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OPTIMIZATION METHODS FOR HPLC 

H. J. G. Debets 
Optimization Research Group 

Department of Analytical Chemistry and Toxicology 
State University 

Ant. Deusinglaan 2 
NL-9 71 3 A W Groningen 

Foreword 

As almost every researcher in the field might be able to have a 
literature search done in the Chemical Abstracts on the keywords 

"IIPLC" and "Optimization", no bare summing up of all papers that 
have been published in the last few years on this particular 

subject will be found in this review. 
?'he scope of this paper is to give the reader some insight in the 

historical and theoretical background of optimization methods for 
IlPLC and to make it possible for  Iiim/her to judge and use the 

methods published in the literature. 
To achieve these goals the most important experimental optimization 

techniques used in W L C  are discussed thoroughly and some 

miscellaneous methods are mentioned and elucidated briefly. Finally 
optimization systems incorporated in commercially available HPLC 

instruments from several manufacturers will be evaluated. 
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I. INTRODUCTION 

DEBETS 

Until the early 1920's. experiments investigating the effects of 
several factors(variab1es) on a response were designed using the 
"one-factor-at-a-time" method, neglecting possible interactions 
between the effects of the several variables. Already in 1935 
Fischer (1) advocated the use of experimental designs in which all 
factors are varied simultaneously. During the second world war the 
discipline of Operations Research developed out of the efforts of 
scientists from several disciplines to tackle the military problems 
present that time. In the United Kingdom as well as in the United 
States the scientists working on this projects during the war 

turned their attention to the possibilities of applying similar 
approaches to civilian problems in the early 1950's. It was since 
then that the technique called Operations Kesearch became widely 
known. 

Although most Operations Research techniques deal with modelling 
of the response, some of the search techniques used do not need a 

well defined model to be able to optimize the response of a system. 
These search techniques are ideally suited for the optimization of 
systems in (Analytical) Chemistry, where it is often very difficult 

if not impossible to define a good descriptive model. This is 
possibly the reason why experimental optimization techniques became 

rather popular in Analytical Chemistry, while other Operations 
Research techniques are hardly used. 
In 1951 Box and Wilson (2) published an important paper on how to 
attain optimal conditions in an experimental way. They proposed a 

sequential use of experimental designs in order to locate the 
optimum fast using relatively simple designs. This approach has 
been simplified by Spendley e.a. (3) in 1962, who defined the very 
well known sequential simplex algorithm. This sequential 
optimization technique is in fact nothing else than a subsequent 

use of (simp1ex)designs located nearer every step to the best 

response possible. 
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From these facts it might be concluded that the use of optimization 
techniques had become rather common in Analytical Chemistry too, 
but in the review of Currie e.a.(4) in 1972 it appeared that: 
"Although the area of statistics dealing with experimental design 
and optimization is extremely active and highly developed, there 
has been remarkably little use made of these techniques by English 

speaking chemists "(citation). A literature search under the 
heading "OI'TII4" in Chemical Abstracts and Chemical Titles in 1973 
covering the past eight years revealed that only few optimizations 

were statistically designed or otherwise systematically achieved. 
However during the 1970's especially the sequential simplex 

algorithm became more and more well known in Analytical Chemistry. 
This resulted in 1980 in the appearance of Chemometrics (from which 
experimental optimization is an important part) as a separate 
subject in the fundamental review section of Analytical Chemistry. 
In the last few years the sequential simplex algorithm is evermore 
replaced by other (more sophisticated) techniques from the field of 
Operations Kesearcli, which is promoted of course by the 

availability of computer hard and software in quantities that were 
not imaginable a few years ago. 
The first papers wherein experimental optimization techniques were 
applied to chromatographic separations appeared around 1970. It 
were of course gas chromatographic separations that were 
considered. However, even at that time it was still common practice 

to use chromatographic theory to direct the steps in the 
optimization procedure. It lasted until the late 1970's before the 

pure experimental optimization techniques were applied to liquid 

chromatographic separation problems. 

11. THEORY 

- Sequential Experimental Optimization (Black Box Approach) 

The reason why this kind of experimental optimization is called 
"black-box" approach is that it is assumed that no prior knowledge 
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2128 DEBETS 

of In most cases the 

experimental parameters which influence the response are known, as 
is the response itself. But sometimes also these quantities have to 

be determined, before an experimental optimization procedure can 

even be started. was 

the "one variable at a time" method, because most experimenters 
were afraid of getting to complex results when more than one 
variable(factor) at a time was varied. The fact that the 

interpretation of these results could lead to erroneous conclusions 
because of misgarded interactions between the several factors, was 
forgotten for convenience. 
To solve the univariate(one factor at a time) problem several 

sequential optimization techniques are available. 
One of the most well-known is the Fibonacci-search. This sequential 

search method is based on the Fibonacci series defined by the 
recursive relationship: 

the system under consideration is available. 

The most commonly used,technique in the past 

Fn+2 = Fn t Fn+l , where F =O and F =1 0 1 

The experimenter has to start with the decision on the width of the 
optimal region, 1, which is acceptable compared to the width of the 
original search region, L. The ratio L / 1  instantly indicates how 
many experiments are needed to reach the desired width of the 
optimal region, by comparing the value of L/1 with the numbers in 
the Fibonacci series. 
When the search is started using an optimal region width, 

by: 

1, given 

1 = Fn-2/Fn 9' L where F and F are terms from the Fibonacci 

then the last experiment will be situated exactly in the middle of 

the last search region, which is probably the optimum. For a 
detailed description of this method the books of Massart e.a.(5) 

and Bcveridge and Schechter (6) are advised. 
The often used "Golden Section" search is a special case of the 
Fibonacci search. The length of the sections into which the 

n-2 
series, 
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o r i g i n a l  s e a r c h  area is  d i v i d e d  is n o t  d e t e r m i n e d  by t h e  r a t i o  of 

two numbers  of t h e  F i b o n a c c i  series b u t  is t a k e n  a c o n s t a n t  v a l u e  

O K  0.3820. ‘his v a l u e  o r i g i n a t e s  from t h e  v e r y  o l d  knowledge  of t h e  

G r e e k s  t h a t  t h e  b e s t  way t o  d i v i d e  a s e g m e n t  i n t o  two u n e q u a l  p a r t s  

i s  t o  do  it i n  s u c h  a way t h a t  t h e  r a t i o  of t h e  w h o l e  t o  t h e  l a r g e r  

p a r t  e q u a l s  t h e  r a t i o  o f  t h e  l a r g e r  t o  t h e  smaller p a r t .  T h i s  r a t i o  

is known t o  be  ( 1 + 4 5 ) / 2  = 1.0180 and i s  c a l l e d  t h e  G o l d e n  S e c t i o n  

or  Golden  Mean. Compar ing  t h i s  method w i t h  t h e  F i b o n a c c i  s e a r c h  i t  

a p p e a r s  t h a t  for l a r g e  v a l u e s  of n ( i n d i c a t i n g  t h e  n th  term i n  t h e  

F i b o n a c c i  series ) t h e  r a t i o  Fn-2/Fn almost e q u a l s  0.3820, making  

t h e  two m e t h o d s  i d e n t i c a l .  

A n o t h e r  method t o  b e  m e n t i o n e d  h e r e  is t h e  u n i p l e x  method,  which  is  

t h e  o n e  d i m e n s i o n a l  v e r s i o n  of t h e  ( m o d i f i e d )  s e q u e n t i a l  s i m p l e x  

a l g o r i t h m ,  d i s c u s s e d  l a te r  o n .  T h i s  means t h a t  c o n t r a r y  t o  t h e  

F i b o n a c c i  or G o l d e n  S e c t i o n  s e a r c h  t h i s  is a n  o p e n  e n d e d  s e a r c h  

t e c h n i q u e .  A d e t a i l e d  d e s c r i p t i o n  of t h e  t e c h n i q u e  w i l l  n o t  b e  

g i v e n  h e r e ,  b e c a u s e  i t  c a n  b e  v e r y  e a s i l y  deduced  from t h e  

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

method. I n  t h e  l i t e r a t u r e  t h e  method i s  d e s c r i b e d  by King a n d  

Deming ( 7 )  and  i n  t h e  book o f  Massart e.a.(5). 

S i n c e  

and  t h e  u s e f u l  m o d i f i c a t i o n s  p u b l i s h e d  by N e l d e r  a n d  Mead ( 8 )  t h i s  

o p t i m i z a t i o n  t e c h n i q u e  h a s  become v e r y  p o p u l a r  a n d  w i d e l y  u s e d  i n  

a n a l y t i c a l  c h e m i s t r y .  

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

m o d i f i e d  s e q u e n t i a l  s i m p l e x  method i n  t h i s  r e v i e w .  

The  o r d i n a r y  s i m p l e x  method: 

R u l e  1: An i n i t i a l  s i m p l e x  is d e f i n e d  by t h e  c h o i c e  of k + l  v e r t i c e s  

t h e  i n t r o d u c t i o n  of t h e  s i m p l e x  method by S p e n d l e y  e . a . ( 3 )  

i n  t h e  k - d i m e n s i o n a l  factor s p a c e .  

R u l e  2: A move i s  made a f t e r  e a c h  o b s e r v a t i o n  of t h e  r e s p o n s e ,  o n c e  

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

R u l e  3: A move i s  made i n t o  t h a t  a d j a c e n t  s i m p l e x  which  i s  o b t a i n e d  

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

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

i t  w i t h  its m i r r o r  i m a g e  a c r o s s  t h e  ( h y p e r ) p l a n e  o f  t h e  

r e m a i n i n g  p o i n t s  ( s e e  f i g u r e  11-1). 
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DEBETS 

W 
FIGURE 11-1 

8 

Example of a move of  a s implex  i n  an o r d i n a r y  s implex  s e a r c h ;  W 
i n d i c a t e s  t h e  p o i n t  w i t h  t h e  w o r s t  r e s p o n s e ,  N t h e  n e x t  t o  worst 
and 11 t h e  best r e s p o n s e ;  R is t h e  r e f l e c t e d  p o i n t .  

Kule 4 :  I f  t h e  r e f l e c t e d  p o i n t  h a s  t h e  least d e s i r a b l e  r e s p o n s e  i n  

t h e  new s implex ,  do n o t  r e a p p l y  r u l e  3,  b u t  i n s t e a d  reject 

t h e  second w o r s t  r e s p o n s e  i n  t h e  new s implex  and c o n t i n u e .  

Rule  5: I f  a v e r t e x  h a s  been r e t a i n e d  i n  k+l s i m p l e x e s ,  b e f o r e  

a p p l y i n g  r u l e  2 ,  r e o b s e r v e  t h e  r e s p o n s e  a t  t h e  p e r s i s t e n t  

v e r t e x  ( k  is t h e  number o f  f a c t o r s ( d i m e n s i 0 n s ) ) .  

Kule  6: I f  a new v e r t e x  l ies  o u t s i d e  t h e  b o u n d a r i e s  of t h e  

i n d e p e n d e n t  v a r i a b l e s ,  do n o t  make a n  e x p e r i m e n t a l  

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

t o  it. 

I n  t h e  mod i f i ed  s i m p l e x  method r u l e s  3 and 4 are s u b s t i t u t e d  by t h e  

f o l l o w i n g  ones:  

- I f  t h e  mirror image (R) of t h e  p o i n t  with t h e  least  d e s i r a b l e  

r e sponse  ( W )  h a s  a r e s p o n s e  which is  more d e s i r a b l e  t h a n  t h e  b e s t  

r e s p o n s e  (B) i n  t h e  o l d  s i m p l e x ,  a n  expans ion  is made t o  the 

p o i n t  E i n  t h e  fol lowing,  way: 
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E = P + y (P-W) , w h e r e  P is t h e  c e n t r o i d  of t h e  

( h y p e r ) p l a n e  t o  t h e  o p p o s i t e  of W 
(see f i g u r e  11-1) 

y > 1 ( e x p a n s i o n c o e f f i c i e n t )  

I f  t h e  r e s p o n s e  i n  p o i n t  E i s  more d e s i r a b l e  t h a n  t h e  r e s p o n s e  i n  

R t h e  new s i m p l e x  is BNE, o t h e r w i s e  t h e  new s i m p l e x  is BNR. 

- I f  t h e  r e s p o n s e  in R i s  less d e s i r a b l e  t h a n  t h e  r e s p o n s e  i n  B ,  

b u t  more d e s i r a b l e  t h a n  t h e  r e s p o n s e  i n  N no e x p a n s i o n  i s  made 

a n d  t h e  new s i m p l e x  i s  BNR. 
- I f  t h e  r e s p o n s e  i n  R i s  less d e s i r a b l e  t h a n  t h e  o n e  i n  N a 

c o n t r a c t i o n  is made. D e p e n d i n g  on w h e t h e r  t h e  r e s p o n s e  i n  K i s  

more or less d e s i r a b l e  t h a n  t h e  o n e  i n  W a p o s i t i v e  o r  n e g a t i v e  

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

i n  R i s  more d e s i r a b l e  t h a n  t h e  o n e  i n  W ,  o t h e r w i s e  t h e  new p o i n t  

i s  Cw. F o r  p o i n t  C r ,  y l i e s  b e t w e e n  0 a n d  1 ( O < y < l ) ,  f o r  p o i n t  Cw 

is n e g a t i v e  (y<O). 

T h i s  w h o l e  p r o c e d u r e  i s  b e s t  i l l u s t r a t e d  i n  f i g u r e  11-2. 

If none of t h e  p o i n t s  R ,  Cr o r  CIJ g i v e  more d e s i r a b l e  r e s u l t s  t h a n  

t h e  r e s p o n s e  i n  W, some c o r r c c t i v e  a c t i o n  h a s  t o  b e  t a k e n  ( fo r  

i n s t a n c e  t h e  a p p l i c a t i o n  o f  t h e  n e x t  t o  worst r u l e ) .  

The s i m p l e x  i s  h a l t e d  when t h e  s t e p  s ize  becomes  smaller t h a n  some 

p r e d e t e r m i n e d  v a l u e ,  or when t h e  v a r i a n c e  i n  t h e  m e a s u r e d  r e s p o n s e  

becomes less t h a n  t h e  m e a s u r e m e n t  error. Of c o u r s e  o t h e r  s t o p -  

c r i te r ia  c a n  b e  used .  

