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P o l y n u c l e a r a r o m a t i c h y d r o c a r b o n s (PAH's) a r e 
produced i n most i n c o m p l e t e c o m b u s t i o n p r o c e s s e s -
Examples a r e i n t e r n a l c o m b u s t i o n e n g i n e s , e f f l u e n t s 
from c o a l f i r e d e l e c t r i c i t y g e n e r a t i n g p l a n t s , t o b a c c o 
smoke, and from c o k i n g o p e r a t i o n s i n s t e e l and 
aluminum r e f i n e r i e s - P A H ' s a r e a l s o p r e s e n t i n c o a l 
t a r d e r i v e d and c o a l t a r c o n t a i n i n g p r o d u c t s such as 
c r e o s o t e and r o o f i n g p i t c h - They a r e found i n t h e 
water we d r i n k and the a i r we b r e a t h e , and a r e a 
u b i q u i t o u s component o f our en v i r o n m e n t -

Concern f o r p u b l i c h e a l t h and s a f e t y i s 
s t i m u l a t e d by the knowledge t h a t many o f t h e s e 
compounds a r e p o t e n t c a r c i n o g e n s - P a s t a n a l y t i c a l 
e f f o r t s t o r e l a t e c h e m i c a l c o m p o s i t i o n t o 
c a r c i n o g e n i c i t y have used q u a n t i t a t i o n o f t h e 
c y c l o h e x a n e o r benzene s o l u b l e f r a c t i o n ( B S F ) Q ) and 
o f b e n z o ( a ) p y r e n e (BaP) (2,2,4,5.) as i n d e x e s o f 
c a r c i n o g e n i c i t y - However, t h e BSF i s a n o n s p e c i f i c 
d e t e r m i n a t i o n , as many n o n t o x i c compounds a r e foun d i n 
t h i s f r a c t i o n - BaP d e t e r m i n a t i o n s can o n l y g i v e a 
crude e s t i m a t e o f c a r c i n o g e n i c i t y because ( a ) i t i s 
o n l y one o f many c a r c i n o g e n i c P A H ' s (b) t h e 
c a r c i n o g e n i c a c t i v i t y o f d i f f e r e n t P A H ' s v a r y o v e r a 
wide range and ( c ) t h e d i s t r i b u t i o n o f i n d i v i d u a l 
P A H ' s can f l u c t u a t e g r e a t l y from sample t o sample-
The v a s t c o m p l e x i t y o f P A H samples has been shown by 
Lao (£), who has i d e n t i f i e d o v e r 120 P A H ' s i n urban 
a i r b o r n e p a r t i c u l a t e m a t t e r and S e v e r s o n (1), who has 
i d e n t i f i e d about 900 PAH's i n t o b a c c o smoke- I t i s 
e v i d e n t , t h e n , t h a t a need e x i s t s t o more f u l l y 
c h a r a c t e r i z e t h e m o l e c u l a r s p e c i e s found i n P A H 
m i x t u r e s -
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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 o f PAH's 
Both gas chromatography (GC) and h i g h 

p e r f o r m a n c e l i q u i d c hromatography (HPLC) have been 
e x t e n s i v e l y u t i l i z e d i n the s e p a r a t i o n o f t h e s e 
complex m i x t u r e s - GC, e s p e c i a l l y when c a p i l l a r y 
columns a r e u s e d, has been shown t o have b e t t e r 
o v e r a l l r e s o l v i n g power than HPLC- HPLC c o u p l e d t o a 
f l u o r e s c e n c e d e t e c t o r , on the o t h e r hand, can p r o v i d e 
s e n s i t i v i t i e s i n the p i c o g r a m range (8) as opposed t o 
t h e nanogram range f o r GC/KS- In a d d i t i o n , s t o p p e d 
f l o w t e c h n i q u e s a l l o w UV o r f l u o r e s c e n c e s p e c t r a t o be 
o b t a i n e d f o r i n d i v i d u a l p eaks, t h u s p r o v i d i n g 
c o n f i r m a t i o n o f s t r u c t u r e - Improvement i n r e s o l v i n g 
power o f HPLC t h u s becomes an o b v i o u s g o a l i n the 
e f f o r t t o i d e n t i f y and q u a n t i t a t e m i x t u r e s o f PAH's-

