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A SYSTEMATIC STATISTICAL METHOD OF SOLVENT SELECTION 
FOR OPTIMAL SEPARATION I N  LIQUID CHROMATOGRAPHY 

Haleem J. Issaq*, John R. Klose, Karen L. McNi t t ,  
Jerome E. Haky and Gary M. Muschik 

Chemical Carcinogenesis Program 
Freder i ck  Cancer Research Center 

F reder i ck ,  MO 21701. 

ABSTRACT 

A systemat ic  method i s  descr ibed f o r  s e l e c t i n g  t h e  optimum t e r n a r y  mob i l e  

phase f o r  both t h i n  l a y e r  and h i g h  performance l i q u i d  chromatography. 

s t a t i s t i c a l  data a n a l y s i s  employs ove r lapp ing  r e s o l u t i o n  mapping i n  which a 

contour  p l o t  i s  made by p l o t t i n g  r e s o l u t i o n  aga ins t  so l ven t  composi t ion.  

computer a n a l y s i s  p r e d i c t s  optimum mob i le  phase reg ions,  from which t h e  a n a l y s t  

can s e l e c t  t h e  l e a s t  v iscous,  and cheapest, mobi le  phase. Peak crossover  i s  

taken i n t o  cons ide ra t i on .  Good agreement was observed between p r e d i c t e d  and 

exper imenta l  data. 

The 

The 

The method i s  s imple and easy t o  apply  t o  l i q u i d  chromato- 

graphy. 

INTRODUCTION 

The s e l e c t i o n  o f  a s o l v e n t  system which w i l l  g i ve  optimum r e s o l u t i o n  i n  

l i q u i d  chromatography (adso rp t i on ,  p a r t i t i o n  o r  i o n  exchange) i s  n o t  a s imple 

ma t te r .  The most impor tan t  cons ide ra t i ons  are t h e  p r o p e r t i e s  o f  t h e  m a t e r i a l  

be ing  separated and t h e  s o l i d  phase. The mobi le  phase can be s e l e c t e d  o n l y  

when these two f a c t o r s  have been de f i ned .  When t h e  so l ven t  i s  a b i n a r y ,  

ternary. . .e tc .  m ix tu re ,  s o l v e n t - s o l u t e  and s o l v e n t - s o l v e n t  i n t e r a c t i o n s  must 

be taken i n t o  cons ide ra t i on .  A t r i a l - a n d - e r r o r  procedure i s  g e n e r a l l y  used t o  

*Author t o  whoin correspondence should be addressed. 
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2092 ISSAQ ET AL. 

f i n d  a m o b i l e  phase wh ich  w i l l  s a t i s f a c t o r i l y  r e s o l v e  a l l  t h e  components o f  t h e  

m i x t u r e .  

o f  s e l e c t i o n  becomes complex. 

s e l e c t i o n  i s  l e s s  t i m e  consuming because t h e  a n a l y s t  can spo t  as many p l a t e s  

as he has deve lop ing  t a n k s  and deve lop  them i n  d i f f e r e n t  s o l v e n t  m i x t u r e s  o r  

use  a u n i t  l i k e  t h e  S e l e c t a  Sol  o r  t h e  V a r i o  KS-Chamber i n  wh ich  up t o  16 

d i f f e r e n t  s o l v e n t s  can be s i m u l t a n e o u s l y  t r i e d  on a 20 X 20 cm p l a t e  (1). 

A l though  i t  has been shown t h a t  TLC s o l v e n t s  can be used as m o b i l e  phases f o r  

HPLC ( 2 , 3 ) ,  t h i s  s i m p l e  approach i s  by  no means a s y s t e m a t i c  one l e a d i n g  t o  

t h e  s e l e c t i o n  o f  an opt imum m o b i l e  phase. We d e f i n e  an opt imum m o b i l e  phase as 

t h a t  s o l v e n t  m i x t u r e  wh ich  wou ld  g i v e  b a s e - l i n e - s e p a r a t i o n  o f  a l l  t h e  components 

o f  a sample m i x t u r e  i n  t h e  minimum amount o f  t i m e .  

When t h e  m o b i l e  phase i s  composed o f  more t h a n  one s o l v e n t  t h e  t a s k  

I n  TLC, u n l i k e  HPLC, t h e  p rocess  o f  s o l v e n t  

G l a j c h  ( 4 ) ,  B e l i n k y  ( 5 ) ,  and o t h e r s  (6-8) d e s c r i b e d  a s y s t e m a t i c  

s o l v e n t  o p t i m i z a t i o n  p rocedure  wh ich  employs s t a t i s t i c a l  methods o f  d a t a  a n a l y s i s .  

Our s tudy  desc r ibes  a s y s t e m a t i c  approach t o  s e l e c t i n g  a t e r n a r y  s o l v e n t  m i x t u r e  

based on a p l o t  o f  p a i r  r e s o l u t i o n  ve rsus  s o l v e n t  compos i t i on ,  and o v e r -  

l a p p i n g  r e s o l u t i o n  mapping (ORM) d a t a  a n a l y s i s  s i m i l a r  t o  t h a t  employed by  

G l a j c h  ( 4 ) .  Peak c rossover  i s  t a k e n  i n t o  c o n s i d e r a t i o n .  The method i s  

s i m p l e  and can be a p p l i e d  t o  b o t h  p a r t i t i o n  and a d s o r p t i o n  l i q u i d  chromatography. 

I n  a d d i t i o n  t o  s o l v e n t  o p t i m i z a t i o n ,  t h e  answers o b t a i n e d  g i v e  t h e  a n a l y s t  

t h e  o p p o r t u n i t y  t o  s e l e c t  ( a )  t h e  l e a s t  v i scous  m o b i l e  phase ( l e a s t  back 

p r e s s u r e ) ,  (b )  t h e  cheapest  s o l v e n t  m i x t u r e  and ( c )  t h e  s h o r t e s t  r e t e n t i o n  

t imes .  

EXPERIMENTAL 

M a t e r i a l s :  A l l  s o l v e n t s  were g l a s s  d i s t i l l e d  ( B u r d i c k  and Jackson) .  The 

chemica ls  were a n a l y t i c a l  grade ( A l d r i c h  Chemical  Co.) and used w i t h o u t  

f u r t h e r  o u r i f i c a t i o n .  

Appara tus :  

c o n s t a m e t r i c  I and I 1  Pumps a t t a c h e d  t o  an LDC G r a d i e n t  Mas te r ,  a Chromat ron ix  

A modu lar  HPLC system c o n s i s t i n g  o f  L a b o r a t o r y  Data  C o n t r o l  (LDC) 
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SYSTEMATIC STATISTICAL METHOD 2093 

dual-channel uv absorbance d e t e c t o r ,  a Rheodyne i n j e c t o r ,  and a s t r i p - c h a r t  

reco rde r  operated a t  0.2 i n / m i n  was used. 

The RP-8 and RP-18 reverse phases columns were a l l  250 mm X 4.6 mm prepacked 

w i t h  10 pm p a r t i c l e  s i z e  m a t e r i a l s  (Merck). 10 ~1 samples were i n j e d t e d .  Ex- 

per iments were run  a t  room temperature u s i n g  a mob i l e  phase f l o w  r a t e  o f  

1.2 ml/min. Re ten t i on  t imes,  peak w id ths  ( W )  and r e s o l u t i o n  (RS) were determined 

by a 3352A Laboratory  Data System (Hewlet t -Packard)  l i n k e d  through a Hew le t t -  

Packard 1865 A/D conver te r  t o  t h e  UV d e t e c t o r  ou tpu t  o f  t h e  l i q u i d  chromatograph. 

The ou tpu t  from the  data system was recorded on a 9866A thermal l i n e  p r i n t e r  

(Hewlet t -Packard) .  S i l i c a  gel and reve rse  phase (RP-8 and RP-18) TLC p l a t e s  

were purchased from Whatman, Inc .  Standard TLC tanks  and equipment were used. 

P la tes  were spo t ted  w i t h  5 p1 d isposable m ic rop ipe t tes .  

Procedure: A combinat ion o f  t h e  t h r e e  i n i t i a l  so l ven ts  i s  dev ised accord ing t o  

Table 1. Other combinations may a l s o  be used. The i n i t i a l  so l ven ts  maybe pu re  

Table 1 

Combination o f  so l ven ts  A, B and C used i n  t h i s  study t o  p r e d i c t  

optimum mob i le  phase composit ions. 

% SOLVENT A 

100 

0 

0 

50 

50 

0 

33 

67 

16 

16 

% SOLVENT 5 
0 

100 

0 

50 

0 

50 

33 

16 

67 

16 

% SOLVENT C 

0 

0 

100 

0 

50 

50 

33 

16 

16 

67 
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2094 ISSAQ E T  AL. 

o r  a m i x t u r e  o f  two o r g a n i c  s o l v e n t s  (normal phase) o r  a m i x t u r e  o f  w a t e r / o r g a n i c  

m o d i f i e r  ( r e v e r s e  phase) .  

used (Tab le  l ) ,  10 d a t a  p o i n t s ,  one f o r  each s o l v e n t  comb ina t ion  a r e  c o l l e c t e d .  

