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HYDRODYNAMIC AND SIZE EXCLUSION CHROMATOGRAPHY 

OF PARTICLE SUSPENSIONS - AN UPDATE* 

A. P e n l i d i s ,  A.E. Hamielec and J.F. Mac&egor 

Department o f  Chemical Engineering 

Mc Ma ster Unive r s i ty  

Hani l ton,  Ontar io ,  Canada L8S 4L7 

ABSTRACT 

The c hromatogr aph ic  s e p a r a t i o n  o f  p a r t i c l e  suspens ions  using packed 
beds  h a s  a t t r a c t e d  cons ide rab le  a t t e n t i o n  i n  r e c e n t  years. It h a s  t h e  
p o t e n t i a l  t o  provide a c c u r a t e  measurement o f  p a r t i c l e  s ize  and Size 
d i s t r i b u t i o n  for s p h e r i c a l  particles i n  t h e  submicron range.  mere are 
two complementary approaches t o  t h e  use of chromatography t o  s e p a r a t e  
particle suspensions according to size. Size e x c l u s i o n  chromatography 
(SEC) u t i l i z e s  porous packing and re l ies  mainly on steric exc lus ion  from 
t h e  po res  of t h e  packing. Hydrodynanic chromatography (HE) u t i l i z e s  
non-porous packing and relies mainly on t h e  v e l o c i t y  p r o f i l e  i n  t h e  
i n t e r s t i t i a l  r e g i o n s  f o r  s i z e  s e p a r a t i o n .  I n  t h i s  p a p e r ,  t h e  
developnents  i n  t h e  understanding o f  t h e s e  p rocesses  are c r i t i c a l l y  
exanined and shortcomings o f  p r e s e n t  t h e o r y  are pointed o u t .  S igna l  
d e t e c t i o n  and chromatogran i n t e r p r e t a t i o n  methods a r e  reviewed. 

INTRODUCTION 

For over a decade,  chromatographic methods using packed beds have 

been SUCCeSSfUlly used for t h e  sepa ra t ion  according t o  s i z e  o f  c o l l o i d a l  

*An earlier review was published:  A. Husain,  A.E. Hamielec, J. Vlachopoulos,  
J. Liq. Chromat., 5, (Suppl. 2 ) ,  295 - 320 (1981). 
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180 PENLIDIS ,  HAMIELEC, AND MAC GREGOR 

d i s p e r s i o n s .  l l ough  v a s t  s t r i des  have been made i n  t h e  understanding 

o f  t h e  sepa ra t ion  p rocess ,  sane b a s i c  problems still  remain, p e r t a i n i n g  

p a r t i c u l a r l y  t o  t h e  holdup of  c o l l o i d  p a r t i c l e s  i n  t h e  packed beds and 

t h e  excess ive  broadening o f  c o l l o i d  peaks ( a x i a l  d i s p e r s i o n ) .  While 

e a r l i e r  r e s e a r c h  was mainly q u a l i t a t i v e ,  adequate  t h e o r y  now exists t o  

enable  q u a n t i t a t i v e  p a r t i c l e  s i z e  measurement. A nunber o f  a p p l i c a t i o n s  

has been r epor t ed  which demonstrates  t h e  c o n s i d e r a b l e  ease, r a p i d i t y  and 

r e l i a b i l i t y  o f  ch rana tog raph ic  techniques.  These a p p l i c a t i o n s  i n c l u d e  

d e t e c t i o n  o f  p a r t i c l e  agglomeration [1,23 and swe l l ing  e f f e c t s  121. 

measurement  o f  p a r t i c l e  g rowth  k i n e t i c s  [ 1.3.4.51, c a l c u l a t i o n  of 

p a r t i c l e  s i z e  d i s t r i b u t i o n  [6,7,8], e tc .  

In  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  and 

ex per imen t a l  d e v e l o p e n  ts  concerning c o l l o i d  a1 s e p a r a t i o n s  i n  packed 

colunns.  New i n s i g h t  is provided and new i d e a s  a r e  suggested fo r  f u t u r e  

r e s e a r c h  which w i l l  h e l p  t o  r e s o l v e  p re sen t  problems. 

REVIEW OF EXPERIMENTAL INVESTIGATIONS 

Chromatography h a s  u n t i l  r e c e n t l y  been concerned e x c l u s i v e l y  wi th  

t h e  sepa ra t ion  o f  ma t t e r  a t  t h e  molecular  l e v e l .  One r e s u l t  o f  t h i s  

r e s t r i c t i o n  t o  t h e  molecular danain was t h a t ,  from a p r a c t i c a l  p o i n t  o f  

view, ch rana tog raph ic  methods i n v a r i a b l y  d e a l t  w i th  s p e c i e s  i n  s o l u t i o n .  

Recent ly ,  however, chromatographic s e p a r a t i o n s  have been r epor t ed  where 

t h e  m a t e r i a l s  resolved were i n  suspension r a t h e r  t han  i n  s o l u t i o n .  Four 

major  a r e a s  of  p a r t i c l e  chromatography have  evolved: non-porous packed 

systems (HDC) , porous packed systems (SEC), c a p i l l a r y  chranatography [91 

(CPC) and f i e ld - f low f r a c t i o n a t i o n  [ l o ,  113 (FFF) . Here, we will b e  

d e a l i n g  with t h e  f irst  two. 
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SEC AND HDC OF PARTICLE SUSPENSIONS 181 

Hydrodynanic chromatography (HE€) is a t echn ique  for s e p a r a t i n g  

small p a r t i c l e s  by flow through a packed bed o f  nonporous p a r t i c l e s .  

Th i s  technique was invented by S m a l l  C121. Simi la r  deve lopnen t s  using 

p o r o u s  b e d s  a p p e a r e d  t h r o u g h  an i n d e p e n d e n t  s t u d y  by Krebs and  

Wunderlich C131. S t u d i e s  o n  HDC have s i n c e  been a c t i v e l y  pursued by 

S t o i s i t s  e t  a 1  C141, McHugh and co-workers ~ 1 5 , 1 6 , 1 7 1 ,  Nagy e t  a 1  

C18,19,20,211 and McGowan and Langhorst C61, whose major c o n t r i b u t i o n  is 

t h e  developnent  of a t h e o r y  t o  exp la in  c o l l o i d  mig ra t ion  and then  t h e  

a p p l i c a t i o n  o f  t h i s  t h e o r e t i c a l  background i n  p r a c t i c a l  cases. 

The o b j e c t  o f  using porous packing i n  s ize  exc lus ion  ch rma tography  

(SEC) h a s  been t o  improve r e s o l u t i o n  over  t h e  non-porous HDC system by 

s u p e r i m p o s i n g  a s t e r i c  e x c l u s i o n  e f f e c t  on t h e  f l o w  s e p a r a t i o n .  

P a r t i c l e s  sma l l e r  than t h e  pore diameter  can d i f f u s e  i n t o  t h e  p o r e s  

g i v i n g  a second and more e f f i c i e n t  mechanism o f  r e t a r d a t i o n  and s i z e  

s e p a r a t i o n .  

of c o u r s e ,  t h e r e  a r e  r e l a t i v e  advantages and d i sadvan tages  and the  

c h o i c e  between HDC and SEC always depends on t h e  phys ica l  system and t h e  

f i n a l  o b j e c t i v e s  o f  t h e  r e s e a r c h e r .  We now d i s c u s s  b r i e f l y  t h e  

experimental  developnents  i n  HDC and SEC. To keep g e n e r a l i t y  a s  much a s  

p o s s i b l e ,  t h e  p r i n c i p a l  r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  are sunmarized 

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

A.  Hydrodynamic Chromatography 

When c o l l o i d a l  m a t e r i a l s  a r e  c a r r i e d  i n  suspension through non- 

porous packed beds, it h a s  been observed C1.2.221 t h a t  t h e  r a t e  o f  

t r a n s p o r t  o f  t h e  c o l l o i d a l  p a r t i c l e s  depends on such f a c t o r s  a s  t h e  s i z e  

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 colunn and t h e  f lowra te  and i o n i c  c m p o s i t i o n  o f  t h e  e l u a n t .  
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182 PENLIDIS, HAMIELEC, AND MAC G.REGOR 

The r a t e  o f  mig ra t ion  ( t r a n s p o r t )  of a c o l l o i d  may b e  conven ien t ly  

exwessed  by a d imens ion le s s  q u a n t i t y ,  t h e  RF nunber ,  where: 

- r a t e  of t r a n s p o r t  of c o l l o i d  through t h e  bed 
ra te  of t r a n s p o r t  of t h e  e l u a n t  RF - 

RF g i v e s  t h e  rate o f  mig ra t ion  of 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  . 
In g e n e r a l ,  p a r t i c l e  t r a n s p o r t  may b e  governed by one o r  a 

canb ina t ion  of t h e  fol lowing effects: the hydrodynwic  effect  [1,21, t h e  

i o n i c  effect C1.21 and t h e  Van d e r  Waals effect C1.21. Figure  1 shows 

d a t a  C 1 J  on t h e  r a t e  of t r a n s p o r t  of po lys ty rene  l a t i c e s  through ion  

exchange beds o f  d i f f e r e n t  diameter  6 (packing d i ame te r ) .  lhe f a c t  t h a t  

RF c l e a r l y  i n c r e a s e s  with ino reas ing  p a r t i c l e  d i w e t e r  of t h e  l a t e x ,  D,  

prov ides  t h e  b a s i s  f o r  a chromatographic size s e p a r a t i o n .  As t h e  

packing d i m e t e r  is reduced, RF i n c r e a s e s .  Furthermore,  t h e  s l o p e  of  

t h e  RF vs .  D p l o t  i n c r e a s e s  a s  t h e  size of t h e  packing is reduced,  

t he reby  r e s u l t i n g  i n  improved r e s o l u t i o n  of  d i f f e r e n t  p a r t i c l e  sizes. 