One way i n w h i c h t h i s can be a c c o m p l i s h e d i s 
t h r o u g h t h e use o f s e l e c t i v e m o n i t o r s - S e l e c t i v e UV 
d e t e c t i o n has been d e m o n s t r a t e d by, among o t h e r s , 
K r s t u l o v i c and Brown (£) a t the U n i v e r s i t y o f Rhode 
I s l a n d - Wheals (10) u t i l i z e d s e l e c t i v e f l u o r e s c e n c e 
m o n i t o r i n g t o d i f f e r e n t i a t e peaks- N e i t h e r o f t h e s e 
t e c h n i q u e s a c t u a l l y i m p r o v e s r e s o l u t i o n ; they m e r e l y 
s i m p l i f y t h e chromatogram e i t h e r by e l i m i n a t i n g peaks 
or by c h a n g i n g the r a t i o s o f o v e r l a p p i n g peaks so t h a t 
t h e y may be d e t e r m i n e d m a t h e m a t i c a l l y - The drawback 
t o such a p r o c e d u r e i s t h a t e i t h e r m u l t i p l e d e t e c t o r s 
must be used o r m u l t i p l e r uns be made t o o b t a i n a 
c o m p l e t e a n a l y s i s -

A n o t h e r method i s t o o p t i m i z e t h o s e 
c h r o m a t o g r a p h i c p a r a m e t e r s which a f f e c t r e s o l u t i c n -
A l t h o u g h t h i s paper i s d i r e c t e d a t a p r a g m a t i c 
a p p r o a c h t o a c c o m p l i s h i n g t h i s t a s k , a b r i e f d e t o u r 
i n t o t h e m athematics i s needed b e f o r e we p r o c e e d - The 
f u n d a m e n t a l e q u a t i o n d e s c r i b i n g 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 , R g i s 

«s - i [ s ^ t ] λ [τϊτ] 
where α, Ν and k f a r e , r e s p e c t i v e l y , t h e s e p a r a t i o n 
f a c t o r , t h e o r e t i c a l p l a t e number and c a p a c i t y 
f a c t o r - ( 2 4 ) 

One can see t h r e e r o u t e s t o an i n c r e a s e i n the 
v a l u e o f r e s o l u t i o n - F i r s t , one nan i n c r e a s e the 
p l a t e number Ν w h i c h r e s u l t s i n an i n c r e a s e i n 
r e s o l u t i o n p r o p o r t i o n a l t o the s q u a r e r o o t o f N- The 
use o f m i c r o p a r t i c u l a t e p a c k i n g s was a major 
b r e a k t h r o u g h i n t h i s r e s p e c t - I f we assume, however, 
t h a t t h e c h r o m a t o g r a p h e r a l r e a d y has a t h i s d i s p o s a l a 
h i g h e f f i c i e n c y column, then he must go t o g r e a t 
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l e n g t h s t o o b t a i n any s i g n i f i c a n t i n c r e a s e i n 
r e s o l u t i o n because o f the p r o p o r t i o n a l i t y f a c t o r . 
S e c o n d l y , one can a d j u s t k f , the c a p a c i t y f a c t o r . 
F i g u r e 1 shows the r e l a t i o n s h i p between k'/d+k') and 
k 1 . T r a d i t i o n a l l y t h i s i s a c c o m p l i s h e d by a d j u s t i n g 
the s o l v e n t c o m p o s i t i o n so k' f a l l s between 2 and 10, 
s i n c e r e s o l u t i o n f a l l s o f f r a p i d l y below a k f v a l u e o f 
2, and r e l a t i v e l y l i t t l e i n c r e a s e i s o b t a i n e d f o r 
v a l u e s o f k f g r e a t e r t h a n 10. F i n a l l y t h e v a l u e o f a, 
the s e l e c t i v i t y f a c t o r can be a d j u s t e d . O b v i o u s l y , 
one t e c h n i q u e f o r c h a n g i n g the s e l e c t i v i t y i s t o 
change the s t a t i o n a r y phase. Indeed, HPLC a n a l y s i s o f 
PAH has been done on s i l i c a (JUL) » a l u m i n a ( 1 2 ) , 
c e l l u l o s e a c e t a t e ( 1 3 , l i i ) and p o l y a m i d e (13.) columns 
and even s i l i c a columns w i t h s p e c i a l i z e d bonded phases 
such as 3-(2,4,5,7-Tetranitrofluorenimine)ρropy1-
d i e t h o x y s i l o x a n e (15.)· A change i n m o b i l e phase w i l l 
a l s o a f f e c t a . T h e r e f o r e , i n the p r e s e n t work, the 
t e r n a r y s o l v e n t system a c e t o n i t r i l e / m e t h a n o l / w a t e r was 
examined o v e r a wide range o f c o n c e n t r a t i o n s t o 
d e t e r m i n e optimum m o b i l e phase c o m p o s i t i o n f o r PAH 
a n a l y s i s . A s t a t i s t i c a l e x p e r i m e n t a l d e s i g n s t r a t e g y 
was used f o r the o p t i m i z a t i o n p r o c e s s . 