These a r e  used t o  c a l c u l a t e  t h e  r e s o l u t i o n s  o f  each p a i r  o f  compounds i n  t h e  

m i x t u r e .  

2-3, 3-4 ..... e t c )  i s  used. I f  peak c r o s s o v e r  does o c c u r  t h e  r e s o l u t i o n  between 

a l l  t h e  peaks i s  c a l c u l a t e d  (1-2, 1-3, 1-4, 2-3, 2-4, 3-4. .etc.) ,  and used i n  

d e t e r m i n i n g  t h e  opt imum m o b i l e  phase. 

A f t e r  s e l e c t i n g  t h e  s o l v e n t s  and p r o p o r t i o n s  t o  be 

I f  no peak c rossover  t a k e s  p l a c e  t h e  r e s o l u t i o n  between each p a i r  (1 -2 ,  

Two computer programs a r e  used t o  p r e d i c t  opt imum s o l v e n t  compos i t i on .  The 

f i r s t  (Appendix 1 )  i s  a FORTRAN program (PEAKIN) wh ich  rea r ranges  r e s o l u t i o n s  t o  

c o r r e c t  f o r  c rossover ,  and i f  necessary ,  p r i n t s  a t a b l e  s i m i l a r  t o  Tab le  2 0 r  

Tab le  3, and produces a d a t a  f i l e  s u i t a b l e  f o r  use in t h e  n e x t  program. The 

second program (Appendix 2) i s  a SAS ( S t a t i s t i c a l  A n a l y s i s  System - v e r s i o n  79.5) 

r o u t e  ( 9 ) .  A DATA paragraph c o n v e r t s  t h e  th ree -d imens iona l  s o l v e n t  compos i t i ons  

t o  a two-d imens iona l  t r i a n g l e  r e p r e s e n t a t i o n  as used by  Snee (10 ) .  The d a t a  i s  

f i t t e d  i n t o  a c u b i c  model f o r  a t h r e e  d imens iona l  system. The pa ramete rs  o f  t h e  

c u b i c  e q u a t i o n  f o r  each s e t  o f  peak r e s o l u t i o n s  a r e  computed u s i n g  t h e  genera l  

T a b l e  2 

M o b i l e  phase r a t i o s  and r e s o l u t i o n s  o b t a i n e d  f o r  a f l a t o x i n s  B1,  8 2 ,  B1 and 

G2 u s i n g  s i l i c a  ge l  p l a t e s  and ace tone :ch lo ro fo rm (10:90) ,  methanol  : c h l o r o f o r m  

(5:95) and e t h y l  a c e t a t e : c h l o r o f o r m  (30:70). 

MOBILE PHASES RATIOS 

0.0 0.0 0.5 0.50 0.33 0.16 0.16 0.67 

1.00 0.0 0.50 0.50 0.0 0.33 0.16 0.67 0.16 

1.00 0.50 0.0 0.50 0.33 0.67 0.16 0.16 
ACETATE 

5.00 3.80 2.50 4.10 5.00 4.80 3.30 4.50 

7.10 6.70 7.50 7.90 7.10 5.30 6.70 7.50 

3.30 6.20 5.00 3.70 5.00 4.50 6.30 5.00 

SOLVENT 

5% MEOH 
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SYSTEMATIC STATISTICAL METHOD 2095 

Rs(M - E )  

R,(E - D )  

Table 3 

Solvent  composi t ions and r e s o l u t i o n s  obta ined f o r  t h e  peak p a i r s  N - M, 

M - E and E - D on reverse phase TLC p l a t e s  u s i n g  95% CH30H:H20, 80% 

CH3CN:HzO and 75% 2-ethoxyethanal :H20. 

4.1 5.9 7.1 5.9 5.4 6.7 5.4 4.5 7.1 7.5 

2.9 1.5 3.3 2.5 3.4 2.9 2.1 3.8 2.5 2.9 

l i n e a r  model (GLM) procedure, The PRINT procedure l i s t s  p r e d i c t e d  r e s o l u t i o n s  

o f  each peak p a i r  f o r  a l l  so l ven t  combinations va ry ing  each s o l v e n t  from zero 

t o  100 percent  by 2% increments (see f o r  example T a b l e  4) .  

t h e  r e g i o n  where t h e  p r e d i c t e d  r e s o l u t i o n  above a d e s i r e d  l e v e l  determined by 

t h e  a n a l y s t  a re  produced (see f o r  example F igs.  1-3) us ing  t h e  PLOT procedure. 

The union o f  these p l o t s  showing t h e  reg ion  where a l l  r e s o l u t i o n s  a re  above 

t h i s  l e v e l ,  F ig .  4, and p l o t s  showing t h e  area o f  maximum t o t a l  r e s o l u t i o n ,  

F ig .  5, a re  a l s o  produced u s i n g  PLOT. A f l o w  c h a r t  o f  t h e  procedure i s  shown 

i n  F ig .  6. The programs a re  run on an I B M  model 370/168, and uses 210 K o f  

core.  

Contour p l o t s  o f  

I d e a l l y ,  where a combination o f  t h r e e  mod i f i e rs  and a base s o l v e n t  i s  used 

the  r e g i o n  o f  t h e  optimum mobi le  phase m i x t u r e  found from t h e  ORM c a l c u l a t i o n s  

w i l l  be i n  t h e  cen te r  o f  t h e  t r i a n g l e .  I f  one o f  t h e  m o d i f i e r s  (A) i s  no t  i d e a l ,  

t h e  optimum m i x t u r e  w i l l  be composed o f  t h e  o the r  two m o d i f i e r s  ( B  and C), w i t h  

o n l y  a small  amount o f  A. Therefore,  t h e  optimum reg ion  can i n d i c a t e  which o f  

t h e  t h r e e  m o d i f i e r s  i s  a poor choice. Examples w i l l  be descr ibed l a t e r .  The 

base so l ven ts  a re  water f o r  reverse phase and hexane f o r  normal phase (4). 

Other so l ven ts  f o r  normal phase a re  a l s o  used. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2096 ISSAQ ET AL. 

Table 4 

A sample of computer t a b u l a t i o n  o f  mob i l e  phase composi t ions and 

r e s o l u t i o n s  obta ined us ing  ORM c a l c u l a t i o n s .  

O D s  

1 2 7 4  1 
127'.? 
1?7',3 
1 2 7 4 4  
1 2 7 / 1 5  
1 2 7 4 6  
127'.7 
1 2 7 4 8  
127:+'I 
1 2 7 5 0  
1 2 7 5 1  
1 2 7 5 2  
1 2 7 5 3  
127!.'t 
1 2 ? 5 5  
1 2 7 5 6  
1 2 7 5 7  
1 2 7 5 8  
1 2 7 5 9  
1 2 7 6 0  
1276 1 
1 2 7 6 2  
1 2 7 6 3  
1276'1 
1 2 1 6 5  
1 2 3 6 6  
1 2 7 6 7  
12788  
1 2 7 6 9  
1 2 7 7 0  
1 2 7 7 1  
1 2 7 7 2  
1 2 7 7 3  
1277 '1  
1 2 7 7 5  
1 2 7 7 6  
1 2 7 7 7  
1 2 7 7 8  
1 2 7 7 9  
1 2 7 8 0  
1 2 7 8 1  
1 2 7 8 2  
1 2 7 8 3  
1 2 7 8 4  
1 2 7 5 5  
1 2 7 8 6  
1 2 7 8 7  
1 2 7 8 8  
1 2 7 8 9  

SOLVENT S T U D Y  - A=CH30t i ,B:CH3CII ,C-TtIF 

A 

0 . 8  
0,s 
0 . 8  
0.s  
0 . 8  
3.8 
0 .8 
0.8 
0 . 8  
0 . 8  
0 .J 
0.G 
0 . R  
0 . 8  
0 . 8  
0 . 8  

0 .s 
0 . 8  
0.3 
0 . 8  
0 . 5  
0 . 8  
0 . 8  
0 . 8  
0 . 8  
0 . 8  
0 . 8  
0 . 8  
0 . 8  
0 . 8  
0 . 8  
0 . 8  
0 . 8  
0.8 
0 . 8  
0 .8  
0 . 8  
0 . 8  
0 . 8  

0 .s 
0 . 8  
0 . a  
0 . s  
0 .D 
0 . 8  
0 . 8  
0 . 8  

0 . 8 

n.s 

D 
0 . 1 0  
0 .  !I) 
0 . 1 0  
0 . 1 0  
0 . 1 0  
0 . 1 0  
0 . 1 0  

0 . 1 0  
0 .  1 0  
0 . 1 2  
0 . 1 2  
0 . 1 2  
0 . 1 2  
0 . 1 2  
0 . 1 :  
0 . 1 2  
0 .  1: 
0 . 1 2  
0 . !2  
0. 14 
0 . 1 4  
0 . 1 4  
0 .  14 
0 . 1 6  
0 .  14 
0 . 1 4  
u. 1f1 
0 .  ! 4  
0 . 1 4  
0 .  16  
0 .  16  
0 .  16 
0 .  l b  
0 .  16 
0 .  16  
0 .  16 
0 . 1 6  
0 .  16  
0 .  16 
0 . 1 8  
0 .  18 