Most 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  or  i n  other words, 

t h e  l a t e x  p a r t i c l e s  mwe more r a p i d l y  through t h e  bed t h a n  e i t h e r  t h e  

c a r r i e r  f l u i d  o r  low molecular weight s o l u b l e  species. 

The dependence o f  RF on t h e  i o n i c  s t r e n g t h  of t h e  e l u a n t  111 is 

shorn i n  Figure 2. Depending on t h e  ionic s t r e n g t h ,  t h e  c o l l o i d a l  

forces can e i t h e r  enhance o r  hinder  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 .  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  v o l m e  of the 

r e l a t i v e l y  slow moving f l u i d  In  t h e  i n t e r s t i t i a l  r e g i o n s  frm 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.  Cbviously,  l a r g e r  p a r t i c l e s  are 

excluded to  a g r e a t e r  ex ten 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  of t h e  f l u i d :  t h e  factor i n c r e a s e s  d t h  t h e  r a t i o  

of p a r t i c l e  size to packing d i w e t e r .  A t  h i g h  ionic s t r e n g t h ,  Van d e r  
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FIGURE 1: The dependence o f  R on latex p a r t i c l e  diameter  and packing F 
diameter  6. 

Waals f o r c e s  cause  the  l a r g e r  p a r t i c l e s  t o  spend a g r e a t e r  f r a c t i o n  o f  

t h e i r  time i n  t h e  s l u g g i s h  i n t e r s t i t i a l  r e g i o n s ,  so t h a t  t h e  RF 

dependence on particle s ize  may r e v e r s e .  

Two approaches have been taken t o  model t h e  role of t h e  c o l l o i d a l  

f o r c e s  i n  HDC. lhe c a p i l l a r y  inodel [ l ,  14,15,16,231 c o n s i d e r s  t h e  i n t e r -  

s t i t i a l  space a s  a system of’ i n t e rconnec t ing  p a r a l l e l  c a p i l l a r i e s  of 

equa l  s i z e .  In  the  second approach [241, t h e  speed of t h e  chromato- 

g raph ic  t r a n s i e n t s  a r e  ca1cu:lated f r a n  t h e  beheviour  of a c o l l o i d a l  

s u s p e n s i o n  i n  e q u i l i b r i u m  i n  t h e  v i c i n i t y  o f  a p l a n e  i n t e r f a c e .  

Expressed i n  t h i s  form, t h e  t h e o r y  is independent o f  t h e  g e a n e t r y  of 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  HDC colunn.  lhe c a p i l l a r y  

model approach t e n d s  t o  b e  morz u n i v e r s a l l y  accepted.  
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1.00 I I I I 
100 200 300 

D(nm) 

FIGURE 2: The effect of the ionic strength of the eluant on the R of 

polystyrene latices. Eluant concentration moles per liter 

of NaC1. A ,  1.76 x lo-’: B, 9. x lo-’; C, 2.96 x D. 

F 

4.6 x E, 1.7 x F, 4.25 x 
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SEC AND HDC OF PARTICLE SUSPENSIONS 185 

The e x p e r i m e n t a l  o b s e r v a t i o n s  o f  Smal l  [ 1 1  were s u b s e q u e n t l y  

confirmed and f u r t h e r  extended by McHugh e t  a1 [151 and Nagy [la]. 

Recent ly ,  Nagy e t  a1 [19,201 reported a method for improving s i g n a l  

r e s o l u t i o n  i n  l a tex  p a r t i c l e  s i z e  a n a l y s i s  by HDC. Then, i n  a canpanion 

a r t i c l e  [211, t h e y  presented a canpa r i son  of t h e  c o l m n  resolution 

c h a r a c t e r i s t i c s  o f  p o r o u s  and non-porous p a c k i n g  s y s t e m s .  More 

r e c e n t l y ,  McGowan and Langhorst  C61 r epor t ed  an improved technique f o r  

t h e  p r a c t i c e  of HDC, which u t i l i z e s  co lunns  of h ighe r  e f f i c i e n c y  and 

r e s o l v i n g  power, t he reby  reduzing the  a n a l y s i s  time from 1.5 h r  to 6 

min. The i n t e g r a t e d ,  canputi?rized HDC t h e y  d e s c r i b e d ,  c a l c u l a t e s  t h e  

a c t u a l  p a r t i c l e  size d i s t r l b u . i o n  o f  t h e  sample from molecular size t o  

g r e a t e r  than 1 pm from t h e  chranatogram i n  an a d d i t i o n a l  3 3  min. 

S e v e r a l  e x a m p l e s  and e x p e r l m e n t a l  a p p l i c a t i o n s  o f  t h e i r  improved 

technique were d i scussed  concerning HDC s i ze  d i s t r i b u t i o n  de te rmina t ion  

O f  a b u t y l  a c r y l a t e /  butadiene latex and a polybutadiene latex reac t ed  

wi th  methyl me thac ry la t e .  

B. S i z e  Exclusion C h r o m a t o g r a m  

Krebs and Wunderlich C13:I were t h e  f i r s t  to  r e p o r t  a s e p a r a t i o n  o f  

p o l p e t h y l  me thac ry la t e  and po lys ty rene  la t ices  using s i l i c a  g e l  having 

v e r y  l a r g e  pores  (500 - 50,000 A ) .  This  was followed by t h e  work o f  

Gaylor and Jwes [25] who f r a c t i o n a t e d  p o l p e r i c  l a t i c e s  and ino rgan ic  

c o l l o i d a l  s i l i c a ,  using colunns packed with porous g l a s s  and water 

c a n p a t i b l e  polymeric porous g e l s .  Coll e t  a 1  [261 and Coll  and Fague 

[271 experimenting with porou8 g l a s s  packing (Cffi, 500 - 3,000 A p o r e  

s i z e ) ,  found i t  necessa ry  to add e l e c t r o l y t e  a s  well a s  s u r f a c t a n t  t o  

t h e  aqueous e l u a n t .  In the  absence o f  e lectrolyte ,  t h e  c o l l o i d s  could 

no t  s a a p l e  t h e  pore volune. Peak broadening was observed t o  b e  more 
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186 PENLIDIS, HAMIKLEC, AND MAC GREGOR 

extensive than i n  size exclusion chromatography o f  polymer molecules. 

They a l s o  observed t h a t  in  SEC there  i s  no limit a s  t o  h o w  m a l l  t h e  

P a r t i c l e  t o  be separated can be. Ihe upper l i m i t  is a result o f  a 

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

Probably about 4,000 A. On the  o ther  hand, t h e r e  appears  t o  be a 

p r a c t i c a l  lower l i m i t  for HDC . Singh and Hsnielec [31, Hanieleo and 

Singh c291 and Singh [301 presented the f i r s t  cmprehensive t h e o r e t i c a l  

and experimental inves t iga t ion  of  SEC. Using porous g l a s s  and s i l ica  

packing (100 - 30.000 A pore s i z e ) ,  t h e y  es tab l i shed  a t  low i o n i c  

s t rength  t h e  u n i v e r s a l i t y  o f  t h e  p a r t i c l e  d iaae te r - re ten t ion  volme 

c a l i b r a t i o n  curve. The slope 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  

independent  o f  t h e  e l u a n t  f l o w r a t e ;  however, i t  became s m a l l e r  

(corresponding t o  a b e t t e r  reso lu t ion)  with a reduot ion i n  packing 

s ize .  The e f f e c t s  o f  t h e  mobile phase f lowrate  and l a t e x  p a r t i c l e  Size 

on peak var iance a r e  shown in Table 1. Analytical expressions were 

derived t o  c o r r e c t  measured d iape ter  averages for imperfect reso lu t ion .  

They concluded t h a t  SEC is s u f f i c i e n t l y  r a p i d  f o r  t h e  o f f - l i n e  

monitoring of l a t e x  p a r t i c l e  growth i n  emulsion polynerizat ion.  With 

some modification it could be used i n  an on-line mode a s  a sensor f o r  

l a t e x  reaotor  cont ro l  (8.31). However , t h e  present s t a t e  of SEC does  

requi re  the developaent o f  a proper method for  the ccmplete e x t r a c t i o n  

of a PSD frcm a chromatograph peak p r o f i l e .  

Negy [181 and N W Y  e t  a1  C21,321 invest igated t h e  chromatography of  

polystyrene l a t i c e s  using porous g l a s s  pacidng m a t e r i a l s  (CpG, 500 - 
10,000 A and R a c t o s i l ,  25.000 A pore size).  In a d i s t i n c t  depar ture  

from previous p r a c t i c e ,  only emulsifier (anionic)  was added t o  tile 

aqueous eluant . r e s u l t i n g  i n  s i g n i f i c a n t l y  reduced mater ia l  l o s s  within 

the  packed bed. 

