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CALIBRATION FOR INSTRUMENTAL 

GRAPHY BY A NOVEL RECYCLE TECHNIQUE 
SPREADING IN SIZE EXCLUSION CHROMATO- 

D. Alba and G.  R.  Meira" 
INTEC (CONICET and Universidad Nac. del Littoral) 

C. C. 91, Santa Fe (3000), Argentina 

ABSTRACT 

So f a r ,  t h e  b e s t  a v a i l a b l e  t e c h n i q u e s  f o r  t h e  instrumen- 
t a l  sp read ing  c a l i b r a t i o n  i n  s i z e  e x c l u s i o n  chromatography (SEC) 
p rov ide  t h e  f i r s t  moments of t h e  sp read ing  f u n c t i o n ,  and r e q u i r e  
t h e  measurement of s e v e r a l  r e c y c l e s .  Th i s  work p r e s e n t s  a method 
t h a t  e n a b l e s  t h e  c a l c u l a t i o n  of t h e  s p r e a d i n g ,  making no "a 
p r i o r i "  assumptions wi th  r e g a r d s  t o  i ts  shape,  from t h e  informa- 
t i o n  con ta ined  i n  t h e  o r i g i n a l  and f i r s t  r e c y c l e  chromatograms of 
a narrowly d i s t r i b u t e d  s t a n d a r d  only.  Then, t h e  c o r r e c t e d  chroma- 
togram may be ob ta ined .  The t echn ique  i s  t e s t e d  on e x p e r i m e n t a l  
d a t a .  

INTRODUCTION 

I n  o r d e r  t o  c o r r e c t  chromatograms ob ta ined  i n  SEC ( o r  

hydrodynamic chromatography) f o r  i n s t r u m e n t a l  broadening,  t h e  f o l -  

lowing i n t e g r a l  e q u a t i o n  due t o  Tung [ l ]  is employed: 

(*) To whom correspondence should be s e n t  
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1142 ALBA AND MEIRA 

( 1 )  

where t , T  : r e p r e s e n t  t h e  e l u t i o n  time or t h e  e l u t i o n  volume; 

z ( t )  : is t h e  measured chromatogram; 

g ( t , T )  : is  t h e  t ime-varying,  non-uniform or n o n - s t a t i o n a r y  

s p r e a d i n g  f u n c t i o n ;  and 

u ( t )  : is  t h e  c o r r e c t e d  chromatogram. 

For a f i x e d  T - T l ,  a f u n c t i o n  g ( t , r l )  of one independent  

v a r i a b l e  is  ob ta ined .  The r e t e n t i o n  t i m e  ~1 r e p r e s e n t s  t h e  

i d e a l i z e d  e l u t i o n  time of t h e  impu l s ive  chromatogram t h a t  would be 

produced i f  a t r u l y  monodisperse  polymer were i n j e c t e d  i n t o  a 

chromatograph wi thou t  sp read ing .  Also g( t ,T1)  i s  t h e  t h e o r e t i c a l  

chromatogram t h a t  would be o b t a i n e d  i f  t h a t  same t r u l y  monodis- 

p e r s e  polymer were i n j e c t e d  i n t o  a r e a l  i n s t rumen t  w i t h  sp read ing .  

I f  u ( t )  = 6(t-T1) ,  t h e n  z ( t )  = g( t . 71 ) .  I n  o t h e r  words, 

g ( t , r l )  may be c o n s i d e r e d  t h e  non-causal r e sponse  t o  a u n i t  i m -  

p u l s e  a p p l i e d  a t  T=T1. For t h i s  r eason ,  t h e  measured chromatogram 

z ( t )  i n  eqn (1)  may be thought  of as t h e  r e s u l t  of t h e  p r o c e s s  of 

i n j e c t i n g  t h e  s i g n a l  u ( t )  i n t o  a t ime-varying l i n e a r  f i l t e r  

c h a r a c t e r i z e d  by t h e  set of impulse r e sponses  g( t , T ) .  