S i n c e  1 9 7 4  v e r y  much a t t e n t i o n  has b e e n  p a i d  by s e v e r a l  a u t h o r s  t o  

m o d i f i c a t i o n s  of t h e  s i m p l e x  method i n  o r d e r  t o  make it o p e r a t e  

more e f f e c t i v e l y  a n d  e f f i c i e n t l y .  R o u t h  e.a.(9) i n  1977 i n t r o d u c e d  

t h e  S u p e r  M o d i f i e d  S i m p l e x  (SMS) i n  w h i c h  t h e  p o i n t  w i t h  t h e  most 

d e s i r a b l e  r e s p o n s e  i s  d e t e r m i n e d  by a s e c o n d  o r d e r  p o l y n o m i a l  f i t  

t h r o u g h  t h e  p o i n t s  W ,  P a n d  R i n  f i g u r e  11-1. The new v e r t e x  i s  

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

p o l y n o m i a l .  In 1980 vd Wiel (10) d e s c r i b e d  some i m p r o v e m e n t s  of t h e  

SFIS-method w h e r e i n  h e  r e p l a c e d  t h e  s e c o n d  o r d e r  p o l y n o m i a l  f i t  by a 

G a u s s i a n  f i t .  F i n a l l y  i n  1983 t h e  l as t  p u b l i s h e d  m o d i f i c a t i o n  of 
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FICUCE 11-2 

F i g u r e  i l l u s t r a t i n R  a l l  p o s s i b l e  moves i n  a mod i f i ed  s implex  
s e a r c h ;  W ,  N ,  H and R 3s i n  f i g u r e  1; f o r  e x p l a n a t i o n  o f  t h e  o t h e r  
symbols see t e x t .  

t h e  s implex  method appea red ,  a lso by vd Wiel (11). I n  t h i s  pape r  a 

symmetry c o n t r o l l e d  s implex  is d e s c r i b e d ,  which is e x t r e m e l y  u s e f u l  

when more t h a n  t h r e e  factors  are t a k e n  i n t o  a c c o u n t  because  i n  

t h o s e  cases it is n o t  e a s i l y  r e c o g n i z e d  whether  t h e  s implex  is 

l o o s i n g  one or  even more d imens ions  by expans ion  or c o n t r a c t i o n .  

When a dimension i s  l o s t  or n e a r l y  los t  t h e  s implex  is n o t  a b l e  t o  

va ry  t h e  factor which ' s  dimension is lo s t  anymore. Then t h e  

o p t i m i z a t i o n  might  g e t  s t u c k  on a less d e s i r a b l e  v a l u e  o f  t h a t  

f a c t o r .  I n  s p i t e  of t h e  development  i n  t h e  performance o f  t h e  

s e q u e n t i a l  s imp lex  t e c h n i q u e  t h e  most f r e q u e n t l y  used v e r s i o n  i n  

t h e  o p t i m i z a t i o n  of  HPLC s e p a r a t i o n s  i s  t h e  mod i f i ed  s implex  

method, which w i l l  be  i l l u s t r a t e d  i n  c h a p t e r  111. 

Othe r  m u l t i d i m e n s i o n a l  s e q u e n t i a l  o p t i m i z a t i o n  methods l i k e  t h e  

s t e e p e s t  a s c e n t  o r  d e s c e n t  method and o t h e r  g r a d i e n t  methods a re  
d e s c r i b e d  tho rough ly  i n  books on o p t i m i z a t i o n  (6,5),  b u t  a s  t h e y  

are t h e y  are 
n o t  d i s c u s s e d  he re .  

h a r d l y  used i n  t h e  o p t i m i z a t i o n  of HPLC s e p a r a t i o n s ,  
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m 
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FACTOR A ___j 

FIGURE 11-3 

The l a y - o u t  o f  a f a c t o r i a l  d e s i g n  a t  two l e v e l s  o f  t h e  f ac to r s  A 
a n d  U; y , y2,  y3 a n d  y4 i n d i c a t e  t h e  measured  r e s p o n s e s  a c c o r d i n g  
t o  t a b l e  11-1. 

- S i m u l t a n e o u s  E x p e r i m e n t a l  O p t i m i z a t i o n  ( M a t h e m a t i c a l  A p p r o a c h )  

U s i n g  t h i s  t e c h n i q u e ,  o n e ' s  g o a l  i s  t o  b e  a b l e  t o  d e s c r i b e  t h e  

r e p o n s e  ( d e p e n d e n t  v a r i a b l e )  t h a t  is t o  b e  o p t i m i z e d  by a n  e q u a t i o n  

t h a t  is o b t a i n e d  u s i n g  r e g r e s s i o n  t e c h n i q u e s .  To b e  s u r e  t o  g e t  a n  

e q u a t i o n ,  which s u c c e s f u l l y  d e s c r i b e s  t h e  r e s p o n s e  a l l  o v e r  t h e  

p a r t  o f  t h e  f a c t o r s p a c e  u n d e r  c o n s i d e r a t i o n ,  w i t h  a minimum number 

of  m e a s u r e m e n t s ,  o n e  is o b l i g e d  t o  s p r e a d  o u t  t h e  m e a s u r e m e n t s  i n  a 

r e g u l a r  way over t h a t  f a c t o r s p a c e .  T h i s  is b e s t  d o n e  by u s i n g  some 

k i n d  o f  e x p e r i m e n t a l  d e s i g n .  T h e  s i m p l e s t  form o f  a u s e f u l  

e x p e r i m e n t a l  d e s i g n  is t h e  f a c t o r i a l  d e s i g n  a t  two l e v e l s .  

L e t  u s  asume t h a t  t h e r e  are two f ac to r s  ( i n d e p e n d e n t  v a r i a b l e s ) ,  

which  i n f l u e n c e  t h e  o b s e r v e d  r e s p o n s e .  A fac tor ia l  d e s i g n  is t h e n  

set up as shown i n  f i g u r e  11-3. 
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2734 DEBETS 

TABLE 11-1 

A scheme for a factorial design at two levels of 
the factors A and B. yi denotes the measured response 
in run i. The order of the runs should be randomized. 

Run A B result 

The two values of  each factor at which the response is measured are 

indicated by (-) and (t). So in this case four experiments have to 
be done. 
The necessary results for optimization purposes can be calculated 

very easily, by gathering the results in a factorial scheme like 
the one shown in table 11-1. 

The mean effect of factor A on the measured response is given by: 

In the same way the mean effect of factor B can be calculated: 

Also the interaction effect between factor A and factor B on the 
response can be calculated: 

That this term is indeed a measure for the interaction between the 
effects of factor A and factor B can be seen in the following way. 
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OPTIMIZATION METHOD FOR HPLC 2135  

When t h e r e  is no i n t e r a c t i o n ,  t h e  i n f l u e n c e  of f ac to r  A a n d  f ac to r  

B on t h e  r e s p o n s e  w i l l  be  i n d e p e n d e n t .  T h i s  means t h a t  i f  a h i g h  

l e v e l  of f a c t o r  A raises t h e  v a l u e  of t h e  r e s p o n s e ,  i t  w i l l  d o  t h a t  

t o  t h e  same e x t e n t  w h e t h e r  f a c t o r  B is a t  i t s  h i g h  or at  its low 

l e v e l .  And t h e  same h o l d s  o f  c o u r s e  f o r  t h e  r e s p o n s e  m e a s u r e d  a t  a 

p a r t i c u l a r  l e v e l  o f  f a c t o r  B. It  c a n  e a s i l y  b e  s e e n  t h a t  t h e  term 
Eab w i l l  b e  close t o  z e r o  t h e n .  But  i f  t h e r e  e x c i s t s  a n  i n t e r a c t i o n  

b e t w e e n  t h e  effects  o f  f a c t o r  A and f a c t o r  B ,  t h e  term E w i l l  

h a v e  a p o s i t i v e  or  n e g a t i v e  v a l u e  d e p e n d i n g  on  t h e  way of 

i n t e r a c t i o n .  

When c o n c l u s i o n s  a b o u t  t h e  e f fec ts  of t h e  v a r i e d  factors h a v e  t o  b e  

drawn from t h e s e  e x p e r i m e n t s  i t  is n e c e s s a r y  t o  do a s t a t i s t i c a l  

s i g n i f i c a n c e  t es t .  T h i s  c a n  b e  a c h i e v e d  by m e a s u r i n g  some or a l l  y- 

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

error f r o m  t h e  v a r i a n c e s  of t h e  r e p l i c a t e d  m e a s u r e m e n t s .  U s i n g  

s i m p l e  s t a t i s t i ca l  tests t h e  s i g n i f i c a n c e  of t h e  effects c a n  b e  

e s t i m a t e d .  

Of c o u r s e  i t  i s  p o s s i b l e  t o  e n l a r g e  t h e  number of factors  w h i c h  i s  

t a k e n  i n t o  a c c o u n t ,  however t h i s  means t h a t  more m e a s u r e m e n t s  h a v e  

t o  b e  d o n e ,  as c a n  b e  s e e n  f rom t h e  f a c t o r i a l  scheme i n  t a b l e  11-2. 

a b  

TABLE 11-2 

A scheme f o r  a f a c t o r i a l  d e s i g n  a t  two l e v e l s  o f  

t h e  f a c t o r s  A ,  H a n d  C ( s e e  t a b l e  11-1). 

Run A B C  R e s u l t  
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2136 DEBETS 

The number of  measurements  n e c e s s a r y  i n  f a c t o r i a l  d e s i g n s  a t  two 

l e v e l s  can  e a s i l y  be c a l c u l a t e d .  Because e v e r y  f a c t o r  is  

e s t a b l i s h e d  a t  two l e v e l s  t h e  number of measurements i s  2k for  k 

f a c t o r s .  The e x t e n s i o n  t o  more f a c t o r s  does  n o t  i n f l u e n c e  t h e  ease 

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

e x p l a i n e d  i n  t h e  two f a c t o r  example,  a l l  f i r s t ,  second and h i g h e r  

o r d e r  e f f e c t s  c a n  be  c a l c u l a t e d .  When h i g h e r  o r d e r  e f f e c t s  are n o t  

l i k e l y  t o  occur  t h e  f a c t o r i a l  d e s i g n  may be  r educed  t o  a so c a l l e d  

f r a c t i o n a l  €actor ia l  d e s i g n  t o  d i m i n i s h  t h e  number of expe r imen t s .  

Another p o s s i b l e  u s e  of  t h e  h i g h e r  o r d e r  e f f e c t s  is t h e  c a l c u l a t i o n  

of t h e  pu re  e x p e r i m e n t a l  error from it .  T h i s  is s t a t i s t i c a l l y  

correct when i t  can be  assumed t h a t  h i g h e r  o r d e r  e f f e c t s  are n o t  

l i k e l y  t o  occur .  A t ho rough  t h e o r e t i c a l  t r e a t m e n t  of f a c t o r i a l  

d e s i g n s  a t  two l e v e l s  is  g i v e n  by Box e .a . (12) .  

However, f a c t o r i a l  d e s i g n s  a t  two l e v e l s  are  u n a b l e  t o  e x p l o r e  

comple t e ly  a wide r e g i o n  i n  a f a c t o r  s p a c e  and evenmore o n l y  f i r s t  

o r d e r  r e g r e s s i o n  e q u a t i o n s  ( w i t h  i n t e r a c t i o n  terms) can  b e  

e s t i m a t e d  from i t s  r e s u l t s .  T h e r e f o r e  f a c t o r i a l  d e s i g n s  a t  more 

t h a n  two l e v e l s  f o r  e a c h  f a c t o r  have t o  be used when t h e  f e a s i b l e  

p a r t  o f  t h e  f a c t o r  s p a c e  is t o  be e x p l o r e d  more d e t a i l e d .  

T h i s  e x t e n s i o n  means t h a t  t h e  more d i f f i c u l t  A n a l y s i s  of  V a r i a n c e  

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

f a c t o r s  on t h e  measured r e sponse .  T h i s  r e s u l t s  i n  t h e  need f o r  

computer c a p a c i t y  when t h e  number o f  f a c t o r s  and l e v e l s  i n c r e a s e s .  

A clear and d e c e n t  t r e a t m e n t  of fac tor ia l  d e s i g n s ,  e s p e c i a l l y  t h e  

ones  used i n  a n a l y t i c a l  c h e m i s t r y ,  i s  g i v e n  by Massart e . a . (5 ) .  

To comple t e  t h e  so c a l l e d  ma themat i ca l  ( a n a l y t i c a l )  approach  a 

model o f  t h e  measured r e s p o n s e  depend ing  on t h e  l e v e l  of  t h e  

f a c t o r s  unde r  c o n s i d e r a t i o n  h a s  t o  be f i t t e d .  When t h e  d e s i g n  is 

l a i d  o u t  i n  a p rede te rmined  way s i m p l e  n r i t h m e t i c s  are s u f f i c i e n t  

t o  c a l c u l a t e  t h e  r e g r e s s i o n  c o e f f i c i e n t s .  What h a s  t o  be  k e p t  i n  

mind is  t h a t  i t  is a l m o s t  a lways  p o s s i b l e  t o  f i t  a n  a r b i t r a r y  model 

t o  some measured r e s p o n s e s  o f f e r i n g  a r e a s o n a b l y  good c o e f f i c i e n t  

o f  d e t e r m i n a t i o n  ( r  ). However i t  is v e r y  q u e s t i o n a b l e  whether  t h e  

f i t t e d  model r e a l l y  d e s c r i b e s  t h e  b e h a v i o u r  of  t h e  sys t em which is 
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moni to red .  It  i s  t h e r e f o r e  n e c e s s a r y  t h a t  f irst  a good t h e o r e t i c a l  

u n d e r s t a n d i n g  of  t h e  sys t em i n  o b s e r v a t i o n  ( an  HPLC s e p a r a t i o n  f o r  

i n s t a n c e )  i s  a c h i e v e d  a f t e r  which t h e  r e g r e s s i o n  model t h a t  is t o  

be f i t t e d  can  be fo rmula t ed .  

Another  problem encoun te red  u s i n g  t h i s  t e c h n i q u e  i s  t h e  

i n t e r p r e t a t i o n  of  t h e  e s t i m a t e d  r e g r e s s i o n  c o e f f i c i e n t s .  For  

example l e t ' s  c o n s i d e r  t h e  f o l l o w i n g  r e g r e s s i o n  e q u a t i o n :  

Y = b o t  blXl + 

X1, X o r  X X are v e r y  d i f f e r e n t  i n  o r d e r  of  When t h e  terms 

magn i tude ,  a s i m p l e  comparison of  t h e  e s t i m a t e d  r e g r e s s i o n  

c o e f f i c i e n t s  b i i s  n o t  t h e  correct way t o  d e t e r m i n e  t h e  e f f e c t s  o f  

t h e  s e v e r a l  f a c t o r s  on t h e  r e sponse .  Sometimes it is  u s e f u l  t o  

scale t h e  f a c t o r s  i n  such a way t h a t  t h e i r  o r d e r  o f  magn i tude  is  

almost t h e  same. 

I n  t h e  a p p l i c a t i o n  of t h i s  t e c h n i q u e  t o  t h e  o p t i m i z a t i o n  o f  HPLC 

s e p a r a t i o n s  i t  i s  n o t  u s u a l  t o  scale t h e  f a c t o r s .  So care h a s  t o  be  

t a k e n  e s p e c i a l l y  when t h e  e f f e c t  of  i n t e r a c t i o n  terms on r e t e n t i o n  

behav iour  is c o n s i d e r e d .  Because t h e  second o r d e r  terms i n  t h e s e  

e q u a t i o n s  are a t  l eas t  a t e n - f o l d  smaller i n  o r d e r  of  magni tude 

than  t h e  f i r s t  o r d e r  terms, w h i l e  t h e  t h i r d  o r d e r  terms are  a t  

l eas t  a hundred-fold smaller, r e g r e s s i o n  c o e f f i c i e n t s  which are a 

t en - fo ld  or even a hundred-fold l a r g e r  t h a n  t h e  c o e f f i c i e n t s  f o r  

t h e  f i r s t  o r d e r  e f f e c t s  may be e x p e c t e d .  

The use of s i m u l t a n e o u s  o p t i m i z a t i o n  t e c h n i q u e s  i n  t h e  o p t i m i z a t i o n  

o f  fIPLC s e p a r a t i o n s  w i l l  be  d i s c u s s e d  i n  c h a p t e r  111. 

