t i t u t i n g  equat ion  ( 1 0 )  i n  equa t ic r ,  ( 2 1 )  of 

Reference 2 8 ) .  This cons ide rab ly  ex tends  t h e  a p p l i c a b l l i t y  rjf t n o  

s o l u t i o n  for  a Gaussian spreading  func t ion  t o  a n  i n f i n i t e  s e t  o f  

non-Gauss ian ,  non-uniform f u n c t i o n s .  ' k e  a r , a l y t i c a l  so lu t io r ,  i s  

given i n  terms o f  a s i n g l e  a d j u s t a b l e  parameter .  I n  some 

p r a c t i c a l  s i t u a t i c n s ,  t h e  s p r e a d i c g  f u n c t i o r ,  may n c t  b e  

r e p r e s e n t a b l e  b y  equat ion  ( 1 0 ) ;  t h i s  may be i n f e r r e d  frcm t h e  

d i f f i c u l t y  o f  o b t a i n i n g  m e a r , i n g f u l  d i a m e t e r  a v e r a g e s  f r r , n  

chromatograms o f  narrow p a r t i c l e  s t a r ,da rds .  In  such a s i t u a t i c r , ,  

i t  13 d e s i r a b l e  t o  cons ider  t h e  genera l  shape f u n c t i o n  prspcsed b y  

Provder and Rosen . 30 

RECOMMENDATIONS 

There is a need f o r  n e w  packlngs s p e c i f i c a l l y  desigr,ed fc r  

SEC t o  m i n i m i s e  p a r t i c l e  l o s s  and peak broadening. The optimurc 
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HDC AND SEC OF P M T I C L E  SUSPESSIONS 31 7 

packing p a r t i c l e  is  prcbably cr,e w i t h  a s o l i d  c o r e  and s u p e r f i c i a l  

s u r f a c e  p c r e s .  F a c t o r s  a f f e c t i n g  p a r t i c l e  lcss bc th  i n  HDC a s  

well  a s  i n  SEC need t c  be b e t t e r  unders tood .  

A m u l t i p l e  wavelength UVIVisible l i g h t  t u r b i d i t y  d e t e c t o r  has 

been t h e o r e t i c a l l y  eva lua ted  and found t o  have r easonab le  prcmise 

a s  an a n a l y t i c a l  tGol fo r  p a r t i c l e  s ize  measurement . Likewise ,  

IR d e t e c t i o n  has  been shown t c  have some u s e f u l  f e a t u r e s  . A ~ I  

exper imenta l  i n v e s t i g a t i o n  o f  b c t h  t h e s e  d e t e c t o r s  is  d e s i r a b l e .  

Also, more s e n s i t i v e  r e f r a c t c m e t e r s  w i t h  a monochromatic l i g h t  

sou rce  should be eva lua ted .  

31  

10 

The theo ry  o f  HDC should be  extended t o  i n v e s t i g a t e  t h e  

p o s s i b i l i t y  o f  p r e d i c t i n g  t h e  ch romatcg ram s h a p e .  T h e  

cor responding  development o f  a thecry o f  SEC, t o  adequa te ly  

p r e d i c t  peak s e p a r a t i o n  a s  well a s  peak shape ,  may be f a c i l i t a t e d  

b y  t h e  use o f  model porous sphe res .  

The numerical  t r e a t a e n t  o f  chromatographic d a t a  i s  r a t h e r  

i nadequa te .  I t  i s  d e s i r a b l e  t o  deve lop  new improved methods f o r  

recovery  o f  W (  y )  . 
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