When t h e  s p r e a d i n g  may be assumed t i m e - i n v a r i a n t ,  uni-  

form or s t a t i o n a r y  ( f o r  example,  because a narrowly d i s t r i b u t e d  

polymer is being a n a l y z e d ) ,  t h e n  

g ( t , T >  = g [ ( t T ) , o ]  
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INSTRUMENTAL SPREADING IN SEC 1143 

For n o t a t i o n a l  convenience, we s h a l l  drop t h e  i n d i c a t i o n  of when 

t h e  impulse is  a p p l i e d ,  and s h a l l  d e f i n e  t h e  uniform spreading  as: 

Thus, eqn (1) reduces t o  t h e  convolu t ion  i n t e g r a l :  

+oo 
z ( t )  - 1 g ( t - r >  U ( T )  dr 

-OD 

( 4 )  

The convolut ion of two s i g n a l s  g ( t )  and u ( t )  may be a l s o  repre-  

sen ted  symbolical ly  as: 

Severa l  methods have been proposed t o  f i n d  u ( t )  based on 

t h e  measured chromatogram and t h e  spreading  func t ion .  For  example: 

[ I ]  t o  [ 4 ]  so lve  t h e  deconvolut ion problem of eqns (4) and ( 5 ) ,  

while  i n  [5]  t o  [7] t h e  more g e n e r a l  i n v e r s e  f i l t e r i n g  o p e r a t i o n  

of eqn (1) i s  considered.  

With the  except ion  of some biopolymers, t r u l y  monodis- 

perse  s y n t h e t i c  polymers a r e  impossible  t o  obta in .  For t h i s  rea- 

son, t h e  problem of c a l i b r a t i o n  f o r  i n s t r u m e n t a l  broadening is not  

t r i v i a l .  Note t h a t  even i f  t r u l y  monodisperse polymers were a v a i l -  

a b l e ,  t h e  corresponding r e t e n t i o n  time T would be s t i l l  i n d e t e r -  

mined. For t h i s  reason,  it w i l l  be necessary  t o  s p e c i f y  T a t  some 

r e t e n t i o n  time i n  t h e  e l u t i o n  t i m e  range covered by t h e  chroma- 

togram z ( t ) .  

Like i n  a l l  p r e v i o u s l y  repor ted  methods, t h e  technique  

t h a t  i s  proposed in t h i s  paper makes t h e  basic assumption t h a t  
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1144 ALBA AND MEIRA 

g ( t , T )  is uniform i n  t h e  range of e l u t i o n  times covered by z ( t ) .  

I n  a r e a l  s i t u a t i o n ,  t h i s  hypothes is  w i l l  be v e r i f i e d  only i f  t h e  

molecular  weight d i s t r i b u t i o n  of t h e  analyzed polymer is very 

narrow. In t h i s  work, we s h a l l  r e s e r v e  t h e  symbol g ( t )  t o  repre-  

s e n t  the  spreading  of a s t r i c t l y  uniform system, i.e., uniform i n  

a l l  t h e  e l u t i o n  range covered by t h e  given set of columns. Also, 

we s h a l l  c a l l  h ( t )  t h e  uniform spreading  v a l i d  i n  a c e r t a i n  i n t e r -  

v a l  [T 1*,T1*] around t h e  corresponding a s s o c i a t e d  r e t e n t i o n  t i m e  

~ 1 .  In t h i s  manner, 

C l e a r l y ,  i f  t h e  system is s t r i c t l y  uniform, then:  

The e x i s t i n g  techniques  f o r  t h e  de te rmina t ion  of h ( t )  

may be c l a s s i f i e d  as fo l lows:  

i) Methods that  assume narrowly d i s t r i b u t e d  s t a n d a r d s  t o  be 

monodisperse ( s e e  [a]); 

i i )  Methods which employ s t a n d a r d s  of known molecular  weight d i s -  

t r i b u t i o n  ( s e e  [9]); 

iii) Reverse f low techniques ,  e.g.: [lo, 11); and 

i v )  Recycle techniques ,  e.g.: [12] t o  [15]. 

The r e c y c l e  techniques  seem t h e  most promising both  from 

t h e  experimental  and t h e  t h e o r e t i c a l  viewpoint. The f i r s t  publ ica-  
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INSTRUMENTAL SPREADING IN SEC 1145 

t i o n  [ 1 2 ] ,  allowed t h e  c a l c u l a t i o n  of t h e  second moments of h ( t )  

and u ( t ) ,  bu t  d i d  n o t  t ake  i n t o  account  t h e  sp read ing  due t o  t h e  

pump. An improvement t o  [ 1 2 ]  is presen ted  i n  [ 1 5 ] ,  where t h e  pump 

s p r e a d i n g  and t h e  c a l c u l a t i o n  of up t o  t h e  t h i r d  moments of h ( t )  

and u ( t )  are cons ide red .  The main l i m i t a t i o n s  of t h a t  approach 

are,  however, t h a t  t h e  t r u e  shapes  of h ( t )  and u ( t >  a r e  n o t  d i r e c t  

l y  ob ta ined ,  and t h a t  t h e  measurement of s e v e r a l  r e c y c l e s  is re- 

qu i r ed .  