0 . 1 8  
0 . 1 8  
0 .  1 3  
0 . 1 8  
0 .  1 8  
0 . 1 8  

n .  1 0  

0 .  ia 

C 

0 . 1 0  
0 . 1 0  
0 . 1 0  
0 . 1 0  

0 . 1 0  
0 . 1 0  
0 . 1 0  

0 .  10  
0 . 3 8  
0 . 0 8  
0 . 0 8  
0.0s 
0 . c s  
0 . 0 8  
0 . 0 8  
0 . C 8  
0 . 0 8  
0 . 0 8  
0 . 0 6  
0 . 0 6  

n .  1 0  

o .  i n  

0.06 
0 . 0 6  
0 . 0 6  
0 . 0 6  
0 . 0 6  
0 . 0 6  
0 . 0 6  
0 . 0 6  

0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  

0.011 
0.0'1 
0 . 0 4  

0 . 0 2  
0 . 0 2  
0 . 0 2  
0 . 0 2  
0 . 0 2  
0 . 0 2  
0 . 0 2  
0 . 0 2  

0 . 0 4  

0 . 0 4  

0 . 0 2  

PEAK1 PEAK2 

1 2 
! 3 
1 :I 
1 5 
2 3 
2 4 
2 5 
3 4 
3 5 
4 5 
1 2 
1 3 
1 4 
1 5 
2 3 
2 4 
2 5 
3 4 
3 5 
4 5 
1 2 
1 3 
1 4 
1 5 
2 3 
2 4 
2 5 
3 'I 
3 5 
4 5 
1 2 
1 5 
1 4 
1 5 
2 3 
2 4 
2 5 
3 't 
3 5 
4 9 
I 2 
1 3 
1 4 
1 5 
2 3 
2 4 
2 5 
3 4 
3 5 

R C S P R E D  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SYSTEMATIC STATISTICAL METHOD 2097 

T I  
0.9 + 

I 
I 

R P L A T O X I N  ON SILICA GELS - A=lO%ACET.  B=S%ISEOH,C=30XETHYL 
P E A K 1 = 1  PEAK2=2 

CONTODR PLOT O F  Y*X 

A 

. .  
I . .  

0.8 + 
I 
I .- _. 
I 

0.7 + 
I 
I 
I 

0.h t 
I 
I 
I 

0.5 + 
I 
1 
I 

0.4 + 
I 
I 
I 

0.3 t 
I 
I 

.. 

I 
0.2  + 

F i g .  1 Contour  p l o t  o f  a f l a t o x i n s  B 1  and B2, A = 10% ace tone /ch lo ro fo rm,  

B = 5% methano l / ch lo ro fo rm,  C = 30% e t h y l a c e t a t e l c h l o r o f o r m  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ISSAQ ET AL. 

R P L L T O X I N  ON SILICA GELS - A=lO%ACET,B=SXNECH,C=3O%ETHYL 
P E R K 1 = 2  P E R K 2 = 3  

C O N T O U R  P L C T  OF Y * X  

A 

. .  . .  

_. .. 

F i g .  2 Contour  p l o t  o f  a f l a t o x i n s  82 and GI, s o l v e n t s  as i n  F i g .  1. 

Shaded a rea  d e s i g n a t e  m o b i l e  phase compos i t i ons  t h a t  wou ld  g i v e  

r e s o l u t i o n  g r e a t e r  t h a n  5.15. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SYSTEMATIC STATISTICAL METHOD 2099 

T I  
0 .9  t 

I 
I 
I 

0.8 t 
I 
I 
I 

0.7 + 
1 
I 
I 

APLATOXIN O N  S I L I C R  GELS - 9-10 '%ACET,B=5%flEOH,C=3O%ETHYL 
P E A K I = 3  PEAK2=U 

CONTOUR PLO'f O F  Y*X 

A 

. .  
. x x # .  . # I #  . . # I # .  .. .. 

0 .6  t 

I 
I 
I 

0.5  t 
I 
I 
I 

0.u + 
I 
I 
I 

0.3 + 
I 
I 
I 

0.2 t 
I 
I 
I 

0.1 + 
I 
I 
I 

.. 

0.0 + B _. .. ... .. ... .. ... .. ... .. ... .. ... .. ... .. ... .. ... -. .. c _ _ _ _ _  + ___-__ + ------ + -_-__- + __-__- + __---_ + __-__- _---_- + _----- + ____--  + ------ +--- 
0.0 0 . 1  0.2 0.3 0.U 0.5 0.6 0.1 0 . 8  0.9 1.0 

X 

I t  
##I 

t # l t t t #  
t t  I t #  t 

# l t I # # C I  
til t t  t 

t t t X W X #  
I * I  

F i g .  3 Contour p l o t  o f  a f l a t o x i n s  GI and G2,  so lven ts  as i n  F ig .  1. 

Shaded area des ignate mobi le  phase composi t ions t h a t  would g i v e  

r e s o l u t i o n  g rea te r  t han  5.15. 
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S T A T I S T I C A L  A N A L Y S I S  S Y S T F P  

Y I  
0.9 + 

I 
I 
I 

0.R t 
I 

I 
0 . 6  + 

I 
0.5 + 

I 
I 
1 

0.u + 
I 
I 
1 

0.3 + 

I 
0.2 t 

I 
0.1 t 

I 
0.0 + 

NUfiBEP OF PEAKS U H E R E  R E S O L U T I O N > 5 . 1 5  

AFLATOXIN ON S I L I C A  G E L S  - 4=1O%ACET,  R=S%IIECII,T=30%ETHYL 

C O N T O U P  PLOT OF Y * X  

A 
0 

0 0  
00000 . coo 0 

..c 00 . ........... ......... ............... 
0 ........... 

0 00. ............... 
0 00. ........... 

000000.  ................ 
0 000 0 .  --. * -  - * .  - - .  f 

0 00 000 ............. 
oooooooooc.. ................. 

0 00 000 0 0  .............. 
OOOOOOOGOOOCOO................... 

0 000 00 000 0 0  .............. 
ooooocoooooooooc.. ................... 

0 000 00 000 0 0  00. .............. 
oooooooooooooooooooo...................... 

00 00 000 00 000 00 00. .o 0.. ......... 
0 00 000 00 000 0 0  coo 0.  000 ........... 

oooooooooooooooooooooocoooooooooo .............. 
0 000 00 000 00 000 co coo a0 000 0 .  ......... 

OOOOOOOOCOOOCCOOOCOCCCOOOOOOOWOOOOOOO .............. 
0 oco 00 000 00 000 oc coo 00 om0 00 0.. ......... 

oooooooooaoooncooooooooooooooooooaoooooo... ............ 
00 00 oco 00 oao 00 ooo 0 0  coo 00 000 0 0  ............ 

00000000000000000000000000000000000000.0............~...~.. 
00 00 ooo 00 ooo 00 ooo 00 aoo 00 ooo ooo .............. 

0 000 00  000 00 000 00 000 00  coo 00 000 00  .............. 
OOOOOOOOOCOOOOOOOOOGOOOOOCCCCCCCOOOOOOOOOOOOO~.. ................. 

0 000 00 000 00 000 00 000 00 000 00 000 00  000 0.. ........... 
o0ooooooooooooooocooocooooooooocooooooooooooooooooo~..~ .............. 

B CO 00 000 00 000 00 000 00 000 00 000 00 000 00 000 0 -  -.- .- - -  -. c 

0.0 0.1  0.2 0.3 0.U 0.5 0.6 0.7 0.8 0.9 1.0 

Y 

F i g .  4 Contour  p l o t  showing t h e  a rea  o f  opt imum s o l v e n t  c o m p o s i t i o n  

where t h e  r e s o l u t i o n  between each p a i r  o f  t h e  f o u r  a f l a t o x i n s  

i s  g r e a t e r  t h a n  5.15 ( B ) .  So lven ts  a s  i n  Fig. 1. 
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S T A T I S T I C A L  A N A L Y S I S  S Y S T E E  

5 I J E  C F  PEAK P Y S O L I I T I O N S  FSOfl EACH N X X  

A’JLITOYIN ON S I L I C A  G E L S  - 4-10%4CET.F=5%BECH,C=30%E?HYL 

C04TOilF  PLOT OF Y * X  

Y I  
0.0 + A 

I e 
I e f t  
I eeeee 

n . ~  t A eee e 
I eee ee e 
I eeeeeeeeexx 
I e ee eee ex x 

0.7 + eeeeeeeeeeeexxx 
I e ee eee ee exx x 
I yeeeeeeeeeeeeeexxxo 
I x e m  ee eee ee exx o 

0.6 + xeee~eeenemeeeeeeexxxxo 
I x Bee BE ama ae eee xxo o 
I x ee eea ma aaa ee eex xo c 
I xxeeBeeIamBumammaaeeeeexxxoco 

0.5 + x x e  eem mc CII ma m e  ex xxo + 
I x x x e e e e a P a ~ a m a a ~ a m m m S ~ x x x o o c +  
I x xee em mmm am maa ma me ex xoo i 

I xxxeeeessa~mDDa~aiPa~anaa~e~exxxooo+ 
0.u + x xee es m a  aa asa .a aaa me exx xo + +  