Development o f O p t i m a l M o b i l e Phase 

Most o f the r e c e n t l i t e r a t u r e (16-20) d e s c r i b i n g 
PAH a n a l y s i s by HPLC has c e n t e r e d on t h e use o f 
o c t a d e c y l s i l a n e bonded s t a t i o n a r y phases and e i t h e r 
m e t h a n o l - w a t e r o r a c e t o n i t r i l e - w a t e r as the m o b i l e 
phase. 3 o t h i s o c r a t i c and g r a d i e n t c o n d i t i o n s have 
been u t i l i z e d . The g e n e r a l approach t a k e n t o o p t i m i z e 
c h r o m a t o g r a p h i c c o n d i t i o n s u s u a l l y i s as f o l l o w s . One 
o f t h e two b i n a r y s o l v e n t systems m e t h a n o l / w a t e r o r 
a c e t o n i t r i l e / w a t e r i s s e l e c t e d , and an a r b i t r a r y 
i s o c r a t i c c o m p o s i t i o n , say 60/n0 or 70/30, i s c h o s e n . 
A s t a n d a r d m i x t u r e i s chromatographed and then the 
o r g a n i c / w a t e r r a t i o i s a d j u s t e d t o o p t i m i z e k'. 
Depending upon the n a t u r e o f the sample, a g r a d i e n t 
may o r may not be implemented t o reduce a n a l y s i s t i m e 
w h i l e m a i n t a i n i n g r e a s o n a b l e s e p a r a t i o n . I f the 
r e s o l u t i o n i s i n s u f f i c i e n t f o r t h e a n a l y s i s a t hand, 
the o t h e r b i n a r y system i s e v a l u a t e d i n t h e same 
manner. F i g u r e 2 p r e s e n t s a t r i a n g u l a r c o o r d i n a t e 
system, a l l o w i n g v i s u a l i z a t i o n o f a l l c o m b i n a t i o n s o f 
the t h r e e s o l v e n t s . V e r t e x A r e p r e s e n t s 100% 
m e t h a n o l , v e r t e x β r e p r e s e n t s 100% a c e t o n i t r i l e , and 
v e r t e x C, 100? w a t e r . P o i n t s X and Y r e p r e s e n t the 
a r b i t r a r y b i n a r y s o l v e n t systems mentioned p r e v i o u s l y . 
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Figure 1. Plot of k'/(l + k'j vs. k' 
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C 

Acetonitrile Methanol 

Figure 2. Representation of binary solvents X and Y as points in the ternary 
solvent system ABC 
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The a r r o w s a l o n g the AC and BC axes a r e the r a n g e s 
o v e r w h i c h the s o l v e n t systems a r e v a r i e d * 

Now t h e q u e s t i o n a r i s e s : what happens i n t h e 
c e n t e r o f t h i s t r i a n g l e where not two but t h r e e 
s o l v e n t s a r e p r e s e n t ? Are the c a p a c i t y f a c t o r s m e r e l y 
a v e r a g e d ? I f s o , α ( w h i c h i s the r a t i o o f t h e 
c a p a c i t y f a c t o r s f o r s o l u t e 1 and s o l u t e 2) w i l l not 
be enhanced* Or do more s u b t l e e f f e c t s o c c u r ? K a r g e r 
( 2 1 ) , Snyder and K i r k l a n d ( 2 2 ) , B a k a l y a r (2Λ) and 
o t h e r s have d i s c u s s e d t h e expanded s o l u b i l i t y 
p a r a m e t e r c o n c e p t w h i c h s a y s t h a t p o l a r i t y as d e f i n e d 
by t h e H i l d e b r a n d s o l u b i l i t y p a r a m e t e r i s a c t u a l l y a 
c o m p o s i t e o f s p e c i f i c i n t e r m o l e c u l a r i n t e r a c t i o n s 
c o n s i s t i n g o f d i s p e r s i v e , d i p o l e and hydrogen b o n d i n g 
i n t e r a c t i o n s - No a t t e m p t w i l l be made here t o d e v e l o p 
t h e s e s u b p a r a m e t e r s on a t h e o r e t i c a l b a s i s - S u f f i c e 
i t t o say t h a t much i s not y e t u n d e r s t o o d r e g a r d i n g 
th e q u a n t i f i c a t i o n o f t h e s e i n t e r a c t i o n s — e s p e c i a l l y 
i n aqueous m i x t u r e s due t o t h e u n i q u e p r o p e r t i e s o f 
water- At any r a t e , we cannot y e t p r e d i c t v a l u e s f o r 
r e s o l u t i o n i n a t e r n a r y s o l v e n t system 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 - To t r y t o d e t e r m i n e 
o p t i m a l s o l v e n t r a t i o s i n a t e r n a r y system by a t r i a l 
and e r r o r a p p r o a c h would i n v o l v e an i n o r d i n a t e number 
o f e x p e r i m e n t s — f a r more t h a n most a n a l y s t s would 
c a r e t o make- N e v e r t h e l e s s , a r e l a t i v e l y s i m p l e way 
e x i s t s t o e x p e r i m e n t a l l y o p t i m i z e r e s o l u t i o n i n t h e 
t e r n a r y system-