2 1 2  

111. OPTIMIZATION blETHODS FOR fIPLC-SEPARATIONS 

A .  The T h e o r e t i c a l  ( C l a s s i c a l )  Method 

T h i s  approach  i s  b e s t  i l l u s t r a t e d  by S c o t t ( l 3 ) .  Gu iochon( l4 )  and 

more r e c e n t l y  by Kaiser and O e l r i c h ( l 5 ) .  
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2138 DEBETS 

Already in 1970 Scott proposed, in his contribution to volume 9 of 
the series Advances in Chromatography, a systematic approach to the 
optimization of gas chromatographic determinations. Reasoning from 
the two basic ideas, firstly the necessity to move the solute bands 
apart and secondly the wish to maintain the bands sufficiently 
narrow, he discussed all aspects of chromatographic theory in order 
to reach a chromatographic system which was able to separate all 
components in a mixture in a minimal analysis time. Much attention 

was paid to the column and stationary phase design, which were 
optimized using schemes like the one shown in figure 111-1. 

In 1980 Guiochon wrote his contribution to volume 2 of the series 
High Performance Liquid Chromatography(l4), wherein he describes 

several fundamental and practical equations used for the 
optimization of experimental conditions in liquid chromatography. 

But as already noticed in Scott's contribution in 1970 main 
attention is paid to column and stationary phase design. However, 
the first sign of a new approach is noticeable. The formulation of 

equations for the maximum number of peaks to be separated on a 
given column and the proposal of logarithmic relations between the 
capacity factor k' and the molecular size of the solute to be 
retained may be seen as the early start of the recent optimization 
approaches where the more easy to vary parameters like mobile phase 

composition, column temperature, counter ion concentration, pII- 
value, etc. are related to the retention behaviour of the 
components to be separated. 
In 1981 Kaiser and Oelrich (15) set the whole world of 

chromatographists in stir and commotion when they published their 

book "Optimization in IIPLC". In this book the chromatographic 
theory of theoretical plate number, on which most classical 
optimization literature, including the two books mentioned before, 
was based is criticised heavily. The authors prefer to talk in 
terms of resolution, adequate separation and separation efficiency. 
For instance it is shown that depending on the experimental 

conditions the number of theoretical plates of one and the same 
chromatographic column may vary between 8000 and 25000, which 
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5 seta of curves for each per cent w/w of 
stationary phase, each set comprising 
a curve relating resolution to gas 
velocity for each operating temperature. 
Example of one set of curves for 10.1% 
w/w stationary phase in Fig. 4. 

Stage3 C 
From Fig. 4 and 5 curves can 
be obtained for each per cent 
w/w stationary phase relating 
gaa velocity with temperature 
for a resolution of 1.45. Fig. 9. I 
From the minima in Fig. 6 
the optimum temperatures for 
ench per cent w/w of stationary 
phase can be read off and using 
these values in Fig. 9 a curve 
relating gas velocity and p e r x  
cent w/w stationary phase can 
be comtructed for conditions 
of optimum temperatures. 
Fig. 10. 

I 
V 

Using the optimum of per cent 
w/w stationary phase already 
given in Fig. 7, the optimum 
gas velocity can be read off 
from Fig. 10. 

i 
OPTIMUM 

G A S  VELOCITY 

5 sets of curves for each per cent w/w 
of stationary phase, each set comprising 
a curve relating annlysis time to  gas 
velocity for each operating temperature. 
Example of one set of curves for 10.1% 
w/w stationary phase shown in Fig. 5.  

The gas velocity is 
determined a t  each 
temperature that will 
give a resolution of 
1.45. \ ~ 

Using these values 
of gas velocity with 
Fig. 5. 

A series of curves i 
relating analysis time/ 
temperature for each 
per cent w/w of sta- 
tionary phase. Fig. 6. 

1 
From the minimum of 
each curve a graph of 
minimum analysis time 
against per cent w/w 
of stationary phase can 
be construcfed. Fig. 7. 

From the dinimum of 
the curve in Fig. 7, the 
Jptimum quantity of 
itationary phase to 
give minimum analysis 
Lime can be 
ietermined. c 

OPTIMUM 
PER C E N T  w/w 

rATIONARY PHASE 

FIGURE 111-1 

Singe 8 

7. From the minima of 
these curves a graph 
relating optimum tem- 
perature for minimum 
analysis time to per 
cent stationary phase 
can be constructed. 
Fig. 8. 

--& Using the optimum per 

cent w/w of stationary 
phaae from Fig. 7, the 
optimum temperature 
can be read off from 

1 
Fig. 8. 

OPTIMUM 
TEMPERATURE 

Scheme for the optimization of chromatographic separations using 
information from chromatographic theory only.(figure from (13)). 
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contradicts heavily with classic chromatographic theory. From these 
results Kaiser and Oelrich make the step to a new pragmatic 

approach called "The abt-Concept". Although the usefulness of this 

new proven 
yet, the statement of the authors about optimization in HPLC is 
proven every time again in laboratory practice: 
"Optimization is only possible if there is still latent potential 

present in a separation system ! I 1  

concept in the optimization of HPLC separations is not 

B. The "One-Variable-at-a-Time" (Univariate) Method 

Although this method is mentioned very often in the introductioii 

part of papers on the optimization of HPLC separations as being the 
most frequently used technique for method development or 

optimization of IlPLC determinations, only few papers are found in 
which the optimization is carried out using a univariate method. 

This is probably caused by the fact that most researchers working 
in the field of experimental optimization of HPLC separations are 

well aware of the fact that univariate methods may lead to 

erroneous results. Most papers published under the header 
"Optimization" using a univariate method are from French scientists 

and are dealing with optimization based on chromatographic theory 
(16-21). 

Other papers presenting a univariate approach are the numerous ones 
on "Factors influencing the retention behaviour of . . . . . . . . ' I .  

Usually t o  

influence the retention behaviour are investigated succesively 
assuming no significant interactions between the effects of the 
several factors, Conclusions in these papers are also presented in 
such a way that it is insinuated that the optimal separation 
conditions are simply found by combination of the experimental 
values determined for each factor separately (22-25). 

in these papers the several factors which are supposed 

C. The Sequential Simplex (Multivariate) Method 

This method was and still is probably the most simple and 
straightforward procedure for optimization purposes in analytical 
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OPTIMIZATION METHOD FOR HPLC 2741 

chemistry. Rainey and Purdy ( 2 6 )  in 1977 were with the first to 
publish an article about the simplex optimization of an IlPLC 
separation. They optimized a separation of phospholipids with 

respect to the composition of the mobile phase. The response used 
to direct the simplex search in the direction of optimal separation 

conditions was the resolution between the two peaks in the 
chromatogram. Another optimization of an HPLC separation described 
in the same paper clearly illuminated the problems arising when a 
multicomponent separation has to be optimized. A criterion for the 

quality of separation in the chromatogram has to be defined to 
generate the response necessary to direct the simplex search. Those 

quality-criteria had already been described for GLC separations by 
several authors (27-32) and new and sometimes better ones have been 

proposed during the past few years, but this will be discussed 
later on. 
When a criterion for the quality of separation in a chromatogram 

has been chosen the optimization procedure can be started, once the 
factors influencing the response are established. 
Nost papers published in the last few years concentrate on the 
optimization of reversed or normal bonded phase separations with 

respect to the binary, ternary o r  even quaternary mobile phase, 
while sometimes column temperature, flow rate, gradient shape, 

buffer concentration and plI-value of the eluent are taken into 
account. 

Watson and Carr (33) optimized the gradient elution of some FTII- 
amino acids using a simplex optimization with five factors to be 
varied. They already mentioned the problem of peak cross-over 

during the optimization run, which would lead to the occurence of 
local optima in the response surface. They suggested restarting of 

the simplex from a different region of the factor space. A similar 
problem has been described by Fast e.a. (34) leading to the same 
conclusions, with an extra remark that in the case of peak cross- 
over a simultaneous optimization method like the one proposed by 
Glajch e.a.(35) may be more succesful. Other workers during these 
years used mathematical modelling of capacity factor (k') and 
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reduced theoretical plate height (IIETP) to establish the optimal 

composition of the eluent and the optimal column length using a 
simplex search with analysis time as the response (36 ) .  

In 1982, when micro-computers became more and more common equipment 
for the chromatogrnphist, several researchers started to work at 

the automation of the simplex optimization method. Wegscheider 

e.a.(37) and especially Berridge (38,40) published several papers, 
in which they propose well suited approaches to automatic 
(unattended) simplex optimization of RPLC separations. 
The automation of the optimization procedure puts some strong 

demands on the techniques used. The simplex algorithm itself 
(mostly the modified version) is rather easy to program in almost 

any available computer language (basic, fortran, ctc.), but the 
difficulty lies in the judgement of the quality of separation in 

the chromatogram and in the use of constraints in the experimental 
factors. The quality-(performance-)criteria used have to be able to 

handle chromatograns of samples with an unknown number of 
components. Furthermore there have to be built-in assurances that 
the simplex search does not get stuck on local optima or ridges in 

the response surface. So it is not surprising that Wegscheider as 
well as Berridge propose new criteria for the judgement of the 

quality of separation in the chromatogram (see table 111-1). 
During 1983 and 1984 only a few papers on the optimization of HPLC 
separations using the sequential simplex method were published (42 ,  

43) probably because more attention was paid to other optimization 
methods, more useful when peak cross-over can be expected. 
Also papers on the comparison of several optimization methods 

(including the simplex method) appeared (44,45).  

:Iowcver, one very important aspect of a sequential optimization 
procedure is still subject of research in this field, and that is 

the judgement of the quality of separation in a chromatogram in 
such a way that one numerical value expresses the quality of 
overall separation. 
As already mentioned before, this problem has for the first time 
been recognized when researchers started to optimize GLC 
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separations. In 1976 Morgan and Deming (28) published an excellent 
article on experimental optimization of chromatographic systems, in 
which an overview of the performance criteria for chromatographic 
separation published until then, was given. They noticed. that 

although in many separation problems the primary response of 

interest is the overall separation, there are other measures of 

system performance that should be taken into account. Examples of 

these are analysis time, sensitivity of detection, cost, etc. A 
rather complete evaluation of those quality criteria has recently 
been given by Debets e.a. in 1983 (46). They discussed the 

performance of the quality criteria in several chromatographic 
situations and came to the following conclusions: 

- all quality criteria give response surfaces with local optima 
when the elution order of peaks changes. 

- all quality criteria need information about the number of 

peaks to be found in the chromatogram. 
- all quality criteria need constraints or mathematical 
corrections in calculating the response either when peaks are 

baseline separated or strongly overlapping. 
In the mean time Berridge (38) proposed a quality criterion which 
mects two of the three shortcomings mentioned by Debets e.a.. Using 
the criterion proposed by Berridee it is not necessary to know the 
number of peaks to be expected in the chromatogram and no 
constraints or  corrections have to be considered when the response 

is calculated. Also the remarks of Norgan and Deming (28) 
concerning other system variables are taken into account. Using 

free to choose weighting factors for the several contributions to 
the total response, the performance of the quality criterion can be 

adapted to special demands put forward by thc chromatographist. 
Another quality criterion presented in 1982 is the one proposed by 
Wegscheider e.a.(37) in which the baseline noise of the 

chromatographic signal is taken into account. This is argumented by 
the authors by stating that this quality criterion prohibits the 

choice of experimental parameters whereby the signal to noise ratio 
of one of the peaks in the chromatogram is not good enough. 
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Knol l  and N i d g e t t  (47)  proposed an  area o v e r l a p  f r a c t i o n  as  

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

t h e  f r a c t i o n a l  o v e r l a p  S used by S m i t s  e .a . (27)  and Massart 

e .a . (30,48) .  But  t h i s  c r i t e r i o n  h a s  neve r  been used  f o r  

o p t i m i z a t i o n  purposes .  On t h e  Symposium on Advances i n  L iqu id  

Chromatography i n  Szeged,  IIungary, 1982 Vajda e . a . (44 )  p r e s e n t e d  a 
q u a l i t y  c r i t e r i o n  e s p e c i a l l y  d e s i g n e d  fo r  a u t o m a t i c  o p t i m i z a t i o n  of  

t h e  s e p a r a t i o n  o f  unknown samples .  I n  t h i s  c r i t e r i o n  t h e  e l u t i o n  of 

more peaks  is g i v e n  more impor t ance  t h a n  b a s e l i n e  r e s o l u t i o n .  The 

a u t h o r s  s ta te  t h a t  a time c o n s t r a i n t  as  used by B e r r i d g e  ( 3 8 ) ,  

Watson e .a . (33)  and G l a j c h  e .a . (35)  is n o t  i n c o r p o r a t e d  because  i t  

would c o n t r a d i c t  w i t h  t h e  aim of f i n d i n g  t h e  maximum number of 

peaks p o s s i b l e .  

The l a s t  p u b l i s h e d  q u a l i t y  c r i t e r i o n ,  which h a s  a l r e a d y  been 

mentioned by D e b e t s  e.a., is t h e  n I ts-funct ion of Schoenmakers and 

Drouen e .a . (49) .  T h i s  c r i t e r i o n  is  meant t o  g i v e  t h e  h i g h e s t  

r e s p o n s e  when t h e  peaks  i n  t h e  chromatogram are as e v e n l y  spaced  as  

p o s s i b l e ,  w i t h o u t  t a k i n g  i n t o  a c c o u n t  t h e  n e c e s s a r y  a n a l y s i s  t i m e .  

The a u t h o r s  remark t h a t  once  t h e  s e l e c t i v i t y  h a s  been o p t i m i z e d  t h e  

a n a l y s i s  time (or even  t h e  ch romatograph ic  r e s o l u t i o n )  c a n  e a s i l y  

be  a d j u s t e d  by chang ing  t h e  column o r  t h e  f l o w  rate.  T h i s  seems n o t  

ve ry  p r a c t i c a l  because  most c h r o m a t o g r a p h i s t s  w i l l  n o t  be i n  t h e  

p o s i t i o n  t o  change  columns whenever t h e y  want t o .  I n  a n o t h e r  pape r  

t h e  a u t h o r s  r e f i n e  t h e  proposed o p t i m i z a t i o n  c r i t e r i o n  i n  such  a 

way t h a t  a s h o r t e r  a n a l y s i s  time is  p r e f e r r e d  and t h a t  t h e  

r e s o l u t i o n  between p a i r s  of  a d j a c e n t  peaks  is more e v e n l y  

d i s t r i b u t e d  ( 5 0 ) .  

A comple t e  overview of q u a l i t y  c r i te r ia  f o r  ch romatograph ic  

s e p a r a t i o n s  is g iven  i n  t a b l e  111-1. 
When t h e  l i s t e d  c r i te r ia  are  looked a t  a l i t t l e  closer i t  w i l l  be 

o b v i o u s  t h a t  t h e  c h r o m a t o g r a p h i s t  who wan t s  t o  o p t i m i z e  a 
s e p a r a t i o n  u s i n g  one o f  t h e  mentioned c r i te r ia  i s  p u t  i n  a dilemma. 