I xxxeeeeammmmsm~mm.a1lllBDDDDDBBBBXXX000++ 
I x x  ee ecm PI iar 80 IIS IC 1 ~ 1  ee oxx 00 + +  
I x x x  %em em SIP ca SOP sa Earn ma eee x x  oo+ 1 

0.3 + x x x x e e e e a a ~ ~ m m a a ~ ~ m m n ~ ~ m ~ ~ ~ ~ m m ~ m ~ ~ e e e x x x o o o i + + ~  
I o xxe ee mmm maa aa m m  ID mom w twx  xo o i i  
I ~ ~ ~ ~ e e e e m a a m t m s ~ ~ m ~ ~ ~ a a a a a a a ~ ~ a a a a a a e e e e x x x x o o o t + i ~  
I o xxe ee aaa ma a m  m m  011 an OKD DD Dee exx 00 o+’ 1 

0.2 i ~ ~ x ~ x e e e e e m a m ~ m ~ a s ~ ~ ~ a ~ ~ a ~ ~ s ~ ~ ~ o ~ ~ ~ o m m ~ e e x x x x o o o + i ~ ~ ~  
1 ox xx me mm ama am OII 11 aria Pa aaa me eee xx ooo ++  8 1  

l oxxxxeeeeeeaaaaa~mmPsa~i111m~mmim~~m~m~~eeeeexxxxxoooi++~~~ 
I ox xx xee ee mmm ma m m  am m m  mm c m  808 ee exx xo o o i  + I  8 .  

0.1 + o oxx xe eee ea aam am a m  am oam aa aaa ee eex xx xoo ++ i @ *  - 
l o o o ~ ~ ~ ~ x e e e e e e e e m m a m a m m a a m a a m ~ a ~ a a a m m a e ~ ~ e e e x x x x x x o o o o o + + + ~ ~ ~ ~ .  
I o oxx x x  xee ee eee am aaa ma m a  am eee ee eex x x x  00 00 + + +  * I  1 -  

I ~~~~xxxxxxxxeeeeeeeeeeeeeeeeeeeeeeeeeeee~eexexxxxxxxooooott++it~~~~.. 
0.0 + B 00 ox xxx x x  xxe ee eee ee eee ee eee ee xxx xx xxo 00 oot t +  + * *  1 1  -.c 

0.0 0.1 0.2 0.3 0 .4  0.5 0 .6  0.7 0 . 8  0 . 9  1.0 

X 

Fig.  5 Contour  p l o t  o f  a rea  of maximum t o t a l  r e s o l u t i o n  ( B )  between t h e  

four  a f l a t o x i n s .  Solvents as in  Fig.  1. 
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I N P U I  BIlSE SOLVENTS (A,B,C) T 

I 1 

I 1 1 

Fig. 6 F l o w  char t  o f  the procedure used i n  the present study.  
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Another c r i t e r i o n  i s  t h a t  any p a i r  o f  t h e  component m i x t u r e  shou ld  be 

reso lved  i n  a t  l e a s t  one o f  t h e  t h r e e  mob i l e  phases se lected,  o the rw ise  base 

l i n e  r e s o l u t i o n  o f  t h a t  p a i r  i n  t h e  f i n a l  (optimum) mobi le  phase may no t  be 

p o s s i b l e .  The so l ven ts  se lec ted  t h e r e f o r e ,  should have d i f f e r e n t  chemical 

p r o p e r t i e s ,  hydrogen bonding, proton-donor  o r  acceptor ,  d i p o l e - d i p o l e  

i n t e r a c t i o n  ... e t c .  To achieve t h a t ,  Synder 's  so l ven t  groups (11 )  were used. 

THEORETICAL CONSIDERATIONS 

Se lec t i on  o f  t h e  so l ven t  i n  t h i n  l a y e r  chromatography (TLC) and h i g h  p e r -  

formance l i q u i d  chromatography (HPLC) i s  based on t h e  e l u t r o p i c  se r ies .  

t h i s  s e r i e s  i s  based on values ob ta ined  f o r  pure so l ven ts .  S e l e c t i o n  o f  a 

b i n a r y ,  t e r n a r y  etc... so l ven t  m i x t u r e  and p r e d i c t i n g  t h e  separa t i on  r e s u l t s  

However 

and e l u t i o n  t i tnes of t h e  components o f  a m i x t u r e  may n o t  be t h a t  simple. 

reve rse  and normal phase l i q u i d  chromatography e l u t i o n  t imes o f  t h e  s o l u t e  a re  

a f u n c t i o n  o f  t he  p r o p e r t i e s  o f  t h e  s t a t i o n a r y  and mobi le  phases. Snyder (12)  

gave t h e  f o l l o w i n g  equat ion f o r  c a l c u l a t i n g  t h e  p o l a r i t y  o f  a b i n a r y  so l ven t  

m i x t u r e  : 

I n  

Q 

p o l a r i t y  o f  pure so l ven ts  1 and 2 and P '  i s  t h e  p o l a r i t y  o f  t h e  m ix tu re .  

r e l a t i o n  does no t  apply  t o  normal phases where t h e  c a l c u l a t i o n s  a r e  more 

compl icated (12). 

and Q 
1 2 

a re  t h e  volume f r a c t i o n s  o f  so l ven ts  1 and 2, PI and P2 a re  t h e  

Th is  

The r e l a t i o n  between r e t e n t i o n  t i m e  and s o l v e n t  s t r e n g t h  i s  desc r ibed  by 

t h e  f o l l o w i n g  equat ion (12) :  
I ,  

l o g  K1/K2 = aAs (E; - c y )  (11) 

Where K '  i s  t h e  c a p a c i t y  f a c t o r ,  and E "  i s  t h e  so l ven t  s t r e n g t h  parameter o f  

so l ven ts  1 and 2. As i s  molecular  area o f  adsorbed sample and O, i s  adsorbent 

s u r f a c e  a c t i v i t y  f u n c t i o n ,  and 

K '  = (Rt - Rto) /Rto (111) 

It was found t h a t  t h e  r e l a t i o n  i n  equa t ion  ( X I )  does no t  always h o l d  (13-15). 

For  example, when two mob i l e  phases ( a c e t o n i t r i l e / w a t e r  and methanol /water)  
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which  have t h e  same s o l v e n t  s t r e n g t h  ( c a l c u l a t e d  a c c o r d i n g  t o  eq. I )  were used 

t o  e l u t e  t h e  same s o l u t e s  (naph tha lene  and b i p h e n y l )  on t h e  same s o l i d  phase t h e  

r e t e n t i o n  t imes  were n o t  t h e  same ( 1 5 ) .  A t e r i n  was l a t e r  added t o  eq (11) wh ich  

accounted  f o r  s o l v e n t - s o l u t e  i n t e r a c t i o n s  (13,14).  

S ince  d i f f e r e n t  s o l v e n t s  g i v e  d i f f e r e n t  s e l e c t i v i t i e s  (11 ,16- la ) ,  chang ing  

t h e  s o l v e n t  compos i t i on  may r e s u l t  i n  d i f f e r e n t  e l u t i o n  o r d e r s  depend ing  on t h e  

p r o p e r t i e s  o f  t h e  sample m i x t u r e  and t h e  s o l v e n t  chosen. 

m i x t u r e ,  s o l v e n t  s t r e n g t h  ( p o l a r i t y )  i n  genera l  de te rm ines  e l u t i o n  d i s t a n c e  o f  

t h e  s o l u t e s  ( i . e .  R t ) ,  w h i l e  m o b i l e  phase compos i t i on  de te rm ines  i t s  s e l e c t i v i t y .  

The compos i t i on  o f  t h e  m o b i l e  phase wou ld  de te rm ine  t h e  degree o f  s e p a r a t i o n  

((I), between two a d j a c e n t  peaks i and ii, where 

Fo r  a m o b i l e  phase 

( I V )  a = K ' . .  i i / K ' i  

Based on Snyder ' s  t h e o r y  (12) ,  Saunders ( 1 7 )  p r e s e n t e d  a g r a p h i c a l  r e p r e s e n t -  

a t i o n  based on E '  f o r  s e l e c t i n g  a s o l v e n t  f o r  a d s o r p t i o n  l i q u i d  chromatography .  

The a p p l i c a t i o n  o f  t h e s e  graphs  i s  r a p i d  and p r o v i d e s  a reasonab le  f i r s t  a p p r o x i -  

ma t ion  t o  a s o l v e n t  m i x t u r e  a p p r o p r i a t e  f o r  a g i v e n  sample. 

t h a t  t h e  r e s u l t s  a r e  approx imate ,  and i n  some cases, t h e  s o l v e n t  m i x t u r e  w i l l  

n o t  be i d e a l  ( 1 7 ) .  

It must  be s t r e s s e d  

F o r  a given. sample and adso rben t ,  l o g  K '  v a r i e s  l i n e a r l y  w i t h  6'. T h i s  i s  

g e n e r a l l y  t r u e  f o r  K '  va lues  between 1 and 10, wh ich  i s  an a c c e p t a b l e  w o r k i n g  

range a l l o w i n g  s e p a r a t i o n  o f  a component f rom t h e  m i x t u r e ,  b u t  does n o t  l e a d  t o  

d i l u t i o n  o f  t h e  sample o r  l o n g  r e t e n t i o n  t imes .  