E x p e r j m g n t c t l 

F l u o r a n t h e n e (MC&B), Pyrene and B e n z o ( a ) p y r e n e 
(Eastman O r g a n i c C h e m i c a l s ) , B e n z ( a ) a n t h r a c e n e and 
Chrysene ( A l d r i c h C h e m i c a l Co-) and P e r y l e n e ( P f a u l t z 
& B a uer) were used as r e c e i v e d t o make a s t a n d a r d 
s o l u t i o n w i t h a c o n c e n t r a t i o n o f a p p r o x i m a t e l y 0-1 
rag/ml o f each PAH-

M e t h a n o l and A c e t o n i t r i l e (UV grade - B u r d i c k & 
J a c k s o n L a b o r a t o r i e s ) and w a t e r p u r i f i e d w i t h a 
M i l l i p o r e Super Q system were f i l t e r e d t h r o u g h an 0-5 
m i c r o n f i l t e r and degassed p r i o r t o use-

I n s t r u m e n t a t i o n was a Waters A s s o c i a t e s HPLC 
system i n c l u d i n g two Model 6000A pumps, a Model 440 UV 
d e t e c t o r f i x e d a t 254 nm, a Model 660 s o l v e n t 
programmer and a Model U6K i n j e c t o r - A Vydac 201 TP 
r e v e r s e phase column (10 m i c r o n C-18 p a c k i n g , 4-6 mm 
ID χ 25 cm) was used t h r o u g h o u t -
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The g o a l o f t h i s i n v e s t i g a t i o n was t o d e t e r m i n e 
optimum m o b i l e phase c o m p o s i t i o n f o r PAH a n a l y s i s 
u s i n g the t e r n a r y s o l v e n t system a c e t o n i t r i l e / 
m e t h a n o l / w a t e r - A model PAH s t a n d a r d s o l u t i o n was 
p r e p a r e d c o n s i s t i n g o f t h r e e p a i r s o f compounds l i s t e d 
i n o r d e r o f i n c r e a s i n g r e t e n t i o n : F l u o r a n t h e n e -
P y r e n e , B e n z ( a ) a n t h r a c e n e - C h r y s e n e , and P e r y l e n e -
B e n z o ( a ) p y r e n e - The b a s i c o p t i m i z a t i o n s t r a t e g y was 
as f o l l o w s : 1) an i s o c r a t i c t e r n a r y s o l v e n t system 
was found which gave maximum r e s o l u t i o n o f the 
f l u o r a n t h e n e - p y r e n e peaks a t a k f = 5; 2) two 
a d d i t i o n a l i s o c r a t i c t e r n a r y s o l v e n t systems were 
found t o o p t i m i z e the r e s o l u t i o n o f each o f the o t h e r 
two PAH p a i r s ; 3) a s o l v e n t g r a d i e n t was c o n s t r u c t e d 
which i n c o r p o r a t e d a l l t h r e e i s o c r a t i c c o m p o s i t i o n s -
A l l t h r e e o p t i m a l i s o c r a t i c systems were d e t e r m i n e d 
s i m u l t a n e o u s l y by means o f a S i m p l e x s t a t i s t i c a l 
d e s i g n s t r a t e g y -