Th i s  paper  proposes  a method which pe rmi t s  t h e  de t e rmi -  

n a t i o n  of h ( t )  and u ( t ) ,  w i thou t  any "a p r i o r i "  assumption w i t h  

r e g a r d s  t o  t h e i r  shapes.  The method i n v o l v e s  t h e  i n j e c t i o n  of a 

narrowly d i s t r i b u t e d  polymer. The r e q u i r e d  measurements a r e  t h e  

o r i g i n a l  and f i r s t  r e c y c l e  chromatograms, ob ta ined  under  t h e  f o l -  

lowing c o n d i t i o n s :  when t h e  in s t rumen t  has  columns, and when i t  is  

o p e r a t e d  wi thou t  t h e  columns. 

THEORY 

F i g  1 shows t h e  chromatograph c o n f i g u r a t i o n  t h a t  is  nec- 

e s s a r y  f o r  t h e  a p p l i c a t i o n  of a r e c y c l e  technique.  In  r e c y c l e  

mode, t h e  t h r e e  way va lve  A is  switched t o  t h e  lower p o s i t i o n ,  so 

t h a t  t h e  d e t e c t o r  e f f l u e n t  may be r e f e d  i n t o  t h e  system. 

The i d e a l  pu re  f r a c t i o n a t i o n  model 

I n  t h e  i d e a l  s i t u a t i o n ,  t h e  f r e e  volumes i n  t h e  i n j e c -  

t o r ,  t h e  t u b i n g s ,  t h e  d e t e c t o r  and t h e  pump are a l l  i n f i n i t e l y  
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1146 ALBA AND MEIRA 

FIGURE 1: Required chromatograph c o n f i g u r a t i o n  f o r  t h e  o p e r a t i o n  
i n  r e c y c l e  mode. 

small; only pure f r a c t i o n a t i o n  is  p r e s e n t ;  and no i n s t r u m e n t a l  

broadening occur s .  Under such c i r cums tances ,  t h e  e l u t i o n  t ime f o r  

a p a r t i c u l a r  mo lecu la r  s p e c i e s  i n  t h e  i d e a l  f i r s t  r e c y c l e  chroma- 

togram wi thou t  s p r e a d i n g  u r ( t )  must e x a c t l y  double  t h e  correspond-  

i n g  e l u t i o n  time i n  t h e  i d e a l  o r i g i n a l  chromatogram u ( t ) .  Also,  

t h e  area under u ( t )  is  t h e  same as t h a t  under  u r ( t ) ,  because t h e  

t o t a l  sample mass is  c o n s t a n t .  For t h e  above r easons ,  t h e  r e l a -  

t i o n s h i p  between u ( t )  and u r ( t )  may be r e p r e s e n t e d  as f o l l o w s :  

1 t  
2 

u r ( t >  = - u ( 7 )  

Model w i t h  s p r e a d i n g  

C a l l  h d ( t )  t h e  s p r e a d i n g  due t o  t h e  f i n i t e  i n j e c t i o n  

volume and t o  t h e  broadening produced i n  t h e  i n j e c t o r ,  i n  t h e  

d e t e c t o r ,  and i n  t h e  p i p i n g  between i n j e c t o r  and d e t e c t o r .  Let  

h , ( t )  be t h e  s p r e a d i n g  due t o  t h e  columns a lone .  The t o t a l  sp read -  

i n g  h ( t )  i s  ob ta ined  by s u p e r p o s i t i o n  of t h e s e  two e f f e c t s ,  1.e.: 
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I f  one assumes t h a t  no f r a c t i o n a t i o n  is produced o u t s i d e  

t h e  columns, t hen  save  a t i m e  s h i f t ,  t h e  chromatogram f ( t )  o b t a i n -  

ed  w i t h  t h e  in s t rumen t  wi thou t  t h e  columns is r e p r e s e n t a t i v e  of 

h d ( t ) ;  i.e.: 

where 9 i s  t h e  r e t e n t i o n  time a s s o c i a t e d  t o  f ( t ) .  

When t h e  r e c y c l e  mode i s  u t i l i z e d ,  t hen  t h e  impor t an t  

s p r e a d i n g  due t o  t h e  pump h p ( t )  must a l s o  be cons ide red .  Denot ing 

wi th  f r ( t )  t h e  f i r s t  r e c y c l e  chromatogram produced w i t h o u t  t h e  

columns, one has:  

where 9 1  i s  t h e  r e t e n t i o n  time a s s o c i a t e d  t o  f r ( t ) .  Rep lac ing  eqn 

(10 )  i n t o  eqn ( l l ) ,  one o b t a i n s :  

Thus, t h e  pump s p r e a d i n g  may be found through a double  deconvolu- 

t i o n  of f r ( t )  w i t h  f ( t ) .  