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

c o r r e c t  r e t e n t i o n  t i m e s  (15,16,19). 

So lven t  s t r e n g t h  ( p o l a r i t y )  

I n  t h e i r  work G l a j c h  et" ( 4 )  used eq ( I )  t o  s e l e c t  s o l v e n t s  t h a t  gave t h e  

same K '  va lues .  

t imes ,  wh ich  i n  t u r n  were used t o  p r e d i c t  t h e  r e s o l u t i o n  ( R S )  between two  

a d j a c e n t  peaks; 

We have used s o l v e n t  s t r e n g t h  t o  p r e d i c t  app rox ima te  r e t e n t i o n  

Rs = (R tp  - R t l )  / 1/2(W1 + Wp) ( V )  

Where R t  i s  t h e  t i m e  o f  e l u t i o n  o f  peak maximum, and W i s  t h e  b a s e l i n e  

w i d t h  o f  t h e  peak i n  u n i t s  o f  t ime .  
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Also, r e s o l u t i o n  i n  l i q u i d  chromatography has been def ined (16) by t h e  

f o l l  owing equat ion:  

Rs  = 1 /4  (a  - 1) (N)1/2 ( K ' / l  + K ' )  ( V I )  

where t h e  number o f  t h e o r e t i c a l  p l a t e s ,  N i s  d e f i n e d  as:  

N = 16 (Rt/W)' ( V I I )  

Note t h a t  a l l  t he  above f a c t o r s  a r e  a f u n c t i o n  o f  R t  (equat ions 111-V I I )  

The t h r e e  terms i n  eq. ( V I )  should be op t im ized  t o  achieve maximum r e s o l u t i o n .  

However, i f  t h e  exper imenta l  c o n d i t i o n s  ( f l o w  r a t e ,  column dimensions and p a r t i c l e  

s i z e  and p r o p e r t i e s  o f  sample) a re  kept  cons tan t  t h e  on ly  parameter e f f e c t i n g  

separa t i on  i s  t h e  mob i l e  phase. The composi t ion o f  which w i l l  determine n o t  o n l y  

the  r e t e n t i o n  t imes  o f  t h e  so lu tes  b u t  a l s o  t h e i r  o rde r  o f  e l u t i o n .  It i s  impor tan t  

t o  have a s o l v e n t  which w i l l  g i v e  reasonable r e t e n t i o n  t imes  f o r  a l l  components 

of t h e  m i x t u r e ,  R t  between 5 - 40 min, i n  HPLC, and an R f  va lue  o f  0.2 - 0.7 

i n  TLC. 

The r e s o l u t i o n  values f o r  HPLC were c a l c u l a t e d  accord ing t o  eq. (V ) .  For 

TLC, r e s o l u t i o n  was d e f i n e d  as R f n  - R f ( " - l ) .  

human e r r o r  i s  e l i m i n a t e d  from t h e  measurement o f  spot  width.  Otherwise a 

densi tometer  should be used t o  scan t h e  spots and c a l c u l a t e  Rs  as d e f i n e d  i n  

We found t h i s  t o  be s imple and 

eq. (V). 

RESULTS AND D I S C U S S I O N  

The bas i s  f o r  s t a t i s t i c a l  data a n a l y s i s  i n  b o t h  cases was t h e  work o f  

Snee (10 ) .  However, i n  t h e  present  work a cub ic  equa t ion  was used where n ine  

data p o i n t s  were requ i red  f o r  an answer and t h e  t e n t h  p o i n t  a l l o w s  f o r  goodness 

o f  f i t .  I n  t h e i r  work (4) a q u a d r a t i c  equa t ion  was used where seven data p o i n t s  

were r e q u i r e d  f o r  so l ven t  o p t i m i z a t i o n ,  and t h r e e  f o r  check ing t h e  system. 

Be l i nky  ( 5 )  on t h e  o t h e r  hand used 1 7  data p o i n t s :  

methanol and water  t o  form f o u r  s o l v e n t  systems (pu re  a c e t o n i t r i l e ,  pu re  

methanol, 60% methanol and 70% a c e t o n i t r i l e )  from which an optimum mob i le  phase 

was se lected.  

components. 

he used a c e t o n i t r i l e ,  

Th i s  i s  t i m e  consuming when t h e  m i x t u r e  con ta ins  more than  f o u r  
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The s e p a r a t i o n  o f  a l f a t o x i n s  81,  R 1 ,  GI and G2 on s i l i c a  qe l  TLC p l a t e s  

was used t o  t e s t  t h e  method and t o  see i f  t h e  opt imum m o b i l e  phase s e l e c t e d  f rom 

t h e  OKM c a l c u l a t i o n s  would o p t i m i z e  t h e  r e s o l u t i o n  between t h e  a f l a t o x i n  p a i r s  

81-82, B z - G l  and G i - G z .  A s  base solvent. ,  c h l o r o f o r m  was s e l e c t e d  based on 

l i t e r a t u r e  da ta  ( 2 0 ) .  The s o l v e n t  comb ina t ions  used a r e  l i s t e d  i n  Tab le  2 a l o n q  

w i t h  t h e  r e s o l u t i o n  between t h e  peaks o f  t h e  a d j a c e n t  p a i r s .  Note  t h a t  t h e  

r e s o l u t i o n  between a f l a t o x i n  81 and B2 i s  a lways  equa l  t o  o r  g r e a t e r  t h a n  5.30, 

no m a t t e r  what s o l v e n t  composition i s  used as t h e  mobile phase. However t h i s  i s  

n o t  t h e  case f o r  a f l a t o x i n  p a i r s  B2-G1 and G I - G ~ .  

no s o l v e n t  comb ina t ion  g i ves  a r e s o l u t i o n  g r e a t e r  t h a n  5 between t h e  t h r e e  p a i r s  

o f  a f l a t o x i n s .  Our a im  t h e r e f o r e ,  i s  t o  t i n d  a i nob i l e  phase wh ich  wou ld  max imize  

t h e  r e s o l u t i o n  between t h e  f o u r  a f l a t o x i n s ,  and wh ich  wou ld  g i v e  a r e s o l u t i o n  

va lue  q r e a t e r  t han  5.15 between each o f  t h e  a f l a t o x i n  p a i r s .  

genera ted  from t h e  d a t a  i n  Tab le  2 i s  shown i n  F i g s .  1-3. F i q .  1 shows t h a t  any 

s o l v e n t  co t l ib ina t ion  wou ld  q i v e  d minirnuni r e s o l u t i o n  o f  5.15 between a f l a t o x i n s  

B 1  and 6 2 .  F i g .  2 shows ( t h e  shaded a r e a )  where t h e  ininirnum r e s o l u t i o n  hetween 

a f l a t o x i n s  R2 and G1 i s  equal t o  o r  g r e a t e r  t han  5.15. F i g .  3 ,  t h e  shaded area  

shows t h a t  s o l v e n t  comb ina t ion  wh ich  wou ld  p roduce a minimum r e s o l u t i o n  o f  5.15 

between a f l a t o x i n s  G 1  and G7. 

o f  t h e  f o u r  a f l a t o x i n s  o b t a i n e d  f rom thP  u n i o n  o f  t h e  diagrams o f  t h e  i n d i v i d u a l  

a f l a t o x i n  p a i r  r e s o l u t i o n s  F i g s .  1 -3 .  The f o u r  B i n  t h e  c e n t e r  o f  t h e  t r i a n g l e  

( F i g .  4 )  g i v e s  t h e  s o l v e n t  comb ina t ion  where t h e  r e s o l u t i o n  between each p a i r  o f  

t h e  f o u r  a f l a t o x i n s  i s  g r e a t e r  t han  5.15. The 0 i n d i c a t e  a reas  o f  m o b i l e  phase 

comb ina t ions  wh ich  w i l l  g i v e  a r e s o l u t i o n  q r e a t e r  t h a n  5.15 between 3-4  

a f l a t o x i n s .  The d o t t e d  a r m s  i n d i c a t e  m o b i l e  phase coinpost ions wh ich  w l l 1  

g i v e  a r e s o l u t i o n  g r e a t e r  t h a n  5.15 f o r  2 -3  a f l a t o x i n s .  F i g .  5 g i v e s  t h e  area  

o f  maximuin t o t a l  r e s o l u t i o n ,  i . e .  t h e  suiii o f  t h e  r e s o l u t i o n s  between t h e  f o u r  

a f l a t o x i n s .  T h i s  i s  n o t  n e c e s s a r i l y  t h e  h e s t  r e s o l u t i o n  between each p a i r .  

The B i n  t h e  c e n t e r  o f  t h e  t r i a n q l e  cor responds t o  i nob i l e  phase compos i t i ons  

wh ich  wou ld  g i v e  maximum r e s o l u t i o n .  Good c o r r e l a t i o n  was o b t a i n e d  hetween 

Tab le  2 a l s o  i n d i c a t e s  t h a t  

The c o n t o u r  p l o t s  

F i g .  d i s  t h  c o n t o u r  d iagra in  f o r  t h e  r e s o l u t i o n  
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p r e d i c t e d  and exper imen ta l  va lues  f o r  t h e  s e p a r a t i o n  o f  t h e  a f l a t o x i n s .  f l t h e r  

examples w i l l  f o l l o w .  