28 
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SEC AND HDC OF PARTICLE SUSPENSIONS 

TABLE 1 

Peak Broadening Data for  Po lys ty rene  L a t i c e s  Measured 
by Hamielec and Singh 1291 

187 

2 E l u a n t  Flowrate Chromatogram Variance (& 

( mUmin) Ps 1000 A PS 2340 A PS 3120 A 

0.94 
2.58 
7.50 

23.09 
29.75 
34.47 

20.66 19.39 
28.69 27.88 
32.89 29.34 

Johnston e t  a 1  [331 reported t h e  f e a s i b i l i t y  of chromatographing 

po lys ty rene  l a t i c e s  using porous CPG co lunns  (100 and 3,000 A pore 

Size) .  A r e d w t i o n  i n  packing size caused a m a l l  i n c r e a s e  i n  RF, 

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 loss.  I n  g e n e r a l ,  t h e  peak 

v a r i a n c e  inc reased  with par t lc le  s i ze ,  a t t a i n e d  a maximun and then  

s t a r t e d  t o  d e c r e a s e ,  analogous to  t h e  behaviour  o f  polymer molecu le s  

(Tab le  1 g i v e s  t h i s  dec reas ing  t r e n d ) .  An at tempt  was made t o  correlate 

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  c h r m a t o g r a n s  o f  narrow d i s t r i b u t i o n  

l a t i c e s  with t h e i r  mean r e t e n t i o n  volunes.  Such an a t t empt  is v a l i d ,  

provided t h e  l a t ices  are s u f f i c i e n t l y  narrow to  permit  equa t ing  t h e i r  

Spreading f u n c t i o n s  with t h e  owrespond ing  measured chromatograms. lhis 

cond i t ion  is not f u l f i l l e d  for t h e  I b w  l a t i c e s  used,  8s It was e a s i l y  

danons t r a t ed  t h e o r e t i c a l l y  [34:1. 

h S a i n  1343 and Husain e t  a1 1351 also examined t h e  chromatography 

of po lys ty rene  lat ices using p ) rous  CPG co lunns  (1.000, 2.000 and 3,000 

A pore s i ze ) .  They advocated the  merits of  c a l i b r a t i n g  c o l m n s  

i n d i v i d u a l l y  to  weed o u t  t hose  with inadequate  peak r e s o l u t i o n  and 

s i g n i f i c a n t  particle holdup. Common w i t h  previous o b s e r v a t i o n s ,  t h e  
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188 PENLIDIS, HAMIELEC, AND MAC GREGOR 

e x t e n t  o f  skewing i n  t h e  chromatogrmns of narrow d i s t r i b u t i o n  l a t i c e s  

was observed to  inc rease  with p a r t i c l e  size. 

F i n a l l y ,  Kirkland [361 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  small  porous 

s i l i c a  microspheres  (less than 10 v canpared with approximately 35 v CPG 

packing size. pore s ize  less  t h a n  75 nm) and s u p e r f i c i a l l y  porous 

p a r t i c l e s  ( s o l i d  c o r e ,  porous crust ,  packing s i z e  less t han  25 v )  for 

c h a r a c t e r i z i n g  ino rgan ic  s i l i c a  s o l s  i n  t h e  range 1 - 50 nm. Colunns 

using both t y p e s  of packing m a t e r i a l s  e x h i b i t e d  high r e s o l u t i o n  because 

o f  r a p i d  e q u i l i b r a t i o n  o f  s lowly d i f f u s i n g  c o l l o i d s  wi th  t h e  pores. The 

effect  of f l o w a t e  on peak broadening and t h e  r o l e  o f  i o n i c  s t r e n g t h  i n  

colloid sepa ra t ion  were observed t o  be s i m i l a r  to  t h o s e  i n  e a r l i e r  

s t u d i e s .  

C.  Summary o f  Main R e s u l t s  

A b r i e f  smmary o f  t h e  main r e s u l t s  of t h e  above i n v e s t i g a t i o n s  is 

now given under t h r e e  c l a s s i f i c a t i o n s ,  nane ly  peak s e p a r a t i o n ,  peak 

broadening and m a t e r i a l  loss: 

Peak Separat ion 

1. 

2. 

3. 

The p a r t i c l e  d i a m e t e r - r e t e n t i o n  volume c a l i b r a t i o n  c u r v e ,  i n  

g e n e r a l ,  is canposed of two l i n e a r  segments: a segment a t  low 

r e t e n t i o n  volunes.  beyond t h e  exc lus ion  l i m i t  o f  t h e  p r o u s  packing. 

oorresponds to  HDC size s e p a r a t i o n ,  wh i l e ,  a segment a t  high 

r e t e n t i o n  volunes corresponds t o  SEC s i z e  sepa ra t ion .  

The c a l i b r a t i o n  cu rve  is i n s e n s i t i v e  to f l o w r a t e  v a r i a t i o n s .  

Inc reas ing  the  i o n i c  s t r e n g t h  o f  t h e  aqueous e l u a n t  c a u s e s  a s h i f t  

i n  t h e  o a l i b r a t i o n  cu rve  to high r e t e n t i o n  volunes due t o  inc reased  

aCCeSSibi l i ty  o f  t h e  c o l m n  vo ids .  A t  low i o n i c  s t r e n g t h ,  a 

un ive r sa l  c a l i b r a t i o n  is ob ta ined .  
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SEC AND HDC OF PARTICLE SUSPENSIONS 189 

4. Reducing the  packing s i z e  improves peak s e p a r a t i o n .  

5. SEC i s  no t  l i m i t e d  by a minimun p a r t i c l e  s i z e .  However, t h e  

e f f e c t i v e n e s s  o f  s e p a r a t i o n  i n  HDC d e c r e a s e s  a s  t h e  r a t i o  of 

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

Peak Broadening 

1. In gene ra l  w i th  SEC t h e  peak v a r i a n c e  i n c r e a s e s  w i t h  c o l l o i d  s i ze ,  

r eaches  a maximun and then s t a r t s  t o  dec rease  a s  t h e  exc lus ion  limit 

of t h e  porous colunn is approached. In H E ,  i t  d e c r e a s e s  w i t h  

inc reas ing  p a r t i c l e  s i z e .  

2. An i nc rease  in  f lowra te  c a u s e s  inc reased  peak broadening in  SEC. In  

HDC, t h e  e f f e c t  i s  not known. 

3. In SEC, d i s p e r s i o n  i n c r e a s e s  a t  higher  i o n i c  s t r e n g t h  due t o  

increased pore permeabi l i ty .  A s i m i l a r  effect  may be  expected i n  

HDC: however, no experimental  d a t a  have been r e p o r t e d .  

4. The chranatograms o f  narrow d i s t r i b u t i o n  p a r t i c l e  s t a n d a r d s  are 

g e n e r a l l y  skewed. 

5. A well designed packing can s i g n i f i c a n t l y  reduce d i s p e r s i o n .  

Ma te r i a l  Loss 

1.  Increasing 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  of t h e  e l u a n t  d e c r e a s e s  

sample recovery.  However, if  t h e  i o n i c  s t r e n g t h  is ad jus t ed  by  

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  l i m i t s ) ,  m a t e r i a l  loss is 

reduced. 

2. Sample loss i n c r e a s e s  with c o l l o i d  size.  

3. Reduction i n  t h e  s i ze  of t h e  packing, enhances m a t e r i a l  loss. 

While f a c t o r s  governing peak s e p a r a t i o n  are f a i r l y  well understood,  

t h o s e  t h a t  a f f e c t  peaK broadening and p a r t i c u l a r l y  sample r ecove ry  a r e  
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190 PENLIDIS, HAMIELEC, AND MAC GREGOR 

n o t .  A sys t ema t i c  s tudy  t o  determine the  r o l e s  o f  c o l l o i d  c a n p s i t i o n ,  

packing t y p e ,  pore size, o p e r a t i n g  temperature  e t c .  is r equ i r ed  to  

a c q u i r e  a b e t t e r  m d e r s t a n d i n g  o f  t h e s e  phenomena. 

DETECTION OF COLLOIDAL PARTICLES 

Light  t r ansmiss ion  has been a s tandard method for t h e  measurement 

of size o f  c o l l o i d a l  s p h e r i c a l  p a r t i c l e s  for many yea r s .  The funda- 

mental  t heo ry  was developed by Hie Heller and h i s  coworkers [37,38,391 

o u t l i n e d  t h e  t h e o r y  which g i v e s  s i z e  d i s t r i b u t i o n  c u r v e s  i n  

he t e rod i spe r se  systems o f  nonabsorbing c o l l o i d a l  s p h e r e s  from t u r b i d i t y  

s p e c t r a .  The a s sunp t ion  was made t h a t  t h e  unknown PSD followed a l o g  

normal d i s t r i b u t i o n ,  a d i s t r i b u t i o n a l  form canmonly found i n  l a t e x  

systems. 

Two o f  t h e  most  commonly used  modes o f  c o l l o i d a l  p a r t i c l e  

d e t e c t i o n ,  name1 y t u r b i d  ime t r  i c  and d i f f e r e n t i a l  re f r  a c t o m e t r  y 

d e t e c t i o n ,  a r e  now b r i e f l y  examined. 

A.  Tu rb id ime t r i c  Detect ion 

The t u r b i d i t y  f o r  v e r y  small p a r t i c l e s  which behave a s  Rayleigh 

s c a t t e r e r s  is propor t iona l  t o  t h e  s i x t h  power o f  t h e  p a r t i c l e  d i m e t e r .  