Assume now t h a t  t h e  chromatograph is f i t  w i t h  t h e  

columns, t h a t  a narrow polymer i s  i n j e c t e d ,  and t h a t  t h e  o r i g i n a l  

chromatogram z ( t )  and i t s  f i r s t  r e c y c l e  z , ( t )  are a v a i l a b l e .  I n  

t h i s  c a s e ,  
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1148 ALBA AND MEIRA 

I f  h p ( t )  is o b t a i n e d  as e x p l a i n e d  b e f o r e ,  t h e n  t h i s  s p r e a d i n g  may 

be " e x t r a c t e d "  from eqn  (14).  Call z c ( t )  t h e  r e s u l t a n t  of decon- 

v o l v i n g  z r ( t )  w i t h  h p ( t ) ,  i .e . :  

I n  a real s i t u a t i o n ,  i n  a d d i t i o n  t o  t h e  pu re  s p r e a d i n g  w i t h o u t  

t r a n s l a t i o n ,  a time d e l a y  d w i l l  a p p e a r  i n  r e l a t i o n  t o  t h e  t r a n s -  

f e r  of each molecu la r  s p e c i e s  through t h e  pump and r e c y c l e  tub ing .  

Taking t h i s  l a s t  e f f e c t  i n t o  a c c o u n t ,  eqn (8) may be r e w r i t t e n  as: 

1 t  
2 2  

u r ( t + d )  = - ur-1 

and from eqns (14 )  t o  (16)  one o b t a i n s :  

I n  what f o l l o w s ,  t h e  time d e l a y  d may be n e g l e c t e d  wi thou t  l o s s  of 

g e n e r a l i t y .  Thus,  c o n s i d e r  t h e  F o u r i e r  t r a n s f o r m  of eqn ( 1 3 ) ,  and 

o f  eqn (17)  w i t h  d=O: 

Z(w) = H(w) U(w) (18) 

where w is t h e  f r equency  i n  t h e  t r a n s f o r m  domain. Eqn (19)  

p rov ides  : 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



INSTRUMENTAL SPREADING IN SEC 

Dividing eqn (18) by eqn (20) one o b t a i n s :  

Def i n e  : 

1149 

(20) 

Eqn (22)  i s  e q u i v a l e n t  t o :  

z ( t >  = b ( t )  * [ 2  zc ( 2 t ) l  ( 2 3 )  

where b ( t )  is t h e  time domain c o u n t e r p a r t  of B(w). B(w) may be 

c a l c u l a t e d  d i r e c t l y  i n  t h e  frequency domain through eqn ( 2 2 ) .  

A l t e r n a t i v e l y ,  B(w) may be obta ined  by a n t i t r a n s f o r m a t i o n  of b ( t ) ,  

i n  t u r n  obta ined  through eqn (23)  by a double deconvolu t ion  of 

z ( t )  w i t h  a s c a l e d  v e r s i o n  of z c ( t ) .  

From eqns ( 2 1 )  and (22 )  one has:  

H ( w )  = B(w) H 2 f x )  
2 

The c a l i b r a t i o n  problem would be so lved  i f  

l a t e d  through t h e  non- l inear  f u n c t i o n a l  eqn 

( 2 4 )  

H(w) could be ca lcu-  

( 2 4 ) ,  from t h e  knowl- 

edge of B(w) only.  This  problem w i l l  be analyzed i n  a fo l lowing  

s e c t i o n .  Note f i n a l l y  t h a t  i f  h ( t )  i s  known, then  u ( t )  can be 

c a l c u l a t e d  through: 

sm 
z ( t )  = h ( t - r )  U ( T )  dr  - 
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1150 ALBA AND MElRA 

The b a s i c  c h a r a c t e r i s t i c s  of b ( t )  and B(w) 

Consider some c o n d i t i o n s  t h a t  must be v e r i f i e d  by B(w) 

and b ( t ) .  Note f i r s t  t h a t  s i n c e  t h e  a r e a s  under z ( t )  and z c ( t )  a r e  

e q u a l ,  then Z(0) = Zc(0). Therefore ,  from eqn ( 2 2 )  one must have: 