A t  a f i r s t  g l a n c e  i t  looks ve ry  a t t r a c t i v e  t o  u s e  one of t h e  w e l l  

d e f i n e d  c r i t e r i a  w i t h o u t  w e i g h t i n g  f a c t o r s  t h a t  have t o  be g i v e n  a 

s p e c i f i c  va lue .  On t h e  o t h e r  hand one  of t h e  more s o p h i s t i c a t e d  
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TABLE 111-1 

2745 

A list of published criteria for the quality of separation of two 
(1.2) or more (3-12) peaks in a chromatogram. For explanation 

of the symbols  and more details see the references. 

1. Valley to Peak ratio: V = a/b (31) 
2. Peak Separation factor: P = f/g 

3. 'Total Overlap: = I: exp(-2.R.) 
k 

i= I 
k 

i= 1 
4. Chrom. Resp. function: CRF = C ln(P.) 

k 

i= 1 
5. Chrom. Optim. function: COF = Z wiln(Ri/Rd) + B(tm-tl) (35) 

(27,301 
k 2  6 .  Informing Power: Pinf = c log si 
i= 1 

7. Separation Number: SN = 1 Llog p (39) n n 
k 

i= 1 
8. Product Resolution: IIRs = Il Ri (49) 

k 

i= 1 

= Ac/(AsGc) J 

9. Chrom. Resp. function: CRF = I/t II fi/(gi+2ni) (37) 

2 2  B+20s 

k ks  I 

10. Area Overlap fraction: A exp(-y /2uc)dy (47) 
B - 2 ~  

1 1 .  Chrom. Eval. function: CEF = C Ai + l/(n-I) C B.P. (44) 

1 2 .  Chrom. Resp. function: CRF = C Ri + Lx + alTm-T1l - b(To-Tl) (38) 

i= 1 j=1 J J 

k 

i= 1 
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cr i te r ia  c a n  be tuned i n  such  a way t h a t  i ts  pe r fo rmance  is o p t i m a l  

i n  t h e  o p t i m i z a t i o n  of t h e  p a r t i c u l a r  s e p a r a t i o n  under  

c o n s i d e r a t i o n .  Ifowever, t h e  f i n e  t u n i n g  o f  c r i te r ia  can  o n l y  be 

done when t h e r e  is  some p r i o r  i n f o r m a t i o n  a v a i l a b l e  a b o u t  t h e  

s o l u t e s  i n  t h e  m i x t u r e  t h a t  h a s  t o  be a n a l y s e d .  I f  t h i s  i n f o r m a t i o n  

is n o t  a v a i l a b l e  a t  t h e  f i rs t  s t a r t  some p r e l i m i n a r y  e x p e r i m e n t s  

have  t o  be done from which t h e  n e c e s s a r y  i n f o r m a t i o n  can  b e  

e x t r a c t e d ,  o t h e r w i s e  a s e q u e n t i a l  e x p e r i m e n t a l  o p t i m i z a t i o n  u s i n g  

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

Weyland e .a . (51)  showed, u s i n g  r e t e n t i o n  d a t a  o f  s e p a r a t i o n s  of 

f i v e  su l fonamides ,  t h a t  some o f  t h e  l i s t e d  c r i te r ia  i n d e e d  g i v e  

r e s p o n s e  s u r f a c e s  which are n o t  s u i t a b l e  f o r  s e q u e n t i a l  

e x p e r i m e n t a l  o p t i m i z a t i o n  t e c h n i q u e s .  Very r e c e n t l y  B e r r i d g e  

e .a . (52)  c l a imed  t h a t  a s e q u e n t i a l  s i m p l e x  s e a r c h  u s i n g  t h e  same 

c r i t e r i o n  as proposed i n  1982 ( see t a b l e  111-1 ) and  a p r e l i m i n a r y  

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

locates t h e  g l o b a l  optimum f o r  t h e  s e p a r a t i o n  o f  t h e  f i v e  

s u l f o n a m i d e s  used by Weyland e.a. i n  o n l y  one  run. So maybe t h i s  

approach a p p e a r s  t o  be  h e l p f u l  when a s e q u e n t i a l  o p t i m i z a t i o n  

t e c h n i q u e  i s  used.  

D. ‘he  Window Diagram Technique 

T h i s  t e c h n i q u e  h a s  been i n t r o d u c e d  by Laub and P u r n e l l  i n  1975 

(53 ) ,  who o p t i m i z e d  t h e  s e l e c t i v i t y  o f  CLC s e p a r a t i o n s  by mixing 

t h e  s o l v e n t s  used as t h e  s t a t i o n a r y  phase.  They used a s i m p l e  

l i n e a r  e q u a t i o n  of  which t h e  v a l i d i t y  had been shown earlier, t o  

d e s c r i b e  t h e  r e t e n t i o n  behav iour  o f  t h e  s o l u t e s  on a mixed s o l v e n t  

s t a t i o n a r y  phase.  llsinp, a b i n a r y  s t a t i o n a r y  phase t h i s  approach  

g i v e s  s t r a i g h t  l i n e s  when t h e  i n f i n i t e  p a r t i t i o n  c o e f f i c i e n t  K is 

p l o t t e d  a g a i n s t  t h e  compos i t ion  of  t h e  b i n a r y  s t a t i o n a r y  phase  (see 

F i g u r e  111-2). From t h i s  p l o t  o f  K-values v e r s u s  0 ( f r a c t i o n ) ,  a - 
v a l u e s  can b e  c a l c u l a t e d .  Using t h e  c o n v e n t i o n  t h a t  a r ema ins  

g r e a t e r  t h a n  one (a>l) a window d iag ram c a n  be c o n s t r u c t e d  a s  shown 

i n  f i g u r e  111-3. The b l ank  area i n  the p l o t  r e p r e s e n t s  t h o s e  
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- 
06 0 8  Q. I 

FIGURE 111-2 

P l o t s  o f  K-va lues  v e r s u s  f o r  a g a s  c h r o m a t o g r a p h i c  s e p a r a t i o n  of 
15 components ;  8 i n d i c a t e s  t h e  f r a c t i o n  of A i n  t h e  b i n a r y  
s t a t i o n a r y  p h a s e . ( # i g u r e  f rom (53)). 

minimum a - v a l u e s  t h a t  c a n  b e  a c t u a l l y  a t t a i n e d  i n  p r a c t i c e ,  b e c a u s e  

e a c h  b o r d e r - l i n e  b e t w e e n  t h e  b l a n k  a n d  t h e  s h a d e d  area i n  t h e  p l o t  

r e p r e s e n t s  t h e  a - v a l u e  o f  t h e  worst s e p a r a t e d  p a i r  of p e a k s  as  a 

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

A s i m p l e  look a t  t h i s  window d i a g r a m  r e v e a l s  t h e  c o m p o s i t i o n  of t h e  

s t a t i o n a r y  p h a s e  which  g i v e s  t h e  h i g h e s t  c t v a l u e  fo r  t h e  w o r s t  

s e p a r a t e d  p a i r  of p e a k s .  So a l l  o t h e r  p a i r s  01 a d j a c e n t  p e a k s  g i v e  

h i g h e r  a - v a l u e s .  
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I 

a 

FIGURE 111-3 

Window diagram for the separation of the 15 components from 
111-2; optinurn stationary phase composition occurs at$ = 0.075. 
(figure from (53)). 

figure 

A 

This technique has been used in GLC for the optimization of the 

composition of the binary stationary phase for the separation of 

samples of known composition (54) and also of samples with unknown 
composition (55). A computer program has been developed by the 
authors to automate the optimization procedure they had described 
earlier (56,57). In 1978 Laub and Purnell extend the technique to 
the optimization of column-temperature in GLC, GSC and IlPLC (58). 
which makes them the first to use the window diagram technique in 

HPLC optimizations. 

In the same year Deming e.a.(59) and Price e.a.(60) used the window 

diagram in 

the HPLC separation of several benzoic acids. 
Sachok e.a.(61) presented a nultifactor optimization based on the 

window diagram technique showing three dimensional diagrams wherein 

technique to optimize the pll-value of the mobile phase 

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



OPTIMIZATION METHOD FOR HPLC 2149 

the relative retention (selectivity factor) a is plotted as a 

function of pH-value and concentration of the ion-pairing reagent 
in the mobile phase. 
In 1981 Sachok e.a.(62) introduced the name "minimum-alpha-plot" 
(!lAP) for what Laub and Purnell had called "window-diagram". This 
definition of the plots obtained using this technique is more 
clearly in expressing what is really shown in the diagrams. What so 

ever, the use of window diagrams for the optimization of pII-value 

and concentration of the ion-pairing reagent seems succesful, as it 
is still used (63). 
Already in 1983 the window diagram technique had been used by Issaq 
e.a.(64) to optimize the binary mobile phase composition of a 
reversed phase HPLC separation. In January 1984 another paper on 

the use of three dimensional minimum-alpha-plots was published by 
Weyland e.a.(65). They used this technique for the optimization of 
a ternary mobile phase in reversed phase IIPLC. A s  may be noticed 
from part C of this chapter the optimization of mobile phase 

composition in RP-I1PLC had already been studied for years using 
other optimization techniques. Weyland e.a. claim that the u s e  of 
minimum-alpha-plots in the optimization of the mobile phase 
composition in RP-HPLC offers great advantages above other methods. 
Once the retention behaviour of the solutes under consideration is 

determined, all possible constrained optimization procedures can be 
applied without doing any chromatographic experiments. Recently 
Laub (66) published an article wherein he described a computer 
program ("window") f o r  the optimization of mobile phase composition 

using the window diagram technique. 

Overlooking the applications of the window diagram technique it 

appears that this technique is useful in very different kinds of 
chromatographic optimization. The great advantage is that the 

global optimum can be located either visually or with the aid of a 
computer Disadvantages are in the first place 
that a description of the retention behaviour of the solutes as a 
function of the experimental variables is necessary and secondly 

that the calculated response is only a measure for chromatographic 

in a very easy way. 
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resolution. The latter means that using this technique constraints 
(e.g. analysis time) have to be taken into account, which makes the 
problem of locating the global optimum a matter of non-linear 
programming, which is a technique that is not very familiar to 
chromatographists. 

E. The Simultaneous Optimization Techniques (Experimental Designs) 

As has already been indicated in part D of this chapter sometimes a 
definition of the retention behaviour of the solutes as a function 
of the experimental parameters is necessary. This definition can be 
achieved by the use of regression or regression-like techniques. 
When these techniques are to be used a number of experiments have 
to be done to collect the necessary data. These experiments have to 
be spread out as regularly as possible over the feasible part of 

the factor space. When the variables which influence the response 
are completely independent experimental designs can be used which 
were in 
several books on statistics or applied statistics (5,12). This 
technique has been used by Otto and Wegscheider (67,68), Berridge 
(69)  and Lindberg e.a.(70). 
If the variables are not independent the use of experimental 
designs becomes more complicated. Either the dependences have to be 
eliminated by substitution of equations defining the dependence or, 
in the case of mobile phase compositions for instance, mixture 
designs can be used. These mixture designs were introduced by Snee 
e.a.(71) based on statistical discussions by Scheffe (72) and 
Gorman and Hinman (73) (see figure 111-4). The aim of these mixture 
designs is to measure the response at a few well-defined points in 
the design from which the coefficients in the regression equation 
can be calculated very easily. The degree (order) of the equations 
can easily be adapted to the complexity of the response surface 
that is to be described. 
Snee already mentioned the possibility that the solvents on the 
extreme 

mentioned in chapter I1 and are more thoroughly discussed 

points of the mixture design are not pure components but 
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2 

215 1 

3 6 1 

FIGURE 111-4 

The l ay -ou t  of . a  s i m p l e x  l a t t i c e  d e s i g n  f o r  a three-component 
m i x t u r e ;  t h e  p o i n t s  1 t o  6 are  n e c e s s a r y  f o r  t h e  d e s c r i p t i o n  of t h e  
r e s p o n s e - s u r f a c e  u s i n g  a q u a d r a t i c  e q u a t i o n ;  p o i n t  7 h a s  t o  be 
added when a s p e c i a l  c u b i c  e q u a t i o n  i s  d e s i r e d .  

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

components).  The c o m p o s i t i o n  of t h e  pseudocomponents  u sed  i n  t h e  

o p t i m i z a t i o n  o f  HPU: s e p a r a t i o n s  is  m o s t l y  d e t e r m i n e d  by r u n n i n g  a 

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

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

w i t h  which t h e  s o l u t e s  w i l l  be  e l u t e d  i n  a d e s i r e d  k ' - range .  The  

t h e o r e t i c a l  b a s i s  f o r  t h i s  a p p r o a c h  is  g i v e n  by t h e  s o l u b i l i t y ( -  

p a r a m e t e r )  t h e o r y  a c c o r d i n g  t o  T i j s s e n  e . a . ( 7 4 ) ,  B a k a l y a r  e . a . (75 )  

and  Schoenmakers  (7G). Once t h e  c o m p o s i t i o n  of t h e  pseudocomponents  

is de te rmined  i n  s u c h  a way t h a t  t h e  e l u t i o n  s t r e n g t h  o f  t h e  b i n a r y  

m i x t u r e s  i s  almost i d e n t i c a l  a m i x t u r e  d e s i g n  is l a i d  o u t .  T h i s  is  

t h e  a p p r o a c h  i n t r o d u c e d  by G l a j c h  e.a.(35,77-SO), and used  by 

L e h r e r  ( O l ) ,  B e l i n k y  (82 ) .  A n t l e  (83) ,  Waechter  e . a . (84 ) ,  

D ' h g o s t i n o  e . a . (05 ) ,  L a n d e r s  e.a.(UG) and  Go ldbe rg  e.a.(87), which 
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FIGURE 111-5 

Example o f  an "extreme v e r t i c e s "  d e s i g n ;  component 1 is c o n s t r a i n e d  
t o  f r a c t i o n s  i n d i c a t e d  by x l ,  component 2 t o  f r a c t i o n s  i n d i c a t e d  by 
x2  and component 3 t o  f r a c t i o n s  i n d i c a t e d  by x3. 

are  p a r t l y  r e s e a r c h e r s  working a t  Du I'ont d e  Nemours C o r p o r a t i o n .  

T h i s  a n  

automated HPLC o p t i m i z a t i o n  sys t em ( " S e n t i n e l " ) ,  b u t  t h i s  w i l l  be  

d i s c u s s e d  la te r .  

The u s e  of  m i x t u r e  d e s i g n s  w i t h  p u r e  components a t  t h e  extreme 

p o i n t s  h a s  been shown by Wcyland e.a.(51,65), who used o r d i n a r y  

r e g r e s s i o n  s ta t is t ics  t o  c a l c u l a t e  t h e  c o e f f i c i e n t s  i n  t h e  

r e g r e s s i o n  e q u a t i o n s .  They u s e d  t h e  so c a l l e d  "extreme v e r t i c e s "  

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

f i y r e  111-5). 
G l a j c h  e.a. claim tha t  u s i n g  t h e  pseudocomponent-approach t h e  

s e l e c t i v i t y  of a s e p a r a t i o n  i s  o p t i m i z e d  b e s t ,  because  t h e  k ' -  

v a l u e s  of t h e  last  e l u t e d  s o l u t e  w i l l  n o t  change  v e r y  much. Weyland 

e.a. a rgunen ted  t h a t  t h i s  is n o t  a lways  t r u e ,  because  t h e  c h o i c e  of 

f i x i n g  t h e  s o l v e n t  s t r e n g t h  of t h e  pseudocomponents a l s o  restricts 

manufac tu re r  o f  IIl'LC equipment  was t h e  f i r s t  t o  i n t r o d u c e  
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OPTIMIZATION METHOD FOR HPLC 2753 

t h e  p o s s i b i l i t y  of  making f u l l  p r o f i t  of  s e l e c t i v i t y  e f f e c t s ,  which 

c a n  be  caused  by s imply  changing t h e  compos i t ion  of  t h e  water- 

o r g a n i c  m o d i f i e r  m i x t u r e  ( s e e  I s s a q  e . a . (64 ) ) .  T h a t  is  why i ieyland 

e.a. promote t h e  u s e  o f  p u r e  components i n  a m i x t u r e  d e s i g n .  