For l a r g e r  particles obeying Mie s c a t t e r i n g  theo ry ,  t h e  corresponding 

dependence i s  lower. As a consequence of t h e  above, t h e  m a l l  p a r t i c l e  

s i g n a l  is comparat ively weak, though it can b e  augmented by us ing  

s h o r t e r  wavelengths. However, for o b t a i n i n g  p a r t i c l e  s ize  d i s t r i -  

b u t i o n s ,  t h e  r e l a t i v e  s i g n a l  is o f  g r e a t e r  i m p r t a n c e  than t h e  a b s o l u t e  

s i g n a l .  Ca lcu la t ions  by S i l e b i  and McHugh [17] i n d i c a t e  t h a t  a change 

o f  wavelength or r e f r a c t i v e  index has  a m a l l  i n f l u e n c e  o n  t h e  r e l a t i v e  
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SEC AND HDC OF PARTICLE SUSPENSIONS 191 

s igna l  for nonabsorbing p a r t i c l e s .  However, t h e  r e l a t i v e  s igna l  i s  

improved f o r  absorbing p a r t i c l e s  due  t o  a s i g n i f i c a n t  enhancement of t h e  

ex t inc t ion  c o e f f i c i e n t  o f  t h e  smaller p a r t i c l e s .  These t h e o r e t i c a l  

observat ions were confirmed by L g y  1181 and Nagy e t  a1 1321 kho 

chrmatographed mixtures o f  polystyrene l a t i c e s  a t  220 and 254 no 

(controversy exis ts  a s  t o  whether p a r t i c l e s  absorb a t  254 m; a t  220 m, 

however, s t rong absorption occurs) .  One o f  Nagy's 1181 results, shown 

i n  Figure 3, demonstrates t h e  drana t ic  improvement i n  the 88 m peak 

measured a t  a wavelength of 220 nm canpared t o  t h a t  a t  254 m. 

As k l l e r  and Tabibian [401 ind ica ted ,  appreciable  e r r o r  may r e s u l t  

i f  i n s t r m e n t s  which a re  p e r f e c t l y  s u i t a b l e  for ord inary  absorption 

measurements a r e  used f o r  t u r b i d i t y  measurements  w i t h o u t  proper  

modif icat ions and precautions. There a r e  three  pr inc ip le  sources  of 

e r r o r  i n  t u r b i d i t y  measurements 1401: ( 1 )  in te r fe rence  o f  l a t e r a l l y  

sca t te red  l i g h t  (2) t h e  corona e f f e c t  and (3) t h e  e f f e c t  o f  the  s o l i d  

angle .  While such e r r o r s  were believed to be n e g l i g i b l e  by e a r l i e r  

workers C17.l. t h e i r  exis tence was unequivocally demonstrated by Husain 

e t  a1  in  a s e r i e s  o f  papers C34.41.42.431. lhey canpared the d e t e c t o r  

response to a suspension of  polystyrene spheres with t h e  response to a 

so lu t ion  of sodiun dichromate. Furthermore, they  shoned tha t  impur i t ies  

( s u c h  a s  r e s i d u a l  s t y r e n e  monomer 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  measured e x t i n c t i o n  

c o e f f i c i e n t  t o  d i f f e r  frcm t h e o r e t i c a l  c a l c u l a t i o n s  based on Mie theory.  

lhe discrepancy may t h e o r e t i c a l l y  be accounted f o r  by employlng an 

e f f e c t i v e  imaginary r e e a c t i v e  i n d e x  r a t i o  ( c o l l o i d  t o  medium) C18.321. 

Maron e t  a1  11441 applied turbidimetr ic  techniques t o  measure t h e  

s i z e  d i s t r i b u t i o n  o f  pol y d i s p e r  se pol ybutad i e n e - s t y r e n e  l a t i c e s .  

G l e d h i l l  [45] d e s c r i b e d  a method f o r  c o n s t r u c t i n g  a g r a p h i c a l  
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192 PENLIDIS, HAMIELEC, AND MAC GREGOR 

FIGURE 3: 

176 nm k 

I 

I 

RETENTION VOLUME 

HCD separation of  a bimodal mixture of  88 nm 

polystyrene l a t i c e s .  A,  response at  200 nm; B,  

254 nm. 

and 176 nm 

response a t  
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SEC AND HDC OF PARTICLE SUSPENSIONS 193 

c a l i b r a t i o n  g r i d  f o r  a system of known o p t i c a l  c o n s t a n t s  and known 

d i s t r i b u t i o n a l  form, from which t h e  weight mean diameter  and s tandard 

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

measurements could be read d i r e c t l y .  However, a s  Maxim e t  a 1  C461 

ind ica t ed  i n  t h e i r  p u b l i c a t i o n ,  t h e  t u r b i d i t y  s p e c t r a  a n a l y s i s ,  though 

v e r y  a t t r a c t i v e  because o f  t h e  s i m p l i c i t y  of t h e  experimental  t echn ique ,  

should no t  be used alone fo r  p a r t i c l e  size a n a l y s i s .  This  was f u r t h e r  

d i scussed  i n  K i p a r i s s i d e s  e t  a1 151. Recent ly ,  Nagy e t  a1 t201 r epor t ed  

a method f o r  improving s i g n a l  r e s o l u t i o n  i n  l a t e x  p a r t i c l e  s ize  a n a l y s i s  

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

i n d i c a t e s  t h a t  improvement can  be  obtained fo r  t h e  m a l l  p a r t i c l e  end of  

broad size d i s t r i b u t i o n  by us ing  t u r b i d i t y  d e t e c t i o n  a t  wavelengths less 

than 254 nm. 

B. D i f f e r e n t i a l  Refractometry De tec t ion  

Z i m m  and D a n d l i k e r  1471 d e r i v e d  a g e n e r a l  r e f r a c t i v e  i n d e x  

expres s ion  based on t he  Mie theo ry .  Their expres s ion  f o r  t he  d i s p e r s i o n  

r e f r a c t i v e  index,  n s ,  i s  g iven  by: 

where c is t h e  weight concen t r a t ion  i n  gr/cm3, pP is  t h e  particle 

d e n s i t y ,  a i s  a d imens ion le s s  s i z e  pa rane te r  ( a  rt n D / X ,  where D and X 

a r e  r e s p e c t i v e l y  t h e  p a r t i c l e  diameter  and t h e  wavelength i n  t h e  

medium). nm and ns a r e  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  med im and t h e  

d i s p e r s i o n ,  r e s p e c t i v e l y ,  and an and bn a r e  f u n c t i o n s  of a and m ( m  is  

t h e  r e f r a c t i v e  index r a t i o  o f  p a r t i c l e  t o  medium). The above e q u a t i o n  

( 2 )  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  m a l l  and allows c a l c u l a -  

t i o n  of t h e  effect of l i g h t  s c a t t e r i n g  on t h e  r e p a c t i v e  index o f  a 
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194 PENLIDIS, HAMIELEC, AND MAC GREGOR 

c o l l o i d a l  d i s p e r s i o n .  In t he  l i m i t ,  a s  a goes t o  ze ro ,  equa t ion  (2) 

r educes  to: 

a resul t  d e r i v a b l e  from Heller's [481 equa t ion .  In accordance wi th  

e q u a t i o n s  (2)  and (3). dns/dc i s  expected t o  be independent o f  c and a t  

small  v a l u e s  o f  a ,  independent o f  a a s  wl l .  

Nakagaki and Heller [491 confirmed t h e  v a l i d i t y  o f  e q u a t i o n  (2)  f o r  

P a r t i c l e  d i ame te r s  a s  l a r g e  a s  500 nm. Measurements by S i l e b i  and 

McHugh [I71 s h o w  a s u r p r i s i n g  agreement o f  measured d a t a  with e q u a t i o n  

(3) fo r  polystyrene l a t i c e s  a s  l a r g e  as 350 nm. Both measurements were 

made with polystyrene a t  a wavelength o f  546.1 nm. Subsequent d a t a  

measured by Nagy [181 from t h e  same l a b o r a t o r y  i n d i c a t e s  t h a t  dns/dc 

r e v e r s e s  i n  s i g n  w i t h  i n c r e a s i n g  p a r t i c l e  s i z e ;  i t s  i m p l i c a t i o n ,  

t h e r e f o r e ,  i s  t h a t  t h e  s i g n a l  is n u l l  f o r  some in t e rmed ia t e  particle 

size. Coll  and Fague [27] observed t h a t  dns/dc was independent of c for 

a given l a t e x ,  though i t s  va lue  increased l i n e a r l y  with p a r t i c l e  

d i a n e t e r .  Neither Nagy [ la ]  nor Coll and Fague [271 were a t  t h e  t h e  

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

d a t a  is canp l i ca t ed  due t o  t h e  use o f  a broad wavelength source.  

Husain's  C341 opinion is  t h a t  t he  above seemingly c o n f l i c t i n g  d a t a  

i s  i n  f a c t  c o n s i s t e n t  with t h e  Z i m m  and Dandliker [471 e q u a t i o n .  

C a l c u l a t i o n s  C47,491 i n d i c a t e  t h a t ,  depending on the  v a l u e s  o f  m and a ,  

dn,/dc may e i t h e r  i nc rease  with p a r t i c l e  s i z e  o r  d e c r e a s e  and e v e n t u a l l y  

change s ign .  