Reverse phase C18 p l a t e s  were iu:ed f o r  t h e  s e p a r a t i o n  o f  naph tha lene  ( N ) ,  

1-methy lnaph tha lene  (M), 1 - e t h y l n a p h t h a l e n e  ( E ) ,  and 1 , 3 - d i i i i e t h y l n a p h t h a l e n e  (D). 

S o l v e n t s  used arid r e s o l u t i o n s  ob ta inP t l  a r e  l i s t e d  i n  Tab le  3. The c o n t o u r  p l o t ,  

F i g .  7 ,  p r e d i c t s  an op t i i na l  s o l v e n t  i i i i x t u r e  ( B )  c o n t a i n i n g  o n l y  rriethanol and 

2 -e thoxye thano l .  These two s o l v e n t s ,  t h e r e f o r e ,  a re  m a i n l y  r e s p o n s i b l e  f o r  

t h e  s e p a r a t i o n ,  w h i l e  a c e t o n i t r i l e  dues n o t  h e l p .  

(80/20)  i s  a bad c h o i c e .  I f  t h e  r e s n l i r t i o n s  o b t a i n e d  a r e  u n s a t i s f a c t o r y ,  t h e  

a n a l y s t  may choose t o  va ry  t h e  r a t i o s  I I ~  CI13 CNJtI2O o r  an e n t i r e l y  d i f f e r e n t  

o r g a n i c  m o d i f i e r .  Tab le  5 shows t h e  p r e d i c t e d  and exper imen ta l  r e s o l u t i o n s  

o b t a i n e d  u s i n g  r e v e r s e  phase C18 p la t -e?  and d i f f e r e n t  m o b i l e  phases o f  v a r i o u s  

compos i t i ons .  

Th is  ineans t h a t  CH$N/HzO 

I t  i s  a l s o  p o s s i b l e  t o  s e l e c t  one s o l v e n t  ( B )  which g i v e s  b e t t e r  r e s o l u t i o n  

The c o n t o u r  o f  t h e  components o f  a i i i i x t u r e  t h a n  t h e  o t h e r  two  s o l v e n t s  (A 8 C ) .  

p l o t  w i l l  show a b i a s  toward  s o l v e n t  (U), F i q .  8. I n  t h i s  case, o t h e r  s o l v e n t s  

shou ld  be s u b s t i t i l t e d  f o r  A R C .  T h e w  examples show t h a t  t h e  i n i t i a l  s e l e c t i o n  

o f  t h e  i n d i v i d u a l  i nob i l e  phases i s  an i i i i po r tan t  s t e p  wh ich  can l e a d  t o  good 

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

HPLC r e s u l t s  i n d i c a t e d  t h a t  t h i s  s o l v e n t  s e l e c t i o n  system can be s u c c e s s f u l l y  

a p p l i e d  t o  m o b i l e  phase o p t i i n i r a t i o n .  PPak c rossover  due t o  d i f f e r e n t  s o l v e n t s  

can e a s i l y  be hand led  hy t h i s  method f o r  h o t h  HPLC and TLC. F i g s .  9-11, show 

t h e  s e p a r a t i o n  o f  a nap tha lene ,  b i p h e n y l ,  an th raqu inone ,  m e t h y l -  and e t h y l a n t h r a -  

qu inone i i i i x tu re .  Note  t h e  peak c r o s s o v c r  i n  each o f  t h e  s o l v e n t s  used. F i g .  12  

shows t h e  s e p a r a t i o n  u s i n q  t h e  p r e d i c t e d  i nob i l e  phase m i x t u r e  on r e v e r s e  phase 

CB column. 

A l though  peak c rossover  o c c u r r e d  i n  each o f  t h e  s o l v e n t s  used i n  HPLC, 

F i g s .  9 -11  t h i s  was n o t  t h e  case i n  T1.C. Only when 42% THF/water was used d i d  

peak c rossover  o c c u r ,  (Tab le  6)  as shown by t h e  n e g a t i v e  K 5  va lues .  T h i s  may 

he due t o  d i f f e r e n c e s  o f  carbon l o a d i n g  and inanu fac tu r ing  processes  o f  t h e  

p l a t e s  and t h e  columns. 
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Table 5 

Predicted and experimental peak pair resolutions for N - M, M - E 

and E - D, u s i n g  reverse phase TLC plates and selected mobile 

phases from the contour plot. 

Compound 
__ Selected Mubi 1 e Phase 

95% Methanol: 75% 2-Ethoxyethanoi D 

(2:3) E 

M 

N 

95% Methanol: 75% 2-Ethoxyethanol D 

(3:2) E 

M 

N 

95% Methanol: 75% 2-Ethoxyethanol D 

( 1 : l )  E 

M 

N 

95% Methanol : 4 2 I  D 

80% Acetonitrile: 4% E 

75% Ethoxyethanol: 54% M 

N 

Predicted Experimental 
Resolution Resolution 

8.1 

5.8 

3.5 

7.9 

5.1 

3.5 

8.1 

5.4 

3.5 

8.1 

5.7 

3.4 

8.1 

5.4 

3.6 

7.9 

5.0 

4.2 

7.5 

5.9 

3.5 

7.9 

5.0 

3.5 
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Y I  
0.9 t 

I 
I 
I 

0.8 t 
I 
I 
I 

0.1 + 
I 
I 
I 

0 .6  + 
I 
I 
I 

0.5 t 
I 
I 
I 

0.4 + 
1 
I 
I 

0.3 t 
I 

S T A T I S T I C A L  A N A L Y S I S  S Y S T E E :  

N U N E E P  Or PEAKS UHERE RESOLUTION>3.5  

NAPHTHRLENE STUDY - T L C  -A=95%CH30H,E=80%CH3CN,C=75%ZETHO 

CONTCIJR PLCT OF Y * X  

A 

. .  ..... ..... ...... ........... ......... ............... ............ ................... ............... ....................... .................. ................... ........................... .8 ..................... a ................................ I ........................ a .................................... 8 .......................... .a ........................................ a ............................. -a  ................................ 8 ............................................... ................................... 
I ................................................... 
I ...................................... 
I 
I 
I 

I 
I 
I ..................................................................... 

0 . 2  t ....................................................... ......................................... ........................................................... ............................................ 
0.1 + ............................................. ................................................................. ................................................ 
0.0 + B ................................................. ..c ___-_ + -_____ + _ _ _ _ _ _  + _____- + _ _ _ _ _ _  + ---__- + ____-- ---_-- + ------ + --__-- + -___-_ + _ _ _ _  

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

X 

F i g .  7 Contour p l o t  o f  t h e  naphthalenes N ,  M, E and D u s i n g  reve rse  phase 

TLC p l a t e s  and 95% CH30H/HzO ( A ) ,  80% CH$N/H20 (B) and 75% 2-ethoxy 

ethanol/H20 ( C ) .  Shaded c i r c l e s  (I) des igna te  mob i l e  phase 

composi t ion t h a t  would g i v e  r e s o l u t i o n  g rea te r  t h a n  3.5. 
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S T k T I S T I C R L  A N A L Y S I S  S Y S T E R  

ISSAQ ET AL. 

N U R B E R  OF P E A K S  U H H R E  RESOLUTION>2.25 

A N T H H I  E N R P T H - @ I  - H P L C S  - 4 = 6 4 % C H 3 C N , B = 4 2 X ? H F , C = 7 2 % f l E C H  

C O N T C O R  PLOT OF Y*X 

Y I  
0.9 t A 

I t 
I t t  
I ttttt 

I t t t  t t  t 
I t t t t t t + t t t t  
I t t t  t t t  t t  t 

I t + t  t t t  tt t t t  t 
I t + + + t + + t + t + + + t + t t t e  
I e tt+ + +  tt+ t t  t + x  e 

I e e t t  + t  t t t  t+ t + x  xxe e 
I e ex t++ t t  t+t + t  xxx xe e 
I eeeexttt+++++t+t+txxxxxxxeeee 

0.5 t e ee e t t  + t  ttt t t  xxx x x  xee e 
I eeeeeeetttttt+tttt+txxxxxxxxeeee~ 
I B eee e? t t t  t t  t + t  x x  xxx x x  eee e 
I 

0.4 t e eee ee ee+ t +  t + t  t x  x x x  x x  xxe ~e ee 
I eeeeeeeeeeee+++t+ttt+txxxxxxxxxxxxeeaeeee 
I ee ee eee ee x t t  t t  t t x  x x  xxx xx xee ee ee 
I e ee eee ee ee+ +t  t t t  tx x x x  xx x x x  ee eee e 

0.3 t eeeeeeeeeeeeeeex++t+tttttxxxxxxxxxxxxxeeeeeeeee 
I e eee ee eee ee x x t  t t  t t t  x x  xxx x x  xxe ee eee e 
I eeeeeeeeeeeReeeeexxxttt+++tttxxxxxxxxxxxe€eeeeeeeee 
I e eee ee 688 ee e e x  x x  t+t t t  t x x  x x  x x x  xee ee eee e 