Once t h e  d a t a  are c o l l e c t e d ,  t h e  r e t e n t i o n  behav iour  o f  t h e  s o l u t e s  

as  a f u n c t i o n  of  t h e  mobile  phase  compos i t ion  c a n  be e s t a b l i s h e d .  

T h i s  i s  most s imply  done by u s i n g  t h e  g e n e r a l  m i x t u r e  d e s i g n  

e q u a t i o n s  proposed by Gorman and Iiinman (73)  and Snee  e . a . ( 7 1 ) :  

f o r  t h e  q u a d r a t i c  form, or :  

Resp = b l @  1 t b2@2 + b3@3 t b12@1@2 + b13@1@3 + b23@203 + 

f o r  t h e  s p e c i a l  c u b i c  form. 

These e q u a t i o n s  are ve ry  g e n e r a l  a p p l i c a b l e ,  b u t  Schoenmakers (76 )  

showed t h a t  t h e s e  e q u a t i o n s  are  ve ry  w e l l  s u i t e d  f o r  t h e  u s e  i n  

IIPJC o p t i m i z a t i o n  when l o g  k '  or I n  k '  is t a k e n  as t h e  r e sponse .  

T h i s  d e r i v a t i o n  i s  based on s o l v o p h o b i c  t h e o r y ,  which is a wide ly  

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

r e v e r s e d  phase llPLC. 

The g r e a t  a d v a n t a g e  of  t h i s  t e c h n i q u e  is t h a t  t h e  r e l a t i v e  

r e t e n t i o n  (o r  s e l e c t i v i t y  f a c t o r )  a or  t h e  ch romatograph ic  

r e s o l u t i o n  t h e  

f a c t o r  space .  

The re  are of c o u r s e  o t h e r  e q u a t i o n s  t h a t  were used t o  d e s c r i b e  t h e  

r e t e n t i o n  behav iour  as  a f u n c t i o n  of  e x p e r i m e n t a l  p a r a m e t e r s .  Toon 

e.a.(38), Walters (89) and J i n n o  and Kawasaki(90-93) s t u d i e d  t h e  

o p t i m i z a t i o n  of IIPLC s e p a r a t i o n s  u s i n g  r e l a t i o n s  between r e t e n t i o n  

behav iour  and o t h e r  p a r a m e t e r s  t h a n  t h e  c o m p o s i t i o n  of t h e  mob i l e  

phase.  The r e s u l t s  are s imilar  t o  t h e  o n e s  d e s c r i b e d  b e f o r e  and 

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

s e p a r a t i o n  can  be made a l l  o v e r  t h e  f e a s i b l e  p a r t  of  t h e  f a c t o r  

space .  

1: c a n  be p r e d i c t e d  o v e r  t h e  whole f e a s i b l e  p a r t  o f  
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FIGURE 111-6 

Overlapping Resolution Map for a separation of nine substituted 
naphtalenes.(figure from (35)). 

Once the retention behaviour of the solutes under consideration is 
defined in a satisfactory way, the optimal mobile phase composition 

can be determined in several ways. 
Glajch e.a.(35) suggested the so called Overlapping Resolution 
Napping (OW) technique. Using this technique the predicted 
retention behaviour of the solutes is used to calculate the 
chromatographic resolution for every pair of peaks at every mobile 

phase composition within the solvent selectivity triangle. For 

every pair of peaks a triangle can be constructed in such a way 
that the areas in the triangle offering a bad resolution (R <1.5) 
are shaded. Then all triangles are overlaid to construct the 
overlapping resolution map which givcs information about the area 
in the triangle where the rcsolution between all possible pairs of 
peaks is better than the desired value (R=l.5)(see figure 111-6). 
Another possible approach is the one suggested by Weyland e.a.(94). 
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They propose the use of non-linear programming techniques to locate 
the global optimum in the factor space, which is defined as the 
mobile phase composition offering the shortest possible analysis 
time while maintaining a desired resolution between all pairs of 
adjacent peaks. To be able to perform the necessary calculations 
mathematical relations describing analysis tine and the resolution 

between all pairs of peaks as a function of the mobile phase 
composition (or other experimental parameters) have to be 

calculated The optimization can then be translated into the 
mathematical problem of minimizing a function under certain 
(equality and/or inequality) constraints. The results can be 
presented in a graphical way as is shown in figure 111-7. 
An optimization approach which differs a little from the ones 
described above is suggested by Schoenmakers and Drouen e.a.(49). 

The authors call it the iterative approach. The major difference is 
that at the start of the procedure a linear relationship between 
the response (In k') and the experimental parameters is assumed. 
When the mobile phase composition is taken as the experimental 

variable, first the composition of the pseudocomponents is 
established using a gradient run. The sides of the solvent 

selectivity triangle are laid in a straight line to reduce the 
problem to a two dimensional one (see figure 111-8), which means 

that A 

search for the best value of the quality criterion proposed by the 

same authors (see table 111-1) is started using the linear 
relations mentioned before. The next experiment is done at the 
mobile phase composition offering the best value of the quality 

criterion. The k'-values measured are used to correct the assumed 
linear relation and the quality criterion is calculated again fo r  

a l l  possible ternary mobile phase compositions. This procedure 
continues until the predicted values of k' are close enough to the 

experimental values. Modifications in the determination of the 
mobile phase composition where the next experiment is to be done 
and in the calculation of the quality criterion have been made to 
optimize the performance of the method (50). 

only ternary compositions of the mobile phase are allowed. 
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water 
0, cp . 

0 

b 

0 4  \ - 
I \  2 %  

acetonitrile 

2 
' - 0 4  

' \o 
methanol 

FIGURE 111-7 

Contour  t h e  
IIPIX: s e p a r a t i o n  of  a t h r e e  component m i x t u r e ;  (-) i n d i c a t e s  
t h e  a n a l y s i s  time; (.-.---.- ) i n d i c a t e s  t h e  r e s o l u t i o n  between 
component 1 and 2;  (- - - -) i n d i c a t e s  t h e  r e s o l u t i o n  between 
component 2 and 3; t h e  shaded areas are o u t s i d e  t h e  c o n s t r a i n t s  f o r  
r e s o l u t i o n  1.25; optimum mobi l e  phase  c o m p o s i t i o n s  f o r  minimal 
r e s o l u t i o n  1.25 are i n d i c a t e d  by*, and f o r  1.5 by..(figure from 

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

( 9 4 ) ) .  
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FIGURE 111-8 

Illustration of the "iterative" approach fo r  a separation of five 
diphenylamines; the upper part shows In k' versus mobile phase 
composition; the lower part shows the n Rs criterion and two 
modified versions versus mobile phase composition.(figure from 
( 5 0 )  1 * 

Besides the optimization of the mobile phase composition in 

reversed phase IIPLC also the mobile phase pH (95) and the 
concentration of the ion pairing reagent in ion chromatography have 

been optimized using this approach (96,97) 
Very recently the approach is extended to the three dimensional 

case (the use of quaternary mixtures as the mobile phase), which 
makes the necessary calculations a lot more complicated and time 

consuming (98). 
Overlooking the vast amount of papers published on simultaneous 
experimental Optimization of IIPLC separations it seems that the 
analytical(mathematica1) approach is the most popular one. Probably 

this is caused by the fact that most chromatographists abominate 
the idea of black box optimization, wherein no chromatographic 
knowledge is necessary most of the time. 

From the optimization point of view the approach has some 
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d i s a d v a n t a g e s .  I n  t h e  f i r s t  p l a c e  t h e  number of e x p e r i m e n t s  is 

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

s u r f a c e ,  q u a l i t y  
c r i t e r i o n  l i k e  t h e  o n e s  l i s t e d  i n  t a b l e  111-1 is t o  be d e s c r i b e d .  

Secondly t h e  number o f  chromatograms t h a t  have  t o  be r e c o r d e d  i n  

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

depends on t h e  number o f  s o l u t e s  p r e s e n t  i n  t h e  m i x t u r e  t o  b e  

s e p a r a t e d .  T h i s  is caused  by t h e  f a c t  t h a t  s t a n d a r d s  have t o  be  r u n  

a t  e v e r y  mob i l e  phase  compos i t ion  t o  be a b l e  to i d e n t i f y  t h e  

s o l u t e s  i n  t h e  chromatogram. And t h i s  is  n o t  even  p o s s i b l e  when t h e  

compos i t ion  of  t h e  sample t o  b e  s e p a r a t e d  is n o t  known, 

To overcome t h i s  d i f f i c u l t y  some a u t h o r s  i n v e s t i g a t e d  t h e  u s e  of 
d u a l  wavelength d e t e c t i o n  (99,100) and mult i -wavelength d e t e c t i o n  

u s i n g  a W-diode-array d e t e c t o r  (98,101). The d u a l  wavelength 

d e t e c t i o n  seemed n o t  v e r y  u s e f u l ,  and t h e  r e s u l t s  o f  t h e  mul t i -  

wavelength d e t e c t i o n  are n o t  c o m p l e t e l y  p u b l i s h e d  y e t .  

I s s a q  e.a.(102,103) a l so  r e c o g n i z e d  t h e  i m p o r t a n t  problem of  on- 

l i n e  peak i d e n t i f i c a t i o n  i n  t h e  o p t i m i z a t i o n  approach  a c c o r d i n g  t o  
G l a j c h  e.a.. They deve loped  a computer program f o r  t h e  

i d e n t i f i c a t i o n  o f  peaks  i n  a chromatograin based  on t h e  peak-a rea ' s .  

The i d e n t i f i c a t i o n  is of c o u r s e  n o t  p e r f e c t ,  bu t  it might  be  a 

s i m p l e  s o l u t i o n  t o  a n a l y t i c a l  s o l u t i o n s  i n  which t h e  c o n c e n t r a t i o n s  

of t h e  components c a n  b e  chosen  f r e e l y .  

Another group of r e s e a r c h e r s ,  D e t a e v e r n i e r ,  De Smet and Massart 
e .a . (104,105) ,  argumented t h a t  t h e  G l a j c h ,  K i r k l a n d ,  Snyder  

approach is too g e n e r a l  and t h e r e f o r e  too complex to  be used i n  

o r d i n a r y  s e p a r a t i o n  problems.  That is why t h e y  p ropose  a . r e s t r i c t e d  

v e r s i o n  of  the mentioned approach  making u s e  o f  o n l y  one  

p r e s e l e c t e d  s t a t i o n a r y  phase  and s i x  p o s s i b l e  mob i l e  phase  

components. I n  t h i s  way i t  is p o s s i b l e  t o  o p t i m i z e  and pe r fo rm 

s t r a i g h t  phase as  w e l l  as  r e v e r s e d  phase s e p a r a t i o n s  i n  one  IPLC 

system. 

which can  be  ve ry  complex when t h e  r e s p o n s e  of  a 
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I V .  MISCELLANEOUS OI'TII'4IZATION PETHODS 

2759 

A .  G r a d i e n t  O p t i m i z a t i o n  

I n  t h e  e x p e r i m e n t a l  o p t i m i z a t i o n  p a r t  of t h i s  r e v i e w  some p a p e r s  on  

t h e  o p t i m i z a t i o n  o f  g r a d i e n t  e l u t i o n  i n  HPLC have  a l r e a d y  been  

men t ioned  (Watson and  C a r r  (33). F a s t  e . a . (34 ) ) .  But t h e r e  have  

a l s o  been a u t h o r s  who s t u d i e d  t h e  g r a d i e n t  e l u t i o n  t e c h n i q u e  i t s e l f  

w i t h  t h e  aim t o  o p t i m i z e  i t .  

Between 1974 and 1981 J a n d e r a  a n d  Churachek  p u b l i s h e d  a series of 

p a p e r s  on G r a d i e n t  E l u t i o n  i n  L i q u i d  Chromatography o f  which  some 

p a r t s  were d e d i c a t e d  t o  t h e  o p t i m i z a t i o n  of t h i s  t e c h n i q u e  (106- 

108). 'I'he o p t i m i z a t i o n  i s  based  on  e q u a t i o n s  d e s c r i b i n g  t h e  a c t u a l  

f r a c t i o n  o f  t h e  s t r o n g e r  e l u t i n g  component i n  t h e  m o b i l e  phase  a t  

t h c  p l a c e  i n  t h e  c h r o m a t o g r a p h i c  column where  a p a r t i c u l a r  s o l u t e  

is s i t u a t e d  a t  t h a t  moment. T h e s e  c o n c e n t r a t i o n - t i m e  f u n c t i o n s  c a n  

be  v e r y  compl i ca t ed .  

For example  Uorowko e . a . (109 ,110)  d i s c u s s e d  t h e  o p t i m i z a t i o n  o f  

s t e p w i s e  g r a d i e n t  e l u t i o n  based  on t h e o r e t i c a l  c o n s i d e r a t i o n s  

p u b l i s h e d  by J a n d e r a  and  Churachek .  Dur ing  e a c h  s t e p  a n  i socra t ic  

e l u t i o n  was assumed d u r i n g  which  t h e  r e t e n t i o n  b e h a v i o u r  c o u l d  be  

d e s c r i b e d  u s i n g  w e l l  known e q u a t i o n s  l i k e :  

l o g  k '  = a t b @  

When a c o n s t a n t  v a l u e  f o r  t h e  t h e o r e t i c a l  p l a t e  number f o r  a l l  

s o l u t e s  i s  assumed, t h e  e x p e c t e d  c h r o m a t o g r a p h i c  r e s o l u t i o n s  c a n  b e  

c a l c u l a t e d .  J a n d e r a  and  Churacek  d e s c r i b e d  t h e  o p t i m i z a t i o n  o f  a 

s t e p w i s e  g r a d i e n t  e l u t i o n  o f  a m i x t u r e  o f  s i x  b a r b i t u r a t e s  and  o f  a 

homologous series o f  a l k y l - m e t h y l u r a c i l s  i n  a n  e l u e n t  c o n s i s t i n g  of 

water and  me thano l  (106). They make t h e  remark  t h a t  t h i s  k i n d  of 

g r a d i e n t  e l u t i o n  is  meant as a " ta i lor -made"  t e c h n i q u e  f o r  g i v e n  

p a r t i c u l a r  s e p a r a t i o n  p rob lems  and  t h a t  t h e  nost commonly used  

g r a d i e n t  t e c h n i q u e  is  t h e  o n e  w i t h  a c o n t i n o u s l y  c h a n g i n g  m o d i f i e r  

c o n c e n t r a t i o n .  
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I n  1979 S n y d e r  e . a . ( l l l )  and  D o l a n  e . a . ( 1 1 2 )  p u b l i s h e d  two p a p e r s  

on  g r a d i e n t  e l u t i o n  i n  HPLC i n  w h i c h  t h e y  statc t h a t  L i n e a r  S o l v e n t  

S t r e n g t h  (LSS) g r a d i e n t  e l u t i o n  is t h e  o p t i m a l  way of u s i n g  t h e  

g r a d i e n t  e l u t i o n  t e c h n i q u e  i n  LSC as well as i n  r e v e r s e d  p h a s e  

HPLC. They g i v e  s e v e r a l  e q u a t i o n s  t h a t  c a n  b e  u s e d  for  t h e  

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

e x p e r i m e n t a l  c i r c u m s t a n c e s .  It  i s  shown t h a t  t h e  l a te r  e l u t i n g  

b a n d s  are h a r d l y  a f f e c t e d  by t h e  c h o i c e  o f  t h e  i n i t i a l  m o d i f i e r  

c o n c e n t r a t i o n ,  as l o n g  as t h i s  c o n c e n t r a t i o n  is small compared  t o  

t h e  m o d i f i e r  c o n c e n t r a t i o n  p r e s e n t  a t  t h e  i n l e t  of t h e  co lumn a t  

t h e  time t h e  l a te r  e l u t e d  compounds are a c t u a l l y  e l u t e d .  So t h e  

i n i t i a l  m o d i f i e r  c o n c e n t r a t i o n  c a n  be maximized ,  a n d  a t  t h e  same 

time t h e  a n a l y s i s  time m i n i m i z e d ,  on  t h e  c o n d i t i o n  t h a t  t h e  

r e s o l u t i o n  o f  t h e  e a r l y  e l u t i n g  compounds is m a i n t a i n e d .  