D i f f e r e n t i a l  r e f r ac tomet ry  shows a less d rama t i c  dependence on 

p a r t i c l e  s i z e  ( t h i r d  o rde r )  t han  t u r b i d h e t r y  o f  nonabsorbing p a r t i c l e s  

( s i x t h  o r d e r ) .  This a d v a n t a g e  o f  d i f f e r e n t i a l  r e f r a c t o m e t r y  is, 
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SEC AND HDC OF PARTICLE SUSPENSIONS 195 

however, counterbalanced by t h e  requirement  of a h ighe r  sample concen- 

t r a t i o n  compared to t h e  amount necessa ry  f o r  a photometr ic  d e t e c t i o n  due 

to t h e  l i m i t e d  s e n s i t i v i t y  of  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 a n e t e r s .  O f  

c o u r s e ,  w i t h  t h e  advent  o f  more s e n 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  b e  overcane.  

THEORETICAL ANALYSIS OF PEAK SEPARATION 

The passage of  an i n j e c t e d  sample through t h e  co lunns  and d e t e c t o r  

g e n e r a t e s  an ou tpu t  t r a c e  on t h e  r e c o r d e r ,  t h e  chromatogram. For 

s e v e r a l  r e a s o n s ,  a chranatogram can  never f u l l y  r e p r e s e n t  t h e  d i s t r i -  

b u t i o n  o f  c o l l o i d  sizes in t h e  i n j e c t e d  sample. I n s t r u n e n t a l  spreading 

(or a x i a l  d i s p e r s i o n )  c a u s e s  e l u t i o n  of a s i n g l e  s p e c i e s  t o  occur  over a 

r ange  of  r e t e n t i o n  volunes.  'Ihe chromatogram of t h e  sample is t h e  

s u p e r p o s i t i o n  o f  t h e s e  d i s t r i b u t i o n s .  When t h e  nunber o f  s p e c i e s  I S  

smal l ,  one might o b t a i n  a chromatogran involving many obvious bu t  

overlapping peaks. However, with a l a r g e  n w b e r  of s p e c i e s ,  t h e  peaks 

of i n d i v i d u a l  species a r e  not e v i d e n t ;  one  u s u a l l y  o b t a i n s  a unimodal 

chranatogram and sometimes a more complex one. I n t e r p r e t a t i o n  of a 

chromatogram must ,  t h e r e f o r e ,  account  for t h i s  s u p e r p o s i t i o n  and i nvo lve  

an e v a l u a t i o n  of  i n s t r u n e n t a l  sp read ing  and c o r r e c t i o n  o f  t h e  d e t e c t o r  

r e sponse  to o b t a i n  t h e  true c o n c e n t r a t i o n s  o f  t h e  component species. 

While t h e o r y  adequately p r e d i c t s  peak s e p a r a t i o n  i n  HDC, a s i m i l a r  

caap rehens ive  t r ea tmen t  i s  l a c k i n g  for SEC. Attempts C181 to p r e d i c t  

peak sepa ra t ion  i n  SEC have n o t  been v e r y  s u c c e s s f u l .  We now b r i e f l y  

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

A.  Hydrodynamic Chromatography 

A s  it was mentioned ear l ier ,  t w o  approaches have been taken t o  

model H J X :  
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196 PENLIDIS, HAMIELEC, AND MAC GREGOR 

( a )  The c a p i l l a r y  model: A s o l u t e  particle d o e s  n o t  spend t h e  same 

f r a c t i o n  o f  i t s  t o t a l  r e s idence  time a t  each  r a d i a l  p o s i t i o n .  If 

i n t e r a c t i o n s  be tween  p a r t i c l e s  a r e  n e g l i g i b l e ,  t h e  r e s i d e n c e  time 

d i s t r i b u t i o n  f o r  t h e  s o l u t e  d u r i n g  a t r a n s i e n t  w i l l  be t h e  sane a s  i n  

the  case  where the s o l u t e  is con t inuous ly  i n j e c t e d .  From an a n a l y s i s  o f  

t h e  p a r t i c l e  c o n t i n u i t y  equa t ion  i n  t h e  presence o f  a r a d i a l  f o r c e  

f i e l d ,  f o r  t he  c a s e  of  cont inuous i n j e c t i o n ,  it can be  shown t h a t  t h e  

r a d i a l  concen t r a t ion  d i s t r i b u t i o n  i s  a b l t m a n n  one ,  g iven  by: 

C(r) 4 exp C-+(r)/kTl , (4) 

where + ( r ) ,  t h e  pa r t i c l e -wa l l  t o t a l  i n t e r a c t i o n  energy i s  g iven  by t h e  

s u p e r p o s i t i o n  o f  t h e  r e p u l s i v e  p o t e n t i a l s  a r i s i n g  from t h e  double  l a y e r  

and Born r e p u l s i v e  f o r c e s  and Van de r  Waals a t t r a c t i v e  p o t e n t i a l s ,  a s  

+(r)  = +DL + +B + @vw (5) 

Then, t h e  average p a r t i c l e  v e l o c i t y  can  b e  c a l c u l a t e d  by 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 )  a t  a g iven  r a d i a l  p o s i t i o n  with t h e  

concen t r a t ion  a t  t h a t  p o s i t i o n ,  t o  o b t a i n  
PZ 

R-6 I vpz(r)  exp C-$(r)/kTlrdr 

R-6 exp C-$(r)/kTl r d r  

- 0  v =  
P I 

I 

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

p a r t i c l e  to  approach t h e  c a p i l l a r y  wal l  closer t h a n  i t s  r a d i u s ,  6. 

v ( r )  is  given by  a modified F b i s e u i l l e  equa t ion  *ich t a k e s  t h e  wall 

e f f e c t  i n t o  account .  

PZ 

For an i o n i c  marker,  OB and $w are n e g l i g i b l e  and its ave rage  

v e l o c i t y ,  FM, i s  obtained by t a k i n g  t h e  limits o f  t h e  above i n t e g r a l s  i n  

(6) a s  t h e  particle r a d i u s  6 t e n d s  t o  zero. RF 1s t h e n  g iven  by  

d e f i n i t i o n  a s :  
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SEC AND HDC OF PARTICLE SUSPENSIONS 19 7 

- -  
RF = v / vM (7) P 

( b )  The equ i l ib r ium model: The corresponding expres s ion  for RF i s  

g iven  by: 

where V i s  t h e  volune o f  t h e  mobile  phase and A i s  t h e  s u r f a c e  a r e a  o f  

t h e  packing. The RF dependence on packing diameter  i s  manifested by  t h e  

presence o f  A. 

Both models adequa te ly  p r e d i c t  t h e  v a r i a t i o n  of RF w i t h  p a r t i c l e  

d i a a e t e r  over a wide r ange  o f  i o n i c  s t r e n g t h .  Unlike t h e  c a p i l l a r y  

model, Equation (8 )  p r e d i c t s  an inc rease  i n  RF w i t h  hydrau l i c  r a d i u s  V/A 

o r  packing d i a n e t e r ,  c o n t r a r y  t o  t h e  observed dependence. Therefore ,  

t h e  c a p i l l a r y  model seems t o  b e  more p w e r f u l ,  a s  mentioned a l r eady .  

B. S i z e  Exclusion Chromatography 

In  a d d i t i o n  to the  f a c t o r s  governing the  s e p a r a t i o n  o f  c o l l o i d s  i n  

HDC, t h e  use o f  porous packing i n t r o d u c e s  t h e  p o s s i b i l i t y  o f  Size 

s e p a r a t i o n  due to steric exc lus ion  from t h e  pores .  h e  to t h e  canplex 

flow p a t t e r n s  i n  porous packed beds,  t h e  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  

m i g r a t i o n  of  a c o l l o i d  peak i s  obvious.  Nagy t181 and Nagy e t  a 1  C321 

at tempted to s i m p l i f y  t h i s  problem by us ing  v e r y  l a r g e  pores r e l a t i v e  t o  

t h e  size o f  t h e  c o l l o i d s  being separated ( t h e y  used a porous colunn w i t h  

a mean pore s ize  of 2.5 u). Their a n a l y s i s ,  t h e r e f o r e ,  a s s u n e s  t h a t  a l l  

p a r t i c l e s  e n t e r  t h e  pores  and acco rd ing ly ,  d e s c r i b e s  one  extreme o f  SEC 

where permeation by a l l  s p e c i e s  occurs .  No e l e c t r o l y t e  was used and t h e  

i o n i c  s t r e n g t h  was var i ed  by us ing  s u r f a c t a n t  a l o n e ,  a t  c o n c e n t r a t i o n s  

below and above t h e  c r i t i c a l  micelle concen t r a t ion .  The q u a l i t a t i v e  
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198 P E N L I D I S ,  HAMIELEC, AND MAC GREGOR 

f e a t u r e s  of  t h e i r  d a t a  were s i m i l a r  to those observed i n  HDC. though,  

t h e  RF va lues  were l a r g e r  due to p a r t i a l  p e n e t r a t i o n  o f  t h e  pores by  t h e  

p a r t i c l e s .  