0.2 + e e ~ e e e ~ ~ e e ~ e e e e ~ w x x x x x t + t t t t t t x x x x x x x x x x e e e e e e e e ~ a e  
I ee ee eee ee eee ee x x x  x x  t+t + t  t x x  x x  x x x  ee eee ee ee 
I eeeeeeeeeeeeeeeeeeeeexxxxxxxxttttttt++xxxxxxxxeeeeeeee~eee 
I ee ee eee ee eee ee exx x x  x x x  t t  t t t  ++x xx X X E  ee eee ee ee 

0.1 t e eee ee eee ee eee ee xxx x x  x x t  t t  tt+ + t  x x x  te eee ee eee e 
I eeeeeeeeeeeeeeeeeeeeeexxxxxxxxxxxxxxttt+tttttttxxx~eeee~eeeeeeeee 
I a eee ee eee ee eee ee xx x  x x  xxx x x  xxt + t  t t t  t x e  ee ee m e  ee ex 
I mlaaeeeeeeeexexxexxxexxxt+t+ttttt+tttx++++t.t..t+ttxxeeeee€eeeeeeeeex 

0.0 + B am me eee xx xxx x x  x x x  t t  +tt t +  +tt t t  t t +  t. ... .+ eee ee eee ee x x c  

0.8 t t t t t  t 

0.1 + t t t t t t t t t t t + t + t  

0.6 t e x t t t t t + t t t t t t t t t t x x ~ e  

eeeeeeeew +++ +t t t t t + x x x x x x x x x x x e e e e e e  

-----+------+------+------+-------+------t------t------+------t------t------+--- 

0.0 0.1 0.2 0.3 0.4 0.5 0.6  0.7 0.8 0.9 1.0 

X 

F ig .  8 Contour p l o t  o f  naphthalene, b ipheny l ,  anthraquinone, me thy l -  and 

e t h y l  anthraquinone, u s i n g  reverse phase TLC p l a t e s  and 64% 

C H 3 C N / H 2 0  ( A ) ,  42% THF/H20 ( B )  and 72% C H - j O H / H z O  ( C ) .  Shaded 

c i r c l e s  ( # )  a re  optimum mobile phase composit ions. 
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64% Acetonitrile 

2111 

5 1'0 
Time ( min ) 

F ig .  9 HPLC separa t i on  of anthraquinone ( A ) ,  naphthalene ( N ) ,  1-methyl - 
naphthalene (M), 1-ethy lnaphthalene ( E ) ,  and 1-3-d imethy l -  

naphthalene (D) on reve rse  phase c8 column u s i n g  64% CH$N/H$, 

a t  a mob i le  phase f l o w  r a t e  o f  1.2 ml/min. 
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72% Methanol 

N 

- 

B 

lb 2’0 
Time ( mln ) 

F ig .  10 Same as F i g .  9 b u t  the m o b i l e  phase used i s  72% CH30H/H20. 
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42% Tetrahydrofuran 

N 

M 
A 

2113 

Time ( min ) 

F i g .  11 Same as  F ig .  9 bu t  t h e  mob i l e  phase used i s  42% THF/H20. 
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Predicted Optimum Mobile Phase 

N 

M n 

1 I I 
10 20 30 

Time (mln ) 

F i g .  12 Separa t i on  o f  A, N, M,  B and E on r e v e r s e  phase C8 column usin'g a 

p r e d i c t e d  m o b i l e  phase o f  64% CH$N:7Z% CH30H:42% THF ( 1 0 : 6 7 : 2 3 ) ,  

a t  a f l o w  r a t e  o f  1.2 ml /min .  
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Tab le  6 

S o l v e n t  comb ina t ions  and peak p a i r  r e s o l u t i o n s  f o r  N, A ,  B, M, and E ,  and 

exoer imen ta l  r e s o l u t i o n s  o b t a i n e d  u s i n g  r e v e r s e  phase c8 HPLC column 

and 72% CH3OH:H2O, 64% CH3CN:HzO and 42% THF:H20. 

M o b i l e  Phase R a t i o s  - 
1.00 

0.0 

0.0 

0.8 

7.5 

9.2 

1.7 

6.7 

8.4 

0.9 

1.7 

4.2 

2.5 

0.0 0.0 

1.00 0.0 

0.0 

4.6 

6.7 

11.7 

13.8 

2.1 

7.1 

9.2 

5.0 

7.1 

2.1 

1.00 

2.1 

1.7 

4.2 

3.3 

-0.4 

2.1 

1.3 

2.5 

1.75 

-0.8 

0.50 

0.50 

0.0 

0.4 

7.1 

9.2 

12.1 

6.7 

8.8 

11.7 

2.1 

5.0 

2.9 

0.50 

0.0 

0.50 

4.2 

4.2 

8.8 

7.9 

0.0 

4.6 

3.7 

4.6 

0.9 

-0.9 

0.0 

0.50 

0.50 

5.0 

5.8 

10.8 

10.8 

0.8 

5.8 

5.8 

5.0 

5.0 

0.0 

0.33 

0.33 

0.33 

3.7 

4.5 

5.4 

5.4 

0.8 

1.7 

1.7 

0.9 

0.9 

0.0 

0.67 

0.16 

0.16 

2.1 

5.4 

9.2 

10.4 

3.3 

7.1 

8.3 

3.8 

5.0 

1.2 

0.16 0.16 

0.67 0.16 

0.16 0.67 

4.2 

6.2 

11.2 

12.1 

2.0 

7.0 

7.9 

5.0 

5.9 

0.9 

5.5 

3.4 

10.5 

8.8 

-2.1 

5.0 

3.3 

7.1 

5.4 

-1.7 

Tab le  7 shows good agreement between t h e  p r e d i c t e d  and exper imen ta l  

r e s o l u t i o n  o f  t h e  f i v e  components o f  t h e  m i x t u r e  u s i n g  RP-8 TLC p l a t e s .  

CONCLUSION 

The method d e s c r i b e d  he re  employs s t a t i s t i c a l  da ta  a n a l y s i s  t o  p r e d i c t  

opt imum t e r n a r y  m o b i l e  phase compos i t i ons  i n  a s y s t e m a t i c  and s t r a i g h t f o r w a r d  

manner i n  c o n t r a s t  t o  o p e r a t o r  i n t u i t i o n .  The i n i t i a l  s e l e c t i o n  o f  t h e  t h r e e  

s o l v e n t s ,  o f  wh ich  t h e  f i n a l  m i x t u r e  i s  composed, i s  i m p o r t a n t  and w i l l  a f f e c t  

t h e  degree o f  s e p a r a t i o n  and r e s o l u t i o n  o f  a d j a c e n t  peaks. 

a p p l i e d  t o  b o t h  TLC and HPLC. 

The method i s  e a s i l y  

Good agreement was observed between p r e d i c t e d  
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72% CH30H:64% CH3CN 

16:84 

ISSAQ ET A L .  

N - A  

N - B  

N - M  

N - E  

Tab le  7 --- 
P r e d i c t e d  and exper imen ta l  peak  p a i r  r e s o l u t i o n s  f o r  N, A ,  B, M, and E ,  u s i n g  

reverse phase Cg TLC p l a t e s  and se lected  m o b i l e  phases frorn t h e  contour  p l o t .  

COMPOUND P R E D I C T E D  EXPERIMENTAL 
RESOLUTION RESOLUTION _- 

72% CH30H:64% CH3CN N - A  3.4 4 . 7  

N - B  6.8 7.  ? 

N - Y  11.1 12.0 

13.5 14.1 

.- 

1 : 9  

I N - E  

A - B  

A - M  

A - E  

B - M  

B - E  1 M - E  

A - B  1 A - M  1 A - E  

B - M  1 B - t  

3.4 

7.8 

10.1 

4.3 

6.7 

2.3 

2.7 

6.9 

10.8 

13.3 

4.1 

8.1 

10.5 

3.9 

6 . 4  

2.5 

3.5 

7.3 

9.4 

4.3 

6.4 

2.1 

2.9 

7 .0  

11.6 

13.7 

4.1 

a. 7 

10.8 

4.6 

6.7 

2.6 
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and exper i i nen ta l  da ta .  To t h e  bes t  o f  our  knowledqe, t h i s  i s  t h e  f i r s t  

s y s t e m a t i c  s t a t i s t i c a l  inethod o f  s o l v e n t  s e l e c t i o n  f o r  normal and r e v e r s e  

phase TLC. 
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D O U D L E  P R E C I S I O N  A .B ,C  
D I M E N S I O N  D A T A ~ l 9 0 , 2 0 ~ , A C O M P ~ 2 0 ~ , D C O M P ~ 2 O ~ , C C O M P ~ 2 O ~ ~ N O R D ~ 2 0 ~  
D I MEN5 I ON T 1 T L E ( 2 0 ) 
D A T A  CROSS/ 'CF !OS ' /  
I N T E G E R  P l 7 F 2 , P l l  

r 

1 5  

1 0  

1 1  

1 0 0  
1 2  

R E A D ( 5 , 1 5 )  T I T L E  
FOKIl A T ( 2 0 A 4 ) 
R F A D ( 5 , l O ) A , R , C  
F O R M A T ( J A 8 )  
R E A D ( 5 , l l )  O P T I O N  
F O R P I A T  ( A 4 )  
COPT=O 
I F ( O P T I O N . E Q . C R O S S )  ( 
R E A D ( 5 , Y ) N P E A K  
N P E A K  1:NPEAK- 1 
N P O I N T = O  
R E A D ( 5 , 1 2 ) A l , D l , C l  
F O R I l A T ( 3 F 5 . 0 )  
I F ( A t + B l t C l .  L E . 0 )  GO 