B(0) = 1 (26)  

i .e. ,  the  a rea  under b ( t )  is uni ty .  Now d i f f e r e n t i a t e  eqn ( 2 4 )  

wi th  respec t  t o  W. This  g ives :  

H'(w) = B'(w)H2fE) + B(w) H f x )  H'fx) (27) 
2 2 2 

Since H(0) = 1, bear ing  i n  mind eqn (26). and cons ider ing  w = 0 i n  

eqn ( 2 7 ) ,  then i t  fo l lows  t h a t :  

For any t ransform p a i r  x ( t )  <==> X(w), the k-th order  moment of 

x ( t )  def ined by: 

+m 
mk = tk x ( t )  d t  ( k  = 0,1,2, ... ) (29) 

-0) 

may be c a l c u l a t e d  from: 

Thus, t h e  mean value of b ( t ) t h a t  we s h a l l  c a l l  b, may be obta ined  

through : 

ml B ' ( 0 )  b =  - I  -I 

m o  N O )  

i.e., b ( t )  has zero  mean. 
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INSTRUMENTAL SPREADING IN SEC 1 1 5 1  

The s o l u t i o n  t o  e q u a t i o n  ( 2 4 )  

It  is  e a s y  t o  show t h a t  i f  H(w) i s  a s o l u t i o n  t o  eqn 

( 2 4 ) ,  then:  

H1(w) = H ( w )  exp(sw) 

(where s i s  a complex) i s  a l s o  a s o l u t i o n .  

Consider  f i r s t  s pu re  imaginary and e q u a l  t o  jT. C a l l  

h ( t )  and h l ( t )  t h e  i n v e r s e  t r ans fo rms  of H(w)  and Hl(w),  r e spec -  

t i v e l y .  Eqn ( 3 2 )  i n d i c a t e s  t h a t  i f  h ( t )  is  a s o l u t i o n ,  t hen  any 

t ime-sh i f t ed  v e r s i o n  of i t :  h l ( t )  = h(t+T) is a l s o  a s o l u t i o n .  

A l l  v i a b l e  s o l u t i o n s  f o r  eqn ( 2 4 )  must p rov ide  r e a l  

f u n c t i o n s  when i n v e r s e  t r ans fo rming  H(w)  o r  H l ( w )  i n t o  t h e  t i m e  

domain. For t h i s  r eason ,  I H(w)(  and I Hl(w)( are bo th  even. T h i s  

would n o t  be t h e  c a s e  i f  s were a complex (a+jT) w i t h  a#O however, 

and f o r  t h i s  r eason ,  a l l  non pure imaginary v a l u e s  of s should be 

r e j e c t e d .  Th i s  is so because i f  I exp[(a+jT)w]l 

p l i e d  by an even 1 H(w)l , t hen  exp(aw). 1 H(w)l 

= exp(aw) i s  m u l t i  - 

is  n o t  even. 

The u n c e r t a i n t y  w i t h  r e s p e c t  t o  t h e  time o r i g i n  of h ( t )  

i s  i n  f a c t  i n h e r e n t  t o  t h e  chromatographic  problem, and is equiva-  

l e n t  t o  t h e  i n d e t e r m i n a t i o n  of t h e  r e t e n t i o n  time T I  i n  g ( t , r l ) .  

Because t h e  c a l i b r a t i o n  i s  performed w i t h  narrowly d i s t r i b u t e d  

polymers i n s t e a d  of monodisperse ,  t h e  normal p r a c t i c e  is t o  a s so -  

c i a t e  t h e  r e t e n t i o n  t i m e  T t o  some measure of c e n t r a l  tendency of 

t h e  co r re spond ing  d i s t r i b u t i o n .  S i m i l a r l y ,  the time o r i g i n  of h ( t )  

may f o r  example be chosen a s  t h e  mean v a l u e  of t h a t  curve.  I n  t h i s  
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1152 ALBA AND MEIRA 

c a s e ,  i t  can be shown t h a t  t h e  a p p l i c a t i o n  of t h e  so def ined  

spreading  in eqn ( 2 5 )  w i l l  genera te  a c o r r e c t e d  chromatogram u ( t )  

with i t s  mean c o i n c i d e n t  with t h a t  of z ( t ) .  Another p o s s i b i l i t y  is 

t o  a s s i g n  t = O  a t  t h e  maximum (mode) of h ( t ) .  This  s e l e c t i o n  is 

i n t u i t i v e l y  appea l ing  because in t h i s  manner t h e  h y p o t h e t i c a l  i m -  

pu lse  a s s o c i a t e d  with h ( t )  is  assumed t o  occur  a t  t h e  i n s t a n t  i n  

time when the  polymer c o n c e n t r a t i o n  i s  at  i t s  maximum. 