Nagy C181 modelled h i s  d a t a  using a flow-through bank model a s  

shown i n  Figure 4. The l a r g e  t u b e s  in a g iven  bank r e p r e s e n t  t h e  

t o t a l i t y  o f  i n t e r s t i t i a l  r e g i o n s  a t  t h e  same level i n  t h e  colunn,  w h i l e ,  

t h e  m a l l  t u b e s  r e p r e s e n t  t h e  t o t a l i t y  o f  t h e  pores  wi th in  t h e  packing 

a t  t h e  same l e v e l .  The spaces  between t h e  banks have zero v o l m e  and 

s e r v e  a s  a mixing region 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 .  The 

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 tube  a t  t h e  s t a r t  o f  a bank is 

assuned equa l  t o  t h e  r a t i o  of flow through a l l  such  t u b e s  to  t h e  t o t a l  

flowrate through a l l  t u b e s  in t h e  bank. The 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 :  

( V  / V )  (ViC/V) _ -  1 -  A+- 
RF RF,pc RF, i c  

(9) 

t h e  s e p a r a t i o n  factors corresponding to  t h e  where RF , i c  and RF,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 ,  are c a l c u l a t e d  a s  be fo re .  Vpc, ViC 

and V r e p r e s e n t  t h e  pore v o l m e ,  i n t e r s t i t i a l  volune and t o t a l  void 

vol une , r e s p e c t i v e l y  . 
Now, i t  is s h o w  t h a t  t h e  r e s u l t  in equa t ion  (9) may b e  ob ta ined  

using a s impler  model, which r e g a r d s  t h e  c o l m n  v o i d s  a s  a system of  

P a r a l l e l  c a p i l l a r i e s  o f  t h e  i n t e r s t i t i a l  and pore type (no  mixing r eg ion  

is considered and c a p i l l a r i e s  a r e  con t inuous  a c r o s s  t h e  l e n g t h  of t h e  

co lunn) .  The peak r e t e n t i o n  v o l m e  o f  t h e  c o l l o i d  peak, Vp, is g iven  

by : 

V = n  Q f: + n  Q F ( 1  0) p pc pc pc i c  ic i c  

where n ,  Q and 3 denote tube  nunber,  f l owra te  and average r e s i d e n c e  

time, r e s p e c t i v e l y .  It fo l lows ,  t h e r e f o r e ,  t h a t :  
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column 

I capillary 
pore 

column capillary 
packing 

FIGURE 4: A bank model of a SEC colmn.  

Q f + n Q 5 l / V m  (11) (npc PC pc ic  i c  i c  l/RF = 

where Vm. t h e  r e t e n t i o n  v o l m e  o f  a marker peak, i s  equal to V. I f  t h e  

length  of t h e  c o l m n  i s  L and t h e  cross-sect ional  a rea  o f  a c a p i l l a r y ,  

A, then: 

l/RF = L/Vm [n, Q p c / ( ~ p ) w  + nic Qic/(~p)icl  

= L/Vm [n, Apc (Sm/ip)pc + nic Aic ( ~ m / ~ p l i c l  

= (n, Apc L/Vm)/RF,pc + (nit Aic L/Vm)/%,ic 

= ( V  / V ) / R F , p c  + (Vlc/V)/RFSic (12) PC 
The de r ived  r e s u l t  i s  i d e n t i c a l  t o  equation (9) t181. The apparent 

equivalence o f  t h e  two models is a d i r e c t  consequence o f  ass igning,  i n  

the bank model, t h e  probabi l i ty  t h a t  a p a r t i c l e  t r a v e l s  through a given 

tube  a s  equal to  t h e  r a t i o  of flow through a l l  such t u b e s  to t h e  t o t a l  

f lowate  through a l l  tubes. Therefore, it is not  surpr i s ing  t h a t  

c a l c u l a t i o n s  based on equation (9) agree r a t h e r  poorly with experimental 

d a t a  s i n c e ,  t h e  equivalent  model (which al lows no f l u i d  intermixing) 
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200 PENLIDIS, HAMIELEC, AND MAC GREGOR 

considered h e r e ,  i s  ha rd ly  r e p r e s e n t a t i v e  of t h e  flow p rocess  i n  a 

packed colunn. 

Nagy C181 c i t e s  s e v e r a l  r easons ,  c h i e f  among which i s  t h e  slow 

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 of a flow model a s  

opposed to a d i f f u s i o n  model. As pointed ou t  by  Small [223, i f  a bank 

model is considered,  s e p a r a t i o n  by flow w u l d  seem u n l i k e l y ,  s i n c e  v e r y  

l i t t l e  f l u i d  would flow th rough  t h e  extremely f i n e  pores  of t h e  packing 

when t h e  much less  r e s t r i c t e d  pathway around t h e  p a r t i c l e s  is a v a i l a b l e  

t o  it. It is beyond t h e  scope o f  t h i s  paper t o  cons ide r  a l t e r n a t e  

models for SEC. It i s ,  however, suggested C341 t h a t ,  s i n c e  t h e  

equ i l ib r ium t h e o r y  for  HDC is e s s e n t i a l l y  independent  of t h e  complex 

f low geometry,  it may be poss ib l e  t o  extend t h e  t r ea tmen t  to  p r e d i c t  

c o l l o i d  behaviour i n  SEC. Further  work i n  t h i s  d i r e c t i o n  would 

undoubtedly be f a c i l i t a t e d  by a c r i t i c a l  review by Casassa C501 who h a s  

examined the  v a r i o u s  models proposed to exp la in  peak mig ra t ion  i n  SEC. 

CALCULATION OF PARTICLE SIZE DISTRIBUTIONS 

A s  we have mentioned b e f o r e ,  t h e  a x i a l  d i s p e r s i o n  phenomenon i s  a 

s e r i o u s  imperfect ion i n  t h e  chranatography o f  p a r t i c l e  suspensions.  The 

i n p u t  sample W(y) is d i s t o r t e d  a s  a r e s u l t ,  so t h a t  t he  diameter  

frequency d i s t r i b u t i o n  c a l c u l a t e d  based on t h e  measured response F(v) 

may be  s i g n i f i c a n t l y  i n  error. 

A l l  r i go rous  methods of c o r r e c t i n g  d e t e c t o r  response f o r  peak 

broadening (or ax ia l  d i s p e r s i o n )  use t h e  fo l lowing  i n t e g r a l  equa t ion  as 

the  b a s i s :  

m 

F(v) = W ( Y )  G ( v , Y )  dy , 
0 

(13 )  
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SEC AND HDC OF PARTICLE SUSPENSIONS 201 

where F(v) is t h e  d e t e c t o r  response a t  r e t e n t i o n  vo lune  v ( i . e .  it is 

r e l a t e d  t o  t h e  true chranatogran W(y) by  equa t ion  (13))  and G(v,y) i s  

t h e  normalized d e t e c t o r  response o r  spreading func t ion  for a p a r t i c l e  o f  

d i a n e t e r  D(y) o r  fo r  a s p e c i e s  with mean r e t e n t i o n  volune y. G(v,y) i s  

often c a l l e d  t h e  i n s t r u n e n t a l  spreading f u n c t i o n  and i s  f r e q u e n t l y  

considered t o  be uniform, i . e .  

G ( V , Y )  = G(v-Y) , (14)  

which cons ide rab ly  s i m p l i f i e s  t h e  mathematical  t r e a t m e n t  of e q u a t i o n  

(13). W(y)dy is t h e  a rea  under t h e  d e t e c t o r  response due t o  particles 

o f  d i a n e t e r  D(y). W(y) i s  c a l l e d  t h e  d e t e c t o r  r e sponse  c o r r e c t e d  f o r  

d i s p e r s i o n .  Equation (13) is a Fredholme i n t e g r a l  equa t ion  of t h e  first 

kind and h a s  been used e x t e n s i v e l y  i n  v a r i o u s  sc i ence  and eng inee r ing  

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

t h e y  r e p r e s e n t  r e f r a c t i v e  index increments .  

The response fo r  a g e n e r a l  d e t e c t o r  i s  g iven  by: 

F(v)  = I W(v,y)dy , 
0) 

0 
(15)  

where : 

W ( V , Y )  cr< N(v,y) Dy(y) ( 1  6 )  

for t h e  Rayleigh s c a t t e r i n g  regime (y=3 for r e f r a c t i v e  index and y=6 f o r  

t u r b i d i t y  d e t e c t o r )  and 

W ( V , Y )  N ( V , Y )  D2(y) K(y) (17) 

f o r  t h e  M e  s c a t t e r i n g  regime, where K(y) is t h e  e x t i n c t i o n  c o e f f i c i e n t  

for p a r t i c l e s  of  d i a n e t e r  D(y).  In  bo th  (16) and (17).  N(v,y) g i v e s  

nunber of particles. 

Comparing equa t ions  (13)  and (15 ) .  it i s  c l e a r  t h a t :  

W(v,y) = W(y) G(v.y) (18) 
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Equat ions (18) and (19)  can b e  used to  d e r i v e  c o r r e c t i o n  equa t ions  for 

d i s p e r s i o n  i n  t h e  d e t e c t o r  ce l l  i t s e l f .  

Equation ( 1 3 )  may b e  solved both n u n e r i c a l l y  and a n a l y t i c a l l y .  

Nunerical ly ,  it is Solved e i t h e r  f o r  G ( V - Y ) ~ ~ ,  when F(v) and W(y) are 

k n o w ,  o r ,  a s  i s  u s a l l y  t h e  c a s e ,  t h e  i n t e g r a l  equa t ion  i s  solved f o r  

W(y), when F(v) and G(v-y) a re  known, which may t h e n  b e  converted i n t o  a 

p a r t i c l e  size d i s t r i b u t i o n .  In o o n t r a s t  , analytical s o l u t i o n s  e n a b l e  

t h e  d i r e c t  c a l c u l a t i o n  of manents o f  t h e  s i ze  d i s t r i b u t i o n  f u n c t i o n ;  t h e  

PSD i t s e l f  is n o t  ob ta ined .  Both methods o f  s o l u t i o n  will be  d i scussed  

l a t e r  i n  what fo l lows .  