The s t a t i s i c a l d e s i g n employed f o r t h e s t u d y 
r e q u i r e s t h a t a b o l d a p proach be used: t h a t i s , b o t h 
the upper and l o w e r bounds o f the r e g i o n b e i n g 
i n v e s t i g a t e d s h o u l d be chosen such t h a t t h e y 
c o m p l e t e l y e n c l o s e the r e g i o n o f i n t e r e s t - F i g u r e 3 
shows t h i s r e g i o n - I n the case o f a c e t o n i t r i l e / 
m e t h a n o l / w a t e r the two v e r t i c e s where t h e e l u e n t i s 
s t r o n g e s t f o r the s o l u t e s o f i n t e r e s t are pure 
m ethanol and pure a c e t o n i t r i l e - The weakest e l u e n t i s 
pure water- However, w i t h pure water t h e PAH's would 
n e v e r be e l u t e d from t h e column, so t h a t p a r t i c u l a r 
c h o i c e i s i m p r a c t i c a l - T h e r e f o r e , a 65/35 
m e t h a n o l / w a t e r c o m p o s i t i o n was chosen as t h e weakest 
m o b i l e phase a l o n g the AC a x i s , and a 55/45 
a c e t o n i t r i l e / w a t e r ' c o m p o s i t i o n as t h e l o w e r bound o f 
the BC a x i s - These p o i n t s a r e l a b e l e d C* and Df 

r e s p e c t i v e l y - A S i m p l e x d e s i g n f o r a t h r e e component 
m i x t u r e r e q u i r e s a t r i a n g u l a r c o o r d i n a t e system w h i c h 
o b v i o u s l y has o n l y t h r e e v e r t i c e s - Eecause o f t h e 
c o n s t r a i n t we have put on t h e upper bound f o r w a t e r 
c o n t e n t , not t h r e e but f o u r v e r t i c e s e x i s t - By 
c o n n e c t i n g p o i n t s Β and C f, two r o u g h l y e q u a l 
t r i a n g u l a r a r e a s a r e g e n e r a t e d , each o f w h ich can be 
t h o u g h t o f as r e p r e s e n t i n g an i n d e p e n d e n t t e r n a r y 
s o l v e n t system- These two t r i a n g u l a r r e g i o n s ABC 1 and 
BC'D' can be r e p r e s e n t e d on an i s o m e t r i c o r t h o g o n a l 
p l o t as seen i n F i g u r e 4- V e r t e x Df i s t e c h n i c a l l y a 
pseudocomponent r a t h e r t h a n a component o f the system 
because i t i s a c t u a l l y a m i x t u r e o f the components Β 
( a c e t o n i t r i l e ) and C ( w a t e r ) - L i k e w i s e , pseudocom-
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ponent C 1 i s a m e t h a n o l / w a t e r m i x t u r e - When r e a d i n g 
the o r t h o g o n a l g r a p h , t h e l i n e AB r e p r e s e n t s z e r o 
c o n t e n t o f C f- L i n e s p a r a l l e l t o AB moving c l o s e r t o 
v e r t e x C f r e p r e s e n t s u c c e s s i v e l y h i g h e r C 1 c o n c e n ­
t r a t i o n - A c e t o n i t r i l e i s 100% a t p o i n t Β and 
d e c r e a s e s i n a l i n e a r f a s h i o n t o z e r o a l o n g t h e BA and 
BC f l i n e s , and t o 55% a c e t o n i t r i l e a l o n g t h e BD 1 l i n e -

Our o b j e c t i v e i s t o g e n e r a t e r e s p o n s e s u r f a c e s 
which w i l l a l l o w t h e p r e d i c t i o n o f r e s o l u t i o n a t any 
p o i n t w i t h i n the r e g i o n s ABC 1 and BCD'- The r e s p o n s e 
s u r f a c e i s d e s c r i b e d m a t h e m a t i c a l l y by t h e s p e c i a l 
c u b i c model shown i n e q u a t i o n 2-