The  s t e e p n e s s  o f  t h e  Q r a d i e n t  is  n o t  r e a l l y  a s u i t a b l e  p a r a m e t e r  

f o r  o p t i m i z a t i o n  p u r p o s e s ,  b e c a u s e  it i s  shown t h a t  f o r  a l l  s o l u t e s  

u n d e r  c o n s i d e r a t i o n  t h e  o p t i m a l  v a l u e s  fo r  8' l i e  i n  t h e  same r a n g e  

(0.05-0.2, i .e.  5Z-20W p e r  m i n u t e ) .  The  o p t i m i z a t i o n ,  or f i n e  

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

a n d  S n y d e r ,  b e  d o n e  i n  t h e  f o l l o w i n g  way: 

- i n c r e a s e  t h e  i n i t i a l  m o d i f i e r  c o n c e n t r a t i o n  i n  o r d e r  t o  

m i n i m i z e  a n a l y s i s  timc 

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

- d e c r e a s e  t h e  flow-rate when t h e  r e s o l u t i o n  is s t i l l  n o t  

s u f f i c i e n t  

- c h a n g e  t h e  o r g a n i c  m o d i L i e r  when t h e  s e l e c t i v i t y  is too l o w  

J a r i d e r a  a n d  C h u r a c h e k  d o  n o t  c o m p l e t e l y  a g r e e  w i t h  S n y d e r  e.a. a n d  

t h c r c f o r e  t h e y  p r o p o s e  a n o t h e r  o p t i m i z a t i o n  a p p r o a c h  w h e r e i n  t h r e e  

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

c o n c e n t r a t i o n ,  s t e e p n e s s  o f  t h e  g r a d i e n t  a n d  t h e  s h a p e  of t h e  
g r a d i e n t .  However, i n  p r a c t i c e  t h e  s h a p e  o f  t h e  g r a d i e n t  p r o f i l e  is 

o f t e n  c h o s e n  t o  b e  linear. T a k i n g  t h i s  i n t o  a c c o u n t  t h e  two 

a p p r o a c h e s  are almost i d e n t i c a l .  

C h a r a c t e r i s t i c  f o r  b o t h  a p p r o a c h e s  is t h a t  r a t h e r  s i g n i f i c a n t  

s i m p l i f i c a t i o n s  of t h e  t h e o r y  are n e c e s s a r y  t o  come t o  a g e n e r a l  

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

c h r o m a t o g r a p h y .  The two major s i m p l i f i c a t i o n s  are: 

- a s s u m e  t h a t  t h e  p l a t e n u m b e r  of t h e  g i v e n  c o l u m n  is  

i n d e p e n d e n t  of m o b i l e  p h a s e  c o m p o s i t i o n  a n d  s o l u t e .  

- a s s u m e  t h a t  t h e  s e l e c t i v i t y ,  a ,  is n o t  i n f l u e n c e d  by t h e  

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

A n o t h e r  s t r i k i n g  p o i n t  is t h a t  t h e  a u t h o r s ,  e s p e c i a l l y  J a n d e r a  a n d  

C h u r a c h e k ,  seem unaware  of t h e  p o s s i b i l i t i e s  for  t h e  s i m u l t a n e o u s  

v a r i a t i o n  of t h r e e  i n t e r d e p e n d e n t  v a r i a b l e s  o f f e r e d  by e x p e r i m e n t a l  

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

i m p o r t a n t  e x p e r i m c n t a l  p a r a m e t e r s  are d e t e r n i n e d ,  t o  p e r f o r m  a 

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

t h e  b e s t  c h r o m a t o g r a p h i c  p e r f o r m a n c e  fo r  t h e  p a r t i c u l a r  s e p a r a t i o n  

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

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

p a r a m e t e r s  a t  a time is a v e r y  complex  p r o c e d u r e  a n d  t h a t  t h e r e f o r e  

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

a d v a n c e .  

I n  1981 t h e  f o u r t e e n t h  p a r t  ( t h e  l a s t  o n e  u n t i l  now) of t h e  series 

by J a n d c r a  a n d  C h u r a c h e k  a p p e a r e d  ( 1 1 3 )  on  t h e  t h e o r e t i c a l  

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

Based o n  t h e  t h e o r y  d e v e l o p e d  i n  earlier p a r t s  of the series 

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

e l u t i o n  are p o s t u l a t e d .  

I n  1983 K i r k l a n d  and  G l a j c h  (114) p u b l i s h  t h c i r  p a p e r  on  t h e  

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

g r a d i e n t  e l u t i o n  l i q u i d  c h r o m a t o g r a p h y .  They d i s t i n g u i s h  two t y p e s  

o f  g r a d i e n t  c l u t i o n :  I s o s e l e c t i v e  f l u l t i s o l v e n t  G r a d i e n t  E l u t i o n  

(IMGE) a n d  S e l e c t i v e  l l u l t i s o l v e n t  G r a d i e n t  E l u t i o n  (SMGE). 
The  I I G E - o p t i m i z a t i o n  is b a s e d  on  t h e  K i r k l a n d - S n y d e r - G l a j c h -  

a p p r o a c h  d e s c r i b e d  i n  c h a p t e r  I11 f o r  i s o c r a t i c  s e p a r a t i o n s .  T h e  

s o l v c n t  s e l e c t i v i t y  t r i a n g l e  u s e d  t h e r e  is e n l a r g e d  i n t o  t h e  t h i r d  

d i m e n s i o n  by a d d i n g  a n  a x i s  on  which  t h e  s o l v e n t  s t r e n g t h  is  

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

a l l  p o s s i b l e  g r a d i e n t s  c a n  b e  r e p r e s e n t e d  by s t r a i g h t  l i n e s ,  
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FIGURE IV-1 

Exper imen ta l  d e s i g n  f o r  s even  g r a d i e n t  e l u t i o n  r u n s  t o  o b t a i n  b a s i c  
d a t a  f o r  o p t i m i z a t i o n  c a l c u l a t i o n s  u s i n g  e i t h e r  t h e  IMGE- or t h e  
SMGE-approach.(figure from (114)). 

p e r p e n d i c u l a r  on  t h e  f r o n t  ( s o l v e n t  s e l e c t i v i t y )  t r i a n g l e  ( s e e  

f i g u r e  IV-1). So e v e r y  p o s s i b l e  g r a d i e n t  r u n  c a n  be  r e p r e s e n t e d  by 

i t s  i n i t i a l  mob i l e  phase  compos i t ion .  Seven g r a d i e n t  r u n s  are 

performed,  from which t h e  r e t e n t i o n  d a t a  are used t o  d e t e r m i n e  

ma themat i ca l  r e l a t i o n s  d e s c r i b i n g  t h e  r e t e n t i o n  behav iour  o f  t h e  

s o l u t e s  a s  a f u n c t i o n  of  t h e  i n i t i a l  compos i t ion  o f  t h e  mob i l e  

phase i n  t h e  g r a d i e n t  run .  Using t h e s e  r e l a t i o n s  a n  Ollhl-plot can  b e  

c a l c u l a t e d  from which t h e  o p t i m a l  i n i t i a l  mob i l e  phase  c o m p o s i t i o n ,  

and t h u s  t h e  o p t i m a l  g r a d i e n t  c a n  be  found.  T h i s  k i n d  o f  g r a d i e n t  

o p t i m i z a t i o n  may be c o n s i d e r e d  as a combina t ion  of  t h e  L i n e a r  

S o l v e n t  S t r e n g t h  (LSS)-approach s u g g e s t e d  by Dolan and Snyder  and 

t h e  i s o c r a t i c  o p t i m i z a t i o n  scheme u s i n g  S n y d e r s  s o l v e n t  s e l e c t i v i t y  

t r i a n g l e .  

The SFiE-approach t o  g r a d i e n t  o p t i m i z a t i o n  is more g e n e r a l  b u t  a l so  

more compl i ca t ed  t o  perform. The e x a c t  compos i t ion  of  such a 

g r a d i e n t  run  can  be chosen by v i s u a l  i n t e r p r e t a t i o n  of  t h e  

r e t e n t i o n  d a t a  o b t a i n e d  w i t h  t h e  seven  i s o s e l e c t i v e  g r a d i e n t  r u n s ,  

ment ioned b e f o r e .  T h i s  i m p l i e s  t h a t  t h e r e  w i l l  n o t  be one e x a c t l y  

de t e rmined  o p t i m a l  g r a d i e n t  e l u t i o n  p r o f i l e ,  b u t  s e v e r a l  p r o f i l e s  

t h a t  w i l l  l e a d  t o  s a t i s f a c t o r y  s e p a r a t i o n .  
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The a u t h o r s  remark  t h a t  t h e y  f e e l  t h a t  t h e  IMGE-approach is  s u i t e d  

t o  s o l v e  many s e p a r a t i o n  p rob lems  i n v o l v i n g  m i x t u r e s  o f  s o l u t e s  

hav ing  wide k ' - r anges .  The more power fu l  SMGE-approach w i l  o n l y  b e  

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

s o p h i s t i c a t i o n  c a n  be  j u s t i f i e d .  

B. The u s e  o f  P i l o t - T e c h n i q u e s  

The r e a s o n  why e x p e r i m e n t e r s  have  been s e a r c h i n g  f o r  a p i l o t  

t e c h n i q u e  f o r  HPLC-optimization is p r o b a b l y  t h a t  t h e y  f e e l  t h a t  

IIPLC is a too c o m p l i c a t e d  t e c h n i q u e  and  f u r t h e r m o r e  t h a t  it is too 
e x p e n s i v e  f o r  t r i a l  and error o p t i m i z a t i o n .  Wi th  t h e  deve lopmen t  of 

s y s t e m a t i c  o p t i m i z a t i o n  methods  t h i s  r e a s o n  d o e s  n o t  h o l d  anymore. 

Al though,  a number o f  p a p e r s  have  been  p u b l i s h e d  on  TLC as a p i l o t -  

t e c h n i q u e  f o r  IIPLC-gradient e l u t i o n ,  and t h a t  is n o t  amazing  

r e g a r d i n g  t h e  complex t h e o r y  f o r  t h i s  k i n d  o f  o p t i m i z a t i o n  as  

d e s c r i b e d  i n  p a r t  A of t h i s  c h a p t e r .  

A s  Go lk iewicz  e.a.(115-117) a l r e a d y  s t a t e d  t h e  d e s i g n  of a g r a d i e n t  

e l u t i o n  s e p a r a t i o n  c a n  be  o p t i m i z e d  much b e t t e r  u s i n g  t h e  s i m p l e  

and q u i c k  TLC-technique, when t h e  same t h e o r e t i c a l  r e l a t i o n s h i p s  

ho ld  f o r  t h e  r e t e n t i o n  b e h a v i o u r  o f  t h e  s o l u t e s  as  i n  IIPLC. 

J o r k  e . a . (118)  d e s c r i b e  a p r a c t i c a l  example o f  t h e  o p t i m i z a t i o n  o f  

t h e  IiPLC-separation o f  a m i x t u r e  o f  t o x i c  compounds used  as  

i n s e c t i c i d s ,  and t h e y  d i s c u s s  t h o r o u g h l y  t h e  a d v a n t a g e s  and  

d i s a d v a n t a g e s  o f  t h e  u s e  of TLC a s  a p i l o t  t e c h n i q u e  f o r  IIPLC 

s e p a r a t i o n s .  

O t h e r  p a p e r s  on t h i s  s u b j e c t  (119 ,120)  u s e  t h e  same p r e d i c t i o n  

t e c h n i q u e  based  on m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  r e t e n t i o n  

behav iour  of t h e  s e v e r a l  s o l u t e s  i n  isocratic e l u t i o n .  

Because  o f  t h e  s i m p l i c i t y  and  t h e  r e l a t i v e l y  low c o s t s  o f  TLC it  

c a n  b e  h e l p f u l  t o  u s e  it as a p i l o t  t e c h n i q u e  f o r  i socra t ic  a s  well 

a s  g r a d i e n t  IIPLC, however g r e a t  care s h o u l d  b e  t a k e n  when r e t e n t i o n  

b e h a v i o u r  i n  TLC i s  used  t o  p r e d i c t  o p t i m a l  s e p a r a t i o n  c o n d i t i o n s  

i n  IiPLC. It seeins much b e t t e r  t o  u s e  TLC r e t e n t i o n  d a t a  i n s t e a d  o f  
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t h e  i n i t i a l  g r a d i e n t  r u n  i n  HPLC o p t i m i z a t i o n  i n  o r d e r  t o  d e t e r m i n e  

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

t h e  n e e d  f o r  IIPLC e q u i p m e n t  c a p a b l e  of g r a d i e n t  f o r m a t i o n .  