Forms o f  t h e  Spreading Funct ion 

( a )  Uniform spreading func t ion :  In o t h e r  m r d s ,  i t s  shape pa rme-  

ters  a r e  independent o f  r e t e n t i o n  volune,  i .e.  t h e  Shape p a r m e t e r s  are 

t h e  same f o r  p a r t i c l e s  o f  d i f f e r e n t  d i ame te r .  l h i S  l i m i t i n g  form should 

be  v a l i d  fo r  s m p l e s  wi th  r e l a t i v e l y  narrow p a r t i c l e  s i z e  d i s t r i b u t i o n s .  

For t h i s  c a s e ,  equa t ion  (13 )  becanes [51,521: 

OD 

( 2 0 )  2 2  I W(y) exp(-(v-y) 120 )dy 
1 F ( v )  = 

J 2no2 

2 where a , t h e  v a r i a n c e  o f  t h e  uniform Gaussian spreading func t ion  fS 

independent of r e t e n t i o n  volune. 

(b)  Non-uniform Gaussian spreading func t ion :  lhe i n t e g r a l  equa t ion  

(13) l low t a k e s  t h e  form: 
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SEC AND HDC OF PARTICLE SUSPENSIONS 203 

( 0 )  G e n e r a l  s p r e a d i n g  f u n c t i o n :  P r o v d e r  and Rosen [ 5 2 [  h a v e  

proposed t h e  use  of a g e n e r a l  s ta t i s t ica l  shape f u n c t i o n  to account  for 

d e v i a t i o n s  o f  t h e  spreeding fucn t ion  from t h e  Gaussian shape. It h a s  

t h e  form: 

where 

2 exp (-x 12) 1 O ( x )  = - 
4 r  

(23) 

and g n ( x )  deno tes  nth-order d e r i v a t i v e .  The c o e f f i c i e n t s  An a r e  

f u n c t i o n s  o f  b, t h e  nth-order mment s  about  t h e  mean r e t e n t i o n  vo lune ,  

p. O f  t h e  normalized d e t e c t o r  response for a s i n g l e  species. 

Numerical S o l u t i o n  of  t h e  I n t e g r a l  Equation 

Seve ra l  n m e r i c a l  methods have been r epor t ed  for t h e  s o l u t i o n  of 

t h e  i n t e g r a l  equa t ion .  These have been reviewed by R i i s  and Hmielec 

[531 and evaluated by S i l e b i  and McHugh El71 for t h e i r  a p p l i c a t i o n  t o  

p a r t i c l e  ch rma tography .  They conclude t h a t  t h e  method of I s h i g e  e t  a1 

1541 performs b e t t e r  than o t h e r  a v a i l a b l e  methods. A n o t e w r t h y  

u n d e s i r a b l e  f e a t u r e  o f  t h e  me thod ,  however ,  is i t s  t e n d e n c y  t o  

ove res t ima te  t h e  nunber o f  s m a l l  p a r t i c l e s  i n  a polydispersed sample. 

Modi f i ca t ions  of I s h i g e t s  a l g o r i t h n  f a i l  t o  overcane t h i s  d e f e c t  C531. 

h l e s s  a more e f f e c t i v e  n u n e r i c a l  method is developed for so lv ing  f o r  

t h e  c o r r e c t e d  d e t e c t o r  r e sponse ,  W(y), i t  is recommended t h a t  a n a l y t i c a l  

methods be  used t4 c a l c u l a t e  particle diameter  averages.  

A n a l y t i c a l  S o l u t i o n  o f  t h e  I n t e g r a l  Equation 

Three a n a l y t i c a l  methods f o r  so lv ing  t h e  i n t e g r a l  equa t ion  have 

been r e p o r t e d  [29,42,551. Their main f e a t u r e s  are canpared i n  Table 2. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



204 PENLIDIS, HAMIELEC, AND MAC GREGOR 

TABLE 2 

A Comparison o f  t h e  Ana ly t i ca l  Methods f o r  So lv ing  t h e  I n t e g r a l  Equat ion 

Method* 

1 2 3 

55 A t t r i b u t e s  Hamielec 29 HussainU2 Hussain 
and Singh e t  al. e t  al .  

1. C a l i b r a t i o n  cu rve  Linear Nonlinear Nonlinear 

Eqn.(25) o r  Eqn.(25) Eqn.(25) or 

52 and R o s e n ' ~ ~ ~  
Provder 
and Rosen's 
shape func t ion  shape f u n c t i o n  

Provder 
2. Spreading func t ion  

3. Light s c a t t e r i n g  
t h e o r y  which may 
by app l i ed  

Ra y l e i g  h 

4. f iemica1 abso rp t ion  
may be  p re sen t  i n  No 
t u b  id ime t r  ic  
d e t e c t i o n .  

5. Dianeter 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  volune 

Mie 

Yes 

Mi e 

Ye s 

Yes No 

* The r e f r a c t i v e  index d e t e c t o r  (dns/dc = cons tan t )  can be  t r e a t e d  
using a l l  t h e  above methods. However, Method 3 is most g e n e r a l .  

It is important  t o  r e a l i z e  t h a t ,  t h e  s o l u t i o n  der ived f o r  a Gaussian 

sp read ing  fucn t ion  Go(v-y) is e q u a l l y  a p p l i c a b l e  t o  a whole f a n i l y  of 

f u n c t i o n s  o f  t h e  form: 

G ( V , Y )  = G0(v-y) Y(y) (25)  

where Y(y) i s  an unspecif ied f u n c t i o n  o f  y. Th i s  c o n s i d e r a b l y  e x t e n d s  

1553 the  a p p l i c a b i l i t y  of t h e  s o l u t i o n  for a Gaussian spreading f u n c t i o n  

to  an i n f i n i t e  set o f  non-Gaussian, non-uniform f u n c t i o n s .  

?he first s o l u t i o n s  o f  t h i s  kind were based on t h e  use o f  b i l a t e r a l  

Laplace t r ans fo rma t ions  and uniform i n s t r u n e n t a l  sp read ing  f u n c t i o n s  
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SEC AND m c  OF PARTICLE SUSPENSIONS 205 

51,521 and they  were appl ied to t h e  SEC o f  polymer molecules .  lhe f irst  

a p p l i c a t i o n  t o  t h e  chranatography o f  s p h e r i c a l  suspens ions  was made by  

Hamielec and Singh [29 ]  and Husain e t  a 1  C551. Yau e t  a 1  C561 obtained 

s i m i l a r  s o l u t i o n s  f o r  t h e  case o f  a uniform sp read ing  f u n c t i o n  and a 

l i n e a r  molecular  weight c a l i b r a t i o n  c u r v e  ( e q u i v a l e n t  t o  a l i n e a r  

p a r t i c l e  d i a n e t e r - r e t e n t i o n  volune c a l i b r a t i o n  cu rve  i n  t h i s  c o n t e x t ) .  

Yau e t  a 1  [561 focussed on d i s p e r s i o n  i n  t h e  d e t e c t o r  c e l l  a s  d i d  

Hanielec C571 and Hanielec e t  a1 "581 i n  account ing for a non-uniform 

Gaussian spreading func t ion  and a non l inea r  c a l i b r a t i o n  curve.  

The c a s e  o f  a non-uniform sp read ing  f u n c t i o n  and a non l inea r  

p a r t i c l e  d i ame te r - r e t en t ion  volune c a l i b r a t i o n  cu rve  h a s  been t r e a t e d  by 

Husain e t  a1 C35.421. A novel  method f o r  i d e n t i f y i n g  and e s t i m a t i n g  t h e  

pa rame te r s  of t h e  i n s t r u n e n t a l  spreading func t ion  for colunn chroma- 

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

suspens ions  C411. This has r evea led  t h a t  f o r  SEC, t h e  sp read ing  

f u n c t i o n  of po lys ty rene  la tex  s t a n d a r d s  i n  t h e  size r a n g e  85-312 nm is  

skewed towards longe r  r e t e n t i o n  volunes.  'he Frovder and Rosen C521 

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

measured spreading f u n c t i o n s  f o r  p a r t i c l e s  i n  t h e  s i z e  r ange  85-220 mu. 