Y = b i X i + Y)2X2 + t> 3 X 3 + t>i2XlX2 +
 ^ 1 3 X 1 X 3 

+ b 2 3 X 2 X 3 + 1 2 1 2 3 X 1 X 2 X 3 Eq. 2 

A measured v a l u e Y, which c o u l d be the c a p a c i t y 
f a c t o r o r r e s o l u t i o n , i s shown as the sum o f the 
i n d i v i d u a l c o n t r i b u t i o n s o f each component o r 
pseudocomponent i n the system- Χι, X 2 and X 3 r e p ­
r e s e n t the f r a c t i o n o f each pseudocomponent p r e s e n t -
The b c o e f f i c i e n t s a r e d e t e r m i n e d e x p e r i m e n t a l l y -
Note t h a t t h e r e a r e no terms such as bi1X1X1 p r e s e n t 
because a s o l v e n t s i n t e r a c t i o n w i t h i t s e l f has no 
p h y s i c a l meaning i n such a system- The r e s p o n s e s (Y 
v a l u e s ) a r e measured a t each o f the c o n c e n t r a t i o n s 
d e p i c t e d g r a p h i c a l l y i n F i g u r e 5, which r e p r e s e n t s one 
of t h e two t e r n a r y systems p r e v i o u s l y d e s c r i b e d - The 
c o n c e n t r a t i o n o f each o f the pseudocomponents i s g i v e n 
a round the p e r i p h e r y - The seven c l o s e d c i r c l e s a r e 
the e x p e r i m e n t a l l y d e t e r m i n e d r e s p o n s e s a t each 
v e r t e x , a t t he m i d p o i n t o f each b i n a r y system, and a t 
the c e n t r o i d o f t h e t r i a n g l e - These seven p o i n t s w i l l 
be used t o g e n e r a t e t h e b c o e f f i c i e n t s i n E q u a t i o n 2-
The t h r e e open c i r c l e s a r e a l s o e x p e r i m e n t a l l y 
d e t e r m i n e d v a l u e s , and w i l l be compared w i t h v a l u e s 
c a l c u l a t e d from t h e s p e c i a l c u b i c model t o d e t e r m i n e 
the degree o f f i t - A l l t e n v a l u e s are d e t e r m i n e d i n 
d u p l i c a t e so t h a t an e s t i m a t e o f p r e c i s i o n can be 
made- The c a l c u l a t i o n o f the "b" v a l u e s i s shown i n 
E q u a t i o n s 3 t h r o u g h 9, T a b l e I - S u b s t i t u t i n g t h e b 
v a l u e s i n E q u a t i o n 2 w i l l a l l o w t h e p r e d i c t i o n o f Y 
f o r any g i v e n s o l v e n t c o m p o s i t i o n w i t h i n t h e c o n f i n e s 
o f t h e model assuming t h e model i s an a c c u r a t e 
r e p r e s e n t a t i o n o f the r e s p o n s e s u r f a c e -
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Figure 3. Ternary sohent systems A B C 
and B C D ' 

Figure 4. Orthogonal representation of 
ternary solvent systems A B C and B C D ' 

Figure 5. Ternary solvent system de­
sign; check points for determination of 

hck-of-fit indicated by open circles. c · ι 
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T a b l e I 
C a l c u l a t i o n o f C o e f f i c i e n t s f o r S p e c i a l C u b i c M o d e l 

t>! = Y A Eq< 3 

b 2 = Y B E q , 4 

b 3 = Y c E q . 5 
b i 2 = M ï A B ) - 2 ( Y A + Y B } Ε ( 1 ' 6 

b i s = Μ Υ Α ( 0 - 2 ( Y A + Y c ) E q . 7 
b 2 3 = M Y B C ) - 2 ( Y B + Y c ) E q . 8 

YAC + YBC^ 

The three checkpoints YAABC> YABBC a n d YABCC i n 

Figure 5 are used to v e r i f y the v a l i d i t y of the model-
This i s accomplished by examining the d i f f e r e n c e 
between the observed and p r e d i c t e d values of Y at each 
checkpoint- The lack of f i t i s given by the 
expression i n Equation 10-

SLF = f J X (Yoi " Y!)' Eq. 10 
where 
Y Q i i s the observe^ average response at 
th checkpoint, and Y. i s the p r e d i c t e d 
response at the i t h checkpoint (from 
equation 2 ) 

Du p l i c a t e values of Y f o r a l l ten p o i n t s are used to 
determine the pooled e r r o r variance (Equation 1 1 ) and 
the r e p l i c a t i o n e r r o r variance (Equation 1 2 ) -
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where 

Yj! and Y^2 a r e t h e d u p l i c a t e r e s p o n s e 
d e t e r m i n a t i o n s a t each o f the t e n 
s o l v e n t c o m p o s i t i o n s * 

And f i n a l l y t he l a c k o f f i t v a r i a n c e i s compared t o 
the r e p l i c a t i o n e r r o r v a r i a n c e u s i n g an F - t e s t (Eq* 
13 ) i which i n t h i s case b e i n g t h r e e components w i t h 
t e n d e g r e e s o f freedom, i s 3-71- I f t h i s r a t i o i s 
l e s s t han 3-71, tne n t h e f i t i s good and the e q u a t i o n 
f o r t h e r e s p o n s e s u r f a c e can be c o n s i d e r e d v a l i d * 