C. M a t h e m a t i c a l  R e s o l u t i o n  o f  C h r o m a t o g r a p h i c  P e a k s  

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

m a t h e m a t i c a l  r e s o l u t i o n  is a k i n d  of o p t i m i z a t i o n  of 

c h r o m a t o g r a p h i c  s e p a r a t i o n s  i t  is a f a c t  t h a t  i n  t h e  last few 

y e a r s ,  when c o m p u t e r s  became more cormnon i n  IlPLC p r a c t i c e ,  a l o t  of 

r e s e a r c h e r s  f e l t  t h a t  u s i n g  n a t h e m a t i c a l  t e c h n i q u e s ,  l i k e  t h e  o n e s  

d e s c r i b e d  h e r e ,  makes  t h e  o p t i m i z a t i o n  o f  c h r o m a t o g r a p h i c  

r e s o l u t i o n  s u p e r f l u o u s .  It m i g h t  sound v e r y  s t r a n g e  i n  t h e  ears of 

e x p e r i e n c e d  c h r o m a t o g r a p h i s t s ,  b u t  i t  is  a fac t  t h a t  

c h r o m a t o g r a p h i c  r e s o l u t i o n  is n o t  l o n g e r  n e c e s s a r y  t o  a c h i e v e ,  when 

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

T h e  b a s i c  s t e p  of t h e s e  methods  is t h e  f o r m u l a t i o n  of a p e a k  model ,  

and  a l r e a d y  a t  t h a t  moment t h e  f i r s t  p r o b l e m s  arise. T h e  i d e a l  

G a u s s i a n  peak  s h a p e  is s o m e t h i n g  t h a t  is  a l w a y s  hoped for ,  b u t  

a l m o s t  n e v e r  a c h i e v e d  i n  p r a c t i c e .  T h e r e f o r e  a number of o t h e r  

peakmodels  h a s  b e e n  d e s c r i b e d  i n  t h e  l i t e r a t u r e .  I n  1981 Lundeen 

and  J u v e t  ( 1 2 1 )  p u b l i s h e d  a p a p e r  i n  which  t h e y  p r e s e n t  a b r i e f  

o v e r v i e w  of  t h e  t e c h n i q u e s  a n d  peak  m o d e l s  u s e d  u n t i l  t h e n .  They 

m e n t i o n  e x p o n e n t i a l l y  m o d i f i e d  G a u s s i a n ,  b i - G a u s s i a n ,  P o i s s o n ,  

G r a m - C h a r l i e r  a n d  c o m b i n a t i o n s  of G a u s s i a n ,  e x p o n e n t i a l  and  

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

s u c c e s f u l l y  d e s c r i b e d .  Once t h e  p e a k  model  h a s  b e e n  c h o s e n  t h e  

p r o p o s e d  method i n v o l v e s  t h e  s o l u t i o n  of a set  o f  n o n - l i n e a r  

s i m u l t a n e o u s  e q u a t i o n s  h a v i n g  t h e  form: 

RTi = aix2 + bix + ciy2 + diy t e i e x p ( f i x  2 ) + giexp(hiy 2 ) t ..... 
T h i s  c a n  b e  a c h i e v e d  by m i n i m i z i n g  t h e  sum of s q u a r e s  f o r  t h e  error 
f u n c t i o n .  D e c a u s e  a p p r o x i m a t i o n s  are n e c c s a r r y  t h e  s o l u t i o n  g a i n e d  
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OPTIMIZATION METHOD FOR HPLC 2765 

w i l l  n o t  b e  e x a c t l y  correct a n d  s o  a few i t e r a t i o n  s t e p s  h a v e  t o  b e  

p e r f o r m e d .  Q u a n t i t a t i v e  d e t e r m i n a t i o n s  u s i n g  t h i s  t e c h n i q u e  g i v e  

r e s u l t s  w i t h  errors i n  t h e  r a n g e  f r o m  3% t o  16X ( f o r  t h e  smallest 

c o n c e n t r a t i o n ) .  D ' A l l u r a  and  J u v e t  i n  1982 ( 1 2 2 )  r e p o r t  similar 
work ,  b u t  t h e i r  a p p l i c a t i o n  is t h e  m a t h e m a t i c a l  r e s o l u t i o n  of HPLC 

p e a k s  T h e  a u t h o r s  r e m a r k  t h a t  the p r o p o s e d  

method r e q u i r e s  t h a t  p a r a m e t e r s  e f f e c t i n g  p e a k  p o s i t i o n  e i t h e r  be  

v e r y  c l o s e l y  c o n t r o l l e d  o r  else b e  a c c u r a t e l y  m e a s u r e d  t o  make 

c o r r e c t i o n s  p o s s i b l e .  

I n  1 9 8 2  Crimalt e . a . ( 1 2 3 )  compared  s e v e r a l  f u n c t i o n s  of s t a t i s t i c a l  

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

I n  1983 C e l a  e .a . (124)  p r e s e n t e d  a method w h i c h  u s e s  t h e  s e q u e n t i a l  

s i m p l e x  o p t i m i z a t i o n  t e c h n i q u e  t o  a c h i e v e  t h e  m a t h e m a t i c a l  

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

a c c o u n t  a number o f  d i f f e r e n t  o b j e c t i v e  f u n c t i o n s .  So i n  t h i s  case 

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

p a r a m e t e r s  w h i c h ,  by o t h e r  a u t h o r s ,  h a s  b e e n  c a l c u l a t e d  u s i n g  non- 

l i n e a r  m a t h e m a t i c a l  o p t i m i z a t i o n  t e c h n i q u e s .  

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

e v e n  n o r e  complex peak  m o d e l s  a n d  v e r y  complex  m a t h e m a t i c a l  

o p t i m i z a t i o n  m e t h o d s  (125-127) ,  b u t  i t  is q u e s t i o n a b l e  w h e t h e r  

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

c 11 r oma t o g r a p h i s t s . 
A v e r y  i n t e r e s t i n g  d e v e l o p m e n t  o n  t h e  o t h e r  hand is t h e  u s e  of 

n i u l t i v a r i a t e  d a t a  a n a l y s i s  on d a t a  sets a c h i e v e d  w i t h  t h e  u s e  of 

m u l t i c h a n n e l  d e t e c t i o n  t e c h n i q u e s  c o u p l e d  t o  a n  LPLC a p p a r a t u s .  

T h i s  t e c h n i q u e  h a s  b e e n  ear l ie r  d e s c r i b e d  fo r  CC-!IS d a t a  ( 1 2 8 , 1 2 9 )  

b u t  i n  t h e  l as t  few y e a r s  a l s o  LC-EIS d a t a  a n d  e s p e c i a l l y  LC-UV- 

d i o d e - a r r a y  d a t a  h a v e  become a v a i l a b l e  much easier t h a n  b e f o r e .  The  

d a t a  m a t r i x  a c h i e v e d  by u s i n g  d i o d e - a r r a y  d e t e c t i o n  c o n s i s t s  o f  

rows  r e p r e s e n t i n g  a b s o r b a n c e  s p e c t r a  a t  g i v e n  p o i n t s  i n  t h e  

chromatogram a n d  co lumns  r e p r e s e n t i n g  c h r o m a t o g r a m s  a t  g i v e n  

w a v e l c n g t h s .  F a c t o r  a n a l y s i s  ( P r i n c i p a l  Component A n a l y s i s )  allows 

t h e  d e t e r m i n a t i o n  of t h e  t o t a l  number of p e a k s  p r e s e n t  i n  t h e  

o v e r l a p p i n g  p r o f i l e .  By t r a n s f o r m a t i o n  of t h e  o r i g i n a l  d a t a  m a t r i x  

r a t h e r  t h a n  GLC p e a k s .  
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2766 DEBETS 

the identification and quantification of the components in the 

mixture is possible. This technique has been described by several 
authors (130-132) but it has not been worked out in such a way that 
the application in routine IIPLC analysis is already possible. 
Because of problems with base line correction, non-negativity 
restrictions, etc. some research on this subject is still to be 

done. 
Overlooking this approach to the enhancement of resolution in HPLC 
separations, it seems that no best way to tackle a particular 
separation problem can be given. Eecause of the large variety of 
useful peak models and the numerous mathematiid optimization 

techniques that are available to solve the (non)linear equations 
there is no best approach. On the other hand, when a multichannel 
detection system is available the approach using multivariate data 

analysis is very promising. 

V . INSTCUi%NTATION FOR OPTIMIZATION EETIIODS 114 IIPLC 

When the experimental optimization methods became more popular in 
liquid chromatography, manufacturers of IIPLC equipment began to 

feel the need for instruments that would be able to perform the 

described optimization techniques. It is of course not surprising 
that Du-Pont was the first manufacturer to present an IIPLC 
instrument equiped with four solvent capability and a built-in 
computer. An optimization method, according to the work published 
by Snyder, Kirkland and Glajch, was incorporated, the system was 

automated and it was introduced under the name "Sentinel". LDC, 

also associated with a researcher in the field (Berridgc), was the 
next to introduce an HPU: apparatus capable of unattended 
optimization of separations. Other manufacturers followed these two 
predecessors and nowadays also Spectra-Physics, Bruker and Perkin- 
Elmer have instrumentation and software available for optimization 
purposes. 
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OPTIMIZATION METHOD FOR HPLC 2161 

To rnalce a c o m p a r i s o n  b e t w e e n  t h e  p e r f o r m a n c e s  of t h e  s e v e r a l  
s y s t e m s  p o s s i b l e ,  a b r i e f  d e s c r i p t i o n  a n d  e v a l u a t i o n  of t h e  

d i f f e r e n t  methods  i s  g i v e n .  

- Du-Pont 

T h e  S e n t i n e l - s y s t e m ,  a l t h o u g h  n o t  c o m m e r c i a l l y  a v a i l a b l e  anymore ,  

i s  o n e  o f  t h e  most s o p h i s t i c a t e d  O p t i m i z a t i o n  s y s t e m s  e v e r  s o l d .  I t  

is K i r k l a n d  a n d  G l a j c h  

( s e e  c h a p t e r  111) a n d  o p e r a t e s  i n  t h e  f o l l o w i n g  way: 

hasctl o n  t h e  a p p r o a c h  d e s c r i b e d  by S n y d e r ,  

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

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

k ' - r a n g e .  

- a number o l  e x p e r i m e n t s  is d o n e  t o  e s t a b l i s h  b i n a r y  m i x t u r e s  

of w a t e r / m e t h a n o l ,  w a t e r / a c e t o n i t r i l e  a n d  w a t e r / t e t r a h y d r o -  

f u r a n  w i t h  s o l v e n t  s t r e n g h t s  e q u a l  t o  t h e  o n e  c a l c u l a t e d  from 

t h e  g r a d i e n t  run.  
- L o u r  e x p e r i m e n t s  are d o n e  t o  c o m p l e t e  t h e  s i m p l e x  l a t t i ce  

d e s i g n  o v e r  t h e  s o l v e n t  s e l e c t i v i t y  t r i a n g l e  (see f i g u r e  

111-4). 

- r e t e n t i o n  d a t a  of t h e  s e v e n  e x p e r i m e n t s  from t h e  s i m p l e x  

l a t t i c e  d e s i g n  are u s e d  t o  c a l c u l a t e  e i t h e r  ORN-plots,  from 

which  a n  o p t i m a l  c o n p o s i t i o n  of t h e  m o b i l e  p h a s e  is  d e t e r m i n e d  

m a t h e m a t i c a l l y ,  o r  a n  e l u t i o n  o r d e r  t a b l e ,  from w h i c h  t h e  

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

o p t i m a l  m o b i l e  p h a s e  c o m p o s i t i o n .  

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

c o m p o s i t i o n .  

Some r e m a r k s  c a n  b e  made on  t h e  p e r f o r m a n c e  of t h i s  o p t i m i z a t i o n  

s y s t e m :  

- it is assumed t h a t  a l l  c o m p o n e n t s  p r e s e n t  i n  t h e  s a m p l e  are 

known, b e c a u s e  p e a k - i d e n t i f i c a t i o n  i s  p e r f o r m e d  u s i n g  

s t a n d a r d s .  

- t h e  number o f  e x p e r i m e n t s  d e p e n d s  o n  t h e  number of 
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DEBETS 

components p r e s e n t  i n  t h e  sample unde r  c o n s i d e r a t i o n ,  because  

a l l  s t a n d a r d s  and t h e  m i x t u r e  have  t o  b e  run a t  e v e r y  mob i l e  

phasc compos i t ion .  

- t h e  compos i t ion  of t h e  mob i l e  phase  is n o t  t r u l y  q u a t e r n a r y  

h u t  o n l y  semi -qua te rna ry  ( o r  t e r n a r y )  because  t h e  water 

c o n t e n t  of  t h e  mob i l e  phasc c a n n o t  bc v a r i e d  o v e r  t h e  wholc 

r a n g e  from 0% t o  1OOZ. T h i s  p l a c e s  a r e s t r i c t i o n  on t h c  

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

- when t h e  ORN-technique is used ,  ma themat i ca l  d e s c r i p t i o n s  o f  

r e t e n t i o n  bchav iour  as a f u n c t i o n  o f  t h e  mob i l e  phase  

compos i t ion  have t o  be c a l c u l a t e d .  

I t  is d i s a p p o i n t i n g  t h a t  t h i s  o p t i m i z a t i o n  sys t em d i d  n o t  g e t  t h e  

o p p o r t u n i t y  t o  p r o v e  i ts  v a l u e  t o  a widc g roup  o f  

c h r o m a t o g r a p h i s t s ,  because t h i s  sys t em had t h e  p o t e n t i a l  t o  grow 

o u t  t o  be  a m u l t i f u n c t i o n a l  IIPLC development  sys t em u s e f u l  f o r  

s e v e r a l  k i n d s  o f  method development  and o p t i m i z a t i o n .  

- L E / B r u k e r  

'The O p t i m i z a t i o n  approach  chosen  by LUC is  t h e  one developed by 

Ecrridj;,c ( s e e  c h a p t e r  111). It i s  a s e q u e n t i a l  s imp lex  s e a r c h  u s i n g  

a r c s p o n s e  c a l c u l a t e d  from a q u a l i t y  c r i t e r i o n  a lso d e s c r i b e d  by 

B e r r i d g e  ( s e e  t a b l e  111-1).  t h e  e x p e r i m e n t a l  p a r a m e t e r s  which can  

b e  v a r i e d  are: 

- rnobile phase compos i t ion  ( t e r n a r y )  

- f l o w - r a t e  

- column t e m p e r a t u r e  

- pII of t h e  n o b i l e  phase 

- c o n c e n t r a t i o n  of t h e  i o n - p a i r i n g  r e a g e n t  i n  t h e  mob i l e  phase  

The q u a l i t y  c r i t e r i o n  used is a l r e a d y  mentioned i n  t a b l e  111-1, and 

h a s  t h e  f o l l o i r i n g  g e n e r a l  form: 

L- 1 
CRF = X Ri i- Lx t o.AES(Ta - T ) + b.(T, - T ) i= 1 1 0 

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



OPTIMIZATION METHOD FOR HPLC 2169 

T h i s  q u a l i t y  c r i t e r i o n  g i v e s  maximal v a l u e s  of i ts r e s p o n s e  when 

t h e  maximal  number o f  peaks i s  d e t e c t e d ,  t h e  sum of t h e  r e s o l u t i o n s  

b e t w e e n  p a i r s  of a d j a c e n t  p e a k s  i s  a s  h i g h  as  p o s s i b l e  a n d  when t h e  

time c o n s t r a i n t s  are s a t i s f i e d .  

I n  i ts la tes t  m o d i f i c a t i o n  t h i s  o p t i m i z a t i o n  a p p r o a c h  is  i m p r o v e d  

by a d d i n g  a p r e l i m i n a r y  g r a d i e n t  r u n ,  a c c o r d i n g  t o  S n y d e r  

e . a . ( 1 1 1 , 1 1 2 ) ,  t o  b e  a b l e  t o  restrict  t h e  f e a s i b l e  p a r t  o f  t h e  

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

on  a local  o p t i m i u n  ( 5 2 ) .  U s i n g  t h e  r e s u l t s  from t h e  g r a d i e n t  r u n  a 

maximal a n d  a m i n i m a l  water f r a c t i o n  of t h e  m o b i l e  p h a s e  c a n  b e  

c a l c u l a t e d  u s i n g  t h e  d e s i r e d  Ta a n d  T v a l u e s .  Once t h i s  h a s  b e e n  

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

f a c t o r  s p a c e .  