This  is c l e a r l y  demonstrated i n  Figures  5, 6 and 7. In t h e s e  t h r e e  

figures C341, F(v) r e p r e s e n t s  t h e  experimental  chromatogram and G(v-v ) 

t h e  e s t ima ted  sp read ing  func t ion .  F igu re  8 g i v e s  t h e  change o f  t h e  

v a r i a n c e  a2  w i t h  p a r t i c l e  d i a m e t e r ,  and Figure 9 shows a p l o t  of t h e  

c o e f f i c i e n t  A 3  i n  equa t ion  (22) v e r s u s  p a r t i c l e  d i a n e t e r ,  a s  t h e y  were 

used in  f i t t i n g  the  gene ra l  spreading f u n c t i o n  given by  equa t ion  (22)  to 

expe r imen ta l ly  measured sp read ing  f u n c t i o n s .  As it i s  e a s i l y  understood 

P 

from Figures  8 and 9, t h e  change o f  a' and A w i t h  particle diameter  is 

c o n s i s t e n t  w i t h  e x p e r i m e n t a l  d a t a 3 4 ,  which showed an i n c r e a s e  i n  
3 
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206 PENLIDIS, HAMIELEC, AND MAC GREGOR 

RETENTION VOLUME, v 

FIGURE 5: Estimation of t h e  spreading funot ion from experimental 

chromatogram. 
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109 nm Sample 

207 

FIGURE 6: Estimation of the spreading function from experimental 

chromatogram. 
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176 nm sample 
0 = 3028.4 exp(-.1707v) 

RETENTION VOLUME, v 

FIGURE 7: Estimation of  t h e  spreading funct ion from experimental 

ohromatogram. 
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=Or------ 

I 2.0 

I I .o_ 

- 

1 I I I I I I I 1 I 

FIGURE 8: Variance ve r sus  p a r t i c l e  diameter .  

skermess of t h e  chromatograns with an i n c r e a s e  i n  particle diameter  o f  

t h e  saap le .  For t h e  312 RP s t a n d a r d ,  t h e  f i t  was poor. It would be  o f  

i n t e r e s t  t o  canpare experimental  C(v,y) with t h e  sp read ing  f u n c t i o n  

p red ic t ed  by  t h e  plug flow d i s p e r s i o n  model. It a p p e a r s  t h a t  for t h e  

HDC or SEC o f  particles, a skewed i n s t r m e n t a l  spreading f u n c t i o n  should 

be used to  p rope r ly  account f o r  d i s p e r s i o n .  

In s t rumen ta l  Cor rec t ion  for Di spe r s ion  

An HDC o r  SEC o p e r a t i n g  wi th  normal r e s o l u t i o n  should provide 

u n h o d a l  and r e l a t i v e l y  narrow frequency d i s t r i b u t i o n s  o f  p a r t i c l e  s ize  

i n  t h e  d e t e c t o r  ce l l  a c r o s s  t h e  chromatogran of a whole sample. 

Therefore ,  a d e t e c t o r  system which can p rov ide ,  s a y ,  two manents of t h e  

frequency d i s t r i b u t i o n  ‘and t h e  p a r t i c l e  c o n c e n t r a t i o n  of t h e  d e t e c t o r  
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PARTICLE DIAMETER (nm) 

FIGURE 9: Coeff ic ient  A i n  equation (22) versus  p a r t i c l e  diameter. 
3 

c e l l  contents  should i n  p r inc ip le  provide a measure o f  t h e  frequency 

d i s t r i b u t i o n  o f  t h e  whole sample and t h i s  measure should be l a r g e l y  

independent of  t h e  reso lu t ion  of t h e  chranatograph. 

To date .  the use of a de tec tor  system to t h i s  end has n o t  been 

reported.  There a r e ,  however, a t  l e a s t  two de tec tor  systems based on 

turbidi ty-spectra  43,591 and quasi-elast ic  l i g h t  s c a t t e r i n g  (photon 

c o r r e l a t i o n  s p e c t r o s c o p y  [60,61,62,63.64]) .which seem t o  have t h e  

poten t ia l  for  t h i s  task .  

F i t t i n g  t h e  Plug-Flow Dispersion Model 

Discuss ing  p r e v i o u s l y  t h e  d i f f e r e n t  forms of t h e  s p r e a d i n g  

function G(v,y), we have seen t h a t  a general s t a t i s t i c a l  shape funct ion 
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SEC AND HDC OF PARTICLE SUSPENSIONS 211 

can account for d e v i a t i o n s  f i o m  the Gaussian shape [521. If we cons ide r  

equa t ion  (22) again and e s p e c i a l l y  t h e  coefficients denoted by a. we 

can see t h a t  t h e  f i r s t  two c o e f f i c i e n t s  are o f  d i r e c t  s t a t i s t i c a l  

s i g n i f i c a n c e  and also r e p r e s e n t  t h e  most u s e f u l  t e rms  i n  t h e  i n f i n i t e  

series for a p p l i c a t i o n s  i n  chromatography. 

2 
A 4  = ( v 4 h 2  - 3 )  (27) 

2 v2 is t h e  va r i ance  and is e q u i v a l e n t  t o  a . The c o e f f i c i e n t  A prov ides  

an abso lu te  s t a t i s t i c a l  measure of skermess (when v3=0. t h e  spreading 

f u n c t i o n  is syamet r i ca l  about  t h e  mean r e t e n t i o n  volune v, or y. When 

v3 > 0, skewing is towards longe r  r e t e n t i o n  volunes) .  The c o e f f i c i e n t  

A 4  prov ides  a s t a t i s t i c a l  measure o f  f l a t t e n i n g  o r  k u r t o s i s .  When A4 > 

0, t h e  shape f u n c t i o n  is t a l l e r  and slimmer than  a Gaussian and so 

f o r t h .  Tung and Runyon [661 used a s impler  form to fit skewed d e t e c t o r  

r e sponses  i n  t h e  SEC of polymer molecules. S i l e b i  C673 has r e c e n t l y  

shown t h a t  skewed i n s t r u n e n t a l  sp read ing  f u n c t i o n s  de r ived  fram t h e  

p lug - f low d i s p e r s i o n  model  C681 a d e q u a t e l y  f i t  d a t a  for p a r t i c l e  

s e p a r a t i o n s  by HDC. This sp read ing  f u n c t i o n  h a s  t h e  form: 

3 

2 exp  (-(v-y) /4 Pe-'(v y ) )  (28)  1 G ( v , Y )  = 
2 ' ripe-' (v/y)  

where Pe = (uL/D) is t h e  k c l e t  nunber ,  u is t h e  s u p e r f i c i a l  v e l o c i t y  in 

t h e  colunn,  L is t h e  l e n g t h  of t h e  packed bed and D is a d i s p e r s i o n  

c o e f f i c i e n t .  The p l u g - f l o w  d i s p e r s i o n  model p r e d i c t s  s y m m e t r i c a l  

broadening i n  t h e  packed-bed; however. when d i s p e r s i o n  is l a r g e ,  t h e  

d e t e c t o r  g i v e s  a response which is skewed towards l a r g e r  r e t e n t i o n  

volunes.  For m a l l  d i s p e r s i o n ,  Pe > 100 and G(v,y) r educes  to a 

Gaussian shape. 

E f f o r t s  b y  t h e  a u t h o r s  t o  use e q u a t i o n  (28 )  to  f i t  d a t a  for 

p a r t i c l e  s e p a r a t i o n s  by SEC were proven unsuccessful .  It seems t h a t  
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212 PENLIDIS, HAMIELEC, AND MAC GREGOR 

equa t ion  (28)  should be used wi th  HDC d a t a  and it is t h e  i n t e n t i o n  o f  

t h e  a u t h o r s  t o  check t h e  v a l i d i t y  o f  t h e  plug-flow d i s p e r s i o n  model i n  

t h e  nea r  f u t u r e  us ing  v iny l  acetate l a t i ce s  from t h e i r  c o n t i n w u s  

emulsion r e a c t o r s .  

RE C 0 MME NDAT IONS 

Sane recarmendat ions for f u t u r e  work with HDC/SEC can now b e  made: 

( 1 )  An e x t e n s i v e  e v a l u a t i o n  o f  v a r i o u s  packing materials w i t h  

d i f f e r i n g  pore g e a n e t r y  i s  requ i r ed .  This  is necessa ry  t o  minimize d i s -  

pe r s ion  and particle l o s s  i n  t h e  colunns.  ?he optimun packing p a r t i c l e  

is probably one wi th  a s o l i d  core and s u p e r f i c i a l  s u r f a c e  pores .  

(2) Fac to r s  a f f e c t i n g  particle l o s s  such  a s  ( a )  i o n i c  s t r e n g t h  o f  

e l u a n t ,  ( b )  use o f  i o n i c  s u r f a c t a n t  a lone a s  opposed t o  a mix tu re  o f  

s u r f a c t a n t  and e l e c t r o l y t e ,  (0)  e f f e c t  o f  g l a s s  t r a n s i t i o n  temperature  

of p a r t i c l e s ,  ( d )  e f fec t  of p a c k i n g  t y p e ,  ( e )  e f f ec t  o f  column 

temperature ,  e tc . ,  need to be  b e t t e r  understood,  

( 3 )  A m u l t i p l e  wavelength UV/Visible 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 to  have r easonab le  p o t e n t i a l  a s  

an a n a l y t i c a l  tool for p a r t i c l e  size measurement [431. Likewise, I R  

d e t e c t i o n  has been shown to have some use fu l  f e a t u r e s  [ l a ] .  An experi- 

mental  i n v e s t i g a t i o n  of bo th  t h e s e  d e t e c t o r s  i s  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 o m e t e r s  with a monochromatic l i g h t  source should be  

eva lua ted .  

( 4 )  The t h e o r y  of HDC should be extended to i n v e s t i g a t e  the  possi- 

b i l i t y  o f  p r e d i c t i n g  t h e  c h r a n a t o g r m  shape. The corresponding develop- 

ment o f  a theo ry  of SEC, t o  adequa te ly  p r e d i c e  peak separation as  w e l l  

a s  peak shape,  may be f a c i l i t a t e d  by t h e  use of model porous sphe res .  
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(5 )  The nune r i ca l  t r ea tmen t  o f  chromatographic d a t a  is r a t h e r  

inadequate .  It is d e s i r a b l e  t o  deve lop  new improved methods for 

r ecove ry  o f  M y ) .  
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