( F - t e s t ) 82
L¥ τ S|. < 3 . 7 1 Eq. 1 3 

A t o t a l o f s e v e n t e e n d i f f e r e n t m o b i l e phase 
c o m p o s i t i o n s a r e r e q u i r e d t o g e n e r a t e t h e r e s p o n s e 
s u r f a c e f o r the two S i m p l e x d e s i g n s as shown i n F i g u r e 
6* Each r u n i s done i n d u p l i c a t e , and the e n t i r e 
d e s i g n i s ra n d o m i z e d t o reduce e x p e r i m e n t a l b i a s * 
Runs 12 t h r o u g h 17 a r e the c h e c k p o i n t s used t o 
d e t e r m i n e v a r i a n c e and goodness o f f i t * The o v e r a l l 
d e s i g n i s shown i n T a b l e I I * 

C a p a c i t y f a c t o r s , column e f f i c i e n c y i n terms o f 
Ν, and r e s o l u t i o n were c a l c u l a t e d f o r each o f t h e s i x 
peaks i n t h e chromatograms* I n i t i a l a t t e m p t s t o 
g e n e r a t e r e s p o n s e s u r f a c e s u s i n g e i t h e r k f or R̂  were 
f a i l u r e s as i n d i c a t e d by t he F - t e s t i n e q u a t i o n 13-
New s e t s o f c o e f f i c i e n t s f o r the s p e c i a l c u b i c model 
were g e n e r a t e d , u s i n g l o g k f and l o g R s as the 
measured r e s p o n s e s , w h i c h gave a c c e p t a b l e F - t e s t s * 
O r t h o g o n a l p l o t s were t h e n g e n e r a t e d f o r each o f the 
t h r e e p a i r s o f t e s t compounds* A l t h o u g h the r e s p o n s e 
s u r f a c e s were g e n e r a t e d u s i n g t h e l o g o f the r e s p o n s e , 
the i s o p l e t h s , f o r c l a r i t y , a r e i d e n t i f i e d by t he 
a c t u a l r e s p o n s e , r a t h e r t h a n the l o g o f the r e s p o n s e * 
F i g u r e 7 shows t h e r e s p o n s e s u r f a c e f o r t h e c a p a c i t y 
f a c t o r f o r f l u o r a n t h e n e as a f u n c t i o n o f s o l v e n t 
c o m p o s i t i o n * The r e s p o n s e s u r f a c e f o r r e s o l u t i o n o f 
f l u o r a n t h e n e / p y r e n e i s shown i n F i g u r e 6* 
Superimposed i s the i s o p l e t h f o r a c a p a c i t y f a c t o r o f 
5- The s o l v e n t c o m p o s i t i o n c o r r e s p o n d i n g t o a k' o f 5 
a t w h i c h r e s o l u t i o n i s g r e a t e s t i s shown by t h e 
c i r c l e * Response s u r f a c e s f o r the o t h e r two s o l u t e 
p a i r s were g e n e r a t e d s i m i l a r l y * F i g u r e 9 shows t h a t 
r e s o l u t i o n f o r b e n z ( a ) a n t h r a c e n e and c h r y s e n e i s a t a 
maximum w i t h i n t h e l o w e r t r i a n g u l a r r e g i o n * A g a i n t h e 
p o i n t o f maximum r e s o l u t i o n f o r a c a p a c i t y f a c t o r o f 5 
i s i n d i c a t e d * The p e r y l e n e / B a P r e s p o n s e s u r f a c e i s 
shown i n F i g u r e 10* T h i s F i g u r e d e m o n s t r a t e s the 
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Figure 7. Response surface for capacity 
factor, k', of fluoranthene 
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A 

Figure 10. Response surface for resolu­
tion of perylene and benzo(a)pyrene; 
( ) is the isopleth for k' (perylene) 

A 

Figure 11. Optimized solvent gradient 
for acetonitrile/methanol/water ternary 

system 
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3 6 24 ' 12 ' ' 0 

36 24 12 0 

Figure 12. Comparison of binary and ternary solvent systems for "soft" coal tar 
pitch: (A) acetonitrile/water, 55:45 to acetonitrile/water, 72:28; linear, SO min; 
(B) acetonitrile/methanol/water, 48:8:44 to acetonitrile/methanol/water, 43:37:20; 