We s h a l l  now d e r i v e  a formula t h a t  is based on eqn ( 2 4 ) ,  

and al lows the  c a l c u l a t i o n  of H(w) from t h e  knowledge of B(w) 

only. Consider t h e  i d e n t i t y :  

H2fF) H4fF) 

H2fE) H4(x) 
... 2 4 

2 4 

H(w) = H(w) . - - 

But from eqns ( 2 2 )  and ( 2 4 ) ,  one may write: 

Replacing eqn (35) i n t o  eqn ( 3 4 )  one o b t a i n s :  

( 3 3 )  

( 3 5 )  

( 3 6 )  

Eqn ( 3 6 )  provides  the  basis f o r  t h e  numerical  s o l u t i o n  

of H(w). It may be shown t h a t  i f  H(w) is i n f i n i t e l y  d i f f e r e n t i a b l e  

a t  w=O, the  r e s i d u a l  ob ta ined  when t r u n c a t i n g  t h e  i n f i n i t e  product  

in eqn ( 3 4 )  a t  a f i n i t e  va lue  of I, w i l l  become a r b i t r a r i l y  smal l  
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INSTRUMENTAL SPREADING IN SEC 1153 

as  i + m. For t h i s  r eason ,  a t r u n c a t e d  v e r s i o n  of eqn (36)  may be 

used w i t h  s a t i s f a c t o r y  r e s u l t s .  

The proposed method 

The proposed t echn ique  i n v o l v e s  narrowly d i s t r i b u t e d  

s t a n d a r d s  and may be summarized as fo l lows :  

a )  Find t h e  chromatograms wi thou t  columns f ( t )  and f r ( t ) .  

b )  Find t h e  chromatograms w i t h  columns z ( t )  and z r ( t ) .  

d )  Obtain t h e  c o r r e c t e d  f i r s t  r e c y c l e  chromatogram z c ( t ) ,  through 

eqn (17) .  Note t h a t  an a c c u r a t e  d e t e r m i n a t i o n  of t h e  dead t i m e  

d i s  no t  r e q u i r e d  [ s e e  f )  below]. 

e )  Ob ta in  B(w) through eqn (22 )  o r  eqn (23).  

f )  Ad jus t  B(0) = 1 and b = 0. This o p e r a t i o n  makes unnecessa ry  t h e  

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

c a l c u l a t i o n  of b ( t ) .  

g )  Solve f o r  H(w) through eqn (36). 

h )  Find h ( t )  by i n v e r s e  t r a n s f o r m a t i o n  of H(w) ,  a d o p t i n g  t h e  t i m e  

o r i g i n  a t  some measure of c e n t r a l  tendency of t h e  former func- 

t ion. 

i) Solve f o r  u ( t )  w i t h  eqn (2) .  

j) Assign T a t  some measure of c e n t r a l  tendency of u ( t ) .  
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1154 ALBA AND MElRA 

EXAMPLE OF APPLICATION 

Consider t h e  c a l i b r a t i o n  of a WATERS Ass. ALC/GPC 244 

s i z e  exc lus ion  chromatograph, f i t t e d  with the  fo l lowing  set of 

u-s tyrage l  columns: 500,  1000, 10000, 100000 and 1000000 A .  The 

carrier so lvent  was te t rahydrofurane  (THF) a t  1 ml/min. A W - v i s i  

b l e  absorbance d e t e c t o r  set a t  254 nm was u t i l i z e d .  A po lys tyrene  

s tandard  of a nominal weight average molecular  weight Mw=9000 was 

analyzed.  The chromatograph was l inked  t o  a D i g i t a l  Minc 11 pro- 

cess computer f o r  the  d a t a  a c q u i s i t i o n  and b a s e l i n e  c o r r e c t i o n .  

Via f loppy d i s k s ,  t h e  base l ine-cor rec ted  chromatograms were t rans-  

f e r e d  t o  a VAX 11/780 computer f o r  the  c a l c u l a t i o n  of h ( t )  and 

u( t ) .  The deconvolut ions were c a r r i e d  out  fo l lowing  t h e  technique  

descr ibed  i n  [7]. The forward and i n v e r s e  d i s c r e t e  F o u r i e r  t rans-  

forms were solved numer ica l ly  through a f a s t  Four ie r  t ransform 

algori thm. A l l  computer programs were w r i t t e n  i n  FORTRAN 77. 