0 

Some r e m a r k s  c a n  b e  rnatle on  t h e  p e r f o r m a n c e  of t h i s  o p t i m i z a t i o n  

s y s t e m :  

- a s i m p l e x  s e a r c h ,  e v e n  i n  a r e s t r i c t e d  p a r t  of t h e  f a c t o r  

s p a c e ,  m i g h t  g e t  s t u c k  o n  a l oca l  optimum, c a u s e d  by peak  

c r o s s - o v e r  i n  t h e  chromatogram.  

- t h e  r e s p o n s e  c a l c u l a t e d  u s i n g  t h i s  q u a l i t y  c r i t e r i o n  is  

i n f l u e n c e d  by t h e  c h o i c e  of t h e  w e i g h t i n g  factors.  T h i s  c h o i c e  

a s s u m e s  a c o n s i d e r a b l e  amount  of c h r o m a t o g r a p h i c  k n o w l e d g e  a n d  

knowledge  a b o u t  e x p e r i m e n t a l  o p t i m i z a t i o n  t e c h n i q u e s .  

- W i t h  t h e  i n c o r p o r a t i o n  o f  t h e  g r a d i e n t  r u n  i n  t h e  o p t i m i z a t i o n  

p r o c e d u r e  t h e  time c o n s t r a i n t s  i n  t h e  q u a l i t y  c r i t e r i o n  become 

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

c o m p o s i t i o n  are c h o s e n  i n  s u c h  a way t h a t  t h e  k ' - v a l u e s  of t h e  

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

E e r r i d g e  e . a . ( 5 2 )  i n  t h e i r  l a tes t  p a p e r .  

The  r e a s o n  why t h e  LDC-approach a n d  t h e  B r u k e r - a p p r o a c h  are t r e a t e d  

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

hardware-components  are of c o u r s e  d i f f e r e n t .  W h i l e  LDC uses h i g h -  
p r e s s u r e  m i x i n g  of t h e  s o l v e n t s  i n  t h e  m o b i l e  p h a s e ,  B r u k e r  u s e s ,  

l i k e  most o t h e r  m a n u f a c t u r e r s  of o p t i m i z a t i o n  s y s t e m s ,  l o w - p r e s s u r e  

m i x i n g  o f  t h e  e l u e n t .  
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2110 DEBETS 

- Spectra-Physics 

The optimization procedure called "Optim I", presented by this 
manufacturer in 1983, is based on a univariate search, which is not 
the most intelligent strategy possible. The response f o r  the search 
algorithm used 
by LDCIBruker, based on resolution, number of peaks and desired 

analysis time. Variable experimental parameters are the fractions 

of the modifiers in the ternary mobile phase and, using the 
gradient mode, the steepness of the gradient profile. 
The procedure proceeds in the following way: 

is calculated using a similar criterion as the one 

- an "optimal" binary composition of the mobile phase with 
first chosen modifier has to be found using a simple 
sequential univariate search, 

the 

- from the best binary Composition found a binary mobile phase 
composition with the second modifier is calculated, using 

semi-empirical rules according to Schoennakers (76). The 

purpose is to calculate a binary mixture with the same elution 
strength as the one found in the first step. 

- if the calculated mobile phase composition offers a better 
response, a univariate search is started to locate the best 
binary mobile phase composition with the second modifier. 

- from the two "optimal" binary mobile phase compositions a 
ternary composition offering the same elution strength is 

determined (usually a 50/50 mixture of the two binary mobile 
phase compositions). If this ternary mobile phase composition 

offers a better response it is assumed to be the optimum, 
otherwise the binary composition offering the best response is 
chosen to be the optimum. 

The system is also able to perform a binary o r  ternary gradient 

optimization, based on the same optimization strategy. 
First the best binary initial composition is determined, then the 
"optimal" slope of the linear gradient has to be found. If a 
ternary gradient is desired a binary gradient using the second 

modifier is calculated in such a way that its elution performance 
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i s  c o m p a r a b l e  t o  t h e  f i r s t  g r a d i e n t .  Then t h e  t e r n a r y  g r a d i e n t  may 

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

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

Some r e m a r k s  c a n  b e  made on t h e  p e r f o r m a n c e  o f  t h i s  o p t i m i z a t i o n  

s y s t e m .  

- t h e  u n i v a r i a t e  s e a r c h  u s e d  i n  t h i s  a p p r o a c h  p o s e s s e s  t h e  same 

d i s a d v a n t a g e  as a s i m p l e x  s e a r c h  a n d  t h a t  is t h e  p o s s i b i l i t y  

of g e t t i n g  s t u c k  o n  a l o c a l  optimum. 

- by u s i n g  a u n i v a r i a t e  method t o  o p t i n i z e  t h e  m o b i l e  p h a s e  

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

of s e l e c t i v i L y  e f f e c t s ,  a s  d e s c r i b e d  i n  almost a l l  p a p e r s  o n  

t h i s  s u b j e c t .  From t h e  e x p e r i m e n t a l  o p t i m i z a t i o n  p o i n t  of v i e w  

a u n i v a r i a t e  s e a r c h  is useless when t h e  e f fec ts  of t h e  

e x p e r i m e n t a l  p a r a m e t e r s  are n o t  i n d e p e n d e n t ,  which  is t h e  case 

h e r e .  

- t h e  t e r n a r y  m o b i l e  p h a s e  o p t i m i z a t i o n  is i n  fac t  o n l y  semi- 

t e r n a r y  ( o r  b i n a r y ) ,  b e c a u s e  t h e  c h o i c e  of t h e  o p t i m a l  t e r n a r y  

m o b i l e  p h a s e  is b a s e d  on t h e  r e t e n t i o n  h e h a v i o u r  of t h e  

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

- The b i n a r y  g r a d i e n t  o p t i m i z a t i o n  i s  more p r o m i s i n g  b e c a u s e  n o  

l a r g e  s e l e c t i v i t y  effects  are  t o  b e  e x p e c t e d .  i iowever,  when 

t h e  s t e p  t o  a t e r n a r y  g r a d i e n t  is n a d e  t h e  r e m a r k s  on  

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

Very  r e c e n t l y  a n  u p d a t e d  v e r s i o n  of "Optim I", c a l l e d  "Optim II", 
became a v a i l a b l e .  A b r i e f  s t u d y  of t h e  p e r f o r m a n c e  of "Optim 11" 
d i d  n o t  r e v e a l  many i m p r o v e m e n t s ,  e x c e p t  t h e  way o f  c a l c u l a t i n g  t h e  

" o p t i m a l "  t e r n a r y  i socra t ic  m o b i l e  p h a s e  c o m p o s i t i o n  ( o r  t e r n a r y  

g r a d i e n t  p r o f i l e ) ,  which  is now p e r f o r m e d  i n  a m a t h e m a t i c a l  way. 

The r e s p o n s e  of t h e  q u a l i t y  c r i t e r i o n  is f i t t e d ,  u s i n g  a q u a d r a t i c  

e q u a t i o n ,  a l o n g  t h e  s t r a i g h t  l i n e  c o n n e c t i n g  t h e  two " o p t i m a l "  

b i n a r y  m o b i l e  p h a s e  c o m p o s i t i o n s  (or  b i n a r y  g r a d i e n t  p r o f i l e s ) .  The  

maximum of t h i s  q u a d r a t i c  f u n c t i o n  is assumed t o  b e  t h e  optimum. 

I lovever ,  t h e  r e m a r k  on  t h e  d e n y i n g  o f  s e l e c t i v i t y  effects  s t i l l  

h o l d s .  
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- Perkin-Elmer 

I n  1994 Perkin-Elmer i n t r o d u c e d  t h e i r  o p t i m i z a t i o n  sys t em "PESOS". 

T h i s  s y s t e m  is  based on a s o l v e n t  t r i a n g l e ,  which i s  scanned  i n  a 

b r u t e  f o r c e  way. The r e s p o n s e  i n  e a c h  p o i n t  c a n  be  r e p r e s e n t e d  by 

t h e  minimal r e s o l u t i o n  i n  t h e  chromatogram, t h e  minimal peak- 

s e p a r a t i o n  (see t a b l e  111-1) or o t h e r  q u a l i t y  c r i te r ia  based on t h e  

worst s e p a r a t e d  p a i r  o f  peaks  i n  a chromatogran.  

The d i s t a n c e  between two measured p o i n t s  i n  t h e  s o l v e n t  t r i a n g l e  

can be chosen i n  t h e  r a n g e  from 1% t o  lOX,  however i t  shou ld  be  

n o t i c e d  a 
number of 5000 e x p e r i m e n t s  t h a t  liavc t o  be done. The number o f  

e x p e r i m e n t s  can be reduced by scann ing  o n l y  t h e  f e a s i b l e  p a r t  o f  

t h e  s o l v e n t  t r i a n g l e ,  which h a s  t o  be de t e r r i i ned  f i r s t  (by a 

p r e l i m i n a r y  s r a d i e n t  run  f o r  i n s t a n c e ) ,  10%. 
l'he u s e r  can choose  from f o u r  s o l v e n t s ,  and t h e  p r i o r  i n f o r n a t i o n  

n e c e s s a r y  is r e s t r i c t e d  t o  t h e  maximal a n a l y s i s  time and t h c  s t c p -  

w id th .  

To r educe  t h e  time n e c e s s a r y  f o r  one  O p t i m i z a t i o n  run  t h e  c h o i c e  

for High Speed LC i s  a l m o s t  i n e v i t a b l e  and even  i n  t h a t  case t h e  

t i m e  needed w j l l  be close t o  24 h o u r s  ( i n  t h e  case t h e  s t ep -wid th  

is chosen t o  be low). 
The c r i t i ca l  r e s o l u t i o n  mop as  well as a l l  chromatograms r e c o r d e d  

d u r i n g  t h e  r u n  can  be i n s p e c t e d  a f t e r w a r d s  t o  allow t h e  

c h r o n a t o g r a p h i s t  t o  c o n t r o l  t h e  system. 
Some remarks  c a n  be made on t h e  performance o f  t h i s  o p t i m i z a t i o n  

system. 

t h a t  a c h o i c e  o f  1;:-steps over t h e  whole t r i a n g l e  means 

u s i n g  s t e p s  o f  5% t o  

- t h e  method used is a so c a l l e d  " b r u t e  f o r c c "  n e t h o d ,  

n o t  t h e  most e f f i c i e n t  way of l o c a t i n g  a n  optimum. 

which is 

- t o  d e t e r m i n e  t h e  c r i t i ca l  r e s o l u t i o n  map i t  is  n e c e s s a r y  t o  

know t h e  number o f  components p r e s e n t  i n  t h e  sample,  because  

t h e  l e a d s  

t o  a minimal r e s o l u t i o n  o f  zero(0). 
d e t e c t i o n  of less t h a n  t h e  maximum number o f  peaks  

- when t h e  minimal r e s o l u t i o n  c r i t e r i o n  i s  used i n  combina t ion  

w i t h  a maximal a n a l y s i s  time t h e  rea l  optimum (a d e s i r e d  

r e s o l u t i o n  w i t h i n  a minimal a n a l y s i s  t i m e )  w i l l  n o t  be  found. 
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OPTIMIZATION METHOD FOR HPLC 2113 

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

s t r o n g l y  o v e r l a p p i n g  o r  a s y m m e t r i c  p e a k s  is c o m p l i c a t e d .  

The PESOS ( P e r k i n  Elmer S o l v e n t  O p t i m i z a t i o n  S o f t w a r e ) - s y s t e m  h a s  a 

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

t h e  LC, 
which  p u t s  s t r o n g  demands o n  t h e  iIl'LC-equipment u s e d .  

o p t i m a l  n o b i l e  p h a s e  c o m p o s i t i o n  is t h e  u s e  of H i g h  S p e e d  

O v e r l o o k i n g  t h e  o p t i m i z a t i o n  s y s t e m s  d i s c u s s e d  i n  t h i s  c h a p t e r ,  i t  

seems t h a t  t h e  " S e n t i n e l " - s y s t e m  of Du-Pont is  t h e  most 

s o p h i s t i c a t e d  one .  U n f o r t u n a t e l y  t h i s  s y s t e m  c a n n o t  b e  p u r c h a s e d  

anymore b e c a u s e  I)u-Pont s t o p p e d  i ts a c t i v i t i e s  o n  t h e  i n s t r u m e n t a l  

IIPLC m a r k e t  i n  au tumn 1984. 

F o r  r e l a t i v e l y  s i m p l e  s e p a r a t i o n  p r o b l e m s ,  w i t h  n o ,  o r  almost n o ,  

p e a k  c r o s s - o v e r  o n e  of t h e  s i m p l e x  o p t i m i z a t i o n  s y s t e m s  m i g h t  b e  

u s e f u l .  

If  t h e  s e p a r a t i o n  p r o b l e m  is  more d i f f i c u l t  t h e  "PESOS"-system may 

b e  a good c h o i c e ,  however i ts e f f i c i e n c y  is v e r y  low. 

The S p e c t r a - P h y s i c s  "Optim 1/11" s y s t e m  is s u r e l y  n o t  t h e  b e s t  

c h o i c e  f o r  t h e  o p t i n i z a t i o n  of a n  isocrat ic  t e r n a r y  m o b i l e  p h a s e  

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

o p t i m i z a t i o n  p r o b l e m s .  

V I .  EVALUATION 

A l t h o u g h  t h e  v a s t  amount of r e s e a r c h  o n  e x p e r i m e n t a l  O p t i m i z a t i o n  

o f  !IPLC s e p a r a t i o n s  p e r f o r m e d  i n  t h e  l a s t  d e c a d e  a n d  d e s c r i b e d  i n  

t h i s  r e v i e w  sometimes makes c h r o m a t o g r a p h i s t s  t h i n k  t h a t  t h e  

d e v e l o p m e n t s  i n  t h i s  area of r e s e a r c h  h a v e  r e a c h e d  t h e i r  l i n i t s ,  it 

w i l l  be o b v i o u s  t h a t  a m u l t i - a p p l i c a b l e  t e c h n i q u e ,  l i k e  IIPLC, w i l l  

n e v e r  s t o p  t o  c h a l e n g c  r e s e a r c h e r s  t o  s o l v e  s e p a r a t i o n  p r o b l e m s  i n  

a s y s t e m a t i c  a n d  e f f i c i e n t  way. E s p e c i a l l y  t h e  new d e v e l o p m e n t s ,  

l i k e  m u l t i - d i m e n s i o n a l  IIPLC, h i g h - s p e e d  I X ,  s u p e r  c r i t i ca l  f l u i d  

I t ,  p o s t -  a n d  pre-column d e r i v a t i x a t i o n ,  trace a n a l y s i s  i n  

e n v i r o n i e n t a l  s a r i p l e s ,  etc... w i l l  a s k  fo r  new s t r a t e g i e s  a n d  new 
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techniques for efficient method-development and optimization of 

separations. 
So it is out of the question that within a few years, when the 
methods described in this rview will be common procedures in most 

IIPU: laboratories, researchers in the field of cxpcrimental 
optimization will have focussed their attention on the optimization 
of the new techniques mentioned above, using more sophisticated 
(mathematical) techniques and bigger and faster (micro-)computers 

than ever before. 
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