:oP 

T O  

1 

0 0 0  

c I N P U T  N O  CROSSOVER P E A K  R E S O L U T I O N S  
DO 1 5 0  P l = l , N P E A K l  
f 2 - P l t l  
N P T R = ( P  1- 1 ) * N P E A K t ( P Z - l )  

G O  T O  1 0 0  
1 5 0  R E A D ( 5 , U )  D A T A ( N f ' T R , N P O I N T >  

r c I N P U T  CROSSOVER P E l i K  R E S O L U T I O N S  
5 0 0  R E b D ( 5 . 1 3 ) N O F D  
1 3  F O R l l A T  ( 2 0  I 3  1 

DO 5 5 0  I = l , N P E A K l  
I I - I t l  
DO 550 J z I 1 , N P E A K  
PZ:NDRD( J )  
PlzNDRD(1) 
I F ( N O R D ( I ) . L T . H O R D ( J ) )  GO TO 5 1 0  
P 1 :N(IRO ( J ) 
P Z Z N O R D ( 1 )  

5 1 0  N P T R = ( P I - l ) ~ N P E A K t ( P Z - l )  
5 5 0  R E A D ( 5 , X )  D A T A ( N P T R , N P O I N T )  

GO T O  1 0 0  
L 
C P R I N T  T A D L E  OF R E S U L T S  
1 0 0 0  I d R I T E ( 6 . 2 0 )  T I T L E  
20 F O R M A T ( ' l ' / / l X , Z O A 4 / / '  D A T A  E N T E R E D  BY C O I I P O S I T I O N ' / / )  

2 1 
W l ? I T E (  6 . 2  1 ) A ,  ( A C O M P (  1 ) .  I= 1 ,  N P O I N T )  
FORHAT ( l X ,  A8,201'6.2) 
W R  I 1 E ( 6 ,2 1 ) 5, ( D COPIP ( I ) , I = 1 , NPO I N T ) 
l~RITE(6,:l)C,(CCOElP(I),I~l,NPOINT) 
k'R I T E ( 6 ,2 2 1 

I F ( C O P T . E Q .  1 )  G O  T O  2 0 0 0  
DO 1 0 5 0  P l : l , N P E A K l  
P Z = P l t  1 
NPTR=(Pl-l)xNPEAKt(P2-1) 
WRITE(6,23)Pl,PZ,(DATA(NPTR,I),I~l,NPOINT~ 
FORM A 1 ( 2 1 4 ,  1 X , 2  0 F6 .2 ) 

22 F O R P l A T ( / P X , ' P l  P Z  - R E S O L U T I O N S : ' / )  

23 
C 
C O U T P U T  P A T A  T O  F I L E  

DO 1 0 5 0  I = l , N P O I N T  
I ~ R I T E ~ l l , 2 4 ~ 1 ' l , P 2 , A C O M P ~ I ~ , B C O M P ~ I ~ , C C O P 1 P ~ I ~ , D A T A ~ N P T R ~  
F O R M A T  ( 2 I 4 , 3  F6  .2, F 1 0 . 3  ) 

S T O P  

P 1 l = P  1 t  1 
D o  2050 P Z = P l l , N P E A K  
NPTK:(P 1 -  1 ) * N P E A K t ( P Z - l )  

D O  Z05f l  I = l , N f ' O I N T  
W R I T E ~ I 1 , 2 4 ~ P 1 , P 2 , A C O M P ~ I ~ 1 B C O M P ~ I ~ , C C O M P ( I ~ , D A T A ~ N ~ T R ~  

STOP 
END 

2 4 
1 0 5 0  C O N T I N U E  

2000 DO 2 0 5 0  P l = l , N P E A K l  

2 0 5 0  C O N T I N U E  

0 0 4  1 
0 0 4 2  
0 0 4 3  
0 0 4 4  
0 0 4 5  
0 0 4 6  
0047 
0 0 4 8  
0049 
0059 
0051 
0 0 5 2  
0 0 5 3  
0 0 5 4  
0 0 5 5  
0 0 5 6  
0 0 5 7  
0 0 5 5  
0 0 5 9  
0 0 6 0  
0 0 6  1 
0 0 6 2  
0063 
0 0 6 4  
0 0 6 5  
0 0 6 6  
0 0 6 7  
0 0 6 8  
0069 
0070 
007 1 
0072 
0073 
0074 
0075 
0076 
0077 
0078 
0079 
0 0 8 0  
008 1 

0063 
0 0 8 4  
0085  
0086 

0088 
0089 
0090 
0091 
0092 
0 0 9 3  

ooaz 

0 0 8 7  

0094 
0095 
0 0 9 6  
0097 

0099 
0 1 0 0  
0 1 0 1  
0 1 0 2  
0 1 0 3  
0 1 0 4  
0 1 0 5  
0 1 0 6  
0 1 0 7  

0 1 0 9  
0 1 1 0  
0 1 1 1  
0112 
0 1 1 3  
0 1 1 4  
0 1 1 5  
0 1 1 6  

0 0 9 8  

o ioa 

0 1 1 8  
0119 
0 120 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2120 ISSAQ ET AL. 

APPENDIX 2 

D A T A  S E T l ;  
I N P U T  P E A K l  P E A K 2  A B C RESOL;  
I N F I L E  P E A K ;  

PROC SORT;  
B Y  P E A K l  P E A K 2 ;  

D A T A  S E T Z ;  
S E T  S E T 1 ;  B Y  P E A K l  P E A K P ;  

X=1.232XA+l.732*C-(l-B)N.732; 
Y z A w . 8 6 6 ;  

O U T P U T ;  
I F  L A S T . P E A K 2  THEN DO; 

F E S O L = .  ; 
DO A - 0  T O  1 B Y  . O Z ;  

C = l - A - 8 ;  
DO B z O  T O  1 - A  B Y  . 0 2 ;  

X~1.232YA+1.732XC-(l-B)N.732; 
Y - A x  . 8 6 6 ;  
OUTPUT;  

END; 
END; 

END; 

PROC 

D A T A  

PROC 

PROC 

PROC 

PROC 

D A T A  

PROC 

PROC 

GLM; B Y  P E A K 1  P E A K 2 ;  
MODEL R E S O L - A  B C AWB A X C  8 X C  A Y B * C / N O I N T ;  
OUTPUT O U T = S E T 3  P - R E S P R E D ;  

S E T 4 ;  
SET S E T 3 ;  
I F  R E S P R E D > X X X  7 H E N  G T R E S - 1 ;  

E L S E  GTRES=O; 
EDGEZGTRES;  
I F  A=O OR 8 - 0  OR C < . O l  T H E N  DO; E D G E Z 2 ;  END; 
O U I P U T ;  

P L O T ;  B Y  P E A K l  P E A K Z ;  
P L O T  Y*X=EDGE / C D N T O U R = 3  S1:' ' 52='#' S 3 = ' . '  

H P O S = 8 0  H A X I S = O  TO 1 B Y  . 1  
V A X I S - 0  TO . 9  B Y  . 1 ;  

T I T L E 4  G T R E S - 1  - R E S O L U T I O N > X X X  G T R E S Z O  - R E S O L U T I O N < = X X X ;  
T I T L E 8  A S S A Y  T I T L E ;  

SORT;  
B Y  A B C P E A K l  P E A K Z ;  

P R I N T ;  
VAR A B C P E A K l  P E A K 2  R E S P R E D ;  

S O R T ;  
B Y  A B C i  

T O T A L ;  
S E T  S E T 4  E N D z E O F ;  B Y  A B C; 
I F  F 1 R S T . C  THEN DO; 1OTGTRES:O; TOTRES0L:O; END; 
I F  RESOL'.  T H E N  D O ; T O T G T R E S + G T R E S ;  T D T R E S O L t R E S P R E D ;  END?? .  
I F  L A S 1 . C  THEN DO; I F  TOTRESOL>O T H E N  O U T P U T ;  END;  
I F  EOF THEN DO; I F  TOTRESOL>O T H E N  OUTPUT;  END; 

P L O T ;  
P L O T  Y*X:TOTGTRES/CONTOUR=8 H P O S = 8 0  H A X I S Z O  T O  1 B Y  . 1  

T I T L E 4  NUMBER O F  P E A K S  WHERE R E S O L U T I O N > X X X ;  
T I T L E 8  AErSAY T I T L E ;  

P L 0 1 ;  
P L O T  Y*X=TOTRESOL/CONTOUR=S H P O S = 8 0  H A X I S - 0  T O  1 B Y  . 1  

T I T L E 4  SUM O F  P E A K  R E S O L U T I O N S  FROM EACH M I X ;  
T I T L E 8  A S S A Y  T I T L E ;  

V A X I S Z O  T O  .9 B Y  . 1 ;  

V A X I S - 0  TO . 9  B Y  . 1 ;  
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