- 

Fig  2 shows t h e  r e q u i r e d  da ta ,  i.e.: t h e  chromatograms 

obtained with and without  t h e  columns a f t e r  d i s c r e t i z a t i o n ,  nor- 

m a l i z a t i o n  and b a s e l i n e  c o r r e c t i o n .  The t i m e  a x i s  is  s c a l e d  i n  

computer sampling i n s t a n t  numbers, with a sampling per iod  of 7 

secs .  

The breadth  of f ( t )  i s  very small compared t o  t h a t  of 

f r ( t ) .  For t h i s  reason,  t h e  spreading  h d ( t )  was neglec ted ,  and t h e  

pump spreading h p ( t )  s t r a i g h t l y  adopted as a convenient ly  s h i f t e d  

v e r s i o n  of t h e  f i r s t  r e c y c l e  chromatogram f r ( t ) ,  wi th  t = O  ass igned  

a t  i t s  maximum. 
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INSTRUMENTAL SPREADING IN SEC 1155 

0.15 

0.10 

0.05 

0.oc 
0 50 360 400 850 900 t 

FIGURE 2: Basic  r e q u i r e d  d a t a  f o r  t h e  a p p l i c a t i o n  of t h e  proposed 
method, i.e.: t h e  b a s e l i n e  c o r r e c t e d  and no rma l i zed  
chromatograms f ( t ) ,  f r ( t ) ,  z ( t )  and z r ( t ) .  

F i g  3 shows z r ( t )  and i t s  deconvoluted v e r s i o n  z c ( t ) .  A 

s c a l e d  v e r s i o n  of z c ( t ) :  2 zc(2t-d) is shown i n  F i g  3 superimposed 

w i t h  z ( t ) .  [Note t h a t  2 z c ( 2 t )  would appea r  t o  t h e  r i g h t  of z ( t ) l .  

Then, b ( t )  is ob ta ined  by deconvo lu t ion ,  and r e p r e s e n t e d  w i t h  z e r o  

mean i n  Fig 3. Because z ( t )  and 2 zc(2t-d)  are ve ry  similar t o  

each o t h e r ,  t h i s  o p e r a t i o n  is p a r t i c u l a r l y  i l l - c o n d i t i o n e d ,  and 

t h e r e f o r e  a r o b u s t  deconvo lu t ion  method must be employed. 

B(w) was o b t a i n e d  by t r a n s f o r m a t i o n  of b ( t ) .  and H(w) 

c a l c u l a t e d  by a p p l i c a t i o n  of eqn ( 3 6 ) .  The moduli  of B(w) and H ( w )  

are r e p r e s e n t e d  i n  F i g  4 .  
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0.15 

0.1 0 

0.05 

0.oc 

F I G U R E  3: In  t h e  r i g h t  hand s i d e ,  z r ( t )  i s  compared wi th  i t s  de- 
convo lu ted  v e r s i o n  z c ( t ) .  Then, a s c a l e d  v e r s i o n  of 
z c ( t )  i s  compared t o  z ( t )  ( c e n t e r  f i g u r e ) .  These l as t  
two c u r v e s  p rov ide  t h e  means of o b t a i n i n g  b(t) ( l e f t  
c u r v e s  ) . 

1. 

. 5  

n - .  
50 w 0 

F I G U R E  4 :  Moduli of B(w) and H(w). 
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INSTRUMENTAL SPREADING IN SEC 1157 

0.1 5 

0.10 

0.05 

0.00 
20 0 20 360 400 850 900 t 

FIGURE 5: I l l u s t r a t e s  t h e  ob ta ined  h ( t ) ,  t h e  r e s u l t i n g  u ( t )  and 
t h e  v a l i d a t i o n  check, 

The sp read ing  h ( t )  w a s  ob ta ined  by i n v e r s e  t r ans fo rma-  

t i o n  of H ( w ) ,  and t h e  t i m e  o r i g i n  s p e c i f i e d  a t  i t s  maximum ( s e e  

F i g  5). Through eqn (25), u ( t )  can  be c a l c u l a t e d .  Th i s  c o r r e c t e d  

chromatogram is  a l s o  r e p r e s e n t e d  i n  F ig  5, and t h e  time t o  i t s  ma- 

ximum u t i l i z e d  t o  e s t i m a t e  t h e  a s s o c i a t e d  r e t e n t i o n  t i m e  T=T 1. 

F i n a l l y ,  t h e  c a l c u l a t i o n s  may be v e r i f i e d  a s  fo l lows .  