linear, 30 min. 
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Figure 13. Comparison of binary and ternary solvent systems for "hard" coal tar 
pitch: same solvent ratios as Figure 13; 40-min linear gradient. 
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f l e x i b i l i t y i n c h o o s i n g o p t i m i z e d s o l v e n t c o m p o s i t i o n * 
The k f = 5 i s o p l e t h i s r o u g h l y p a r a l l e l t o t h e R s = 
4*5 i s o p l e t h o v e r the c o m p o s i t i o n range i n d i c a t e d by 
c o o r d i n a t e s A = 0*1, Β = 0*39, C 1 = 0*51 t o Β = 0*62, 
Df = 0*38- I n p r a c t i c e t h e n , t h e c h o i c e o f w h i c h 
o p t i m a l t e r n a r y s o l v e n t s h o u l d be used may t a k e o t h e r 
c o n s i d e r a t i o n s ( s u c h as v i s c o s i t y o r ease o f 
g e n e r a t i n g t h e f i n a l g r a d i e n t ) i n t o a c c o u n t * I n 
F i g u r e 11 a g r a d i e n t i s drawn t h r o u g h t h e t h r e e p o i n t s 
chosen as h a v i n g maximum r e s o l u t i o n a t k' = 5 f o r each 
o f t h e p a i r s s t u d i e d * The i n i t i a l m o b i l e phase 
c o m p o s i t i o n o f t h i s s y s t e m i s 48*4% a c e t o n i t r i l e , 7-8% 
methanol and 43-8% w a t e r * The f i n a l c o m p o s i t i o n i s 
43% a c e t o n i t r i l e , 37% methanol and 20% w a t e r * 

The r e s o l u t i o n i n a c t u a l samples f o r the 
o p t i m i z e d t e r n a r y m o b i l e phases was compared t o t h a t 
o b t a i n e d w i t h the o p t i m i z e d b i n a r y m o b i l e phase 
( a c e t o n i t r i l e / w a t e r ) w h i ch had been used p r e v i o u s l y * 
F i g u r e 12 shows a c o m p a r i s o n o f chromatograms o b t a i n e d 
u s i n g t h e b i n a r y and t e r n a r y s o l v e n t s ystems* The 
sample was a s o f t c o a l t a r p i t c h w h i c h c o n t a i n s a h i g h 
p r o p o r t i o n o f low m o l e c u l a r w e i g h t PAH's* The s i x 
t e s t compounds a r e i d e n t i f i e d i n t h e f i g u r e , a l o n g 
w i t h t h e two major components, phenanthrene and 
a n t h r a c e n e * Note t h e near b a s e l i n e r e s o l u t i o n o f t h e 
f l u o r a n t h e n e / p y r e n e p a i r i n the t e r n a r y s y s t e m , and 
th e r e s o l u t i o n o f t h e two l a r g e e a r l y - e l u t i n g 
compounds, phenanthrene and a n t h r a c e n e * 

F i g u r e 13 shows a s i m i l a r p a i r o f chromatograms 
o f a b i n a r y sample o f a h a r d c o a l t a r p i t c h w i t h many 
h i g h m o l e u l a r w e i g h t PAH's p r e s e n t * I n the upper 
chromatogram, t h e pyrene peak has a s h o u l d e r , which i s 
n e a r l y c o m p l e t e l y r e s o l v e d i n the t e r n a r y system 
chromatogram* The two peaks between Pyrene and 
B e n z ( a ) a n t h r a c e n e above a r e seen as f o u r peaks i n the 
l o w e r chromatogram* 

S u m m a r y 
The use o f an a c e t o n i t r i l e / m e t h a n o l / w a t e r e l u e n t 

has been shown t o improve r e s o l u t i o n o f PAH 
chromatographed on a Vydac r e v e r s e phase column* T h i s 
i m p r o v e d r e s o l u t i o n s h o u l d r e s u l t i n g r e a t e r p r e c i s i o n 
and a c c u r a c y i n t h e q u a n t i t a t i o n o f i n d i v i d u a l PAH* 
D e t e r m i n a t i o n o f o p t i m a l s o l v e n t c o n c e n t r a t i o n i s 
s i m p l i f i e d t h r o u g h a p p l i c a t i o n o f s t a t i s t i c a l d e s i g n 
t e c h n i q u e s * These t e c h n i q u e s can be f u r t h e r u t i l i z e d 
t o i n v e s t i g a t e v a r i o u s t e r n a r y m o b i l e phases i n 
c o m b i n a t i o n w i t h d i f f e r e n t s t a t i o n a r y phases* 
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Abstract 
The analysis of polynuclear aromatic hydrocarbons (PAH's) presents one of the most challenging tasks to the occupational health chemist. The problems arise from the needs to separate large numbers of structurally similar compounds and simultaneously detect them at extremely low levels. High performance liquid chromatography (HPLC) is a frequently used tool for such analyses. This paper applies statistical experimental design techniques to the improvement of HPLC resolution through optimization of solvent selectivity effects in a ternary solvent system. 
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