From eqn (16), t h e  c o r r e c t e d  f i r s t  r e c y c l e  chromatogram z , ( t )  

should be e q u a l  t o  t h e  r e s u l t a n t  of c o n v o l u t i n g  twice a s c a l e d  

v e r s i o n  of t h e  e s t i m a t e d  i n p u t  u ( t )  w i t h  t h e  s p r e a d i n g  h ( t ) .  The 

s a i d  comparison i s  shown i n  t h e  r i g h t  hand s i d e  of F i g  5, and con- 

f i r m s  t h e  v a l i d i t y  of t h e  proposed t echn ique .  
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1158  ALBA AND MEIRA 

g ( t , T )  

0.1 5 

0.10 

0.05 

FIGURE 

T2 = 376 ( Mw= 9000 
(Mw= 3800 1 

Mw=19200) 

T3= 390 ( Mw= 3800 ) y b  'a 
TI = 358 ( Mw= 19200) 

c- _- 

0.00 ' ' ' 1 .  I 
300 3501 

T1 T2 T3 

6: g ( t , r i ) ,  ( i  = 1 , 2 , 3 )  f o r  t h e  t h r e e  ana lyzed  s t a n d a r d s .  

T1 T2 T3 

6: g ( t , r i ) ,  ( i  = 1 , 2 , 3 )  f o r  t h e  t h r e e  ana lyzed  s t a n d a r d s .  

The procedure was repea ted  wi th  two o t h e r  p o l y s t y r e n e  

s t a n d a r d s  of Mw=3800 and 19200. The t h r e e  r e s u l t i n g  c a l i b r a t i o n s  

are r e p r e s e n t e d  i n  F i g  6. 

D I SCU SS I ON 

This  paper  has  p r e s e n t e d  a novel  r e c y c l e  t echn ique  f o r  

t h e  sp read ing  c a l i b r a t i o n  in SEC. I ts  main advantage is t h a t  no ' a  

p r i o r i '  assumptions w i t h  r e g a r d s  t o  t h e  shapes  of u ( t )  o r  h ( t )  a r e  

necessa ry .  
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INSTRUMENTAL SPREADING IN SEC 1159 

S t r i c t l y  speaking,  t h e  developed approach is v a l i d  only 

with cont inuous time f u n c t i o n s  and cont inuous F o u r i e r  t ransforms.  

The problem must be solved numer ica l ly  through d i s c r e t e  approxima- 

t i o n s  however, and f o r  t h i s  reason some c a r e  must be taken  on how 

t o  perform t h e  opera t ions .  

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

matograms obtained f o r  each c a l i b r a t i o n  s tandard  should be p r i o r  

t o  t h e  c a l i b r a t i o n  of t h e  time a x i s  i n  terms of molecular  weights .  

This  is so because t h e  e l u t i o n  time of t h e  a r i t h m e t i c  mean of u ( t )  

should be made t o  correspond with t h e  weight average molecular  

weight of the  analyzed s tandard ;  o r  t h e  e l u t i o n  time of t h e  har- 

monic mean of u ( t )  made t o  correspond wi th  i t s  number average 

molecular  weight. 

I f  t h e  proposed technique is a p p l i e d  t o  s e v e r a l  c a l i -  

b r a t i o n  s tandards ,  then  a set of h ( t )  f u n c t i o n s  wi th  t h e i r  c o r r e -  

sponding r e t e n t i o n  times is  obtained.  This  in format ion  provides  

t h e  basis f o r  t h e  o b t e n t i o n  of t h e  non-uniform spreading  g ( t , T ) .  

The de termina t ion  of t h i s  f u n c t i o n ,  and i ts  f u r t h e r  use i n  rela- 

t i o n  t o  the  more g e n e r a l  c o r r e c t i o n  of eqn ( l ) ,  w i l l  be t h e  sub- 

j e c t  of a f u t u r e  communication. 

The key t o o l  f o r  t h e  numerical  s o l u t i o n  t o  t h e  proposed 

problem is provided by eqns ( 2 2 )  and (36). These e x p r e s s i o n s  a l low 

t h e  o b t e n t i o n  of h ( t )  based on t h e  measured chromatogram and on a 

c o r r e c t e d  v e r s i o n  of t h e  f i r s t  r e c y c l e  chromatogram. I n  t h e  g iven  

procedure,  a t  l e a s t  two deconvolut ions must be performed, and some 
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1160 ALBA AND MElRA 

of t h e s e  o p e r a t i o n s  are p a r t i c u l a r l y  i l l - c o n d i t i o n e d .  In  such 

c a s e s ,  t h e  use of a r o b u s t  numer i ca l  method is e s s e n t i a l .  
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